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bstract

This work reports on the use of Co(II), Fe(II), Mn(III) and Ni(II) tetrakis benzylmercapto and dodecylmercapto phthalocyanine complexes for
old electrode modification for electrooxidation of sulphite ions. The complexes were successfully used to modify gold electrodes by self-assembled
onolayer (SAM) technique. The self-assembled films are stable and showed blocking characteristics towards the following Faradaic processes;

old surface oxidation, underpotential deposition (UPD) of copper and solution redox chemistry of [Fe(H2O)6
3+]/[Fe(H2O)6

2+]. All the modified
lectrodes showed improved catalytic activities than the unmodified gold electrode towards sulphite ion electrooxidation with all the modified
lectrodes exhibiting high resistance to electrode surface passivation. Better catalytic performance were obtained for the CoPcs, FePcs and MnPcs

hich have metal based redox processes within the range of the sulphite electrooxidation peak, while the NiPcs which did not show metal based

edox reaction performed less. The catalytic current was found to be linear with sulphite ion concentration in the concentration range employed
n this work (0.1–1 mM) and sensitivities ranging from 1.68 to 2.96 �A/mM were observed for all the modified electrodes. Mechanisms of the
atalytic oxidation of sulphite ions are proposed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sulphur dioxide is a major atmospheric pollutant. It dissolves
n water to give hydrated SO2 species. In basic media, hydrogen
ulphite and sulphite ions are formed from SO2. Thus, measure-
ent of sulphite in alkaline media can be used for the indirect

etermination of sulphur dioxide (SO2). Atmospheric SO2 can
e absorbed as sulphite by plant [1,2] and this can lead to increase
n toxic reactive oxygen species (ROS) [3–5].

Methods for SO2 (or sulphite) determination include absorp-
ion spectroscopy [6], titrimetric [7], ion chromatography [8]
nd electrochemical methods [9,10]. Electrochemical methods
rovide a simple, cost effective and quick way of analysing
O2 (or sulphite). The modification of electrodes improves their

ensitivity and selectivity. Methods for electrode modification
nclude electropolymerisation [11–15], dip-dry method [16],
rop dry method [17], vapour deposition [18–20], spin coat-

∗ Corresponding author. Tel.: +27 46 6038260; fax: +27 46 6225109.
E-mail address: t.nyokong@ru.ac.za (T. Nyokong).

e
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monolayers; Electrocatalysis; Sulphite oxidation

ng [21], Langmuir–Blodgett [22] and recently self-assembled
onolayer (SAM) technique. The SAM technique is simple and

eproducible, and the molecules are chemically bound to the
lectrodes. Also the technique enables high order and stability of
he molecules on electrodes [23–25]. First row transition metal
hthalocyanine complexes are well known for their electrocat-
lytic properties and there have been reports on the interaction
f metallophthacyanine complexes such as cobalt tetrasulphoph-
halocyanine (CoTSPc) with SO2 [26] in which SO2 coordinated
o CoTSPc accompanied by the oxidation of Co(II) to Co(III).

In this work we report on the use of SAM electrodes of ben-
ylmercapto and dodecylmercapto phthalocyanine complexes of
o(II), Fe(II), Mn(III) and Ni(II) for the oxidation of sulphite.
he role of the central metal ion on the catalytic efficiency is
xplored.
. Experimental

We have recently reported [27–29] on the syntheses of com-
lexes 1–4 (Fig. 1). Sodium sulphite (SAARCHEM) was used
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ig. 1. General representation of the molecular structures of the metallophthalocy
ercapto phthalocyanine (MTDMPc) complexes with M = Co(II) (1), Fe(II) (2)

ithout further purification. Dichloromethane (DCM) was dis-
illed before use. Solutions for electrochemical studies were
eaerated by bubbling nitrogen prior to the experiments and
he electrochemical cell was kept under nitrogen atmosphere
hroughout the experiments. Phosphate buffers were employed
here needed.
SAM studies were carried out with the use of Autolab poten-

iostat PGSTAT 30 (Eco Chemie, Utretch, The Netherlands)
riven by the General Purpose Electrochemical Systems data
rocessing software (GPES, software version 4.9, Eco Chemie).
e employed a three-electrode set-up consisting of either bare

old (r = 0.8 mm from Bioanalytical systems, BAS) or MPc-
AM modified gold electrodes, and a Ag|AgCl wire pseudo
eference and platinum wire counter electrodes.

The gold electrode was polished with slurries of 1.0 �m alu-
ina on a SiC-emery paper (type 2400 grit) and then subjected

o ultrasonic vibration in ethanol to remove residual alumina
articles at the surface. The gold electrode was then treated
ith ‘Piranha’ solution {1:3 (v/v) 30% H2O2 and concentrated
2SO4} for about 1 min, this step is necessary in order to remove
rganic contaminants and was followed by thorough rinsing with
istilled water. The electrodes were then rinsed with ethanol
nd finally with dichloromethane (DCM). Following this pre-
reatment, the electrodes were then placed in nitrogen-saturated
mM solutions of the MPcs in DCM. After allowing the SAMs

o form for 18 h, the modified electrodes were then thoroughly
insed with DCM and dried gently in a weak flowing nitrogen
as. The modified electrodes were stored in nitrogen-saturated
hosphate buffer pH 4.0 at room temperature.

. Results and discussion

.1. Self-assembled monolayer (SAM) characterisation

The self-assembled films of the complexes on gold elec-
rodes were characterised using the following well established

aradaic processes [30,31]; gold surface oxidation, solution
edox chemistry of [Fe(H2O)6

3+]/[Fe(H2O)6
2+] and underpo-

ential deposition (UPD) of copper, Fig. 2a–c, respectively,
hows typical cyclic voltammograms of (a) 10 mM aqueous

t
s

complexes. Tetrabenzyl mercapto phthalocyanine (MTBMPc) and tetradodecyl
III) (3), Ni(II) (4).

OH, (b) 1 mM Fe(NH4)(SO4)2 in 1 mM HClO4 electrolyte
nd (c) 1 mM CuSO4 in 0.5 M H2SO4 electrolyte at (i) bare
old electrode and (ii) complex 1a (as an example) modified
old electrode at a scan rate of 100 mV s−1. In all cases, the
odified electrodes inhibited the Faradaic processes showing

hat the SAM formed on the gold electrodes are stable, well
acked and defect free, as evidenced by inhibition of the gold
xidation and decrease in the corresponding reduction peak after
AM formation, Fig. 2a. In Fig. 2b, the Fe(III)/Fe(II) redox peak

ost its shape and intensity on SAM electrodes. And finally the
opper deposition was inhibited by the SAMs in Fig. 2c. In
rder to estimate the surface concentration of the complexes
n gold electrodes, the real surface areas of the gold electrodes
ere first determined using the conventional method [32]. Using
andles–Sevcik equation (1):

pa = (2.69 × 105)n3/2D1/2v1/2AC (1)

is the number of electron transferred (n = 1), D the diffusion
oefficient of [Fe(CN)6]3− (7.6 × 10−6 cm2/s [32]), v the scan
ate (0.05 V/s), A the geometric surface area (0.0201 cm2), and

is the bulk concentration of [Fe(CN)6]3− (1 mM). The real
old surface area is expected to be larger than the geomet-
ic area due to surface roughness. The surface roughness of
he electrode used in this work was found to be 1.32 (ratio of
pa experimental/Ipa theoretical) corresponding to a real surface area
f 0.0279 cm2 (roughness factor X theoretical surface area). For
monolayer on gold electrode, the surface concentration of

hthalocyanine complexes with flat orientation is approximately
× 10−10 Å [33,34]. The surface concentration was estimated
sing the charge difference between the bare gold (QBare) and
he MPc-SAMs (QSAM) (Fig. 2a) which is proportional to the
raction of the gold sites covered by the MPc-SAMs.

This fraction is divided by three to get the charge proportion
f gold sites covered with MPc-SAM, according to Eq. (2) [35]:

u · H O + 2H O � Au(OH) + 3H+ + 3e− (2)
2 2 3

The amount of gold sites covered by the MPc-SAM is
hen divided by four (each MPc molecule is assumed to con-
ume four gold sites since the complexes are tetra-substituted
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ig. 2. Typical cyclic voltammograms of (a) 10 mM aqueous KOH, (b) 1 mM
e(NH4)(SO4)2 in 1 mM HClO4 electrolyte and (c) 1 mM CuSO4 in 0.5 M

2SO4 electrolyte at (i) bare gold electrode, (ii) complex 1a modified gold
lectrode. Scan rate = 100 mV s−1.

ith thiol groups) and then divided by 0.0201 cm2 which is

he geometric area of the gold electrode surface to get the
harge density proportional to each MPc molecule. These
alues can then be converted to the corresponding surface
oncentration (Γ MPc, mol/cm2) by dividing them with the Fara-

i
b
l
s
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ay constant (96485 C mol−1). The surface concentration in
umber of molecules per area (in cm2) can be obtained by
imply multiplying the Γ MPc (mol/cm2) by the Avogadro’s
onstant (NA). The surface concentration ranges from 0.87 to
.25 × 10−10 mol cm−2 (Table 1) indicating monolayer forma-
ion with molecules having flat orientation. It is possible that not
ll of the four substituents are attached, hence the Γ MPc values
re a rough estimate. Thus, a second method for determining
MPc value was employed using Eq. (3):

MPc = Q

nFA
(3)

here Q is the background corrected electric charge the anodic
eaks in Fig. 3, A the real electrode surface area, and the other
ymbols have their usual meaning. The surface concentrations
ere not too different from those shown in Table 1. The Γ MPc
alues were found to range from 0.83 to 1.04 × 10−10 mol cm−2

onfirming monolayer formation.
Fig. 3a–d, respectively, shows the typical CVs of the MPc-

AMs of CoPcs, FePcs, MnPcs and NiPcs in phosphate buffer
H 7.4, broad peaks were observed. The peak assigned to
o(III)/Co(II) redox was observed near 0.4 V in solution [27],

hus we assign the peaks between 0 and 0.4 V for complexes 1a
nd 1b to Co(III)Pc/Co(II)Pc processes. The subsequent peak
etween 0.6 and 0.8 for these complexes are assigned to ring
xidation processes. For complexes 2a and 2b, the Fe(III)/Fe(II)
edox processes are also observed between 0 and 0.4 V, and
he ring processes at ∼0.6 V. The Mn(IV)/Mn(III) processes
re observed between 0 and 0.2 V for complexes 3a and 3b.
nly ring based processes are observed for the NiPc complexes
a and 4b. The plots of peak currents, Ip (for Co(III)/Co(II),
e(III)/Fe(II), Mn(IV)/Mn(III) and NiPc(−1)/NiPc(−2) pro-
esses) versus the scan rates (Fig. 3 insets) were linear showing
hat the complexes are surface confined onto the gold electrodes
36]. The peaks are generally broad characteristic of the redox
eaks of species confined to the surface, this can be attributed to
he fact that the redox reactions may be kinetically hindered [32].
ycling the CVs shown in Fig. 3 at a fixed scan rate resulted in an

nsignificant decrease in current on cycling, confirming stability
f the electrode.

.2. Electrocatalytic oxidation of sulphite

Fig. 4a and b show the cyclic voltamogramms of 1 mM
ulphite in phosphate buffer (pH 7.4) at an unmodified gold elec-
rode, and gold electrodes modified by SAMs of complexes 1a,
b, 2a, 2b, 3a, 3b, 4a and 4b. All the SAM electrodes showed
etter catalysis than the unmodified gold electrode judging by
he significant increase in the peak currents. The oxidation peak
or sulphite at unmodified gold electrode was a slow redox reac-
ion (as judged by a broad peak) with a potential peak (Ep) at
round 0.59 V. With the exception of the NiPcs-SAM, the Ep
as significantly lowered by the SAMs of all the complexes
ndicating catalysis. The increase in catalytic activity as judged
y the shift of peak potential to less positive values, is as fol-
ows: 2b > 2a > 1a ∼ 3a ∼ 3b > 1b > 4b > 4a (Table 1). The trend
hows that the worst activity is shown by NiPc complexes, this is
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Table 1
Catalytic peaks for the detection of sulphite on the MPc modified electrodes and slope (sensitivity) of the plot of Ip vs. [SO3

2−]

Modified electrodes Ep (V)/Ip (�M) (SO3
2−) vs. Ag/AgCl Slope (sensitivity) of plot of Ip vs.

concentration (�A/mM)/R2 values
Surface concentration (×1010 mol cm−2)

CoTBMPc SAM-Au, 1a 0.54/3.09 2.96/0.9478 0.94
CoTDMPc SAM-Au, 1b 0.55/3.8 2.82/0.9665 1.24
FeTBMPc SAM-Au, 2a 0.53/3.3 1.94/0.9334 0.89
FeTDMPc SAM-Au, 2b 0.52/2.93 3.05/0.9870 0.93
MnTBMPc SAM-Au, 3a 0.54/2.73 2.51/0.9774 0.87
M 2.72/0
N 1.68/0
N 2.10/0

d
p
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w
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s
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s
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i
e
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e

F
a

nTDMPc SAM-Au, 3b 0.54/2.41
iTBMPc SAM-Au, 4a 0.63/3.21
iTDMPc SAM-Au, 4b 0.62/3.06

ue to the fact that these species do not show metal based redox
rocesses. The best activity is exhibited by the FePc species.

The catalytic activity of the SAM modified electrodes were
lso studied in a lower concentration range (1 �M sulphite),
ig. 5. The unmodified gold electrode hardly showed any activity
hile for the SAM modified electrodes, there were signifi-

ant increases in peak currents; this observation shows that
hese modified electrodes are potential sensors for real samples

pplications, where low (∼ �M) concentrations of sulphite are
equired.

Fig. 6 shows near linear (R2 values shown in Table 1) relation-
hips between catalytic currents and the sulphite concentrations

F
n

o

ig. 3. Cyclic voltammogrames of the complexes in phosphate buffer pH 7.4: (a) CoP
nd (ii) MTDMPc (b). Scan rate = 100 mV s−1.
.9764 1.12

.9714 1.17

.9620 1.25

or the concentration range chosen for the catalytic studies in
his work (i.e., 1.0 × 10-4 to 1.0 × 10−3 mol dm−3), resulting in
lopes (sensitivities) ranging from 1.68 to 3.05 �A/mM for the
arious electrodes (Table 1). The peaks increased with increase
n scan number as shown in Fig. 7, without passivation of the
lectrode, hence showing stability. Also there were no signifi-
ant differences between the various electrodes, all the modified
lectrodes showed high resistance to passivation as shown in

ig. 7, which shows only a small decrease in current with scan
umber mainly observed between the first and second scan.

Fig. 8A shows the cyclic voltamogramms of electrooxidation
f 1 mM sulphite at different scan rates catalysed by 1b-SAM

cs (1), (b) FePcs (2), (c) MnPcs (3) and (d) NiPcs (4). Curve (i) MTBMPc (a)
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ig. 4. Cyclic voltamogramms for 1 mM sulphite oxidation in phosphate buffer
H 7.4 solution at unmodified gold electrode and at SAMs of (a) 1a, 2a, 3a and
a; (b) 1b, 2b, 3b and 4b. Scan rate 100 mV s−1.

lectrode. It is clear that there was a slight shift of peak poten-
ial to more positive values with increase in scan rate. For all

AMs, the plots of peak potentials versus log of scan rate were
early linear (R2 values ranged from 0.960 to 0.977), for sul-
hite oxidation, Fig. 8B, this indicates that the electrocatalytic
xidation of sulphite is irreversible [37], in agreement with the

ig. 5. Cyclic voltamogramms for 1 �M sulphite oxidation in phosphate buffer
H 7.4 solution on unmodified gold electrode, and on complexes 1a, 2a, 3a and
a.

a
b
c
c

F
c

ig. 6. Plots of Ip vs. [SO3
2−] on SAMs of complexes 1a, 2a, 3a, 4a, 1b, 2b,

b and 4b. Scan rate = 100 mV s−1.

yclic voltammetry for sulphite oxidation (Fig. 4) which did not
how any cathodic return peak. The slight variation in linearity
s probably due to the involvement of chemical reactions cou-
led with electrochemical process [17]. Fig. 8C also shows

2
near linear (R ranging from 0.977 to 0.993) relationship
etween the peak current and square root of the scan rate, indi-
ating that the sulphite electrocatalytic oxidation is diffusion
ontrolled. However, the slight deviations from total linearity

ig. 7. Plots of Ip vs. number of scans for repetitive cycling of 1 mM sulphite at
omplexes 1a, 1b, 2a, 2b, 3a, 3b, 4a and 4b. Scan rate = 100 mV s−1.
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Fig. 8. (A) Cyclic voltamogramms of electrooxidation of 1 mM sulphite at different scan rates catalysed by complex 1b-SAM electrode. (B) Plot of Ep vs. log v for
electrooxidation of 1 mM sulphite solution in phosphate buffer pH 7.4 on the (a) complexes 1a–4a and (b) complexes 1b–4b. (C) Plot of Ip vs. v1/2 for electrooxidation
of 1 mM sulphite solution in phosphate buffer pH 7.4 on (a) complexes 1a–4a and (b) complexes 1b–4b. (D) Plot of Ipv

−1/2 vs. v for electrooxidation of 1 mM
sulphite on (a) complexes 1a–4a and (b) complexes 1b–4d.
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ay be due to the involvement of both mass-transport and kinetic
ffects.

Fig. 8D further confirms that the electrooxidation of sulphite
y the SAM modified gold electrodes is a catalytic process judg-
ng by the pattern of curves obtained which is typical of catalytic
rocesses [17].

The mechanism of reactions for the catalysis of sulphite oxi-
ation can be represented by Eqs. (4)–(7) below

M(II)Pc → 2[M(III)Pc]+ + 2e− (4)

2[M(III)Pc]+ + SO3
2− + H2O

→ 2M(II)Pc + SO4
2− + 2H+ (5)

here M is Co, Fe.

Mn(III)Pc → 2[Mn(IV)Pc]+ + 2e− (6)

2[Mn(IV)]Pc+ + SO3
2− + H2O

→ 2Mn(III)Pc + SO4
2− + 2H+ (7)

Eqs. (4) and (6) are proposed since from Fig. 4a, the foot of the
xidation wave for sulphite oxidation occurred at around 0.3 V.
he metal based oxidation (between 0.0 and 0.4 V, Fig. 3a–c)
ccurs near this potential for the CoPc, FePc and MnPc com-
lexes. Eqs. (5) and (7) are a result of the chemical reaction
etween the highly oxidising M(III)Pc species for the CoPc
nd FePc complexes (Mn(IV)Pc species for MnPc complexes)
ith sulphite ions which are highly reducing. The participa-

ion of water molecules from phosphate buffer pH 7.4 results
n Eqs. (5) and (7). Similar mechanisms have been proposed
efore [38–40]. In the case of NiPcs, as shown in Fig. 3d, metal
ased oxidation was not observed, the observed catalytic activ-
ty towards the oxidation of sulphite is attributed to ring based
rocesses as follows

Ni(II)Pc(−2) → 2Ni(II)Pc(−1) + 2e− (8)

2Ni(II)Pc(−1) + SO3
2− + H2O

→ 2Ni(II)Pc(−2) + SO4
2− + 2H+ (8)

Ring based catalytic processes are known in MPc complexes
41].

. Conclusion

It has been shown in this work that Au electrodes modi-
ed by SAM technique with Co(II), Fe(II), Ni(II) and Mn(III)

etrakis benzylmercapto and dodecylmercapto phthalocyanine

omplexes exhibited electrocatalytic activity towards the oxida-
ion of sulphite. The involvement of metal based redox processes
f the CoPcs, FePcs and MnPcs improved the catalytic activities
owards sulphite electrooxidation while the NiPcs which did not

[

[

nta 72 (2007) 691–698 697

how metal based redox reaction, showed less catalytic activi-
ies in terms of shifting the potentials for sulphite oxidation to
ess positive values. A linear relationship with a high sensitivity
etween the peak current (Ip) and sulphite concentration was
bserved for all the modified complexes. In addition, high sta-
ility exhibited by these modified electrodes even after repeated
se make the modified electrodes as potential electrodes for the
evelopment of suitable electrocatalysts for sulphite oxidation
s well as in the fabrication of sulphite electrochemical catalysts
nd sensors.
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bstract

The retention behavior of uranium, thorium and lanthanides has been investigated with amide modified reversed phase C18 supports
sing �-hydroxy isobutyric acid (�-HIBA) as the mobile phase. Four structurally different amide moieties namely, 4-hydroxy-N,N-dihexyl
utyramide (4HHBA), 4-hydroxy-N,N-di-2-ethylhexylhexanamide (4HEHHA), bis(N,N,N′,N′-2-ethylhexyl)malonamide (B2EHM) and N-methyl-
ris(dihexylcarbamoyl-3-methoxy)pivolamide (MTDCMPA) have been synthesized and studied. Among the various amide coated columns, the
upports modified with 4HHBA, B2EHM and MTDCMPA exhibit an interesting retention for uranium and thorium, which is different from
HEHHA modified support. The retention time for uranium and thorium increases with increasing amide concentration for 4HHBA, B2EHM
nd MTDCMPA supports, while the same decreases with increasing 4HEHHA content. However, the separation factor for uranium and thorium
s greater on a 4HEHHA support, compared to an unmodified C18 column, reflecting the amide’s preferential complexation of uranium over
horium.

Columns modified with 4HHBA, B2EHM and MTDCMPA exhibit relatively higher retentions for lanthanides. However, MTDCMPA modified
upport shows a different elution profile for lanthanides compared to 4HHBA, and B2EHM modified columns. Individual separations of heavier

anthanides, i.e., from gadolinium to lutetium also have been achieved using 4HHBA and B2EHM modified supports.

The influence of modifier content, mobile phase concentration and its pH on the retention of metal ions has also been studied. Based on these
nvestigations, an efficient high performance liquid chromatographic method (HPLC) has been developed for the rapid separation of uranium from
horium as well as for the individual separation of heavier lanthanides.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Over the past few decades, HPLC as a powerful separation
nd analytical technique has revolutionized the field of sepa-
ation science. Rapid and accurate determination of lanthanides
nd actinides has received much attention, as industrial demands
ave expanded significantly, especially in the field of nuclear sci-
nces like, the burn-up measurements of nuclear fuels [1] and

lso in the various fields of geochemistry [2]. The separation
f individual trivalent lanthanides and actinides from respective
ixtures is of great significance in view of the challenge posed

∗ Corresponding author. Tel.: +91 44 2257 4211; fax: +91 44 2257 4202.
E-mail address: mssu@rediffmail.com (M.S. Subramanian).
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y the close similarity in their chemical behavior, especially the
anthanides.

With the rapid advancements in HPLC methodology and the
pplications of superior metal ion complexing agents, significant
nhancement in the potential applications of HPLC methods for
norganic analysis has been achieved. A variety of organic com-
ounds such as dithiocarbamates [3], 4-(5-nitro-2-pyridylazo)-
esorcinol [4], 2-(2-thiazolylazo)-5-dimethylaminophenol [5],
orphyrin derivatives [6], 8-hydroxyquinoline [7], 2-(5-
romo-2-pyridylazo)-5-diethylaminophenol [8], etc., are being
mployed for the separation of various metal ions. However,

nly limited endeavors have been made for the separation of
anthanides, uranium and thorium using RP-HPLC methods,
n which the supports are modified with organic extractants
uch as sulphonic acids [9,10], dialkyl phosphoric acid [11],



l. / Ta

d
fi
m
a
g
fi
v
w
s
s
b
C
s
r
o
t
o
a
t
p

t
a
i
a
I
o
r
c
l
a
b
l

a
c
N
c
a
s
h
b
m
p
e
B
p
a
(
s
o
s
t

s
a
w

o
f
s
a
r

2

2

v
(
d
s
(
a
n
f
u
n
a
b

4
a

2

d
d
a
e
1
a

t
H
c
a
t
o
c
w
c

r
fi

2

2
m

M. Akhila Maheswari et a

ialkylamides [12], etc. The developments and advances in the
eld of lanthanide separations have been reviewed [13]. In the
ethods involving the use of neutral metal complexing reagents

s stationary phase modifiers, C8 or C18 based columns were
enerally employed. In RP-HPLC, the stationary phase is modi-
ed either by “permanent” coating or by “dynamic” coating with
arious modifiers. An ion-pairing chromatographic technique
as developed using water soluble modifiers such as octane

ulphonate [14,15] on the reverse phase supports for the rapid
eparation of lanthanides and other metal ions. The water insolu-
le modifiers such as, di-(2-ethylhexyl) phosphoric acid [11] and
20H42SO4 [9] were “permanently” coated on to a reverse phase

upport for the separation of individual lanthanides. The sepa-
ation factor for metal ions on a reversed phase column depends
n their relative distributions between the coated modifier (in
he stationary phase) and the mobile phase, generally consisting
f a complexing agent such as, �-HIBA, mandelic acid, lactic
cid, citric acid, tartaric acid and EDTA [16–22]. The concentra-
ion of lanthanides and actinides is generally determined using
ost-column derivatization technique.

In the recent years, N,N-dialkyl amides and N,N,N′,N′-
etraalkyl diamides are found to be promising candidates for
ctinide recovery [23,24]. Since their solubility in aqueous phase
s very low, they are expected to be attractive candidates for
ctinide separations by extraction chromatographic technique.
n addition, they are extremely selective in complexing actinides
ver other metal ions. However, only limited studies have been
eported on employing amide based supports in an extraction
hromatographic mode, for studying the separation behavior of
anthanides and actinides. Considering the attractive features of
mides, the present study was taken up to study the retention
ehavior of uranium, thorium and the separation of individual
anthanides on a reverse phase C18 support.

One of the most attractive features of these amide derivatives
re that their extraction properties for lanthanides and actinides
an be tuned by simply modifying the substituents on the
-side as well as on the carbonyl side. Therefore, a study was
arried out using “permanently” coated columns using various
mide derivatives as modifiers on a C18 support. In our earlier
tudies, amide derivatives such as 4-hydroxy-N,N-di-2-ethyl-
exyl hexanamide (4HEHHA) [25], 4-hydroxy-N,N-dihexyl
utyramide (4HHBA) [26] and bis(N,N,N′,N′-2-ethylhexyl)-
alonamide (B2EHM) [27] were chemically anchored on

olymeric resins, which proved to be successful for the efficient
xtraction for uranium, thorium and certain lanthanides.
ased on this study, the above amides were employed in the
resent work in RP-HPLC as column modifiers. Addition-
lly, N-methyl-tris(dihexylcarbamoyl-3-methoxy)pivolamide
MTDCMPA)—a chelating tetramide derivative, was synthe-
ized for the first time and investigated for the retention behavior
f uranium, thorium and lanthanides. The amide modified
upports were also investigated on the retention behavior of lan-
hanides to evolve out a procedure for their individual separation.
The influence of the structural aspects of amide derivatives
uch as the effect of branching, number of carbonyl centers per
mide molecule, on the retention of actinides and lanthanides
as also investigated. Finally, experiments were carried out to

t
r
c
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ptimize the conditions for separation of U from Th and also
or the individual separation of lanthanides. Based on these
tudies, a HPLC method has been developed for the rapid and
ccurate analysis of cerium in uranium matrix of pyrochemical
eprocessing samples.

. Experimental

.1. Instrumentation

The liquid chromatographic system consists of a sol-
ent delivery pump (Jasco PU-1580), a sampling valve
Rheodyne 7725, 20 �L loop), UV–VIS Spectrophotometric
etector (Jasco UV-1570), reverse phase C18 column (Hyper-
il, 25 cm × 0.46 cm, 5 �m) and a post-column delivery system
Jasco PU-1580). Typically, a mobile phase flow rate of
bout 2 mL/min was employed. The post-column reagent, arse-
azo(III) was delivered at the rate of 1.5 mL/min. The effluent
rom HPLC column was mixed with the post-column reagent
sing a T-connector before it reached the detector. The arse-
azo(III) complexes of lanthanides or actinides were monitored
t 655 nm. The signal response from the detector was processed
y Borwin software.

The amides were characterized using NMR (Bruker-Avance
00 model), FT-IR (Perkin-Elmer Spectrum One model) and
lso with CHN analyzer (Elementar Vario EL model).

.2. Reagents and procedures

The metal ion stock solutions and eluents were prepared using
eionized water. Appropriate amount of �-HIBA (Across) was
issolved in deionized water and its pH was adjusted using dilute
mmonia. In some studies, mandelic acid (Lancaster) was also
mployed as the mobile phase. Arsenazo(III) (Tokyo Kasei) of
.5 × 10−4 M concentration was prepared in deionized water
nd used as such as post-column reagent (PCR).

Thorium and uranium stock solutions were prepared from
horium(IV) nitrate and uranyl nitrate, respectively, in 1 M
NO3. The stock solutions of Th and U were standardized by

omplexometric titration with diethylenetriamine pentaacetic
cid and gravimetry (as U3O8), respectively. The stock solu-
ions of lanthanides were prepared by heating their respective
xides to 600 ◦C for an hour followed by their dissolution in
oncentrated HNO3. Subsequently, the solutions were diluted
ith 0.1 M HNO3 and standardized with EDTA. The reagents,

hemicals and solvents used were of high purity HPLC grade.
All the coating solutions, mobile phases and post-column

eagent solutions were degassed and filtered through 0.5 �m
lter prior to usage.

.3. Synthesis of amide derivatives

.3.1. Hydroxy-amides and bis(N,N,N′,N′-2-ethylhexyl)
alonamide (B2EHM)

The hydroxy amides, 4HHBA and 4HEHHA were syn-

hesized by reacting their corresponding lactones with the
espective secondary amines, in the presence of AlCl3-Et3N
ouple as catalysts, at 20–25 ◦C in ‘dry’ dichloroethane (DCE)
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25,26]. The crude reaction mixture was washed with 1:1 HCl
olution and the organic phase was extracted with DCE. The
rganic layer was subsequently washed with water and then puri-
ed using column chromatography (column: silica gel, eluant:
0:60, v/v, ethylacetate:n-hexane). The resulting solution was
urther subjected to vacuum distillation, to remove all the impu-
ities leaving behind a red-orange colored liquid of 4HEHHA
nd an orange-yellow colored liquid in the case of 4HHBA.

The diamide derivative (B2EHM) was synthesized by react-
ng 2-ethylhexylamine with malonyl chloride in presence of
riethyl amine (2:1:2, mole ratios) in dry ether medium at −5 to
◦C for 6 h [27]. The crude reaction mixture was subjected to
lkali and acid treatments and later purified by vacuum distilla-
ion.

.3.2. Tetramide derivative (MTDCMPA)
A new chelating tetramide derivative was synthesized via a

wo-step process. The Tris–buffer (5 g, 0.04 mol) was dissolved
n 150 mL of dry diethyl ether in the presence of 1.1 equiva-
ents of Et3N (4.4 mL). To this solution, 1 equivalent of pivaloyl
hloride (4.9 mL, 0.02 mol) was added slowly in a moisture free
tmosphere at 0 ◦C, with constant stirring. The resultant bright
ellow colored liquid, i.e., primary pivolamide was isolated and
urified.

The pivolamide derivative (6.3 mL) was subsequently treated
ith 3 equivalents of sodium hydride (2.16 g) in presence of
ry N,N-dimethyl formamide as solvent at 0 ◦C, followed
y the addition of 30 mL of pre-synthesized 2-chloro-N,N-
ihexylacetamide [28]. Further, the reaction mixture was heated
o 80 ◦C for 48 h and the solvent was removed by vacuum dis-
illation, resulting in a solid substance, which was subjected to
ork-up procedures similar to hydroxy amide derivatives. The
roduct was obtained as a bright orange-yellow colored highly
iscous liquid. The structures of the various amide modifiers are
epicted in Fig. 1. All the synthesized amides and their inter-
ediate compounds were characterized by 13C, 1H NMR, and

T-IR techniques. The amides were also characterized by CHN
lemental analysis for their purity; CHN analysis results: theo-
etical values given in bracket; 4HHBA: C 70.7 (70.8), H 12.0
12.1) and N 5.2 (5.0); 4HEHHA: C 74.5 (74.4), H 12.7 (12.7),

Fig. 1. Structure of amide modifiers.
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4.0 (3.9); B2EHM: C 76.1 (76.3), H 13.0 (12.8), N 5.3 (5.1);
TDCMPA: C 68.7 (69.4) H 11.8 (11.3), N 6.2 (6.5).

.4. Preparation of modified columns

The solutions of 4HEHHA (1.05 × 10−3, 5.07 × 10−3 and
.09 × 10−2 M), 4HHBA (2.14 × 10−3 and 4.29 × 10−3 M) and
TDCMPA (3.32 × 10−4, 6.58 × 10−4 and 1.28 × 10−3 M)
ere prepared by dissolving appropriate amounts of respective

mides in methanol–water mixture (60:40, v/v). How-
ver, 4HHBA (2.06 × 10−2 M), MTDCMPA (2.53 × 10−3 and
.0 × 10−3 M) and B2EHM (0.54 × 10−3, and 0.95 × 10−3 M)
olutions were prepared using 70% (v/v) methanol, to
nsure complete dissolution of amides. The preparation of
.43 × 10−3 M B2EHM solution required the use of 80%
v/v) methanol for complete dissolution. But, the actual
mount of amide sorbed on to the column was found to be
ower for 1.43 × 10−3 M amide solution compared to that of
.95 × 10−3 M solution, due to the presence of higher methanol
ontent in the coating solution.

The C18 column was modified by passing amide solutions
500 mL) at a flow rate of 0.5 mL/min. After modification, it
as washed with water and pre-equilibrated with about 60 mL
f mobile phase. The same column was employed for prepar-
ng various amide modified supports in the present study. After
tudying the column with a particular amide, the sorbed com-
ound was removed from the column using methanol, and was
ecoated with another amide and so on.

.5. Determination of amide content coated in C18 column

The actual amount of amide coated on to the C18 column
as determined as follows. The effluent solutions during coat-

ng process were collected and evaporated to near dryness
nd the sample was extracted into n-hexane. Subsequently, n-
exane was evaporated and the weight of uncoated amide was
easured. The sorbed amide content in the column was also esti-
ated after the experiments by its removal with about 60 mL

f methanol followed by evaporation of the volatile solvent
nd weighing. The concentration of coating solution employed
nd the corresponding amounts actually sorbed are given in
able 1.

. Results and discussion

.1. Retention behavior of U and Th

.1.1. 4HEHHA modified supports
The retention profiles obtained for U and Th with different

mounts of 4HEHHA coatings are shown in Fig. 2. The
etention times of both U and Th were found to decrease with an
ncrease in 4HEHHA concentration. For example, the elution
nd separation of Th and U were performed within 8, 5 and

min, respectively, for 0.25, 0.45, 0.68 mmol of 4HEHHA
oated supports. The retention behavior under similar con-
itions on an uncoated (bare) C18 column is also shown and
he separation time was found to be about 14 min. A similar
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Table 1
Amide coating solutions and sorbed amounts

Modifier Methanol:water
volume ratio

Concentration
of coating
solution (M)

Actually coated (sorbed)
amount (mmol)

4HEHHA
60:40

1.05 × 10−3 0.25
5.07 × 10−3 0.45
1.09 × 10−2 0.68

4HHBA
60:40

2.14 × 10−3 0.17
4.29 × 10−3 0.25

70:30 2.06 × 10−2 0.54

MTDCMPA
60:40

3.32 × 10−4 0.11
6.58 × 10−4 0.15
1.28 × 10−3 0.17

70:30
2.53 × 10−3 0.20
5.00 × 10−3 0.26

B2EHM
70:30

0.54 × 10−3 0.16
0.95 × 10−3 0.29

80:20 1.43 × 10−3 0.26
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00 mL of amide solutions passed through C18 (Hypersil, 250 mm × 4.6 mm;
�m), coating rate: 0.5 mL/min.

ehavior was also observed in our earlier studies with modified

18 supports using extractants such as, N,N-dihexylhexanamide
nd trihexylphosphate [12]. This behavior is attributed to the
redominant role played by the bare C18 support, which extracts
he hydroxyisobutyrate complexes of both uranium and thorium

ig. 2. Retention profiles of Th and U as a function of 4HEHHA concentration.
a) C18 bare column; (b) 0.25 mmol 4HEHHA sorbed on C18; (c) 0.45 mmol
HEHHA sorbed on C18; (d) 0.68 mmol 4HEHHA sorbed on C18; mobile phase:
-HIBA (0.1 M, pH 3.0), flow rate: 2 mL/min; sample: Th (50 �g/mL) and U

75 �g/mL), injected amount: 20 �L; PCR: arsenazo(III), flow rate: 1.5 mL/min,
etection: 655 nm.
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y a hydrophobic interaction. Therefore, it is concluded that
he increased masking of hydrophobic surface of the bare C18
olumn by the increased amount of amide coating on the same
eads to the shorter retentions, for both U and Th.

Despite the above reverse phase behavior, the 4HEHHA-
odified supports contribute to a better separation of U from
h. For example, U and Th were rapidly separated from each
ther from a 0.25 mmol coated 4HEHHA support with �-HIBA
olution at a pH 2.5, whereas the bare C18 support is unsuccess-
ul to resolve them under similar conditions. Hence, the method
aves a way for rapid separation and assay of U from Th in their
ixture.

.1.2. 4HHBA modified supports
The elution behavior for U and Th on a modified 4HHBA

upport is shown in Fig. 3. It corresponds to a lowest concentra-
ion of 4HHBA coated support (0.17 mmol) that was employed
or the present work. Uranium did not elute from a 0.54 mmol of
HHBA coated column with �-HIBA (0.1 M, pH 2.5) even after
bout 100 min. Under these experimental conditions, Th could
e eluted in 15 min. Thus, 4HHBA modified support exhibits
igher affinity for U over Th. These studies confirm a strong
ole played by the amide moiety for the selective complexation
f uranium-hydroxyisobutyrate complexes over thorium com-
lexes. The strongly retained uranium could be subsequently
luted with 0.01 M HNO3. Elution under this condition main-
ained the unionized HIBA species, leading to the elution of
ranium.

.1.3. MTDCMPA modified supports
The MTDCMPA modified supports also exhibited high affin-
ty for U over Th (Fig. 4). The retentions of both U and Th were
ound to increase with increase in amide concentration. It was
lso observed that both U and Th exhibit strong peak tailing par-
icularly at higher MTDCMPA coatings. The increase in amide

ig. 3. Comparison of Th and U retentions on 4HHBA modified and unmod-
fied supports. (a) C18 bare and (b) C18 modified with 4HHBA (0.17 mmol
orbed); mobile phase: �-HIBA (0.1 M, pH 2.5), flow rate: 2 mL/min; sample:
h (50 �g/mL) and U(75 �g/mL), injected amount: 20 �L; PCR: arsenazo(III),
ow rate: 1.5 mL/min, detection: 655 nm.
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Fig. 4. Effect of MTDCMPA concentration on U/Th retentions. (a) C18 bare;
(b) C18 modified with 0.11 mmol MTDCMPA; (c) 0.15 mmol MTDCMPA; (d)
0.17 mmol MTDCMPA; (e) 0.20 mmol MTDCMPA and (f) 0.26 mmol MTD-
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MPA; mobile phase: 0.1 M �-HIBA (pH 2.5), flow rate: 2 mL/min; sample: Th
50 �g/mL) and U (100 �g/mL), injected amount: 20 �L; PCR: arsenazo(III),
ow rate: 1.5 mL/min, detection: 655 nm.

oncentration enhances the layer thickness on the modified sup-
ort, leading to band broadening.

.1.4. B2EHM coated column
The retention behavior of uranium and thorium was examined

n a column coated using B2EHM solutions of various concen-
rations, i.e., 0.54 × 10−3, 0.95 × 10−3 and 1.43 × 10−3 M, with
-HIBA (0.1 M, pH 2.5–3.5) as the mobile phase. The modified
upports showed very higher retentions for both thorium and ura-
ium with preferential sorption of uranium. Severe peak tailing
as observed especially during the elution of uranium.

.1.5. Separation factor of U to Th: influence of amides
The separation factors of U-Th from bare C18 and amide mod-

fied supports of 4HEHHA, 4HHBA, MTDCMPA and B2EHM
re compared in Fig. 5. The separation factor generally increases
ith mobile phase pH. The values observed with 4HHBA were
igher than that obtained with other amide modified supports
nd bare C18 column. In the case of MTDCMPA modified sup-
ort, the actual amount of amide coated was marginally lower

ompared to 4HHBA as well as B2EHM supports.

The amide modified supports of 4HHBA, MTDCMPA
nd B2EHM exhibited higher separation factors compared to
HEHHA, despite lower quantities of amide coated. How-

B
t
s
H

ig. 5. Comparison of U–Th separation factors for various amide modified sup-
orts. C18 modified with 0.17 mmol 4HHBA, 0.25 mmol 4HEHHA, 0.15 mmol
TDCMPA and 0.16 mmol B2EHM; mobile phase: 0.1 M �-HIBA, flow rate:
mL/min.

ver, the 4HEHHA modified support, which showed separation
ehavior similar to reverse phase still exhibited a separation
actor higher than that observed with bare C18 support. These
tudies indicate the strong influence of the amide moiety on the
etention of uranium, i.e., the preferential extraction of uranium
ver thorium, which corroborates well with our earlier studies
sing amide grafted polymeric resins [26–28].

.1.6. Structural influence of amides on U and Th retention
On comparing the retention behavior of U and Th on var-

ous amide modified supports, it is evident that the structure
f amide influences the chromatographic retention behavior of
hese ions. C18 support retains both U and Th as their respective
sobutyrate complexes by hydrophobic interaction. However in
ddition to hydrophobic interaction, amides also retain U and Th
omplexes through the carbonyl group coordination and hence
igher retention on modified supports compared to bare column.

Among the four supports examined in the present study,
HEHHA exhibited different separation behaviour. For exam-
le, the retention time for both U and Th on 4HEHHA supports
ecreases with increase in amide concentration whereas it
ncreases for the other three amides. The separation factors
bserved with 4HEHHA supports are the lowest compared to
he one observed with other three amides. The separation fac-
ors with 4HEHHA are only marginally higher than the one
bserved with bare C18 support. These studies clearly indicate
he influence of branching in amide moiety on the retention and
eparation behaviour. Branching in amide structure is mainly
esponsible for lowering the separation factors. Thus, the sepa-
ation factors decrease as one goes from 4HHBA to 4HEHHA.

ased on this observation, one would expect the separation fac-

ors of U–Th to decrease further for B2EHM and MTDCMPA
upports, as these compounds have more branched structures.
owever, the presence of two coordinating C O moieties in
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Fig. 6. Retention profiles of heavier lanthanides as a function of 4HHBA coated
amounts. (a) C18 sorbed with 0.17 mmol 4HHBA; (b) 0.25 mmol 4HHBA;
(
1
n

(
4
l
o

a
given in Table 2. The separation factor increases marginally
with increasing amide content. For example, in the case of
Gd–Tb, it increased from 1.27 to 1.36, when the sorbed amide
content was raised from 0.17 to 0.54 mmol. However, there

Table 2
Separation factor for lanthanides on 4HHBA supports

Lanthanide pair Separation factor

0.17a 0.25a 0.54a

Gd–Tb 1.27 1.32 1.36
Tb–Dy 1.19 1.21 1.23
Dy–Ho 1.13 1.15 1.17
Ho–Er 1.16 1.17 1.18
Er–Tm 1.14 1.16 1.19
M. Akhila Maheswari et a

2EHM and multiple C O moieties in MTDCMPA would
ork towards increasing the retention for uranium and thorium,
otably uranium. Thus, the separation factors for U-Th observed
ith B2EHM and MTDCMPA supports are higher compared to
HEHHA system.

.1.6.1. U and Th complexes. The various complexes of �-
IBA with U and Th are:

UO2
2+ + HIBA → [UO2(IBA)]+, [UO2(IBA)2]

and [UO2(IBA)3]−

Th4+ + HIBA → [Th(IBA)]3+, [Th(IBA)2]2+, [Th(IBA)3]+

and [Th(IBA)4]

The interaction of �-HIBA with uranyl ions results in
he formation of species like UO2(IBA)+, UO2(IBA)2 and
O2(IBA)3

− and with thorium, it forms Th(IBA)4, [Th(IBA)]3+,
Th(IBA)2]2+, [Th(IBA)3]+ and [Th(OH)(IBA)4]− species [16].
owever, with increasing pH, i.e., pH ≥ 3, it was reported

hat [UO2(IBA)3]−H+ (or NH4
+) and [Th(OH)(IBA)4]− and

h(IBA)4 are the predominant species.
As amides are neutral extractants, they preferentially

xtract neutral species from a mixture of [UO2(IBA)3]− and
O2(IBA)2. The more abundant species, i.e., NH4

+[UO2-
IBA)3]− is expected to be extracted into the amide moiety,
hich can also extract the UO2(IBA)2 species, from a mixture.

n the case of thorium, which elutes prior to uranium indicates the
xtraction of [Th(OH)(IBA)4]− species into the amide moiety,
rom the aqueous solutions.

.1.7. Effect of mobile phase pH and concentration
The influence of the pH of �-HIBA (2.5–4.0) on the reten-

ion behavior of uranium and thorium was investigated. It was
bserved that the retention times for both Th and U were found
o increase with the increase in mobile phase pH. However, the
ariation of �-HIBA concentration in the range of 0.05–0.15 M
pH 3.0) did not significantly affect the retention behavior of U
nd Th.

.2. Retention and separation of lanthanides

.2.1. 4HHBA and 4HEHHA modified supports
The retention profiles of lanthanides were initially investi-

ated on a 4HEHHA modified supports with �-HIBA as the
obile phase. Individual lanthanides were not resolved from its
ixture as in the case of bare C18 support.
However, supports modified with 4HHBA offered good res-

lution and peak profiles for individual heavier lanthanides, i.e.,
d–Lu, using 0.1 M �-HIBA (pH 2.8), as the mobile phase

Fig. 6).
The retention for heavier lanthanides was found to increase
ith increase in 4HHBA concentration, establishing the contri-
ution of the amide moieties for better resolution. Moreover,
he modified support offered rapid separations for lanthanides,
hich were eluted within 8 minutes. Individual calibration plots

T
Y

M

c) 0.54 mmol 4HHBA; mobile phase: �-HIBA (0.1 M, pH 2.80), flow rate:
mL/min; sample: lanthanides (10 �g/mL), injected amount: 20 �L; PCR: arse-
azo(III), flow rate: 1.5 mL/min, detection: 655 nm.

r2 ∼ 0.998) were obtained for heavier lanthanides using a
HHBA (0.54 mmol) modified support. However, the lighter
anthanides, i.e., La–Eu were not completely resolved from each
ther and La, Ce, Pr and Nd were eluted together.

The separation factors (ratio of capacity factors) between
djacent lanthanides from a 4HHBA modified columns are
m–Yb 1.14 1.14 1.15
b–Lu 1.11 1.12 1.13

obile phase: 0.1 M �-HIBA (pH 2.8), flow rate: 1 mL/min.
a 4HHBA amount sorbed onto C18 column (mmol).
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ere no significant changes in separation factor for all other
eavier lanthanide pairs.

The elution sequence of lanthanides was in the order of
ncreasing atomic number, i.e., from La–Lu, the reverse of
he order generally observed for cation exchange systems, i.e.,
u–La. In the present study, two complexing reagents, i.e.,
HHBA (stationary phase) and �-HIBA (mobile phase) compete
or complexing the lanthanides. The stability constants (log K)
f Ln(IBA)3 complex increases from La to Lu, i.e., from 5.53
o 8.82 [18]. Similarly, the stability constant of the complex
ormed between Ln(IBA)3 and the corresponding amide car-
onyl group also increases in the same order, i.e., La to Lu;
hus the amide moiety preferentially extracts the Lu(IBA)3 over
a(IBA)3 complex.

The influence of mobile phase pH on the retention of lan-
hanides was studied and the corresponding chromatograms are
iven in Fig. 7. The capacity factor for lanthanides increases with
n increase of pH of the mobile phase. However, there was no sig-
ificant change in the resolution when raising the mobile phase
H from 2.8 to 3.0. However, the resolution between adjacent
anthanide pairs becomes poor from pH 3.5 and above.
.2.2. Retention behavior with mandelic acid as mobile
hase

Since the mandelate complexes of lanthanides would be
xpected to be more hydrophobic compared to hydroxyisobu-

ig. 7. Influence of �-HIBA pH on the retentions of lanthanides on a 4HHBA
odified support. Column: C18 sorbed with 0.54 mmol 4HHBA; mobile phase:
-HIBA (0.1 M), flow rate: 1 mL/min; sample: lanthanides (10 �g/mL), injected
mount: 20 �L; PCR: arsenazo(III), flow rate: 1.5 mL/min, detection: 655 nm.

Fig. 8. (A) Retention of lanthanides using mandelic acid as eluent. Column: C18

sorbed with 0.17 mmol 4HHBA; mobile phase: 0.1 M mandelic acid (pH 2.5),
flow rate: 2 mL/min; sample: lanthanides (10 �g/mL); injected amount: 20 �L;
PCR: arsenazo(III); flow rate: 1.5 mL/min; detection: 655 nm. (B) Elution pro-
files of heavier lanthanides as a function of mandelic acid pH on 4HHBA support.
Column: C18 sorbed with 0.54 mmol amide; mobile phase: 0.1 M mandelic acid,
flow rate: 2 mL/min; sample: lanthanides (10 �g/mL), injected amount: 20 �L;
PCR: arsenazo(III), flow rate: 1.5 mL/min, detection: 655 nm.
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yrate complexes, the retention behaviour of lanthanides was
lso investigated with mandelic acid as an eluent to improve the
esolution between lighter lanthanides. The retention profiles
f lanthanides were studied with 4HHBA support (0.17 mmol)
sing 0.1 M mandelic acid (pH 2.5) as the mobile phase
Fig. 8A). The lighter lanthanide pairs such as La–Ce, Pr–Nd
nd Nd–Sm were resolved and are better than with �-HIBA.
owever, there is a loss in resolution among the heavier ones

uch as, Dy–Ho and Yb–Lu. These heavier lanthanides, i.e.,
y–Ho and Yb–Lu, however were well separated with �-
IBA. The higher retention for lanthanides on 4HHBA support
ith mandelic acid can be attributed to the higher hydropho-
icity of mandelate–lanthanide complexes compared to the
ydroxyisobutyrate–lanthanide complexes.

The retention of lanthanides increases with the pH of the
obile phase (Fig. 8B). The resolution between individual heav-

er lanthanides was found to be better with mandelic acid at pH

.25. This is due to predominant existence of Ln(MA)3 com-
lexes and its greater interaction with the amide moiety thereby,
ncreasing their retention. However, the resolution becomes
oorer with increasing pH and completely lost at pH 3.0.

l
c
L
T

ig. 9. (A) Peak profiles of lanthanides from a MTDCMPA coated column. Column:
ate: 2 mL/min, sample: lanthanides (10 �g/mL), injected amount: 20 �L; PCR: arsena
n a MTDCMPA support. Mobile phase: 0.1 M �-HIBA, flow rate: 2 mL/min; samp
ate: 1.5 mL/min, detection: 655 nm.
lanta 72 (2007) 730–740 737

.2.3. MTDCMPA modified supports
The retention profiles of lanthanides from a 0.20, 0.15 and

.11 mmol MTDCMPA coated supports are shown in Fig. 9A
nd B. Good resolution for certain lanthanide pairs such as
d–Sm, Sm–Eu, Eu–Gd and Gd–Tb were observed. The sepa-

ation factors of adjacent lanthanides from MTDCMPA support
0.15 mmol sorbed MTDCMPA support with 0.1 M �-HIBA,
H 4 as mobile phase) are found to be as follows: Nd–Sm (2),
m–Eu (1.48), Eu–Gd (1.46) and Gd–Tb (1.48). The retention
or lanthanides was found to increase with amide concentration
Fig. 10). The studies on the retention profile of lanthanides
ith variation in mobile phase pH indicated that unlike other

mides, the MTDCMPA extractant offered better resolution with
ncrease in mobile phase pH. For example, some lanthanide pairs
re better resolved at a mobile phase pH 4 than at 3.5.

From Fig. 10, it is also evident that the MTDCMPA support
howed a different elution order, i.e., higher affinity for lighter

anthanides and poor retention for heavier lanthanides. Also, it
ould be inferred that the elution order was not in sequence from
u–La but La and Nd mixture followed by Ce and Pr mixture.
he elution order observed was similar to the sequence observed

C18 sorbed with 0.20 mmol amide; mobile phase: 0.1 M �-HIBA (pH 3.5), flow
zo(III), flow rate: 1.5 mL/min, detection: 655 nm. (B) Separation of lanthanides
le: lanthanides (10 �g/mL), injected amount: 20 �L; PCR: arsenazo(III), flow
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Fig. 10. Retention of lanthanides on MTDCMPA supports as a function of amide
concentration: mobile phase: 0.1 M �-HIBA (pH 3.5), flow rate: 2 mL/min.

Fig. 11. Influence of B2EHM concentration on the retention of heavier lan-
thanides. Coated amounts (a) 0.26 mmol (b) 0.29 mmol (c) 0.16 mmol; mobile
phase: 0.1 M �-HIBA, pH 2.5, flow rate of 1 mL/min; sample: lanthanides
(10 �g/mL), injected amount: 20 �L; PCR: arsenazo(III), flow rate: 1.5 mL/min,
detection: 655 nm.
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ith conventional ion-exchange separations though there are no
on-exchange sites in the MTDCMPA moiety, i.e., elution from
u to La, and La showed an abnormal retention behavior. It is
lso observed that MTDCMPA modified support exhibits higher
ffinity for the lighter lanthanides compared to 4HHBA modified
upport.

.2.4. B2EHM modified supports
The retention behavior of heavier lanthanides was investi-

ated with B2EHM solutions of various concentrations and the
esults are shown in Fig. 11. The elution sequence for lan-
hanides was in the order of increasing atomic number. Good
esolution with excellent peak profiles was achieved for individ-
al heavier lanthanides. Lighter lanthanides, were however, not
ell resolved. It was also observed that, increase in amide con-

ent on the modified supports resulted in the enhanced affinity for
anthanides towards stationary phase. The retention time for lan-
hanides with 0.26 mmol modified support was lower than that
bserved with 0.29 mmol coated support, indicating the influ-
nce of amide concentration on the resolution. The separation
actor for adjacent lanthanide pairs as a function of amide con-
entration is shown in Table 3. The separation factor marginally
ncreases, especially for Gd–Tb pair; however, there was no
ignificant change for other heavier lanthanide pairs.

The variation in the concentration of �-HIBA did not signif-
cantly affect the retention times of lanthanides. The retention
ime was found to increase, when the mobile phase pH was raised
rom 2.6 to 3 (Fig. 12). However, resolution started declining
rom pH 3.5 and was lost completely at pH 4.0.

Among the four amide supports examined in the present
tudy, lanthanides did not resolve from each other with
HEHHA modified support. Heavier lanthanides were resolved
rom each other with 4HHBA and B2EHM modified supports
nd lanthanides elute from lanthanum to lutetium. Lanthanides
ere however eluted in the reverse order (lutetium to lan-

hanum) from MTDCMPA support. However, separation of
nly some lanthanides could be demonstrated with this sup-
ort. The presence of more than one C O coordinating moiety
n B2EHM and MTDCMPA would be responsible for exhibit-

ng enhanced retention compared to branched 4HEHHA system.
hese experimental observations suggest that branching in some
ays hinders the coordination at the coordinating sites, probably

hrough steric interaction.

able 3
eparation factor for lanthanides on B2EHM supports

anthanide pair Separation factor

0.16a 0.26a 0.29a

d–Tb 1.52 1.56 1.62
b–Dy 1.33 1.33 1.37
y–Ho 1.24 1.25 1.29
o–Er 1.28 1.28 1.31
r–Tm 1.25 1.25 1.27
m–Yb 1.23 1.23 1.26
b–Lu 1.19 1.19 1.20

obile phase: 0.1 M �-HIBA, pH 2.5, flow rate: 1 mL/min.
a Actual amount of amide sorbed (mmol).
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Fig. 12. Influence of mobile phase pH on retention behavior of lanthanides.
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Table 4
Estimation of cerium in uranium matrix of pyrochemical samples by HPLC

Sample (cathode deposit) Uranium content (mg) Cerium content (ppm)

1 17.8 4.8
2 13.2 4.6
3 20.1 2.1
4 16.5 2.1
5 19.4 4.5

E −3

m
U
w

c
3
a
T
G
a
±
r
a

4

w
s
U
p
s
o
t

v
4
m
l
s
o
h
u
d

s
s
m
t

R

[3] A. Munder, K. Ballschmiter, Z. Fresenius, Anal Chem. 327 (1987) 48.
2EHM coated amount: 0.26 mmol; mobile phase: 0.05 M �-HIBA, flow rate:
mL/min; sample: lanthanides (10 �g/mL), injected amount: 20 �L; PCR: arse-
azo(III), flow rate: 1.5 mL/min, detection: 655 nm.

.3. Reproducibility of the modified columns

As a part of establishing the reproducible retention behav-
or, 4HEHHA, 4HHBA, MTDCMPA and B2EHM modified
upports were investigated by studying the elution profiles of
anthanides, uranium and thorium. The capacity factors for both
horium and uranium did not vary even after passing several
iters of mobile phase for all the supports under study. The
eproducible coating behavior was also confirmed by washing
he amide completely from the modified column with methanol
nd recoating the surface with the same concentration. Repro-
ucible capacity factors were obtained for thorium, uranium and
anthanides.

.4. Determination of cerium in uranium matrix: Analysis
f pyrochemical reprocessing samples

The efficiency of the pyrochemical process [29] will be eval-
ated by the analysis of the cathode deposit and this requires
nalysis of lanthanides such as, cerium in trace levels in ura-
ium matrix. Based on the encouraging results obtained with
HEHHA support, a method has been developed for the rapid
nd accurate analysis of cerium in uranium matrix in a typical
atio of 1:10,000.

Several samples obtained from pyrochemical process were
nalyzed (Table 4) for their cerium contents in uranium matrix on
C18 column modified with 1 × 10−3 M 4HEHHA, using 0.1 M

-HIBA, as the mobile phase (pH 3), similar to experimental
onditions shown in Fig. 2. Uranium contents of these samples
ere also determined. The results of these investigations were

lso compared with standard analytical methods. The cerium
xperimental conditions: C18 column modified with 1 × 10 M 4HEHHA;
obile phase: �-HIBA (0.1 M, pH 3). Concentrations of Ce (ICP-OES) and
(Davies and Gray method) were found to be in good agreement (within ±2%)
ith the HPLC technique.

oncentrations were measured using ICP-OES (emission λCe,
57.75 nm) after removing uranium matrix by solvent extraction
nd compared with the results obtained with the HPLC method.
he concentration of uranium was also measured by Davies and
ray method and compared with HPLC. The cerium as well

s uranium values were found to be in good agreement (within
2%). These studies established that the HPLC method is fast,

eliable and provides accuracy required for a typical routine
nalysis.

. Conclusion

The retention behavior of uranium, thorium and lanthanides
ere investigated on various amide modified reversed phase

upports. 4HHBA support showed higher separation factors for
–Th than bare C18, 4HEHHA, MTDCMPA, and B2EHM sup-
orts. The 4HEHHA modified support was employed for the
eparation and assay of cerium in uranium matrix and it also
ffered rapid separation of U from Th in about 3 min. Hence
his technique can be implemented for routine analysis.

A rapid and high-resolution separation technique for indi-
idual heavier lanthanides (Gd–Lu) has been developed using
HHBA and B2EHM as column modifiers, and �-HIBA as
obile phase. With mandelic acid as the mobile phase, lighter

anthanides were also resolved from each other from a 4HHBA
upport. MTDCMPA modified columns also offered good res-
lution for certain lanthanides such as Eu, Sm and Nd and
ence the method can be adopted for burn-up measurements
sing Nd as the fission monitor and in geochronology for age
etermination of rock samples.

The unusual elution order of lanthanides from a MTDCMPA
upport is to be further investigated. Modifications in diamide
tructural features may result in the development of a separation
ethod for the isolation of entire lanthanide series. Studies on

hese aspects hold further excitement in the area of research.
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bstract

Capillary electrophoresis (CE) with UV photo-diode array detection technique was utilized to adopt new method for the analysis of norfloxacin
nd tinidazole in pharmaceuticals. Many CE aspects including separation, rapidity, sensitivity, ruggedness as well as the repeatability of qualitative
nd quantitative analyses were considered simultaneously for the purpose of optimization. Experimental design approach including factorial design
nd response surface methods were applied to optimize electrolyte concentration and the pH while injection time, voltage and column temperature
ere optimized using the univariate method. Successful results were obtained using 32.5 mmol l−l phosphate electrolyte at pH 2.5, injection

ime 8.0 s, voltage 25 kV and column temperature 25 ◦C with detection at wavelength 301 nm. The analytical characteristics including recovery,

ntermediate precision, linear dynamic ranges, linearity and selectivity as well as limits of detection and quantification were demonstrated and
he applicability to pharmaceuticals was studied. The newly provided method enjoys the advantages of CE over HPLC with respect to rapidity,
uggedness, simplicity in reagents and sample preparation as well as saving in reagents and samples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Norfloxacin (NFX) is a member of fluoroquinolones and it
s chemically named as 1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-
piperazin-1-yl)quinoline-3-carboxylic acid (Fig. 1a). It is the
rst choice drug for the treatment of diseases caused by Campy-

obacter, E. coli, Salmonella, Shigella and V. colera. It is used
or the treatment of gonorrhoea as well as eye and urinary tract
nfection [1].

Tinidazole (TNZ) is chemically named as (1-[2-(ethylsul-
honyl)ethyl]-2-methyl-5-nitro-1H-imidazole (Fig. 1b). It is a
-nitroimidazole derivative used for the treatment of giardiasis
nd susceptible protozoal infections. It has also been used in
egimens for the eradication of Helicobacter pylori in peptic

lcer disease [2,3].

Previously, fluoroquinolones and 5-nitroimidazole were
iven individually to treat chronic nonspecific inflammatory

∗ Corresponding author. Present address: College of Science, King Faisal
niversity, P.O. Box 400, Al-Ahssa 31982, Saudi Arabia. Fax: +966 3 5886437.
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lysis; Norfloxacin; Tinidazole

onditions of the gastrointestinal tract [2]. Recently, NFX and
NZ were prepared in a combination. Therefore, analytical
ethods for their separation and simultaneous quantification

re required for quality control purpose. A survey of literature
eveals that no capillary electrophoresis (CE) method for simul-
aneous determination of these two antibiotics is available in the
iterature while other techniques were utilized including high
erformance liquid chromatography (HPLC) [3,4], high perfor-
ance thin layer chromatography [5] and spectrophotometry

6–12].
The United States and British pharmacopoeias [13,14] pro-

osed liquid chromatographic (LC) and potentiometric methods
or the individual assay of NFX and TNZ in the generic form
nd pharmaceutical formulations. In addition, other methods
ncluding HPLC [15,16], packed column super critical LC
17], spectrophotometry [18–22], fluorescence [23] and chemi-
uminescence [24–27] as well as voltammetry [28,29] and
olarography [30] were also provided for individual assay of

FX and TNZ in pharmaceuticals.
Traditionally, pharmaceutical analysis relies heavily on LC.

E has many advantages over LC that are including greater
eparation efficiency, small sample and reagents volume, fast
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mark. Other pharmaceutical samples were synthesized in our
Fig. 1. Chemical structure of (a) NFX and (b) TNZ.

eparation [31] and better ruggedness. Not least but more, unlike
C, reduction in sample preparation, simplicity in operating

nstrument and possibility of applying a single set of operat-
ng conditions to a wide variety of analytes all are available in
E analysis. These advantages empower CE with great utility

o be successfully applied for routine pharmaceutical analysis.
Usually, experimental conditions affect the efficiency of

hemical analysis and optimization of these conditions is always
esirable. The univariate method is useful only for the opti-
ization of irrelevant conditions. The experimental design, as
ultivariate methods, including factorial design and response

urface are used to: (a) examine the main and interaction effects
f conditions on the efficiency of analysis, (b) optimize simul-
aneously conditions regarding their interaction with minimum
umber of experiments and (c) reduce large amount of data that
ould be easily interpreted.

Analysis by CE generates large amount of data expressing
electivity, sensitivity, analysis time as well as precision; and
any CE conditions potentially influence theses responses. This

equires optimizing experimental conditions with considering
E responses simultaneously that can be performed using the
ultivariate methods. Unfortunately, the majority of the reported
E methods did not utilize the multivariate methods. This could
e attributed to the fact that most of the CE practitioners have not
et discovered the inherent potential of the two scientific disci-
lines, i.e. CE analysis with multivariate optimization, working
and in hand.

The present work describes the development of a CE method
or the analysis of NFX and TNZ in pharmaceutical formu-
ations. Our attention was focused on the development of the

ajor analytical aspects of the CE methods that are separation,
apidity, ruggedness and sensitivity as well as the repeatability

f qualitative and quantitative analyses by optimizing the elec-
rophoretic factors potentially controlling the analysis. Factorial
esign and response surface methods were utilized to optimize

l
t
s

72 (2007) 842–846 843

he relevant electrophoretic factors while other irrelevant elec-
rophoretic factors were optimized using the univariate method.

. Experimental

.1. Chemicals and samples

All chemicals and reagents used in this study were of analyti-
al grade. Cellulose, magnesium stearate, NFX, TNZ, starch and
alc were supplied from Sigma–Aldrich (St. Louis, MO, USA).
hosphoric acid, sodium hydroxide and sodium phosphate were
upplied from Merk (Darmstadt, Germany). Acetic acid, boric
cid, sodium acetate and sodium tetraborate decahydrate were
upplied from Sigma–Aldrich (Taufkirchen, Germany).

Conaz® tablets (400 mg NFX and 600 mg TNZ) was prepared
y Pharaonia Pharmaceuticals (Cairo, Egypt).

.2. Instrumentation and software

A P/ACE MDQ CE system coupled with a photo-diode array
etector (PAD) supplied from Beckman (Fullerton, CA, USA)
as used throughout the experiments. Separation was carried
ut in 31.2 cm long × 50 �m i.d. fused-silica capillary housed
n a cartridge with a detector window 100 �m × 800 �m (10 cm
o the detector, short way).

At each sequence experiment, the capillary was washed by
.1 mol l−1 sodium hydroxide for 0.5 min and the separation
lectrolyte for 1.5 min. For sample loading, hydrodynamic injec-
ion mode was applied at the detector end of the capillary.

32 Karat Version 7.0 supplied from Beckman (Fullerton, CA,
SA) was used for controlling the CE system as well as data

cquisition and processing.
SigmaPlot® for Windows Version 8.0 supplied from Systat

oftware, Inc. (Point Richmond, CA, USA) was used for data
nterpolation and constructing response surface plots.

.3. Preparation of standard solutions

Mixed primary standard solution was prepared by dissolv-
ng 100 mg NFX and 150 mg TNZ in about 80 ml of distilled
eionized water with stirring in 100 ml volumetric flask. The
olume was completed to the mark and stored protected from
ight at 4 ◦C, at this condition the solution is stable for at
east 2 weeks. Working standard solutions were prepared from
he primary standard solution by dilution in the appropriate
ay.

.4. Preparation of samples

Twenty Conaz® tablets were powdered and amounts equiva-
ent to 10 mg NFX and 15 mg TNZ were weighed and dissolved
y stirring in about 80 ml of distilled deionized water. The solu-
ion was filtered in a 100 ml volumetric flask and filled to the
aboratories including NFX and TNZ in different concentra-
ions with excipients (including cellulose, magnesium stearate,
tarch and talc) usually found in tablets formulation. In addi-
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ion, placebo samples were also prepared including the same
xcipients.

. Results and discussion

.1. Preliminary investigation

Principally, solutes in CE analysis should be at least partially
onized. NFX has two relevant ionizable functional groups that

ean their acid–base chemistry involves two equilibria, the dis-
ociation of the carboxylic group and the deprotonation of the
itrogen of the piperazine ring (Fig. 1a) [32]. TNZ has a hetero-
yclic structure consisting of imidazole-based nucleus with nitro
roup. The nucleus contains two tertiary amine groups (Fig. 1b),
hich could be also protonated [33]. Therefore, separation of
FX and TNZ by CE is available.
The PAD at the wavelength range of 190–400 nm individually

erformed spectrum scan for NFX and TNZ. At 301 nm, higher
bsorbance by each drug was obtained and hence it was set for
urther measurements.

Acetate/acetic acid, borate/boric acid and phosphate/
hosphoric acid in different concentrations with different pH
alues were examined. With respect to separation, peak shape
nd noise, better but not sufficient results were obtained by
hosphate electrolyte and hence it was used for further method
evelopment.

.2. Method optimization

Unless otherwise described, the term “responses” refers here
o the aspects that would be developed in this study involv-
ng separation, rapidity, sensitivity, ruggedness as well as the
epeatability of qualitative and quantitative analyses. The cri-
eria that evaluated the separation is the resolution, which was
alculated using Eq. (1) [34].

= 2(tm1 − tm2)

(w1 + w2)
(1)

here R is the resolution, tm is the migration time and w is peak
idth.
On the other hand, the sensitivity and rapidity were evalu-

ted throughout the peak area and migration time, respectively.
he relative standard deviation (R.S.D., n = 10) of the peak area
nd migration time were used to evaluate the repeatability of
ualitative and quantitative analyses, respectively.

.3. The univariate method

The most common range of the voltage used in CE is 5–30 kV
35], which was examined in this study. Higher voltage reduced
nalysis time and some loss in separation was occurred. Twenty-
ve kilovolt obtained suitable analysis time and better separation

nd thus it was adopted for further optimization.

One to twenty seconds, as the suitable range of the injec-
ion time [35], was examined at pressure 0.5 p.s.i. Injection time
mproves signal and causes some loss in resolution and peak

r
p
t

72 (2007) 842–846

ymmetry [35]. Eight seconds obtained acceptable result, which
as used as the optimum.
The practicable range of column temperature that is, i.e.

5–30 ◦C [35], was applied. The temperature seemed to have
o significant effect on the responses and therefore the normal
emperature that is 25 ◦C was set for further analysis.

.4. The factorial design and response surface methods

Factorial design and response surface are powerful tools
hen used as a part of optimization; in this concern, detailed

nformation is available elsewhere [36]. When applying these
ethods, it is advisable to keep the number of variables as

ow as possible in order to avoid complex response models and
arge variability. Therefore, the relevant electrophoretic factors
hose are electrolyte concentration and pH were adopted to be
ptimized using these methods.

In this study, the 22 full factorial design was applied. The
0 and 55 mmol l−1 levels were examined as phosphate elec-
rolyte concentration. Higher concentration is not generally
ossible because of internal heating problems within the cap-
llary although it could improve the peak shape [35]. Lower
oncentration means lower conductivity, which increases anal-
sis time but some loss in separation might be occurred. For
he pH levels, 2.5 and 9.5 were examined. Lower pH increases
he ionization of base solutes while higher pH increases the
lectro-osmotic flow (EOF).

Four experiments, as the result of the adopted factorial design,
ere conducted under other CE conditions optimized by the
nivariate method. The main and interaction effect factors (Ef)
electrolyte concentration and pH) on the response were calcu-
ated using Eq. (2) [36].

f =
∑

y(+1)

n
−
∑

y(−1)

n
(2)

here y(+1) and y(−1) are the response values at the maximum
nd the minimum levels of the examined factor, respectively;
is the number of variables at the same level (in this design,
= 2). The results obtained are introduced in Table 1.

In general, the pH effect on the response is the most domi-
ant factor. This could be attributed to the fact that pH potentially
ffects on both electrophoretic mobility of solutes and the ion-
zation of the acidic silanols of the capillary wall [35]. The
lectrolyte concentration is in the second order of effect. The
onic strength of the electrolyte that is related to its concentra-
ion has significant effect on the mobility of the solutes and hence
n the separation [35]. The negative effect of the pH on the res-
lution, migration time and sensitivity indicates NFX and TNZ
ave more tendency to be ionized in lower pH, i.e. ionization
ncreases the charge-to-size ratio and the mobility. The repeata-
ility of the qualitative analysis was found to be co-related with
he repeatability of the quantitative analysis, which agreed with
study reported elsewhere [37].
The coded levels of the adopted factorial design with their
espective responses were interpolated and the response surface
lots were constructed as a function of the electrolyte concen-
ration and the pH. The surface plots of the resolution and the
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Table 1
The main and interaction effect factors of electrolyte concentration and pH on the responses

Type of effect Effect factor

Ra tmb R.S.D.c, tm PAd R.S.D., PA

NFX TNZ NFX TNZ NFX TNZ NFX TNZ

ECe 1.50 −0.24 1.02 0.62 −0.13 6952 20710 −1.62 0.60
pH −2.27 −0.66 −2.49 0.91 −2.78 −32683 −29774 1.71 −2.02
BC × pHf −1.02 0.07 −0.90 2.11 0.91 4501 −7353 1.19 −1.33

a Resolution.
b Migration time.
c Relative standard deviation (n = 10).
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d Peak area.
e Electrolyte concentration.
f Interaction of electrolyte concentration and pH.

eak area of the both drugs appeared similar trend that is the
eparation and sensitivity increased toward higher electrolyte
oncentration and lower pH (Fig. 2 as an example). The anal-
sis time of both drugs could be reduced at lower pH while
he effect of electrolyte concentration on this response was neg-
igible. Good ruggedness with respect to the repeatability of
uantitative analysis for NFX was recorded in another surface
lot, while the same migration time could be obtained at all
evels of electrolyte concentration and pH with the exception
f their high levels. Relatively, less ruggedness with respect to
he repeatability of migration time of TNZ was recorded, where
he same migration time could be obtained at many levels of
lectrolyte concentration and pH except high levels of the elec-
rolyte concentration and low levels of the pH. Although adverse
rends of the repeatability of peak area for both drugs were
ecorded, acceptable repeatability (R.S.D. less than 2.5%) could
e obtained at wide ranges of both electrolyte concentration and
H.
The findings of the factorial design and response surface
ethods are that lower pH obtained better responses while other

H levels obtained different trends of the response. Hence, the
H 2.5 was adopted as the optimum. For the electrolyte con-

ig. 2. Response surface plot of the resolution of NFX and TNZ as a function
f electrolyte concentration and pH.
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entration, no similar trend of the responses was recorded and
herefore fitting the responses with each other is required. At the

edium level of the electrolyte concentration, sufficient sepa-
ation and suitable analysis time could be obtained, resolution
bove 1.5 with migration time 1.30 and 1.66 min for NFX and
NZ, respectively. In addition, at the same level of the electrolyte
oncentration, acceptable repeatability, R.S.D. less than 2.5%,
f both qualitative quantitative analyses for NFX and TNZ,
ould be obtained. Thus, 32.5 mmol l−1 phosphate electrolyte
as adopted as the optimum.

.5. Method validation

A long series of mixed standard solutions including NFX
nd TNZ with different concentrations were examined under
he optimized conditions. The method was found to be linear in
he ranges of 10–50 and 15–75 mg l−1 with weighed regression
escribed in Eqs. (3) and (4) for NFX and TNZ, respectively.

A = 0.8304C + 0.8694, r = 0.9996 (3)

A = 0.7716C − 2.8777, r = 0.9998 (4)

here PA is the peak area, C the concentration in mg l−1 and r
s the correlation coefficient.

The limits of detection (LOD) and quantification (LOQ) were
alculated. LOD was obtained as the concentration of solute
esulting in a peak height three times the baseline noise level.
OQ was calculated as 10 times the baseline noise level. LOD

or NFX and TNZ were 0.1 and 1.0 mg l−1; LOQ were 0.33 and
.33 mg l−1, respectively.

The placebo samples were examined and no peak was
ecorded indicating the method is selective in the presence of
xcipients usually found in tablets formulation. In addition, the
ethod was applied to the synthetic pharmaceutical samples.
he recovery obtained was in the range of 89.3–101.4% indi-
ating the reliability of the results obtained from the proposed
ethod. The method was also applied to the tablets formulation

nd the typical electropherogram was depicted in Fig. 3. Figure

hows successful separation and acceptable peaks shape.

To examine the intra-day precision, 10 runs were conducted
n 10 consequent days for different concentrations of NFX and
NZ in tablets formulation. The R.S.D. of the migration time
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ig. 3. Electropherogram of (1) NFX and (2) TNZ in tablets formulation
nder the optimized conditions: 8.0 s injection time, 25 kV voltage, 25 ◦C,
2.5 mmol l−1 phosphate electrolyte concentration, pH 2.5.

id not exceed 1.30% while the R.S.D. of the peak area was
ellow 1.80%.

. Conclusion

In this study, a simple, direct, rapid, rugged CE method
as developed for simultaneous quantification of NFX and
NZ in pharmaceuticals. Multi-response of the CE method was
eveloped by optimizing the relevant factors by applying the
xperimental design methods with minimum number of exper-
ments. The univariate methods were successfully applied to
ptimize other irrelevant factors. NFX and TNZ were separated
n 1.30 and 1.66 min, respectively. The method was linear in the
ange of 10–50 and 15–75 mg l−1 for NFX and TNZ, respec-
ively, with correlation coefficients more than 0.9995. The LOD
or NFX and TNZ were 0.1 and 1.0 while the LOQ were 0.33 and
.33 mg l−1, respectively. The repeatability and the intermedi-
te precision of the quantitative and qualitative analyses for both
rugs did not exceed 1.8%.

cknowledgments

This work was supported by the grants from the Deanship of
cientific Research, King Faisal University (project # 6113). The
nancial contribution is gratefully acknowledged. The author
lso thanks the Department of Chemistry, College of Science,
ing Faisal University for allowing them to conduct this research

n their laboratories.
eferences

[1] A.R. Martin, in: J.N. Delgado, W.A. Remers (Eds.), Textbook of Organic
Medicinal and Pharmaceutical Chemistry, Lippincott, Philadelphia, PA,
1991, p. 155.

[

[

72 (2007) 842–846

[2] B.G. Katzung, Basic and Clinical Pharmacology, Lange Publications,
Berlin, 1982, p. 593.

[3] S.K. Ghosh, M. Banerjee, Indian Drugs 33 (1996) 127.
[4] A.P. Argekar, S.U. Kapadia, S.V. Raj, J. Planar. Chromatogr. Mod. TLC 9

(1996) 208.
[5] A.P. Argekar, S.U. Kapadia, S. Raj, Anal. Lett. 29 (1996) 1539.
[6] P.P. Dahibhate, O.D. Chandwani, S.S. Kadam, S.R. Dhaneshwar, Indian

Drugs 34 (1997) 48.
[7] G.K.S. Reddy, M.S. Bhatia, D.K. Jain, P. Trivedi, Indian Drugs 34 (1997)

190.
[8] C.V.N. Prasad, C. Parihar, K. Sunil, P. Parimoo, Pharm. Sci. 3 (1997)

337.
[9] H.N. More, K.R. Mahadik, S.S. Kadam, Indian Drugs 36 (1999) 144.
10] G.K.S. Reddy, D.K. Jain, P. Trivedi, Indian J. Pharm. Sci. 61 (1999) 16.
11] R. Gupta, A.K. Singhai, R.K. Agrawal, Indian Drugs 37 (2002) 348.
12] R.K. Maheshwari, R.B. Maheshwari, P. Bhatt, Asian J. Chem. 18 (2006)

1481.
13] United States Pharmacopoeia, E-copy on CD, Ver. 26 NF-21, 2003.
14] British Pharmacopoeia, E-copy on CD, Ver. 6.0, 2002.
15] L.A. Shervington, M. Abba, B. Hussain, J. Donnelly, J. Pharm. Biomed.

Anal. 39 (2005) 769.
16] Y.R. Ku, M.J. Tsai, K.C. Wen, J. Food Drug Anal. 4 (1996) 146.
17] I.C. Bhoir, B. Raman, M. Sundaresan, A.M. Bhagwat, Anal. Chim. Acta

354 (1997) 123.
18] A.M. El-Brashy, M.E. Metwally, F.A. El-Sepai, Farmaco 59 (2004) 809.
19] M.V. Bombale, S.S. Kadam, S.R. Dhaneshwar, Indian J. Pharm. Sci. 59

(1997) 265.
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Abstract

Vanadium is recognized worldwide as the most abundant metallic constituent in petroleum. It is causing undesired side effects in the refining
process, and corrosion in oil-fired power plants. Consequently, it is the most widely determined metal in petroleum and its derivatives. This paper
offers a critical review of analytical methods based on atomic spectrometric techniques, particularly flame atomic absorption spectrometry (FAAS),
electrothermal atomic absorption spectrometry (ET AAS), inductively coupled plasma optical emission spectrometry (ICP OES), inductively
coupled plasma mass spectrometry (ICP-MS). In addition an overview is provided of the sample pretreatment and preparation procedures for
vanadium determination in petroleum and petroleum products. Also included are the most recent studies about speciation and fractionation

analysis using atomic spectrometric techniques.
© 2007 Published by Elsevier B.V.
Keywords: Vanadium determination; Crude oil; Petroleum products; Atomic spectrometric techniques; Speciation analysis
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. Introduction

Vanadium is a transition metal that is widely distributed in
he earth’s crust with an average abundance of 0.14 mg kg−1;
t is the 20th most abundant element and the 5th among the
ransition metals. It is naturally found in minerals (varnotite,
atronite, roscoelite and vandinite), and also combined with coal
nd petroleum. In its compounds it occurs in oxidation states
rom −1 to +5, but the most common ones are +3, +4 and +5.
he most stable oxidation state is the tetravalent salt (VO2+,
anadyl) [1–3].

Vanadium is categorized as an essential trace element for
lants and animals, which stimulates the synthesis of chloro-
hyll and promotes the growth of young animals. Its role as
n essential trace element for humans has not yet been estab-
ished, as no deficiency-related diseases have been identified.
ood is the major intake of vanadium for the general popula-

ion (<10 �g dia−1). Vanadium might also have some therapeutic
ffect. Studies indicate some promise in the area of diabetes by
owering blood sugar levels in diabetic animals and patients.
here are also vanadium compounds that exhibit chemothera-
eutic significance in the treatment of leukemia [4,5].

A recently published review presents several methods for
etermination of vanadium species in environmental samples
6]. In general, the toxicity of vanadium compounds is consid-
red to be low, however, exposure to vanadium dust results in
pper respiratory tract irritation characterized by rhinitis, wheez-
ng, nasal hemorrhage, cough, sore throat, and chest pain [7].
hese effects are observed on workers exposed to vanadium-

ich ash from crude oil and other fossil fuels, especially of fuel
il that is available for the concentration of vanadium in blood,
erum, urine, and hair [8–10]. High air concentrations might
ccur in the occupation setting during boiler-cleaning opera-
ions as a result of the presence of vanadium oxides in the dust,
nd by burning fossil oils and coal.

. Vanadium in petroleum and petroleum products

Study of concentration of metallic elements present in crude
il has been used in geochemical interpretations related to ther-
al maturity, oil–oil and oil–rock correlation, in primary and

econdary migration studies; the trace metal content is a charac-
eristic of the geographic location of where the oil was produced
11]. Trace metals can have a negative influence on the refin-
ng process and degrade the quality of intermediate and end
roducts. Besides that, there is concern about the potential
ontamination of the environment, because metals enter the envi-
onment through combustion products of the refined oil. All of
hese factors point towards the need to characterize petroleum
ased on its trace metal content.

Vanadium is usually the most abundant trace metal in
etroleum samples; it might be found in concentration lev-
ls up to 1500 mg kg−1, although some crude oils contain less

han 0.1 mg kg−1. Its occurs predominantly as the vanadyl ion
VO2+) in the form of organometallic complexes with porphyrins
vanadyl porphyrins), which originate from the formation of
rude oil, for the substitution of the Mg of plant chlorophylls

s
q
w
i
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ith the trace element, and with other largely unknown non-
orphyrins or as the cation of organic acids. In the porphyrin
omplexes, vanadium is bound by four nitrogen donor atoms
hile in the non-porphyrin compounds nitrogen, oxygen and

ulfur can all act as donor atoms in various combinations such as
n �-diketones, �-ketoimines, salicylaldimines, monothio- and
ithio-�-diketones, mono- and dithio-carbamates, etc. [12,13].
he chemical structure of some typical vanadyl porphyrin and
on-porphyrin complexes is shown in Fig. 1.

There is a need for the quantification of vanadium in crude
il and its derivatives since it is a serious catalyst poison, and
ay cause undesirable side reactions in refinery operations.
ore blocking, fouling of active sites and change in catalysts
electivity are typical problems [14]. Vanadium compounds also
ause corrosion problems that derive from the formation, e.g.,
n the combustion chamber of power plants, of sodium vana-
ates, which have low melting points; the molten vanadates
eact with the metal surface of the super heaters and form the
etal oxide [15]. In addition, the knowledge of the concentra-

ion ratio of vanadium to other metals, particularly the V/Ni ratio
n petroleum, provides useful geological information about the

aturation and evaluation of the paleo-environmental conditions
f sedimentation [16]. The V/Ni ratio is actually bore-hole spe-
ific and can be used to identify the geographic origin of a crude
il, for example in case of an oil spill.

. Vanadium determination using atomic spectrometric
echniques

A variety of atomic spectrometric techniques have been
sed for the determination of vanadium, among which are
tomic absorption spectrometry (AAS) with flame and graphite
ube atomizers, inductively coupled plasma optical emission
pectrometry (ICP OES), inductively coupled plasma mass spec-
rometry (ICP-MS) and X-ray fluorescence spectrometry (XRF).
t is beyond the scope of this review to describe these analytical
echniques, and the reader is referred to several excellent text
ooks and review articles for a detailed description [3,17,18].

This review includes a retrospect from the early to the
ost recent significant contributions in the fields of sample

reparation, direct analysis and studies of characterization and
istribution of vanadium in petroleum and petroleum products
sing the spectroanalytical techniques mentioned above. Other
echniques might be used, but they are not widely found in the
iterature.

.1. Methods for sample preparation

For the determination of vanadium in petroleum and
etroleum products using spectroanalytical techniques it is nec-
ssary to use an appropriate sample preparation in order to avoid
easurement errors. Nowadays, the selection of a sample prepa-

ation procedure involves the task to obtain the best results in the

hortest time, with minimum contamination, using the smallest
uantities of reagents and samples, and having little residue and
aste generation. In addition it is of importance to maintain the

ntegrity of the sample and the traceability of the results, to have
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Fig. 1. Chemical structures of typical vanadyl p

uality and confidence in the measurements. This task involves
arameters, such as choice of the proper analytical technique,
umber of samples, desired accuracy and precision, availability
f equipment, and the applicable dilution factor [19,20].

The principal sample preparation methods used for vanadium
etermination in petroleum and petroleum products by spectro-
nalytical techniques, besides direct analysis, are dilution with
rganic solvents, dilution in three-component systems (emulsion
r micro-emulsion), dry ashing, and wet acid digestion.

Direct analysis using little or no sample preparation is most
uitable for electrothermal (ET) AAS with a graphite tube fur-
ace [21] and XRF [22]. The main advantage of direct analysis
s obviously the time saving and the minimum risk of analyte
oss. The main problem might be in calibration, as standards

ight behave differently from the samples, an effect that cannot
e compensated for by matrix matching or the analyte addition
echnique.

Dilution with organic solvents is an attractive preparation
ethod because it is rapid and simple; it can be used for all

nalytical techniques mentioned in this review. The solvents
sed most frequently are xylene, kerosene and methyl isobutyl
etone (MIBK), but dimethylbenzene, propan-1-ol, heptane, n-

entane, and mixtures of these solvents have been used as well.
his procedure does not minimize the high organic load, which

s mostly a problem for the ICP-based techniques, and neces-
arily requires the use of expensive metal-organic calibration

s
i
b
a

rin and non-porphyrin complexes in crude oil.

olutions prepared in the same way. At the microgram-per-liter
ange such calibration solutions may change in concentration
apidly by evaporation and/or sorption of the analyte on the walls
f the storage container, resulting in analytical errors [23,24]. In
ddition, various organic compounds of vanadium have been
ound to exhibit different sensitivity, particularly in flame AAS,
hich makes the choice of the proper organic compound used

or calibration particularly difficult.
Alternatively, the oil sample might be modified by formation

f an emulsion or micro-emulsion (three-component system).
henever two immiscible liquids are stirred, a macro-emulsion

s obtained, either oil-in-water (O/W, droplets of oil in water) or
ater-in-oil (W/O, droplets of water in oil), depending on the
ispersed phase. The kind of emulsion that is formed is mainly
elated to the formulation and to a lesser degree to the W/O
atio. In this case, a co-solvent allows the formation of a homo-
eneous system containing both the aqueous and the organic
hase, resulting in a homogeneous and long-term stable three-
omponent solution [25,26]. An emulsion, a cloudy mixture,
s prepared agitating a mixture of water, oil and one or more
urfactants under controlled experimental conditions. A micro-
mulsion is kind of an emulsion in which the droplets are much

maller, thus the light passes through without much scattering,
.e., it appears as a clear solution. Micro-emulsions are formed
y a mixture of water, oil and an organic co-solvent, such as
short-chain alcohol (i.e. propan-1-ol), because its molecules
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re inserted in between the surfactant molecules and push them
part, with a corresponding reduction in polar interactions and
igidity. However, micro-emulsions are dynamic systems that
orm, disintegrate and reform in fractions of milliseconds. As
rule, a hydrophilic surfactant is needed to produce an O/W

mulsion, a hydrophobic surfactant to make a W/O emulsion,
nd a surfactant of intermediate hydrophilic property results in
micro-emulsion. The main advantage of micro-emulsions is

heir long-term stability although they require a high amount of
urfactant (about five times the one needed to form an emulsion)
nd are very sensitive to temperature changes [27].

Emulsions and micro-emulsions have been successfully
pplied for the preparation of oil samples, due to the homoge-
eous dispersion and stabilization of the oil micro-droplets in the
queous phase, which reduces oil viscosity and the organic load
f the system. For ET AAS, it has been demonstrated that the
se of emulsions of fuels (gasoline and kerosene), acidified with
NO3, made possible direct correlation between the signals of

he analyte in the sample in aqueous standard solutions [28,29].
he introduction of oil samples as emulsions has been used for

he determination of metals in techniques that use nebulization
ystems, such as FAAS, ICP OES and ICP-MS. The details of
hese procedures will be discussed in connection with each of
hese techniques. Comparison with established methods (acid
igestion or dilution in an organic solvent) shows that the emul-
ion or micro-emulsion methodology presents clear advantages
n terms of simplicity of sample preparation, total analysis time,
ong-term sample stability and the use of inorganic standards
or calibration instead of expensive metal-organic standards
30,31].

Organic solvents and O/W emulsions used in an ICP might
equire specially designed torches, nebulizers, modifications to
he argon flow, and addition of oxygen as an auxiliary gas due
o the volatile nature of organic solvents as opposed to aque-
us solutions, and in order to maximize carbon combustion
nd minimize background. One concern for nebulization sys-
ems (FAAS and ICP) is the difference in viscosity between
amples and calibration solutions, causing different uptake
ates and aerosol configuration. The resulting transport inter-
erences can be detected and compensated through the use of
he analyte addition or reference element (internal standard)
echniques.

Sample digestion is performed for partial or total decomposi-
ion of the organic matter. The digestion systems were evaluated
n terms of accuracy and precision, reagents and time saving,
esidual organic carbon content and the resulting limits of detec-
ion (LOD). Dry or wet digestion procedures may be used for
etroleum and petroleum products [32].

Dry ashing is used for the almost complete elimination of
rganic materials prior to analyte determination, and consists of
he ignition of the organic matrix in air or in a stream of oxygen,
ollowed by dissolution of the residue in an acid medium. The
ime required for this procedure is one of the disadvantages of

his method. Another one is the risk of losses of volatile ele-

ents and their compounds. This method has also been applied
or vanadium [33], however, although this element is usually
onsidered to be thermally stable, some compounds have been

i
i
i
e

ta 72 (2007) 349–359

ound to be volatile at relatively low-temperature, as will be
iscussed in detail later.

For wet digestion, oxidizing agents are used to decompose the
rganic constituents prior to analyte determination. Normally
oncentrated acids are applied under heating, and the important
spects to consider are the strength of the acids, their oxidiz-
ng and complexing power, their boiling points, the solubility of
he resulting salts, safety in manipulation, and purity. The acids
nd oxidizing agents used for oil samples include mixtures of
itric, hydrochloric and sulfuric acids and hydrogen peroxide.
et digestion procedures for oil samples can be performed in

losed or open vessels, using thermal energy or microwave radia-
ion. Microwave heating offers a considerable advantage in time
ver thermal heating. Many microwave-assisted sample prepa-
ation systems offer multi-sample preparation with temperature
nd pressure control features. For wet digestion procedures it
s important to consider the time consumption (several hours)
nd the amount of reagents used, in comparison to the dilution
ethods.

.2. Flame atomic absorption spectrometry (FAAS)

Vanadium determination by FAAS requires the use of a
itrous oxide–acetylene flame. The characteristic concentra-
ion at the 318.5-nm analytical wavelength is about 2 mg L−1,

sensitivity that is considered not to be sufficient for most
pplications. Kragten [34] observed that the sensitivity for vana-
ium depended on the oxidation state, and the pentavalent state
xhibited the best sensitivity. The effect of added alkali metals
nd of halogen to the vanadium determination in organic solu-
ions and petroleum samples has been studied by Lang et al.
35,36].

There were several publications about the determination of
anadium in petroleum products using FAAS in the 1970s [37],
owever, little has been published in later years. The main advan-
age of this technique appears to be that a direct determination
f the analyte in the hydrocarbon matrix might be possible after
orresponding dilution with an organic solvent or after formation
f an O/W emulsion.

A direct method for the determination of V in fuel oils by
AAS has been developed by Bettinelli and Tittarelli [38]. Fifty-
our European laboratories participated in a round-robin test,
hich was carried out on six fuel oil samples in order to evaluate

he accuracy and precision of the method, using various proce-
ures and instrumental techniques. The control of accuracy and
he comparison of results obtained by independent techniques
llowed validation of the proposed method.

Platteau and Carrillo [39] developed a method for the deter-
ination of V and other metals in highly stable O/W emulsions

sing FAAS. The emulsions were prepared with the sample
fuel, lubricating and crude oils), linear alkylbenzene, sulfonic
cid and ethanol. Recoveries ranged from 95 to 104% with rel-
tive standard deviations lower than 4%. Lakatos et al. [40]

nvestigated the proportion of aerosol desolvatation in sample
ntroduction in different systems and the possibility of solvent-
ndependent sample introduction based on nebulization of O/W
mulsions. It was found that desolvatation governs sample intro-
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uction if the volatility of the solvent is high and the aerosol
oncentration in the chamber is small.

Hydraulic high-pressure nebulization (HHPN) has been
mployed for sample introduction of petroleum and lubricating
il samples in FAAS and FOES for the determination of vana-
ium and a number of other analytes. Using this technique an
erosol is produced by means of an HPLC pump. With this sys-
em LOD decreases by a factor of 2–4 in comparison with sample
ilution required by pneumatic nebulization [41]. The behavior
f a single-bore high-pressure pneumatic nebulizer (SBHPPN)
s a tool for the analysis of lubricating oils was investigated by
ora et al. [42]. A pneumatic concentric nebulizer (PCN) was

sed for comparison. The SBHPPN provided higher sensitiv-
ty and a lower LOD than the PCN. Moreover, the SBHPPN
rovided results similar to those obtained using a previous acid
igestion step.

Other methods proposed for vanadium determination in
etroleum products using FAAS are synergistic extraction with
rganic acids (5,5′-methylene-disalicylohydroxamic acid) [43];
shing, microwave-assisted digestion and burning in a modified
alorimetric bomb [44,45].

.3. Electrothermal atomic absorption spectrometry (ET
AS)

In spite of its relatively high meting point of 1929 ◦C, vana-
ium can be determined very well by ET AAS. The atomization
echanism in the graphite tube is most likely via the thermal

ecomposition of the carbide [46,47]. Pyrolysis temperatures
round 1200–1500 ◦C can be applied in several situations; how-
ver, low-temperature losses of volatile vanadium compounds
ave been reported in the absence of a modifier, as will be dis-
ussed below. An atomization temperature of at least 2650 ◦C
nd wall atomization is necessary in a longitudinally heated
tomizer; platform atomization and a somewhat lower atom-
zation temperature may be used with a transversely heated
tomizer. The characteristic mass is around 30–40 pg, vary-
ng with the tube dimensions and the modifier or tube surface
reatment.

Electrothermal AAS might be able to analyze oil samples
irectly if low-temperature losses of volatile vanadium com-
ounds are avoided. In the pyrolysis stage, the sample is treated
or elimination of the majority of the organic matrix, resulting in
shorter sample preparation time, reduced risk of sample con-

amination and elimination of hazards due to the use of acids
nd organic solvents. Several methods for the determination of
anadium in petroleum products have been developed using ET
AS.
A procedure has been described for the digestion of crude

il by microwave heating in the presence of a 1 + 3 mixture of
NO3 and H2SO4. The solutions obtained were analyzed for V,
r, Cu, Fe, Mn and Ni by ET AAS, using platform atomization.
his microwave-assisted sample treatment produced solutions
eady for analysis in approximately 25–30 min [48].
Barrera et al. [49] studied the determination of vanadium in

etroleum samples employing three procedures of sample prepa-
ation: dilution with xylene, dry calcination and wet digestion
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ith sulfuric acid and hydrogen peroxide, and the xylene dilution
nd dry calcination were found to be the best procedures.

Aucelio et al. [50] developed a method for the analysis
f diesel and asphaltene, where samples were stabilized as
etergentless micro-emulsions by mixing with propan-1-ol and
itric acid. No modifier was used and wall atomization was
pplied. For diesel, aqueous analytical solutions could be used
or calibration. For asphaltene, calibration was performed with
nalytical solutions prepared in dichloromethane + propan-1-
l + nitric acid medium, spiked with inorganic standard solution.
ood recoveries were obtained for diesel samples spiked with
-cyclohexanebutyrates, and coherent results were found for

he asphaltene fraction of the certified reference material NIST
634c (trace elements in fuel oil). dos Santos et al. [51] proposed
n alternative method to determine vanadium and molybde-
um in multiphase gasoline emulsions. Samples were prepared
y mixing gasoline with a nitric acid solution (0.1%, v/v)
nd two cationic surfactants (N-cetylpiridineum bromide and
etyltrimethylammonium bromide). The mixture was sonicated,
esulting in an emulsion. Calibration was carried out using the
ame solutions with added analyte. The accuracy was evaluated
y the analysis of samples spiked with a metal-organic stan-
ard, and a characteristic mass of 123 pg was reported, which is
learly inferior to literature data.

A variety of modifiers, including magnesium nitrate, palla-
ium and platinum have been proposed for the determination
f vanadium [3], although most vanadium compounds are ther-
ally quite stable. The efficiency of the magnesium nitrate and

latinum as chemical modifiers was tested and compared in
he analysis of oil standards diluted with MIBK. It was found
hat 1 �g of Pt increased the pyrolysis temperature from 1000
o 1400 ◦C and decreased the characteristic mass from 27.5
o 15.3 pg, measuring the peak height absorbance with a new
raphite tube. Magnesium nitrate was inadequate for this type
f sample. The ageing of the graphite tube surface affected the
anadium determination; a slow drift in sensitivity appeared
ith increasing atomization cycles [52]. These results, however,

re not representative as wall atomization and peak height was
sed for signal evaluation. This drift would most likely not have
een observed if integrated absorbance would have been used
or signal evaluation.

The use of pyrolytic graphite-coated tubes treated or coated
ith refractory elements such as tungsten, zirconium, lanthanum

nd boron have also been recommended. Meeravali and Kumar
53] investigated the use of W, W–Rh and W–Ir as permanent
hemical modifiers for the determination of vanadium and nickel
n emulsified fuel oils and naphtha in a transversely heated
raphite furnace. In the case of vanadium, best results were
btained using an untreated, pyrolytic graphite-coated tube with
n integrated platform. Tungsten-coated tubes with or without Ir
r Rh not only gave poor sensitivity but also increased the mem-
ry effect. The characteristic mass values were 80, 125, 100 and
50 pg, respectively, for untreated, W, W–Rh and W–Ir-coated

ubes. These values are also inferior to literature data and were
n addition affected by the relatively short graphite tube used
n this study. Nakamoto et al. [54] proposed a simple and rapid

ethod for the direct determination of vanadium in heavy oil
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ig. 2. Pyrolysis curves for vanadium in a crude oil sample (�) without modifier
nd (©) with 20 �g Pd as chemical modifier using HR-CS GF AAS (from Ref.
57]).

amples using a tungsten-coated graphite tube. A pyrolysis tem-
erature of 1450 ◦C was used in order to completely decompose
r remove the organic matrix.

Using high-resolution continuum source atomic absorption
pectrometry (HR-CS AAS), Vale et al. [55] discovered that up
o 50% of nickel was lost from petroleum samples already at
yrolysis temperature above 400 ◦C, and soon after the same
henomenon was found as well for vanadium [56]. The authors
roposed that it is most likely the non-polar nickel and vanadyl-
orphyrin complexes that are known to be rather volatile and
ould be lost already at relatively low-temperatures. The rest
f the analyte, which was present as non-porphyrins and polar,
alt-like compounds, was stable up to at least 1200 ◦C. These
uthors also investigated the use of a chemical modifier in order
o avoid these low-temperature losses. Oil-in-water emulsions,
sing Triton X-100 as surfactant, were used for easy sample han-
ling. A mass of 20 �g of Pd, introduced into the graphite tube
nd thermally pretreated prior to the injection of the emulsion,
as found to efficiently prevent any low-temperature losses of
anadium from crude oil samples up to pyrolysis temperatures
f 1450 ◦C, as is shown in Fig. 2.

The authors also succeeded to quantify different fractions by
etermining total vanadium in the presence of palladium, the
hermally stable fraction without a modifier, and the volatile
nalyte fraction by difference. Lepri et al. [57] succeeded later
o do the same approach for fractionation analysis without the
ddition of a modifier using HR-CS AAS and pyrolysis tem-
eratures of 400 and 1000 ◦C to determine the total and the
hermally stable fraction, respectively. These authors report a
est characteristic mass of m0 = 10 pg and a LOD of 0.04 �g g−1

f vanadium in the undiluted crude oil Obviously, this discov-
ry of low-temperature losses of a volatile vanadium fraction
heds doubt on all data published about the determination of
his element by ET AAS without sample preparation and with-

ut the addition of an appropriate modifier. Spike recoveries
arried out with salt-like vanadium compounds, such as cyclo-
exanebutyrates, are inadequate to discover this problem and
annot be used for validation purposes. In a recent manuscript
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58] a procedure has been proposed to use direct ‘solid sampling’
or the determination of vanadium in crude oil without any sam-
le pretreatment. The approach to use a permanent modifier for
his kind of application did not work out as analytes such as
ickel and vanadium were apparently poisoning the modifier.
ence, the previously established palladium modifier had to be

pplied prior to each determination. But the results obtained with
his very simple procedure were in good agreement with those
btained for emulsified samples.

Table 1 gives a survey about several additional publications
or the determination of V in petroleum products [59,60] using
T AAS.

.4. Inductively coupled plasma optical emission
pectrometry (ICP OES)

Compared to AAS, ICP OES offers a wider linear dynamic
ange (4–6 orders of magnitude) and has multielement detection
apability, while AAS is basically a monoelement technique.
he main emission lines of vanadium are: V II 309.311 nm,
II 310.230 nm, V II 292.402 nm, V II 290.882 nm and V II

11.071 nm. The line at 292.402 nm is used most frequently,
s it has the highest sensitivity and the greatest freedom from
nterference effects, using equipment with good resolution.
he estimated instrumental detection limit is in the range of
.01 mg L−1 [64], which obviously has to be qualified because
f the inevitable dilution of oil samples and the effect of the
rganic matrix on the overall performance of ICP OES. The
igh viscosity of petroleum and many petroleum products and
he flammability of the lighter fractions cause a number of
ifficulties when these samples are analyzed by ICP OES. Nev-
rtheless, many schemes have been developed to overcome these
roblems; several examples are cited below.

Although alternative procedures have been proposed for
ample introduction, such as electrothermal vaporization, the
ntroduction of samples in the form of solutions is still the most
requently used approach for ICP OES. An aerosol composed of
mall droplets is provided by using an efficient nebulizer/spray
hamber system. One way to introduce oil samples into the ICP
s dilution with an organic solvent [65,66]. Studies on physico-
hemical fundamentals of plasma-organic solvent interactions
an be found in the literature [67,68].

Nakayama et al. [69] developed a simple and rapid method for
he determination of nickel, vanadium and sulfur in crude oils by
CP OES using dilution with organic solvents (dimethylbenzene,
,2-dimethylbenzene, 4-methyl-2-pentanone and kerosene).
,2-Dimethylbenzene provided the LOD. Kuokkanen et al.
70] optimized the analytical conditions for the quantitative
etermination of vanadium and other heavy metals in waste
ubricating oils by sequential ICP OES using a simple dilu-
ion with kerosene. Anderau et al. [71] described an analytical

ethod for the determination of wear metals in engine lubri-
ating oils, including wavelengths and operating conditions of

he ICP OES. Results are presented based on the analysis of
IST SRM 1085 Wear Metals in Lubricating Oil. This pro-

edure does not minimize the problems associated with the
igh organic load (destabilization of the plasma, decreasing the
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Table 1
Selected publications on the determination of vanadium in petroleum products using ET AAS

Sample Method LOD m0
a (pg) Reference

Petroleum fractions Dilution with xylene and MIBK 0.10 �g g−1 – [61]
Diesel oil Wet mineralization acid in heating block, employing Mg(NO3)2

as chemical modifier
12 ng L−1 – [62]

Heavy oil Wet digestion with HNO3–H2SO4 in a three-necked
round-bottomed flask

21 ng L−1 – [63]

Crude oil Dilution with xylene 47 �g L−1 – [49]
Crude oil Dry calcinations at 600 ◦C and dilution with HNO3–H2SO4 1% 15 �g L−1 – [49]
Crude oil Wet digestion with H2SO4–H2O2 in a Kjeldhal flask 58 �g L−1 – [49]
Diesel Detergentless micro-emulsions by mixing with propan-1-ol and

nitric acid
5 �g L−1 – [50]

Asphaltene Detergentless micro-emulsions by mixing with propan-1-ol and
nitric acid

4 �g g−1 – [50]

Gasoline Multiphase emulsions prepared by mixing gasoline with a nitric
acid solution (0.1%, v/v) and two cationic surfactants

4.7 �g L−1 123 [51]

Oil standards Dilution with MIBK and use the Pt as modifier 2.8 �g L−1 15.3 [52]
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aphtha and residual fuel oil Sample emulsified and use of transverse he
with an integrated platform

a Characteristic mass.

nergy available for analyte ionization/excitation and increasing
ackground emission), and necessitates the use of expensive and
nstable metal-organic standards for calibration. The applica-
ion of ultrasonic nebulization (USN) coupled to a microporous

embrane desolvator (MMD) in the direct analysis of petroleum
nd volatile hydrocarbons such as toluene, naphtha, isopropanol,
tc., by ICP OES is an alternative that provides additional sen-
itivity, tending to offset degradation in performance due to
esidual solvent loading and organic spectral background effects.
SN permitted further improvement in organic solvent introduc-

ion, because of two effects: a more efficient nebulization and a
esolvation of the organic aerosol by a heater and cooler system.
n this system, LOD for toluene solutions and other solvents are
imilar to aqueous solutions with USN [72,73].

Acid digestion of the oil samples has also been applied and
akes possible the use of aqueous standards for calibration.
n analytical method using microwave-assisted high-pressure
ecomposition in HNO3–HCl was certified for the analysis of
etals, particularly vanadium, in crude petroleum and petroleum

roducts, using residual fuel oil SRM and checking the method
gainst an independent procedure [74]. The measured results
ere in agreement, however, the procedures involving acid
igestion are labor intensive and time consuming, resulting in a
ow sample throughput.

The use of emulsions or micro-emulsions is well described in
he literature as a strategy for sample preparation and introduc-
ion into the ICP. A study of the plasma discharge was carried
ut in order to evaluate the possible effects of the introduction
f emulsified samples, measuring several plasma parameters
uch as excitation temperature, electron number density, ionic-
o-atomic and atomic-to-molecular carbon intensity ratios [75].
rganic solvents with different evaporation factors and crude oil
ere used as the organic phase in the emulsion. Typical operating
onditions for ICP OES were employed for all the experi-
ents. Generally, the results show that an organic phase such

s xylene in the emulsion can perturb the plasma discharge pro-
esses. Also, an evaluation of the diagnostic parameters shows

c
i
m

ntreated tube 6 ng g−1 and 0.1 �g g−1 80 [53]

hat a crude-oil-in-water emulsion has a similar effect on the
lasma discharge as an aqueous solution. This result confirms
hat plasma emission is mainly perturbed by the volatility of the
rganic material in the emulsion.

Wang et al. [76] proposed a simple method for the simulta-
eous determination of up to 21 elements, including vanadium,
n organic matrices. Organic samples are simply dispersed
n concentrated nitric acid by sonication, and the result-
ng emulsions/suspensions are directly aspirated into an ICP
ES, previously calibrated with aqueous standards. The results
btained using this method for waste oil and the NIST SRM Wear
etals in Lubricating Oil were comparable with those from a
ethod that utilized microwave-assisted digestion for sample

reparation. They were also comparable with results obtained
y dilution in an organic solvent followed by ICP OES determi-
ation with an ultrasonic nebulizer equipped with a membrane
esolvator.

Zoltan et al. [77] described a new nebulizer system that
xtended the analytical capability of the ICP technique to include
he simultaneous determination of two hydride-forming ele-

ents (antimony and tin) with two conventionally nebulized
lements, vanadium and zinc. The main advantage of this sys-
em is its simultaneous determination of elements that form
olatile hydrides and elements that do not, without any instru-
ental changes. Spike recovery experiments were performed

n the NIST SRM 1643c Residual Fuel Oil and results were
n agreement with the certified values. Thiem and Watson [78]
tudied the effect of acid on extraction efficiency of emulsions
or 21 elements in oil and transmission fluids. Four different
cid combinations were investigated in this study, namely, HCl,
NO3, H2SO4, and HCl/HNO3 in a 75/25 ratio. For vanadium,

xtraction efficiencies near to 100% could be realized for all the
cids.
de Souza et al. [79] optimized a procedure to prepare
rude oil samples as detergentless micro-emulsions and applied
t for the determination of vanadium and 10 additional ele-

ents. Propan-1-ol was used as a co-solvent allowing the
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ormation of a homogeneous and stable system contain-
ng crude oil and water. The optimum composition of the

icro-emulsion was crude oil/propan-1-ol/water/concentrated
itric acid, 6/70/20/4 w/w/w/w. This simple sample prepara-
ion together with an efficient sample introduction (using a

einhard K3 nebulizer and a twister cyclonic spray chamber)
llowed a fast quantification of the analytes using calibra-
ion with inorganic standards. Scandium was used as internal
tandard to correct for signal fluctuations and matrix effects.
xygen was used in the complementary nebulizer gas flow in
rder to maximize the carbon combustion and minimize back-
round. The method was tested analyzing one standard reference
aterial (NIST 1634c Residual Fuel Oil) with recoveries of

7.9–103.8%. The method was also applied to two crude oil sam-
les and the results were in good agreement with those obtained
sing an acid digestion procedure.

de Souza et al. [80] compared a Triton X-100 emulsion and a
etergentless emulsion for sample preparation and introduction
nto the ICP to determine vanadium, molybdenum, chromium
nd titanium in diesel and in used fuel oil. A 23 factorial design
as applied to elucidate and establish the relationship between

hree experimental variables: presence of HNO3, amount of
iesel fuel oil (between 5 and 25%) and the presence of O2
n the Ar plasma gas. Results indicated that best performance
as achieved using 10% sample (w/w) together with concen-

rated HNO3 (0.5 mL) and 0.047 L min−1 O2 as auxiliary gas.
he use of O2 minimized carbon deposits at the injector tip
nd plasma background. The addition of HNO3 resulted in
ood correlation between inorganic standards used for calibra-
ion, and metal-organic standards used for sample enrichment.
nalyte-enriched diesel and SRM 1634b were analyzed using

he optimized conditions. Recoveries from 90.1 to 106.5% were
btained, with better results for detergent emulsions, which
nabled LOD in the ng g−1 range for all analytes and a lower
ackground.

The emulsification of used lubricating oil as a method of sam-
le preparation, preceding the determination of wear metals in
he oil was compared with an ashing and dilution method [81].
he oil samples were treated with acid and emulsified in water

1%, w/w) using tetralin as a solvent and Triton X-100 as a sur-
actant. The results for the emulsion method compared favorably
ith the traditional methods of sample preparation. The LOD

or the emulsion method were lower in certain cases than those
or ashing and dilution. Murillo and Chirinos [82] described a
apid procedure for the determination of sulfur, nickel and vana-
ium in crude oil by ICP OES by emulsifying crude oil in water.
queous inorganic solutions with the same amount of emulsi-
er and solvent were used as calibration standards. The standard
eference materials sulfur in residual fuel oil and trace elements
n fuel oil were analyzed to evaluate the accuracy of the method.
eavy crude oil samples were analyzed and the results were

ompared with those obtained by a digestion method.
Souza et al. [83] presented a method for the determination of
anadium and other refractory elements in used lubricating oil
amples, aiming at the introduction of such organic samples into
he ICP as emulsions. Several nebulization systems were tested
ith clear advantage for Meinhard K3 coupled with a cyclonic
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pray chamber. The carbon deposition on the injector tip as
ell as the plasma background were minimized through care-

ul optimization of the Ar and O2 gas flow rates to the plasma.
he optimization of instrumental and experimental parameters
llowed quantification using calibration curves prepared with
norganic standards. Scandium was used as an internal standard
o correct for matrix effects and signal fluctuations. The method
as validated through the analysis of an SRM with good recov-

ries. Comparison against established ICP OES methods (acid
igestion or direct dilution in an organic solvent) showed that
he proposed method had clear advantages in terms of simplic-
ty of sample preparation, overall analysis time, and the use of
norganic standards for calibration instead of expensive metal-
rganic standards.

Other relevant applications of ICP OES to V determination
n petroleum products are found in the literature [84,85].

.5. Inductively coupled plasma mass spectrometry
ICP-MS)

More recently, ICP-MS has been applied for trace metal
etermination in oil and derivatives due to the known advan-
ages of this technique, such as very low LOD, multielement
nd isotopic-ratio measurement capability. Current LOD for the
sotope 51V in direct analysis of solution is in the range of
0 ng L−1. Polyatomic interferences might be observed in the
resence of chloride due to 35Cl16O. In ICP-MS, the presence
f solvent vapor in the plasma causes carbon deposition on the
ooler surfaces of the sampler and skimmer cones and on the
on lenses, affecting the transport efficiencies of ions. In order to

inimize these problems adequate sample preparation and spe-
ial introduction tools have to be applied, such as flow injection
nd USN. The methods for introduction of samples in ICP-MS
re in general similar to those presented above for ICP OES. Rel-
vant applications of ICP-MS to the determination of vanadium
n petroleum products are discussed below.

Determination of trace elements in fuel oils and residual
uel oil SRM by ICP-MS after acid mineralization of the
ample were realized employing a microwave oven with high-
ressure vessel [86], and in closed digestion vessels or in
pen-refluxed microwave digestion flasks with good accuracy
nd precision [87]. AlSwaidan [88] found that the addition of
-hydroxyquinoline to oil samples increased the efficiency of
anadium extraction, resulting in recoveries of 98–102%.

Direct analysis was proposed for petroleum condensate and
aphtha [89,90], and also for crude oil fractions after dissolu-
ion in toluene [91] with subsequent ultrasonic nebulization and
esolvation.

Determination of vanadium using water-in-oil emulsions as
ample preparation procedure has been proposed for several
ample types, as such naphtha [92], Saudi Arabian petroleum
93,94], crude oils [95,96], commercial gasoline and crude oil
97]. The coupling of sequential injection with ICP-MS as

n analytical tool for vanadium detection was described by
lSwaidan [98], using micro-emulsion oil sampling and ana-

yte addition for the analysis of crude oil and SRM residual fuel
il with good agreement.
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.6. Other spectrometric techniques

Other techniques can be used, but they are not widely found in
he literature. Iwasaki and Tanaka [99] and Denoyer and Siegel
100] used XRF for vanadium determination. Alvarez et al. [101]
escribed radioisotope XRF spectroscopy as an analytical proce-
ure for the analysis of geological materials, including oil. Zeng
nd Uden [102,103] used high-temperature gas chromatography
oupled with microwave-induced plasma OES for the determi-
ation of vanadyl, nickel and iron porphyrins in crude oils. The
se of laser-induced breakdown spectroscopy (LIBS) in jets has
lso been investigated for quantitative analysis of used lubricat-
ng and engine oils [104,105]. The thermal behavior of vanadyl
orphyrins was studied by electron spin resonance (ESR) during
eating of the kerogens isolated from the bituminous rocks at
50 and 250 ◦C for 1–20 days in the presence of air [106].

. Speciation and characterization

One of the most interesting areas of petroleum research
s studies directed towards the isolation and identification of
anadyl compounds in heavy crude oils. In the majority of
hese studies, the focus has been on the vanadyl porphyrin
ompounds, and relatively little is known yet about the non-
orphyrin compounds, even though they comprise 50–80% of
he total vanadium present. The molecular characterization of
anadyl (and nickel) non-porphyrin compounds is necessary
n order to design innovative trace metal removal methods.
n addition, knowledge of the molecular environment associ-
ted with both vanadium and nickel in heavy crude oils and
sphaltenes is also required to provide an improved under-
tanding of the biogeochemical mechanisms responsible for
he inclusion of these metals during the diagenesis and mat-
ration process of petroleum formation. Fish et al. [107,108]
ccomplished several studies about the characterization and
dentification of vanadyl compounds in petroleum. Márquez
t al. [109] developed three extraction methods to isolate and
haracterize vanadium porphyrins from a heavy crude oil. Inves-
igations about the distribution of vanadium and several other
race metals in heavy crude oils and oil products are also found
n the literature [110,111]. The isotopic study and origin of the
anadium in petroleum asphaltenes and source kerogens was
nvestigated by Premovic et al. [112,113].

Recent investigations using high-resolution continuum
ource atomic absorption spectrometry (HR-CS AAS) with a
raphite furnace have shown that kind of a speciation analysis
an also be carried out with ET AAS, taking advantage of the dra-
atically higher volatility of the vanadyl porphyrin complexes,

ompared to the non-porphyrins [55–57]. As already mentioned
n Section 3.3, using conventional ET AAS, the total vanadium
ontent could be determined with the addition of palladium as a
odifier to avoid low-temperature losses and the thermally sta-

le non-porphyrin fraction was determined without a modifier.

sing HR-CS AAS, total vanadium could be determined using
pyrolysis temperature of 400 ◦C, whereas the thermally stable

raction was determined with a pyrolysis temperature >800 ◦C.
he volatile porphyrin fraction was determined in both cases by
ta 72 (2007) 349–359 357

ifference. This selective determination of the volatile fraction
s considered to be of particular importance, as it is for sure
redominantly this type of species that is transported in the dis-
illation process to intermediate products, and acts as catalyst
oison. A clear indication for this poisoning effect was found
n recent work, where iridium has been investigated as perma-
ent chemical modifier for vanadium determination in crude oil.
he stabilizing action of this modifier for the volatile porphyrin

raction was completely lost after only two atomization cycles
58]. The quality of a crude oil might therefore be much better
haracterized by its content of volatile vanadium than by its total
anadium content, which is not correlated to the former one.

. Conclusion

Considering the importance of vanadium and the relatively
igh concentration of this element in petroleum and petroleum
roducts, analytical methods published during the last 25 years,
nvolving atomic spectrometric techniques such as FAAS, ET
AS, ICP OES, ICP-MS, have been presented in a detailed way.
evertheless, each technique has its pros and cons and should

herefore be chosen according to the type of product, consid-
ring that the concentration of vanadium is significantly lower
n the lighter fractions. The most frequently used sample prepa-
ation methods are digestion in microwave oven and dilution
ith three-component systems (emulsion and micro-emulsion),

s they have been found to provide precise and accurate results
n a relatively simple and fast way.
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iência e Tecnologia do Petróleo (CT-Petro), Coordenação de
perfeiçoamento de Pessoal do Ensino Superior (CAPES), and
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bstract

A solid phase extraction-high performance liquid chromatography–tandem mass spectrometry based analytical method suitable for simultaneous
nalysis of benzidine, 3,3′-dichlorobenzidine, mono-, di-, and tri-chloroanilines has been developed.

Normal phase separation by liquid chromatography was performed using a cyano propyl methyl silica column, and atmospheric pressure

hotoionization was employed as interface with mass spectrometer.

The developed method was evaluated in terms of limit of detection, accuracy, and precision. The quantification limit for all the compounds
anged between 7 and 112 ng L−1, while recovery for all the compounds was higher than 94%. The method was tested by analyzing different
ndustrial wastes, showing residual contamination by most of the analytes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Aromatic amino compounds comprise a wide group of
ubstances that are fundamental to industries producing pharma-
euticals, synthetic rubbers and dyes. This group of chemicals
xhibits a specific toxic effect related to the production of methe-
oglobin and bladder carcinoma.
Among aromatic amino compounds, the most dangerous are

enzidine and 3,3′-dichlorobenzidine; although their use has
een reduced [1], they can be found in the environment because

re intermediates in manufacturing of dyes and pigments. Being
otent human carcinogens, they are included worldwide in the
ist of the priority pollutants. Moreover, concern exists over
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he release of chloroanilines into the environment during pro-
uction processes or improper treatment of industrial waste
treams. Aromatic chloroamines can also enter the environment
s result of some commonly used herbicide degradation [2].
he European Water Framework Directive (WFD) 2000/60/EC

3] requires member states to regularly monitor environmen-
al waters for priority contaminants, including benzidines and
hloroanilines.

Various methods have been developed for determination of
hloroanilines and benzidines in aqueous samples at low con-
entration. The extraction of aqueous samples can be performed
ia liquid–liquid extraction (LLE), as in EPA method 605 [4,5],
r via solid phase extraction (SPE), that is the technique of
hoice because it requires less amount of organic solvents and
t is more rapid than LLE [1,6,7]. Recently, as alternative, solid

hase microextraction (SPME) technique has been proposed.
his technique allows to perform the extraction and the con-
entration of several organic compounds without solvents. The
PME has found some applications in waste water analysis, and
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t has been applied to benzidine and chloroaniline determination
8,9].

Concerning separation techniques, these are mostly based on
as chromatography (GC) and high performance liquid chro-
atography (LC). The use of GC is complicated by analyte

hermal degradation tendency and by the need of derivatization
tep before injection into the GC apparatus, thus reproducibility
s affected and possible biases are introduced. On the contrary,
C does not need many preliminary sample manipulations, and
ethods for determining chloro-amino compounds have been

eveloped coupled with UV, diode-array, fluorimetric or elec-
rochemical detector [10]. These compounds, however, must be
ften determined in complex matrices at low concentrations,
hen a more specific detection technique has to be preferred.

At present, the use of LC coupled to mass spectrometry
LC/MS) has been limited because di-chlorobenzidine, di- and
ri-chloroaniline, that are non-polar compounds, do not give any
ignal with electrospray ionization (ESI) interface, while give a
ery weak signal with atmospheric pressure chemical ionization
APCI) interface [6].

Atmospheric pressure photoionization (APPI) source was
ecently introduced for coupling MS to LC separation systems.
ven if photoionization detection has been proposed from the
iddle ’70 in combination with both GC [11] and LC [12],

ome severe practical limitations have delayed its use as source
or analytical mass spectrometry. Nowadays, two different APPI
ources for LC/MS are commercially available: the open orthog-
nal source designed to enhance direct photoionization [13,14],
nd a closed axial source where a dopant is added to increase the
fficiency of ion formation [15]. Due to high sample density in
he region close to nebulizer, APPI can lead to a sensitivity much
igher than that of APCI [14,16]. Since the APPI mechanism is
ased on a multitude of equilibriums, mobile phase composition,
opant nature, and concentration influence directly the analyte
onization process and thus sensitivity [17–19].

The aim of the present work has been the development of a
apid, sensitive and accurate analytical methodology, based on
C/APPI-MS/MS, for simultaneous determination of mono- di-
nd tri-chloroanilines, 3,3′-dichlorobenzidine and benzidine in
urface water and industrial effluents. For this purpose, a nor-
al phase (NP) chromatographic separation was developed and

ptimized, and a simple and rapid extraction procedure, compat-
ble with the non-polar mobile phase, was developed. Moreover,
he influence of various solvent combinations over APPI signal
ntensity has been studied.

. Experimental

.1. Chemicals and reagents

Benzidine, 3,3′-dichlorobenzidine (3,3′-DCB), 2-chloro-
niline (2-MCA), 3-chloroaniline (3-MCA), 4-chloroaniline
4-MCA), 2,3-dichloroanline (2,3-DCA), 2,4-dichloroaniline

2,4-DCA), 2,5-dichloroaniline (2,5-DCA), 2,6-dichloroaniline
2,6-DCA), 3,4-dichloroaniline (3,4-DCA), 3,5-dichloroaniline
3,5-DCA), 2,3,4-trichloroaniline (2,3,4-TCA), 2,4,5-trichloro-
niline (2,4,5-TCA), 2,4,6-trichloroaniline (2,4,6-TCA) and 2,4-

r
o
t
i
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ibromoaniline (internal standard) were purchased from Sigma
Milan, Italy).

A standard stock solution of each compound was prepared
y dissolving the pure analytical standard in isopropanol to
chieve a concentration of 1.0 mg mL−1. Composite working
tandard solutions were prepared by combining aliquots of each
f the individual stock solutions and diluting with isopropanol
r isooctane/toluene 1:1 (v/v) to obtain the required concentra-
ion. All the above solutions were kept at −20 ◦C, in the dark,
nd allowed to equilibrate at room temperature before use.

Methanol, isooctane, isopropanol and toluene, all HPLC
rade, were supplied by Carlo Erba (Milan, Italy). Toluene
residual analysis grade) was supplied by Panreac (Spain) and
luka (Fluka Chemie, GmbH, Buchs, Switzerland). Deion-

zed water was further purified using a Milli-Q (Millipore,
edford, MA, USA) apparatus. For solid phase extraction,
mberchrom CG161M styrene-divinylbenzene resin (SDVB),
mL polypropylene tubs, polyethylene frits and a vacuum man-

fold (all from Supelco, Bellefonte, IL, USA) were used.

.2. Sample collection

Three different types of water were sampled: tap water, river
ater and industrial effluent. Five industrial effluents were ana-

yzed: Sample 1, untreated effluent from galvanic plant; Sample
, untreated effluent from photo printing plant; Sample 3, inker
ashing waste; Sample 4 and Sample 5, respectively, waste
ater treatment plant (WWTP) influent and effluent of a paint
roduction factory. Twenty-four-hour composite samples of raw
nd treated sewage were obtained by using flow proportional
amplers.

In order to eliminate residual chlorine, 0.5 g/L of sodium thio-
ulphate were added to tap water samples. Samples of river water
nd industrial effluents were kept unfiltered at room temperature
n a brown bottle. Prior to the analysis, they were filtered using

Millipore filtering system with two different kinds of filter:
1 �m WhatmanGF/C glass microfiber filter and a 0.45 �m

egenerated cellulose filter.

.3. Sample extraction method

Amberchrom CG161 was supplied as ethanolic suspension.
ried resin was prepared by decantation and paper filtration,

hen the filtered particles were washed several times with Milli-
water and air dried. Finally, the resin was placed in a beaker

nd let dried in a ventilated oven at 100 ◦C for 48 h.
A 3 mL polypropylene tube was filled with 100 mg of resin

nd the cartridge was fitted with a bottom and a top polypropy-
ene frit. Prior to use, the cartridge was soaked for about 10 min
n methanol, then sequentially washed prior to use with 3 mL
f dichloromethane, 3 mL of methanol, and 5 mL of Milli-Q
ater. After addition of an appropriate amount of IS, 400 mL
f sample were vacuum forced through the cartridge at a flow

ate of 5 mL min−1. Then, the cartridge was washed with 10 mL
f Milli-Q water and air-dried for 5 min. As a further precau-
ion to reduce the presence of water in the final eluate, 50 �L of
sopropanol were slowly passed through the cartridge. This vol-
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me showed to be suitable for removing most of residual water,
ithout eluting out analytes, but then this amount of isopropanol
as present in the final extract. The elution was performed with
mL of toluene:isooctane 1:1 (v/v). Finally, in order to eliminate

esidual water, 1 g of anhydrous sodium sulphate was added to
he solution into the vial. The vial was then vortex mixed, cen-
rifuged (3000 rpm for 5 min) and the supernatant transferred
nto a clean vial; 10 �L of this solution were directly injected
nto the LC-MS/MS apparatus.

.4. LC-MS/MS analysis

The LC system was a Perkin-Elmer series 200 (Norwalk,
T, USA) consisting of a binary LC micropump, and a vac-
um degasser, equipped with a Rheodyne injector with a 10 �L
oop. The chromatographic column was a 250 mm × 2.0 mm i.d.
yano propyl methyl silyl Luna 5 �m CN 100 Å (Phenomenex,
orrace, CA, USA) equipped with a CN 4.0 mm × 2.0 mm

.d. guard column (Phenomenex). The flow rate was set at
00 �L/min, and the column was maintained in an oven (Tim-
erline Instruments, Inc., Boulder, CO, USA) at 40 ◦C.
For fractionation of the analytes, phase A was
oluene/isooctane 1:1 (v/v) and phase B was toluene/isopropanol
9:1 (v/v). After an isocratic step at 100% A for 12 min, B
as linearly increased to 100% in 1 min, then held constant

m
c
M
e

able 1
etention times and mass spectrometric parameters utilized for analyte detection

nalyte Retention time (min) Q1 mass (m/z)

eriod 1 0–4.9 min
2,4,6-TCA 4.2 196
2,6-DCA 4.5 162

eriod 2 4.9–6.0 min
2,5-DCA 5.2 162
2,4-DBA 5.2 252
2,4,5-TCA 5.3 196

2,4-DCA 5.6 162
161

2-MCA 5.7 128
2,3-DCA 5.8 162
2,3,4-TCA 5.8 196

eriod 3 6.0–7.7 min
3,5-DCA 6.3 162
3-MCA 7.2 128

3,4-DCA 7.4 162
161

eriod 4 7.7–9.0 min
4-MCA 8.3 128

127

eriod 5 9.0–15.0 min
3,3′-DCB 10.3 253

252

eriod 6 15.0–24.0 min
BEN 21.1 185

184
72 (2007) 419–426 421

or 13 min. An equilibrium time of 15 min was necessary for
estoring the initial conditions.

An API 2000 (Applied Biosystems/MDS SCIEX, Concord,
N, Canada) triple quadrupole mass spectrometer equipped
ith a PhotoSprayTM (APPI) probe was operated in the positive

on mode.
Best responses were recorded with the source block volt-

ge set at 1.5 kV and a heated nebulizer temperature of 350 ◦C.
oncerning gasses, ultrapure air was used as API gas and
ure nitrogen was used as collision gas and lamp cooling
as. Curtain gas was set at 20 (arbitrary units), while nebuliz-
ng (GS1) and turbo spray gas (GS2) were set at 25 and 65,
espectively. Mass calibration and resolution adjustment on the
esolving quadrupoles were automatically performed by using a
0−5 mol/L solution of poly(propylene glycol) introduced via a
odel 11 Harvard infusion pump (Harvard apparatus, Hollison,
A, USA). For each analyte, full scan spectra and product ion

can spectra in the range of m/z 50–300 were obtained by infus-
ng a 10 ng/�L solution of each analyte by a syringe pump at a
ow rate of 200 �L/min.

Quantitative analysis was performed in multiple reaction

onitoring (MRM) mode. Proton adduct [M + H]+ or radical

ation [M]•+ were selected as precursor ion. Collision energies,
RM transitions and instrumental optical parameters used for

ach monitored transition are reported in Table 1. To allow longer

Precursor ion type Q3 mass (m/z) CE (eV)

[M + H]+ 160, 124 39
[M + H]+ 126, 90 30

[M + H]+ 126, 99, 90 30
[M + H]+ 143, 91 48
[M + H]+ 161, 133, 125 39

[M + H]+ 99, 90 32
[M]•+ 99, 90 32

[M + H]+ 92, 65 33
[M + H]+ 126, 90 32
[M + H]+ 134, 125 41

[M + H]+ 127, 109 48
[M + H]+ 111, 93 55

[M + H]+ 127, 109 40
[M]•+ 99, 90 40

[M + H]+ 111, 93 33
[M]•+ 92, 65 33

[M + H]+ 182 55
[M]•+ 154 55

[M + H]+ 167 44
[M]•+ 166 44
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Fig. 1. Total ion signal intensity in positive APPI (arbitrary units) for 2-
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a result, we measured for the two residue grade toluene a signal
about two-fold higher than that obtained using the less pure or
the purposely contaminated solvents. This demonstrates that not
22 A. Bacaloni et al. / Ta

well times and therefore a better sensitivity, the total acquisition
ime was divided in six acquisition periods. Retentions times of
ompounds were reproducible within 2%.

.5. Quantitative analysis, method performance and matrix
ffect

Calibration solutions were prepared by diluting the work-
ng composite solution containing all the analytes with
oluene:isooctane 1:1 (v/v) to achieve the desired concentra-
ions and by adding the internal standard. A five point calibration
urve was constructed by plotting the ratio between the observed
eak areas and the internal standard area. The combined ion cur-
ent profile for both transitions was extracted from the LC MRM
ataset. Quantification was made by relating the ratio between
he peak area of the analytes and that of the internal standard in
he sample to those obtained from a standard solution. To cal-
ulate matrix effect in environmental and waste water samples,
he peak area ratio of extracted sample spiked post-extraction,
fter blank subtraction, were compared to those obtained from
solvent procedural blank. Due to unpredictable matrix effect,
uantification in industrial waste and WWTP influent and efflu-
nt was done by the standard addition method (three points).
uantitative data analysis was performed with Analyst software

Applied Biosystems/MDS SCIEX).

.6. Safety considerations

Benzidine and 3,3′-DCB are carcinogenic compounds and
hloroanilines are dangerous compounds. Consequently, stan-
ards, solutions and extracts should be handled with extreme
are. Gloves and other protective clothing were worn as safety
recaution during the handling of the compounds. Residual solu-
ions and contaminated glassware were treated with sodium
ypochlorite in order to detoxify them.

. Results and discussion

.1. Mass spectrometry

.1.1. Solvent effect on APPI
In APPI, solvents must be selected carefully because they

an heavily affect the response of analytes [17,18]. On the basis
f previous experiments conducted in our laboratory [19], we
elected a limited number of solvents. To test the photoionization
ield for the compounds of interest isopropanol, toluene, isooc-
ane and isooctane/isopropanol mixture were used. In Fig. 1
s reported, in arbitrary units, the total ion signal intensity in
ositive APPI for 2-chloroaniline, obtained in flow injection
ode (10 �L, 10 ng/�L) at a flow rate of 200 �L/min. In all

ases, 30 �L/min of toluene as dopant were added. Response
n acetonitrile is reported for comparison. As can be seen, the
on-polar solvent combination gave the highest signal inten-

ity (the signal intensity for isooctane was about half without
opant addition). The differences in response between non-polar
nd polar solvents increased for di- and tri-chloroanilines, while
ecreased for benzidines. In Fig. 2, two histograms are reported

F
c
o
s
s

hloroaniline, obtained with different solvents in flow injection (10 �L,
0 ng/�L) at a flow rate of 200 �L/min and using 30 �L/min of toluene as
opant.

howing the different behaviors of 2-chloroaniline and 3,3′-
ichlorobenzidine when increasing percentages of isopropanol
ere added to a mixture isooctane/toluene 1:1 (v/v); other con-
itions are as in Fig. 1.

For investigating the effect of solvent purity grade on total ion
ignal, we prepared four isooctane/toluene 1:1 (v/v) mixtures
n which isooctane was in all cases HPLC grade and toluene
aried as follows: toluene 1: HPLC grade (Carlo Erba); toluene
: residue grade (Fluka); toluene 3: residue grade (Panreac);
oluene 4: residue grade fortified with 10 ng/mL of p-cresole.
he experiment was conducted by flow injection of 2,4,5-TCA

10 �L, 10 ng/�L) and by monitoring the total ion intensity. As
ig. 2. Total ion signal intensity variation in positive APPI (arbitrary units) for 2-
hloroaniline and 3,3′-dichlorobenzidine, obtained when increasing percentages
f isopropanol were added to a toluene:isooctane 1:1, v/v mixture. The analyte
ignals were obtained by injecting in flow injection analysis 10 �L of a 10 ng/�L
olution prepared in the same solvents.
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nly the nature, but also the purity grade of the solvents used
ay deeply influence the analyte response in APPI.

.1.2. Mass spectra of MCAs, DCAs, TCAs, DCB and BE
In Table 2, relative intensities of the signals for radical

ation [M]•+, proton adduct [M + H]+ and principal ions formed
y MS/MS are reported. Standards of chloroanilines and ben-
idines (10 ng/�L) were ionized either in flow injection mode,

y using the 1:1 (v/v) isooctane/toluene mixture at a flow rate of
00 �L/min as carrier, and by injecting on column water extract
ortified after extraction at the same level; 10 �L were injected
n both cases. At this time, the mass spectrometer was operated

(
t
k
n

able 2
bserved precursor ions and fragments obtained using atmospheric pressure photoio

ompound Observed precursor
ion (Q1 SCAN)

m/z Relative intensi

onochloroanilines
2-MCA [M]•+ 127 100

[M + H]+ 128 20

3-MCA [M]•+ 127 100
[M + H]+ 128 50

4-MCA [M]•+ 127 100
[M + H]+ 128 23

ichloroanilines
2,3-DCA [M]•+ 161 80

[M + H]+ 162 100

2,4-DCA [M]•+ 161 100
[M + H]+ 162 55

2,5-DCA [M]•+ 161 100
[M + H]+ 162 75

2,6-DCA [M]•+ 161 80
[M + H]+ 162 100

3,4-DCA [M]•+ 161 75
[M + H]+ 162 100

3,5-DCA [M]•+ 161 100
[M + H]+ 162 25

richloroanilines
2,3,4-TCA [M]•+ 195 100

[M + H]+ 196 20

2,4,5-TCA [M]•+ 195 100
[M + H]+ 196 15

2,4,6-TCA [M]•+ 195 100
[M + H]+ 196 45

enzidines
BEN [M]•+ 184 20

[M + H]+ 185 100

3,3′-DCB [M]•+ 252 100
[M + H]+ 253 75

nternal standard
2,4-DBA [M]•+ 251 100

[M + H]+ 252 50

a Flow injection of 10 �L of a 10 ng �L−1 solution of each analyte using toluene:is
b Injection on column of 10 �L of a water extract fortified after extraction at 10 ng
c Base peak in bold.
72 (2007) 419–426 423

n single MS mode and declustering potential was maintained
ow to reduce in source fragmentation.

There are three main ways of photoionization reported in lit-
rature [20]: direct photoionization; electron transfer via dopant;
roton transfer with the dopant or other protonated molecules.

As it can be seen in Table 2, fourth column, an abundant
M]•+ precursor ion was observed for all the investigated com-
ounds. In addition, even if photoionization energies of analytes

8.18 eV for 4-chloroaniline) suggest that direct photoioniza-
ion may be involved, weaker signals were observed for both
ind of ions without the use of toluene as dopant. Then, as
oticed by Traldi and coworkers [21], probably a cascade of

nization for target analytes (chloroanilines and benzidines)

tiesa Relative intensitiesb Observed fragments
(Q3 SCAN) m/zc

45 100, 99, 92, 91, 79, 65, 64
100 93, 92, 65

100 100, 92, 65
3 111, 93, 75

100 100, 92, 65
70 111, 93, 75

4 134, 126, 125, 99, 90, 63
100 127, 126, 99, 90

65 134, 126, 125, 99, 90
100 127, 126, 99, 91, 90

12 126, 125, 105, 99, 90, 63
100 127, 126, 99, 91, 90

10 126, 125, 105, 99, 98, 90
100 127, 126, 99, 90, 63

43 134, 126, 125, 99, 90, 63
100 145, 127, 109, 100, 99, 91, 90

15 134, 126, 125, 99, 90
100 127, 109,100, 92

12 160, 159, 133, 124, 97, 88
100 161, 160, 134, 125

5 160, 159, 133, 124, 97
100 161, 160, 133, 125

25 160, 159, 133, 132, 124, 97, 88
100 161, 160, 124

80 183, 182, 167, 166, 156, 130, 117
100 168, 167, 151, 141, 93

100 215, 190, 182, 181, 164, 154, 127
50 217, 216, 191, 190, 182, 181, 154

55 172, 170, 145, 143, 91, 90
100 173, 171, 145, 143, 92, 91

ooctane 1:1, v/v at a flow rate of 200 �L−1 min.
�L−1. Gradient separation, as described in Section 2.



4 lanta 72 (2007) 419–426

o
h
a
t
f
r
a
c
t
u
m
p
o
u
t
n
W
t
i
e
l
g
p
2
z
b
r
l
f
m

w
t
T
c
C

3

i
s
a
a
t
a
a
t
a
m
a
2
D
c
a

f

Table 3
Absolute limit of detection and r2 coefficient of the five point regression equation
in the range 0.5–50 ng for the analytes under investigation

Analytes LOD (ng) r2 coefficient

Monochloroanilines
2-MCA 0.007 0.9978
3-MCA 0.007 0.9984
4-MCA 0.003 0.9941

Dichloroanilines
2,3-DCA 0.02 0.9977
2,4-DCA 0.02 0.9972
2,5-DCA 0.03 0.9938
2,6-DCA 0.007 0.9958
3,4-DCA 0.06 0.9979
3,5-DCA 0.2 0.9893

Trichloroanilines
2,3,4-TCA 0.04 0.9972
2,4,5-TCA 0.04 0.9923
2,4,6-TCA 0.05 0.9947

Benzidines
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ther photo induced reactions must be involved. On the other
and, formation of proton adduct reflects gas phase basicity of
nalytes. When a small quantity (<1%) of isopropanol was added
o mobile phase, the intensity of the radical ion was lowered in
avor of protonated molecule. Moreover, it must be said that the
atio [M]•+/[M + H]+ was susceptible to vary in a great extent
lso depending on the compound. As shown in Table 2, fifth
olumn, the ratio [M]•+/[M + H]+ dramatically changes when
he water extract fortified after extraction was injected on col-
mn. This phenomenon may be likely due to slight variation in
obile phase composition caused by the small amount of iso-

ropanol (about 2%) contained in the water extract, since all the
ther experimental conditions were the same. In addition, the
se of a toluene/isooctane mixture, previously passed through
he chromatographic column for flow injection experiments, did
ot modify the ratio between molecular ion and proton adduct.
hat originates this phenomenon is not clear, and until now lit-

le is known about analyte interaction with low polarity solvents
n this type of interface, and more experiments are needed for
lucidating mechanisms. Signals of [M + H]+ ions, not only were
ess influenced by mobile phase than signals of [M]•+, but also
ive rise to a greater fragment yield and therefore were chosen as
recursors for further MRM experiments for MCAs, 2,6-DCA,
,5-DCA, 2,3-DCA, 3,5-DCA, TCAs and IS. 3,4-DCA, ben-
idine and 3,3′-dichlorobenzidine showed a more stable ratio
etween radical and proton adduct, likely because of the longer
etention times than those of the other selected analytes (see
ater), and the most intense transition of both ions can be selected
or MRM. The choice of transitions for 2,4-DCA monitoring was
ore complex and it will be discussed in the next paragraph.
As far as negative APPI was concerned, only [M − H]− ions

ere abundant. Although the signal intensity was much lower
han in positive APPI, the signal-to-noise ratios for DCA and
CA were similar. However, the only intense ion formed after
ollisional fragmentation (with the exception of 2,4,5-TCA) was
l−.

.2. LC-APPI-MS/MS

The low polarity solvents, required to obtain high signal
ntensity for all the analytes, implied the choice of a normal phase
eparation. The best compromise between chromatographic sep-
ration and low limit of detection (LOD) was achieved by using
cyano propyl methyl silica column and a gradient elution with

oluene/isooctane 1:1 (v/v) and toluene/isopropanol 99:1 (v/v)
s mobile phases. Although there are many overlapping among
nalytes, they can be resolved by properly selecting the MRM
ransitions. Only 2,3-DCA and 2,4-DCA were poorly resolved
nd have qualitatively very similar CID spectra of protonated
olecule. This problem has been overcame, with an accept-

ble loss in terms of LOD, by selecting for MRM acquisition of
,4-DCA two specific transitions of molecular ion. When 2,4-
CA is found while 2,3-DCA is not present, four transitions
an be used for its quantification and LOD decreases by a factor
bout 4.

In a previous work [19], we selected a 4.6 mm i.d. column
or operating with LC/APPI-MS/MS, since with a mobile phase

b
m
o
b

3,3′-DCB 0.003 0.9995
BEN 0.013 0.9923

ow rate of 1.0 mL/min, due to a very low background noise,
he most favorable signal-to-noise ratio was achieved. In this
ork, however, we preferred to use a 2 mm i.d. column because,
ealing with environmental samples, the advantage of selecting
higher flow rate was almost entirely lost due to chemical noise.

In these conditions, the linear range and instrumental LODs
ere estimated from the five point calibration curve, constructed

s reported in Section 2, in the range 0.5–50 ng. In Table 3 are
eported the r2 coefficients and the LODs calculated as three
imes the standard deviation of the regression line intercept.

.3. Extraction of the analytes

Simultaneous extraction of compounds with a broad range of
olarity by SPE generates many issues: since benzidine is polar,
t is prone to breakthrough; on the other hand, the volatility of
he other analytes, especially TCAs, may generate losses if the
luates are evaporated for the purpose of solvent exchange and
nalyte concentration.

Two considerations suggested the choice of a high-surface
DVB material for sample extraction. The first one was that,
or avoiding a solvent exchange step, a non-polar solvent has
o be used for analyte recovery; the second one was that, when
xtracting target compounds from aqueous samples containing
high total organic carbon (TOC) content, an adsorbent with a
igh surface area avoids early breakthrough due to overloading
enerated by co-extracted compounds [6].

A 3 mL tube filled with 100 mg of resin was able to extract
ll the target analytes from 400 mL of high-polluted water with-
ut loss of benzidine, which is the compound having the lowest

reakthrough volume. Moreover, 2 mL of the very low polarity
ixture isooctane/toluene 1:1 (v/v) recovered more than 75%

f all the compounds. Even if recovery was better than 90%
y increasing to 3 mL the elution volume, on the other hand
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Table 4
Absolute recovery, recovery relative to surrogate standard (S.S), within day precision (R.S.D.%) and MQLs for analytes under investigation

Analytes Tap water (spike level 0.5 �g L−1) River water (spike level 0.5 �g L−1) MQLs (ng L−1)

Absolute
recovery %

Recovery
(S.S.) %

R.S.D.% Absolute
recovery %

Recovery
(S.S.) %

R.S.D. %

Monochloroanilines
2-MCA 79 100 7 78 95 5 16
3-MCA 74 94 7 84 102 5 16
4-MCA 71 90 8 81 99 3 7

Dichloroanilines
2,3-DCA 80 101 5 91 111 4 22
2,4-DCA 78 99 6 85 104 3 112
2,5-DCA 76 96 8 86 105 6 38
2,6-DCA 81 103 5 88 107 4 16
3,4-DCA 74 94 11 84 102 7 45
3,5-DCA 75 95 10 83 101 5 74

Trichloroanilines
2,3,4-TCA 83 105 7 91 111 4 45
2,4,5-TCA 78 99 8 89 109 7 38
2,4,6-TCA 81 103 7 88 107 4 74

Benzidines
3,3’-DCB 72 91 5 83 101 5 4
BEN 76 96 6 87 106 5 5

Standard
8

R and r
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2,4-DBA 79 3

ecoveries (n = 6) were calculated for 400 mL of spiked tap water (0.5 �g L−1)

here was a reduction of the method detection limit (MDL), due
o dilution. To avoid the evaporation step and thus the proba-
le degradation of the most volatile compounds, a 2 mL elution
olume was chosen.

.4. Analytical performance evaluation
Absolute recovery, recovery relative to surrogate standard,
ithin day precision (R.S.D.%) and MDLs are reported in
able 4. Recoveries were calculated for 400 mL of spiked tap
ater and river water (TOC = 16 mg/L) at the spiking level of

c
t
0
w

able 5
nalyte concentration (ng L−1) found in the analyzed samples

nalytes Sample 2 (photo
printing plant waste)

Sample 3 (typography
inker washing waste)

onochloroanilines
2-MCA n.d. 990
3-MCA n.d. 81
4-MCA n.d. 81

ichloroanilines
2,4-DCA n.d. n.d.
2,5-DCA n.d. n.d.
2,6-DCA n.d. n.d.
3,4-DCA n.d. n.d.

richloroanilines
2,4,5-TCA n.d. n.d.

enzidines
3,3′-DCB 9 n.d.

.d. = not detected; WWTP = waste water treatment plant
2 4

iver water (0.5 �g/L−1; TOC = 16 mg/L).

.5 �g/L (n = 6). As can be seen, the values obtained without
he surrogate standard (absolute recovery) were in the range
9–91%, while the use of a surrogate standard with chemi-
al and physical characteristics similar to those of the target
ompounds (2,4-dibromoaniline) improved both accuracy and
recision.

The method quantification limits (MQLs) were extrapolated

alculating the amount of each compound that gives a signal-
o-noise ratio equal to 10 in the river water sample spiked at
.5 �g/L. The sum of at least two selected transitions for MRM
as used for all the analytes.

Sample 4 (paint production
factory WWTP influent)

Sample 5 (paint production
factory WWTP effluent)

140 98
69 n.d.
25 n.d.

26 21
47 134
12 n.d.
100 20

192 189

n.d. n.d.
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.5. Industrial waste water survey

The method described above was tested in a short survey
oncerning four industrial effluent typologies: Sample 1, gal-
anic plant waste; Sample 2, photo printing plant waste; Sample
, typography inker washing waste; Sample 4, paint factory
WTP influent; Sample 5, paint factory WWTP effluent. Due

o a matrix effect present in each sample in an unpredictable
xtent (recoveries relative to IS ranged from 69 to 123%), quan-
ification was achieved by the standard addition method. After
xtraction, the eluate was subdivided in four aliquots, and three
f them were spiked with an amount of standard, respectively,
ne, two and four times the concentration initially estimated.

In Table 5 the results of the survey are summarized. Sam-
le 1 is not reported since all the compounds were under the
DLs. As can be seen, in Sample 2 only 3,3′-DCB is present in
very little amount, whereas in Sample 3 there is a remarkable
mount of MCAs. In Sample 4 and Sample 5, 2,3,4-TCA is the
ompound found at the highest concentration and remains con-
tant after waste treatment. Data for these samples are not easy
o rationalize. 3-MCA, 4-MCA and 2,6-DCA were undetectable
fter waste treatment and 3,4-DCA concentration was drastically
educed. On the contrary, 2-MCA and 2,4-DCA were poorly
emoved (note: being 2,3-DCA under MDL, the low concentra-
ion found for 2,4-DCA were over MDL since four transitions
ould be used for quantification). Finally, 2,5-DCA concentra-
ion increased after waste treatment. Both influent and effluent
rom this WWTP contained abundant suspended solid particles.

ethanolic extracts of the filters used for these samples, ana-
yzed by LC-APPI-MS/MS, showed high 2,3,4-TCA content.
his finding may suggest that in the water treatment plant this
ompound is degraded to 2-MCA via 2,5-DCA and, in lesser
xtent, via 2,4-DCA and a continuous equilibrium mobilizes
he adsorbed 2,3,4-TCA.

. Conclusions
A rapid, sensitive and highly selective method for the simulta-
eous determination of benzidine, 3,3′-DCB, MCAs, DCAs, and
CAs by LC-MS/MS has been developed for the first time and

[
[

72 (2007) 419–426

valuated using spiked and real samples. Normal phase LC sep-
ration coupled with an APPI interface permitted to overcome
he limitation in ionizing the less polar among these compounds
xperienced with both ESI and APCI, and low LODs have been
ttained for all the compounds. Shortcoming of this method is
hat it lacks robustness, because small changes in ionization envi-
onment may provoke substantial change in ionization yield and
on type formation. This drawback can be avoided by using the
tandard addition method for quantification.
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2352.

[6] S. Lacorte, M.C. Perrot, D. Fraisse, D. Barcelò, J. Chromatogr. A 833
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bstract

A new micelle-mediated extraction method for preconcentration of ultra-trace quantities of beryllium and aluminum as a prior step to their
imultaneous spectrophotometric determination has been developed. Chrome Azurol S (CAS), cetyltrimethylammonium bromide (CTAB) and
riton X-114 were used as chelating agent, cationic surfactant for extraction and co-extraction agent, respectively. Mean centering (MC) of ratio
pectra has been used for simultaneous analysis of beryllium and aluminum. The optimal extraction and reaction conditions were studied, and
he analytical characteristics of the method (e.g., limit of detection, linear range, preconcentration, and improvement factors) were obtained.

inearity was obeyed in the range of 5–40 ng mL−1 of beryllium and 3–100 ng mL−1 of aluminum. The detection limit of the method is 0.98
nd 0.52 ng mL−1 for beryllium and aluminum, respectively. The interference effect of some anions and cations was also tested. The method was
pplied to the simultaneous determination of beryllium in water samples.

2006 Published by Elsevier B.V.
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. Introduction

The toxicity of beryllium and aluminum as well as the need
or sensitive and selective methods for determining these ele-
ents is well documented. The toxicity of beryllium could be

ccounted for through its effect on lysosomes with release of
ell destroying enzymes [1]. There is considerable evidence that
luminum is neurotoxic in experimental animals, although there
s considerable variation among species. In susceptible species,
oxicity following parenteral administration is characterized by
rogressive neurological impairment, resulting in death with sta-
us epilepticus. Osteomalacia, as it presents in man, is observed
onsistently in larger species (e.g., dogs and pigs) exposed to alu-

inum; a similar condition is observed in rodents. Absorption

ia the gastrointestinal tract is usually less than 1%. Aluminum
s distributed in most organs within the body with accumulation

∗ Corresponding author. Tel.: +98 811 8272404; fax: +98 811 8272404.
E-mail address: afkhami@basu.ac.ir (A. Afkhami).
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ccurring mainly in bone at high dose levels. To a limited extent,
luminum passes the blood–brain barrier and is also distributed
o the fetus. Aluminum is eliminated effectively by urine [2].

In comparison with sophisticated laboratory methods for the
nalyzing of metals such as inductivity coupled plasma (ICP),
tomic absorption spectrometry (AAS), electro thermal atomic
bsorption spectrometry (ETAAS) and HPLC; spectrophoto-
etric determination has a great attraction for its simplicity,

ow cost, high sensitivity and sometimes its selectivity.
Spectrophotometric determination of aluminum and beryl-

ium in mixtures is difficult because these two elements mutually
nterfere in the method owing to a considerable overlap of the
pectra. Numerous complexes of Be(II) and Al(III) with azo
eagents for example eriochrome cyanine R (ECR) [3,4] and
hrome Azurol S (CAS) [5,6] have been proposed for the spec-

rophotometric determination of both the elements individually.

everal spectrophotometric methods have also been proposed
or the simultaneous determination of Al(III) and Be(II) ions. A
erivative spectrophotometric method for simultaneous deter-
ination of Al(III) and Be(II) was reported based on their
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omplexes with 5,8-dihydroxy-1,4-naphoquinone [7]. Valencia
t al. [8] reported a method for simultaneous determination of
l(III) and Be(II) by solid phase extraction and first derivative

pectrophotometric method based on their complexation reac-
ion with erichrome cyanine R. The difference between the rate
f the complexation reactions of Al(III) and Be(II) with CAS in
etyltrimethylammonium bromide (CTAB) micellar media was
sed to the simultaneous kinetic spectrophotometric determina-
ion of these cations using H-point standard addition method
9]. Al(III) and Be(II) could be determined in the range of
0–200 and 10–300 ng mL−1, respectively. Recently, we devel-
ped a partial least-squares regression (PLS) method for the
imultaneous spectrophotometric determination of aluminum
nd beryllium in geochemical samples by xylenol orange as
he chromogenic reagent in water media and in micellar media
10]. The concentration range in this method was obtained
.1–1.0 mg L−1 and 0.05–1.0 mg L−1 for both the metal ions
n water and micellar Triton X-100 media, respectively.

Cloud-point extraction (CPE), based on the clouding phe-
omena of surfactants, has become more and more attractive.
s a new separation technique, the CPE offers many advantages
ver traditional liquid–liquid extraction [11].

For charged micelles, the phenomenon rarely occurs, presum-
bly because electrostatic repulsion prevents phase separation
n most cases. In the presence of salt, long-tailed cationic
urfactants can self-assemble in aqueous solution into long, flex-
ble wormlike micelles, thus rendering the solution viscoelastic
12,13]. Salts with hydrophobic counterions, such as sodium
alicylate (NaSal) and sodium tosylate (NaTos), are particularly
ffective in inducing micellar growth even at low concentra-
ions. With increasing salt content, complex variations occur in
he rheological properties [12–14].

High concentrations of salt also cause cationic surfac-
ant solutions to separate into immiscible surfactant-rich and
urfactant-poor phases [15]. This phenomenon, originally
ermed coacervation, has been investigated since the 1940s
nd was first observed for mixtures of the cationic surfactant
yamine 1622 with salts such as potassium thiocyanate (KSCN)

nd potassium chloride (KCl) [16,17]. The phase separation is
ypically of the upper consolute type, i.e., it occurs on cooling
elow a characteristic temperature Tc, which, in turn, increases
ith salt content [15].
More recently we have presented some new approaches for

imultaneous analysis of binary and ternary mixtures that called
ean centering of ratio spectra [18–21]. These methods have

een inspired from successive ratio derivative spectra method
hich is based on the successive derivatives of ratio spectra in

wo steps [22]. The mean centering methods uses mean centering
f ratio spectra instead of derivative of them. By eliminating
erivative steps, signal-to-noise ratio is enhanced dramatically.

Recently we proposed a new micelle-mediated phase precon-
entration method for preconcentration of ultra-trace quantities
f beryllium as a prior step to its determination by spectropho-

ometry has been developed. CAS and cetyltrimethylammonium
romide (CTAB) were used as chelating agent and cationic sur-
actant, respectively [23]. The method evaluates and eliminates
he blank bias error present in such procedures using mean cen-
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ering of ratio spectra. This procedure gives more accurate results
han by traditional approach using absorbance values against
eagent blank.

The purpose of this study is to propose a method for the
imultaneous spectrophotometric determination of beryllium
nd aluminum after preconcentration in a simple cloud point
xtraction process. The method is based on the color reaction
f beryllium and aluminum with CAS and mixed micell medi-
te extraction of produced complexes. A cationic surfactant,
etyltrimethylammonium bromide (CTAB) and a non-ionic one,
riton X-114, were chosen as extraction agent and co-sorfactant,
espectively. Mean centering of ratio spectra was used for simul-
aneous analysis of mentioned analytes after CPE. A satisfied
reconcentration factor and improvement factor were obtained
n the proposed method for the determination of beryllium and
luminum.

. Theory of mean centering of ratio spectra

Consider a mixture of three compounds X, Y and Z. If there is
o interaction among the compounds and Beer’s low is obeyed
or each compound, it can be written:

m = αxCx + αyCY + αzCz (1)

here Am is the vector of the absorbance of the mixture, αx, αY,
nd αz are the molar absorptivity vectors of X, Y and Z and Cx,
Y and Cz are the concentrations of X, Y and Z, respectively.

If Eq. (1) is divided by αz corresponding to the spectrum
f a standard solution of Z in ternary mixture, the first ratio
pectrum is obtained in the form of Eq. (2) (for possibility of
ividing operation, the zero values of αz should not be used in
he divisor):

= Am

αz
= αxCx

αz
+ αYCY

αz
+ Cz (2)

If the Eq. (2) is mean centered (MC), since the mean centering
f a constant (Cz) is zero, Eq. (3) will be obtained:

C(B) = MC

[
αXCX

αZ

]

+ MC

[
αYCY

αZ

]

(3)

y dividing Eq. (3) by MC (αY/αZ), corresponding to the mean
entering of the ratio of the spectra of the standard solutions of

and Z the second ratio spectrum is obtained as Eq. (4) (for
ossibility of dividing operation, the zero values of MC(αY/αZ)
hould not be used in the divisor):

= MC(B)

MC(αy/αz)
= MC[αXCX/αZ]

MC(αy/αz)
+ CY (4)

ow if the Eq. (4) is mean centered, since the mean centering
f a constant (CY) is zero, Eq. (5) would be obtained:

C(D) = MC
MC[αXCX/αZ]

(5)

MC(αy/αz)

q. (5) permits the determination of concentration of each of the
ctive compounds in the solution (X in this equation) without
nterfering from the other compounds of the ternary system (Y
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nd Z in these equations). As Eq. (5) shows there is a linear
elation between the amount of MC(D) and the concentration of

in the solution.
A calibration curve could be constructed by plotting MC(D)

gainst concentration of X in the standard solutions of X or in
he standard ternary mixtures. For more sensitivity the amount
f MC(D) corresponding to maximum or minimum wavelength
hould be measured.

Calibration graphs for Y and Z could also be constructed as
escribed for X.

In this work the blank of system has been assumed an inter-
erent (Z) in order to eliminate blank bias error [23].

. Experimental

.1. Apparatus

A Perkin-Elmer Lambda 45 UV–vis spectrometer was used
or recording absorbance spectra. Absorption measurements at
max wavelength were performed using a Shimadzu UV-mini-
240 V spectrophotometer with 1-cm quartz cells (0.5 mL). A
etrohm pH meter (model 713) with a combined glass elec-

rode was used for pH measurements. A centrifuge with 10-mL
alibrated tubes (Superior, Germany) was used to accelerate the
hase separation process. All calculations in the computing pro-
ess were done in Matlab 6.5 and Microsoft Excel for windows.

simple program was written for this purpose in Matlab 6.5.

.2. Reagents

All the solutions were prepared using reagent grade sub-
tances and triply distilled water. A 1.000 g L−1 stock solution
f Be2+ was prepared in 0.10 mol L−1 sulfuric acid using
eSO4·4H2O (Merck). A 1.000 g L−1 stock solution of Al3+

as prepared using Al(NO3)3·3H2O (Merck). Working solu-
ions were prepared by appropriate dilution of the stock solution
very day. A 4.0 × 10−4 mol L−1 CAS solution was prepared
y dissolving an appropriate amount of CAS (Merck) in water.
riton X-114 stock solution (1% v/v) was prepared by dissolv-

ng 1 mL of concentrated solution (Merck) in hot distilled water.
0.15 mol L−1 iodide solution in water was prepared. A 0.1%

TAB solution in water was prepared. Acetate buffer solution of
H 6 was prepared from 0.5 mol L−1 acetic acid and 0.5 mol L−1

odium acetate solutions.

.3. Procedure

.3.1. Individual calibration
An aliquot of the solution containing 50–400 ng of

eryllium ion or 30–1000 ng of aluminum ion, 0.9 mL of
.0 × 10−4 mol L−1 CAS solution, 2 mL of pH 6 acetate buffer
olution, 1 mL of 0.15 mol L−1 iodide solution and 1 mL of
.1% (w/v) CTAB solution was transferred into a 10-mL tube.

he solution was diluted to approximately 9 mL with water and
llowed to stand for 10 min in room temperature. Then 1 mL
f 0.10% (v/v) Triton X-114 solution was added and made up
o the mark with water. Separation of two phases was acceler-

a
c
t
i
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ted by centrifugation for 5 min at 3000 rpm. The aqueous phase
as easily decanted by simply inverting the tube. The surfac-

ant rich phase of this procedure was dissolved and diluted to
.5 mL with the mixture of acetonitril/pH 6 acetate buffer (4:1)
nd transferred into a 0.5-mL quartz cell. The absorbance spec-
rum of the solution was recorded and stored in the range of
50–750 nm.

The blank solution was submitted to the same procedure and
ts spectrum was recorded and stored.

.3.2. Mean centering of ratio spectra
A calibration graph for beryllium is obtained by recording

nd storing the spectra of standard solutions containing different
oncentrations of Be(II) and using Al(III) and blank spectra. The
tored spectra of the solutions of Be(II) are divided by standard
pectrum of Al(III) according to Eq. (2). Then mean centering of
hese vectors with respect to wavelength are obtained according
o Eq. (3) After that residual vector is divided by MC(αBlank/αAl)
orresponding to the MC of the ratio of the spectra of blank and
l(III) according to Eq. (4). The minimum or maximum of the
ean centering of later vectors with respect to wavelength is

sed for the construction of calibration graph for Be(II). For
he prediction of concentration of Be(II) in synthetic ternary

ixtures and real samples the same procedure was used except
hat the spectra of the mixture were used instead of the spectra
f standard solution of Be(II).

For construction of calibration curves for Al(III), the stored
pectra of the standard solutions of Al(III) are divided by stan-
ard spectrum of Be (II) according to Eq. (2). Then mean
entering of these vectors with respect to wavelength are
btained according to Eq. (3). After that residual vector is
ivided by MC(αBlank/αBe) corresponding to the MC of the ratio
f the spectra of blank and Be(II) according to Eq. (4). The min-
mum or maximum of the mean centering of later vectors with
espect to wavelength is used for the construction of calibration
raph for Al(III). For the prediction of concentration of Al(III)
n synthetic ternary mixtures and real samples the same proce-
ure was used except that the spectra of the mixture were used
nstead of the spectra of standard solution of Al(III).

. Results and discussion

Triphenylmethane dye Chrom Azurol S (3′′-Sulfo-2′′,6′′-
ichloro-3,3′-dimethyl-4-hydroxyfuchsone-5,5′-dicarboxylic
cid, trisodium salt; (CAS)) reacts with beryllium and alu-
inium to form the anionic complex Be(CAS)2 and Al(CAS)3

5,6,23]. Surfactants can interact with dye and/or the metal–dye
omplex as an individual molecule or aggregates. For example,
ationic surfactants react by ion pair formation with the anionic
e(CAS)2 and Al(CAS)3 to form a ternary complex involving

urfactant monomers.
The absorption spectra of Al(III) and Be(II) complexes with

AS are shown in Fig. 1. As Fig. 1 shows, the spectra of the CAS

nd the complexes overlap with each other, and therefore each
ompound interferes in the spectrophotometric determination of
he others. But simultaneous determination of Al(III) and Be(II)
s possible by using mean centering of ratio profiles.
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In the same way, the absorption spectra of the standard solu-
ig. 1. The ordinary spectra of a 5 × 10−5 mol L−1 CAS solution (1), its com-
lexes with 25 ng mL−1Be2+ (2) and 70 ng mL−1Al3+ (3) at pH 6 after CPE.

.1. Optimization of the system

To take full advantage of the procedure, the reagent con-
entrations and reaction conditions must be optimized. Various
xperimental parameters were studied in order to obtain
ptimized system. These parameters were optimized by setting
ll parameters to be constant and optimizing one each time.

In order to find the optimum conditions, the effect of pH on
he spectrum of a constant concentration of each complex was
nvestigated. Although there was no significant changes in the
pectra of Be(II) and Al(III) complexes with CAS in the pH
ange 3–8, but the results showed that the pH of 5 and 6.5 gives
he highest sensitivity for determination of Al(III) and Be(II),
espectively. In order to have a moderate sensitivity, pH 6 has
een selected as the suitable one for simultaneous analysis of
e(II) and Al(III).

Effect of CAS concentration on the extraction and determi-
ation of beryllium was investigated in the range 2.0 × 10−6

o 1.1 × 10−5 mol L−1. The sensitivity of the method increased
y increasing CAS concentration up to 9.0 × 10−6 mol L−1 and
ecreased at higher concentrations. It was expected that increas-
ng CAS causes an increase in absorbance because increasing
n CAS concentration caused an increase in Be(CAS)2 and
l(CAS)3 concentration. At concentrations higher than
.0 × 10−6 mol L−1 the concentration of complex did not
hange significantly but the concentration of uncomplexed CAS
ncreases significantly. Therefore, much probably decrease of
bsorbance at concentrations higher than 9.0 × 10−6 mol L−1

ecreases is due to this fact that the free CAS competes with
he complexes in extraction to surfactant rich phase. A con-
entration of 9.0 × 10−7 mol L−1 of CAS was selected as the
ptimum.

Effect of CTAB concentration on the extraction and deter-
ination of beryllium and aluminum was investigated in the

ange 0.003–0.03% (w/v). The amount of the absorbance for
ample increased by increasing in CTAB concentration up to
.01% (w/v) and remained constant at higher concentrations.
herefore, 0.01% (w/v) CTAB was chosen as the optimum.

Effect of Triton X-114 as a co-extraction agent in CPE pro-

edure was also investigated in the range 0–0.02% (v/v). The
bsorbance of the complexes was increased by increasing Triton
-114 and remains constant in the range upper than 0.01(v/v).

t
t
t
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herefore, a concentration of 0.01% (v/v) Triton X-114 was
elected for further works.

As described above, addition of salt can cause cationic sur-
actant solutions to separate into immiscible surfactant-rich and
urfactant-poor phases. Therefore, iodide was added to induce
icelle growth and extraction of complex. The effect of iodide

oncentration was studied in the range 0.002–0.02 mol L−1. The
esults showed that at zero point the micellization process does
ot take place and the amount of �A is zero. Addition of
.002 mol L−1 iodide sufficed for maximum extraction of the
omplex and the signal remained constant at higher concentra-
ions. A concentration of 0.015 mol L−1 iodide was selected for
urther works.

Effect of time on the reaction and also on the CPE procedure
as investigated. The results showed that complexation reac-

ions were completed in 10 min. Also a 10 min centrifugation at
000 rpm was found to be enough for successful CPE.

In order to select the proper dilution solvent for the surfactant-
ich phase, different solvents were tried so as to select the one
roducing the optimal results regarding sensitivity. A mixture
f pH 6 buffer solution with different solvents was used. As the
omplexes did not form in pure solvent buffer solution was added
o the solvent to provide proper conditions for complex forma-
ion. Among methanol, ethanol, DMF, acetone and acetonitril
he last one (acetonitril) gave the best results due to high sensi-
ivity and low overlapping of spectra of components. Therefore,
mixture of acetonitril/pH 6 acetate buffer (4:1) solution was

dded to surfactant-rich phase after CPE in order to facilitate its
ransfer into spectrophotometric cell. A 0.3 mL acetonitril/pH

acetate buffer (4:1) was chosen in order to have appropri-
te amount of sample for transferring and measurement of the
bsorbance of the sample and also a suitable preconcentration
actor. Therefore, a preconcentration factor of 20 was archived
sing the proposed method.

.2. Mean centering of ratio spectra

The absorption spectra of the standard solutions of Be(II)
ith different concentrations were recorded in the wavelength

ange of 350–800 nm (Fig. 2a) and divided by the normalized
pectrum of the Al(III) and the ratio spectra were obtained. Mean
entering (MC) of the ratio spectra were obtained in the range
65–590 nm. After that these vectors (MC of ratio spectra) were
ivided by MC(αBlank/αAl) corresponding to the MC of the ratio
f the normalized spectra of blank and Al(III) and second ratio
pectra (according to Eq. (4)) were obtained. MC of these vectors
as obtained (Fig. 2b). The amount of Be(II) was determined by
easuring the amplitude at 570 nm corresponding to a maximum
avelength in the MC of second ratio spectra as shown in Fig. 2b.
or the prediction of concentration of Be(II) in synthetic ternary
ixtures and real samples the same procedure was used except

hat the spectra of the mixture were used instead of the spectra
f standard solution of Be(II).
ions of Al(III) with different concentrations were recorded in
he wavelength range of 350–850 nm (Fig. 3a) and divided by
he normalized spectrum of the Be(II) and the ratio spectra
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ig. 2. The zero order spectra of different concentrations of beryllium (a) and
C of their ratio spectra obtained with according to Eq. (3) (b).

ere obtained. Mean centering (MC) of the ratio spectra were
btained in the wavelength range of 370–445 nm. After that these
ectors (MC of ratio spectra) were divided by MC(αBlank/αBe)
orresponding to the MC of the ratio of the normalized spectra of
lank and Be(II) and second ratio spectra (according to Eq. (4))
ere obtained. MC of these vectors was obtained (Fig. 3b). The

mount of Al(III) was determined by measuring the amplitude
t 380 nm corresponding to a maximum wavelength in the MC
f second ratio spectra as shown in Fig. 3b. For the prediction
f concentration of Al(III) in synthetic ternary mixtures and real
amples the same procedure was used except that the spectra of
he mixture were used instead of the spectra of standard solution
f Al(III).
Table 1 summarizes the analytical characteristics of the opti-
ized method, including regression equation, linear range, limit

f detection and limit of quantification (LOQ). Because the
mount of analytes in10 mL of sample solution is measured

s
A
T
g

able 1
nalytical characteristics of the optimized method

nalyte Wavelength (nm) Calibration equationa R2 (N = 8)

e 570 Y = 0.0153C + 0.01 0.9956
l 380 Y = 0.0726C − 0.1142 0.9934

C is the concentration of analyte in ng mL−1.
ig. 3. The zero order spectra of different concentrations of aluminum (a) and
C of their ratio spectra obtained with according to Eq. (3) (b).

fter preconcentration by CPE in a final volume of 0.5 mL,
he solution is concentrated by a factor of 20. The improve-

ent factor, defined as the ratio of the slope of the calibration
raph for the CPE method to that of the calibration graph in
icellar media without preconcentration, was 40.3 and 33.4 for
l(III) and Be(II), respectively. The limit of detection, defined

s CL = 3SB/m [24], where CL, SB, and m are the limit of detec-
ion, standard deviation of the blank and slope of the calibration
raph, respectively, was 0.98 and 0.52 ng mL−1 for Be(II) and
l(III), respectively.
The limit of quantification, defined as CQ = 10SB/m [24],

here CQ is limit of quantification was 3.27 and 1.73 ng mL−1

or Be(II) and Al(III), respectively.
In order to obtain the accuracy and precision of the method,

everal synthetic mixtures with different concentration ratios of

l(III) and Be(II) were analyzed using the proposed method.
he results are given in Table 2. The prediction error of a sin-
le component in the mixtures was calculated as the relative

Linear range/ng mL−1 LOD/ng mL−1 LOQ/ng mL−1

5–40 0.98 3.27
3–100 0.52 1.73
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Table 2
Results for several experiments for analysis of Be–Al binary mixture by mean
centering of ratio spectra

Taken/ng mL−1 Found/ng mL−1 Recovery (%)

Be Al Be Al Be Al

5 3 5 3.2 100 106.6
10 10 10.1 10.3 101 103
10 10 10.4 9.5 104 95
25 3 25.4 2.8 101.6 93.3
25 70 25.5 70.4 102 100.6
30 40 30.7 40.6 102.3 101.5
30 50 30.5 49.1 101.7 98.2
40 50 39.5 50.5 98.8 101
40 25 40.1 25.4 100.2 101.6
15 100 14.5 100.4 96.7 100.5

Mean recovery 100.8 100.1
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Table 3
Tolerance ratios of diverse ions on the determination of 10 ng mL−1 of Be2+ and
10 ng mL−1 of Al3+

Ion Tolerance limit/ng mL−1

Na+, K+, NH4
+, Br−, Cl−, NO3

−, SO4
2−,

CO3
2−, Mg2+, Ca2+, ClO3

−
5000

Cd2+, Co2+, Cu2+, Mn2+, Fe2+, Pb2+, Zn2+,
V(IV), Zr(IV), Mo(VI), Fe3+, V(V)

5000a

PO4
3−, F−, Citrate 200

a After removing as described in text.

Table 4
Determination of Al(III) and Be(II) added to water samples by the mean center-
ing of ratio spectra

Sample Amount
added/ng mL−1

Amount
found/ng mL−1

Recovery (%)

Al(III) Be(II) Al(III) Be(II) Al(III) Be(II)

Tap water 15.0 25.0 15.5 25.2 103.3 100.8
30.0 40.0 29.9 40.2 99.7 100.5
40.0 70.0 40.1 70.0 100.3 100.0

Well water 20.0 10.0 19.5 10.2 97.5 102.0

0
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l
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R

.S.E. signal (%) 1.65 1.04

.S.Et total (%) 1.21

tandard error (R.S.E) of the prediction concentration [25]:

.S.E.(%) =
⎛

⎝
ΣN

j=1(Ĉj − Cj)
2

ΣN
J=1(Cj)2

⎞

⎠

1/2

× 100 (6)

here N is the number of samples, Cj the concentration of the
omponent in the jth mixture and Ĉj the estimated concentration.
he total prediction error of N samples is calculated as follows:

.S.E.t(%) =
⎛

⎝
ΣM

i=1Σ
N
j=1(Ĉij − Cij)

2

ΣM
i=1Σ

N
J=1(Cij)2

⎞

⎠

1/2

× 100 (7)

here Cij is the concentration of the ith component in the jth
amples and Ĉij its estimation. Table 2 also shows the reasonable
ingle and total relative errors for such system.

To check the repeatability of the method, five replicate resolv-
ng of Al(III) and Be(II) in their binary mixtures were performed.
he relative standard deviation (R.S.D.) for five replicate deter-
inations of binary mixtures containing 70.0 ng mL−1 of Al(III)

nd 25.0 ng mL−1 of Be(II) was obtained as 2.85 and 2.41%,
espectively. The mean recoveries for simultaneous determina-
ion of these species in binary mixtures were obtained as 98.8
nd 101.8% for Al(III) and Be(II), respectively.

.3. Selectivity

In order to study the selectivity of the proposed method, we
ested the effect of various cations and anions on the preconcen-
ration and determination of a mixture of 10 ng mL−1 of Be2+

nd 10 ng mL−1 of Al3+ by the proposed method under the opti-
um conditions. The results are summarized in Table 3. The

olerance limit was defined as the concentration of added ion
hat caused less than ±3% relative error. The ions Cd2+, Co2+,

u2+, Mn2+, Fe2+, Pb2+, Zn2+, V(IV), Zr(IV), Mo(VI), Fe3+ and
(V) interfered at 50 ng mL−1. The interfering effects of Cd2+,
o2+, Cu2+, Mn2+, Fe2+, Pb2+, Zn2+, V(IV), Zr(IV), Mo(VI) up

o 5000 ng mL−1 were completely removed by the addition of
40.0 20.0 40.2 19.9 100.5 99.5
60.0 30.0 60.0 30.2 100.0 100.7

.5 mL of 0.1% EDTA solution. The interfering effects of Fe3+

nd V(V) up to 5000 ng mL−1 were completely removed by the
ddition of ascorbic acid to the solution.

.4. Application

The proposed method was successfully applied to the deter-
ination of aluminum and beryllium ion in water samples. The

esults are shown in Table 4. The recoveries are close to 100%
nd indicate that both proposed methods were helpful for the
etermination of these cations in the real samples.

. Conclusion

The proposed procedures give selective, very sensitive, and
ow-cost spectrophotometric procedure for simultaneous anal-
sis of beryllium and aluminum that can be applied to real
amples. The surfactant has been used for preconcentration of
eryllium and aluminum, and thus toxic solvent extraction, has
een avoided. Mean centering of ratio spectra has been used
o obtain pure analyte response free from absorbent reagent
lank. To the best of our knowledge this is the first report on the
loud point extraction for simultaneous analysis of beryllium
nd aluminum.
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bstract

A simpler UV–vis spectrophotometric method was investigated for hydroquinone (HQ) determination using KMnO4 as oxidizing agent for
onversion of HQ to p-benzoquinone (BQ) as well as signal enhancer. Various parameters such as analytical wavelength, stability time, temperature,
H, solvent effect and interference of chemicals were checked and parameters optimized by using 1 �g ml−1 standard solution of HQ. Beer’s Law
as applicable in the range of 0.07–2 �g ml−1 and 0.005–0.05 �g ml−1 at 245.5 nm and at 262 nm for aqueous standard solutions of HQ with linear
egression coefficient value of 0.9978 and 0.9843 and detection limit of 0.021 �g ml−1 and 0.0016 �g ml−1 HQ, respectively. Standard deviation of
.7% and 2.4% was true for 1 �g ml−1 and 0.03 �g ml−1 HQ solution (n = 11) run at respective wavelengths. The method was successfully applied
o dilute waste photographic developer samples for free HQ determination.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydroquinone (HQ) is used as a developer in black and white
hotography, an antioxidant for fats and oils, a polymerization
nhibitor, a stabilizer in paints, varnishes, motor fuels, oils, an
ntermediate for rubber processing chemicals in the production
f mono and dialkyl ethers and as de-pigmenting agent [1].

Besides its positive and beneficial utilization, it bears some
armful and toxic aspects as well, which may produce seri-
us health complications due to its release especially in water
nd air from mentioned and other sources. The possible health
roblems include irritation of skin, eyes, nose and throat, dizzi-
ess, headache, unconsciousness, tinnitus, breathing difficulties
nd others [2]. It has also been reported as a nephrocarcino-
enic reagent [3]. According to other report [4] mononuclear
ompounds such as benzene metabolites, caffeic acid and o-
oluidine should express their carcinogenicity through oxidative

NA damage.
Various authors [5–7] have determined HQ by various

echniques such as high performance liquid chromatography

∗ Corresponding author. Tel.: +92 22 2771379; fax: +92 22 2771560.
E-mail address: drsiraj03@hotmail.com ( Sirajuddin).
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T
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n

HPLC), gas chromatography–mass spectrometry (GC–MS)
nd voltammetry [8,9] in different types of samples. Colori-
etric analysis of small amount of HQ in styrene has also been

eported [10]. Spectrophotometric determination of HQ has also
een cited elsewhere [11–14]. All the workers employing these
echniques have tried to modify sensitivity of the method after
ptimization of the relative parameters.

Each of the above methods for HQ determination is however,
omewhat complicated, costly and more hazard producing due
o utilizing many expensive and toxic materials and reagents.
n contrast, our newly developed method is very fast, simple,
conomical and environmental friendly. Moreover, it has lower
etection limits, better sensitivity and better application range
or dilute aqueous samples where matrix effect minimizes the
nterfering effect of ions or reagents.

. Experimental

.1. Instrumentation
Spectrophotometric analysis of HQ was performed with
Lambda 2 UV–vis spectrometer of Perkin-Elmer company.

emperature related observations were carried out with the help
f a controlled temperature Water Bath, Model, GMBH D-7633,
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ulabo HC5, Germany, to which was attached a double wall flow-
ype cell having a thermometer dipped in the test tube containing
he analyte solution.

.2. Reagents and solutions

Analytical grade HQ and potassium permanganate of E.
erck (Germany) were used for most of preparations. Other

hemicals and salts used in this study were also of analytical
rade with greater than 99% purity purchased from different
opular companies. Preparation of solutions and final washings
f all glassware were performed with doubly distilled water.
resh solutions of HQ with required strengths were prepared
ach day for routine work.

.3. Procedure

According to procedure, after optimization studies a standard
Q solution was prepared by taking first 0.3 ml of 0.0001 M
MnO4 solution in a 10 ml volumetric flask. To this was then

dded appropriate volume of HQ from a 100 �g ml−1 solution of
Q, shaken thoroughly and made to the mark with doubly dis-

illed water. Same procedure was repeated for preparing blank
ut without HQ. The instrument was set at zero in air with appro-
riate range and the absorbance of HQ solution was read at
45.5 nm against the blank put in the reference compartment.
he diluted samples of waste photographic developer solution
ere similarly treated and the unknown concentration of HQ
etermined from calibration plot.

. Results and discussion

HQs are thermodynamically less stable at neutral pH than
he corresponding quinones (Qs) [15]. In a buffered aqueous
olution, HQ is slowly oxidized to BQ via a semiquinone (SQ)
adical [16]. The same is true for HQ by a Cu(II)-mediated oxi-
ation to corresponding SQ radicals which are then oxidized
o p-benzoquinone [4] leading to DNA damage according to
ollowing mechanism (Fig. 1).

Fig. 1. Conversion of HQ to BQ with Cu(II)-mediation.

The same type of conversion is true for other metal ions capa-
le of oxidizing HQ to BQ via SQ formation. Being a strong
xidizing agent, KMnO4 has tremendous capability of oxidizing
Q to BQ in the same fashion as true in case of Cu(II), however

he role of Mn(VII) in DNA damage has not been reported so far.

Fig. 2 describes the conversion of 1 �g ml−1 aqueous HQ

nto HQ (λmax, 288 nm), SQ (λmax, 222 nm) and BQ (λmax,
45.5 nm) in the absence and presence of KMnO4 solution. It is
vident from the figure that after dissolution of HQ in water, the

S
u
o
K

ater without KMnO4 and (b), (c) and (d) BQ (245.5 nm) in presence of 0.1,
.5 and 1.0 �M KMnO4, respectively.

ormation of SQ radical occurs which is due to photo-oxidation
f HQ. BQ is also formed but after a very long time [17].

For aqueous solution of 1 �g ml−1 HQ, the absorption spec-
ra of SQ increases with subsequent appearance and increase in
Q spectrum while that of HQ decreases in the presence of 0.1
nd 0.5 �M KMnO4 solution. As soon as the concentration of
MnO4 reaches to 1 �M or more, the spectra of HQ and SQ are
early completely transformed into a single spectrum of BQ.
t means that KMnO4 addition leads to catalytic oxidation of
Q into a final product BQ at 245.5 nm. The BQ absorption at

his wavelength (245.5 nm) was confirmed by spiking the BQ
olution to aqueous solution of HQ free of KMnO4. The same
avelength of 288 nm has been described [18] for HQ deter-
ination in reversal first developer. The wavelength of 248 and

90 nm has been described by Jiahai et al. [19] for BQ and HQ,
espectively. Their quoted values are a little bit higher due to pH
alue of 2.9 they used for recording the UV spectra.

This conversion of HQ into BQ was taken as the basis for
ltra-trace determination of HQ in aqueous solutions where the
ormation of yellowish solution is responsible for absorption
n UV region due to catalytic oxidation of the HQ into BQ
y KMnO4. In other words the HQ is determined at the cost
f BQ formation. The formation of yellow colored solution
s the indication of BQ formation. Moreover, the conversion
f HQ into BQ brings structural changes from benzenoid to
uinoid ring according to chromophore theory [20]. HQ has
lso been determined by HPLC in air as BQ after oxidation on
permanganate-impregnated glass–fiber filter, trapping BQ on

n XAD-2 adsorbent and desorbing it with acetonitrile [21].
From Figs. 1 and 2, a possible proposed mechanism for con-

ersion of HQ into BQ via SQ can be worked out for Mn(VII)
f KMnO4 as shown in Fig. 3.

It is clear from Fig. 2 that before adding KMnO4 the formation
f HQ into SQ takes place but no BQ is formed. It means that
Q formation from HQ can occur in the presence of O . After
2
sing KMnO4 up to 0.5 �M there is an increase in the spectrum
f SQ with subsequent decrease in that of HQ. It means that
MnO4 enhances the conversion of HQ into SQ. So it proves the
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Fig. 3. Proposed mechanism for conversion of HQ into SQ and BQ.

articipation of permanganate in the first step which oxidizes HQ
nto SQ. The formation of spectrum of BQ after continuous use
f permanganate from 0.1 to 0.5 �M proves its role in conversion
f HQ into BQ via SQ. Further use of permanganate solution up
o 1 �M or greater speeds up conversion of HQ into BQ at such a
ate as the SQ radical formation seems absent. With still further
ddition of the former the spectrum of HQ also disappears and
he spectrum of BQ dominates. This proves the involvement
f Mn(VII) of permanganate for oxidation of HQ into BQ with
ubsequent reduction of Mn(VII) into lower state. The reduction
f Mn(VII) into lower state is also evident from the lowering
nd the disappearance of Mn(VII) spectrum which is present at
ower concentration of analyte in a range of 400–500 nm. The
ole of O2 in second step is not essential but can assist Mn(VII)
or its catalytic action. According to literature [22], a significant
ortion of Mn is reduced to Mn(II) by reaction with HQ.

.1. Optimization of parameters

Among the parameters which are often crucial for accurate
nalysis are pH, time for color development, stability of color,
olvent composition and order of adding reagent.

.2. Optimization of analytical wavelength

In the absence of interferences, the wavelength chosen for
quantitative determination is the wavelength of maximum

bsorbance. Sometimes the adding coloring reagent may absorb
ery close to the same region where the determining substance
oes. To avoid big errors in the wavelength (λmax) of the species,

t is essential to use a reagent which gives zero absorption at

aximum absorbance value for analyte [23]. (Fig. 4) describes
he absorbance of 1 �g ml−1 HQ solution as BQ at different
avelengths after 5 min mixing with 10 �M KMnO4 solution.

Fig. 4. Change of absorbance with wavelength.
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It is evident that maximum absorbance of 0.23 occurs at
wavelength of 245 nm. However, the actual central value of

45.5 nm was chosen as λmax which is nearly same as reported
arlier [19].

.3. Optimization of mixing amount of KMnO4 solution

The effect of adding various amount of KMnO4 solution on
bsorbance of 1 �g ml−1 HQ solution is given in Fig. 5. Obser-
ations were made after 5 min mixing of the two solutions at
max value of 245.5 nm.

Fig. 5. Effect of KMnO4 addition on absorbance of HQ.

It is seen that the maximum absorbance of 0.35 occurs in the
resence 15 and 20 �M solution of KMnO4 but the concentra-
ion of 3 �M KMnO4 solution showing an absorbance of 0.24
as taken as optimum amount for further study because a cali-
ration plot check of HQ in case of former solution did not result
n better absorbance value at lower HQ concentration. Although
t is clear that the volume of 15 �M KMnO4 is sufficient enough
o make the reaction first order in favor of 1 �g ml−1 HQ but it
roduces poor response at lower HQ concentration. This may
e due to re-oxidation of lower state Mn ions to higher state by
he formed BQ and conversion of later to SQ because SQ spec-
ra were observed after addition of greater amount of KMnO4.
owever, at lower concentration (3 �M KMnO4 solution) such
roblem does not exist due to limited amount of Mn present.
ccording to literature [24], application of a higher KMnO4

oncentration would facilitate the determination of analyte in
higher concentration range. A reverse behavior of formation

f SQ with subsequent formation of HQ and hydroxyl-HQ from
Q by a metal in lower state such as Fe(II) has also been reported
arlier [25] where no complex formation was reported between
e(III) formed and BQ. Chemiluminescence study for deter-
ination of HQ [26] and chemiluminescence combined with
PLC for simultaneous determination of catechol, resorcinol,
Q and 1,2,4-benzenetriol [27] have also been reported by using

ts oxidation properties with the system sulfuric acid–potassium
ermanganate.
.4. Effect of order of adding reagent

As mentioned earlier, order of adding reagent plays very
mportant role in accuracy of results and peak enhancement.
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n the present study it was observed that the addition of
.3 ml of 0.0001 M KMnO4 (to make 3 �M KMnO4 solution)
o 1 �g ml−1 HQ solution (taken as 0.1 ml from 100 �g ml−1

Q) and dilution with water up to 10 ml resulted in a lower
bsorbance value. Taking the water first and adding KMnO4 and
Q also gave poor absorbance value. The greatest absorbance
alue was observed when we first took 0.3 ml of 0.0001 M
MnO4 then added HQ solution (from 100 �g ml−1 HQ stan-
ard solution) with thorough mixing and diluting this to 10 ml
ark with doubly distilled water. Such studies have also been

arried out by other workers [28].

.5. Optimization of time for development of stable color

In UV–vis spectrophotometry the main problem is the insta-
ility of the absorbance value. The researchers try to choose
proper time for the formation of a stable colored complex or

hromophore as the case may be to assign stability to the process
nd get maximum absorbance value for a particular analyte.

Keeping in view the above point, the effect of time on
bsorbance of 1 �g ml−1 HQ solution in the presence of 3 �M
MnO4 solution was checked at 245.5 nm from 1 to 60 min and

he results are presented in Fig. 6.

Fig. 6. Dependence of absorbance on mixing time.

It is evident from figure that the solution is quite stable within
he range studied. However, 2–5 min after mixing was chosen as
ptimum time for further study so that one could prepare, mix
nd process the solution according to his analytical skill. The
table color development in lesser time is due to tremendous
xidizing power of KMnO4 for conversion of HQ into BQ. In
omparison to our results, an optimum time of 3 min for color
evelopment in case of HQ and catechol each and 13 min in case
f resorcinol (including 10 min after addition of other reagents
lus 3 min after addition of coloring reagent) has been reported
or getting maximum absorbance values [11].

.6. Temperature optimization
Tells about the effect of temperature on absorbance in the
ange of 10–60 ◦C for 1 �g ml−1 HQ solution at previously
ptimized parameters (Fig. 7).

g
a
l
t

Fig. 7. Effect of temperature on absorbance.

It is seen that at lower and very higher temperature value
he absorbance is enhanced while in the range of 20–45 ◦C it
s lower. At lower temperature of 10 and 15 ◦C the increase
n absorbance may be due to the condensation of water vapors
rom surrounding air and/or adsorption of analyte on the wall
f the quartz cell while at higher temperature of 50–60 ◦C it
ay be due to evaporation of solvent particles which increases

he concentration of analyte. In order to avoid the variation in
oncentration and hence absorbance of analyte by the mentioned
ffects, 25 ◦C was chosen as optimum temperature for further
tudy. The effect of temperature on absorbance of resorcinol,
atechol and HQ has also been studied [11] in a range of 5–40 ◦C,
here 25 ◦C has been selected as optimum temperature.

.7. Solvent effect

It was aimed to check the better combination of a polar sol-
ent with aqueous solution of HQ containing optimum amount
f KMnO4 so that the method could also be applied for water
nsoluble samples such as creams, gels, etc. after HQ extrac-
ion, which could then be mixed with the aqueous solution. The
ffect of various solvents with different volumes was thus inves-
igated on the absorbance of 1 �g ml−1 HQ (as BQ) after mixing
ith aqueous solution of HQ per 10 ml in 3 �M KMnO4 and the

esults are given in the Table 1.
It is obvious from the data that 2-propanol is the best sol-

ent with minimum or no effect on the absorbance of analyte
nd can thus be used in combination with aqueous HQ solution
ontaining optimum amount of KMnO4. So this solvent can be
mployed for determining HQ in the water insoluble samples
uch as creams, gels, etc. after extracting it and mixing with
ater.

.8. Effect of acidic and basic solutions

The effect of adding various amounts of 0.1 M of various
trong and weak acids and bases on the absorbance of 1 �g ml−1

Q solution per 10 ml at already optimized conditions has been
tudied and the results are shown in Table 2.

It is evident from the table that 0.1 M NaOH produces the

reatest % effect of −54.2% with the sole shift of λmax to 257 nm
fter addition of its 1 ml volume to HQ solution. However, its
ower amount produces very little effect. This may be its compe-
ition at higher concentration with KMnO4 for oxidizing HQ to
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Table 1
Effect of mixing amount of various polar solvents to aqueous solution of 1 �g ml−1 HQ per 10 ml

Solvent Volume (ml) Absorbance Effect (%)

Methanol
0.01 0.23 −04.2
0.10 0.18 −25.0

Ethanol
0.01 0.16 −33.3
0.10 0.16 −33.3

2-propanol
0.01 0.24 ±00.0
0.10 0.23 −04.2

N-dimethyl formamide
0.01 0.14 −41.7
0.10 0.12 −50.0

Table 2
Effects of various volumes of acid/base per 10 ml on absorbance of 1 �g ml−1 HQ solution

Acid/base (0.1 M) Volume of acid/base (ml) Effect (%) pH of HQ solution λmax (mid point) (nm)

HCl
0.1 −25.0 3.0 245.5
1.0 −04.2 2.2 245.5

CH3COOH
0.1 −50.0 4.0 245.5
1.0 −25.0 3.6 245.5

NH3
0.1 +8.3 9.1 245.5
1.0 0.0 9.3 245.5

N
4.2

54.2
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of HQ into BQ via SQ radical formation and this seems to be
always realistic since small amounts of BQ are present even in
thoroughly purified HQ samples. However, it is seen that there
is no UV spectrum in the BQ absorption region (243–247 nm).

Table 3
Interference effect of various salts during HQ determination

Salt added Added chemical
−1

Interference
aOH
0.1 −
1.0 −

Q because according to a report [29] auto-oxidation of HQ to
Q is pH dependent, occurring very rapidly at alkaline pH to pro-
uce a brown color but very slowly in acidic solution. The effect
f −25.0% by 0.1 ml of 0.1 M HCl and −25.0 and 50.0% by 0.1
nd 1 ml of 0.1 M CH3COOH may be due to the reducing effect
f these acids on KMnO4 whose capacity of converting HQ to
Q is thus reduced hence resulting in reduced absorbance value.
owever, the little negative effect of −4.2 by addition of greater
olume of 1 ml of 0.1 M HCl may be due to inhibition of reducing
ffect and hence resuming of the oxidizing properties of KMnO4
s is true in most cases. There is an effect of +8.3% on absorbance
f analyte in case of 0.1 ml NH3 addition, however its higher con-
entration has no effect. The slightly greater effect after NH3
ddition may be due to its efficiency of accepting protons to
orm NH4

+ ions from acidic HQ to help it in its rapid and more
nhanced conversion into BQ by KMnO4 assisted oxidation of
Q. The greater amount of 0.1 M NH3 may produce some hin-
rance to this effect by provision of some electrons to Mn(VII) to
onvert it to lower state and slowing its capacity for conversion
f HQ to BQ, however, not much enough to minimize it.

.9. Interference study

The percent interference effect of various chemicals used in
hotographic developer (D-76) solution on 1 �g ml−1 HQ solu-
ion containing 3 �M KMnO4 at 25 ◦C is listed below. The values

re according to the proposed mixing ratio of these chemicals
n the mentioned solution [18] (Table 3).

It is evident from the table that the interference effect is within
he acceptable limit of ±5% for all the interferents present in a

M
N
N

10.0 245.5
11.0 257.0

aste photographic solution. This study can be compared with
he interference study carried out elsewhere [9] who studied the
ffect of same compounds as we did. However, in that case, the
nterference was studied in more acidic solution using cyclic
oltammetry while we conducted the study by using UV–vis
pectrometry in less acidic solution. Such studies of various
nterfering agents for the analysis of HQ and related compounds
ave also been reported in another citation [11].

.10. Calibration plots

HQ can be determined at a concentration ≥1 �g ml−1 in any
reshly prepared aqueous solution without using any reagent
n the basis of UV absorption at λmax, 288 nm as HQ or at
max, 222 nm as SQ. UV spectra and calibration plots based
n such criteria are shown for 1–10 �g ml−1 freshly prepared
queous solution of HQ in Fig. 8. As reported earlier [15] at least
races of BQ are necessary to start the process of auto-oxidation
(�g ml ) (%)

etol (para-(methylamino)phenol) 0.4 +4.2
a2SO3 20.0 +4.2
a2B4O7 0.4 −4.2
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ig. 8. HQ determination as HQ at 288 nm and as SQ at 222 nm in water.

his is due to the presence of BQ at ultra-trace level (below its
etection limit).

For older aqueous samples containing HQ one must take care
f formed BQ after long time where HQ cannot be determined
s HQ or SQ as described in Fig. 8.

For increasing rate of auto-oxidation of HQ, a suitable oxi-
izing agent or transition metal ion with higher oxidation state
uch as Cu2+ or Fe3+ [30] has been used. This is essential for
etermination of HQ at lower concentration. So HQ must be
onverted to BQ after addition of proper amount of oxidant to
et a single UV spectrum of BQ rather than taking two spectra.
his overcomes possible errors due to increase or decrease in

Q and/or HQ spectral height with time in the absence of strong
xidant.

Fig. 9 shows the linear calibration plot of HQ at the
xtent of BQ formation versus absorbance at optimum amount

ig. 9. Calibration plots of standard HQ solutions, (A): 0.07–2 �g ml−1 and (B):
.005–0.05 �g ml−1.
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3 �M) KMnO4 solution in the range of 0.07–2 �g ml−1 and
.005–0.05 �g ml−1 HQ at 245.5 and 262 nm having linear
egression coefficient value of 0.9978 and 0.9843 with detec-
ion limit of 0.021 �g ml−1 and 0.0016 �g ml−1, respectively.
he standard deviation of 1.7% and 2.4% was obtained for
�g ml−1 and 0.03 �g ml−1 solution of HQ (n = 11) at former
nd later wavelength, respectively.

In case of lower calibration range of 0.005–0.05 �g ml−1

Q, it was observed that initially there was no well-organized
V spectrum for ≥0.05 �g ml−1 HQ processed by the method
escribed in the experimental section. But when the solution
f analyte was thoroughly shaken for 40 s with 10 s interval
fter each 10 s shaking (optimized for 0.03 �g ml−1 HQ but
ot shown) in Teflon caped 3/4th filled quartz cell, then cap
emoved and UV spectrum taken after putting it in the sample
ompartment with blank in the reference compartment, the peak
f analyte appeared with a shift in λmax, from 245.5 to 262 nm
ith a changed shape. This shift may be due to the conversion
f formed BQ to some other metabolite with mixed characters
f ortho, meta and para BQ because the spectra of catechol
nd resorcinol were observed in the range of 271–277 nm after
ddition of KMnO4 solution. However, this transformation was
esponsible for setting the lowest calibration range and lower
etection limit of 0.0016 �g ml−1 for HQ determination. One
ossibility of absorption at 262 nm may indicate the formation of
-hydroxy-1-4-BQ absorbing above 250 nm [31] which is possi-
le due to excessive shaking of analyte solution for incorporation
f OH ion from water to BQ in the presence of oxygen. However
uch transformations have not been reported in the literature.

These results are better than the range of 0.05–1.2 �g ml−1

nd detection limit of 0.008 �g ml−1 observed [11] and upper
nd lower ranges of 0.28–0.54 �g ml−1 and 0.04–0.18 �g ml−1,
espectively with the detection limits of 0.007 �g ml−1 HQ as
eported [13] using spectrophotometric method.

HQ was also determined in higher concentration ranges,
–10 �g ml−1 and 5–10 �g ml−1 as HQ and SQ, respectively
fter treating with 3 �g KMnO4 solution as shown in Fig. 10.

ig. 10. HQ as HQ at 288 nm and as SQ at 222 nm after treating with 3 �M
MNO4 solution.
This determination of HQ is more feasible than that shown in
ig. 8 because in this case the errors of increase or decrease in
oncentration of HQ or SQ does not occur and remains constant
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Table 4
Analysis of HQ in waste photographic developer samples by newly investigated method

Sample no. HQn=11 (�g ml−1)

New method Reported method

Observed value (Df = 10,000) Actual value Observed value (Df = 500) Actual value

1 0.01600 ± 0.00047 160.00 ± 4.70 0.3100 ± 0.0074 155.00 ± 3.70
2 0.02100 ± 0.00034 210.00 ± 3.40 0.4100 ± 0.0054 205.00 ± 2.70
3 0.02400 ± 0.00034 240.00 ± 3.40 0.4800 ± 0.006 240.00 ± 3.00
4 0.02600 ± 0.00054 260.00 ± 5.40 0.5100 ± 0.0087 255.00 ± 4.35
5 0.01000 ± 0.00020 100.00 ± 2.00 0.2100 ± 0.0067 105.00 ± 3.35
6 0.03300 ± 0.00040 330.00 ± 4.00 0.6800 ± 0.0121 340.00 ± 6.05
7 0.01100 ± 0.00013 110.00 ± 1
8 0.00900 ± 0.00020 90.00 ± 2

Values expressed as, 95% confidence limits; n, no. of replications; Df, dilution factor
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ig. 11. Spectrum of 10,000-fold diluted waste photographic developer sample.

ue to the presence of sufficient amount of BQ in the medium. So
his could be applied for determining HQ at higher concentration
ange.

.10.1. HQ determination in photographic developer
olutions

Fig. 11 shows the UV spectrum of a representative sample
f 10,000-fold diluted waste photographic developer solution at
ptimized conditions by the currently developed method.

The shape of the UV spectrum and λmax of the sample are
dentical to that of lower range 0.005–0.05 �g ml−1 HQ shown
n Fig. 9(B).

Table 4 gives the comparison between average results of
arious waste developer solutions from photographic shops by
urrent method (10,000 times diluted samples) and reported
ethod [11] (500 times diluted samples) within average range of

.009–0.033 �g ml−1 and 0.18–0.68 �g ml−1 HQ, respectively.
he results are presented as 95% confidence limits, μ [32] by

he following equation:

= x̄ ± t

(
s√
)

n

here x̄, t, s and n represent mean, Student’s distribution
oefficient, standard deviation and number of replications,
espectively.
.30 0.2100 ± 0.0034 105.00 ± 1.70

.00 0.1800 ± 0.0040 90.00 ± 2.00

.

After calculations, the actual concentration of HQ in the bulk
amples ranges from 90 to 330 �g ml−1 in case of current method
nd 90–340 �g ml−1 in case of reported method. The closeness
f values obtained by two methods proves that the validity of
resent is quite better and more promising due to its highly
eproducible results with extended ranges of application and
ower detection limits.

. Conclusions

Using KMnO4 as reagent for conversion of HQ to BQ and
nalysis of the former at the extent of formation of the later is
ery useful for analysis of HQ at ultra-trace level. It is a very
ood example of redox reaction and may be employed in sit-
ation involving useful oxidation products of such types. This
ethod has a clear edge over other methods employing expen-

ive and/or hazardous reagents. Moreover, the lower detection
imit achieved by this method which is not possible by other
ethods can be helpful for presence and source investigation of
Q at ultra-trace level especially in environmental monitoring

trategies. Such reaction can also be employed for DNA damage
tudies in the bacterial cells and others where these studies are
onsidered important.
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bstract

The acid-catalysed esterification of myristic acid with isopropanol was studied by using near-infrared spectroscopy (NIR) in combination with
oft-modeling curve resolution (MCR) methodology with a view to establishing the effect of experimental variables on the reaction kinetics. The
eaction was conducted at temperatures above the boiling point of the alcohol, with continuous addition of an isopropanol/water mixture to the
eactor. Spectral and concentration profiles were determined by applying soft-modeling curve resolution methodology to a column-wise augmented
ata matrix containing the spectra for the pure components. MCR profiles were compared with reference values and found to depart from then by
ess than 3% as %RSE for concentrations and to exhibit correlation above 0.999 for spectra.

The reaction kinetics as estimated from the concentration profiles was found to be pseudo-first-order. Also, the pseudo-first-order rate constant
as found to depend on the flow-rate of the isopropanol/water mixture and its water content; although the constant decreased with increase in
he proportion of water, a content of ca. 15% could be used without important retarding effects on the kinetics. The proposed NIR-MCR method
llows the rate constant and the influence of the initial water content to be determined with a view to minimizing consumption of the raw materials
nd optimizing the experimental conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The esters of fatty acids and lower alcohols are usually
btained by direct esterification of the acid or transesterification
f natural oils with an alcohol, at a relatively high temperature.
he low boiling point of the alcohol requires using tempera-

ures below such a point, high pressures in order to increase it or
dding the alcohol continuously during the reaction if substan-
ial losses through evaporation are to be avoided. Continuously
dding the alcohol requires using a considerably overstoichio-

etric amount of this reactant and produces a large volume

f alcohol/water distillate that must be recovered for subse-
uent use. However, the reuse of distillates containing much

∗ Corresponding author.
E-mail address: marcel.blanco@uab.es (M. Blanco).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.046
ements; Monitoring; Optimization

ater decreases the final yield to a great extent by displacing
quilibrium and altering the rate of the main reaction:

–COOH + R′ − OH � R − COO − R′ + H2O

It is therefore essential to determine the effect of the water
ontent on the reaction rate and yield. By monitoring the reac-
ion, one can identify the variation pattern of the composition of
he reaction mixture in order to optimize the reaction time, alco-
ol consumption and distillate reuse, all with a view to reducing
onsumption of the alcohol and production of waste.

In this work, we studied the esterification at a high temper-
ture (130 ◦C) of myristic acid with isopropanol – the latter of

hich was slowly added – and p-toluenesulphonic acid as cat-

lyst to obtain isopropyl myristate and water. The water was
istilled together with residual isopropanol, the two forming an
zeotrope of boiling point 80.4 ◦C with a water content of 12.3%.
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Esterification reactions under homogeneous catalysis are
sually second-order in the acid (Ac) and alcohol (Al):

= −d[Ac]

dt
= k · [Ac][Al] (1)

In the presence of a large excess or a constant understoichio-
etric amount of alcohol, however, the reaction kinetics can be

pproximated to a pseudo-first-order law for the acid [1,2]:

= −d[Ac]

dt
= k′ · [Ac] (2)

here

′ = k · [Al] (3)

q. (2) can be expressed in integral form as

n [Ac] = Ln [Ac]0 − k′ · t (4)

here k′ is the pseudo-first-order rate constant, which depends
f various experimental variables including temperature, and
he water content and rate of addition of the alcohol, and can be
eadily determined from a plot of Ln [Ac] versus time.

Although this type of esterification reaction under acid catal-
sis [1–3] has been the subject of several studies, monitoring the
rocess entails withdrawing a large number of samples from the
eaction mixture and performing an also large number of anal-
ses. Near infrared spectroscopy (NIR) [4] provides a practical
ool for monitoring chemical processes [5–9]; in combination
ith multivariate calibration techniques such as multivariate

urve resolution-alternating least squares methodology (MCR-
LS) [10], it allows the concentration profiles for the reactants

s a function of time to be obtained from spectral information
or the process and little additional external information [11].

. A brief introduction to multivariate curve resolution
MCR)

In multivariate curve resolution-alternating least squares
MCR-ALS), the spectral data matrix, D (I × J), is resolved into
he product of a concentration matrix, C (I × N), and a spectrum

atrix, S (N × J), according to:

= CST + E (5)

here E (I × J) is the residual matrix which contains all infor-
ation not explained by matrices C and ST; being I the number

f samples, J the number of wavelengths and N the number of
ompounds in the samples. Eq. (5) can be resolved iteratively by
sing alternating least squares methodology. The process starts
ith the initial estimation of matrix C or S, each iteration pro-
ucing a refined estimate, and is stopped when the difference
etween the root mean square error,

MS =
√∑

i

∑
je

2
ij (6)
n

etween two consecutive iterations falls below a preset thresh-
ld, being eij the residual between two consecutive iterations for
ample i at wavelength j.

i

(

72 (2007) 519–525

The goodness of fit of the resulting model was assessed in
erms of the percent calculated variance between the estimated

matrix (calculated as C·ST) and the original D matrix:

Var =
∑

i

∑
jd̂

2
ij

∑
i

∑
jd

2
ij

× 100 (7)

Because of rotational and intensity ambiguity [12], this multi-
ariate methodology cannot provide a unique solution. In order
o reduce the number of potential solutions and solve Eq. (5)
ccurately, computations are done under non-negativity, uni-
odality or closure constraints [10]. Augmenting the data matrix
ith the spectra for absorbing species involved in the reaction

11,13] and/or introducing quantitative values (concentration
alues) in the iterative process [10] as equality constraints, also
elps suppress ambiguity.

By assuming the physico-chemical conditions between
atches (such as temperature, or initial molar ratio) to remain
onstant, one can predict the analyte concentrations at any time
uring it [12] for new batches. To this end, one must first calcu-
ate the pseudo-inverse of the ST matrix obtained by MCR-ALS:

= (ST)
+

(8)

here the plus sign denotes pseudo-inverse. The concentrations
orresponding to any new spectrum or matrix can be calculated
ia matrix P:

pred = s · P (9)

here s denotes the spectrum for a new sample.

. Experimental

.1. Apparatus and software

Esterification processes were conducted in a LabMax Mettler
oledo laboratory reactor that was governed via the software
amile Tg 3.06 from Sagian Inc. The instrument allows the

eactor, jacket and distillation temperatures, and the stirring and
eactant addition rates, to be controlled (Fig. 1).

NIR in-line transflectance spectra were recorded on a
OSS NIRSystems 5000 spectrophotometer equipped with an
ptiProbeTM analyser module allowing in-line spectra in the

egion 1100–2498 nm to be recorded by using a fiber-optic probe
mmersed in the reaction mixture. NIR at-line transflectance
pectra were recorded on a FOSS NIRSystems 6500 spectropho-
ometer equipped with an RCA module in the same region as
he in-line spectra. Both spectrophotometers were governed via
he software Vision v. 2.51.

Multivariate curve resolution-alternating least squares com-
utations were done by using the software GUIPRO [14,15] as
mplemented in Matlab v. 7 [16].

.2. Catalysed esterification of myristic acid with

sopropanol

The raw materials for the reaction were myristic acid
Uniqema, ICI Spain, 98–100% pure, AV 244–248 mg
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Fig. 1. Schematic draw

OH/g), isopropanol (Uniqema, ICI Spain, 99.5% pure) and
-toluenesulphonic acid (50% in water). All processes were
onducted in the LabMax reactor and according to the follow-
ng procedure: under a continuous stream of N2, the reactor
as loaded with 500 g of acid and heated to the reaction

emperature (130 ◦C), after which the catalyst (2.6 g) was incor-
orated and addition of the isopropanol/water mixture at a
ate of 0.5 g/min started—by exception, a rate of 1 g/min was
sed in process 7. The water content in the mixtures ranged
rom 0 to 25%. Table 1 summarizes the characteristics of each
rocess.

At intervals of roughly 60 min, 2–3 g samples of the reac-
ion mixture were withdrawn in order to quantify unreacted
cid by titration with 0.1 M KOH in ethanol and aliquots of
he distillates were used to determine the composition of the
sopropanol–water mixture by NIR spectroscopy. The process

as monitored for about 700 min (before completion of the ester-

fication process); by exception, process 4 had to be stopped after
80 min due to experimental problems.

able 1
xperimental data for the eight processes conducted in the LabMax reactor

rocess Water in
Al (%)

Al (g/min) Unreacted
acid (%)

Total time
(min)

0 0.5 4.2 753
5 0.5 7.3 771

10 0.5 23.3 582
15 0.5 20.9 768
20 0.5 33.9 756
25 0.5 38.7 711
10 1.0 7.6 636

0 0.5 8.0 714
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f the lab-scale reactor.

.3. Recording of NIR spectra

Fig. 1 depicts the reactor used; as can be seen, the probe was
laced far from the isopropanol and nitrogen inlets, and close
o the stirrer, in order to ensure homogeneity in the mixture
nd facilitate the removal of any nitrogen bubbles potentially
ormed. Transflectance spectra were recorded at 3 min intervals
y using a light path of 0.4 mm (2 mm × 0.2 mm), each spec-
rum being the average of 32 scans over the wavelength range
100–2498 nm with a resolution of 2 nm.

.4. Processing of experimental data

Spectral data were subjected to the multiplicative scatter
orrection (MSC) treatment in order to suppress scatter. A
aseline-offset correction was also used in order to exclude neg-
tive spectral values and facilitate application of the spectral
on-negativity constraint in the MCR-ALS calculations.

Experimental matrices were subjected to rank analysis by
sing singular value decomposition (SVD) methodology; both
ingular values and the profile of the corresponding eigenvectors
ere considered in determining ranks.
MCR-ALS methodology was applied to the individual data

atrix augmented (column-wise) with the spectra for the pure
omponents (myristic acid, isopropyl myristate and isopropanol)
sed as the initial estimates prior to the ALS iterative process.
he sole equality constraint used during the iterative process was

he concentration of the pure myristic acid scaled to 1, which

llowed the MCR-ALS concentration profiles to be correctly
caled. All calculations were done under the non-negativity con-
traint in both spectral and concentration profiles.The goodness
f the results was determined by comparing the concentration of
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nreacted acid by MCR-ALS (ŷ) with that obtained by titration
ith KOH (y) in order to calculate the relative standard error,

RSE =
√∑n

i=1(ŷi − yi)2

∑n
i=1y

2
i

(10)

nd root mean square error (RMSE),

MSE =
√
∑n

i=1(ŷi − yi)2

n
(11)

here n is the number of samples.

. Results and discussion

Fig. 2a shows the NIR spectra for myristic acid, isopropanol
nd isopropyl myristate. The most important differences
etween the spectra lie in the 1800–2200 nm region, where the
cid absorption is virtually constant in the 1900–2100 nm region,
ith a slight increase between 2100 and 2200 nm. Isopropanol

nd the ester exhibit a band peaking at 2088 and 2136 nm, respec-
ively. The acid and ester also exhibit some differences in the
300–2500 nm region that are due to combination bands of C–H
onds. Fig. 2b shows the variation of the NIR spectra during a

eaction process; the spectral variation is due to the disappear-
nce of myristic acid and formation of an equivalent amount of
ster.

ig. 2. (a) Spectra for the pure compounds involved in the reaction. Solid line:
yristic acid; dash line: isopropyl myristate; dash-dot line: isopropanol. (b)
pectra for the evolving components. Arrowheads indicate temporal variation.
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.1. Application of multivariate curve resolution
ethodology

The MCR study was conducted on the first six processes
hown in Table 1. For each data matrix, which contained the
IR spectra recorded in each process, we estimated the math-

matical range (number of chemical components that could be
xtracted from the data) by examining the corresponding eigen-
alues and eigenvectors, using singular value decomposition
SVD) methodology. The first four SVD eigenvalues for pro-
ess 1 were 3.5 × 106, 283, 1.4 and 0.7—those for the other
rocesses were similar in magnitude. Since the fourth eigenvalue
as less than 1, the number of significant chemical components
as 3. Applying MCR required the significant components to
e previously identified; myristate ester and myristic acid were
learly two such components, and isopropanol or water might
e the third. The alcohol was added in a continuous manner and
he water, which was added in the mixture with the alcohol or
roduced in the reaction, was removed by distillation (the reac-
or temperature was 130 ◦C), so its concentration was very low
hroughout the process. An MCR-ALS computation with the
our components and a data matrix augmented with four spectra
n order to offset the rank deficiency allowed the methodology
escribed in Section 3.4 to provide the concentration profiles
or the four components. The concentration profile for water
as near-zero, which suggests a very low concentration of this

omponent in the reaction medium—much lower than that of
sopropanol; also, the MCR concentration profile for myristic
cid was inconsistent with the concentration determined by titra-
ion, with errors (%RSE) of 15% for processes 4–6 (viz those
nvolving the highest water contents in the isopropanol–water

ixture, and hence the highest concentration of water in the
eaction medium). Therefore, water was not a significant com-
onent of the reaction medium, so the three components finally
hosen for the MCR-ALS study were myristic acid, isopropyl
yristate and isopropanol.
With three components, MCR-ALS was implemented by

ugmenting the spectral matrix for the process with the spec-
ra of the three pure compounds for processes 1–6. The variance
ccounted for was 100% and the coefficient of determination,
2, of the spectral profiles estimated for each process using the
orresponding spectra for the pure compounds exceeded 0.999,
n all six cases; this testifies to the good fitting of the spectral
ata. As can be seen from the concentration profiles of Fig. 3,
yristic acid and isopropyl myristate evolved virtually inversely.
n the other hand, the isopropanol concentration was always

ow (0.5–2% depending on the particular process) and increased
lightly as the reaction developed in some cases by effect of this
eactant being continuously added to the medium and the net
eaction rate decreasing with time.

Fig. 3 compares the concentration profile for myris-
ic acid with its reference concentrations as determined by
itration—which were not used in the calculations; as can be

een, the two were quite consistent. As can be seen from Table 2,
he %RSE and RMSE values obtained from the MCR and titra-
ion data were accurate—by exception, process 1 gave some
purious results that were ascribed to inappropriate standardiza-
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ig. 3. MCR–ALS estimated concentration profiles for processes 1–6. Solid lin
oncentrations obtained by titration.

ion of the KOH solution. The goodness of fit of the MCR-ALS
esults is reflected in the high correlation between the MCR spec-
ral profiles and the spectra for the pure components (R2 = 0.99),
nd also in the low %RSE values for the concentration
rofiles.

.2. Estimation of kinetic constants

A plot of the natural logarithm of the MCR concentration
rofile for the acid as a function of time, Eq. (4), was used to
alculate the reaction rates for processes 1–6. As can be seen
rom Fig. 4, the reaction profiles obtained during the first four
ours fitted a pseudo-first-order law. Linearity was very good

n the six processes—the correlation coefficient of the least-
quares fit exceeded 0.997 in the six. The interval from 18 to
2 min in process 5 was excluded owing to oscillations in the
pectral recording possibly caused by the presence of bubbles in

able 2
orrelation, relative standard error and root mean square error between
CR–ALS and reference values for the myristic acid concentration

rocess Concentration

R2 %RSE RMSE

0.9996 7.2 0.034
0.9998 2.3 0.010
0.9992 3.1 0.017
0.9997 2.7 0.014
0.9997 1.8 0.010
0.998 2.1 0.012

M
T
(
c
a

T
K

P

1
2
3
4
5
6

k

ristic acid; dash line: isopropyl myristate; dash-dot line: isopropanol; (©): acid

he light path. Table 3 shows the slope values (k′) obtained, which
ecreased with increasing water content in the isopropanol mix-
ure.

Constant k can be calculated by applying Eq. (3), where [Al]
s the alcohol concentration in the reaction medium. Assuming
hat we do not know the alcohol concentration in the reaction

edium, we can estimate it as the average of the concentra-
ion profile obtained by MCR-ALS for this compound. Also, in
rder to check whether the isopropanol MCR-ALS values were
ccurate, we analysed 7 samples from processes 1 and 7 by
as chromatography. The average concentration (g/g) by chro-
atography for process 1 was 0.97 × 10−2 (1.03 × 10−2 with
CR) and that for process 7 was 1.66 × 10−2 (2.14 × 10−2 with
CR); therefore, the average MCR values were quite accurate.
able 3 lists k′, average isopropanol concentrations and k values
k = k′/[Al]) for each process. The k values obtained for pro-
esses 2–5 were very similar to one another, which confirm the
ccuracy of the proposed methodology for estimating reaction

able 3
inetic data for processes 1–6

rocess Water (%) k′ (×103 min−1) [Isopropanol]
(×103 mean)

k (min−1)

0 3.16 ± 0.03 10.3 ± 0.5 0.31
5 2.63 ± 0.02 12.4 ± 0.6 0.21

10 2.24 ± 0.03 11.4 ± 0.7 0.20
15 2.11 ± 0.01 9.4 ± 0.3 0.22
20 1.66 ± 0.04 7.3 ± 0.3 0.23
25 1.61 ± 0.02 5.2 ± 0.3 0.31

′ and [isopropanol] include confidence interval (95%)
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decreased as the reaction completed. The distillates obtained
at the end of the process can be directly reused untreated as
feed mixtures in subsequent processes; those collected at an
Fig. 4. Plot of Ln [myristic] vs. time fo

onstants; spurious estimates of k as seen for processes 1 and
could be caused by deviations in the estimated isopropanol

oncentration.

.3. Study of the esterification process

Once concentration profiles and kinetic data were obtained,
he process was evaluated in terms of yield and reaction rate
s a function of the proportion of water in the alcohol mixture.

comparison of the concentration profiles of myristic acid in
ig. 3 reveals that the reaction rate decreases and the profile
ppears to level off at a higher asymptote, all of which results
n a decreased reaction yield. The effective rate constant (k′,
able 3) halved from pure isopropanol to a mixture contain-

ng 20% water, the decrease being only 35% in the presence
f less water (15%). Therefore, reusing distillates with substan-
ial water contents is industrially viable, albeit at the expense
f a decreased reaction rate and yield. This requires the knowl-
dge of the composition of the distillates during the reaction,
hich was monitored by NIR spectroscopy here. Previously, a
LS calibration model was constructed from 21 laboratory sam-
les containing 50–100% isopropanol (and 0–50% water) at 5%

ntervals. The calibration models for isopropanol and water were
onstructed from second-derivative values, using two PLS fac-
ors over the wavelength range 1100–2498 nm for isopropanol
nd 1350–2150 nm for water. The %RSE between the predicted

F
(

cesses 1–6. Solid line: regression line.

nd reference values for the 21 calibration samples was 0.6% or
sopropanol and 1.5% for water.

Fig. 5 shows the variation of the isopropanol concentration
n the distillates of processes 1, 2, 4 and 6; as can be seen,
t increased with time, to the level in the mixture fed to the
eactor. This can be ascribed to an increased esterification rate
uring the first few minutes of the process that subsequently
ig. 5. Concentration of isopropanol in distilled samples from process 1 (�), 2
�) 4 (�) and 6 (�).
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ig. 6. MCR–ALS estimated concentration profiles for processes 3 and 7. Solid
ine: myristic acid; dash line: isopropyl myristate; dash-dot line: isopropanol.

arly stage, however, must previously be re-distilled in order to
oncentrate the alcohol.

One other way of increasing the reaction rate with reused
istillates is by increasing the rate of addition of isopropanol.
n order to assess the effect, we applied MCR-ALS methodol-
gy to a process involving an increased rate of addition of the
lcohol-water mixture (process 7, addition rate = 1 g/min) and
ompared the resulting profiles with those for process 3, which
as conducted at 0.5 g/min; both used a feed mixture containing
0% water. As can be seen from the concentration profiles of
ig. 6, the increased addition rate resulted in an increased reac-

ion rate and in decreased acid concentrations. Experimentally,
ncreasing the addition rate raises the isopropanol concentra-
ion in the medium, and hence the reaction rate. This approach
ntails increasing the volume of isopropanol–water distillate and
eactant consumption as a result. Thus, the proportion of unre-
cted acid at the end of process 7 (7.6%) was similar to that for
rocess 2 (7.3%); however, the amount of isopropanol–water

ixture consumed in process 7 was roughly twice that used in

rocess 2.
The ability to predict the concentration profiles for new pro-

esses allows their monitoring in real time. Thus, by using Eqs.

ig. 7. Predicted concentration profiles for process 8. (—) myristic acid; (- -)
sopropyl myristate; (-.-) line: isopropanol; (©): acid concentrations obtained
y titration.
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8) and (9) in combination with the estimated spectral profiles
or process 1 (that shows the high reacted acid), we obtained
he concentration profiles for process 8, which was not used in
revious calculation. Fig. 7 shows the resulting concentration
rofiles and the acid concentrations obtained by titration; as can
e seen, the fit was similarly good to that of Fig. 3 (%RSE = 6.8).

. Conclusions

The application of soft-modeling MCR-ALS methodology to
n-line NIR data allows estimating the variation of the reactant
oncentrations from spectra recorded during the process; the sole
ource of external information is the pure spectra of the species
nvolved in the reaction. This avoids the need to withdraw and
nalyse samples of the reaction mixture in order to elucidate
he kinetics of the process and/or develop calibration models.
ur results in terms of %RSE and RMSE are as good as those
rovided by other chemometric calibration techniques such as
LS or PCR, with the advantage that the proposed alternative

nvolves less laboratory work.
Estimating kinetic constants from MCR concentration pro-

les allows one to establish the effect of experimental variables
n the reaction rate and yield; also, the information thus obtained
llows one to take steps towards minimizing consumption of raw
aterials and optimizing parameters such as temperature or the

ate of addition of the reactants. Although its industrial imple-
entation would require a previous upscaling study at a pilot

lant, the process methodology has proved viable for monitoring
ndustrial processes.
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bstract

A single and sensitive spectrophotometric method for chloride ions determination based on a commuted flow system with a 100 cm optical path
ow cell and a solid-phase reactor containing immobilized silver chloranilate was proposed. This procedure exploited the AgCl formation in the
olid-phase reactor leading the chloranilate ions, monitored spectrophotometrically at 530 nm. The analytical signals were 75-fold higher and the
ensitivity was 12-fold than that achieved with a 1 cm flow cell, allowed a chloride determination in the 0.5–100 mg l−1 range. The R.S.D. was

.1% (n = 20) with a sample throughput of 80 h−1 and a waste generated of ca. 100 ng of chloranilate ions per determination. Four samples of
atural waters from São Carlos and Araraquara cities were evaluated using the proposed method. Results agreed with the obtained by a reference
ethod at the 95% confidence level.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental-friendly analytical procedures are in demand
or today’s analytical chemistry. The new concept of “green
hemistry” concerns the development of methods using non-
oxic chemicals, with smaller amounts of reagent and hence less
aste generated. Moreover, a high throughput analysis with a
igh degree of automation and portability is required [1].

In this way, spectrophotometric procedures coupled with
ommuted flow system can be improved by increasing the mea-
urement optical path [2–7]. These procedures are based in the
se of liquid-core waveguides in which the light propagation
s constrained within a liquid medium with a higher refractive
ndex than the surrounding material [2,3]. This strategy allowed
he attainment of detection limits in the nanomols per litre range

or determination of iron [2,4], chromium(VI) and molybde-
ium(VI) [5], nitrate and nitrite [6] and phenols [7] in natural
aters.

∗ Corresponding author at: PO Box 676, 13560-970 São Carlos, SP, Brazil.
el.: +55 16 3351 8098; fax: +55 16 3351 8350.
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oranilate

Chloride is one of the most widespread analytes and its
etermination using simple, fast and sensitive methods is
ecessary in different types of samples. Spectrophotometric
rocedures developed for chloride determination have been
ased in the reaction between mercury(II) thiocyanate and
hloride leads the displacement of thiocyanate yielding an
ntensely colored complex of Fe(III) [8]. Although several
rocedures reported [9,10], these methods have some unfa-
orable analytical characteristics like the use of a high Hg(II)
oncentration, not desirable from the viewpoint of green
hemistry.

The application of various metal chloranilates for the
pectrophotometric determination of chloride and other ions
as already been investigated using silver [11], mercury(II)
12,13] and barium chloranilates [14]. In this paper, a flow-
njection method for the spectrophotometric determination of
hloride ion in natural waters, using a solid-phase reactor
ith immobilized silver chloranilate, exploiting commuta-

ion and a 100 cm optical path flow cell is presented. The

mmobilization of silver chloranilate is based on the physical
ntrapment of the reagent via polymerization reactions of lin-
ar polystyrene chains. This procedure is simple and quick to
repare.
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Fig. 1. Flow diagram of the system for determination of chloride ion in nat-
ural water: P, peristaltic pump; C, water carrier (2.0 ml min−1); S, sample
(2.0 ml min−1); V1 and V2, three-way solenoid valves; R, solid phase reactor
with immobilized silver chloranilate; B, reaction coil (50 cm); LP, long path-
length flow cell (100 cm optical path); D, spectrophotometer USB2000 (Ocean
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obtained with 1 and 100 cm optical path flow cells showed a
ptics); W, waste. Dashed lines represent the flow paths when the valves are
witched on.

. Experimental

.1. Apparatus

The flow injection assembly is depicted in Fig. 1. An Ismatec
PC peristaltic pump equipped with Tygon® tubes was employed
o propel the carrier and solutions. Two three-way solenoid
alves (Nresearch, 161T031) were used to commutation. A Pen-
ium 166 MHz equipped with an electronic interface (Advantech
orp. PCL-711S) was employed to control the commutation
evices. An extern power interface (12 V) was used to supply
he electric potential difference and electric current intensity
equired to drive the solenoid valves. Signals were measured
ith a multi-channel USB-2000 fiber-optic spectrophotometer
ith an LPC-FL flow cell with 100 cm optical path and ca. 280 �l

nner volume (Ocean Optics). Optical fibers were used to link
he tungsten–halogen radiation source to the detection system
hrough the flow cell. The software for system controlling was
eveloped in Visual Basic (Microsoft). Data acquisition and pro-
essing were made through an Ocean Optics software and a
entium 4 microcomputer.

.2. Reagents and solutions

All solutions were prepared with distilled and deionized water
nd analytical grade chemicals.

Silver chloranilate was prepared by dropwise addition of
.15 mol l−1 of silver nitrate (100 ml) to an aqueous solution
f 6.0 mmol l−1 chloranilic acid (1.5 l), followed by continuous
tirring for 24 h. The resulting precipitate, a dark violet-brown
owder, was filtered, washed with water and dried under vac-
um. This procedure was carried out on absence of light.

Single 200 mg l−1 stock solutions were prepared from NaCl,
aNO3, Na2CO3, NaHCO3, Na2SO4 and Na3PO4. Reference

olutions were prepared by appropriated dilutions.
.3. Immobilization of silver chloranilate

The immobilization of silver chloranilate was made using a
olyester resin solution (Resapol T-208, Resana, SP, Brazil) and

7
n
t
a

ta 72 (2007) 663–667

ethylethyl ketone (Ibere, Ramires and Cia, Taboão da Serra,
P, Brazil) as catalyst as described elsewhere [15,16].

Several ratios of polyester resin and silver chloranilate were
ransferred to a polyethylene flask and after manual homoge-
ization, 0.5 ml of the catalyst (methylethyl ketone) were added
nd stirred until an increase of viscosity. After 3–4 h, a rigid solid
as obtained, which was broken with a hammer and ground in a
ecnal mill (model TE 631/1, Piracicaba, SP, Brazil). The parti-
le size was selected by passing the pulverized material through
ieves with different mesh sizes.

The solid-phase reactors were prepared by packing ca.
50 mg of immobilized silver chloranilate particles size of
50–500 �m into PTFE tubings (2.0 mm i.d.) of different lengths
y means of suction with a syringe and fixed in the column
ith small pieces of glass wool. The solid-phase reactor was

nserted in the flow system between the valves and the reactor
oil.

.4. Flow system and procedure

The diagram of the system is shown in Fig. 1. In the
nitial status, the sample valve is switched off and the car-
ier solution controlled by the valve V1 is flowing through
he analytical path while sample solution is recycling to its
essel. Sample solution is introduced by switching on the
alve V2 for 1.5–3.5 s. In this step, the valve V1 is switched
ff and the carrier solution is recycled to its vessel. After-
ards, valves are switched off and data acquisition is started.
easurements were carried out at 530 nm. There are no trou-

les with memory effect caused by the remaining sample
ortion previously monitored, since the valve and the conflu-
nce were washed with the carrier solution after each sample
easurement.
The principle of this method is based on the following chem-

cal reaction:

2Cl−(aq) + Ag2Ch(s)

� 2AgCl(s) + Ch2−(aq) λ = 530 nm

here Ch2− represents the chloranilate anion.
Natural river an lake waters were collected in São Carlos and

raraquara cities, SP, Brazil, in polyethylene bottles and filtered.

. Results and discussion

.1. Preliminary studies

Several parameters had to be optimized in order to
chieve the optimal conditions to promote the AgCl formation
eleasing chloranilate ions spectrophotometrically monitored
t 530 nm.

A comparison between the absolute absorbance signals
5-fold increase. The increasing in the absolute absorbance sig-
al is lower than the theoretical value (100-fold) probably due
o radiation power attenuation after passing the solution through
100 cm optical flow cell.
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experimental conditions, a quantification limit of 0.5 mg l
(10 times the standard deviation of the blank/slope) and detec-
tion limit (3 times the standard deviation of the blank/slope) of
0.3 mg l−1 chloride can be obtained.

Table 1
System optimization for chloride determination

Parameter Evaluated range Selected value
V.G. Bonifácio et al. /

.2. Choice of carrier solution

One requirement for prolonged stability of the solid-phase
eactor is the low solubility of the immobilized reagent in the
olvent employed. Thus, the stability and variations of the peak
eight as function of the carrier solution were measured. The
esponse was examined in the presence of different carrier solu-
ions such as deionized water and 0.01 mol l−1 acetate buffer
olutions (pH 3.2–5.8). In these experiments were employed a
arrier and reagent flow rate of 1.7 ml min−1, sampling time
f 2.4 s, reactor coil length of 50 cm and a silver chloranilate
olid-phase reactor of 5.0 cm (2.0 mm i.d.).

Deionized water was selected as the optimum carrier solution
ue to the highest response, good reproducibility and long-term
tability of the reactor.

.3. Solid-phase reactor

The effects of the column length, particle size and internal
iameter on the performance of the solid-phase reactor contain-
ng silver chloranilate were studied. All columns tested were pre-
iously conditioned by passing the carrier solution 10 min before
tarting the first injection in order to minimize compaction of the
articles in the column. At least five injections were necessary
o obtain reproducible absorbance signals after the system was
tarted. Six different ratios of silver chloranilate/polyester resin
ere used in the preparation of the solid-phase reactors: 1:4, 1:3,
:2, 1:1, 2:1 and 3:1 (m/m). An increase of the sensitivity was
bserved with an increase of the silver chloranilate:polyester
atio up to (2:1) with the polyester solution used. Thus, a ratio
f 2:1 was adopted as being satisfactory.

The uniformity of the column packing affects the column
fficiency. Thus, selection of uniform particle size fractions is
esirable. The effect of particle size was studied in two size
anges (100–350 and 350–500 mm) selected by passing the par-
icles through known mesh sieves. The 100–350 mm particle
ize presented a highest absorbance signal, but the 350–500 mm
article size was chosen for further studies as a compromise
etween sensitivity and minimum difficulties of operating con-
itions (operation at lower hydrodynamic pressure).

The influence of the column length on the analytical sig-
al was studied in the 3–12 cm range at a carrier flow rate of
.7 ml min−1. Fig. 2 shows the absorbance signals obtained in
his study. Best results were obtained with the 10 cm column
ength. Beyond this length the absorbance decreased with the
ncrease of the column length, probably due to the dispersion of
he sample zone.

.4. Flow system

The flow system was designed exploiting the commutation
pproach in order to minimize the reagent consumption pro-
ucing effects on both reduction of effluent generation and

inimization in the contact time with the 100 cm optical path
ow cell. The effect of flow variables such as total flow rate, sam-
ling time and reactor coil length were investigated searching
he best compromise conditions among absorbance magnitude,

C
F
S
R

ig. 2. Effect of the column length on the analytical signal for 83 �l of 20 mg l−1

hloride solution (sampling time of 2.4 s at a flow rate of 1.7 ml min−1).

epeatability and sample throughput. Table 1 shows the ranges
tudied and the optimum values for each parameter.

The effect of the total flow rate was investigated in the range
f 0.8–3.3 ml min−1. It was found that the sensitivity decreased
ith the increase of the flow rate due to the decrease in the

ontact time between the sample zone and the silver chloranilate
articles into the solid-phase reactor. Nevertheless, a flow rate
f 2.0 ml min−1 was selected for the carrier stream in order to
btain a good repeatability and sample throughput.

The effect of the sampling time was investigated in the range
f 1.5–3.5 s. The absorbance signals increased with the increase
f the sampling time due to the higher volume of the chloride
olution. In this way, measurements were carried out with 2.5 s
ampling time (83 �l) for a best compromise between sensitivity
nd repeatability.

The influence of the reactor coil length was studied in the
0–120 cm range. The sensitivity decreased continuously with
ncreasing coil length, probably due to dispersion of the sample
one. Thus, a 50 cm reactor coil length was chosen for further
xperiments.

.5. Analytical features

The precision of the proposed method was tested by repeated
uns of 20 mg l−1 chloride solution. The R.S.D. was 1.1%
n = 20) with a sample throughput of 80 h−1. Under optimized

−1
olumn length (cm) 3–12 10
low rate (ml min−1) 0.8–3.3 2.0
ampling time (s) 1.5–3.5 2.5
eactor coil length (cm) 30–120 50
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Fig. 3. Typical transient signals for reference and sample solutions. On the left,
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Table 3
Determination of chloride in natural water samples

Sample Chloride (mg l−1) Relative
errora (%)

Official method Proposed method

A 15.1 ± 0.7 14.9 ± 0.2 −1.3
B 41.8 ± 0.4 43.2 ± 0.4 +3.3
C 26.8 ± 0.4 24.4 ± 0.3 −8.9
D
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c
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A

s shown a triplicate of reference chloride solutions of 0.5–100 mg l−1 range,
our water sample solutions (A, B C and D) and triplicate of reference chloride
olutions again. Experimental conditions reported on the Fig. 1.

Typical transient signals corresponding to a linear calibration
raph (100 cm cell) for chloride are shown in Fig. 3. Adopt-
ng the conditions recommended in Table 1, a linear response
r = 0.9997) within 0.5–100 mg l−1 (Abs = 0.0614 + 0.00989
Cl−], where Abs is the absorbance value and [Cl−] is a chlo-
ide concentration in mg l−1) with a detection limit of 0.3 mg l−1,
hloride was verified, which is suitable for chloride determina-
ions in natural water samples according to the limits established
y the CONAMA [17]. The sensitivity estimated by considering
he slopes of the analytical curves was 12-fold higher than that
chieved with a 1 cm flow cell, those allowed a chloride deter-
ination in the 5–50 mg l−1 range (Abs = 0.0678 + 0.000839

Cl−], with a detection limit of 2 mg l−1). In order to investi-
ate the selectivity of the proposed method, the effect of several
nions (SO4

2−, PO4
3−, CO3

2−, HCO3
−, NO2

− and NO3
−)

ere investigated by the analysis of 20 mg l−1 chloride reference
olution in the presence of these anions at a 10-fold and at the
ame chloride concentration (Table 2). None of these substances
aused significant interference in this method.

Additionally, the long-time stability of the column was
nvestigated measuring the absorbance of solutions containing
.5–100 mg l−1 chloride. The calibrations were done at regular

ntervals during an 8-h working period. The columns prepared
y the described procedure gave reproducible results after the
njection of at least 500 samples with a variation of 8–10% of
he analytical curve slope.

able 2
ffect of several anions by the analysis of 20 mg l−1 chloride reference solution

n natural water samples

nions [interferent]:[Chloride] % Interference

O4
2− 1:1 +3.8

O4
2− 10:1 +5.5

O4
3− 1:1 −3.1

O4
3− 10:1 −3.9

CO3
− 1:1 −0.7

CO3
− 10:1 +1.1

O3
2− 1:1 −1.2

O3
2− 10:1 +2.2

O3
− 1:1 −1.0

O3
− 10:1 −1.6

O2
− 1:1 −2.4

O2
− 10:1 −2.8

d
0
e
P

R

17.9 ± 0.6 18.4 ± 0.4 +2.8

a Relative error between proposed method vs. official procedure value [16].

.6. Application to natural waters

Table 3 shows the results for four samples of natural waters
rom São Carlos and Araraquara cities, SP, Brazil, using the
roposed method and the results obtained using the official stan-
ard method [18]. Appling t-test for paired data, it was found
hat all results are in agreement at the 95% confidence level and
ithin acceptable range of errors, confirming the precision and

ccuracy of the proposed method.

. Conclusion

In comparison to previously reported chloride determina-
ion procedures, the proposed method yielded better analytical
eatures associating the sensitivity, sample throughput, reagent
onsumption and toxic-waste production. The consumption of
hloranilate ions displaced from the solid phase reactor was of
a. 100 ng per determination. In this sense, a waste of ca. 70 �g
f chloranilate ions was generated for an 8 h working period.
lthough the proposed method is easy and very useful for the

apid determination of chloride in natural waters dispensing any
ample pre-treatment. The detection limit is suitable for deter-
ining chloride in natural waters, attending the requirements of

nvironmental controlling agencies.
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bstract

The photodegradation of phenol using TiO2 as catalyst was studied and monitored by fluorescence excitation–emission matrix (EEM). Hydro-
uinone, catechol and resorcinol were the dihydroxyderivative intermediates although in lower concentrations than phenol. The data were analyzed
sing a three-way multivariate curve resolution alternating least squares method (MCR-ALS) and augmented matrices. The procedure was assessed
sing synthetic samples prepared with a {4,3} Simplex-lattice design that considered a representative range of analyte concentrations. The results
ere analyzed in terms of overall RMSEP for the overall data set. A detailed study was made of how the analytes behaved at each concentration
evel and how the concentration of the other species affected the process. The method was used to quantify phenol in photodegradation samples with
n overall prediction error of 5.37%. The conversion values were fitted to pseudo first-order kinetics and the apparent rate constant was calculated
o be −4.9 × 10−4 ± 5.2 × 10−5 min−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Phenol is widely used in the chemical industry for various
urposes [1]. It is found in a wide range of effluents and has
direct or indirect effect on the ecosystem [2]. Photodegrada-

ion is one of the most effective advanced oxidation processes
or treating organic pollutants such as phenol [2–5]. Through
he process of degradation, phenol completely decomposes to
O2 and H2O following a mechanism of hydroxylation of the
romatic ring [1,2,6]. Hydroquinone, catechol and resorcinol
re the habitual intermediates although in lower concentrations
han phenol. The habitual methods of analysis usually involve
ime-consuming analytical procedures: for example, extraction

nd/or preconcentration, followed by such separation processes
s gas chromatography (GC) [6,7] or high performance liquid
hromatography (HPLC) [2].

∗ Corresponding author. Tel.: +34 977 559559; fax: +34 977 559563.
E-mail address: mariasoledad.larrechi@urv.cat (M.S. Larrechi).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.12.004
n–emission matrix

Phenolic compounds can be determined by molecular
uorescence, which is highly sensitive and has moderate selec-

ivity. However, in complex mixtures, spectral overlapping is
ften a serious drawback and separation techniques must be
sed before univariate spectrofluorimetric techniques can be
sed.

Collecting a two-dimensional total fluorescence spectrum,
nown as an excitation–emission matrix (EEM) spectrum,
ncreases selectivity. In EEM spectroscopy a total fluorescence
pectrum is obtained by systematically varying the excitation
nd emission wavelengths and collecting the resulting i × j data
atrix [8].
The principal advantage of EEM is that it can use potent,

ultiway deconvolution methods on all the available data to
ncrease the information content extracted from a data set.
his makes it possible to develop instrumentation that can

e applied in real time. In this field, JiJi et al. have devel-
ped a battery of instrumental methods that use fluorescence
pectroscopy and EEM for accurate remote, in situ, and field
creening for pesticides and PAHs in the environment [9,10].
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owadays, developing catalysts that can be used to degrade
rganic polluting agents and optimizing these processes is
subject of particular interest in the field of catalysis. The

egradation kinetics of a polluting agent and the yield of
he degradation process require the polluting agent to be
uantitatively determined. UV–vis spectrophotometry with uni-
ariate calibration is the common method for analysing organic
ollutants, but this methodology requires previous sample pre-
reatment. In the particular case of phenol photodegradation,
he analytical signal is largely caused by phenol but its hydrox-
derivatives – hydroquinone, catechol and resorcinol – also
ake a small contribution [1,6,11]. Obtaining the results in

his way, then, can lead to erroneous conclusions about the
eality of the process, particularly as far as quantification is
oncerned.

The present study is part of our research group’s general
bjective, which is to develop analytical methods based on EEM
nd curve resolution methods, and to find practical uses for
uantitative, in situ monitoring of photodegradation reactions
f organic pollutant agents such as phenol.

Parallel factor analysis (PARAFAC) [12–14] is one of sev-
ral methods for deconvoluting multiway data and has been used
y our research group to analyse phenol [11]. It assumes an
nderlying trilinear structure, and yields a single solution. How-
ver, the single profiles obtained are not necessarily the true
rofiles if the data set is not trilinear. This study discusses the
bility of another method for deconvoluting multiway data: mul-
ivariate curve resolution-alternating least squares (MCR-ALS)
15–17]. This method has some important features that differ-
ntiate it from other three-way data analysis methods. Firstly,
t can be used for three-way data with different data struc-
ures: trilinear and not trilinear. Methods which do not assume
rilinearity may provide more ambiguous solutions, although
hey are more flexible at modelling the profile shape. Sec-
ndly, it has a simple algorithmic implementation based on
atrix inversion. Thirdly, eigenvalue–eigenvector decomposi-

ion of the experimental data matrix is used to determine the
umber of independent contributions. And finally, it means that
everal constraints can be simply applied during the ALS opti-
ization with increasing reliability of the solutions obtained

18].
In the present study, synthetic mixtures were prepared

ith a {4,3} Simplex-lattice design [19] for quaternary mix-
ures so that they represented the concentration intervals of
he problem being studied. First, the ability of MCR-ALS
o resolve highly overlapped spectra was evaluated in terms
f overall prediction error (root mean square error of pre-
iction, RMSEP) for each analyte, and the effect of the
nalyte concentrations in the mixtures on the error. Next,
he phenol in the photodegradation process was quantified
sing TiO2 as catalyst. The results were fitted to a pseudo
rst-order kinetics so that the rate constant could be calcu-

ated.

The study of these concentration mixtures and the use of

henol degradation is a practical example that has not yet been
ocumented among the applications of MCR-ALS to spectro-
copic data.

R

w

72 (2007) 800–807 801

. Background

.1. Application of MCR-ALS to EEM data

MCR is based on a linear model that assumes the response
dditivity of all fluorescent components in the samples mea-
ured [20]. MCR-ALS is a flexible method which can be used
o analyze: (a) a single data matrix containing data recorded
hroughout an individual experiment, (b) a column-wise aug-

ented data matrix containing data recorded over several
xperiments or techniques, (c) a row-wise data matrix, and (d)
simultaneous column and row-wise augmented data matrix.

n excitation–emission fluorescence data, all the data matri-
es for the EEM spectra of each measured sample can be
ligned to one another to obtain an augmented data matrix [21].
oth excitation-wise and emission-wise matrix augmentations
re possible in fluorescence. In the excitation-wise augmen-
ation used here, the matrices are put on top of one other
nd the common excitation wavelengths are kept in the same
olumn. Using this resolution method, the excitation-wise (col-
mn wise) augmented data matrices are modeled with the
quation:

ex
aug = YaugXT + Eaug (1)

here Dex
aug is the excitation-wise augmented response data

atrix, Yaug the augmented matrix of emission spectra, XT the
ransposed matrix of excitation spectra and Eaug is the matrix
f residuals. The quantitative information is contained in the
elative intensities of the emission spectra Yaug.

.1.1. Rank analysis
Before the alternating least squares iterative process begins,

he number of compounds in a particular experiment (matrix) is
stimated. This is usually done by principal component analysis
PCA) [22] or singular value decomposition (SVD) [23,24]. It
s assumed that the variance explained by chemical compounds
s larger than noise variance and, therefore, that only larger
rincipal components will sufficiently explain the experimental
ata.

In this study, we estimated the rank analysis of the data
atrices (augmented matrices) by SVD and used the indicator

roposed by Malinowski [25] to determine the number of sig-
ificant values. This indicator is based on an empirical function
alled the factor indicator function (IND) defined as

ND = RE

(c − n)2 (2)

here c is the number of columns of the data matrix and n is
he number of factors. RE is the real error (or residual standard
E = j=n+1λ
0
j

r(c − n)
(3)

here λ0
j is the value of the eigenvalue.
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.1.2. ALS optimization
The ALS optimization began by using initial estimates. This

an be done in many different ways. It is sensible to start with
he best possible estimates available (i.e. the component spec-
ra if they are known). In this case, these initial estimates of
he fluorescence excitation spectra were chosen by analysing
he excitation spectra with the maximum fluorescence of the
tandard matrices of the analytes and choosing the most rep-
esentative spectra of each one. These estimates were initially
sed to calculate the emission spectra as:

aug = Daug((XTX)
−1

XT) (4)

rom this new emission spectra matrix Yaug, the excitation spec-
ra were updated using the equation:

T = ((YaugYaug
T)

−1
Yaug)Daug (5)

hese two steps were repeated until convergence was achieved.
The constraints applied to get physically meaningful solu-

ions during the ALS optimization were: (a) the excitation
nd emission spectra had to be non-negative, (b) there had to
e a correspondence between common species in the differ-
nt data matrices, (c) the excitation spectrum of each species
ad to be the same in all matrices where that species was
resent and (d) the emission spectrum shape of each species
ad to be the same in all runs where that species was
resent.

The relative concentrations of a particular species were sim-
ly obtained from the quotient between the areas below the
mission spectra of the analyte in the standard and in the
nknown sample:

unk =
(

Aunk

Astd

)

= Cstd (6)

here Cunk and Cstd were the concentrations of the analyte in the
nknown and standard samples, respectively; and Aunk and Astd
ere the areas below the excitation or emission spectra profiles

n the unknown and in the standard samples, respectively.
The overall prediction error was calculated by the root mean

quares error of prediction (RMSEP):

MSEP =
√
∑m

i=1(Ci true − Ĉi calc.)
2

m
(7)

here Ci true and Ĉi calc. were the true and calculated concentra-
ions of each analyte in the ith prediction sample, and m is the
umber of prediction samples.

.1.3. Kinetic calculations
The kinetic constants of photodegradation processes, assum-

ng that they normally fit pseudo first-order kinetics [5,8], and
he half lives of the analytes are calculated using the following

quation:

n
C0

Ci

= kt (8)

n
T
t
6

72 (2007) 800–807

here C0 and Ci (calculated by MCR-ALS) are the concentra-
ions at time zero and time t, respectively, and k is the velocity
onstant.

. Experimental

.1. Chemicals

All reagents were of analytical grade: phenol, catechol,
ydroquinone, and resorcinol were used as received from
igma–Aldrich (99%) and glacial acetic acid (100%) was pro-
ided by Merck. Stock solutions were prepared by weighing the
ppropriate amounts of the reagents and dissolving them in Mil-
ipore water. All solutions were prepared in an acidic medium
f 1% (v/v) acetic acid, so the analytes remained in molecular
orm, and were stored in dark bottles at 4 ◦C. They remained
table for 1 week. Working solutions were prepared by diluting
tock solutions with Millipore water, and maintaining a concen-
ration of 1% (v/v) acetic acid. TiO2 in the anatase form (99.8%)
Sigma–Aldrich) was used as the photocatalyst without further
reatment.

.2. Samples

Individual standards of 5 ppm of each analyte were prepared
n aqueous solution.

A set of 20 mixtures was also prepared following a {4,3}
implex-lattice design for quaternary mixtures so that the abil-

ty of the model to resolve and quantify these analytes could
e evaluated. The set of mixtures was prepared in duplicate.
he design took into account the relation between the concen-

rations of the species during the degradation process and the
inearity interval of the fluorescent measurements. Fig. 1 shows
he content of the samples prepared in detail.

The photodegradation process was similar to one used in a
revious study [11] as can be seen in Scheme 1. A total of
3 samples corresponding to the photodegradation of phenol
Scheme 2) were analyzed.

.3. Measurements

The spectrofluorimetric data were acquired on an Aminco–
owman Series 2 Luminescence spectrometer (SLM Aminco,
ochester, NY, USA) equipped with a 150 W continuous xenon

amp and a PMT detector. The instrument was interfaced by
GPIB card and driver with a PC Pentium microcomputer

rovided with the AB2 software version 1.40 for spectral acqui-
ition.

All solutions (individual standards, mixtures, samples and
olvent) were measured in the same conditions. Three-
imensional excitation-emission spectra were recorded from
70 to 350 nm in the emission domain and from 231 to 291 nm
n the excitation domain, both at regular steps of 3 nm. The scan-

ing rate of the monochromators was maintained at 30 nm s−1.
he excitation and emission monochromator slit widths were set

o 4 nm. All measurements were made in a 10 mm quartz cell at
20 V.
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. Data set and data analysis

A data matrix of 28 × 21 in size was obtained for each
ample analyzed. The augmented data matrix was arranged by
etting one matrix on top of the other and keeping the com-
on excitation wavelengths in the same column (excitation-
ise).
Four data sets are involved in this study: (a) augmented

atrix A (112 × 21) built with the four individual standards,
b) augmented matrix B (1120 × 21) built with the syn-
hetic samples, (c) augmented matrix C (1232 × 21), built
ith the four individual standards and synthetic samples,

d) augmented matrix D (1876 × 21), built with the four

ndividual standards, the synthetic samples and the pho-
odegradation samples. The fluorescence spectra were exported
n ASCII format from the AB2 software to MATLAB
26,27].

p
l
e
a

Scheme 1. Photodegra
ion values of phenol (P), hydroquinone (H), catechol (C) and resorcinol (R) in

. Results and discussion

Fig. 2 shows, as an example, the emission and excitation spec-
ra for the particular maximum of each analyte obtained from a
ppm sample of phenol, catechol, resorcinol and hydroquinone.
nly the excitation and emission maxima for hydroquinone

λem = 328 nm and λex = 288 nm) are significantly different from
he maxima of the other three analytes (λem = 294 nm and
ex = 270 nm for phenol, λem = 311 nm and λex = 276 nm for cat-
chol, λem = 302 nm and λex = 274 nm for resorcinol) and the
mission and excitation spectra of catechol and resorcinol are
mbedded in the spectrum of phenol. It should also be pointed
ut that the analytical technique is more sensitive to variation in

henol concentration than to variation in any other analyte; it is
east sensitive to catechol. Therefore, it is very difficult to math-
matically resolve these components by individually analysing
mixture of these analytes at the same concentration [28].

dation process.
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F for 5 ppm phenol (– - –), catechol (—), resorcinol (– –) and hydroquinone (– ◦ –).
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ig. 2. Excitation (231–291) nm and emission (270–350 nm) spectra obtained
canning rate: 30 nm s−1; monochromator slit widths: 4 nm; 620 V.

As can be seen in Fig. 3, the EEM spectra for a mixture of
he four analytes present a diagonal signal (270–290 nm in both

odes) which rarely provides any additional chemical informa-
ion. More specifically, it is in the corner and is produced by the
rst-order Rayleigh scatter. This dispersion does not have any
hemical meaning, and takes place at all wavelengths when the
xcitation and emission fluorescence radiation are close together
29]. This Rayleigh scattering becomes more pronounced for
ess sensitive analytes such as catechol and resorcinol and is very
ifficult to eliminate by blank subtraction because the intensity
f the dispersion is not constant for all the measured samples.
owever, blank subtraction can minimize Rayleigh scattering
uite considerably.

The effects of the Raman scattering were minimized by sub-

racting the mean blank from all spectra.

Table 1 shows the results of the rank analysis of augmented
atrices by singular value decomposition. As can be seen by

isual inspection, for matrix A the rank is lower than the total

Scheme 2. Process of mineralizing phenol.

F
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ig. 3. EEM spectra of a mixture of the four analytes recorded from 270 to
50 nm in the emission domain and from 231 to 291 nm in the excitation domain
steps of 3 nm); scanning rate: 30 nm s−1; monochromator slit widths: 4 nm;
20 V.

umber of absorbing species present (apparent rank deficiency).
his matrix contains the four analytes, at the same concentration,
nd only three eigenvalues seem to have significant values. This
an be attributed to the fact that the sensitivity of phenol is higher

han that of catechol and resorcinol at the same concentration,
nd their spectra are embedded within the phenol spectrum in
oth the emission and excitation modes (see Fig. 2). In a previous
tudy [11] in which we worked with the same data set (i.e. a cube

able 1
esults of rank analysis of augmented matrices by singular value decomposition

ingular values Data matrix

A B C D

1 2267.2 4425.2 4955.0 7087.6
2 995.5 615.8 1237.5 1262.8
3 218.9 349.4 355.6 357.4
4 47.2 242.0 293.9 303.8
5 39.9 115.1 198.7 204.6
6 32.3 85.2 88.9 92.4
7 21.3 40.7 60.2 71.5
8 16.0 32.4 40.0 45.6
9 12.3 28.8 34.3 39.5
10 9.6 24.9 31.6 38.5
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Table 2
Real error (RE) and indicator function (IND) [25] values for the singular values of the augmented data matrices

Singular values Data matrix

A B C D

RE IND (×10−3) RE IND (×10−3) RE IND (×10−3) RE IND (×10−3)

s1 0.798 1.996 0.426 1.066 0.268 0.669 0.273 0.683
s2 0.450 1.248 0.323 0.894 0.193 0.534 0.199 0.552
s3 0.325 1.003 0.274 0.846 0.166 0.514 0.174 0.537
s4 0.295 1.021 0.227 0.784 0.139 0.479 0.147 0.509
s5 0.265 1.035 0.192 0.752 0.115 0.448 0.125 0.486
s6 0.236 1.049 0.171 0.759 0.103 0.456 0.114 0.506
s7 0.215 1.096 0.157 0.803 0.094 0.478 0.104 0.532
s8 0.197 1.164 0.147 0.872 0.087 0.517 0.098 0.581
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9 0.181 1.257 0.137 0.95
10 0.167 1.382 0.126 1.04

uilt by PARAFAC with the four individual standards) we found
our significant contributions. However, in the rank analysis of
ata matrices B, C and D, where the fluorescence intensities are
or different concentrations (and concentration combinations) of
he four analytes, the number of significant contributions diffi-
ulties not so easy to decide only after visual inspection. Table 2
ives the results of the indicator function proposed by Mali-
owski [25] for the augmented matrices. The indicator function
ives a minimum value for the number of independently detected
hemical species or chemical rank. Five significant contributions
ere found for data matrices B, C and D. Four were interpreted

s the variability yield by the chemical rank (i.e. for the absorb-
ng species present in the data analysis). The other contributions
ere attributed to the Rayleigh scattering. Here, the rank defi-

iency is overcome since we are working with data matrices with
ifferent concentrations and combinations of the analytes.

From this first analysis, we concluded that for this particular
roblem, the quantitative determination of phenol in the pres-
nce of its di-hydroxyderivatives, the MCR-ALS application
equires four factors.

Therefore, the MCR-ALS method was applied to augmented
atrix C to evaluate the prediction error (to quantify the ana-

ytes properly we needed a simultaneous analysis that included
he four standard data matrices in addition to the mixtures).
on-negativity and unimodality constraints were applied in

xcitation and emission modes. In this particular case we used an
xcitation-wise augmented data matrix with excitation spectra as
nitial estimates that we had obtained by individually analysing
tandard matrices and choosing the most representative spectra
f each analyte (see Section 2).

The optimal solution with four components was obtained in
he seventh iteration, with a fitting error (lack of fit, lof) at the
ptimum of 12.71%. The percent of variance explained at the
ptimum was 98.38%. The recoveries of the emission spectra
ere measured as the dissimilarity between the ALS recovered

pectra and the true spectra (those obtained from the matrices

f the pure analytes). In all cases the recoveries were good:
he dissimilarities were 0.0451 for phenol, 0.0263 for hydro-
uinone, 0.1108 for catechol and 0.0722 for resorcinol. They
ere higher than those found by PARAFAC [11]: 0.0045 for phe-

s
t
s
t

0.081 0.564 0.092 0.642
0.074 0.614 0.085 0.704

ol, 0.0026 for hydroquinone, 0.0118 for catechol and 0.0132
or resorcinol. This is because the method used strictly trilinear
ata and because it is better to use a dissimilarity measure such
s the sin of the angle between two vectors than the cos of the
ngle between vectors since, for very similar profiles, the dis-
rimination power is greater. Dissimilarity equal to 0.1 means a
orrelation equal to 0.995 and dissimilarity equal to 0.01 means
correlation equal to 0.9999.

In the quantification step, the overall prediction errors (Eq.
7)) for each analyte were: 5.37% for phenol, 4.67% for hydro-
uinone, 28.52% for catechol and 13.24% for resorcinol. The
ercent of variance explained by PARAFAC for a model with
our factors was 99.98% [11]. The RMSEPs for phenol were
ractically the same (5.22%) and slightly better for hydro-
uinone (3.84%), catechol (16.78%) and resorcinol (9%). We
onsider that these results are comparable since the deter-
ination of these analytes by other techniques such as high

erformance liquid chromatography (HPLC) gave coefficients
f variation of 10.4% for phenol, 14.9% for hydroquinone,
4.9% for catechol and 70.5% for resorcinol [30].

It should also be pointed out that the main advantage of MCR-
LS is that PARAFAC needs to pre-treat the data matrix because

he data need to be strictly trilinear. So, before PARAFAC is
sed, the sources of variability present in the spectra that are
ot caused by variation in the concentrations of the analytes
eed to be eliminated. PARAFAC needs the experimental data
o preserve their trilinear structure if it is to work correctly. MCR-
LS, however, only requires the data set to tend to trilinearity,
ut it is not a hard condition. In our case, when we minimized
he scatter effect by blank subtraction, results were good.

Tables 1 and 2, then, show that the relative concentration
etween the analytes is very influential when evaluating the
esolution possibilities of EEM and MCR-ALS. Therefore, we
elieve that a detailed analysis of the results should be made
onsidering the different concentration levels of each analyte.

Fig. 4a–d represents the values of the error in each analyzed

ample following the design of Fig. 1. To facilitate the interpre-
ation of the results, the tetrahedron in Fig. 1 has been turned,
o that the planes that contain the same concentration value of
he analyte being studied can be viewed more easily.



806 M. Bosco et al. / Talanta 72 (2007) 800–807

F e (H)
c

f
q
c
n
c
f
b
f
t
9
t
a
a
a
t
a
h

m
f
i
i
c
b
m
3
s

5
t
(
tion are in acceptable agreement with the calculated rate constant
(solid line). Indeed, most of the values are within the confidence
bands related to the estimated error for the apparent rate con-
stant (broken lines). However, the later values (from 1100 to
ig. 4. Average values (ppm) found by MCR-ALS for phenol (P), hydroquinon
oncentration values (ppm) are surrounded by a solid line .

The error values were calculated using a variation coefficient
or each concentration level. Fig. 4a shows the results for the
uantification of phenol in which the major error was when its
oncentration in the mixtures was 0.05 ppm, and the error was
ever above 10%. This conclusion is independent of the con-
entration values of the other analytes. Fig. 4b shows the results
or hydroquinone. At low concentrations the error is very large
ut at overall RMSEP this error was not observed. The values
or catechol and resorcinol are shown in Fig. 4c and d, respec-
ively. As can be seen for catechol, the error is always above
%. At low concentrations and when the resorcinol concentra-
ion in the mixture is increased, the error is above 100%. Errors
re only lower than 10% if there is no resorcinol in the mixture
nd its concentration is higher than 0.25 ppm. Error values are
lways high for resorcinol. This analysis shows that phenol is
he only analyte that can be quantified with an acceptable error
nd hydroquinone can only be quantified if the concentration is
igher than 0.05 ppm.

As the purpose of this work is to follow the quantitative
onitoring of the photodegradation of phenol, a model with

our factors was applied to matrix D. The results are shown
n Fig. 5. These values were fitted to pseudo first-order kinet-
cs (Eq. (8)). The data was fitted using weighted least squares
onsidering the error committed at each concentration. It could

e assumed that in the interval of values in which we have
easured the degradation samples the error was between 1 and

%. The value of slope, representative of the apparent rate con-
tant, was of −4.9 × 10−4 min−1 and his standard deviation of

F
c
(
c

, catechol (C) and resorcinol (R) for the 20 samples prepared in duplicate. Real

.2 × 10−5 min−1. This value could be considered an estima-
ion of the error for the apparent rate constant. As can be seen
Fig. 5) the values obtained by MCR-ALS for the photodegrada-
ig. 5. Variation of phenol throughout the photodegradation of phenol (cir-
le); fitted concentrations according to the calculated apparent rate constant
solid line); confidence bands related to the estimated error for the apparent rate
onstant (broken lines).
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ig. 6. Variation in hydroquinone and catechol concentration (calculated by
CR-ALS) throughout the photodegradation of phenol.

500 min) show a little deviation from the solid line. One expla-
ation for this fact is that, from the catalytic point of view, the
hotocatalytic degradation did not work in optimal conditions.
evertheless the objective of this work is to show the advantages
f the developed analytical method rather than to optimize the
ppropriate conditions of the photodegradation.

Fig. 6 shows the degradation concentration values obtained
or hydroquinone and catechol by MCR-ALS. These results are
lightly different to those obtained by PARAFAC in a previous
ork [11], but the kinetic behaviour is conserved.
The analytical method developed is faster than HPLC, which

s normally used to monitor this sort of reaction. This methodol-
gy makes it possible to obtain rapidly and valuable information
or the future optimization of the degradation process.

. Conclusions

EEM and MCR-ALS are good tools for quantitatively mon-
toring the degradation of phenol.

It has been shown that, for quantification to be correct, the
ontribution of the hydroxyderivatives of phenol must be sepa-
ated. Hydroquinone can be quantified when concentrations are
igher than 0.05 ppm. Catechol and resorcinol can be differen-
iated from phenol and hydroquinone but their quantification

rrors are very high.

In the light of the results, this methodology could be a fast,
heap alternative for the quantitative monitoring of the phenol
hotodegradation process.
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[3] Ö.E. Kartal, M. Erol, H. Oğuz, Chem. Eng. Technol. 24 (2001) 645.
[4] M. de1 Olmo, C. Diez, A. Molina, I. de Orbe, J.L. Vilchez, Anal. Chim.

Acta 335 (1996) 23.
[5] S. Lathasree, A. Nageswara Rao, B. SivaSankar, V. Sadasivam, K. Rengaraj,

J. Mol. Catal. A 223 (2004) 101.
[6] A. Mylonas, E. Papaconstantinou, V. Roussis, Polyhedron 15 (1996) 3211.
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bstract

Vitellogenin (vtg) has proven to be a sensitive and simple biomarker for assessing exposure of fish to environmental estrogens. The aim of this
ork was to develop a rapid, in the order of minutes, screening method for the detection of fish vtg. The surface plasmon resonance technique

Biacore XTM) was coupled with immunodetection for the determination of fish vtg in plasma and mucus from carp (Cyprinus carpio). Monoclonal
nti-vtg antibodies were linked on the sensor surface through chemical cross-linking via a capturing antibody. A simple regeneration process
llowed the reuse of the sensor surface. Sensor optimisation was carried out using carp vtg. The developed immunosensor was tested with vtg

piked samples and with plasma and mucus from fish exposed to 17�-estradiol (E2). Vitellogenin could be detected in the ppm range in buffer as
ell as in plasma and mucus. Good discrimination between control and exposed samples was obtained. The results were compared with ELISA

nd a correlation coefficient of R2 = 0.85 (n = 9) between the two methods indicated that the immunochemical biosensor could be used for the
nalysis of vtg in fish plasma samples. The assay time was 20 min hence allowing for rapid sample screening.

2006 Elsevier B.V. All rights reserved.
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. Introduction

There is growing evidence and concern of the impact of
ndocrine disrupting chemicals (EDCs) in the environment.
ndocrine disruptors are exogenous agents that alters functions
f the endocrine system consequently causing adverse effects
f the reproductive health of organisms [1]. A large range of
DCs have been identified, making the detection of a single
ompound or group of compounds difficult. Consequently, the
evelopment of analytical techniques using specific biomark-
rs have shown to be a promising route for evaluating EDC
ontamination in the aquatic environment. Among these, the
etection of the phospholipoglycoprotein vitellogenin (vtg) has
een commonly reported.
vtg is produced as the yolk protein precursor in the liver of
viparous vertebrates such as fish. The transcription of the vtg
ene takes place as a result of circulating 17�-estradiol (E2)

∗ Corresponding author. Tel.: +39 0554573283; fax: +39 0554573384.
E-mail address: marco.mascini@unifi.it (M. Mascini).
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oi:10.1016/j.talanta.2006.12.007
roduced in the gonads of female fish during sexual matura-
ion. The E2 enters the liver cells by diffusion and is retained
n the target cells through binding to a specific receptor protein
estrogen receptor) hence inducing the activation of the vtg loci
2]. Although naturally present only in female fish, the expres-
ion of the protein has been observed to be induced in male and
mmature fish through the exposure to xeno-estrogens [3]. Con-
equently, the presence of vtg in plasma and sera of male and
exually immature fish has proven to be a sensitive and simple
iomarker for assessing exposure to environmental estrogens
4–6].

Several analytical approaches for vtg determination have
een reported such as separation techniques and immunoassays.
llner et al. [7] used an electrophoretic method for the determi-
ation of estrogen-induced proteins in fish exposed to synthetic
nd naturally occurring chemicals. Similarly, Song et al. [8]
eported about the separation and detection of vitellogenin in fish

lasma by capillary zone electrophoresis. Chromatographic and
ass spectrometry methods have also been described [9–11]. In

ddition a range of immunochemical methods such as enzyme
inked immunosorbent assays (ELISAs), radioimmunoassay
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RIA) and Western Blotting have been studied. For quantita-
ive detection of vtg the most widely used techniques are based
n heterogeneous competitive ELISAs or sandwich ELISAs.
n the last decade a range of ELISAs for measuring vtg con-
entrations in various fish species have been developed, such
s sole (Solea vulgaris) [12], striped bass (Morone saxatilis)
13], eelpout (Zoarces viviparus) [14], Artic charr (Salvelinus
lpinus) [15], fathead minnow (Pimephales promelas) [16,17],
ainbow trout (Oncorhynchus mykiss) [18], zebrafish (Danio
erio) [19], Japanese medaka (Oryzias latipes) [20] and carp
Cyprinus carpio) [21]. Despite showing high sensitivities,
LISAs used for vitellogenin detection are multistage processes
ith long overall analysis times varying from 1 to 4 days [22].
Biosensors have in recent years shown to represent interesting

lternatives for developing rapid screening techniques. How-
ver, only very few studies report the development of biosensors
or vtg detection. In Oshima et al. [23] the use of a quartz crys-
al microbalance for the determination of plasma vitelllogenin
as described. Darain et al. [24] reported the detection of vitel-

ogenin using impedance spectroscopy. The same author has
lso reported about a separation-free amperometric immunosen-
or for vitellogenin detection based on screen-printed carbon
ssays modified with a conductive polymer [25]. Despite demon-
trating sensitivities in the ppm or sub-ppm vitellogenin range,
hese methods show long incubation times for the preparation
f the sensor surfaces. Darain, et al. [25] reported a total time
or the fabrication of the immunosensor array of 28 h. Similarly,
ong incubation times for the modification of the electrode sur-
ace used for impedance spectroscopy have been reported [24].
ikewise, the preparation of the quartz crystal microbalance

nvolves long incubation times as well as large sample volumes
23].

The present study was aimed at developing an optical-label
ree sensor for rapid, in the order of minutes, vtg detection in
sh. The surface plasmon resonance technique (Biacore XTM)
as coupled to immunodetection for the determination of fish
tg in plasma. The analytical parameters (specificity, sensitiv-
ty, reproducibility, analysis time, matrix effects) of the system
ere evaluated. Hence, the developed immunosensor was tested
ith vtg spiked samples and with plasma and mucus from fish

xposed to E2. The obtained results were compared with the
LISA test used as a reference method.

. Materials and methods

.1. Reagents

Vitellogenin (vtg) from carp (C. carpio) was purchased
rom Biosense Laboratories A/S, (Bergen, Norway). The prod-
ct had been obtained through the purification of plasma
rom 17�-estradiol-induced fish by selective precipitation with

gCl2, in the presence of EDTA. Rabbit polyclonal anti-
odies (pab) (purified IgG fraction) against vitellogenin from

arp and monoclonal mouse anti-carp vtg antibodies (mab)
ere also purchased from Biosense Laboratories (Bergen,
orway). N-Hydroxysuccinimide was from FLUKA (Milan,

taly), anti-mouse antibodies, N-(3-dimethylaminopropyl)-N′-

w
a
S
e
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thylcarbodiimide, bovin serum albumin (BSA), sodium
ydroxide (NaOH) and ethanolamine were obtained from
igma (Milan, Italy). Saline phosphate buffer, PBS (0.1 M
H 7.0) was prepared from di-sodium hydrogen phosphate
ihydrate (Na2HPO4·2H2O), sodium dihydrogen phosphate
onohydrate (NaH2PO4·H2O) and sodium chloride (NaCl)

urchased from Merck (Milan, Italy). Acetate buffer (0.01 M,
H 5.0) was prepared from sodium acetate (CH3COONa)
nd acetic acid (CH3COOH) from Merck. The running
uffer employed in all experiments was HBS-EP containing
4-(2-Hydroxyethyl)piperazine-1-ethanesulonic acid] (HEPES,
.1 M), sodium chloride (0.15 M), polyoxyethylene-sorbital
onolaurate (Tween 20, 0.005%) and ethylenediaminete-

raacetic acid (EDTA, 3 mM) from Sigma. All aqueous solutions
ere prepared with Milli-Q water, obtained from a Milli-Q sys-

em (Millipore, Milford, USA). The running buffer was filtered
0.2 �m) and degassed before use.

.2. Instrumentation

Surface plasmon resonance measurements were performed
ith the Biacore XTM instrument (Biacore AB, Uppsala, Swe-
en). The measurements were carried out using CM5 chips
carboxymethylated dextran covalently attached to a gold sur-
ace) with HBS-EP as running buffer (5 �l/min). The SPR signal
as expressed in resonance units (RU).

.3. Immobilisation of antibodies

.3.1. Capturing antibodies
Mouse monoclonal anti-carp vtg antibodies (mab) were

mmobilised with anti-mouse as capturing antibodies. The sen-
or chip was activated using a solution of N-hydroxysuccinimide
NHS) (50 mM) and N-(3-dimethylaminopropyl)-N′-
thylcarbodiimide (EDAC) (200 mM) in water [26]. The
olution was passed over the sensor surface for 7 min at a
ow rate of 5 �l/min. Thereafter the anti-mouse antibodies
ere allowed to flow over the chip surface (50 �g/ml in

cetate buffer, 15 min interaction time). Remaining active
ites were blocked using ethanolamine (1 M). Hence, a mab
olution 18 �g/ml in phosphate buffer (PBS, 0.1 M, pH 7.0)
as allowed to flow over the sensor surface (interaction time
5 min).

.3.2. Capturing antibodies with cross-linking
The mouse monoclonal anti-carp vtg antibodies (mab) were

mmobilised using cross-linking with anti-mouse antibodies.
irstly, the activation of the sensor surface was carried out
s described in Section 2.3.1. Hence, the mouse-monoclonal
nti-carp vtg antibodies (mab) were immobilised with anti-
ouse as capturing antibodies. In order to achieve cross-linking
as used. In this case aminocoupling between the carboxylic
nd aminogroups of the two types of antibodies was achieved.
ubsequently remaining activated sites were blocked with
thanolamine (1 M).



lanta

2

s
b
t
t
(
r

2

F
p
c

2

[
o
c
p
c
b
i
m
a
p
i
p
a
I
a
m
d
5
E
w
e
e
i
a
b
t
r
1
s
c
d

2

T
a

(
s
c
m
w
d
i
8
m
c
n
t
H
o
1
b
(
2
u
v
1
u

3

3

s
F
c
c
T
r
i
w
c
v
a
i
t
s
t
t
b
t
a
t
m
b
a

3

E. Bulukin et al. / Ta

.4. Measuring assay

The measuring cycle consisted of the following steps; (i)
urface with immobilised capturing antibodies (anti-mouse)
inding the anti-vtg mab with running buffer 5 �l/min (baseline),
hen (ii) addition of the analyte vtg; (iii) washing with buffer
o remove excess analyte; primary response recorded; hence
iv) surface regeneration by dissociation of the immunochemical
eaction and return to the baseline.

.5. Surface regeneration

For surface reuse it was necessary to return to the baseline.
or this purpose the dissociation of the formed immunocom-
lex was achieved using sodium hydroxide (NaOH) at different
oncentrations (0.5–10 mM, 2 �l).

.6. Quantitative ELISA analysis of vtg

Using a procedure modified from Specker and Anderson
22], a quantitative vtg ELISA was performed using the mon-
clonal carp vtg antibody (Biosense Laboratories). Purified
arp vtg protein (Biosense Laboratories) was used to coat the
lates and for preparation of the standard curve. Briefly, purified
arp vtg was serially diluted to obtain standard concentrations
etween 8 and 1000 ng/ml. Standards and diluted samples were
ncubated for 1 h at 37 ◦C with an equal volume of the pri-
ary antibody (diluted 1:1000). Triplicate aliquots of standards

nd samples (200 �l) were added to 96-well microtiter plates
reviously coated with vtg (100 ng/ml overnight at 4 ◦C) and
ncubated for 1 h at 37 ◦C. The plates were washed with tween-
hosphate buffered saline (TPBS) and a 1:1000 dilution of sheep
nti-mouse peroxidaseconjugated secondary antibody (Gibco-
nvitrogen Life Technologies, Carlbad, CA, USA) was added
nd incubated for 1 h at 37 ◦C. Levels of vtg in samples were
easured colorimetrically at 492 nm using o-phenylenediamine

ihydrochloride as substrate with a Microplate Reader Model
50” from Bio-Rad Laboratories (Richmond, CA, USA). vtg
LISA Absorbance values (expressed as optical density, OD)
ere converted to the proportion of antibody bound (B)

xpressed as a percentage in the zero standard by the following
quation: B(%) = (OD − NSB/OD0 − NSB) × 100 (where OD
s the absorbance of a given sample or standard, OD0 is the
bsorbance of the zero standard and NSB is the non-specific
inding absorbance value). In evaluating the detection limit of
he ELISA assay, the minimum amount of vtg that produced a
esponse significantly different from OD0 was estimated around
5 ng/ml. The linear range of the standards obtained from the
igmoidal curve was between 125 and 1000 ng/ml. The sample
oncentration was obtained from the sigmoidal curve at a sample
ilution of 1:50,000 and 1:5000 for the mucus.

.7. Fish samples
In this study carp (C. carpio) was selected as test species.
he carp is a freshwater cyprinid present both in the wild and
s farmed species. Adult carps were purchased from ErreCi

o
b
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Pisa, Italy). The fish was stored in 500 l oxygenated fish tanks,
upplied with fresh water in a closed recirculating system with
ontrolled temperature (20 ± 1 ◦C). Fish were kept under nor-
al laboratory illumination with a daily photoperiod of 12 h, and
ere acclimatised to laboratory conditions for 1 week. Proce-
ures for the care and management of animals were performed
n accordance with the provisions of the EC Council Directive
6/609 EEC, recognised and adopted by the Italian Govern-
ent (DL 27.01.1992, no. 116). Blood was collected from the

audal vein of adult male carp (t = 0) and this represented the
egative control samples. Mucus was collected by scraping the
ail surface with a plastic spatula into microcentrifuge tubes.
ence, the fish were injected i.p. with 2.5 mg/kg body weight
f 17�-estradiol (E2) dissolved in corn oil. On days 5, 10 and
4 (t = 5, 10 and 14 days, respectively) after the E2 injection,
lood was collected from the caudal vein from three fish species
n = 3). Plasma was separated by centrifugation at 1500×g for
0 min (4 ◦C) and frozen (−80 ◦C) until further analysis was
ndertaken. The mucus was weighed and homogenized in one
olume of PBS (pH 7.4). The homogenates were centrifuged at
0,000×g for 15 min at (4 ◦C), supernatants were collected and
sed for vtg analysis.

. Results and discussion

.1. Immobilisation using capturing antibodies

Direct immobilisation of the analyte specific antibodies
howed an analytical detection range in the order of 10–100 ppm.
or increased sensitivity of the sensors (0.1–10 ppm) the use of
apturing antibodies was attempted since this strategy allowed to
ontrol the orientation of the specific anti-vtg antibodies (mab).
he sensor was thereafter tested for its ability to recognise the

elative antigen. The vtg standard was diluted in PBS. A cal-
bration curve was obtained by subsequent injections of vtg
ithout regenerating the surface by dissociating the immuno-

omplex. A linear range was observed between 1 and 10 ppm
tg (R2 = 0.98, y = 3.9x − 2.2) demonstrating that the sensor was
ble to recognise the antigen. Specificity was tested by inject-
ng BSA (100 ppm). No response was observed. The interaction
ime was 15 min. However, the process was tedious and expen-
ive as it was not possible to regenerate the sensor surface after
he calibration. The absence of the dissociation step was due to
he fact that the linking between the capturing and mab anti-
odies is a reversible, non-covalent affinity binding. Hence,
reatment of the mab/anti-vtg/vtg complex with a dissociating
gent also caused the dissociation of the mab from the cap-
uring antibodies. Consequently, requiring reimmobilisation of

ab prior to further measurements. Subsequently, cross-linking
etween the capturing and analyte specific antibodies was
ttempted.

.2. Immobilisation using cross-linking
By using NHS/EDAC cross-linking between the aminogr-
ups and carboxylic groups of the capturing and anti-vtg anti-
odies was obtained. The cross-linking of the two types of
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ig. 1. Calibration curve of vitellogenin in buffer and in matrix (plasma, diluted
:500).

ntibodies significantly improved the method in terms of costs
nd analysis time since it was not necessary to reinject the
ab anti-vtg (15 min). Moreover, it was possible to dissociate

he mab/vtg complex leaving on the surface both the captur-
ng and the mab antibodies. The amount of immobilised mab
n the sensor chip surface was estimated from the RU sig-
al obtained where 1000 RU represents a change in surface
rotein concentration of 1 ng/mm2 (instrument handbook). In
he present study the immobilisation of the mab anti-vtg anti-
odies resulted in a RU shift of 2220 ± 70 RU (n = 3), hence
orresponding to a surface coverage of 2.2 ng/mm2. Further-
ore, the affinity constant between the vtg and the mab was

valuated using the Biaevaluation software following a 1:1
angmuir association model. Three standard curves were used

or the evaluation. The affinity constant KD was found to
e (4.5 ± 1.2) 10−10 M. Selectivity of the sensor was tested
sing BSA (100 ppm). No binding was observed demonstrat-
ng that the sensor was specific for the antigen. With this assay

cheme a calibration curve was carried out in the ppm range.
he binding between the immobilised mab and the vtg obey
Langmuir type adsorption isotherm. However, for quantifi-

ation purposes, only the linear part of the sigmodial curve

i
1
t
(

Fig. 3. Results of the analysis of control a
ig. 2. Typical sensorgram recorded during the injection of a sample from an
2 treated carp.

as considered. A linear range from 1 to 10 ppm was obtained
R2 = 0.98, y = 6.9x + 2.9) with an average CV of 7% (n = 3 for
ach concentration). The limit of detection (L.O.D.) was esti-
ated to be 1 ppm (three times the standard deviation of the

lank).

.3. Matrix effects

Since the applicability would be the vtg detection in fish
lasma, the influence of this matrix on the signal was tested
sing plasma samples from fish not exposed to any estrogenic
ompounds (negative controls). Different dilutions as well as
he effect of filtration were studied. The samples were diluted in
BS. Filtration using a 0.22 �m filter did not appear to have an
ffect on reducing aspecific adsorption. Despite the fact that the
on-exposed fish (reference) resulted in an aspecific response
t was possible to detect the presence of vtg (standard addi-
ions) to the matrix (Table 1). A calibration curve of the vtg

n the matrix was thereafter carried out at a matrix dilution of
:500. The RU signal obtained for the vtg at different concentra-
ions in the matrix was comparable with that obtained in buffer
Fig. 1).

nd E2 treated carp plasma samples.
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Table 1
Plasma matrix effects

3

s
T
g
t
a
n
(
a
f
i
w
t
b
i
a
c
o
b
p

3

r
fi
M
d
w
a
o

Table 2
Mucus matrix effects
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vtg antibodies. This type of enhancement could prove to be
.4. Analysis of plasma samples

The analysis of E2 exposed fish using the optical immunosen-
or was carried out using the previously described protocol.
he samples were diluted 1:1000 in PBS. A typical sensor-
ram recorded during the injection of a sample from an E2
reated carp is shown in Fig. 2. Despite obtaining some aspecific
bsorption from the negative control samples, a good discrimi-
ation between the control and E2 treated fish could be obtained
Fig. 3). Furthermore, a good reproducibility was obtained with
n average CV of 12.9% (n = 10). High RU values were observed
or the sample obtained after 5 days of E2 treatment indicat-
ng a fast vtg response in the fish. The results were compared
ith ELISA. The sample concentrations were estimated from

he ELISA sigmoidal curve (Fig. 4). For the immunochemical
iosensor the sample concentration was estimated by subtract-
ng the RU value of the control sample from the exposed sample
nd hence estimating the concentration from the vtg calibration
urve. A relative good correlation between the two methods was
btained (R2 = 0.85, n = 9) indicating that the immunochemical
iosensor could be used for the rapid analysis of vtg in fish
lasma samples.

.5. Analysis of mucus samples

An interesting matrix for the non-invasive vtg detection is
epresented by mucus. The mucus can be obtained from the
sh by simple scraping on the fish surface (see Section 2.7).
ucus was obtained from one carp not treated with any estra-
iol (negative control). Hence, after the fish had been treated
ith E2, mucus was sampled on 3 different days (t = 5, 10

nd 14). The biosensor analysis was carried out as previ-
usly described. The mucus showed some matrix effects that

Fig. 4. Dose-response curve obtained by ELISA.

i
e
p

F

mproved using filtration. A good compromise between the
ower expected vtg concentrations in this matrix [27] and the
ilution factor was found to be 1:100. At this dilution the
atrix was spiked with 10 ppm. A signal comparable to that

n buffer could be obtained (Table 2). vtg could be detected
n the mucus after 14 days (Fig. 5). Compared to the plasma
t appeared that a longer time period is required for the vtg
o be detectable in the mucus [27]. Despite being close to the
etection limit of the sensor the results show that this matrix
ight offer interesting future possibilities for non-invasive vtg

etection.

.6. Enhancing the primary response

To increase the sensitivity of the sensor, the use of poly-
lonal antibodies was employed [28]. The vtg is likely to have
everal epitopes and it is in this case possible to enhance the pri-
ary response using anti-vtg polyclonal anti-rabbit antibodies

pab). After measuring the vtg standard the secondary response
s obtained (without regeneration of the surface) by adding
ab directly to the bound vtg with subsequent washing of the
urface to remove excess pab (Fig. 6). The amplification was
ffective as the primary response was increased by about 30%.
urthermore, the regeneration process remained a simple and
ast step as the formed immunocomplex could be easily dis-
ociated using sodium hydroxide at different concentrations
or 30 s leaving on the sensor surface the capturing and anti-
mportant for the analysis of matrices such as mucus where the
xpected vtg concentration is lower compared to that found in
lasma.

ig. 5. Results of the analysis of control and E2 treated carp mucus samples.
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Fig. 6. Measuring assay using secondary antibodies for signal magnification. Surface with immobilised capturing Ab (anti-mouse Pab) binding the anti-vtg Mab
w with
a ope of
s ) surf
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ith flowing buffer 5 �l/min (baseline), hence (1) addition of vtg; (2) washing
secondary antibody (rabbit anti-vtg, Pab anti-vtg), specific for a different epit

urface to remove the excess of secondary Pab; secondary response recorded; (5
he baseline.

. Conclusions and future work

In the present study an optical immunosensor was devel-
ped for the rapid screening of vtg in plasma from carp (C.
arpio). The sensor was assembled linking the analyte specific
ntibodies using capturing antibodies. The two types of antibod-
es were cross-linked which significantly improved the method
s it allowed the reuse of the sensor surface. The sensor was able
o detect vtg in the ppm range both in buffer and in plasma from
arp. The preparation of the sensor surface took less than 1 h and
he analysis of sample and standards 20 min, hence allowing for
apid screening. The optimised sensor was used for the analy-
is of 17�-estradiol-treated carp. Good discrimination between
7�-estradiol and control carp could be obtained, demonstrating
hat the sensor could be used for the rapid screening of vtg in this
ample matrix. The analysis of vtg in mucus showed that this
atrix could offer interesting future applications for the non-

nvasive vtg detection. Future work will involve the analysis of
tg in plasma and mucus from field exposed samples.
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26] S. Löfås, B. Johnsson, J. Chem. Soc., Chem. Comm. 21 (1990) 1526.
27] V. Meucci, A. Arukwe, Aquat. Toxicol. 73 (2005) 1.
28] M. Minunni, Anal. Lett. 28 (1995) 933.



A

t
w
v
C
a
p
w
©

K

1

v
b
d
t
e
e
b
m
C
t
c
i
S
t
fi

0
d

Talanta 72 (2007) 394–400

Speciation of chromium in waste water using ion chromatography
inductively coupled plasma mass spectrometry

ZuLiang Chen a,∗, Mallavarapu Megharaj a, Ravendra Naidu a,b

a University of South Australia, Mawson Lakes Boulevard, Mawson Lakes, South Australia 5095, Australia
b CRC for Contamination Assessment and Remediation of Environments, Mawson Lakes Boulevard, Mawson Lakes, South Australia 5095, Australia

Received 18 August 2006; received in revised form 22 October 2006; accepted 22 October 2006
Available online 28 November 2006

bstract

Ion chromatography (IC) coupled with inductively coupled plasma mass spectrometry (ICP–MS) was systematically investigated for determining
he speciation of chromium in environmental samples. Firstly, the stability of complexes formed by Cr(III) with various aminopolycarboxylic acids
as studied by electrospray ionization mass spectrometry (ESI–MS). The results showed that [Cr(EDTA)]− was stable in solution. Secondly,
arious mobile phases were examined to separate Cl− from chromium species by IC to avoid Cl− interference. The separation of [Cr(EDTA)]− and
r(VI) was achieved on a new anion-exchange column (G3154A/102) using a mobile phase containing 20 mM NH4NO3 and 10 mM NH4H2PO4
t pH 7.0 without Cl− interference. Detection limits for chromium species were below 0.2 �g/L with a direct injection of sample and without
rior removal of interferences from the matrix. Finally, the proposed method was used for the determination of chromium species in contaminated
aters.
2006 Elsevier B.V. All rights reserved.
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. Introduction

There is an increasing demand for techniques capable of pro-
iding accurate information on heavy metal speciation. This is
ecause it is now recognised that the toxicity of many elements
epends not on the total amount of metal present but rather on
he specific toxic species present. Different species of the same
lement may have different oxidation states and exhibit differ-
nt behaviour or potential for toxicity within environmental and
iological systems [1]. In the case of chromium (Cr), the two
ost environmentally important oxidation states are Cr(III) and
r(VI), where Cr(VI) has a greater water solubility and poten-

ial for toxicity [2]. Environmental contamination by chromium
hiefly results from industrial processes such as electroplat-
ng, paint production, leather tanneries and metallurgy [2–4].

ince chromium toxicity is species-specific, determining the

otal chromium concentration in environmental samples is insuf-
cient for a toxicity assessment of chromium. For this reason,

∗ Corresponding author. Tel.: +61 8 83025057; fax: +61 8 83023057.
E-mail address: zuliang.chen@unisa.edu.au (Z. Chen).
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any papers concerned with analytical techniques for chromium
peciation in environmental samples have increased in recent
ears. Analytical techniques include atomic spectrometric (AS),
nductively coupled plasma mass spectrometry (ICP–MS) and
heir hyphenated techniques [5].

In hyphenated approaches, liquid chromatography (LC) cou-
led with ICP–MS has been developed for chromium speciation
ecause ICP–MS offers both multi-element and multi-isotope
etection with high sensitivity [6–8]. Ion chromatography (IC)
s also compatible with ICP–MS for metal speciation analysis
f the eluent contains minimal amounts of organic solvent. The
imultaneous separation of chromium cannot normally be con-
ucted since Cr(VI) typically exists as cationic aqua-hydroxo
omplexes while Cr(VI) exists typically as an anionic chro-
ate species. However, this problem can be resolved using

wo approaches. The first of these approaches uses an anion-
xchange column and a cation-exchange guard column in series
r a mixed-mode column to retain both species [9–12]. The

econd of these approaches involves a derivitization process
hereby Cr(III) is complexed with a ligand to form an anionic

omplex, which can be subsequently separated from Cr(VI) by
nion-exchange chromatography [13–18]. The ligand is a nec-
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Table 1
Optimised operational conditions for IC–ICP–MS

ICP–MS Agilent 7500c
RF power 1450 W
Plasma gas flow Ar, 15 L/min
Auxiliary gas flow Ar, 1.0 L/min
Carrier gas flow Ar, 1.15 L/min
Sampling depth 7.5 mm
Monitoring mass (TRA) m/z 52
Integration time 1 s
Dwell time 0.5 s/mass

IC Agilent 1100
Column G3154A/102 (Agilent)
Mobile phase 20 mM NH4NO3, 10 mM NH4H2PO4 at pH 7.0
Flow rate 1.0 L/min
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ssary component of the mobile phase to stabilize the Cr(III) as
he chelate complex [16]. Cr(III) reacts to form a complex while
r(VI) species does not complex with the ligand. However, the
bove analytical methods only provide elemental information.
s a supplementary technique, electrospray ionization mass

pectrometry (ESI–MS) has become popular for elemental spe-
iation studies in recent years, as it gives structural information
n the analyte [19]. For this reason, one objective of the present
tudy was to characterize the form of the Cr(III) aminopolycar-
oxylate complexes in aqueous solutions by ESI–MS in order
o determine whether these complexes were stable in solution.
he stability of the formed complexes provides the basis for
imultaneous separation of chromium species because Cr(III)
omplexes formed must be stable during chromatographic sep-
ration [16].

Determination of chromium using ICP–MS detection has
ome limitations. If the matrix contains high levels of chlo-
ide (Cl−) or carbon (C) then the formation of 35Cl16OH+

r 40Ar12C+ in the plasma may be significant. These com-
ounds have the potential to interfere with the determination
f chromium because they have the same mass as the chromium
sotope commonly used for ICP–MS detection of chromium
52Cr). 52Cr is preferred for detection by ICP–MS since it is
he more abundant isotope (83.8%). To overcome this limita-
ion, one approach is the removal of interferences of the target
nalyte by using various eluents, followed by ICP–MS detec-
ion. Therefore, in this study, we report on the effectiveness of
he use of various mobile phases to reduce Cl− interferences.
n addition, the new application of anion-exchange column
G3154A/102, provided by Agilent) has not been reported pre-
iously. To achieve these aims, the presented work includes:
1) the examination of the stability of anionic complexes by
C–ICP–MS and ESI–MS, (2) the removal of Cl− interference
rom the target analyte by ion chromatography using various
mmonium salt eluents and (3) a new application for an anion-
xchange column for the determination of chromium speciation.

. Experimental

.1. Chemicals and solutions

All chemicals used in this study were analytical grade
eagents from Sigma and Aldrich (Sydney, Australia). Milli-Q
ater (18.2 M�/cm, Milli-Q Plus System, Millipore, Bedford,
A, USA) was used for preparing all solutions and standards.

tandard solutions (K2Cr2O7 and CrCl3·6H2O) were prepared
aily from 10 mM aqueous stock solutions. The complexation
f Cr(III) with EDTA was achieved by adding the appropriate
mounts of Cr(III), EDTA and water into 15 mL polypropylene
ubes and heating the tubes in a water bath set to at 80 ◦C for
0 min. Eluents required for IC–ICP–MS, were prepared by dis-
olution of the appropriate amount of ammonium salts in Milli-Q
ater and were filtered through a disposable 0.45 �m cellulose
cetate membrane filter and degassed in an ultrasonic bath prior
o use. Eluent pH was adjusted with 0.1 M ammonium hydrox-
de. Waste waters, contaminated with chromium, were filtered
hrough a 0.45 �m membrane filter prior to analysis.

e
a
a
a

njection volume 50 �L
olumn temperature 30 ◦C

.2. FIA–ESI–MS system

Flow injection analysis was carried out using an Agilent 1100
eries (Agilent, Waldbornn, Germany) instrument equipped with
n injector. The carrier solution contained 0.1% formic acid
nd the flow-rate was 0.5 mL/min with an injection volume of
Cr(EDTA)]−of 20 �L. The MS system was an Agilent 1100
eries quadrupole equipped with an electrospray ionization (ESI)
ource. The instrument was operated in the negative ioniza-
ion mode. The operating conditions for ESI were: nebulizer
as (nitrogen), 40 psi; drying gas (nitrogen) flow-rate, 12 L/min;
apillary voltage, 4000 V; gas temperature, 350 ◦C. The frag-
entor voltage was set at 80 V.

.3. IC–ICP–MS conditions

An Agilent 1100 liquid chromatography module (Aglient,
okyo, Japan) equipped with a guard column (G3154A/102)
nd a separation column (G3154A/101) was used. The separa-
ion column was based on a porous polymethacrylate resin with
0 �m particle size and had an exchange capacity of 50 �eq/g.
amples (50 �L) were injected using an 1100 auto-sampler.
he eluent flow-rate was 1.0 mL/min. The outlet of the sepa-

ation column was connected directly, via Polyetheretherketone
PEEK) tubing (70 cm, 0.13 mm i.d.) to a Babington nebulizer
f an Agilent 7500c ICP–MS (Agilent, Tokyo, Japan), which
erved as the element-specific mass detector. Chromium was
etected at m/z 52. The IC–ICP–MS system was controlled
nd data processed using Agilent Chemstation software. The
CP–MS and HPLC operating conditions are given in Table 1.

. Results and discussion

.1. Stability of Cr(III)–ligand complexes

Simultaneous separation of cations and anions using anion-

xchange chromatography require conversion of cations to
nionic metal-complexes. Successful separation required the
nionic complex to be stable and to not readily undergo lig-
nd exchange during the chromatographic process [16]. In
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ig. 1. Typical chromatogram obtained using IC–ICP–MS with 150 �g/L
Cr(EDTA)]−. Ion chromatography and ICP–MS condition used are described
n Table 1.

his study, three ligands were investigated for their suitability
o complex with Cr(III). The ligands tested were ethylenedi-
minetetraacetric acid (EDTA), diethylenetriaminepentaacetric
cid (DTPA) and 2,6-pyridinedicarboxylic acid (PDCA). Sta-
ilities were examined by IC–ICP–MS using a mobile phase
ontaining 15 mM NH4NO3 and 10 mM NH4H2PO4 at pH 6.0.
or all three ligands, only [Cr(EDTA)]− was observed as shown
ig. 1. This indicates that during chromatographic process
Cr(EDTA)]− did not undergo ligand-exchange with compet-
ng ions in the eluent, such as NO3

− and H2PO4
−, because

he Cr(III) complex formed with EDTA is kinetically stable
13–15]. In contrast, small responses were observed for both
Cr(DTPA)]2− and [Cr(PDCA)2]−, which could be a result of
oorer stability, since the eluent used in this case was not added
o the ligand [16] and may have resulted in interconversion dur-
ng the separation [13,14]. The conditions affecting formation
f [Cr(EDTA)]−, such as solution pH, temperature and the con-
entration ratio of Cr(III)/EDTA, were also investigated. The
aximum complex formation was obtained at pH 6.0, when the

oncentration ratio was [Cr(III)/EDTA = 1:3] and the samples
ere reacted at 80 ◦C for 20 min.
ESI–MS spectra for both [EDTA]4− and [Cr(EDTA)]− in

he negative ion mode [M H]− were investigated to deter-
ine whether ESI–MS could be used to confirm formation of

Cr(EDTA)]−. A 0.1% (v/v) formic acid solution was used as
he carrier solution because formic acid is volatile and, therefore,
ompatible with ESI–MS [20–22]. Firstly, a standard [EDTA]4−
olution (5 mg/L) was injected into the ESI–MS system under
he optimised conditions for ionization (fragmentor 70 V and
apillary voltage 3000 V). The ESI–MS spectrum of [EDTA]4−
hows a single peak at m/z 291.3 (Fig. 2a) [20–22]. Secondly,
o understand the complexation of [EDTA]4− with Cr3+, a
ixed solution of Cr3+ with [EDTA]4− (5 mg/L, Cr(III)/EDTA,

:1) was injected into the FIA–ESI–MS system. The spectrum

Fig. 2b) shows a prominent ion at m/z 340.2, corresponding
o [EDTA + Cr 4H+]−, with a similar mass spectra obtained
ollowing ESI–MS detection of Fe[EDTA]− [23,24]. In addi-
ion, the mass spectrum attributable to [EDTA]4− is absent in

n
r
i
a

2 (2007) 394–400

ig. 2b indicating that all EDTA were completely converted into
he Cr(III) complex. The ESI–MS detection of [Cr(EDTA)]− is
pecific since chromium has four stable isotopes [50Cr(4.35%),
2Cr(83.8%), 53Cr(9.50%) and 54Cr(2.37%)]. Therefore, the
r(III) complexes have very distinctive isotope patterns, cor-

esponding to m/z 338.2, 340.2, 341.2 and 342.2, respectively,
aking it relatively easy to locate unknown compounds which

ontain chromium. The results indicated that the [Cr(EDTA)]−
omplex was stable in solution and the use of IC for the separa-
ion of [Cr(EDTA)]− was possible without adding EDTA to the

obile phase.

.2. Retention behaviour using different mobile phases

One of the approaches for removing Cl− interferences is
ia chromatographic separation prior to introduction into the
CP–MS detector system. In this approach interferences such
s C and Cl− can be separated from chromium species by ion
hromatography through the use of different separation modes
nd mobile phases [25,26]. In anion-exchange chromatography,
he retention of a target anion depends on the nature of the com-
eting ion, its concentration in solution and the pH of the mobile
hase [26]. Among these variables, the nature of the competing
ons is the main parameter determining whether target anions are
luted as these compete with target ions on the anion-exchange
olumn. In order to separate Cl− from chromium species with
easonable resolution, these parameters can be manipulated by
sing various eluting systems.

A mobile phase containing 20 mM NH4NO3 at pH 5.80 was
sed for an injected mixture of 50 �g/L [Cr(EDTA)]−, 50 �g/L
r(VI) and 500 mg/L Cl−. The retention times of [Cr(EDTA)]−
nd Cr(VI) were 4.28 and 8.43 min, respectively, while Cl−
luted at 3.52 min. However, the Cl− peak overlapped the
Cr(EDTA)]− peak since the difference in retention between Cl−
nd [Cr(EDTA)]− was only 0.66 min. This indicated the possi-
ility of Cl− interfering in the determination of [Cr(EDTA)]−.
s the NO3

− competing ion is unaffected by pH, changes in the
H of the mobile phase would not affect the measured concentra-
ion of NO3

− or significantly influence the retention. Therefore,
hanges in pH would not be expected to improve resolution.

For this reason, an alternative mobile phase that would be
ffected by pH was assessed. A mobile phase containing 20 mM
H4H2PO4 at pH 4.60 was initially examined as the eluent
ut neither [Cr(EDTA)]− nor Cr(VI) were observed and only
l− was detected at 12.39 min. A longer retention time resulted

or all the target analytes because the target anions were being
etained more strongly on the anion-exchange site and H2PO4

−
as a weaker affinity compared with the target anions for anion-
xchange sites [25,26]. However, changes in the mobile phase
H could now influence the retention, as the speciation of the
obile phase was pH-dependent. A mobile phase containing

0 mM (NH4)2HPO4 at pH 7.90 reduced the retention time
or Cl− to 6.29 min, but [Cr(EDTA)]− and Cr(VI) were still

ot observed within the time frame for the run (<20 min). The
eduction of Cl− retention was due to the pH-induced changes
n the nature of the competing ion, and consequently led to
n increased eluting power. Considering the results from both



Z. Chen et al. / Talanta 72 (2007) 394–400 397

F ach sp
c

e
N
o
p
s
[
t
w
a
p
o

t
i
t
t
N
b

ig. 2. Negative ESI–MS spectra of: (a) [EDTA]4− and (b) [Cr(EDTA)]−. E
onditions described in Section 2.

luents tested so far, a mixed mobile phase containing 10 mM
H4NO3 and 10 mM NH4H2PO4 at pH 6.0 was tested because
f its dual buffering capacity (NH4H2PO4) and strong eluting
ower (NH4NO3). This eluent could be useful for the analy-
is of samples at varying pH values. Using this eluent, Cl−,
Cr(EDTA)]− and Cr(VI) were all observed to elute, with reten-
ion times of 3.90, 5.92 and 9.80 min, respectively. While Cl−

as now separated from [Cr(EDTA)]− by 1.72 min, the peak

ttributed to [Cr(EDTA)]− had a poor peak shape. However, the
eak shape can be improved by changes in both the concentration
f NO3

− and the pH of the mobile phase.

i
g
r
g

ectra corresponds to a concentration of 5 mg/L and was collected under the

Various mobile phase NO3
− concentrations were tested in

he range of 10–20 mM. The retention time decreased with
ncreasing NH4NO3 concentration (Fig. 3) and, consequently,
he peak shapes was improved. Good peak shape and resolu-
ion were obtained using a mobile phase containing 20 mM
H4NO3 and 10 mM NH4H2PO4 at pH 6.0. The rationale
ehind this is that the higher the concentration of competing

ons in the eluent, the more effectively the eluent displaces tar-
et ions from the stationary phase and the target ions are more
apidly eluted from the column [25,26]. Slow elution of tar-
et ions over a long period results in poor peak shape due to
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ig. 3. The influence of competing ion (NO3 ) concentration on the retention
ime of chromium species and chloride at constant pH 6.0. Other conditions are
s described in Table 1.

ailing of resilient target anions as they are slowly eluted from
he column. Further peak shape improvement can be obtained
y small changes in mobile phase pH, as the mobile phase
H influences the charges on both competing and solute ions.
he retention of target anions decreased with increasing elu-
nt pH. That is, when the mobile phase pH increased from
.0 to 8.0, for a mobile phase containing 20 mM NH4NO3 and
0 mM NH4H2PO4 (Fig. 4), the peak shape was consequently
mproved. The best peak shape and resolution was observed at
H of 7.0, where Cl− was well separated from [Cr(EDTA)]− and

r(VI) and therefore did not interfere with the determination of

Cr(EDTA)]− (Fig. 5). When the eluent pH was raised from
.0 to 8.0, poor resolution between [Cr(EDTA)]− and Cr(VI)
as observed and the peaks attributable to [Cr(EDTA)]− and

s

t

ig. 5. Chromatogram of chromium species and chloride obtained from the eluent co
re as described in Table 1.
ig. 4. The influence of eluent pH on the retention time of chromium species
nd chloride at a constant concentration of NH4NO3 (20 mM) and NH4H2PO4

10 mM). Other conditions are as described in Table 1.

r(VI) overlapped. The reduction in retention with increasing
H was due to an increase in charge on the competing ion and
he phosphate ions ([H2PO4]− to [H2PO4]2−, while the charge
n the target ions also changed. As a consequence, the eluting
ower was increased from a combination of these two effects
25]. Thus, the optimal conditions for the composition of the
obile were 20 mM NH4NO3 and 10 mM NH4H2PO4 at pH

.0.

.3. Analytical performance and analysis of waste water

amples

Calibration curves for quantification were obtained by plot-
ing peak area versus the concentration of the corresponding

ntaining 20 mM NH4NO3 and 10 mM NH4H2PO4 at pH 7.0. Other conditions
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Table 2
Characteristics for chromium speciation determined using the proposed method

Species Regression line Coefficient Detection limit (�g/L) Reproducibility (n = 5, R.S.D.%)

C 3 4

C

T

t
r
0
(
m
t

R
t

r(III) y = 1.73 × 10 x + 1.43 × 10 0.999
r(VI) y = 3.27 × 103x + 3.08 × 104 1.000

he conditions are as in Fig. 5; detection limit—signal/noise = 3.

arget anion. All calibrations were linear over a concentration
ange of 1–1000 �g/L with correlation coefficients greater than

.999 when a 50 �g/L standards was injected. Detection limits
S/N = 3) ranged from 0.1 to 0.2 �g/L. The reproducibility from
ultiple injections (n = 5) of a 10 �g/L standard solution, con-

aining a mixture of [Cr(EDTA)]− and Cr(VI), showed that the

t
w
s
f

Fig. 6. The typical chromatograms of chromium species and chlorid
0.2 2.8
0.1 1.9

.S.D. was <2.8%. Analytical performance characteristics of
he proposed method are summarised in Table 2. In order to test

he applicability of the method for the speciation of chromium,
ater samples were spiked with a mixture of 10 �g/L mixed

tandards. Recoveries for individual chromium species ranged
rom 91.5 to 104.3%.

e obtained from real samples. The conditions are as in Fig. 5.
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The proposed method was tested using real samples to deter-
ine if it could be used for monitoring speciation of chromium

n contaminated waters and soils. Fig. 6 shows two typical chro-
atograms from waste waters. Chromium species were found

t concentrations of 26.2 ± 1.6 �g/L for Cr(III) and 48.0 ± 2.3
or Cr(VI) (n = 3) in contaminated waste waters.

. Conclusion

In this work, ESI–MS was used to confirm that a stable
hromium-chelate complex, Cr(EDTA)]−, was formed in solu-
ion and that this complex formation could be used as a basis for
he simultaneous ion chromatographic separation of Cr(III) and
r(VI). Chloride interference in the determination of chromium
as eliminated through separation by ion chromatography. A
ew anion-exchange column (G3154A/102, provided by Agi-
ent) can be used to elucidate chromium speciation with a mobile
hase of 20 mM NH4NO3 and 10 mM NH4H2PO4 at pH 7.0
ithin 7 min. The proposed method was demonstrated for the

nalysis of chromium species in waste water.
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bstract

A method of determination of 32 carbonyl compounds by high performance liquid chromatography (HPLC) and electrospray ionization (ESI)
andem mass spectrometry (MS/MS) after derivatization with 2,4-dinitrophenylhydrazine (DNPH) was developed and successfully applied to
he atmosphere sample of a residential area of Liwan District (S1) and a research institute of Tianhe District (S2) in Guangzhou, China. Some
peration conditions of ESI-MS/MS in the negative ion mode including selection of parent and daughter ions, declustering potential (DP), entrance
otential (EP), collision energy (CE), collision cell exit potential (CXP) and effect of buffer in ESI-MS/MS process were optimized. The regression
oefficient of the calibration curves (R2), recovery, reproducibility (R.S.D., n = 5) and limit of detection (LOD) were in the range of 0.9938–0.9999,

0–104%, 1.7–11% and 0.4–9.4 ng/m3, respectively. Among most of the samples, acetone was the most abundant carbonyl in two sampling sites and
ormaldehyde, acetaldehyde and butyraldehyde/2-butanone were also abundant carbonyls. In contrast to LC–UV method, the LOD, the separation
f some co-eluting compounds and the precision (mainly to higher molecular weight carbonyls) are all improved by LC–ESI-MS/MS.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Carbonyl compounds in air are important photochemical oxi-
ation products of virtually all hydrocarbons and precursors of
ree radicals, ozone, and peroxyacyl nitrates [1–3]. Moreover,
everal carbonyls also have received regulatory attention as toxic
ir contaminants, mutagens, eye irritants and carcinogens, such
s formaldehyde, acetaldehyde, and acrolein [4,5]. Therefore, it
s essential to develop a method for the determination of carbonyl
ompounds.
The quantitative method most frequently used for mea-
uring carbonyls in air samples is based on derivatization
ith 2,4-dinitrophenylhydrazine (DNPH) in acid medium

∗ Corresponding author: Tel.: +86 21 56334184; fax: +86 21 56334184.
E-mail address: fengyanli@shu.edu.cn (Y. Feng).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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rivatization

uring sampling. The formed 2,4-dinitrophenylhydrazones
re separated by reversed-phase liquid chromatography and
etected by UV [6–10]. This method was widely used as an
nternational standard and mainly applied to the determination
f C1–C5 aldehydes and ketones in the United States and
urope [5,11]. The reasons were the low content of higher
olecular weight (HMW) carbonyls in air and the interference

f the sample matrices. In order to solve the problem, LC–MS
nd LC–MS/MS were applied for quantitive analysis and iden-
ification of carbonyl-DNPHs (in our knowledge, few studies
ocused on quantitative analysis of carbonyls by LC–MS/MS)
12–21]. In these studies, the best detection method was atmo-
pheric pressure chemical ionization in the negative ion mode

APCI−), and the detection for carbonyls could achieve low-
icogram quantities. However, there are also other ion sources
nd ion modes were used for the detection. Karst and cowokers
ound APCI and ESI in the positive mode were suitable to
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etermine aldehydes and ketones derivatized by the Hantzsch
eaction [22–24]. Van den Bergh et al. [25] considered that both
SI and APCI in the negative ion mode were suitable for the
etection of the DNPH derivatives of carbonyls and found ESI
−) in combination with single ion monitoring (SIM) detection
howed the lowest detection limits. Moreover, Richardson et
l. [26] determined polar disinfection by-products in water by
C–ESI-MS. Zwiener et al. [27] optimized some conditions of
etermination carbonyls and identified several carbonyls from
wimming pool water by LC–ESI-MS/MS in the negative ion
ode, and the detection limits were achieved �g/L degree by
IM measurements without sample preconcentration. Recently,
arst et al. [12] also applied APPI-MS in the negative ion mode
ethod for the determination of aldehydes and ketones after
NPH derivatization and LC separation. Compared to APCI-
S, the lower detection limits were obtained under the same

onditions. At present, the studies of carbonyls were mainly
ocused on air [6–19,22–25,28,29], water [26,27] and plants
30,31]. Due to the special action of carbonyls in air (important
hotochemical oxidation products of virtually all hydrocarbons
nd precursors of free radicals, ozone, and peroxyacyl nitrates),
eople were much more attention to the detection of carbonyls
n air.

In our work, we extend the method of Zwiener et al. [27] and
evelop a method of quantitative analysis of 32 carbonyl com-
ounds by DNPH derivatization and LC–ESI-MS/MS detection.
his method is successfully applied to the air samples of a

esidential area and a research institute of Guangzhou, China.
n contrast to other methods, some new target compounds are
uantitative determine and much lower LOD are achieved by
C–ESI-MS/MS. Study shows that the negative ion mode is
uitable for determining carbonyl-DNPHs. The influence of sev-
ral operation conditions in quantitive process is explored, and
description of the process of their values optimized is pro-

ided. We detail the development of sensitive, selective, and
ependable methods to quantify carbonyl compounds in air by
C–ESI-MS/MS.

. Experimental

.1. Reagents and materials

All solvents employed were HPLC grade. Water was
ouble distilled and filtered by Milli-Q. The acetonitrile
ACN) and the 2,4-dinitrophenylhydrazine (DNPH) were
urchased from Merck (Germany) and Fluka (USA). Ammo-
ium acetate (Analytical grade) was purchased from Tianjin
hemical Reagent No. 1 Plant (Tianjin, China). Stan-
ard solutions containing 21 kinds of carbonyl-DNPHs
DNPH derivatives of formaldehyde, acetaldehyde, acetone,
crolein, benzaldeyde, butyraldehyde, crotonaldehyde, valer-
ldehyde, isvaleraldehyde, propionaldehyde, o-tolualdehyde,
-tolualdehyde, p-tolualdehyde, 2-butanone, cyclohexanone,

eptaldehyde, octylaldehyde, nonanaldehyde, decylaldehyde,
,5-dimethylbenzaldehyde, hexaldehyde) were purchased from
hemService (West Chester, USA). Other standard solu-

ions including 12 DNPH derivatives of the following

t
s
a

(2007) 539–545

arbonyls were synthesized in our lab: 2-hexanone, 2-nonanone,
ethacrolein, cyclopentanone, acetophenone, 4-methyl-2-

entanone, 2-pentanone, undecanal, dodecanal, tridecanal, and
-OH-benzaldehyde.

.2. DNPH derivatization of some carbonyls

The derivatives of carbonyls were prepared according to the
ethod described in other literatures [32–34]. Proceed as fol-

ows. Firstly, 0.4 g DNPH (recrystallization in HPLC grade ACN
wice) was dissolved in 2 mL H2SO4, and then 3 mL water and
0 mL ethanol were slowly added to this solution, respectively.
econdly, 50% molar excess of the respective carbonyls was dis-
olved in 20 mL ethanol and then the solution of carbonyl was
lowly added to the solutions of DNPH. Finally, the precipitate
ormed was filtered off, recrystallized from 30 mL hot ethanol or
CN, washed with ethanol and dried in a desiccator. Purities of

he products were identified by LC–MS, and no impurity peaks
ere found.

.3. Sample preparation and sampling sites selection

The sampling method for carbonyls was described in our pre-
ious reports [8,9]. The sampling medium was a Sep-Pak Silica
el cartridge (waters, Millipore Corp.). DNPH was recrystal-

ized from ACN (HPLC grade) three times. Each cartridge
as rinsed by 10 mL of ACN, and then coated with 7 mL
f the freshly made coated solution, which contained 60 mL
NPH-ACN-saturated solution and 4 mL concentrated ortho-
hosphoric acid in 500 mL ACN. When there was no more
olution flowing out, they were dried with a gentle flow of
igh-purity nitrogen. Each cartridge was wrapped in a piece of
lter paper, which impregnated with the DNPH-ACN solution

o prevent contamination before use, wrapped in an aluminum
oil, and sealed in a Teflon bag. All the processes were car-
ied out in the high-purity nitrogen-filled glovebox. Finally,
artridges were stored in refrigerator at 4 ◦C [35,36] until
se.

Samples were collected by drawing the air with a sampling
ump (Thomas, USA) through the cartridge. A potassium iodide
KI) denuder was connected to the upstream of the cartridge to
revent the interference of ozone [37]. Before sampling, two
artridges in series were tested for breakthrough under the same
ampling conditions and no compounds were detected in the
ack cartridge. After sampling, each cartridge was wrapped in
n aluminum foil, resealed in a new Teflon bag, taken back to
he laboratory and stored in the refrigerator.

The sampled cartridges were eluted with 2 mL of ACN into a
mL volumetric flask. This eluted solution was directly injected

nto the LC–MS system.

.4. Instrument analysis
The LC–MS/MS system included an Agilent 1100 HPLC sys-
em equipped with quaternary Pump, on-line vacuum degassing
ystem, autosampler and Variable Wavelength Detector (VWD,
t 360 nm) and an API 4000 triple quadrupole mass spectrometer
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Applied Biosystems, Foster City, CA, USA) equipped with
lectrospray ionization (ESI).

LC separation of carbonyls was conducted by using a
ixture of acetonitrile (ACN), water and 1 mmol/L ammonium

cetate solution as mobile phase. The gradient program was as
ollows: constant 65% ACN and 35% water during 0–27 min,
hen changes of 65–80% ACN, 35–0% water and 0–20%
mmonium acetate solution were taken in 27–30 min. The
ontent of ACN increased to 95% in 30–35 min and kept
onstant until 50 min, and then restored to 80% at 55 min, in
hese times (30–55 min) constant 0% water was kept. During
5–60 min, changes of 80–65% ACN, 0–15% water and
onstant 20% ammonium acetate solution were taken. Changes
f 15–35% water, 20–0% ammonium acetate solution and
onstant 65% ACN were taken in 60–61 min, and then followed
y a 5 min equilibration time. An Agilent Zorbax Eclipse
DB-C18 column (250 mm × 4.6 mm, particle size 5 �m) was
sed as the analytical column. Flow rate was 0.6 mL/min and
njection volumes were 5 �L. The mass spectra (MS) scanning
rom m/z = 0 to 500 was applied for the determination of m/z
alues. Electrospray mass data were acquired in the negative
ode with a spray voltage of −4.5 kV. The source temperature
as 450 ◦C. Nitrogen was used as the curtain gas (setting 10),
ebulizer gas (setting 15) and turbo gas (setting 40). MS/MS
as performed using nitrogen as collision gas (CAD gas
etting 6). Other operating conditions of MS/MS were shown
n Table 1. The data were acquired with the Sciex Analyst
oftware, version 1.3.1 (Applied Biosystems, Foster City, CA,
SA).

E
e

i

able 1
perating conditions for MS/MS analysis of different carbonyl-DNPHs

arbonyl compounds DNPH derivative
[M − H] (m/z)

Fragment ion for
quantification (m/z)

Declu
poten

ormaldehyde 209.1 162.9 −25
cetaldehyde 223.1 163.1 −27
ropionaldehyde 236.8 162.9 −30
utyraldehyde/2-butanone 251.1 152.1 −30
aleraldehyde 265 162.9 −30
exaldehyde/2-hexanone 279 151.8 −35
eptaldehyde 293.0 162.6 −35
ctylaldehyde 306.9 162.9 −35
onanaldehyde/2-nonanone 321 151.8 −30
ecylaldehyde 335.0 162.9 −40
ndecanal 349.1 162.8 −40
odecanal 362.9 163.4 −40
ridecanal 376.8 162.8 −50
-OH-benzaldehyde 301.1 181.6 −30
cetone 237.1 206.6 −27
crolein 235.1 162.9 −27
ethacrolein 249.1 162.4 −28
rotonaldehyde 248.9 172.1 −30
yclopentanone 263.0 232.6 −30
yclohexanone 276.9 230.8 −30
cetophenone 299 254.1 −50
-Methy-2-pentanone 279 151.6 −35
enzaldehyde 285 162.8 −50
/m/p-Tolualdehyde 299 162.6 −50
,5-Dimethylbenzalde-hyde 313 162.6 −50
sovaleraldehyde/2-pentanone 265.0 151.6 −30
(2007) 539–545 541

. Results and discussion

.1. Operating conditions of ESI-MS/MS

The optimized numerical values of some parameters (spray
oltage, source temperature, curtain gas, nebulizer gas and turbo
as) of ESI-MS/MS have been described already in Section 2.
hese parameters were of the same numerical values for all
arbonyl compounds in the experiment. In addition, declus-
ering potential (DP), entrance potential (EP), collision energy
CE) and collision cell exit potential (CXP) were also important
arameters of ESI-MS/MS. For these parameters, different car-
onyl compounds need different numerical values and the results
re shown in Table 1. Because the stability to collision-induced
issociation (CID) of ion source increased with the aldehyde
arbon-chain length [27], the DP of the higher aldehydes was
arger than those of the lower aldehydes. Aromatic aldehydes
nd ketones had the most stable molecular structure among all
arbonyls and provided the largest DP values (setting 50). More-
ver, the intensity of the CE also acquired the same behavior.
E was important parameter of the product ion spectra and the

ntensities of CE affected the formation of daughter ions and the
egree of parents ions reduced. In general, the more stable the
ompounds were, the larger intensities of CE needed. The same
onclusion also had been acquired in other literature [27]. For

P and CXP, there had not found any obvious influences in the
xperiment.

The selection of fragment ions is also an important condition
n the quantitative process of carbonyls. The processes of frag-

sre-ring
tial DP (V)

Entrance potential
EP(V)

Collision energy
CE (rel. units)

Collision cell exit
potential CXP (V)

−6 −16 −6
−6 −18 −6
−6 −18 −6

−10 −21 −6
−6 −20 −5

−10 −20 −6
−12 −21 −6
−13 −22 −6
−12 −23 −6
−10 −23 −6
−14 −24 −12
−14 −25 −12
−13 −26 −10
−10 −24 −6
−6 −21 −8
−8 −20 −10

−11 −21 −8
−11 −20 −6
−13 −20 −6.0
−13 −23 −6
−13 −25 −8
−10 −21 −6
−13 −23 −10
−14 −25 −10
−12 −25 −10
−6 −23 −10
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ent ions selected were based on product ion spectra of each
NPH derivative of carbonyls. m/z 163 is a typical fragment ion

or all aldehyde-DNPHs. Aldehyde and ketone-DNPHs show
typical fragment ion at m/z 152. The formations of ion m/z

63 and m/z 152 have already been explained by Kölliker [13].
oreover, under the conditions listed in Table 1, acetone, croton-

ldehyde, cyclopentanone, cyclohexanone, 2-OH-benzaldehyde
nd acetophenone also show a high signal intensity fragment
on at m/z 207, 172, 233, 231, 182 and 254, respectively (see
able 1). These fragment ions have much higher signal inten-
ities than typical fragment (m/z 163 and 152). Therefore, these
ons were selected as the quantitative daughter ions in the next
xperiment.

.2. Selection of mobile phases

Since some conditions of the mobile phase such as pH
nd ionic strength, influence ion formation in the electrospray
rocess [27], the ammonium acetate as a buffer solution was
ntroduced in this experiment. Zwiener et al. [27] compared
mmonium acetate in both mobile phase with no buffer addi-
ion and buffer addition, and found both mobile phase addition
ot maximum signal intensity. However, little differences were
ound in our experiment.

The experiments demonstrated that ammonium acetate in
oth mobile phases was abandoned, because it was found dif-
cult to completely dissolve ammonium acetate into 100%
CN. The peak areas of 10–20 �g/L aldehydes using 1 mmol/L
mmonium acetate solution/ACN as mobile phases were com-

ared with the peak areas of H2O/ACN as mobile phases. The
esults are shown in Fig. 1. From the figure we could see
hat the buffered mobile phases provided larger peak area for
igher aldehydes. However, for <C6 aldehydes, the peak areas

o
a
a
r

Fig. 2. Total ion current chromatogram of a standard mixture of 32 carbonyl-DNPH
Fig. 1. Effect of buffer solution on the peak area of several aldehydes.

f the buffered were similar or little lower than those of non-
uffered. Therefore, ammonium acetate solution as the third
obile phase was introduced into detection system at 27 min

n the next experiment. Under the conditions of LC separa-
ion, 18 kinds of them were baseline separated among 32 kinds
f carbonyl-DNPHs. The result is shown in Fig. 2. Fig. 2
emonstrated the total ion current chromatogram of a standard
ixture of 32 carbonyl-DNPHs. The concentrations of standard

olution were 200 �g/L for formaldehyde, acetaldehyde, propi-

naldehyde, butyraldehyde, hexaldehyde and crotonaldehyde,
nd 100 �g/L for other carbonyls. Due to the different parents
nd daughter ions between co-eluting compounds, the sepa-
ation of some co-eluting compounds, such as valeraldehyde,

s. The peak numbers were consistent with the compound numbers of Table 3.
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Table 2
Some analytical performance dates of the proposed method and 32 carbonyl compounds contents in two sample site

Compounds Limit of detection
(ng/m3)

Reproducibility
(R.S.D.%, n = 5)

Recovery
(%, mean ± S.D., n = 3)

Concentrations (�g/m3)

S1 S2

Formaldehyde 1.9 3 100 ± 3 4.10 5.25
Acetaldehyde 5.2 2 92 ± 4 4.80 7.11
Acrolein 2.5 2.8 96 ± 2 0.11 0.07
Acetone 4.3 1.7 103 ± 3 6.99 8.92
Propionaldehyde 5.3 1.8 102 ± 4 1.24 0.85
2-OH-benzaldehyde 0.4 3.3 100 ± 3 0.05 0.02
Crotonaldehyde 3.4 2.2 95 ± 1 0.17 0.05
Methacrolein 3.5 9.3 97 ± 7 0.78 0.27
Butyraldehyde/2-butanone 3.3 4.3 94 ± 8 4.02 3.52
Cyclopentanone 4.0 2.2 98 ± 1 0.04 0.03
Benzaldehyde 2.1 11 104 ± 4 0.50 0.31
Isovaleraldehyde/2-pentanone 2.2 5.2 99 ± 3 3.99 0.69
Valeraldehyde 2.7 2.2 96 ± 6 6.00 0.36
Cyclohexanone 2.0 7.3 90 ± 2 0.74 0.28
Acetophenone 7.6 5.7 92 ± 4 0.11 0.46
p-Tolualdehyde 4.8 8.7 96 ± 5 0.02 0.01
o/m-Tolualdehyde 4.9 9.3 97 ± 1 0.13 0.07
4-Methy-2-pentanone 2.0 3.0 90 ± 1 0.11 0.08
Hexaldehyde/2-hexanone 3.3 4.6 97 ± 7 1.39 0.64
2,5-Dimethyl-benzaldehyde 6.0 5.7 90 ± 6 0.04 0.02
Heptaldehyde 2.5 4.6 103 ± 8 0.18 0.31
Octylaldehyde 1.7 5.7 93 ± 6 0.16 0.48
Nonanaldehyde/2-nonanone 5.2 4.7 92 ± 3 0.95 1.08
Decylaldehyde 9.0 5.2 97 ± 1 0.16 0.38
Undecanal 5.4 5.2 96 ± 1 0.05 0.56
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odecanal 8.3 5.5
ridecanal 9.4 6.5

yclohexanone and acetophenone, were also achieved by ESI-
S/MS. Some carbonyls have the same molecular weight were

till not separated by ESI-MS/MS, including butyraldehyde/2-
utanone, o/m-tolualdehyde, isovaleraldehyde/2-pentanone,
exaldehyde/2-hexanone, and nonanaldehyde/2-nonanone.

.3. Method evaluation

In order to evaluate the proposed method, some parame-
ers were determined under the above optimized conditions and
esults are shown in Table 2.

Linearity was investigated over a concentration range of
0–450 �g/L. Good linearities with correlation coefficients
R2) ranging from 0.9938 to 0.9999 were obtained. The
ecoveries were determined as follows. Firstly, the standard
olutions were directly added to the blank sampled cartridges.
econdly, the cartridges were eluted with 2 mL ACN. Finally,

he eluted solutions were determined by LC–ESI-MS/MS.
he added quantities of carbonyl-DNPHs were 8 �g for

ormaldehyde and acetaldehyde, 4 �g for acetone, 0.3 �g
or butyraldehyde/2-butanone and hexaldehyde/2-hexanone,
.2 �g for propionaldehyde, isovaleraldehyde/2-pentanone,
rotonaldehyde and nonanaldehyde/2-nonanone, and 0.1 �g

or other carbonyls. Recoveries were in the range of
0–104%. Reproducibilities (R.S.D., n = 5) were in the
ange of 1.7–11% which were measured by repeated
etermination of standard solutions containing 30 �g/L

b
w
h
t

94 ± 3 0.07 0.09
95 ± 6 0.04 0.13

utyraldehyde/2-butanone and hexaldehyde/2-hexanone,
0 �g/L propionaldehyde, isovaleraldehyde/2-pentanone, cro-
onaldehyde and nonanaldehyde/2-nonanone, and 10 �g/L other
arbonyl-DNPHs. Limit of detection (LOD) was determined by
sing seven replicate analyses of the working standards at the
owest concentration (signal-to-noise ratio, S/N = 3), for which
n approach was described in detail in 40 CFR Part 136B (Code
f Federal Regulation, 2001). The LOD of the proposed method
ere in the range of 0.4–9.4 ng/m3 for various carbonyls

ssuming a sampling volume of 180 L air and these values were
bout 1–2 order of magnitude better than LC–UV detection.
rombacher et al. [14] reported a LOD range of 1–15 ng/m3 on
quadrupole ion-trap system (LCQ classic, ThermoFinnigan,
an Jose, CA, USA) in APCI (−). In the study of Grosjean
15], the LOD of formaldehyde was 20 pg. In the present study,
6 pg LOD of formaldehyde could be achieved.

.4. Application to air samples

The samples collected in two sampling sites (a residen-
ial area of Liwan District (S1) and a research institute
f Tianhe District (S2) in Guangzhou, China), were
etermined by the proposed method. Thirty-two target car-

onyl compounds were all identified and quantified, in
hich butyraldehyde/butanone, isovaleraldehyde/2-pentanone
exaldehyde/2-hexanone, nonanaldehyde/2-nonanone and o/m-
olualdehyde could not be separated by LC–ESI-MS/MS



544 Y. Chi et al. / Talanta 72 (2007) 539–545

Table 3
Comparison of ESI-MS/MS and UV detection

Compounds Sa concentration (�g/m3)
mean ± S.D., n = 6

Sb concentration (�g/m3)
mean ± S.D., n = 6

Sc concentration (�g/m3)
mean ± S.D., n = 6

Formaldehyde
UV 6.37 ± 0.10 6.95 ± 0.06 7.13 ± 0.04
ESI-MS/MS 6.13 ± 0.10 6.32 ± 0.06 6.45 ± 0.38

Acetaldehyde
UV 9.50 ± 0.20 8.50 ± 0.07 9.32 ± 0.05
ESI-MS/MS 8.97 ± 0.14 8.04 ± 0.16 8.89 ± 0.21

Acetone
UV 8.14 ± 0.11 7.17 ± 0.05 7.73 ± 0.05
ESI-MS/MS 8.11 ± 0.13 7.92 ± 0.08 6.97 ± 0.18

Propionaldehyde
UV 0.89 ± 0.05 0.94 ± 0.04 0.83 ± 0.01
ESI-MS/MS 0.97 ± 0.02 0.88 ± 0.01 0.89 ± 0.02

Heptaldehyde
UV 0.32 ± 0.02 0.34 ± 0.03 0.31 ± 0.03
ESI-MS/MS 0.36 ± 0.01 0.41 ± 0.01 0.35 ± 0.03

Octylaldehyde
UV 0.62 ± 0.03 0.78 ± 0.01 0.57 ± 0.02
ESI-MS/MS 0.58 ± 0.02 0.62 ± 0.03 0.55 ± 0.05

Decylaldehyde
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UV 0.62 ± 0.02
ESI-MS/MS 0.43 ± 0.01

.D.: standard deviation.

ethod. Therefore, their sum concentrations were determined
n this study. The concentrations of carbonyl compounds are
isted in Table 2.

.5. Compare to LC–UV method

The LC–ESI-MS/MS method was compared with the
C–UV detection at 360 nm method described in our previous
ork [8,9]. Three samples (Sa, Sb and Sc) in S2 were detected

ix times by the both methods, respectively. The results of seven
arbonyls: formaldehyde, acetaldehyde, acetone, propionalde-
yde, heptaldehyde, octylaldehyde and decylaldehyde, are listed
n Table 3.

Table 3 shows that for low molecular weight (LMW)
arbonyls, such as formaldehyde, acetaldehyde, acetone and
ropionaldehyde, good agreement existed between the two
etection methods and the deviations between the two meth-
ds were 3.9–10%, 4.8–5.9%, 0.4–11% and 7–9%, respectively.
ut for HMW carbonyls (such as heptaldehyde, octylalde-
yde and decylaldehyde), since most of their concentrations
ere below 0.6 �g/m3, small difference maybe resulted in a

arge deviation. The deviations of heptaldehyde, octylaldehyde
nd decylaldehyde were in the range of 11–20%, 7–42%, and
–44%, respectively. The R.S.D. of the studied seven carbonyls
etected by LC–UV method were all <9.7% and <9.3% by
SI-MS/MS, and results were both acceptable.
The LOD of LC–ESI-MS/MS method was already described
n method evaluation. The 32 carbonyls LOD of LC–ESI-

S/MS were in the range of 0.4–9.4 ng/m3 and were much
ower than those of UV detection [8], which were in the range

p
w
a
i

0.88 ± 0.06 0.46 ± 0.07
0.73 ± 0.03 0.43 ± 0.04

f 50–150 ng/m3 for 21 carbonyls. Because of the lower LOD,
he determination of low concentration carbonyls in air samples
mainly HMW carbonyls) was much more precise by LC–ESI-

S/MS than that by UV.
Compared with UV detection, more carbonyls were identi-

ed and quantified by LC–ESI-MS/MS method and study shows
hat if more carbonyls standards were applied, much more car-
onyls also could be determined by the method. Moreover, other
isadvantages of LC–UV detection, such as the HMW carbonyls
because of the low concentrations in air sample and the interfer-
nce of the sample matrix) [5,11] and the co-eluting compounds
with different molecular weight, but same property), were also
vercame by LC–ESI-MS/MS. This was mainly due to the lower
OD and the higher selectivity of LC–ESI-MS/MS.

. Conclusions

This study demonstrated that DNPH derivatization and
C–ESI-MS/MS detection is an better analytical method for
etermination of HMW carbonyl compounds in air sam-
le. Good Linearity, reproducibility and recovery are all
btained. Compared with LC–UV detection, the proposed
ethod obtained much lower LOD and could detect more car-

onyl compounds. The application of the method to air samples
lso achieved excellent result. Thirty-two carbonyl compounds
ere all identified and quantified in the samples of two sam-

ling sites of Guangzhou. Among most of the samples, acetone
as the most abundant carbonyls, followed by formaldehyde,

cetaldehyde and butyraldehyde/2-butanone. Study shows that
f more carbonyls standards were applied, much more carbonyls
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bstract

A novel and fast simultaneous determination of triamcinolone acetonide (TCA) and salicylic acid (SA) in topical pharmaceutical formulations
y sequential injection chromatography (SIC) as an alternative to classical high performance liquid chromatography (HPLC) has been developed.
recently introduced OnyxTM monolithic C18 (50 mm × 4.6 mm, Phenomenex®) with 5 mm monolithic precolumn were used for the first time for

reating sequential injection chromatography system based on a FIAlab® 3000 with a six-port selection valve and 5.0 mL syringe pump in study.
he mobile phase used was acetonitrile/water (35:65, v/v), pH 3.3 adjusted with acetic acid at flow rate 0.9 mL min−1. UV detection provided by
bre-optic DAD detector was set up at 240 nm. Propylparaben was chosen as suitable internal standard (IS). There is only simple pre-adjustment
f the sample of topical solution (dilution with mobile phase) so the analysis is not uselessly elongated. Parameters of the method showed good
inearity in wide range, correlation coefficient >0.999; system precision (relative standard deviation, R.S.D.) in the range 0.45–1.95% at three
ifferent concentration levels, detection limits (3σ) 1.00 �g mL−1 (salicylic acid), 0.66 �g mL−1 (triamcinolone acetonide) and 0.33 �g mL−1
propylparaben) and recovery from the pharmaceutical preparations in the range 97.50–98.94%. The chromatographic resolution between peaks of
ompounds was more than 4.5 and analysis time was 5.1 min under the optimal conditions. The advantages of sequential injection chromatography
gainst classical HPLC are discussed and showing that SIC can be a method of option in many cases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chromatographic columns are widely used in separation of
ixtures in almost all branches of science. Sequential injection

hromatography (SIC) based on integration of short monolithic
olumn into flow manifold is a new generation of flow methods
nalysis and extending the possibilities of sequential injec-
ion analysis (SIA) technique enabling determination of simple

ulti-compound samples in one step without pretreatment of
ample.
SIA—high versatile technique based on a programmable flow
1] has been proposed by Ruzicka and Marshall as an efficient
ool for automated liquid handling [2]. The “single-line” tech-

∗ Corresponding author. Fax: +420 495 210 718.
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; Salicylic acid; Triamcinolone acetonide; Spectrophotometric determination

ique is based on forward and reverse movement of a piston
f syringe pump, which together with a multi-position selec-
ion valve enables precise sampling of liquid chemicals into the
ystem and propelling of the sequenced zones to the reactors
nd detector [3]. Automation, speed of the analysis and low
onsumption of sample and reagents are the most important fea-
ures that favour the SIA technique for application in many fields
f analysis, primarily by more complicated operations such as
ample pre-treatment, derivatisation reactions or monitoring of
ong lasting processes [4–6].

On the other side, SIA technique itself has generally one
mportant drawback—it cannot primary provide the separation
rocedure and analysis of multi-component samples. This weak

oint was solved by coupling of short monolithic column [7]
ith SIA manifold and created method called sequential injec-

ion chromatography. It was recently successfully applied in the
nalysis of relatively simple multi-component samples [8–13].
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he use of monolithic columns (formed by “Sol–gel” technol-
gy from a single piece of porous silica gel) enabling operation
t high flow rates with lower back-pressure [14]). This feature
an be used for integrating these columns into a SIA manifold
nd for extending the possibilities of SIA technique (the back-
ressure limit range of the syringe pump in SIA apparatus is
bout 2.5 MPa).

Salicylic acid (SA) is the traditional pharmaceutical sub-
tance. It has antiseptic and antifungal properties. It shows
eratoplastic and keratolytic effect, which is often used in
he topical preparations in combination with other substances,
.g. prednisolone, estradiol, betamethasone, triamcinolone, etc.
t is also a product of decomposition of acetylsalicylic acid,
hich is a common antiinflammatory, analgesic and antipyretic
rug used in topical preparations and tablets. Triamcinolone
cetonide (TCA) is an antiflogistic and antiallergic drug used
requently in therapy of rheumatic, allergic and dermatologic
ymptoms.

There have been recently a number of reports in literature
ealing with various analytical methods for the determination
f SA [15–16] and TCA [17–19], mainly by HPLC methods,
ut there is no analytical method in literature for simultaneous
etermination of TCA in the presence of SA.

. Experimental

.1. Apparatus

.1.1. Sequential Injection system and monolithic column
A commercially available instrument FIAlab® 3000 system

FIAlab® Instruments Inc., Bellevue, USA) with a syringe pump
syringe reservoir 5.0 mL) and a six-port selection Cheminert®

alve (Valco Instrument Co., Houston, USA) was used. The
anifold was equipped with fibre-optic UV–VIS diode array

etector USB 2000 (Ocean Optics Inc., Dunedin, USA), 10 mm
-flow cell (Avantes, Colorado, USA) and UV light source
-1000-CE (Analytical Instrument Systems Inc., Flemington,
SA). The whole SIC system was controlled by the pro-
ram FIAlab® for Windows 5.0. Flow lines were made of
.75 mm I.D. PTFE tubing. Mobile phases and samples were
spirated through the six-port multi-position valve then deliv-
red to the monolithic column and to the detector. Direct
ample separation was performed on C-18 monolithic column
nyxTM Monolithic C18 (50 mm × 4.6 mm) (Phenomenex®,
SA) coupled with monolithic precolumn (5 mm × 4.6 mm)

Phenomenex®). The monolithic column with precolumn was
laced between the multi-position valve and flow cell of the
etector [9].

.1.2. HPLC apparatus
Preliminary experiments concerning the composition of

obile phase for precise separation and comparative measure-
ent of pharmaceutical product samples were performed on

PLC system Shimadzu Prominence 20 series with DAD detec-

or. Analyses were performed on the same above-mentioned
olumn. Mobile phases of different composition were tested at
ow rate 0.9 mL min−1 and the detector was set on 240 nm.

v
u
(
m
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.2. Reagents

Salicylic acid was obtained from Herbacos-Bofarma Ltd.
Czech Republic, Ph.Eur.3 grade quality), triamcinolone ace-
onide was obtained from Sicor (Milan, Italy, Ph.Eur.3
rade quality), propylparaben was obtained from Zentiva,
.s. (Czech Republic, Ph.Eur.3 grade quality) and organic
odifiers for mobile phase preparation were obtained from
igma–Aldrich. Acetonitrile (Chromasolv, for LC) was obtained
rom Sigma–Aldrich. All other used chemicals were of analyti-
al grade quality. Millipore Milli-Q RG (Millipore s.r.o., Czech
epublic) ultra pure water was used for preparing the solutions.
obile phases were degassed by helium before use. Stock stan-

ards were solved in acetonitrile 60% (v/v) at concentration of
0 mg mL−1 (SA), 2 mg mL−1 (TCA) and 4 mg mL−1 (PP)—all
ere stored at 5 ◦C for 1 month. The final concentrations of the

ample working standard solutions or reference standards for
harmaceutical preparations analysis were prepared by diluting
he stock solution in the mobile phase.

.3. Method and sample preparation

.3.1. Mobile phase
The optimal mobile phase for separation of SA, TCA and

nternal standard (IS) propylparaben (PP) was acetonitrile–water
35:65, v/v), pH 3.3 adjusted with acetic acid; flow rate
.9 mL min−1 at ambient temperature. Volume of mobile phase
sed for one analysis was 4.0 mL.

.3.2. Solutions and sample preparation
The tested pharmaceutical preparation was Triamcinolon-

VAX (IVAX, Czech Republic) containing 20 mg of SA and 2 mg
f TCA in 1.0 mL of topical solution. Sample adjustment was
one by the following procedure: 100.0 �L of Triamcinolon-
VAX solution was transferred to 10.00 mL calibrated flask;
hen 100.0 �L stock solution of internal standard propylparaben
as added and the flask was filled to the mark with mobile
hase and mixed. The sample was homogenized and dissolved
y 5 min sonication. The comparative standard solution was
ame for all the analysis and it was prepared diluting stock
tandard solution in 10.00 mL calibrated flask and the flask
as filled to the mark with mobile phase and mixed. The final

oncentrations of the analytes in comparative standard solu-
ion were 200.0 �g mL−1 of SA, 20.0 �g mL−1 of TCA and
0.0 �g mL−1 of PP. Standards and samples were measured in
riplicates and the mean peak height values were used for data
cquisition.

. Results and discussion

.1. Method development and optimization

Applications of SIC has already been introduced in our pre-

ious papers [7–13]. In this work for the first time has been
sed OnyxTM (Phenomenex®) column instead of ChromolithTM

Merck®) column in the SIC method. The optimization of
obile phase was started with OnyxTM Monolithic C18
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Table 1
Characterization of SIC process

Salicylic acid Triamcinolone acetonide Propylparaben

SIC HPLC SIC HPLC SIC HPLC

Retention time (min) 1.46 1.65 2.64 2.63 3.45 3.59
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eak symmetry 1.95 2.03
umber of theoretical plates 1475 812
eak resolution RSA/TCA = 6.03 RSA/TCA = 4.51

50 mm × 4.6 mm, Phenomenex®) with 5 mm monolithic pre-
olumn and acetonitrile/water (50:50, v/v) mobile phase. The
obile phases containing acetonitrile as organic part have shown

etter separation of peaks and peak symmetry than methanol
ontaining mobile phases. The optimization was focused to
ake a proposal appropriate ratio of acetonitrile/water compo-

ition and optimal pH of mobile phase to achieve a sufficient
ymmetry of the peaks together with a good separation of com-
ounds and a short retention time. The optimal mobile phase for
he separation of SA, TCA and internal standard was found ace-
onitrile/water (35:65, v/v), pH adjusted to 3.3 by means acetic
cid. Flow rate was set to 0.9 mL min−1. Propylparaben fulfills
he requirements so was chosen as a suitable internal standard.
he sample injection volume was 10.0 �L. Due to very different
uantity of SA and TCA in pharmaceutical formulation (sample
f pharmaceutical solution contains ten time more SA than TCA)
nly one wavelength (240 nm, absorption maximum of TCA in
obile phase) was used to ensure high absorption response of
CA and lower response of SA (not exceed range of detector).
he proposed system enabled successful separation of target
nalytes in the time 5.1 min (0.66 min for aspiration of mobile
hase, 0.0016 min for aspiration of sample and 4.43 min for elu-
ion of sample) and total volume of mobile phase for one analysis
as 4.0 mL. Peak height evaluation was performed using the
IAlab® software.

.2. Parameters of sequential injection chromatography

rocess

The target compounds were successfully separated using the
roposed procedure. Basic chromatographic parameters were

t
a
m
a

able 2
nalytical parameters and method validation results

Salicylic acid

alibration range (�g mL−1) 3.1–300.0
orrelation coefficient 0.9999
imit of detection 3σ (�g mL−1) 1.00
imit of quantification (�g mL−1) 3.00
ystem precision–concentration 200 �g mL−1 (%)a 0.64
ystem precision–concentration 100 �g mL−1 (%)a 0.91
ystem precision–concentration 10 �g mL−1 (%)a 1.28
epeatability of TR (%)a 0.46
ethod precision (%)b 1.73
ccuracy–spike recovery (%)c 98.9

a Relative standard deviation (R.S.D.) values were calculated for repeated standard
b R.S.D. for repeated injections of multiple sample preparations (n = 6).
c Spiked sample solutions.
1.65 1.23 1.64 1.19
2188 2620 3135 3085
RTCA/PP = 4.52 RTCA/PP = 4.06

alculated from experimental data, such as retention times,
eak symmetry, number of theoretical plates and peak res-
lution; they are given in Table 1 in comparison to HPLC
esults.

.3. Validation and analytical parameters of the method

The validation and analytical parameters (linearity, sensitiv-
ty, repeatability, recovery, selectivity, precision and accuracy)
ave shown good results. Linearity was established with a
eries of working solutions prepared by diluting the stock
olution with mobile phase to the final concentrations. Each
oncentration was injected in triplicate and the mean value
f peak height was used for the calibration curve. The cal-
bration graphs involved seven experimental points for SA
concentration range 3.1, 6.3, 12.5, 25.0, 50.0, 100.0 and
00.0 �g mL−1) and it is described by the following equa-
ion: A = (0.0035 ± 0.00001)c + (0.0018 ± 0.0011) (where A is
he absorbance and c the analyte concentration), the correlation
oefficient was 0.9999; for TCA and PP nine experimental points
concentration range 6.2, 12.3, 18.5, 27.7, 41.6, 83.0, 125.0,
66.0 and 250.0 �g mL−1) and they are described by following
quations: TCA A = (0.0034 ± 0.00003)c − (0.0096 ± 0.0031),
he correlation coefficient was 0.9998; and for internal standard
P: A = (0.0029 ± 0.00002)c − (0.0062 ± 0.0027), the correla-

ion coefficient was 0.9998. The limit of detection (LOD) was
alculated by comparison of the three-fold variation of signal

o noise ratio (3 S/N) obtained from analysis of the standards,
nd the limit of quantification (LOQ) was defined as the lowest
easured quantity above which the analyte can be quantified

t a given statistical level of (3 LOQ). The system precision

Triamcinolone acetonide Propylparaben

6.2–250.0 6.2–250.0
0.9998 0.9998
0.66 0.33
2.00 1.00
0.47 0.44
0.96 0.50
1.49 1.95
0.42 0.47
3.43

97.5

injections (n = 8).
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Fig. 2. SI chromatogram of the separation of active substances of Triamcinolon-
IVAX topical solution. Mobile phase: acetonitrile/water (35:65, v/v), pH 3.3
adjusted with acetic acid, flow rate 0.9 mL min−1 at ambient temperature, UV
detection at 240 nm.

Fig. 3. HPLC chromatogram of the separation of active substances of
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f the method was determined by preparing the standards of
A, TCA and PP at three concentration levels (200.0, 100.0
nd 10.0 �g mL−1 of all standards) and peak heights for each
ompound were determined after processing each standard eight
imes. The method validation results obtained under the final
onditions are shown in Table 2. The method was found to ful-
ll common requirements of accuracy, precision and linearity
calibration range with correlation coefficient >0.999, R.S.D. for
epeated standard injections at three concentration levels (n = 8)
as less than 1.6%). To validate the precision of the method a
umber of six different pharmaceutical sample solutions were
sed, which were prepared from the same batch and analyzed
onsecutively. This approach provides a means of covering the
recision of the entire method, from sample preparation to data
andling. The precision of the method calculated as R.S.D. of
ix sample determination, including sample preparation, was
.73% for SA and 3.43% for TCA. The mean values of found
mount were 99.41% of SA and 97.29% of TCA. The accuracy
f the method was carried out measuring of the pharmaceutical
amples fortified with known quantity of the analytes (addition
f 20% amount of SA standard and 100% amount of the TCA
nd PP standards to pharmaceutical preparation). Spiked sam-
le solutions and un-spiked sample solutions were compared for
ecovery evaluation. The method accuracy results—mean val-
es of the recoveries were found as 98.9% for SA and 97.5% for
CA. Assay values of recoveries show that the method allows
irect determination of SA and TCA in commercial dosage
orms in the presence of other adjuvants (analysis of blank solu-
ion of matrix showed no interferences in measurement, depicted
n Fig. 1).

.4. Determination in pharmaceutical product

The novel method developed has been applied to the determi-
ation of SA and TCA in topical solution Triamcinolon-IVAX.
he pharmaceutical was commercially available on the Czech
arket. The interference effect of adjuvants (EDTA and car-
ethopendecinii bromidum) was not observed. The samples
ere prepared just by dilution hundred times with mobile phase

ontaining IS. For analysis, a loop of three loads of com-
arative standard solution was programmed and three loads

ig. 1. SI chromatogram of blank solution of matrix of Triamcinolon-IVAX.
obile phase: acetonitrile/water (35:65, v/v), pH 3.3 adjusted with acetic acid,

ow rate 0.9 mL min−1 at ambient temperature, UV detection at 240 nm.

r
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riamcinolon-IVAX topical solution. Mobile phase: acetonitrile/water (35:65,
/v), pH 3.3 adjusted with acetic acid, flow rate 0.9 mL min−1 at ambient tem-
erature, UV detection at 240 nm.

f sample solution. The results of determination of six sam-
les (different batch) were in range (99.32–101.43%; R.S.D.
.83) for SA and (100.32–107.50%; R.S.D. 2.55) for TCA
f declared value. The procedure of sample preparation was
imple, fast and achieving high precision and low sample and
eagent consumption. Representative sequential injection chro-
atogram showing successful separation of active substances

f Triamcinolon-IVAX including internal standard is shown in
ig. 2.

After the SIC determination was done comparative HPLC
easurement of mentioned six samples of Triamcinolon-IVAX

olution with comparable results (SA 99.61–102.77%; R.S.D.
.20% and TCA 100.64–104.18%; R.S.D. 1.32%) at the same
onditions. Representative HPLC chromatogram showing suc-
essful separation of active substances of Triamcinolon-IVAX
ncluding internal standard is shown in Fig. 3.

. Conclusion

Recently it has been shown that the novel SIC system as

he solution-handling and automation system enables fast deter-

ination of simple mixtures and gives additional possibilities
n chromatographic measurements compared with the conven-
ional HPLC. An OnyxTM Monolithic C18 (50 mm × 4.6 mm,
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henomenex®) column with 5 mm monolithic precolumn incor-
orated first time into SIC manifold was proved to be a
onvenient and efficient tool for the separation and deter-
ination of salicylic acid and triamcinolone acetonide in

harmaceutical preparation (topical solution). Even in case of
iametrical difference of amount of both compounds (proved
olution contains ten times more SA than TCA) the analysis
as achieved simultaneously only with simple pre-treatment of

ample (dilution with mobile phase). Results of many chro-
atographic parameters for determination SA and TCA in

harmaceutical solution were compared to HPLC measure-
ents. SIC technique shows several advantages as short time

f analysis, easy handling with sample and low consumption of
ample and solvents and low production of the waste (due to
iscontinual flow). These features enable reduction of cost per
nalysis. Easy liquid manipulation not attainable by classical
PLC set up, dimensions of the SIC system and portability of

nalyzer provides the opportunity for analysis “on field”.
On the other hand, SIC is limited by column (at present

nly short monolithic reverse phased) and limited amount of
obile phase available for one analysis due to the use of 5.0 mL

yringe pump. Commercial program for data processing can only
eight of peaks evaluate. Recent development results in commer-
ially available SIChromTM liquid chromatography analyzer by
IAlab® Instruments [20] that can solve several weak points of

he present SIC system—equipped with more powerful pump
enables use of higher flow rates and longer columns) and
hemical resistant Lab-On-Valve system for variable sample
andling.
In summary, the SIC system renders a useful alternative to
xisting chromatographic methods and can be an important tool
or the rapid separation and quantification of several compounds
ot only in pharmaceutical analysis.
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c Institute of Chemistry of São Carlos, USP, Av. Trabalhador Sãocarlense 400, 13566-590 São Carlos, SP, Brazil
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bstract

Monolayers of 3,3′-dithiodipropionic acid (DTDPA) were prepared on a polycrystalline gold electrode through a self-assembly procedure to
roduce a gold 3,3′-dithiodipropionic acid self-assembled monolayer (AuDTDPA) modified electrode. The characterization of the AuDTDPA
lectrode was investigated by cyclic voltammetry and ac impedance using the [Fe(CN)6]3−/4− redox couple. The electrochemical behavior of DA
n the modified electrode AuDTDPA was studied by cyclic and square-wave voltammetries, using phosphate buffer as supporting electrolyte.
he oxidation peak current for DA increases linearly with concentration in the range of 0.35 × 10−5 to 3.4 × 10−5 mol L−1. The performance of
he AuDTDPA modified electrode was evaluated for the electroanalytical determination of dopamine (DA) in a pharmaceutical formulation. The
uDTDPA modified electrode showed a stable behavior and the presence of surface-COOH groups avoided the passivation of the electrode surface
uring the dopamine oxidation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dopamine (DA) is the most important and most studied
eurotransmitter and is often used as a model compound to
valuate novel electrochemical sensors and methodologies [1].
evertheless, the electrochemical determination of phenolic

ompounds presents some problems due to the loss of elec-
rode activity of some solid state electrodes during the oxidation
rocess [2–4]. The electrochemical oxidation of DA in aque-
us solutions occurs as a two-electron process forming, initially,
-dopaminoquinone. In a second step, this molecule may be con-
erted to leucodopaminochrome. This species undergoes further
xidation (two electrons) to form dopaminochrome. However,

olymerization of the oxidation product of DA leads to polymer
eposition on the electrode surface, thus promoting a gradual
oss of activity (electrode poisoning or fouling) [5–7].

∗ Corresponding author. Tel.: +55 19 3521 3084; fax: +55 19 3521 3023.
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are-wave voltammetry; Gold electrode

A previous work verified that by adding carboxylic com-
ounds to the supporting electrolyte, the polymerization process
ue to the oxidation of phenolic compounds at the solid state
lectrode is inhibited and, as a consequence, electrode passi-
ation is avoided [8]. In addition, it was verified that on a Hg
lectrode at potentials more positive than 250 mV DA and Hg are
xidized yielding, in the presence of citrate, dopaminoquinone
DQ) and Hg(II). The Hg(II) reacts with the DA forming DQ,
eucodopaminochrome (LDC) and dopaminochrome (DC). DQ
ndergoes further reduction at 200 mV. Citrate, in the form of
it3−, stabilizes the DC formed and this new electroactive com-
ound undergoes further reduction at −250 mV [9]. The LDC is
tabilized by the citrate ions (Cit3−) in solution, where the inter-
ction occurs, probably, between the three carboxylic groups of
he citrate and the hydrogens from the hydroxyls of the catechol
roup [10]. These results attracted our attention and initiated

n investigation of the electrochemical behavior of DA when a
arboxylic acid is immobilized on the solid electrode surface.

Carboxylic acid terminated thiols can be easily immobilized
n gold electrodes using self-assembled monolayers (SAM)
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Fig. 1. Molecular structure of DTDPA.

11]. The self-assembly procedure is the precise modification
f the surface structure on a nanometer-scale [12] and has been
mployed recently in many applications, such as sensors [13–17]
nd biosensors [18,19]. The stable, well-organized and compact
elf-assembled monolayers (SAM) formed by thiols on gold
lectrodes offer advantages such as selectivity, sensitivity, short
esponse time and small overpotential in electrocatalytic reac-
ions. Self-assembly using �-mercaptocarboxylic acid mono-
ayers to separate the oxidation potentials of ascorbic acid (AA)
nd DA was employed for the first time by Malem and Man-
ler [20]. Li and coworkers used various SAM for studying DA
21]. Osaka and coworkers reported electroanalysis of DA using
harged monolayers and gold nanoparticles [22] and focused on
he determination of DA in the presence of AA. It has been
hown that by changing the charge state of the electrodes the
lectrochemical properties of the surface, such as inhibition from
ouling effects of the redox active molecules, can be controlled.

This paper describes the development of a COOH-terminated
AM electrode formed by 3,3′-dithiodipropionic acid (Fig. 1)
n a gold electrode surface to evaluate the influence of carboxyl
roup on the DA electrochemical response. Moreover, the elec-
rochemical characteristics of the new modified gold electrode
ere evaluated using cyclic voltammetry and electrochemical

mpedance spectroscopy. A square-wave voltammetric method
as developed and validated for DA determination in pharma-

euticals.

. Experimental

.1. Chemicals and solutions

Analytical grade disodium hydrogenphosphate, sodium
ydroxide, phosphoric acid, sodium ethylenediaminetetraac-
tate, sulfuric acid and phosphoric acid were purchased from
erck (Brazil). Methanol and ethanol, HPLC-grade solvents,
ere purchased from Tedia (USA) and Mallinckrodt (USA),

espectively.
The 99% 3,3′-dithiodipropionic acid and 99% dopamine

ere from Sigma–Aldrich, USA. Standard solutions of
.0 × 10−2 mol L−1 DTDPA were prepared in ethanol (HPLC-
rade) those for 1.0 × 10−2 mol L−1 DA were prepared in water.

The supporting electrolyte was 0.10 mol L−1 phosphate
uffer. The pH of the solutions was adjusted with 0.1 mol L−1

3PO4 or 0.1 mol L−1 NaOH. Working standard solutions of
.0 × 10−3 mol L−1 K3Fe(CN)6 (Sigma–Aldrich, USA) and
.0 × 10−3 mol L−1 K4Fe(CN)6 (Sigma–Aldrich, USA) were
repared in 0.5 mol L−1 sulfuric acid.

Throughout the study, water was obtained from a Milli-Q

ystem from Millipore (USA).

Three commercial samples of dopamine hydrochloride injec-
ions from different batches were used in the analyses of real
amples.

s
t
1
(
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.2. Instrumentation

The electrochemical measurements were carried out on a
omputer controlled potentiostat Autolab® PGSTAT30, with
PES and FRA software (Eco Chemie B.V.; The Netherlands).
three-electrode system, with a bare gold electrode (diameter

mm, sealed in a Teflon tube) or a 3,3′-dithiodipropionic acid
elf-assembled monolayer modified electrode as the working
lectrode, a Ag/AgCl, 3.0 mol L−1 KCl, as the reference elec-
rode and a platinum wire as the auxiliary electrode were used
n all measurements.

Measurements of pH were made with a DM-20 pH-meter
rom Digimed (Brazil), using a combined glass electrode.

The HPLC-experiments were performed using a binary sol-
ent gradient chromatographic system from Waters (USA),
odel 1525, coupled to a Waters PDA 2996 detector and a Rheo-

yne injector 7725 (sample loop of 20 �L). Data acquisitions
ere performed by the Millenium32 4.0 software. The chro-
atographic column was an octadecyl Microsorb-MV column

250 mm × 4.6 mm, 5 �m particle size, Varian).

.3. Preparation of self-assembled monolayer modified
lectrode

The bare gold electrode was polished with 0.05 �m Al2O3
lurry on micro-cloth pads before modification. Then it was
insed with water and sonicated in absolute ethanol and water
or 10 min, respectively. After rinsing with water, the electrode
as pretreated by heating in a Piranha solution containing con-

entrated sulfuric acid/30% hydrogen peroxide, 5:1 (v/v) for
5 min in order to remove possible contaminants. Finally, the
lectrode was activated by cyclic sweepings from 0 to 1.55 V
n 0.5 mol L−1 sulfuric acid until a constant background cyclic
oltammogram was obtained [23,24].

The freshly pretreated electrode was immersed in
.0 × 10−2 mol L−1 ethanolic DTDPA solution for 24 h.
efore use, the electrode was rinsed with water to remove the
hysically adsorbed species.

The self-assembled monolayer modified electrode was
haracterized using cyclic voltammety and electrochemical
mpedance spectroscopy.

.4. Dopamine determination in samples

Dopamine hydrochloride injection samples were diluted 10
nd 25 times with water before SWV and HPLC analyses,
espectively. All analyses were performed in triplicate.

.4.1. Square-wave voltammetry
A volume of 200 �L of the previously diluted sample was

ransferred to the voltammetric cell containing 20 mL of the
upporting electrolyte (0.10 mol L−1 phosphate buffer, pH 7.0).
fter dearation, DA was determined by SWV through the
tandard addition method, using the AuDTDPA working elec-
rode. The voltammetric parameters comprise: frequency (f):
00 s−1, the pulse amplitude (a): 100 mV and the scan increment
�Es): 2 mV. The current–potential curves were registered in the
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otential interval of 0–0.6 V and quantitation was performed at
.25 V.

.4.2. High performance liquid chromatography
DA was determined by an external calibration. The cali-

ration graph was obtained at five levels, in triplicate, in the
oncentration range of 1 × 10−4 to 1 × 10−3 mol L−1 DA.

The mobile phase used, at a flow rate of 1 mL min−1,
as 0.050 mol L−1 phosphate buffer, pH 4.5 + 20 mg L−1

DTA/methanol (85/15, v/v). Quantitation was performed at a
etention time of 4.5 min at 280 nm.

. Results and discussion

.1. Electrochemical characterization of the SAM

.1.1. Cyclic voltammetry
The electron transfer kinetics of a redox couple in solution on

he SAM modified electrode depends on the compactness and
hickness of the monolayer. The characterization of the AuDT-
PA self-assembled monolayer modified gold electrode was

onducted using the hydrophilic redox probe [Fe(CN)6]3−/4−.
ig. 2 shows the cyclic voltammetric responses for a bare
old electrode and for the AuDTDPA modified electrode in
.0 × 10−3 mol L−1 [Fe(CN)6]3−/4− + 0.5 mol L−1 H2SO4. The
0′

of the redox pair [Fe(CN)6]3−/4− on the bare gold (curve
) and the AuDTDPA modified electrodes (curve b) are 450
nd 480 mV, respectively. The formal potential shifts towards
ositive potentials, as well as the decrease in peak currents, indi-
ate the modifications induced by SAM deposition on the gold
urface [25].

In order to evaluate the effect of the proton concentration
n the electron transfer rate of [Fe(CN)6]3−/4− on the AuDT-
PA modified electrode, cyclic voltammograms were scanned

−1
n 0.10 mol L KNO3 at pH 2.0, 4.0 and 9.0 (Fig. 3). It was
erified that when the pH was increased from 2.0 to 4.0, the
Ep value increased from 95 to 395 mV and the peak current

ecreased. In alkaline solution, pH 9.0, no changes in the voltam-

ig. 2. Cyclic voltammograms for 1.0 × 10−3 mol L−1 [Fe(CN)6]3−/4− in
.5 mol L−1 H2SO4, scan rate 100 mV s−1 at (a) bare gold electrode and (b)
uDTDPA modified electrode.
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ig. 3. Cyclic voltammograms of 1.0 × 10−3 mol L−1 [Fe(CN)6]3−/4− in
.1 mol L−1 KNO3 solution at different pH values with the AuDTDPA modified
lectrode. Scan rate: 100 mV s−1.

ogram in relation to that obtained in pH 4.0 was observed. At
H 2.0 a reversible voltammetric response (�Ep = 95 mV and
pa/Ipc = 0.95) was observed. This behavior could be explained
ue to the fact that in acidic medium (pH 2.0) the carboxyl groups
f DTDPA, which present a pKa value of 3.9 [11], are protonated
nd, therefore, no electrostatic repulsion between the molecules
f the monolayer and the negatively charged [Fe(CN)6]3−/4−
ccurs. At higher pH values (pH > 4) the terminal groups of
he monolayer are deprotoned and become negatively charged
nd a repulsive force between the SAM modified electrode sur-
ace and the eletroactive anion in solution is established. The
ncrease in �Ep indicates that the electron rate transfer becomes
lower.

.1.2. Electrochemical impedance spectroscopy
In order to get more information about the surface, elec-

rochemical impedance spectroscopy was employed. The ac
mpedance method is based upon a measurement of the response
f the electrochemical cell to a small amplitude alternat-
ng potential. The procedure is performed over a range of
requencies. The response is established through the complex-
mpedance plot and the result can be interpreted in terms of
n equivalent electrical circuit. If the surface changes, the
mpedance signal will modify and the differences in the sig-
al before and after modification of the electrode with the
AM can be used to understood the electrode/solution behavior.
sing a simplified circuit that represents an electrochemical cell

Randles equivalent circuit) [26], the electrode coverage can be
stimate by the charge-transfer resistances.

The impedance plots of Fig. 4 are characterized by two dis-
inct regions: (1) a semicircle in high frequencies, related to
harge-transfer process, which was electrically described by a
esistance in parallel with a capacitor related to the charge trans-
er and electrode/SAM double-layer, respectively; (2) a 45◦ line
n the complex-impedance plot defining a region of semi-infinite

iffusion of species in the modified electrode. Our attention
s focused on the more interesting part of the spectrum, at a
igh frequency, where the electrode reaction is controlled purely
inetically, and the heterogeneous charge-transfer resistance is
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can be explained in terms of the electrostatic attraction between
DTDPA and DA. At lower pH, the surface-COOH groups are
fully protonated. When the pH gradually increases, the surface of
the AuDTDPA electrode becomes negatively charged (pH > 4.0)
ig. 4. ac impedance plots in 1.0 × 10−3 mol L−1 [Fe(CN)6]3−/4− + H2SO4

.5 mol L−1 with a frequency of 0.1–40 kHz for AuDTDPA modified electrode
�) and bare gold electrode (�). Potential 0.45 vs. Ag/AgCl, 3.0 mol L−1 KCl.

xpected to increase due to inhibition of electron transfer by the
onolayer on the electrode surface [27]. The electrode cover-

ge (θ) is a key factor, which can be used to estimate the surface
tate of the electrode, and the charge-transfer resistance is also
elated to it. Assuming that all the current is passed by pinholes
n the electrode, the electrode coverage can be calculated as

− θ = R0
ct

Rct
(1)

here R0
ct is the charge-transfer resistance using bare gold and

ct is the charge-transfer resistance with the monolayer-covered
lectrode under the same conditions.

Fig. 4 shows the complex-impedance plot of the gold
are electrode and the Au/DTDPA modified electrode for
.0 × 10−3 mol L−1 [Fe(CN)6]3−/4− in 0.5 mol L−1 sulfuric
cid. The charge-transfer resistance for the gold bare electrode
nd for the AuDTDPA modified electrode, established through
he impedance plot, is 9.2 and 16.5 k�, respectively. Using these
alues and Eq. (1), the electrode coverage value was estimated
o be 45%. The incomplete coverage of the electrode surface
ould be related to steric effects of the terminal carboxyl groups
f the DTDPA molecules.

.2. Electrochemical behavior of dopamine on AuDTDPA
odified electrode

.2.1. Cyclic voltammetry
Fig. 5 shows the cyclic voltammograms of 1.0 × 10−3

ol L−1 DA on a bare gold electrode (curve a) and on a AuDT-
PA modified electrode (curve b). It is verified that the presence
f the SAM at the electrode surface reduces the overpotential
f DA oxidation, shifting the E0′

value by −48 mV. The peak

urrent was enhanced about two-fold. The ratio of anodic to
athodic peak currents remains unchanged and close to 1. The
Ep of DA was 140 and 66 mV for the bare gold electrode and

he AuDTDPA modified electrode, respectively.

F
v
0

ig. 5. Cyclic voltammograms of 1.0 × 10−3 mol L−1 dopamine in 0.1 mol L−1

hosphate buffer at pH 7.0. (a) On the bare gold electrode and (b) on the
uDTDPA modified electrode. Scan rate: 100 mV s−1.

At pH 7.0 the monolayer of the AuDTDPA modified elec-
rode is negatively charged and the DA, due to the presence
f the amino group (pKa = 8.9), positively charged. The elec-
rostatic interaction facilitates the oxidation of DA. The current
nhancement due to an increase in the electron transfer rate could
e attributed to a catalytic process [28,29].

The effect of pH on Ep and Ip was evaluated for 1.0 × 10−3

ol L−1 DA using the AuDTDPA electrode in a 0.10 mol L−1

hosphate buffer medium varying the pH in the range of 2.0–8.0.
he peak potential shifts negatively with the increase of pH

Fig. 6). The relationship between peak potential and pH results
n the following linear regression equation: E0′

= 0.619–0.064
H. This result shows that the overall process is proton-
ependent and that the electron transfer is accompanied by the
ransfer of an equal number of protons, i.e., for the oxidation of
A two electrons and two protons are involved.

The anodic peak current increases between pH 4.0 and 8.0
Fig. 6). The change of the anodic peak current of DA with the pH
ig. 6. Influence of the pH on peak potential (�) and peak current (�) for cyclic
oltammetry on the AuDTDPA modified electrode (1.0 × 10−3 mol L−1 DA in
.1 mol L−1 phosphate buffer, with scan rate of 100 mV s−1).
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Fig. 7. Relative responses of the anodic peak current for DA oxidation during
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uccessive cyclic voltammetric scans recorded with a bare gold electrode (�)
nd with a AuDTDPA modified electrode ( ) to 1.0 × 10−3 mol L−1 dopamine
n 0.1 mol L−1 phosphate buffer, pH 7.0. Scan rate: 100 mV s−1.

ue to the dissociation of protons of the surface-COOH groups.
t pH < 8.5, the NH2 group in the DA molecule is positively

harged and the hydroxyls of catechol are already protonated.
he same phenomenon was observed when the carboxylate was

n solution. The interaction of DA in the presence of citrate was
reviously reported [10].

.2.2. Passivation and stability
The electrochemical oxidation of DA leads to deposi-

ion of polymeric films on the surfaces of solid electrodes,
ecreasing electrode activity. However, the literature shows
hat the addition of carboxylic compounds to the medium
roduces a significant enhancement in the electrochemical
ehavior of phenolic compounds, avoiding electrode passivation
8].

The relative responses of the anodic peak current for DA
xidation during successive cyclic voltammetric scans with the
are gold and AuDTDPA modified electrodes is shown in Fig. 7.
ubsequent scanning with the bare gold electrode leads to a
ecrease in the anodic peak current with the AuDTDPA modi-
ed electrode. This phenomenon was not observed, indicating

hat interaction of surface-COOH groups with DA avoids the
assivation of the electrode surface. These results are similar to
hose observed in previous works [8,9,10], where carboxylates
resent in supporting electrolyte interact with DA and stabilize
he intermediate products of the electrochemical reactions of
A, which lead to deposition of polymerized films on the sur-

aces of solid electrodes and induce loss of electrode activity
8,30].

The stability of the AuDTDPA modified electrode was eval-
ated in relation to the applied potential in successive scanning.
he AuDTDPA modified electrode was shown to be stable in the
otential range of −0.3 to 0.7 V in phosphate buffer solution,
here no voltammetric peaks were observed. After successive
canning (10 cycles) the peak current for the oxidation of DA
emains unchanged. These indicate that the SAM succeeded
o avoid electrode fouling using the experimental conditions
mployed here.
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.2.3. Square-wave voltammetry (SWV)
Among the electroanalytical techniques presently used,

quare-wave voltammetry (SWV) has proved to be extremely
seful for the detection of organic molecules in low concen-
rations and in complex matrices [31]. It also allows to obtain
nformation about the electrochemical mechanism.

The square-wave voltammogram for DA on the AuDTDPA
odified electrode presents similar features to those obtained

rom cyclic voltammetry, showing a single reversible process
or DA with a peak potential of 0.25 V.

Optimization of the analytical procedure involved a system-
tic study of the voltammetric parameters that affect the SWV
esponse, namely, the frequency (f), the pulse amplitude (a) and
he scan increment (�Es).

The oxidation peak current of the DA on the AuDTDPA
odified electrode increases linearly with the square root of the

requency in the range from 10 to 100 s−1. These results indicate
hat the electro-oxidation of DA is occurring by a diffusion-
ontrolled process. For further studies a frequency of 100 s−1

as chosen.
It was also verified that the peak current increases linearly

ith the amplitude in the range of 10–100 mV and, for the sub-
equent analytical applications, a value of 100 mV was chosen.
inally, increasing the potential step in the base staircase poten-

ial program (�Es) from 1 to 10 mV showed no influence on the
eak current; a value of 2 mV was used in further studies.

.3. Analytical applications

The performance of the AuDTDPA electrode was evaluated
or the determination of DA in pharmaceutical formulations,
sing square-wave voltammetry.

The developed SWV method was in-house validated for the
nalyses of the DA in pharmaceutical formulations by evaluation
f the following parameters: linear range, linearity, sensitivity,
etectability and intra-assay precision. The accuracy was eval-
ated by comparing the results obtained from the analysis of
harmaceutical formulations by the proposed SWV method with
previous HPLC developed method.

The linearity, linear range and sensitivity were obtained
rom calibration graphs using an external standard at seven
oncentration levels, in triplicate, between 0.35 × 10−5 and
.4 × 10−5 mol L−1 DA, at pH 7.0 in 0.10 mol L−1 phosphate
uffer (Fig. 8). The linearity was tested using a pure error lack
f fit test with simple regression, which was not significant at
he 5% level. The sensitivity (slope of the calibration graph)
nd linearity (linear regression coefficient) are calculated as
.098 A/mol L−1 and 0.999, respectively.

The inter-assay precision, expressed as the estimated rel-
tive standard deviation, established through analyses of a
.7 × 10−6 mol L−1 DA solution (n = 10) was 1.8%.

The detectability (D) established as 1.1 × 10−6 mol L−1 DA
epresents the lowest concentration of an analyte in sample solu-

ions that can be detected in the voltammetric cell and was
alculated by the following expression D = 3sy/xb−1, where sy/x
s the residual standard deviation of the regression line and b is
he slope of the calibration graph [32]. The detection and the
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Fig. 8. SWV response of the AuDTDPA modified electrode for different
DA concentrations: (1) 0.35 × 10−5 mol L−1, (2) 0.85 × 10−5 mol L−1, (3)
1.7 × 10−5 mol L−1, (4) 2.5 × 10−5 mol L−1 and (5) 3.4 × 10−5 mol L−1 in
0.1 mol L−1 phosphate buffer, pH 7.0, with a = 100 mV, �Es = 2 mV, f = 100 s−1.
Insert: linear dependence of the peak current with DA concentration.

Table 1
Determination of DA in dopamine hydrochloride injection solutions (DA nom-
inal value 5 mg mL−1)

Sample SWV (n = 3) (DA mg mL−1) HPLC (n = 3) (DA mg mL−1)

1 4.75 ± 0.10 4.82 ± 0.04
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4.76 ± 0.06 4.90 ± 0.03
4.85 ± 0.05 4.89 ± 0.02

uantitation limits of the method are not presented, due to the
act that the active compound is the major constituent of the for-
ulation and this parameter is not required for method validation

or the quality control of pharmaceutical products. Furthermore,
hese limits would depend on sample dilution before analysis.

The accuracy of the method was evaluated through analyses
f three samples of dopamine injectable formulations by the pro-
osed square-wave voltammetric method with the AuDTDPA
odified electrode and by a reversed phase HPLC-method, using

he procedure described in Section 2.4. The results are shown in
able 1. The mean values obtained using the proposed voltam-
etric method and the HPLC-method, for all samples, do not

iffer significantly (P < 0.05). The concentrations determined
n the samples varied between 4.74 and 4.85 mg mL−1 of DA.
onsidering that the active ingredient needs to be in the range of
5–105% [33], all of the samples analyzed were in accordance
ith their specifications.

. Conclusion

In the present paper, a stable 3,3′-dithiodipropionic acid mod-
fied gold electrode was prepared. A [Fe(CN)6]3−/4− redox
robe was used to characterize the AuDTDPA modified elec-
rode using cyclic voltammetry and impedance techniques.
The anodic peak current of DA with the AuDTDPA modified
lectrode is higher than that at a bare gold electrode. The over-
otential decreased by 100 mV at AuDTDPA electrode. These
esults indicate that DTDPA is an effective mediator in the elec-

[

[

a 72 (2007) 427–433

rocatalytic oxidation of DA. The gold SAM modified electrode
s stable in the conditions studied and avoids passivation of
he electrode surface, probably due the interaction of surface-
OOH groups with DA. The interaction between the SAM of
TDPA and DA is pH-dependent and faster kinetics for DA
xidation was obtained at pH values higher than 4.0. The inter-
ction of DA with the immobilized carboxylic acid on the gold
lectrode surface confirm the previously reported results for the
lectrochemical behavior of phenolic compounds in the pres-
nce of carboxylic acids in solution, using solid state electrodes
8–10].

Furthermore, the results indicate that the AuDTDPA modi-
ed electrode could be employed for the determination of DA

n pharmaceutical formulations, with adequate selectivity and
recision. Furthermore the proposed method is simple, rapid,
ispenses with the use of organic solvents and presents lower
osts in comparison with chromatographic methods.
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bstract

This paper provides analytical chemical information on a range of psycho-active drugs. This analytical chemical information on liquid

hromatography–electrospray ionisation-mass spectrometry (HPLC–ESI-MS), ion trap mass spectrometry (ESI–MSn), gas chromatography–flame
onisation detection (GLC–FID) and polarographic behaviour is then incorporated into a database which is of use in drug characterisation.
pplication is found in the determination of selected drug compounds in hair samples.
2006 Elsevier B.V. All rights reserved.
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. Introduction

For people diagnosed with severe depression, the lifetime
isk of suicide may be as high as 6% compared with 1.3%
n the general population [1]. It is the third leading cause of
eath among 15–24 year olds [2]. In recent times particular con-
erns have been raised about suicide as a potential side effect
f commonly prescribed antidepressants, namely the selective
erotonin reuptake inhibitors (SSRIs). It is thought that these
rugs may increase the risk of suicidal thoughts and self-harm,
n particular for those under the age of 19 [3–5]. The Food
nd Drug Administration (FDA) has requested manufacturers
f the following drugs: Prozac (fluoxetine), Zoloft (sertraline),

axil (paroxetine), Celexa (citalopram), Effexor (venlafaxine),
emeron (mirtazapine), Lexapro (escitalopram) and Wellbutrin

bupropion) to include in their labelling a warning statement

∗ Corresponding author. Tel.: +44 28 7032 4406; fax: +44 28 7032 4965.
E-mail address: s.mcclean@ulster.ac.uk (S. McClean).
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matography–electrospray ionisation-mass spectrometry (HPLC–ESI-MS); Gas

hat describes the increased risk of suicide in patients given such
ntidepressants.

Joyce et al. [6] have investigated the characterisation of
elected drugs with amine-containing side chains, such as the
sycho-active chlorpromazine, methadone and amphetamine,
sing electrospray ionisation and ion trap mass spectrometry
ESI–MSn). From this study, certain rules were formulated
ith respect to the ESI–MSn behaviour of drugs with amine-

ontaining side chains. Smyth et al. [7] have carried out a study
f the ESI–MSn behaviour of some 12 selected drugs with
itrogen-containing saturated ring structures such as the psycho-
ctive risperidone, cocaine and olanzapine. Fragmentation of
hese drugs with nitrogen-containing saturated ring structures
sing ESI–MSn was commonly found to involve loss of certain
unctional groups with the aromatic entities in the drug struc-
ures being predictably resistant to fragmentation. Smyth [8] has

eviewed selected publications for the period 1993–2003 con-
erning the ESI-MS analysis of drugs and their metabolites in
rder to investigate the generality of such rules of fragmentation.
he drugs were chosen according to selected structural classes
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n which the molecules gave ESI signals primarily as [M + H]+

ons, i.e., drugs with amine-containing side chains, drugs with
-containing saturated ring structures, 1,4-benzodiazepines etc.
y various mass spectrometric analysers. Where possible, the
olecular structures of product ions from MS/MS experiments
ere assigned. The characterisation of citalopram, fluoxetine,
irtazepine, paroxetine, sertraline and venlafixine by ion trap

nd QTOF mass spectrometry has also been described by Smyth
t al. [10].

This paper follows on from these earlier studies by investigat-
ng the ESI–MSn behaviour of some 26 selected antidepressant
rugs and other relevant psycho-active compounds. In addi-
ion, their HPLC–ESI-MS behaviour has also been studied with

view to the identification of these drugs simultaneously in

ixtures at ng/ml concentrations which would ultimately be of

alue in their determination in biological matrices with partic-
lar reference to human hair. A few studies have appeared in
he literature regarding the simultaneous analysis by HPLC–MS

c
b
t
e

ig. 1. Structures of the six antidepressant compounds with pseudomolecular ion m
eproduced with permission.
72 (2007) 755–761

f some of these antidepressants, but these have generally
nvolved the use of the less specific selected ion monitor-
ng of the pseudo-molecular ions and the analyses have been
irected towards biological fluids such as serum [11] and plasma
12,13]. Hair samples of psychiatric patients and hair sam-
les of suicide cases have been analysed by HPLC–ESI-MS
or antidepressants, including citalopram and its desmethyl-
etabolite, and neuroleptics [14]. The SSRI antidepressant

rugs chosen for this study were fluoxetine, citalopram, parox-
tine and sertraline (Fig. 1). Also chosen were mirtazapine
nd venlafaxine (Fig. 1) which are serotonin–noradrenergic
euptake inhibitors, SNRIs). This new generation of antide-
ressants has similar efficacy and better-tolerated side effects
hen compared with classical antidepressants such as the tri-
yclics. Determinations of some of these drugs have been made
y the use of LC–UV [15,16], gas chromatography with elec-
ron capture or mass-spectrometric detection [16–18], micellar
lectrokinetic capillary chromatography [19] and recently cap-

asses in brackets. Taken from [10] Copyright John Wiley & Sons Limited.



lanta

i
H
i
p
E
a
g
p

i
p
E
i
b
f
I
h
p
a
a
p
a
1

2
a

B
w
G
F
O
w
N
d
c
t

2

a
s
i
1
a
i
w
t
t
(
i
(
2
F
p

a
T
t
r

2

(
s
s
g
r
c
E

2

G
B
Z
(
a
w
3
T
t
o
o
c

2

V
a
S
c
a
d
p

2

E
f
t
a
M
f
i

B. Doherty et al. / Ta

llary electrophoresis with quadrupole and TOF detection [20].
owever, these techniques have not been used for the rapid

dentification of these antidepressant drugs and other relevant
sycho-active drugs. In addition to this current study of the
SI–MSn and HPLC–ESI-MS behaviour of the selected psycho-
ctive drugs, the latter were also subjected to investigation by
as chromatography–flame ionisation detection (GLC–FID) and
olarography.

The aim of this paper is therefore to provide analytical chem-
cal information on these antidepressants and other relevant
sycho-active drugs. This analytical chemical information using
SI–MSn, HPLC–ESI-MS, GLC–FID and polarography is then

ncorporated into a database for drug characterisation. The paper
y Philainen et al. [21] has described the production of a database
or 14 drugs of forensic significance using HPLC–ESI-MS/MS.
t is intended that the production of the database as described
erein will ultimately be of value in the investigation of the
ossible association between self harm/suicide in young men
nd these drugs. Application of this method is made to the
nalysis of SSRIs and other psycho-active drugs in hair sam-
les by LC–MS/MS following automated Soxhlet extraction,
method successfully used by our group for the analysis of

,4-benzodiazepines in hair samples [24].

. Experimental—chemicals, drugs, instrumentation
nd methodology

Methanol, acetic acid and formic acid were obtained from
DH (Poole, Dorset, UK). The antidepressant drug compounds
ere obtained from Alphapharm (Queensland, Australia),
erard Laboratories (Dublin, Ireland), PPG-SIPSY (Avrille,
rance), H. Lundbeck A/S (Copenhagen, Denmark) and N.V.
rganon (Oss, The Netherlands). Other psycho-active drugs
ere obtained from the Forensic Science Agency, Carrickfergus,
orthern Ireland. Stock solutions of the drugs were prepared by
issolving an appropriate mass in 25 ml of methanol to provide a
oncentration of 1.0 × 10−3 mol l−1. Dilutions were then made
o provide working standards.

.1. ESI–MSn studies

MSn characterisation of the psycho-active drugs was
chieved using a LCQTM “Classic” quadrupole ion trap mass
pectrometer (Finnigan MAT, San Jose, California, USA) util-
sing electrospray ionisation (ESI). Drugs at a concentration of
.0 × 10−5 mol l−1 in methanol were infused into the ESI probe
t a rate of 10 �l min−1. The collision energy was kept at the
nstrument default value of 25% (arbitrary unit set by the soft-
are). The sheath gas flow was set to 50 and the auxiliary gas

o 5 (arbitrary units defined by the software). Nitrogen gas for
he LCQTM was delivered from a Whatman nitrogen generator
Whatman Inc., Haverhill, MA, USA), while the helium damp-
ng gas present in the ion trap was obtained from BOC Gases

Guildford, Surrey, UK). The capillary temperature was set to
50 ◦C and the spray voltage to 4.5 kV for the MSn studies.
or MSn characterisation of the compounds, the most intense
eak in the mass spectrum, i.e. [M + H]+, was chosen for MS2

f
d
t
h
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nalysis, providing first generation product ions in this mode.
he most intense peak from MS2 analysis was chosen for fur-

her characterisation at the MS3 stage and so on until no further
eproducible signals were obtained.

.2. HPLC–ESI-MS studies

HPLC–ESI-MS was carried out using a Luna 5 � C18 column
150 mm × 4.6 mm). A gradient mobile phase was used with
olvent A being 20/80 (methanol/water) + 0.1% formic acid and
olvent B being 90/10 (methanol/water) + 0.1% formic acid. The
radient went from 100% A to 100% B over 25 min at a flow
ate of 0.5 ml min−1. Injections of the drugs were made at a
oncentration of 10−5 mol l−1 with an injection volume of 25 �l.
xperiments were conducted at room temperature.

.3. GLC–FID studies

GLC–FID was carried out using a Perkin-Elmer 8600
as Chromatograph (Perkin-Elmer Ltd., Beaconsfield,
uckinghamshire, UK) in conjunction with a Zebron
B-5 (Phenomenex, Macclesfield, Cheshire, UK) column

30 m × 0.25 �m). The oven was initially set to 80 ◦C, with
ramp rate of 15 ◦C min−1 until a temperature of 180 ◦C

as reached. At this point, the ramping rate was increased to
0 ◦C min−1 until a final temperature of 300 ◦C was achieved.
his final temperature was held for 5 min to give an overall run

ime of 15.66 min. For each drug, a 1 �l injection was made
f a 10−3 mol l−1 solution in methanol. R.S.D. values (n = 6)
f retention time were calculated on standard solutions of the
ompounds at a concentration of 1.67 × 10−4 M.

.4. Polarographic studies

Polarographic analysis was carried out using a Metrohm 646
A processor in conjunction with a 675 VA sample changer,
683 pump unit and a 677 drive unit (Metrohm, Herisau,

witzerland). The current axis was set from 0 to −160 nA and
athodic scans were initiated from −0.4 V to −1.6 V using 0.1 M
cetate buffer (pH 4.47) as background electrolyte and a stan-
ard Ag/AgCl 3 M KCl electrode system. Each solution was
urged with nitrogen gas for 300 s prior to analysis.

.5. Database and web interface

A database was constructed to contain the available
SI–MSn, HPLC–ESI-MS, GLC–FID and polarographic data

or the 26 psycho-active drugs. In order to account for varia-
ions in chromatographic retention time tolerances of ±1.0 min
re automatically applied in any search query. Similarly for
S/MS data tolerances of ±0.5 Th are applied and ±50 mV

or the polarographic data. For each compound, the follow-
ng extra information is available—molecular weight, chemical

ormula, image of the chemical structure and synonyms. The
atabase is implemented in mySQL and run on a central server in
he Bioinformatics Research Group at the University of Ulster,
ttp://bioinformatics.ulster.ac.uk/∼kay/. The database may be
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rowsed via a web interface or interrogated using standard web
orms.

.6. Analysis of antidepressants in human hair samples

To test the use of the database, HPLC–ESI-MS/MS was
erformed on drug compounds that were extracted from hair
amples using automated Soxhlet extraction (Tecator Sox-
ec System HT12 with a 1046 Soxtec Service unit Tecator,
OGANAS, Sweden). Samples of hair weighing 150 mg,
00 mg and 105 mg, respectively were obtained from volunteers
eing treated with sertraline (50 mg per day) and risperidone
2.5 mg per day), paroxetine (20 mg per day), and escitalopram
10 mg per day), though the exact durations of the treatments
ere not known. In addition, a sample of hair weighing 200 mg
as obtained from a volunteer being treated with trimipramine

100 mg per day), flurazepam (30 mg per day) and diazepam
4 mg daily). In each case, the sample was washed by five con-
ecutive washes with 5 ml of methanol to remove exogenous
ompounds. After being dried, the sample was cut into approx-
mately 1 mm lengths and transferred into a thimble compatible
ith the Soxtec extraction system. Fifty milliliters of methanol
ere used for the extraction and the temperature control was

et to 160 ◦C. Tap water was supplied to the condenser at an
pproximate rate of 2 l min−1. The sample was boiled for 3 h
ith the thimble in contact with the solvent, after which the

himble was raised to the rinsing position for 2 h during which
ime the solvent dropped through the sample from the condenser.
fter the extraction process, the solvent was evaporated and the

esidue reconstituted in 500 �l of HPLC-solvent (78.8% water,
0% methanol, 0.1% formic acid and 0.1% TFA). The sample
as then subjected to HPLC–ESI-MS/MS analysis, 20 �l being

njected each time. Prior to analysis of hair samples, the injection
ystem was washed with methanol, the column equilibrated with
obile phase to ensure that the system was free from all traces

f drug standards from previous analyses. The drugs were iden-
ified based on a comparison of their chromatographic retention
imes and mass spectral fragmentation characteristics with those
f psycho-active drug standards.

. Results and discussion

This paper deals with analytical chemical properties of a
otal of 26 psycho-active drugs which were investigated using
SI–MSn, HPLC–ESI-MS, GLC–FID and polarography. All
ata gathered such as retention times, molecular ions, fragment
ons, polarographic reduction peak potentials etc., were used
o populate a searchable database that could be used to rapidly
haracterise unknown drugs from generated data.

.1. ESI–MSn studies

McClean et al. [22] have investigated the ESI–MSn charac-

erisation of selected anti-psychotic drugs such as flupenthixol
nd their detection and determination in human hair samples
y HPLC–ESI-MS. Smyth et al. [23] have made a study of
he ESI of pharmacologically significant 1,4-benzodiazepines

o
b
s
t
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uch as oxazepam, lorazepam and temazepam and their subse-
uent fragmentation using an ion trap mass spectrometer. Joyce
t al. [6] have investigated the characterisation of selected drugs
ith amine-containing side chains, such as the psycho-active

hlorpromazine, methadone and amphetamine, using ESI–MSn.
myth et al. [7] have carried out a study of the ESI–MSn

ehaviour of some 12 selected drugs with nitrogen-containing
aturated ring structures such as the psycho-active risperidone,
ocaine and olanzapine. A further paper [9] followed on from
hese studies by investigating the ESI–MSn behaviour of selected
ypnotic drugs and their metabolites, i.e., zopiclone and its
-desmethyl metabolite, zolpidem, flunitrazepam and its 7-
mino, N-desmethyl and 3-hydroxy metabolites. More recently,
myth et al. [10] have studied the fragmentation pathways of
italopram, fluoxetine, mirtazepine, paroxetine, sertraline and
enlafixine by ion trap and QTOF mass spectrometry.

The relevant fragmentation data of the 21 psycho-active drugs
iscussed in the preceding paragraph is included in Table 1
or the purpose of completion of the database. ESI–MSn char-
cterisation of the three other drugs, namely pentobarbitone,
,4-methylenedioxymethamphetamine (MDMA, Ecstasy) and
ethamphetamine which were not included in previous studies,

s discussed below.

(i) Pentobarbitone
The nitrogen atoms in pentobarbitone do not protonate

due to the adjacent and electron withdrawing carbonyl
groups. As such no ESI–MSn behaviour is observed. Future
work may investigate negative mode ionisation of this com-
pound to produce [M − H]−. However, the mobile phase
conditions for HPLC separation would also have to be
adjusted to include appropriate modifiers to enhance depro-
tonation. As such, this may cause suppression effects of the
other compounds within this study and so was not pursued
at this time.

(ii) Methylenedioxymethamphetamine, MDMA, Ecstacy
The pseudo-molecular ion at m/z 194.1 loses CH3NH2

at the MS2 stage, followed by the loss of 30 u at MS3 cor-
responding to CH2 O from the methylenedioxy ring. MS4

results in the loss of 28 u to give a signal at m/z 105.1.
iii) Methamphetamine

The pseudo-molecular ion at m/z 150.0 again loses
CH3NH2 at the MS2 stage, followed by the loss of 28 u
at MS3 generating the tropylium cation, C7H7

+, at m/z 91.

.2. HPLC–ESI-MS studies

The results from the analysis of the 26 psycho-active drugs are
abulated and displayed in Table 1. Using the mobile phase con-
itions specified, good chromatographic resolution of the drugs
as achieved. Under these mobile phase conditions, the reten-

ion time of the solvent front was difficult to determine accurately
nd so retention time of eluting molecules is presented instead

f capacity factor. This analytical selectivity is further enhanced
y the use of precursor (MS) or product ion (MS/MS) mass
cans in the mass spectrometry software to specifically locate
he presence of each compound with reference to its retention
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Table 1
MSn characterisation data for the psycho-active drugs and HPLC–ESI-MS/MS retention time

Compound name Molecular weight [M + H]+ MS2 MS3 MS4 MS5 HPLC–ESI-MS/MS
retention time (min)

Amphetamine 135 136 119 91 – – 11.33
Chlorpromazine 319 320 274 246 214 – 18.07
Citalopram 324 325 262 234 216 – 14.78
Cocaine 303 304 182 150 122 – 12.04
Diazepam 284 285 257 228 193 167 16.67
Ecstasy 193 194 163 133 105 – 11.23
Escitalopram 324 325 262 234 220 – 14.98
Flunitrazepam 313 314 268 239 222 – 17.28
Fluoxetine 309 310 148 – – 17.23
Flupenthixol 434 435 307 265 – – 18.37
Flurazepam 387 388 315 272 244 217 14.62
Lorazepam 321 321 303 275 239 – 18
Methadone 309 310 265 247 219 204 16.74
Methamphetamine 149 150 119 91 – – 10.96
Mirtazapine 265 266 195 – – – 9.14
Olanzapine 312 313 256 213 198 146 10.11
Oxazepam 286 287 269 241 – – 17.31
Paroxetine 329 330 192 70 – – 16.3
Pentobarbitone 226 – – – – – –
Risperidone 410 411 191 163 – – 12.56
Sertraline 306 306 275 159 123 – 17.7
Temazepam 300 301 283 255 – – 18.47
Trimipramine 294 295 100 58 – – 16.93
Venlafaxine 277 278 260 215 159 – 14.31
Zolpidem 307 308 263 248 220 – 12.45
Z 5 – – – 11.99
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Table 2
Comparison of retention times for psycho-active drugs using GLC–FID analysis

Compound name GC retention
time (min)

GC retention time
(% R.S.D.)

Amphetamine 3.44 1.82
Chloropromazine 11.76 0.41
Citalopram 11.31 0.12
Cocaine 10.59 0.13
Diazepam 11.55 0.13
Ecstasy 8.7 0.92
Escitalopram 11.21 0.34
Flunitrazepam 12.34 0.13
Fluoxetine 9.29 0.4
Flupenthixol 14.69 0.17
Flurazepam 13.07 0.15
Lorazepam 11.34 0.12
Methadone 10.37 0.35
Methamphetamine 3.57 1.02
Mirtazapine 10.82 0.13
Olanzapine 12.88 0.05
Oxazepam 11.04 0.13
Paroxetine 12 0.11
Pentobarbitone 8.48 0.2
Risperidone 9.59 3.16
Sertraline 11.77 0.24
Temazepam 11.91 0.08
Trimipramine 10.65 0.08
Venlafaxine 10.08 0.18
opiclone 388 389 34

–): no signal obtained.

ime and m/z characteristics as demonstrated by Smyth et al.
10].

.3. GLC–FID studies

The results from the GLC analysis of the of the 26 psycho-
ctive drugs are presented in Table 2. In general, good resolution
f the drugs is achieved apart from citalopram and paroxetine
hich co-elute with identical retention times. The benzodi-

zepines, diazepam and lorazepam also have similar retention
imes under the analytical conditions employed. Notwithstand-
ng, the data presented for GLC–FID compliments that obtained
rom the other analytical techniques when used to qualitatively
rofile psycho-active drugs in a biological matrix such as hair.
able 2 provides R.S.D. values (n = 6) based on retention time for
tandard solutions of the compounds under investigation. Values
f less than 2% are reported for the majority of compounds apart
rom risperidone that had an R.S.D. value of 3.16%.

.4. Polarographic studies

Voltammetric techniques have proved useful if the determi-
ation of 1,4-benzodiazepines which give signals due to the
eduction of the C N bond when a cathodic scan is initi-

ted [25,26]. Table 3 shows the data from these electroanalytical
tudies confirming that flurazepam, flunitrazepam, lorazepam,
iazepam, temazepam and oxazepam exhibit reduction waves
n the range −853 to −890 mV. Trimipramine and zopiclone

Zolpidem 13.35 0.54
Zopiclone 11 0.7

R.S.D. values for retention time are also included (n = 6) on standard solutions
at a concentration of 1.67 × 10−4 M.
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Table 3
Comparison of peak potentials for the psycho-active drugs using polarographic
analysis

Compound name Differential pulse polarography Ep value (mV)

Amphetamine –
Chloropromazine –
Citalopram –
Cocaine –
Diazepam −856
Ecstacy –
Escitalopram –
Flunitrazepam −863
Fluoxetine –
Flupenthixol –
Flurazepam −853
Lorazepam −877
Methadone –
Methamphetamine –
Mirtazapine –
Olanzapine –
Oxazepam −890
Paroxetine –
Pentobarbitone –
Risperidone –
Sertraline –
Temazepam −890
Trimipramine −1086
Venlafaxine –
Zolpidem –
Z
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Fig. 2. HPLC–MS/MS chromatogram of risperidone and sertraline from a hair
sample.
opiclone −666

–): no signal obtained.

ere the only two other compounds to give reduction signals
nder these analytical conditions. DPP is a useful voltammetric
echnique that may be available in some analytical labs. The data
resented here, which will form part of the online database, may
herefore be useful to other workers in the field.

.5. Database and web interface

Data from these analytical studies were used to populate the
atabase described above.

.6. Analysis of antidepressants in human hair samples

The analysis of sertraline, risperidone, escitalopram, parox-
tine, trimipramine, flurazepam and diazepam in hair samples
as investigated using HPLC–ESI-MS/MS analysis. As shown

n Table 4, sertraline and risperidone were readily identified and
uantified in hair based on their retention times on the HPLC col-
mn and fragmentation characteristics using mass spectrometry.
uantitation was achieved by virtue of an external calibration
ethod. A typical HPLC–ESI-MS/MS chromatogram is shown

n Fig. 2. Repeatability of the MS method was confirmed for
our extracts of the same hair sample. The coefficient of vari-
tion for the retention time of the four extracts was 0.2% and

.78% for the peak area for sertraline and 0.3% for the retention
ime and 17.1% for the peak area for risperidone. Escitalopram,
aroxetine, trimipramine, flurazepam and diazepam were also
eadily detected in hair samples (Table 4).

Fig. 3. (a) GC–FID chromatogram of an extracted hair sample positive for
paroxetine. (b) GC–FID chromatogram of an extracted hair sample positive
for sertraline and risperidone.
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Table 4
Detection and determination of diazepam, escitalopram, flurazepam, paroxetine, risperidone, sertraline and trimipramine in human hair using HPLC–MS/MS with
an external calibration method

Compound MS MS/MS LC–MS/MS retention
time (min)

Concentration in hair as determined
by LC–MS/MS (ng mg−1)

GC retention
time (min)

Diazepam 285 257 16.99 0.11 11.68
Escitalopram 325 262 14.85 0.03 11.84
Flurazepam 388 315 14.63 0.0019 13.29
Paroxetine 330 192 16.66 0.26 11.79
Risperidone 411 191 12.48 6.8 9.38
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ertraline 306 275 17.7
rimipramine 295 100 16.89

C–FID retention times are also included though no quantitation took place by

The psycho-active drugs were also detected in these hair sam-
les using GC–FID based on retention times (Table 4) though
o quantitation was attempted by this method. Examples of
C–FID chromatograms of hair-extract samples are shown in
ig. 3.

A hair sample extract positive for trimipramine, diazepam
nd flurazepam was analysed by differential pulse polarography
ut the current method was not sufficiently sensitive to detect
he 1,4-benzodiazepines present. Future work may consider the
se of stripping voltammetry to enhance the sensitivity of the
ethod.
With hair samples extraction yields are very difficult to deter-

ine based on the nature of the matrix and no attempt to quantify
xtraction yields was made in the current study.

. Conclusions

The ESI–MSn, HPLC–ESI-MS, GLC–FID and polaro-
raphic results obtained from this study have been compiled
nto a database for use within the University of Ulster Phar-

aceutical Biotechnology Research Group. It is envisaged that
his database will aid in the characterisation of unidentified
rugs in biomatrices such as hair. In addition, confirmation of
he validity of the database was obtained from the HPLC–ESI-

S/MS analysis of hair samples that tested positive for the drugs
ertraline, risperidone, escitalopram, paroxetine, trimipramine,
urazepam and diazepam. Hair analysis as an indicator for drug
se has emerged as a new tool for drug screening. From the
esults obtained to date, it is concluded that HPLC–ESI-MS/MS
nd GLC can provide rapid, selective and sensitive methods for
etecting and quantifying psycho-active drugs in hair samples
ollowing therapeutic administration.

cknowledgements

Bernadette Doherty would like to thank the Flax Trust and

he University of Ulster for provision of funding to assist in

hese studies. Fionnuala O’Donnell would acknowledge the Uni-
ersity of Ulster for the award of a Vice Chancellor’s Ph.D.
tudentship.

[

[

0.64 11.76
0.23 10.68

ethod.

eferences

[1] H.M. Inskip, E.C. Harris, B. Barraclough, Br. J. Psychiatry 172 (1998) 35.
[2] R. Anderson, Natl. Vital. Stat. Rep. 49 (2001) 14.
[3] C.J. Whittington, T. Kendall, P. Fonagy, D. Cottrell, A. Cotgrove, E. Bod-

dington, Lancet 363 (2004) 1341.
[4] D. Fergusson, S. Doucette, K.C. Glass, S. Shapiro, D. Healy, P. Hebert, B.

Hutton, Br. Med. J. 330 (2005) 1.
[5] C. Martinez, S. Rietbrock, L. Wise, D. Ashby, J. Chick, J. Moseley, S.

Evans, D. Gunnell, Br. Med. J. 330 (2005) 1.
[6] C. Joyce, W.F. Smyth, V.N. Ramachandran, E. O’Kane, D.J. Coulter, J.

Pharm. Biomed. Anal. 36 (2004) 465.
[7] W.F. Smyth, V.N. Ramachandran, E. O’Kane, D. Coulter, Anal. Bioanal.

Chem. 378 (2004) 1305.
[8] W.F. Smyth, Anal. Chim. Acta 492 (2003) 1.
[9] C. Joyce, W.F. Smyth, V.N. Ramachandran, E. O’Kane, D.J. Coulter, Anal.

Chim. Acta 506 (2004) 203.
10] W.F. Smyth, J.C. Leslie, S. McClean, B. Hannigan, H.P. McKenna, B.

Doherty, C. Joyce, E. O’Kane, Rapid Commun. Mass Spectrom. 20 (2006)
1637.

11] U. Gutteck, K.M. Rentsch, Clin. Chem. Lab. Med. 41 (2003) 1571.
12] J. He, Z.L. Zhou, H.D. Li, J. Chromatogr. B 820 (2005) 33.
13] C. Pistos, M. Koutsopoulou, I. Panderi, Anal. Chim. Acta 514 (2004) 15.
14] C. Muller, S. Vogt, R. Goerke, A. Kordon, W. Weinmann, Forensic Sc. Int.

113 (2000) 415.
15] G. Tournel, N. Houdret, V. Hedouin, M. Deveau, D. Gosset, M. Lhermitte,

J. Chromatogr. B 761 (2001) 147.
16] L. Kristoffersen, A. Bugge, E. Lundanes, L. Slordal, J. Chromatogr. B 734

(1999) 229.
17] A. Lucca, G. Gentilini, S. Lopez-Silva, A. Soldarini, Ther. Drug Monit. 22

(2000) 271.
18] E. Lacassie, J.M. Gaulier, P. Marquet, J.F. Rabatel, G. Lachatre, J. Chro-

matogr. B 742 (2000) 229.
19] L. Labat, M. Deveaux, P. Dallet, J.P. Dubost, J. Chromatogr. B 773 (2002)

17.
20] M. Himmelsbach, C.W. Klampfl, W. Buchberger, J. Sep. Sci. 28 (2005)

1735.
21] K. Philainen, E. Sippola, R. Kostiainen, J. Chromatogr. A 994 (2003) 93.
22] S. McClean, E. O’Kane, W.F. Smyth, J. Chromatogr. B 740 (2000) 141.
23] W.F. Smyth, S. McClean, V.N. Ramachandran, Rapid Commun. Mass

Spectrom. 14 (2000) 2061.
24] S. McClean, E. O’Kane, J. Hillis, W.F. Smyth, J. Chromatogr. A 838 (1999)
25] G.B. El-Hefnawey, I.S. El-Hallag, E.M. Ghoneim, M.M. Ghoneim, J.
Pharm. Biomed. 34 (2004) 75–86.

26] M.M. Correia dos Santos, V. Famila, M.L.S. Simoes Goncalves, Anal.
Bioanal. Chem. 374 (2002) 1074–1081.



A

a
P
n
I
a
s
9
b
s
b
©

K

1

[
a
a
d
b
s
t

f
u
f

o

0
d

Talanta 72 (2007) 675–681

Development of membrane electrodes for the selective
determination of hyoscine butylbromide

Y.S. El-Saharty ∗, F.H. Metwaly, M. Refaat, S.Z. El-Khateeb
Analytical Chemistry Department, Faculty of Pharmacy, Cairo University, El-Kasr El-Aini Street, ET-11562 Cairo, Egypt

Received 17 September 2006; received in revised form 25 November 2006; accepted 26 November 2006
Available online 8 January 2007

bstract

Four polyvinyl chloride (PVC) membrane sensors for the determination of hyoscine butylbromide are described and characterized. The sensors
re based on the use of the ion association complexes of hyoscine cation with ammonium reineckate counter anions as ion exchange sites in the
VC matrix. The membranes incorporate ion association complexes of hyoscine with dibutylsebathete (sensor 1), dioctylphthalate (sensor 2),
itrophenyl octyl ether (sensor 3) and �-cyclodextrin (sensor 4). The performance characteristics of these sensors were evaluated according to
UPAC recommendations, which reveal a fast, stable and linear response for hyoscine over the concentration range of 10−5–10−2 M for sensors 1
nd 2 and 10−6–10−2 for sensors 3 and 4 with cationic slopes of −53.19, −55.17, −51.44 and −51.51 mV per concentration decade for the four
ensors, respectively. The direct potentiometric determination of hyoscine butylbromide using the proposed sensors gave average recoveries % of
9.92 ± 1.11, 99.93 ± 1.00, 99.94 ± 1.18 and 99.87 ± 1.39 for the four sensors, respectively. The sensors are used for determination of hyoscine

utylbromide in laboratory prepared mixtures, pharmaceutical formulations in combination with ketoprofen and in plasma. Validation of the method
hows suitability of the proposed sensors for use in the quality control assessment of hyoscine butylbromide. The developed method was found to
e simple, accurate and precise when compared with a reported HPLC method.

2007 Published by Elsevier B.V.
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. Introduction

Hyoscine butylbromide, (1S,3s,5R,6R,7S,8r)-6,7-epoxy-3-
(S)-(3-hydroxy-2-phenylpropionyl)oxy]-8-butyl-8-methyl-8-
zoniabicyclo[3.2.1] octane bromide (Fig. 1) is used as an
ntispasmodic in treating peptic ulcer, gastritis and various
isorders of the gastrointestinal tract which are characterized
y spasm. It has also found employment for the relief of
pasmodic conditions of the bile duct and urinary tract and for
he treatment of dysmenorrhoea [1].

Hyoscine butylbromide is a white or almost white powder,
reely soluble in water, in methylene chloride and sparingly sol-
ble in ethanol. It melts at 142–144 ◦C and it should be protected

rom light [2,3].

Various methods have been developed for the determination
f hyoscine butylbromide, including titrimetric methods [3,4],

∗ Corresponding author. Tel.: +20 2 3625865; fax: +20 2 3625865.
E-mail address: YSaharty@hotmail.com (Y.S. El-Saharty).
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onium reineckate

pectrophotometric [5–10], comprising derivative techniques
5–8] and colorimetric procedures [11,12].

The degradations products of hyoscine butylbromide were
dentified in presence of the drug alone or in mixture with
thaverine, dipyrone and papaverine in injection or oral drops
y two chromatographic techniques, paper chromatography and
LC [13,14].

The drug was determined in its pharmaceutical preparations
nd biological fluids using a reversed phase HPLC [15–18]. The
tudied drug was assayed in pharmaceutical dosage forms by
apillary electrophoresis [19,20].

Hyoscine butylbromide was analyzed by a potentiometric
ethod using liquid membrane electrode impregnated with

raphite rods [21]. Buschmann [22] described a potentiomet-
ic titration for the determination of hyoscine butylbromide. In
his method the drug in suppositories was titrated with sodium

odecyl sulphate using bis(2,2′-bipyridyl) iron as indicator.

Li et al. [23] used an ion selective sensor for direct poten-
iometric determination of hyoscine butylbromide. The method
epends on formation of association complex of the drug with
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ig. 1. Chemical structure of hyoscine butylbromide. Molecular formula:

21H30BrNO4; molecular weight, 440.4.

odium tetraphenylborate, the complex was dissolved in dibutyl
hthalate and incorporated in polyvinyl chloride matrix.

A novel bromide PVC-based membrane sensor, based
n using either bis(4-hydroxyphenyl)1,4-diaza-1,3-butadiene-
g(II) complex [24] or iron(III)-salen [25] as an electroactive
aterials were used for direct potentiometric determination of

yoscine butylbromide. The first sensor was also used as an
ndicator electrode in the potentiometric titration of the bromide
ith silver ions [25].
The rapid growth in the analytical chemistry techniques is

ecessary to match the development of a wide variety of sci-
nce and technology approaches. In the last three decades, being
ommercially and not expensive, ion selective electrodes have
ecome an item of general equipment of analytical work. This
esult happens because ion selective electrodes have rapid, sim-
le, low cost and give accurate measurements of ionic species.

The key to constructing such an electrode is to produce a sen-
itive and selective membrane that responds to a particular drug.
uch a membrane is usually prepared by incorporating an appro-
riate ion-exchanger and solvent mediator into a poly(vinyl
hloride) (PVC) membrane matrix.

The present work originates from the fact that hyoscine
utylbromide (HYOB) behave as cation, as it is a quaternary
mmonium compound. This fact suggests the use of anionic
ype of ion exchangers, forming water insoluble ion association
omplexes. Ammonium reineckate as an anionic exchanger was
sed for construction of water insoluble ion-association complex
ith HYOB. The high lipophilicity and remarkable stability of

his complex suggested its selective use as electroactive mate-
ials in PVC matrix membrane sensors for the determination of
YOB, without interference in laboratory prepared mixtures,
harmaceutical formulations in combination with ketoprofen
nd in plasma.

. Experimental

.1. Instrument

Potentiometric measurements were made at 25 ± 1 with a
anna (Model 211) pH/mV meter. A single junction calomel ref-
rence electrode (Model HI 5412) was used in conjunction with
he drug sensor. A WPA pH combined glass electrode Model CD
40 was used for pH measurements. Bandelin sonorex, RK 510
, magnetic stirrer and a silver wire (3 mm diameter) immersed

n the internal solutions were also applied.

w
p
w

o

ta 72 (2007) 675–681

.2. Reagents

All chemicals were of analytical grade and bidistilled water
as used. Tetrahydrofuran (THF) 99% (Lab Scan), high molecu-

ar weight (10,000) polyvinyl chloride (PVC) powder (Aldrich),
itrophenyl octyl ether (o-NPOE) and dioctylphthalate (DOP)
ere obtained from Aldrich, dibutylsebathete, ammonium rei-
eckate (R) and �-cyclodextrin (�-CD) were obtained from
igma. Phosphate buffer pH 7 and pH 8 were prepared [26].

.3. Samples

.3.1. Pure sample
HYOB and ketoprofen (KET) were kindly supplied by

mriya Pharmaceutical Industries, Alexandria, Egypt. Their
urities were found to be 100.28 ± 0.77 and 99.89 ± 0.61,
espectively, according to the HPLC and direct spectrophotom-
try manufacturer procedures [27].

.3.2. Pharmaceutical dosage form
Spasmofen ampoules (Amriya Pharm. Ind., Alexandria,

gypt) batch no. 866926. Each ampoule claimed to contain
00 mg of ketoprofen and 20 mg of hyoscine butylbromide.

.4. Prepared solutions

.4.1. Stock standard solutions
HYOB stock solution (10−2 M) in either water or phosphate

uffer pH 7 or 8 were prepared by transferring 0.4404 g of HYOB
nto three separate 100 ml measuring flasks. Fifty millilitres of
ither water or phosphate buffer pH 7 or 8 were added, shacked
or few minutes and completed to volume with the same solvent.

.4.2. Working standard solutions
HYOB working solutions (10−7–10−3 M) were prepared by

uitable dilution from its stock solution using either water or
hosphate buffer pH 7 or 8.

.4.3. Laboratory-prepared mixtures
2.5 ml HYOB from its stock solution (10−2 M) was trans-

erred accurately to a series of 25 ml measuring flasks. Aliquots
rom KET (10−2 M) solution were added to prepare mixtures
ontaining 1:0.5, 1:1, 1:2 and 1:5 of HYOB and KET, respec-
ively.

.5. Procedures

.5.1. Precipitation-based technique for the preparation of
VC-membrane sensor (sensors 1–3)

Ten millilitres of 10−2 M HYOB aqueous solution was mixed
ith 10 ml of a saturated aqueous solution of ammonium rei-
eckate. The resulting precipitate was filtered, washed with cold
ater, allowed to dry at room temperature and grounded to fine

owder. Elemental analysis for carbon, hydrogen and nitrogen
ere carried to study the formation of the complex.
In three glass Petri dishes (5 cm diameter), 10 mg of the previ-

usly prepared ion association complex were mixed thoroughly
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ith 0.35 ml of either dibutylsebathete (sensor 1) or dioctylph-
halate (sensor 2) or nitrophenyl octyl ether (sensor 3) then add
.19 g of poly(vinyl chloride) (PVC). These mixtures were dis-
olved in 5 ml tetrahydrofuran (THF). The dishes were covered
ith a filter paper and left to stand overnight to allow slow

vaporation of the solvent at room temperature forming master
embrane with 0.1 mm thickness [28].
Sensors were assembled using a disk of an appropriate diam-

ter (about 8 mm) were cut from the previously prepared master
embranes and cemented to the flat end of PVC tubing with
HF. A mixed solution consisting of equal volumes of 10−2 M
YOB and 10−2 M sodium chloride was used as an internal

eference solution. Ag/AgCl coated wire (3 mm diameter) was
mployed as an internal reference electrode. The sensors were
onditioned by soaking for 24 h in a solution of 10−2 M of drug
nd stored in the same solution when not in use.

.5.2. β-CD-based technique for the preparation of
VC-membrane sensor (sensor 4)

�-CD, 0.04 g, was mixed with 0.4 g of nitrophenyl octyl ether
nd with 0.01 g of ammonium reineckate. PVC, 0.18 g, previ-
usly dissolved in 6 ml THF was added and the procedures were
ompleted as under Section 2.5.1 starting from “with a filter
aper and leave to stand overnight. . .”.

.5.3. Study of the experimental conditions

.5.3.1. Identification of slope, response time and lifetime of the
tudied electrodes. The electrochemical performance charac-
eristics of the four studied HYOB-selective electrodes (sensors
–4) were evaluated according to IUPAC standards [28]. Sen-
ors calibration was carried out by measuring the potential of
0−7–10−2 M drug solutions starting from low to high con-
entrations. The potentials were plotted as a function of drug
oncentrations. Sensor life span was examined by repeated mon-
toring of the slope of the drug calibration curve periodically.
he detection limit was taken at the point of intersection of the
xtrapolated linear segment of the drug calibration graph.

The dynamic response times of the electrodes were tested
or the concentrations 10−6–10−2 M HYOB solutions. The
equence of measurements was from low to high concentrations.

The time required for the electrodes to reach value within
2 mV from the final equilibrium potential after increasing
YOB concentration level by ten folds was measured.

.5.3.2. Effect of pH on the electrode response. The effect of
H on the potential values of the four electrode systems was
tudied over pH range of 1–12 at 1-pH interval by immersing
lectrodes in 10−3 and 10−4 M HYOB solutions. The pH was
radually increased or decreased by adding aliquots of diluted
odium hydroxide or hydrochloric acid solutions, respectively.
he potential obtained at each pH was recorded.

.5.3.3. Effect of foreign compounds on the electrode selectivity.

he response of the four studied electrodes was also examined

n the presence of a number of other related substances. The
otentiometric selectivity coefficients (KPot

HYOB, I) were evalu-
ted according to IUPAC guidelines using the separate solutions

2

t

ta 72 (2007) 675–681 677

ethod [28,29] in which the potential of cell compromising the
embrane electrode and a reference electrode is measured with

wo separate solutions, A and B where A (HYOB ions) and B
interfering ion) at the same activity aA = aB. Selectivity coeffi-
ients were calculated by the separate solutions method, where
otentials were measured for 10−3 M HYOB solution and then
or 10−3 M interfering solution, separately, then potentiomet-
ic selectivity coefficients were calculated using the following
quation:

og KPot
A,B = (EB − EA)

S
+
(

1 − ZA

ZB

)

log aA

here KPot
A,B is the potentiometric selectivity coefficient, S the

lope of the calibration plot, aA the activity of HYOB, and
A and ZB are the charges on HYOB and the interfering ion,

espectively.

.5.4. Construction of calibration graphs for direct
otentiometric determination of hyoscine butylbromide
sing the proposed sensors

The sensors were conditioned by soaking in 10−2 M HYOB
olution for 24 h. Storage was in the same solution when not
n use. The conditioned electrodes were immersed in conjunc-
ion with the single junction calomel reference electrode in
olutions of HYOB in the range of 10−7–10−2 M. They were
llowed to equilibrate whilst stirring and recording the e.m.f.
eadings within ±1 mV. The membrane sensors were washed
etween measurements with water. The mV–concentration pro-
les were plotted. The regression equations for the linear part
f the curves were computed and used for subsequent determi-
ation of unknown concentrations of HYOB.

.5.5. Application to laboratory prepared mixtures
The membrane sensor was immersed in conjunction with the

ingle junction calomel reference electrode in the different lab-
ratory prepared mixtures. The membrane sensor was washed
ith water between measurements. The e.m.f. produced for each
ixture was measured by the four proposed electrodes then the

oncentration of HYOB was determined from the corresponding
egression equation.

.5.6. Application to pharmaceutical dosage form
The contents of six spasmofen ampoules were mixed. An

mount of this solution equivalent to 22.02 mg HYOB was accu-
ately transferred separately to a 50 ml volumetric flask and the
olume was completed to the mark with phosphate buffer (pH 7
or sensors 1–3 and pH 8 for sensor 4) to prepare 10−3 M solu-
ion of HYOB. The e.m.f. produced by immersing the prepared
lectrodes in conjunction with single junction calomel refer-
nce electrode in the prepared solutions were determined then
he concentration of HYOB was calculated from the regression
quation of the corresponding electrode.
.5.7. Application to plasma sample
4.5 ml plasma were placed into two stoppard shaking tubes,

hen 0.5 ml of 10−2 and 10−3 M HYOB were added separately
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Table 1
Elemental analysis of hyoscine butylbromide–reineckate complex

Parameters Analysis%

Carbon Hydrogen Nitrogen

Calculated% 44.19 5.30 14.43
Found% 45.21 5.88 13.97
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nd shacked. Each membrane sensor was immersed in conjunc-
ion with the single junction calomel reference electrode in these
olutions. The membrane sensor was washed with water between
easurements. The e.m.f. produced for each solution was mea-

ured by the four proposed electrodes then the concentration
f HYOB was determined from the corresponding regression
quations.

. Results and discussion

The development and application of ion-selective electrodes
ISEs) continue to be of interest for pharmaceutical analysis
ecause these sensors offer the advantages of simple design
nd operation, fast response, reasonable selectivity, low detec-
ion limit, high accuracy, wide concentration range applicability
o colored and turbid solutions, and possible interfacing with
utomated and computerized systems [29].

HYOB reacted with ammonium reineckate to form stable
:1 water insoluble ion association complex, with low solubility
roduct and suitable grain size precipitate, having the following
uggested composition:

This ratio was confirmed by the elemental analysis data
Table 1) and by the Nernestian response of the suggested sen-
ors, which was about 60 mV; the typical value for monovalent

rugs [28].

The introduction of high molecular PVC, as regular sup-
ort matrix and traps for the sensed ions, creates a need for
plasticizer [30]. In the present investigation, dibutylsebathete

m
s

t

Calculated according to 1:1 ratio.

nd dioctylphthalate were chosen from diesters of dicarboxylic
cids and nitrophenyl octyl ether was chosen as an exam-
le of the nitroaromatic group. They gave responses similar
o each other with no noise but the membrane with nitro-
henyl octyl ether was more sensitive as calibration range from
0−6 to 10−2 M. With PVC, they plasticize the membrane,
issolve the ion association complex, and adjust both permit-
ivity of the final organic membrane and mobility of the ion
xchange sites. Such adjustments influence the partition coef-
cient of the studied drug with subsequent effect on electrode
electivity.

Cyclodextrins are optically active oligosaccharides that form
nclusion compounds in the aqueous and in solid state with
rganic molecules. They were previously applied as sensor
onophores to potentiometric ISEs for the determination of pro-
onated amines [31] and chiral molecules incorporating aryl
ings [32]. �-CD-based sensors showed accurate results in both
esponse and selectivity.

The electrochemical cell of the suggested membrane elec-
rodes for the determination of HYOB can be illustrated
iagrammatically as follows:

Electrochemical performance characteristics of the proposed
ensors were evaluated according to the IUPAC recommen-
ation data [28] (Table 2). It was found that the electrodes
isplayed constant and stable potential readings within 2 mV
rom day-to-day and the calibration slopes did not change by

ore than 2 mV per decade over a period of 1 month for the four

ensors.
The response time of the electrodes were tested for concen-

rations of the drug from 10−6 to 10−2 M. The measurements
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Table 2
Response characteristics of the four investigated hyoscine butylbromide electrodes

Parameter Sensor 1 Sensor 2 Sensor 3 Sensor 4

Slope (mV/decade) −53.19 −55.17 −51.44 −51.51
Intercept (mV) 209.89 201.62 204.74 148.34
Correlation coefficient 0.9992 0.9993 0.9992 0.9992
Detection limit [M] 4.5 × 10−6 4.3 × 10−6 5.2 × 10−7 4.9 × 10−7

Limit of quantitation (LOQ) 0.8 × 10−5 0.7 × 10−5 0.6 × 10−6 0.9 × 10−6

Response time (s) 20–30 20–30 20–30 20–30
Working pH range 6–8 6–8 6–8 7–9
Concentration range [M] 10−5–10−2 10−5–10−2 10−6–10−2 10−6–10−2

Life span (weeks) 6–8 6–8 5–6 5–6
Average recovery (%) 99.92 99.93 99.94 99.87
R.S.D.%a 1.11 1.00 1.18 1.39

a Results of four determinations.

w
c
m

a
a
(
d

F

t
c
i
(

t
t
9

Fig. 2. Effect of pH on the response of sensors 1 and 2.

as characterized by a fast stable response within 20–30 s for
oncentrations less than 10−4 M and 10–20 s for concentrations
ore than 10−4 M.
The effect of pH on the electrode potential was investigated

nd it was found that the electrodes gave a stable potential over
pH range from 6 to 8 for sensors 1–3 and 7–9 for sensor 4
Figs. 2 and 3). Above and below this pH range, the potentials
isplayed by the electrodes were noisy.

Fig. 3. Effect of pH on the response of sensors 3 and 4.
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ig. 4. Profile of the potential in mV to the −log concentration of sensors 1–4.

The potentiometric response of the four studied electrodes at
he optimum pH were linear with constant slopes over a drug
oncentration range of 10−5–10−2 M for sensors 1 and 2 and
n the concentration range of 10−6–10−2 M for sensors 3 and 4
Fig. 4).

The accuracy of the proposed membrane sensors for the quan-
ification of blind samples of HYOB was assessed by using
he four sensors. The results showed average recoveries of
9.92 ± 1.11, 99.93 ± 1.00, 99.94 ± 1.18 and 99.87 ± 1.39 for
ensors 1–4, respectively.

The performance of the four electrodes in the presence
f ketoprofen was assessed. Selectivity coefficient values
KPot

HYOB, I) were measured using a fixed concentration of the
nterfering (10−3 M). The results obtained by the developed sen-
ors (Table 3) showed reasonable selectivity of the four sensors
or HYOB in presence of ketoprofen.

HYOB was analyzed in different laboratory prepared mix-
ures with ketoprofen and good recoveries were obtained
Table 4).

Pharmaceutical additives such as argenine and citric acid
id not show any interference. Thus, analysis was carried out
ithout prior treatment or extraction. The four sensors were

uccessfully used for the determination of HYOB in spasmofen
mpoules (Table 5).

On application to the biological fluids, plasma electrolyte

id not show any interference. It has been found that the four
lectrodes gave stable results as revealed by high precision and
ccuracy of recoveries of the spiked plasma samples (Table 6).
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Table 3
Potentiometric selectivity coefficients (KPot

HYOB, I) for the four proposed electrodes

Interfering substance Selectivity coefficient

Sensor 1 Sensor 2 Sensor 3 Sensor 4

Ketoprofen 1.82 × 10−3 7.94 × 10−3 2.81 × 10−3 5.45 × 10−3

Citric acid 3.64 × 10−3 6.24 × 10−3 4.57 × 10−3 5.74 × 10−3

Na+ 2.52 × 10−3 7.19 × 10−3 3.61 × 10−3 6.43 × 10−3

K+ 1.90 × 10−3 5.02 × 10−3 2.22 × 10−3 5.52 × 10−3

NH4
+ 1.70 × 10−3 6.21 × 10−3 2.28 × 10−3 5.02 × 10−3

Mg2+ 2.16 × 10−3 9.20 × 10−3 6.14 × 10−3 5.90 × 10−3

Ca2+ 3.50 × 10−3 9.73 × 10−3 5.92 × 10−3 5.38 × 10−3

Glucose 1.63 × 10−3 6.28 × 10−3 3.41 × 10−3 4.99 × 10−3

Lactose 1.62 × 10−3 5.74 × 10−3 3.16 × 10−3 5.57 × 10−3

Sucrose 1.67 × 10−3 5.89 × 10−3 3.25 × 10−3 5.47 × 10−3

Urea 1.52 × 10−3 5.24 × 10−3 2.68 × 10−3 5.19 × 10−3

l-Phenyl alanine 1.33 × 10−3 4.89 × 10−3 2.56 × 10−3 4.68 × 10−3

Argenine 3.24 × 10−3 7.06 × 10−3 4.21 × 10−3 6.07 × 10−3

Table 4
Analysis of hyoscine butylbromide in different laboratory prepared mixtures with ketoprofen by the four electrodes

Ratio of HYOB:KET Recovery%a of hyoscine butylbromide

Sensor 1 Sensor 2 Sensor 3 Sensor 4

1:0.5 101.63 100.17 99.01 101.29
1:1 100.29 100.33 100.20 100.01
1:2 101.09 99.49 99.38 101.38
1:5 101.79 99.83 99.80 100.64

Mean ± S.D.% 101.20 ± 0.68 99.96 ± 0.37 99.60 ± 0.52 100.83 ± 0.64

a Average of four determinations.

Table 5
Determination of hyoscine butylbromide in spasmofen ampoules by the proposed four electrodes

Dosage form Recovery%a

Sensor 1 Sensor 2 Sensor 3 Sensor 4

Spasmofen ampoules (batch no. 866926) 99.03 ± 0.28 98.66 ± 0.63 100.60 ± 0.61 100.23 ± 0.34

a Average of three determinations.

Table 6
Determination of hyoscine butylbromide in spiked human plasma by the proposed four electrodes

Concentration [M] Recovery%a

Sensor 1 Sensor 2 Sensor 3 Sensor 4

1 × 10−3 98.12 ± 2.13 101.01 ± 1.41 98.76 ± 1.56 98.61 ± 2.22
1 × 10−4 101.14 ± 2.42 99.01 ± 1.12 100.97 ± 1.06 101.76 ± 1.86

a Average of three determinations.

Table 7
Statistical analysis of the results obtained by the proposed method and the manufacturer method [27] for the analysis of hyoscine butylbromide in pure powder form

Item Sensor 1 Sensor 2 Sensor 3 Sensor 4 Manufacturer method [27]

Mean 99.92 99.93 99.94 99.87 100.28
R.S.D. 1.11 1.00 1.18 1.39 0.77
N 4 4 4 4 5
Variance 1.232 1.000 1.392 1.932 0.593
t-Test (2.365)a 0.576 0.596 0.524 0.566 –
F
-Test (6.59)a 2.078 1.686

a The values between parenthesis are the corresponding theoretical values of t and
2.347 3.258 –

F at the 95% confidence level.
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Statistical evaluation of the results of analysis of pure HYOB
y the proposed electrodes and the manufacturer method [27]
howed that there is no significant difference between the pro-
osed and reported method in terms of accuracy and precision
Table 7).

Validation of the proposed potentiometric methods for deter-
ining HYOB was made by measuring the range, lower limit of

etection (LOD), lower limit of quantitation (LOQ), accuracy
recovery), trueness, precision, repeatability (inter- and intra-day
ariability) linearity and sensitivity (slope). Results obtained on
our batches are depicted in Table 2.

. Conclusion

The use of the proposed sensors offers the advantages of fast
esponse, elimination of drug pretreatment or separation steps,
ow detection limit and direct determination of drugs in turbid
nd colored solutions. They can therefore be used for routine
nalysis of the HYOB in quality control laboratories.
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bstract

An accurate estimation of pKa values in methanol–water binary mixtures is very important for several separation techniques such as liquid chro-
atography and capillary electrophoresis that use these solvent mixtures. In this study, the pKa values of 11 polyphenolic acids have been determined

n methanol–water binary mixtures (10%, 20% and 30% (v/v)) by potentiometry, liquid chromatography (LC) and LC-DAD methodology.
The results show a similar trend for the pKa values of all the studied compounds, as they increase with increasing concentration of organic
odifier, which allows a linear relationship between pK values and mole fraction of methanol to be obtained. The pK values obtained in aqueous
a a

edium have been compared with those given in the literature, and also with the values predicted by the SPARC on-line pKa calculator. The data
btained have been used to test the feasibility of an estimation of dissociation constants in a methanol–water medium from the relationship between
Ka values and the organic cosolvent fraction in the mixtures.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The ionization constant is an important physico-chemical
arameter of a substance, and the knowledge of this parame-
er is of fundamental importance in a wide range of applications
nd research areas. The chromatographic retention and elec-
rophoretic behavior of ionizable compounds strongly depend
n the pKa of the compound and the mobile phase pH. A sat-
sfactory knowledge of the acid–base behavior of substances in
ydro-organic media such as methanol–water is therefore essen-
ial to predict the influence of pH on selectivity and on retention
n liquid chromatography (LC) and also to optimize analyti-
al procedures for the separation of ionizable compounds by

ifferent techniques [1–3].

There are several methods for the determination of dis-
ociation constants. Traditionally, potentiometry and UV–vis

∗ Corresponding author. Tel.: +34 93 4039120; fax: +34 93 4021233.
E-mail address: jlbeltran@ub.edu (J.L. Beltrán).
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quid chromatography

bsorption spectrometry have been the most useful techniques
or the determination of equilibrium constants [4,5], because
f their accuracy and reproducibility. Moreover, the use of
omputer programs for the refinement of equilibrium constants
llows the different pKa values in polyprotic substances to be
etermined, even when they are very close [6–8].

In the last decade, some alternative techniques, based on sep-
ration methods such as liquid chromatography (LC) [9] and
apillary zone electrophoresis (CZE) [10], have been developed.
he last, based on the dependence of electrophoretic mobility
ith respect to the pH of the electrophoretic buffer, provides fast

nd accurate pKa determination in a wide pH range for mono-
nd polyprotic substances.

The determination of pKa values by liquid chromatogra-
hy is based on the relationships between the capacity factors
nd the pH values of the mobile phase [11,12]. This proce-

ure is limited by the working pH range of the LC column,
he optimum conditions being when the pKa corresponds to the
quilibrium between a neutral species and a charged species
this is, H2A+ ↔ HA, HA ↔ A−, or B ↔ HB+), but as the main
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bjective of pKa determination by LC is the optimization of
hromatographic separations, this method is perfectly adequate
or its purpose.

In recent years, a new procedure has been developed when
C and CZE methodologies are used for pKa determination in
ombination with a diode array detector (DAD) for absorbance
easurements [13–15]. In these cases, the pKa values can be

etermined from the absorbance spectra obtained at the max-
ma of the chromatographic or electrophoretic peaks. In this
ay, pKa values can be obtained from two independent meth-
ds: mobility/pH data and spectra/pH data in CZE procedures
CZE-DAD), and capacity factor/pH data and spectra/pH data
n LC procedures (LC-DAD).

Polyphenolic compounds include a large range of bioactive
ubstances occurring widely in plants. Many phenolic com-
ounds are good sources of natural antioxidants, and there is
growing interest in the characteristics and behavior of this

ind of compounds, because some of them have inhibitory
ffects on mutagenesis and carcinogenesis [16]. The deter-
ination of these compounds in matrices such as fruits and

lants is carried out by means of chromatographic (LC) or
lectrophoretic separations [17–20], using different detection
ystems, mainly UV–vis absorption or mass spectrometry.
lthough most liquid chromatography separation procedures

re based on reversed phase columns and water–methanol or
ater–acetonitrile mobile phases [20], the dissociation constants
f phenolic acids have been determined mainly in water and
ater–acetonitrile mixtures [12,15].
In order to overcome the lack of information related

ith the acid–base equilibria of this kind of compounds in
ater–methanol medium, the pKa values of some hydroxyben-

oic and hydroxycinnamic acids in water and methanol–water
inary mixtures have been determined by means of potentio-
etric and chromatographic (LC and LC-DAD) measurements.
or practical reasons, the potentiometric determinations were
arried out at 0%, 10%, and 20% methanol content (v/v),
hereas the chromatographic determinations of pKa were at
0%, 20%, and 30% methanol content (v/v). The pKa values
btained will be useful for the development and optimization of
eparation methods of phenolic acids based on liquid chromatog-
aphy in methanol–water mixtures. Additionally, some attempts
ave been made to try and predict pKa values in the different
ater–methanol mixtures from the values obtained in aqueous
edium.
The results obtained for pKa in water have been compared

ith those predicted by the SPARC on-line Calculator [21].
his program estimates several physico-chemical properties of
rganic compounds on the basis of their molecular structure.
ne of these properties is the dissociation constant: the pKa
alue of an acid group in a molecule is estimated as the sum of
wo terms, the first corresponding to the pKa of the acid group or
eaction center C (pKa)C, and the second indicates the change in
he ionization behavior as consequence of a perturber structure

, δP(pKa)C, meaning any molecular structure appended to C:

Ka = (pKa)C + δP(pKa)C = (pKa)C + δRES(pKa)C

+δELE(pKa)C + δSOLV(pKa)C + δH-BOND(pKa)C (1)

s
t
i
c

Fig. 1. Structures of the phenolic acids studied.

The second term is factored into mechanistic components,
escribing the differential resonance, electrostatic, solvation
nd hydrogen bonding of P with the protonated and unpro-
onated states of C, respectively. This approach has been
igorously tested by the comparison between the experimen-
al and estimated pKa of more than 4300 ionization constants
22].

The phenolic compounds selected for this study are seven
ydroxybenzoic acids (gallic, protocatechuic, gentisic, p-
ydroxybenzoic, vanillic, isovanillic and syringic) and four
ydroxycinnamic acids (caffeic, p-coumaric, ferulic and sinap-
nic). Their structures are shown in Fig. 1.

. Experimental

.1. Chemicals and reagents

Analytical reagent grade chemicals were used, unless other-
ise stated. Phenolic acids were purchased from Sigma and used
ithout further purification. Water, with conductivity lower than
.05 �S cm−1, was obtained with a Milli-Q water purification
ystem (Millipore Corp.).

Methanol was of HPLC grade. Potassium hydrogen phtha-
ate (dried at 110 ◦C before use, Fluka), sodium hydroxide,
ydrochloric acid, potassium bromide, formic acid and diethyl-
alonic acid were supplied by Merck.
Potassium hydroxide and potassium chloride were also

urchased from Merck and used in potentiometric stud-
es. Potassium hydroxide solutions (0.025 mol L−1) were
repared in each methanol–water mixtures by suitable dilu-
ion of a 1.000 mol L−1 Merck Titrisol. Hydrochloric acid

olutions were also prepared in each methanol–water mix-
ures by dilution of a 1.000 mol L−1 Merck Titrisol. The
onic strength was adjusted to 0.1 mol L−1 with potassium
hloride.



alanta 72 (2007) 489–496 491

2

v
M
H
r
2
8
u
s

A
D
c
H
u

2

2

m
m
t
m
0
1
a
p
c
t
s

c
T
i
b
t
a
t

U

w
m

2

t
s
o
t

s
2

F
p
i

m
2
a

r
u
(
b

d
b
m
r

p

w
(
e
a
i

t
f
i
m
r
h
s
t
p

F.Z. Erdemgil et al. / T

.2. Apparatus

In the potentiometric titrations for the determination of pKa
alues, emf was measured with a precision of ±0.1 mV, using a
ettler-Toledo MA 235 pH/ion analyzer equipped with a Hanna
I 1332 combination glass electrode. All titrations were car-

ied out in a double-walled cell, externally thermostatted at
5.0 ± 0.1 ◦C with a cooling system consisting of a HETO CBN
-30 water bath and a HETO HMT 200 temperature control
nit. Test solutions were magnetically stirred under a continuous
tream of pure nitrogen (chromatography grade).

The chromatographic system consisted of a Shimadzu LC 10
DVP pump, a SIL 10 ADVP auto injector and a SPD-M10A
AD diode array detector system; it also included a CTO 10 AVP
olumn oven and a DGU 14 A degasser system. A Thermo ODS
ypersil RP C-18 column (250 mm × 4,6 mm i.d., 5 �m) was
sed throughout and all separations were carried out at 25 ◦C.

.3. Procedures

.3.1. Potentiometric method
The standardization of the electrode system in

ethanol–water mixtures was carried out by the Gran’s
ethod [23]. For the determination of the cell standard poten-

ial (E0), the electrode was immersed in the methanol–water
ixture (20 mL and 0.1 mol L−1 ionic strength), and then

.1 mol L−1 hydrochloric acid was added to this solution; about
0 or 12 titration points of this solution were enough for an
ccurate determination of the cell E0. A suitable amount of a
olyphenolic acid was then added to obtain an approximate
oncentration of 0.003 mol L−1, and the final solution was
itrated with a strong base (KOH) at the same ionic strength and
olvent composition.

The data pairs (emf/titrant volume) thus obtained were pro-
essed by the program PKPOT [7] to determine the pKa values.
his program refines the thermodynamic equilibrium constants

n order to minimize the sum of squared differences (Uemf)
etween the experimental e.m.f. values and those calculated on
he basis of the mass balances for hydrogen and polyphenolic
cid, the equilibrium constants, the cell standard potential and
he activity coefficients:

emf =
m∑

i

n∑

j

(emfi,j,exp − emfi,j,calc)2 (2)

here m is the number of titrations and n the number of experi-
ental points in each titration.

.3.2. Chromatographic method
Stock standard solutions of the different phenolic acids to be

ested were prepared in water at 200 mg L−1 concentration and
tored in a deep freezer. Working solutions (20 mg L−1) were
btained by suitable dilution of stock standard solutions with

he corresponding mobile phase and stored at 4 ◦C in the dark.

The flow rate was maintained at 1 mL min−1. Throughout this
tudy, the mobile phases assayed were methanol–water at 10%,
0% and 30% (v/v), containing 0.1% (w/v) formic or diethyl-

k

w
(

ig. 2. Chromatograms of syringic acid in 10% methanol (v/v) obtained at the
H values: (a) 3.0; (b) 3.5; (c) 4.1; (d) 4.5; (e) 5.1; (f) 6.1; (g) 7.1. Absorbance
s measured at 280 nm.

alonic acid. The pH of the mobile phase was adjusted between
.75 and 7.00 by the addition of sodium hydroxide. For gentisic
cid, pH 2.45 was also investigated.

In general, for each methanol content the chromatographic
etention was studied from acid to neutral pH. The col-
mn was pre-conditioned during at least 1 h at low flow-rate
0.4 mL min−1) with mobile phase at the corresponding pH
efore the first injection.

The pH of the mobile phase (pHx) was determined in accor-
ance with the IUPAC commendations [24,25], by comparison
etween the measured electromotive forces EX and ES of the
obile phase and a standard reference solution of known pH,

espectively. Thus, the pH is determined from:

HX = pHS − EX − ES

g
(3)

here g is the Nernst coefficient of the potentiometric cell
g = (ln 10)RT/F). In our case, the operational pH scale has been
stablished using potassium hydrogen phthalate (0.05 mol kg−1)
s standard reference solution, as its corresponding pHs values
n the appropriate methanol content are already known [26].

For each polyphenolic compound, mobile phase composi-
ion and pH, the retention time values, tR, were determined
rom three replicate injections. An example is given in Fig. 2,
n which the chromatograms of syringic acid obtained at 10%

ethanol and different pH values are plotted. The changes in the
etention times at the different pH values are clearly shown, the
igher value corresponding to acidic medium, where the neutral
pecies (H2A) of syringic acid predominates; the lower retention
ime, close to hold-up time, corresponds to pH 7.1, where the
redominant form is the anionic species (HA−).

Capacity factors (or retention factors) were calculated as

t − t
′ = R M

tM
(4)

here tM indicates the retention time of potassium bromide
hold-up time), which was measured by injection of a 0.01%
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otassium bromide solution in water for each mobile phase
omposition and pH studied.

In the study of dissociation equilibria by reversed phase liquid
hromatography, the compounds under study can be considered
o be monoprotic acids throughout the working pH range. The
bserved retention factors at different pH values can thus be
escribed [12] as a function of the retention factors of the neu-
ral and anionic species (k′

HA and k′
A− ) and their corresponding

ole fractions (χHA and χA− ):

′ = k′
HAχHA + k′

A−χA− (5)

The mole fractions can be expressed as function of the dis-
ociation constants, the hydrogen ion activity and the activity
oefficient, and Eq. (5) can be rewritten as

′ = k′
HA

aH+γH+

Ka + aH+γH+
+ k′

A−
Ka

Ka + aH+γH+

= k′
HAaH+γH+ + k′

A−Ka

Ka + aH+γH+
(6)

The pKa values associated with the carboxylic acid function
ere first determined from k′/pH data pairs by means of the
on-linear regression program NLREG [27]. This is a general-
urpose program, where the function to be minimized and the
arameters to be estimated can be defined by means of the
uilt-in program editor. In our case, the input data include the
xperimental retention factors (k′

exp), the measured pH and the
alculated activity coefficients, whereas the dissociation con-
tants and the retention factors of the neutral and anionic species
re treated as parameters to be optimized. Starting values for
hese parameters must be also included. The activity coefficients
ere calculated by the Debye–Hüquel equation, in which the A

nd a0B values for each methanol content were taken from Ref.
28]:

log γ = Az2
√

I

1 + a0B
√

I
(7)

The ionic strength (I) was determined from the amount of
odium hydroxide added to obtain the desired pH of the mobile
hase, and from the dissociation constant of the buffer in the
ore acidic solutions (corresponding to formic acid buffers).
In this way, NLREG refines the parameters until a minimum

n the function Uk′ (defined as the sum of squared differences
etween the experimental and calculated capacity factors) is
eached:

k′ =
p∑

i=1

(k′
i,exp − k′

i,calc)2 (8)

here p is the number of data points, and k′
i,exp and k′

i,calc the
xperimental and calculated capacity factors for each data point,
espectively. The calculated values are obtained from equation

6). In Fig. 3, the experimental data pairs k′/pH for some of
he phenolic compounds studied (in 20% (v/v) methanol–water)
re shown, together with the corresponding calculated from the
efined parameters pKa, k

′
HA and k′

A− .

m

a
e

ethanol–water v/v). Symbols indicate: (♦) ferulic acid; (�) coumaric acid;
©) syringic acid; (�) p-hydroxybenzoic acid; (�) protocatechuic acid. Lines
ndicate the calculated retention factors.

Independent determinations of the corresponding pKa val-
es were also obtained from the absorbance spectra recorded
etween 190 and 800 nm at the maximum of the chromato-
raphic peaks; the acquired data (absorbance spectra and pH)
ere processed with the program STAR [13,15,29]. This is a
on-linear regression program specifically developed for the
tudy of complex equilibria from spectrometric data. It can be
pplied to complex systems, including acid–base and complex
ormation equilibria, described by experimental data containing
ntil 150 spectra, measured at 50 wavelengths.

The program refines the equilibrium constants, using the
auss–Newton algorithm, until a minimum value in the sum
f the squared differences between the experimental and calcu-
ated absorbance values for each spectra and wavelength (Uabs)
s obtained:

abs =
ns∑

i=1

nw∑

i=1

(Ai,j,exp − Ai,j,calc)2 (9)

here ns and nw indicate the number of spectra and wavelengths,
espectively. Ai,j,exp and Ai,j,calc are the experimental and calcu-
ated absorbance values for the wavelength j in the spectrum i.
he calculated absorbances are obtained in three steps: the pro-
ram first solves the mass balances for each spectrum according
o the guessed equilibrium constants and experimental condi-
ions (using a procedure similar to that in PKPOT program);
hen, a multiple linear regression procedure is applied in order
o determine the molar absorbances of each unknown species,
nd finally the individual absorbance values are re-calculated
rom the guessed species concentration and the corresponding

olar absorbances.
The comparison between pKa values obtained from retention

nd absorbance allows a better understanding of dissociation
quilibria to be reached, with the additional advantage that both
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ig. 4. Absorption spectra of caffeic acid, in 30% (v/v) methanol–water,
btained from the maxima of the chromatographic peaks at different pH values
f the mobile phase.

inds of data can be obtained in the same experimental run. The
pectral data corresponding to the pKa determination of caffeic
cid in 30% methanol–water are presented in Fig. 4.

. Results and discussion

The results obtained by the different methodologies, together
ith literature data and the values predicted by SPARC, are

ummarized in Table 1. The values obtained in this work by
otentiometry, LC and LC-DAD for the first pKa (attributed to
he carboxylic group) are in good agreement, as the differences
re usually lower than 0.2 pKa units.

However, we must take into account that the potentiometric
ethodology gives better accuracy and precision than any of the

ther two methods used. This is due, mainly, to the fact that the
lectrode system is calibrated before each potentiometric titra-
ion [23], and the electrode remains into the solution during all
he titration, so that the calibration parameters are the same for
ll titration data corresponding to the same experimental run.
y comparison, in LC methodology the pH of the mobile phase

s measured against the pH of a standard; the drawback of this
rocedure is the possibility of small changes in the electrode
esponse every time it is immersed in a different solution. More-
ver, small errors in the preparation of the standard will be noted
s systematic deviations. Additionally, the retention factors (k′)
sed to estimate the pKa are derived from the retention time of
he solute and the hold-up time, giving lower precision. The LC-
AD procedure does not use retention factors; instead of them

t uses the spectra measured by the diode-array detector, but the
rocedure will be affected by the errors in the pH measurement.

A further comparison between the pKa values obtained in this
ork in aqueous medium and those given in the literature (where

vailable) and predicted by SPARC shows that the values corre-

ponding to the first pKa are generally in good agreement. The
emarkably good results obtained by SPARC should be men-
ioned, because, except in the case of syringic acid, predicted
alues are within 0.2 pKa units from real experimental values.
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Results are not so good for the dissociation constants of the
henolic groups (pKa2 and pKa3), as the differences between the
esults obtained in this work and those available in the literature
r predicted by SPARC are higher, particularly for pKa3, in which
ase they may exceed one pKa unit.

The influence of methanol on the dissociation constants
as as expected: pKa values increase with increasing per-

entage of organic cosolvent. Although the variations of the
hysico-chemical properties of solutes in mixed solvents can
e described by the Kamlet–Taft solvatochromic parameters
30] or the Dimroth–Reichardt ET polarity parameter [31], it
as been found that in several water–organic cosolvent mix-
ures, such as acetonitrile–water [32] (up to 70% acetonitrile)
r methanol–water (up to 50% methanol) [33,34], pKa values
f a given substance show a linear relationship with the mole
raction of organic cosolvent. This is indicated by the following
xpression:

Ka,ϕ = pKa,w + ϕΔpK (10)

here pKa,w indicates the dissociation constant in water, ϕ the
ole fraction of organic cosolvent, ΔpK the slope of the linear

elationship, and pKa,� the pKa at the corresponding composi-
ion.

This equation was only applied to pKa1 and pKa2 values
btained by potentiometry, because of the higher precision of the
ethodology, although the maximum possible methanol propor-

ion was limited to 20% (about 0.1 mole fraction). Regression
esults are listed in Table 2, where intercept (corresponding to
Ka,w), slope (ΔpK) and correlation coefficient are given. These
esults indicate that, in general, the assumption of a linear rela-
ionship between pKa and mole fraction of organic cosolvent is
good approximation within this interval.

The mean slope of pKa1 values listed in Table 2 was 2.92,
ith a relative standard deviation sR (%) = 29.7%. This was in
ood agreement with available data for other carboxylic acids
n different methanol–water mixtures (including formic, acetic,
ropionic, butyric, benzoic, and the first pKa of citric and phtalic)
33,34], which gave a mean value ΔpK = 2.78 (sR (%) = 19.6%),
howing a similar behavior against increasing methanol content.
n the case of pKa2, the slopes for polyphenolic acids were higher
as was to be expected) and with higher dispersion (mean slope
s 4.51, sR (%) = 52.3%).

As was mentioned in the introduction, the knowledge of
he dissociation constants of ionizable compounds in different
ater–organic cosolvent mixtures is a valuable tool in the devel-
pment of separation methods based on reversed phase liquid
hromatography, but, as the number of compounds to be sepa-
ated increases, the determination of such pKa values become,
n the best of cases, a long and tedious work. However, an exact
Ka value is not usually required: in most cases, an approximated
alue is enough for a substantial reduction of the experimen-
al work required to develop a good separation method. For

his reason, linear extrapolation from the pKa value in water
s a simple and straightforward procedure to estimate pKa in

ethanol–water mixtures, and the more so as, usually, only pKa1
alue is of importance in liquid chromatography separations.



494 F.Z. Erdemgil et al. / Talanta 72 (2007) 489–496

Table 1
Summary of the pKa values for the phenolic acids studied (the estimated standard deviations are given in parentheses)

Compound pKa number SPARCa prediction Method Literature values Methanol content (% v/v)b

0 10 20 30

Gallic acid 1 4.09 Potentiometry 4.26c 4.24 (0.04) 4.48 (0.03) 4.72 (0.08) –
2 7.3 8.70c 8.27 (0.06) 8.67 (0.01) 8.81 (0.07) –
3 12.17 11.45c 9.23 (0.20) 9.94 (0.03) 10.15 (0.05) –
1 LC – – 4.56 (0.06) 4.41 (0.08) 4.79 (0.18)
1 LC-DAD – – 4.18 (0.06) 4.57 (0.03) 4.48 (0.03)

Protocatechuic acid 1 4.19 Potentiometry 4.35d 4.38 (0.02) 4.44 (0.04) 4.72 (0.06) –
2 7.86 8.79d 8.74 (0.05) 8.86 (0.03) 9.13 (0.05) –
3 13.22 13.00d 10.67 (0.03) 11.05 (0.03) 10.86 (0.05) –
1 Spectrometry 4.26c

2 8.64c

1 LC – 4.50 (0.03) 4.51 (0.16) 4.91 (0.10)
1 LC-DAD – 4.25 (0.04) 4.63 (0.03) 4.98 (0.02)

Gentisic acid 1 2.98 Potentiometry 2.77 (0.04) 2.89 (0.03) 2.98 (0.03) –
2 10.29 10.01 (0.05) 10.07 (0.02) 10.48 (0.02) –
3 10.80 (0.17) 10.79 (0.02) 10.94 (0.06) –
1 LC – 2.75 (0.13) 2.77 (0.10) 3.36 (0.09)
1 LC-DAD – 2.82 (0.03) 2.83 (0.11) 2.95 (0.11)

p-Hydroxybenzoic acid 1 4.3 Potentiometry 4.58d, 4.47e 4.38 (0.02) 4.50 (0.01) 4.66 (0.01) –
2 8.68 9.49d, 9.06e 8.97 (0.01) 8.97 (0.01) 9.16 (0.01) –
1 LC – 4.50 (0.07) 4.58 (0.08) 4.60 (0.09)
1 LC-DAD – 4.49 (0.08) 4.58 (0.04) 5.00 (0.02)

Vanillic acid 1 4.08 Potentiometry 4.31 (0.03) 4.36 (0.01) 4.56 (0.01) –
2 8.54 8.81 (0.08) 9.07 (0.01) 9.25 (0.01) –
1 Spectrometry 4.16f

2 8.96f

1 LC – 4.40 (0.04) 4.44 (0.06) 4.64 (0.07)
1 LC-DAD – 4.44 (0.08) 4.85 (0.04) 4.90 (0.01)

Isovanillic acid 1 4.33 Potentiometry 4.24 (0.08) 4.50 (0.04) 4.57 (0.02) –
2 9.9 9.58 (0.09) 9.47 (0.03) 9.90 (0.01) –
1 LC – 4.36 (0.05) 4.47 (0.04) 4.65 (0.13)
1 LC-DAD – 4.40 (0.12) 4.50 (0.07) 4.82 (0.02)

Syringic acid 1 3.86 Potentiometry 4.20 (0.06) 4.30 (0.01) 4.47 (0.02) –
2 7.76 9.00 (0.08) 9.10 (0.01) 9.34 (0.01) –
1 LC – 4.27 (0.04) 4.30 (0.06) 4.68 (0.05)
1 LC-DAD – 4.28 (0.09) 4.33 (0.02) 4.68 (0.02)

Caffeic acid 1 4.3 Potentiometry 4.43g 4.47 (0.04) 4.60 (0.13) 4.86 (0.15) –
2 8.14 8.69g 8.32 (0.01) 8.41 (0.09) 8.87 (0.12) –
3 13.16
1 LC – Not eluted 4.64 (0.06) 4.72 (0.10)
1 LC-DAD – Not eluted 4.66 (0.04) 4.85 (0.01)

p-Coumaric acid 1 4.32 Potentiometry 4.39 (0.04) 4.49 (0.01) 4.62 (0.08) –
2 8.97 8.37 (0.02) 9.13 (0.05) 9.45 (0.13) –
1 Spectrometry 4.36f

2 8.98f

1 LC – Not eluted 4.58 (0.11) 4.55 (0.10)
1 LC-DAD – Not eluted 4.57 (0.08) 4.70 (0.05)

Ferulic acid 1 4.27 Potentiometry 4.52d 4.56 (0.05) 4.60 (0.10) 4.78 (0.02) –
2 8.83 9.39d 8.65 (0.02) 8.74 (0.10) 8.89 (0.06) –
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Table 1 (Continued )

Compound pKa number SPARCa prediction Method Literature values Methanol content (% v/v)b

0 10 20 30

1 LC – Not eluted 4.62 (0.01) 4.55 (0.03)
1 LC-DAD – Not eluted 4.60 (0.04) 4.81 (0.02)

Sinapinic acid 1 4.21 Potentiometry 4.47h 4.40 (0.10) 4.50 (0.03) 4.60 (0.08) –
2 8.04 9.21h 9.21 (0.08) 9.35 (0.08) 9.58 (0.06) –
1 Spectrometry 4.19f

2 9.40f

1 LC – Not eluted 4.57 (0.04) 4.44 (0.06)
1 LC-DAD – Not eluted 4.57 (0.08) 4.71 (0.03)

a Ref. [21].
b This work.
c Ref. [35].
d Ref. [36].
e Ref. [37].
f Ref. [15].
g Ref. [38].
h Ref. [39].

Table 2
Linear relationships between pKa1 and pKa2 of polyphenols and the mole fraction of methanol in methanol–water media (from potentiometric data, methanol content
between 0 and 20% (v/v))

Compound pKa1 pKa2

Intercept Slope Correlation coefficient Intercept Slope Correlation coefficient

Gallic acid 4.24 4.81 0.999 8.32 5.36 0.954
Protocatechuic acid 4.34 3.45 0.948 8.72 3.93 0.983
Gentisic acid 2.78 2.10 0.993 9.95 4.77 0.932
p-Hydroxybenzoic acid 4.38 2.81 0.999 8.94 1.94 0.883
Vanillic acid 4.29 2.53 0.955 8.83 4.39 0.990
Isovanillic acid 4.28 3.27 0.938 9.49 3.31 0.740
Syringic acid 4.19 2.72 0.993 8.98 3.43 0.980
Caffeic acid 4.45 3.93 0.988 8.26 5.58 0.944
p 8.46 10.73 0.965
F 8.64 2.41 0.994
S 9.20 3.72 0.994
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Table 3
Errors in the pKa1 estimation in methanol–water mixtures from experimental
and SPARC predicted pKa1 in water

Compound From experimental
pKa1

a
From predicted
pKa1

b

RMSE RRMSE% RMSE RRMSE%

Gallic acid 0.16 3.43 0.23 5.06
Protocatechuic acid 0.13 2.77 0.21 4.46
Gentisic acid 0.18 6.03 0.35 12.02
p-Hydroxybenzoic acid 0.11 2.35 0.12 2.50
Vanillic acid 0.13 2.83 0.26 5.76
Isovanillic acid 0.07 1.61 0.09 1.98
Syringic acid 0.09 2.01 0.30 6.77
Caffeic acid 0.11 2.34 0.15 3.13
-Coumaric acid 4.39 2.31 0.999
erulic acid 4.54 2.23 0.950
inapinic acid 4.40 2.00 0.999

Two different procedures have been used for this extrapola-
ion, both based in the mean value of ΔpK obtained for several
arboxylic acids in methanol–water mixtures [33,34] (which
eans that the ΔpK corresponding to phenolic acids are not

sed), one of them makes use of pKa,w of phenolic acids deter-
ined in this work, while the other uses the values predicted by

he SPARC on-line pKa calculator [21]; this latter is of particular
nterest, as in this case no experimental work is required to reach
n estimation of pKa values in methanol–water mixtures.

The validity of the predictions offered by both procedures
s measured by the root-mean-squared error (RMSE) and the
ercentage of relative root-mean-squared error (RRMSE%):

SME =
√
∑n

i=1(pKa,exp,i − pKa,calc,i)2

n
(11)

√

RMSE% =
√
√
√
∑n

i=1(pKa,exp,i − pKa,calc,i)2

∑n
i=1pK2

a,exp,i

(12)

here n indicates the number of pKa values in each case.

p-Coumaric acid 0.14 3.07 0.09 2.05
Ferulic acid 0.24 5.24 0.15 3.26
Sinapinic acid 0.19 4.11 0.13 2.84

a This work.
b Ref. [21].
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Fig. 5. Plot of experimental and estimated pKa1 values of polyphenolic acids
against the mole fraction of methanol. Experimental methods are: (�) potentio-
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etric; (�) LC; (©) LC-DAD. Open and filled symbols correspond to gallic and
entisic acids, respectively. Lines indicate the estimated pKa1 from experimental
ata (continuous lines) and from SPARC prediction (dashed lines).

Table 3 lists the RMSE and RRMSE% values obtained in each
ase, applied to all results of pKa in methanol–water mixtures
10%, 20% and 30%, obtained by the different methodologies:
otentiometric, LC and LC-DAD). An example of the results is
iven in Fig. 5, in which the experimental pKa1 values are plotted
or gallic and gentisic acids, together with those obtained from
oth of estimation procedures.

The results presented in Table 3 show that, in most cases,
MSE values are in the range 0.1–0.2, and, as was to be
xpected, overall fit is better when experimental pKa values are
sed. However, and with the exception of gentisic acid, estimated
alues from the SPARC prediction are usually good enough to
e useful for the optimization of the pH of mobile phase in the
eparation of acid solutes by reversed-phase HPLC, as the dif-
erences between predicted and real pKa values are in most cases
ower than 0.2 units.
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bstract

Chemical compounds containing platinum have been employed since 1978 as drugs to beat certain type of tumours. Nevertheless,
esides of their exceptional antitumoral properties, these drugs also have important deleterious side effects, such as, nephrotoxicity and
totoxicity.

A study of Pt accumulation and a speciation analysis has been performed by ICP-MS in samples from kidney and inner ear in a controlled
opulation of Wistar rats treated with, either, cisplatin, carboplatin or oxaliplatin. The results on Pt accumulation point out to drug structure and
ot only to Pt content as the responsible for the alteration of organ functionality.

Speciation studies in the samples from kidney and inner ear were performed coupling two-dimensional liquid chromatography (2D-LC) to
CP-MS. Size exclusion (SEC) and anion exchange fast protein liquid chromatography (FPLC) was employed for 2D orthogonal separation. After
hese separations, free drug peaks were not observed in any of the samples.

The binding of Pt to biomolecules was demonstrated by SEC and, independently of the drug used, Pt eluted as two main bands with molecular
eights of 12 kDa and 25–65 kDa for inner ear samples, and as two different bands with 20 kDa and 50–60 kDa in the samples from kidney.
owever, the relative band intensity presented important differences for the three drugs. Using the same chromatographic conditions, it was shown

hat a metallothionein (MT) standard eluted in the same position as some of the cytosolic Pt-biomolecules.

High Pt-containing fractions eluting from the SEC column were analysed by anion exchange FPLC after a preconcentration step. Among the

ifferent preconcentration methods tested, sample focusing on the head of the FPLC column shows main advantages. In this way, the separation
y 2D chromatography of the high molecular Pt-species has been considerably improved.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since 1978 cisplatin (cis-diaminedichloroplatinum(II)), is
idely used for the treatment of many cancers. Severe side

ffects like nephrotoxicity, ototoxicity, etc., limit the max-
mum dosage to 100 mg/(m2 21 days) [1]. Besides, some
umors present an intrinsic resistance to cisplatin, while others

evelop resistance only when the treatment begins. Because of
hese drawbacks, other Pt containing antitumoral compounds
ave been synthesized and tested with the aim of finding a
elated drug with increased treatment efficacy and reduced
oxic side-effects. Higher dosages, of 300 mg/(m2 21 days)

∗ Corresponding author. Tel.: +34 913945146; fax: +34 913944329.
E-mail address: mmgomez@quim.ucm.es (M.M. Gómez-Gómez).
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nd 135 mg/(m2 15 days), were allowed, respectively, with two
f these new generation drugs: carboplatin (cis-diamine(1,1-
yclobutanedicarboxylato)platinum(II)) and oxaliplatin (trans-
-1,2-diaminocyclohexaneoxalatoplatinum(II)) [2,3]. The most
mportant side effects of these drugs were myelo-suppression
nd neuropathy, respectively.

The study of the accumulation, distribution and biotrans-
ormation of a drug in the affected organs is the first step to
nderstand the physiological behaviour that produces organ
njury. Previous accumulation and distribution studies carried
ut with laboratory rats treated with cisplatin revealed a maxi-

um accumulation of Pt around the first week of post-treatment

or all the organs under study (kidney, liver, brain and inner ear)
4]. The drug persists longer in the kidney and inner ear. The
amage produced in the affected organs is probably due to the
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Table 1
ICP-MS and LC–ICP-MS operating conditions

ICP-MS operating conditions
Forward power (W) 1250
Plasma gas (Ar, L min−1) 15
Auxiliary gas (Ar, L min−1) 7.3
Nebuliser gas (Ar, L min−1) 0.76
Spray chamber Impact bead quartz
Nebuliser Meinhard
Skimmer cone Nickel
Sampling cone Nickel
Acquisition mode Continuous and transient
Channels per AMU 10
Integration time (ms) 0.6
Internal standard 191Ir 200 �g L−1

SEC
Analytical column Superdex 75 10/300 GL
Mobile phase 10 mM Tris–HCl, 25 mM NaCl (pH 7.4)
Injection volume (�L) 250
Flow rate (mL min−1) 0.8

FPLC
Analytical column Mono Q H/R 5/5
Mobile phase A: 4 mM Tris–HCl (pH 7.4); B:

A + 400 mM ammonium acetate (pH 7.4)

Time (min) B (%)
0 0
10 20
15 50
20 85
25 100
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ssociation of Pt (or the parent drug metabolites) to important
roteins of the impacted organ.

The current concept of bioinorganic speciation analysis
nvolves metallomic studies of real samples like plasma, urine
r tissues [5,6]. In this way, some interesting elements like
elenium have been extensively studied employing hyphen-
ted techniques combining different types of chromatography,
ike SEC, anion exchange, etc., and powerful detectors, such
s ICP-MS (inductively coupled plasma mass spectrome-
ry) or structural mass spectrometry techniques like ESI-MS
electrospray ionisation mass spectrometry) or MALDI-MS
matrix-assisted laser desorption/ionisation mass spectrometry)
7]. Few studies have been done in real samples such as, serum or
rine for the bioinorganic speciation analysis of Pt-based drugs
8,9]. The coupling of HPLC to ICP-MS is the first essential step
o perform these studies [10].

Most of the studies related to speciation of Pt-based drugs
re related to cisplatin [11]. The transformation of the drug
n different media [12,13], their interaction with HPLC mobile
hases [14,15], or their incubation with small biomolecules like
minoacids or thiol compounds [16,17], even with small proteins
ike metallothioneins (MTs) [18,19], have been studied. Simi-
ar speciation studies with other Pt-based drugs, like carboplatin
r oxaliplatin, have also been reported [20]. It is known that
Ts, a group of small cysteine-rich proteins that form metal-

hiolate clusters with metals, have important functions in metal
etoxification processes with Cd, Hg and Ag [21]. The synthe-
is of apo-thionein is induced by high concentrations, within the
ells, of heavy metals. Probably, likewise mechanisms may be
nvolved in Pt detoxification after a high uptake [22,23].

Present work is focused on the development of an analyti-
al methodology for the separation and characterization of the
ifferent Pt-biomolecules present in kidney and inner ear cells
ytosol from rats, which were previously treated with mono-
oses of, either cisplatin, carboplatin or oxaliplatin equivalent
o that used for human disease treatments. Up to our knowledge,
t is the first time that this type of speciation studies is performed
n tissues. These studies are of paramount importance to improve
he understanding of the mechanisms related to the side effects
roduced by these drugs.

. Experimental

.1. Instrumentation and chromatographic materials

For the determination of Pt, a Quadrupole ICP-MS
hermo X-Series (Thermo Electron, Windsford, Cheshire, UK)
quipped with a Meinhard nebulizer, a Fassel torch and an
mpact Bead Quartz spray chamber cooled by a Peltier system,
as employed. For total analysis of Pt, sample introduction was
erformed in continuous mode, and single ion monitoring of m/z
91 (Ir), 194 (Pt) and 195 (Pt), was used to collect data. Quan-
ification of Pt was carried out by external calibration of 195Pt

sotope with 200 �g L−1 Ir as internal standard.

For speciation studies by chromatographic separations, a
igh-pressure quaternary gradient pump (Jasco PU-2089),
quipped with an injection valve (Rheodine, USA) was used as

2

U

Injection volume (�L) 250 (6 mL for head focusing)
Flow rate (mL min−1) 0.6

sample delivery system. Separation of Pt-biomolecules was
erformed by SEC using a Superdex 75 10/300 GL column
Pharmacia, Amersham, Uppsala, Sweden, separation range of
–70 kDa) and with a strong anion exchange FPLC column
ono-Q H/R 5/5 (Pharmacia, Amersham, Uppsala, Sweden).

he operating conditions used for chromatographic separations
nd instrumental parameters employed for ICP-MS analysis are
ummarised in Table 1.

Digestions for total Pt determination were carried out in a
igh-pressure microwave oven (CEM MSP 1000, Matthews,
SA). An acid distiller (Berghof B BSB-939IR, Eningen,
ermany) was used for HCl and HNO3 purification. For Pt-
iomolecules speciation analysis the homogenisation of the
issues was performed with a Polytron PT 1200 (Kinematica
G, Switzerland) and a 10 mL Potter (Deltalab, Barcelona,
pain). Samples were centrifuged in a centrifuge 5804 R (Eppen-
orf, Hamburg, Germany). A Turbo Vap II evaporation system
Caliper Life Science, USA), Centricon centrifugal filters YM-3
3 kDa NMWL, Millipore, USA) and a freeze-dryer (Lioalfa 6,
esla, Spain) were used for preconcentration of the samples.
.2. Standards and reagents

All solutions were prepared with deionized water (Milli-Q
ltrapure water systems, Millipore, USA). High-purity nitric
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nd hydrochloric acids were obtained by distillation of the
nalytical-grade reagents (Merck, Darmstadt, Germany). H2O2,
0% (w/v) (Panreac Quı́mica SA, Barcelona, Spain) was used
or sample digestion.

The Pt-based drugs used were cisplatin (Sigma–Aldrich
hemie), carboplatin (EBEWE Pharma, Austria) and oxaliplatin

Sanofi-Synthelabo, France).
Stock solutions of Pt (1000 mg L−1 in HCl 0.5 mol L−1,

pectrosol BDH Limited Poole, England) and Ir (1000 mg L−1

n HCl 8%, Merck, Darmstadt, Germany) were diluted with HCl
.24 mol L−1 to prepare standard solutions. Working solutions
or Pt analysis were prepared daily and then diluted with HCl
.24 mol L−1 to final concentration.

Extraction reagents for the cytosol preparation were tris-
hydroxymethyl)aminomethane (Fluka Chemie), NaCl (Panreac
uimica SA) and Protease Inhibitor Cocktail for mammalian

ell and tissue extracts (Sigma–Aldrich Chemie).
Proteins used for SEC calibration were blue dextran

>2000 kDa), bovine albumin (66 kDa), carbonic anhydrase
29 kDa), cytochrome C (12.4 kDa) and aprotinine (6.5 kDa)
Sigma–Aldrich Chemie). Metallothionein from rabbit liver
Sigma–Aldrich Chemie, around 6 kDa) was also used.

.3. Drug administration

All drugs administrations and sacrifices of the rats were car-
ied out under laboratory controlled conditions at the Hospital
niversitario Puerta de Hierro (Madrid). The animals were han-
led following the guidelines of the National Council for the
are of the Laboratory Animals. The drugs were administrated
y intraperitoneal injections. The weight of the rats was around
00 g and the dosages were related to their corporal area. The
dministration guidelines and dosages of the three drugs used in
his study are equivalent to those applied in humans and usually
mployed for laboratory rats under clinical trials. It consisted of
he administration of one dosage of cisplatin (16 mg/m2), carbo-
latin (450 mg/m2) or oxaliplatin (80 mg/m2) to different groups
f seven rats each, corresponding to 10.4 mg/m2, 236.5 mg/m2

nd, 39.3 mg/m2 as Pt, respectively. The sacrifice was carried out
days after administration and kidney and inner ear extracted

or analysis.

.4. Total Pt determination

Inner ear and kidney samples were dried in a conventional
ven up to constant weight (6 h at 55 ◦C followed by 3 h at
05 ◦C). After that, samples were homogenised by agate mortar
rinding. Dried samples (0.1 g) were placed in PFA advanced
omposite vessels and digested in a microwave oven with 2 mL
f HNO3 and 0.6 mL of H2O2 [24]. The microwave digestion
rogram used for 12 vessels was: 1 min at 250 W, 1 min at 0 W,
min at 400 W, 6 min at 600 W and 8 min at 750 W.

The digested samples were evaporated to dryness in Teflon

essels. Two more evaporation steps were performed adding
mL of aqua regia and 1 mL of HCl, respectively. The sam-
les were diluted to 5 mL with HCl 0.24 mol L−1 for ICP-MS
nalysis.

h
a
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.5. Pt-biomolecules speciation analysis

.5.1. Cytosol preparation
About 0.250 g of kidney tissue was dissected and

omogenised with a Potter homogenisator in 3 mL of a solu-
ion (pH 7.4) containing 10 mM Tris–HCl, 25 mM NaCl and an
nhibitor protease cocktail. In the case of inner ear, the entire
rgan (about 0.2–0.4 g) was homogenised with a polytron in the
ame extraction solution. The homogenates were centrifuged at
5,000 × g for 20 min at 4 ◦C to minimise the risk of species
egradation or transformation. The supernatant cytosol was fil-
ered through a 0.22 �m Nylon filter.

.5.2. Monodimensional chromatographic separation
Pt-biomolecules separation was performed by injection of

he cytosol in the tandem LC–ICP-MS (SEC) under the condi-
ions indicated in Table 1. The SEC column was calibrated with
tandards of proteins.

.5.3. Preconcentration for two-dimensional
hromatographic analysis

A pool of cytosol sample from five inner ears was prepared
nd its volume reduced to 2.5 mL by evaporation under N2
tream. This sample was injected into the SEC column and
ractions with high Pt content were collected (1 mL each). The
ool of four identical fractions was subjected to the following
reconcentration methods:

Evaporation: 1 mL was evaporated under N2 stream at ambi-
ent temperature for 1 h until a final volume of 400 �L.
Freeze-drying: 1 mL was freeze-dried and the final volume
was made up with 400 �L of H2O.
Cut-off filters: 1 mL was filtered through Centricon YM-3 cut-
off filters at 6500 g and 4 ◦C for 1 h. The retentate was made
up to 400 �L with H2O.

n the three preconcentration methods 250 �L of the precon-
entrated samples were injected into the FPLC–ICP-MS system
nder the conditions shown in Table 1.

Focusing: 1 mL were diluted with water to 2 mL to reduce
the ionic strength of the sample and preconcentrated by chro-
matographic focusing in the head of the Mono-Q H/R 5/5
column, using as mobile phase Tris–HCl 4 mM. The low ionic
strength of this mobile phase allowed the preconcentration of
the sample in a small band around the first section of the col-
umn (focusing). The elution of the focused compounds was
performed by increasing the ionic strength under the gradient
conditions indicated in Table 1.

. Results and discussion

.1. Pt accumulation
Three different drugs, cisplatin, carboplatin and oxaliplatin,
ave been tested for Pt accumulation and speciation in rat kidney
nd inner ear. The dosages administered in this study were the
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Table 2
Platinum relative concentration in kidney and inner ear from rats treated with
monodoses of cisplatin, carboplatin and oxaliplatin

Inner ear Kidney

Cisplatin 5.4 ± 1.5 33 ± 7
Carboplatin 0.26 ± 0.05 10 ± 3
O
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Fig. 1. SEC-ICP-MS chromatograms of inner ear cytosol from rats treated with
c
c
a

a
t
f
s
t

t
l
c
c
i
t
c
t
t
inner ear cytosols, although a small fraction of Pt could be bound
to the MTs, most of the drug is bounded to other biomolecules
with a higher molecular weight.
xaliplatin 1.7 ± 0.3 57 ± 4

esults expressed as (mg Pt/kg dried sample)/mg Pt administered (mean ± sn−1),
= 7.

quivalent to those used for regular human treatments. There-
ore, the amount of Pt injected is different depending on the drug.
or data comparison, results are given as Pt concentrations found

n the tissue (mg Pt/kg dried tissue) per mg of Pt administrated.
able 2 shows the mean of the relative Pt concentration in both
rgans, after 3 days of each drug administration.

These results are interesting from a pharmacokinetic point
f view. It is important to highlight that cisplatin produces the
ighest accumulation of Pt in the inner ear, but not in the kidney.
onsidering that cisplatin has been reported as strong ototoxic
rug, this may indicate that ototoxicity and Pt accumulation
ould be related. Pt accumulation after carboplatin adminis-
ration is the lowest for both tissues. Oxaliplatin shows high
ccumulation capability for kidney (1.7 times) with respect to
he values obtained for cisplatin.

The fact that oxaliplatin, a drug structurally similar to cis-
latin, presents higher tendency to be accumulated in kidney,
ut does not produce the same side effect (as reported in the lit-
rature), suggests that the particular drug structure more than
he Pt content could be the responsible of alterations in the
ormal functionality of organs. Therefore, the Pt-biomolecule
nteractions and the different species formed (speciation) have
o be studied in order to understand the causes of the adverse
ffects.

.2. Pt-biomolecules speciation

.2.1. Monodimensional chromatographic separation
The Pt-biomolecule complexes formed in the two target

rgans have been firstly separated by SEC-ICP-MS. Fig. 1 shows
he SEC chromatogram of the prepared inner ear cytosol for the
hree drugs under study. As can be seen, the main chromato-
raphic peaks for the three samples present similar retention
imes and are grouped around two molecular weight regions
f 25–65 kDa and 12 kDa according to the SEC calibration.
owever, the relative intensity of both groups (mass balance)
resent important differences among the different drugs. For
isplatin, most species are present in the 12 kDa region, while
ith carboplatin the species are mostly present in the 25–65 kDa

egion. When oxaliplatin is administrated, species produced are
imilarly distributed in both molecular weight groups, being
bserved a third peak of 8 kDa.

Fig. 2 shows the SEC-ICP-MS chromatogram of kidney

ytosol from rats treated with each of the three drugs. Most
hromatographic peaks for Pt bound molecules present similar
etention times in all three samples and the species found are also
istributed in two molecular bands in the regions of 50–60 kDa

F
c
w
(

isplatin, oxaliplatin or carboplatin. Numbers correspond to molecular weight
alibration markers: (1) 70 kDa, (2) 66 kDa, (3) 29 kDa, (4) 12.4 kDa, (5) 6.5 kDa
nd (6) 3 kDa.

nd 20 kDa. However, in this case, the bands present similar rela-
ive mass balance profiles for the three drugs, being the intensity
or the low molecular weight band higher. In oxaliplatin treated
amples, a third peak at 8 kDa appears as described earlier for
he inner ear sample (Fig. 1).

To check whether low molecular weight Pt binding pro-
eins could correspond to MTs, a standard solution of rabbit
iver MT was injected on the SEC column under the same
hromatographic conditions. Fig. 3 shows the comparative
hromatograms of the MT standard (66Zn and 111Cd were mon-
tored), and from the inner ear and kidney cytosols from rats
reated with cisplatin (66Zn and 195Pt were monitored). In the
ase of kidney cytosols a wide peak of a Pt-biomolecule elutes in
he MT region, however the Zn signal is not present, suggesting
he possible replacement of Zn by the Pt drug. In the case of the
ig. 2. SEC-ICP-MS chromatograms of kidney cytosol from rats treated with
isplatin, oxaliplatin or carboplatin. Numbers correspond to the molecular
eight calibration markers: (1) 70 kDa, (2) 66 kDa, (3) 29 kDa, (4) 12.4 kDa,

5) 6.5 kDa and (6) 3 kDa.
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Fig. 4. Two-dimensional FPLC–ICP-MS chromatograms of SEC fractions of
inner ear cytosol from rats treated with cisplatin, obtained by four different pre-
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ig. 3. SEC-ICP-MS chromatograms of rabbit liver MT standard, and inner ear
nd kidney cytosol from rats treated with cisplatin.

Low amounts of Pt-species have been found above 70 kDa
top of the calibration range) for both tissues. It is important
o point out that the chromatograms obtained by SEC fraction-
tion for both organs show the absence of free-drug (elution
ime about 50 min). This means that the drug present in the
ytosol is mostly bound to biomolecules. These results agree
ith those reported by Szpunar et al. [8], which show that
ery low amounts of free cisplatin remained in blood after 24 h
ncubation.

.2.2. Preconcentration for two-dimensional
hromatographic analysis

The poor resolution attained by the SEC column made nec-
ssary to resolve the different Pt-species, present in these wide
eaks, by a second chromatographic dimension (2D). Before
his 2D separation could be performed, a preconcentration step
f the SEC fractions of interest was imperative.

A systematic study to check the efficiency of four different
ethods for Pt-biomolecules preconcentration has been carried

ut. Established methodologies such as, evaporation, freeze-
rying, filtration through cut-off filters [25] and focusing on the
ead of the ion exchange column were tested.

Identical fractions representative of compounds with high
nd low molecular weight (fraction 9 and 17 with retention
imes of 11.25 and 21.25 min, respectively), of inner ear cytosol
rom rats treated with cisplatin, were subjected to the precon-
entration methodology reported in Section 2 and resolved by
PLC–ICP-MS. Fig. 4a shows the comparative ion exchange
hromatograms obtained by the four preconcentration methods
or the fraction 9. A similar peak distribution is observed for
he four methods tested. However, column-head focusing shows
he highest sensitivity and also a slight improvement on reso-
ution, probably due to the lower salt content of the sample. In
his case, there is a delay on the retention time of the peaks,
lso due to the different salt content of the focused sample.
hen cut-off filters were used, an important loss of sensitivity
especially for compounds of low retention time) was observed.
his was, probably, due to adsorption of the Pt-biocompounds

n the filter, so, it was discarded for further experiments.

p
w
i
f

oncentration methods: chromatographic focusing, cut-off filters, evaporation
nd freeze-drying. (a) Fraction 9 (11.25 min retention time) and (b) fraction 17
21.25 min retention time).

ig. 4b presents the ion exchange chromatograms obtained
or fraction 17 where again head focusing shows the best
esults.

It was observed that at least three fractions coming from the
EC column could be simultaneously preconcentrated by focus-

ng without over-loading the FPLC ion exchange column used
nd without producing any peak widening. The main advan-
ages of focusing on the column head are high pre-concentration
apacity, simplicity, fast procedure, low sample manipulation
nd no need of additional instrumentation. Besides, the risk of
pecies transformation involved in this preconcentration tech-
ique is significantly reduced in comparison with others. Thus,
t was selected for further experiments.

Fig. 5 shows the chromatogram for the second dimension
f the highest Pt containing fractions (retention time 20 min,
2 kDa) eluting from the SEC column. After the SEC separation
Fig. 1), three samples from cisplatin treated inner ear cytosol
ere pooled and focused in the head of the anion exchange

olumn. This chromatogram still presents a high degree of com-

lexity, although the resolution was improved. At least seven
ell resolved Pt-species were found. Owing to that complexity

t is necessary to develop new dimensions to purify these species
or further identification.
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ig. 5. Two-dimensional FPLC–ICP-MS chromatogram, after sample focusing
n the head of the column of the 12 kDa fraction (20 min retention time) of SEC
eparated inner ear cytosol from rats treated with cisplatin.

There are Pt-compounds which are not retained in the FPLC
olumn used in the second dimension, and therefore were lost
n the focusing. These compounds elute all together in the death
olume, as it can be observed in Fig. 4a and b for non-focusing
reconcentration methods. Different types of chromatographic
eparations, like cation exchange or reverse phase, will be of use
or such compounds.

. Conclusions

The bioaccumulation studies of Pt-based drugs in rat inner ear
nd kidney shows a sound difference between these two organs
nd for the different drugs administrated. The relative accumu-
ation of cisplatin metabolites is higher than that of oxaliplatin

etabolites for inner ear, but not for kidney. The establishment
f a direct relation between Pt accumulation and toxicity could
e true for the inner ear. The relative accumulation of carbo-
latin is the lowest in both organs. Thus, metallomic studies are
ecessary to explain the interactions causing the toxic effects of
hese drugs. In kidney cytosol, MTs seem to be present in the low

olecular weight fraction of SEC separated Pt-biomolecules.
The combination of SEC and anion exchange chromatogra-

hy can highlight the differences between the species found in
idney and inner ear when the rats have been treated with cis-
latin. The focusing of the Pt-biocompounds on the head of the
nion exchange column has demonstrated several advantages
ver other preconcentration methods: higher preconcentration

apacity, lower sample manipulation and therefore lower risk of
pecies transformation.

The two-dimensional use of LC techniques improved
he separation of Pt-biospecies for future identifications. The

[
[
[
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dentification of target Pt bound biocompounds will be the result
f a combination of multidimensional orthogonal separations
nd structural mass spectrometry techniques using ionization
echniques like ESI and MALDI.
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bstract

Study of various binding materials like potassium bromide, poly(vinyl alcohol), starch, silver and aluminum has been carried out using laser-
nduced breakdown spectroscopy (LIBS). The role of matrix effects using these five binders on LIBS signal intensity was investigated for better
erformance of LIBS technique as a quantitative analytical tool. For comparative study of different binders, the signal intensity of different Mg
ines at 518.3, 517.2, 383.8 and 279.5 nm wavelengths were recorded for pellets prepared with known concentrations of Mg in these binders. The
nfluence of laser energy on ablated mass under different binding materials and its correlation with LIBS signal intensity has been explored. Optical
canning microscopy images of the ablated crater were studied to understand the laser ablation process. The study revealed that the binding material

lays an important role in the generation of LIBS signal. The relative signal intensity measured for a standard Mg line (at 518.3 nm) were 735,
38, 387, 227 and 130 for potassium bromide, starch, poly(vinyl alcohol), silver and aluminum as binders, respectively. This indicates clearly that
otassium bromide is better as a binder for LIBS studies of powder samples.

2006 Elsevier B.V. All rights reserved.
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eywords: Laser-induced break down spectroscopy (LIBS); Binding materials;
echniques; Environmental pollution

. Introduction

Laser-induced breakdown spectroscopy (LIBS) is useful for
nalysis of solid samples of environmental and geological inter-
st. Most of these samples are investigated for bulk analysis and
re therefore need to be processed properly to obtain compact
argets prior to analysis using LIBS technique. In LIBS, the inter-
ction between laser beam and the solid sample is a complicated
1–3]. It depends on physical and chemical characteristics of the
ample material, laser parameters, surrounding atmosphere and
he binder material used for the pellet formation especially for
he analysis of samples in powder forms [4–6].

The process of conforming and binding the samples into a
pecific shape is generally known as pelletizing. The homo-

eneity is an important factor for accurate analysis of powder
amples. In addition, such target samples (pellets) must show
dequate mechanical strength for LIBS analysis. This is due to

∗ Corresponding author. Tel.: +966 3 8602351; fax: +966 3 8602293.
E-mail address: magondal@kfupm.edu.sa (M.A. Gondal).
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element detection; Crater effect; LIBS applications; Matrix effects; Analytical

he fact that when a laser beam interacts with the sample mate-
ial, the sample disintegrates during laser ablation by mechanical
hocks. This usually results either in the target breaking or
rumbling into original particulate material. For geological and
nvironmental analysis, soil and rock samples are the primary
ocus for processing of such target samples. Generally speaking,
he soil and rock samples are not naturally homogeneous and so
t is mandatory that these samples be processed into homoge-
eous pellets. This, in turn, requires the selection of a proper
inding material [7,8]. For homogenous pellet formation, the
oil and rock samples must first be broken down into unconsol-
dated particles by grinding to an extremely fine powder with a
rinding machine. Then, pellets of specific shapes are prepared
sing binding materials.

In order to achieve higher sensitivity and more delicate anal-
sis with LIBS, the binding material should be appropriately
elected. This can be achieved by mixing the actual powder mate-

ial with suitable binders, such as cellulose, Ag, Al, potassium
romide (KBr), starch or poly(vinyl alcohol) and then pressing
n a special die. One of the parameters of binding material is
alled “bond strength” which is a measure of strength between
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articles that bind a sample together and resist ablation. Bond
trength is one factor influencing the matrix of the sample.
igher particle bond strength causes resistance to both scal-

ng and conformation geometry changes and thereby increases
he analytical stability of the samples. Also, the uniformity of
article bond strength throughout the pellet is essential for the
easurements of different LIBS samples [8–18].
In this study, we prepared various samples in the form of

ellets of Mg in different binders, such as Ag, KBr, poly(vinyl
lcohol), Al and starch. For comparison of the effect of different
inders on LIBS signal intensity, we measured the LIBS sig-
al intensity of Mg lines at 518.3, 517.2, 383.8 and 279.5 nm
avelength. In addition, we measured the ablated mass and the

rater depth in pelletized powder samples prepared with different
inders.

. Experimental setup details

Fig. 1 depicts the schematic diagram of the experimental
etup used in this study. A Nd:YAG laser (Spectra-Physics
asers, Model GCR 100) at a wavelength of 1064 nm (20 mJ
-switched, 10 Hz pulses of 8 ns pulse width) was applied as a

adiation sources. The experimental setup applied in this study
as been discussed in detail in earlier publications [19–22]. In
rief, the laser beam was focused on the targets with a lens of
0 mm focal length. The target pellets were prepared by mixing
g of binding material with 0.8 g of Mg. The emission from

he plasma spark was collected by a collimating lens using UV
raded fused silica 1 m, multimode sampling fiber with an SMA
onnector and was transferred to an optical spectrometer (Ocean
ptics Model, 2000+). This system has four spectrometer mod-
les to provide high resolution (∼0.1 nm) in the 200–620 nm

avelength region. The detector has a gated CCD camera hav-

ng 14,336 pixels. The plasma emission was observed at a 45◦
ngle to the laser pulse. Software built in the spectrometer read
he data from the chip and reconstructed the spectra.

a
d
d
p

Fig. 1. Schematic diagram of LIBS system applied for
72 (2007) 642–649 643

Pellets prepared in different binders were placed on a rotary
tainless steal cup of 20 mm diameter and 10 mm depth. These
amples were positioned such that the focal volume of the laser
ulse was centered in the cup holding these samples. Twenty
aser pulses were directed into the cup to complete one mea-
urement and the average was taken in order to improve on
hot-to-shot variations in the laser plasma. For comparison and
alidity of LIBS data, the Mg concentrations from identical
inder samples were also measured by a conventional standard
echnique; namely, inductively coupled plasma (ICP).

.1. Reagent used and sample preparation for binding
aterial studies

The pellets in different binders, such as Al, poly(vinyl alco-
ol), Ag, starch and KBr having the same amount of Mg were
repared. Care was taken to avoid any contamination due to
ixing of other species during the pellet formation process. The

amples were accurately weighed, according to standard proce-
ures. The samples were first dried and grinded in Spectro Mill
all Pestle impact Grinder (Model 1100-11, Chemplex Indus-

ries, Inc., USA) to suitable mesh size for preparation of pellets.
he pellets were made in a die of cylindrical form having diame-

er 20 mm and thickness 10 mm using a hydraulic press (Carver
aboratory Press Model, C Sterling USA). The applied load was
2,500 psi for 15 min. The samples were stored in desiccators to
void any moisture and humidity effects.

Analytical-reagent grade chemicals, without further purifi-
ation, were used for calibration, and as binding materials for
CP and LIBS studies. The binding materials (matrix) were
f high purity (99.99%) procured from Fluka, Germany. The
agnesium metal was in powder form of high purity (99.99%)
nd procured from Fisher Scientific, USA. For the parametric
ependence of LIBS signal intensity on the concentration of Mg,
ifferent stoichiometric samples comprising Mg metal were pre-
ared. For this purpose, pure Mg in powder form was mixed with

comparative study of different binding materials.
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ig. 2. LIBS spectrum of Mg mixed in various binding materials recorded in
epresentative spectra of Mg with aluminum, poly(vinyl alcohol) and silver as

he matrix material KBr in a ball milling apparatus in order to
nsure good mixing and homogeneity.

. Results and discussion

.1. Laser-induced breakdown spectra of Mg in various

inding materials

LIBS spectra of the pellets prepared by mixing 0.8 g Mg in 8 g
f binder materials, such as Al, poly(vinyl alcohol), Ag, starch

d
d
a
t

able 1
omparison of signal intensity of different Mg lines in various binding materials

eak wavelength (nm) of Mg lines Binding material

Aluminum KBr

S.I. SNR S.I. SNR

18.3 130 15 735 105.
17.2 ND – 634 84
83.8 ND – ND –
79.5 24 3 54 8

aser energy = 20 mJ/pulse, Q switch delay = 4.5 �S and averaged for 20 laser shots.
620 nm region at a delay time = 4.5 �s and laser pulse energy = 20 mJ. (a–c)
ing materials.

nd KBr powders were recorded in the 200–620 nm spectral
egion. Typical spectra of five binder samples indicating the Mg
ignal intensity at wavelengths 518.3, 517.2, 279.5 and 383.8 nm
re depicted in Figs. 2(a–c) and 3(a and b). The wavelengths and
he signal intensities of Mg at these peak wavelengths are pre-
ented in Table 1. These emission lines were specifically selected

ue to their minimal interference with other emission lines and
o not involve the ground state so that self-absorption is almost
bsent. Hence, these lines authentically represent the Mg con-
ent in the different samples. Similar behavior has been noticed

PVA Silver Starch

S.I. SNR S.I. SNR S.I. SNR

0 387 55 227 45.4 538 77
289 38 177 24 470 63
57 7 43 5 65 7
ND – 24 3.5 45 5

ND: not detected; S.I.: signal intensity (arb. units); SNR: signal to noise ratio.
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ig. 3. LIBS spectrum of Mg mixed in various binding materials recorded in 2
epresentative spectra of Mg with starch and potassium bromide as binding ma

or other elements, such as Ca and Cu whose emission lines have
o interference and are free from self-absorption by the bind-
ng materials. In addition to Mg lines, some additional emission
ines have been recorded in the spectral region 200–620 nm (see,
or example, Figs. 2 and 3). These lines are due to the impurities
n the applied reagents. For example, one can notice the pres-
nce of Mo and Fe in Fig. 2(a) which is due to the impurities
n the aluminum powder used for this study. Similarly Fe, Ca
nd Na are indicated in Fig. 2(b) and are due to impurities in
he poly(vinyl alcohol). Fe is recorded in Fig. 3(a) and is due to
mpurities in starch.

As clear from Table 1, the signal intensity for Mg lines is
argest for KBr as a binding material while Mg/starch matrix
s second and the lowest signal intensity was recorded for

g/aluminum matrix.
It is well reported that in LIBS analysis, the physical and

hemical properties of the sample can affect the plasma compo-
ition. The so-called matrix effect becomes important for LIBS
ensitivity enhancement [14–26]. Matrix effects are related to
omplicated phenomena involved in plasma formation and sam-
le ablation. Many of the involved processes are highly nonlinear
nd are not fully understood [24–29]. We have performed a

eries of experiments to understand the role of various bind-
ng materials rather than a theoretical approach. Our study has
xperimentally revealed that the proper choice of binding mate-
ial is of vital significance. One of the unsolved problems related

s
s
m
m

0 nm region at a delay time = 4.5 �s and laser pulse energy = 20 mJ. (a and b)
s.

o laser-induced plasma spectroscopy analysis is its sensitivity
o matrix effects and their influence on the results. Due to this
roblem only relative concentrations are often obtained based
n an internal standard of constant concentration. There are sev-
ral possible reasons for sensitivity (line intensity) enhancement
ue to matrix effects. It can be due to simple geometrical fac-
ors, or it can be due to differences in grain size distributions of

g in different binding materials. Also, there could be spectral
ine interference due to line overlap of Mg with binder material
bsorption lines, and thereby self-absorption could reduce the
verall LIBS signal intensity for Mg lines.

In order to understand the matrix effect on signal intensity
f Mg, we also measured the crater depth of all pellets after
aser irradiation. In addition, for comparative study of the effect
f binder under investigation, we optimized the experimental
arameters such as incident laser energy, in addition to time
elay between the initiation of plasma (arrival of the laser pulse)
nd the collection of plasma emission (activation of the detector).

.2. Laser energy and crater depth

The crater depth is an important parameter for the under-

tanding of the laser ablation process and eventually the LIBS
ignal intensity enhancement on Mg lines in various binding
aterials. The craters created by the laser beam are affected by
any parameters. Of greatest influence are: (1) the magnitude of
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ig. 4. Influence of incident laser pulse energy on ablated mass for different
inding materials.

he incident laser energy, (2) the geometry of the incident radia-
ion and (3) the particle bond strength of the sample. Studies of
aser-induced breakdown spectroscopy by laser ablation through
aterial removal and crater depth have been investigated by

esearchers [23–29]. The mass–ablation rate “m (kg s−1 cm−2)”
ith absorbed laser intensity (Ia), laser wavelength λ and atomic
umber Z based on experimental data for laser energies lower
han 1013 W cm−2 is given by [23]:

(kg s−1 cm−2) = 65
(Ia)5/9 (W cm−2)

1013 λ−4/9 (�m) Z1/4

(1)

n our work, the ablated mass was measured using a very sen-
itive (microgram resolution) balance at different laser pulse
nergies emitted at 1064 nm fundamental wavelength of the
d:YAG laser. The ablated mass was recorded at 20, 30, 40

nd 50 mJ/pulse laser energy. The experimental curves obtained
or the binding materials under investigation are shown in Fig. 4.
his figure shows the effect of laser pulse energy on mass ablated

or these binding materials.
The experimental values show reasonable agreement with the

alues predicted by the abovementioned equation.
The crater depth, “d”, in terms of the crater radius “r”, is

iven by [23]:

= J(Ai)

KiC(Ai)πr2(1 − x)
(2)

here Ai represents a matrix element and C(Ai) is volume con-
entration in the binder matrix, Ki is a constant that represents the
mission affectivity, and x is Mg percentage. In all the cases of
arious binding materials the crater depths were measured after
rradiation of the binder samples with 20 laser pulses. Fig. 5
epicts images recorded using optical scanning microscopy. A
entral tiny crater is surrounded by a ring shaped structure orig-
nating from residues of the melted material pushed out of the

nteraction region by the pressure of the laser-induced plasma
nd the accompanying shock wave.

The values of crater depth measured with scanning elec-
ron microscope for Mg/KBr matrix, Mg/poly(vinyl alcohol),

f
R
t
R

a 72 (2007) 642–649

g/starch matrix, Mg/aluminum matrix and Mg/Ag matrix were
0, 70, 25, 10 and 40 �m, respectively, and are listed in Table 2.

The binding material (matrix) plays an important role in effi-
iently coupling the laser energy into the sample, ablating a
easurable quantity of mass, reducing fractionation, and mini-
izing relative standard deviation (R.S.D.) values. However, the

undamental physical processes of laser ablation are not fully
nderstood. In this context, several recent articles and confer-
nce proceedings have been devoted to this issue [24–29].

The measurement of ablated mass and crater depth could be
ood indications for understanding the enhancement of LIBS
ignal intensity in various binders. Indeed, as is clear from
able 2, for binders in which more material is ablated, the crater

s deeper and the LIBS signal intensity for Mg lines and the sig-
al to noise ratio (SNR) is high. In our study, the deepest craters,
aximum ablated material and the highest LIBS signal inten-

ity and SNR were recorded for KBr. Hence, the greatest LIBS
ensitivities may be achieved by using KBr as a binder amongst
he binders in our study.

The increase in crater depth for KBr matrix could be due
o various factors, such as the grain size of the KBr powder
nd the bond strength amongst the grains. The ablated mate-
ial and the crater depth are dependent on the thermal process.
lectrons absorb the laser light, transferring this energy into the
tomic lattice. Melting and vaporization of the target material
ccurs during this process. Because of the difference in latent
eat of vaporization for different chemical materials (or ele-
ents in binding materials), a thermal mechanism may induce

trong fractionation. Moreover, if the incident laser photon
nergy is higher than the bonding energy between neighboring
toms in the solid matrix, the electromagnetic laser radiation
an directly break the atomic lattice, inducing ion and atom
jection without traditional heating effects. This would princi-
ally result different numbers of vaporized atoms for different
atrices and would be the cause for the variations in the Mg

ine signal intensity observed between different matrices in this
tudy. Hence, the number of vaporized atoms (proportional to
blated mass or crater depth) is the driving parameter which
aries between KBr, poly(vinyl alcohol), Ag, Al and starch
atrices.
In addition to abovementioned facts, the sample (pellets)

reparation method is very important and could influence the
IBS signal intensity significantly. The pellet quality depends
n the grain size of the matrix material which mainly depends
ow much the sample is finely milled, roughly ball-milled and/or
ot milled. By fine milling, one can reduce the grain size. Due
o this milling procedure, the grain size in different pellets could
ary, resulting in variation of the ablation diameter under same
xperimental conditions (laser energy, laser wavelength, beam
hape, etc.). The range of grain sizes attained after fine milling
f our binding materials are listed in Table 2. Another effect of
rain size could be on crater diameter and R.S.D. In the case
f samples having larger grain size, rough crater bottom sur-

aces were detected with a larger crater diameter and depth. The
.S.D. values also vary for different grain sizes. In the case of

he finely ball-milled (smallest grain size) sample pellets, the
.S.D. values recorded for respective line intensity were lower
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ig. 5. Optical scanning microscopy images of the laser ablated crater under d
nd (e) silver.
han for those having larger grain sizes. The reason of low R.S.D.
alues for smaller grain size could be the homogeneous mixing
f the trace metal and the binding material. The homogene-
ty of pallet could enhance the reproducibility of LIBS signal

e
u
L
a

able 2
omparison of crater depth and mass ablated (theoretical and experimental values) a

inding material Crater depth (�m) Mass ablate

Measured Standard deviation Measured

Br 80 2.2 2.7
VA 50 3.8 1.2
tarch 70 5.02 1.9
l 45 4.4 0.5
g 10 4.53 0.6
t binding materials: (a) KBr, (b) poly(vinyl alcohol), (c) starch, (d) aluminum
mission intensity of Mg lines and thus reduce the R.S.D. val-
es. In this study, the improvement in standard deviation of the
IBS results was also noticed with an increasing number of
ccumulations.

t laser pulse energy of 20 mJ and Nd:YAG laser at 1064 nm

d (�g) Grain size range (�m)

Theoretical Standard deviation

3.1 0.4 100–600
1.35 0.21 20–100
2.2 0.38 80–400
0.7 0.15 10–200
0.8 0.18 10–300
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ig. 6. Plot of dependence of the intensity of the Mg 518.36 nm emission line
n laser energy with KBr as a binding material.

.3. Influence of laser energy on binding materials

The dependence of Mg signal intensity on the incident laser
nergy and the binding material was also studied in this work.
he dependence of Mg signal on laser pulse in the matrix of
Br is presented in Fig. 6. The LIBS signal for Mg 518.36 nm

ine intensity is plotted as a function of incident laser energy. It
s clear from Fig. 6 that the LIBS signal is linearly dependent on
he incident laser energy. This is indicated by the least square fit
ith R2 = 0.994.
With higher irradiation laser energy, more material is ablated

rom the pellet and thus the LIBS signal intensity is higher. This
an be explained by a theoretical model [19,23] where the LIBS
ignal intensity (I) is given by [19]:

= hνjiAjiNgjQ
−1 exp

(−Ej

kT

)

(3)

here νji is the frequency of the transition from state j → i, Aji
he Einstein coefficient for spontaneous emission between states
and I, N the population density of the ground state, h Planck’s
onstant, gj and Ej the statistical weight and energy of upper
evel j, Q the partition function of the relevant species, k the
oltzmann’s constant and T is the electron temperature of the
lasma.

From Eq. (3), the population density N which is excited from
he ground state to the upper level j depends on the mass of the
blated material which eventually depends on the incident laser
nergy as indicated by the graph depicted in Fig. 6.

.4. Dependence of LIBS signal on Mg concentration in
Br matrix

As clear from Eq. (3), the LIBS signal intensity depends on
he number of the particles “N” of Mg excited to the higher state
j”, which de-excite to lower state “i” to emit the 518.3 nm wave-
ength. In order to verify this, we studied the dependence of LIBS
ignal intensity at 518.3 nm for various concentrations of Mg
repared in KBr binder. Four samples of concentrations 10, 1,
.1 and 0.01% corresponding to 105, 104, 103 and 102 mg kg−1
f Mg were prepared in the matrix of KBr. The LIBS spectra
ere recorded for these four concentrations. All these spectra
ere recorded at three different locations on the sample sur-

ace with an average of 20 laser pulses. This averaging of the
ig. 7. The LIBS signal intensity of the Mg 518.36 nm emission line at various
nown concentrations of magnesium mixed with KBr as a binding material.

pectra reduces the background noise to a great extent when
ompared to the single shot spectrum of the sample. The signal
ntensities were recorded at 518.3 nm and plotted as a function
f concentration of Mg as depicted in Fig. 7.

The signal intensity increases linearly with the increases in
oncentration of Mg which is clear from the least square fit
2 = 0.9996.

This linear dependence of LIBS signal intensity agrees well
ith the predictions of Eq. (3) which shows that LIBS signal

ntensity is proportional to the number density of magnesium
toms “N” excited through the laser ablation process.

. Conclusions

Various materials like KBr, poly(vinyl alcohol), silver, alu-
inum and starch were investigated as binding materials for
IBS analysis of powder samples. The masses ablated and
rater depths were measured. By comparing the signal inten-
ity recorded of selected Mg line in different binders, KBr matrix
roved to be the best binder. The values obtained for crater depths
nd ablated mass also support the above findings.
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bstract

An investigation into the chemiluminescence of fourteen organic acids and tris(2,2′-bipyridyl)ruthenium(II) was undertaken. Particular emphasis
′
as placed upon the method of production of the reagent, tris(2,2 -bipyridyl)ruthenium(III), with cerium(IV) sulfate, potassium permanganate,

ead dioxide and electrochemical generation. Analytically useful chemiluminescence was observed when Ce(IV) or potassium permanganate were
mployed as oxidants. The kinetics of analyte oxidation was related to the intensity of the chemiluminescence emission, which increased by three
rders of magnitude for tartaric acid after 40 h of oxidation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Low-molecular mass organic acids are found in many natu-
al and synthetic matrices [1–4]. They are often metabolites of
iochemical pathways including the citric acid cycle, carbohy-
rate fermentation and ethanol oxidation [5]. Commonly, they
re found in food products including juices [2], wine [2], honey
3] and also as vitamin supplements. Determination of organic
cids in urine and other bodily fluids has facilitated the diag-
osis of central nervous system diseases, neuroblastoma and
ephrolithiasis [5]. Current analytical techniques include capil-
ary electrophoresis [5,6], HPLC [7,8], gas chromatography [9]
nd enzymatic procedures [10,11]. Various organic acids have
een determined using tris(2,2′-bipyridyl)ruthenium(II) chemi-
uminescence [12–17]. Due to the poor sensitivity and slow
inetics of these reactions this type of chemiluminescence has
ot been exploited or investigated with these analytes to the same

xtent as those containing amine moieties [18,19].

Electrochemical oxidation is by far the most common
ethod used to generate tris(2,2′-bipyridyl)ruthenium(III).

∗ Corresponding author. Tel.: +61 3 52271409.
E-mail address: barnie@deakin.edu.au (N.W. Barnett).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.032
IV); Electrochemiluminescence

eventy percent of papers published since 1998 on tris(2,2′-
ipyridyl)ruthenium(II) chemiluminescence have utilised this
ethod of generation [18]. However, organic acid determi-

ations have predominantly been achieved through the use
f cerium(IV) sulfate as the oxidant [13–15,20]. Rubinstein
nd Bard investigated the electrochemiluminescence of oxalate
nd some organic acids with tris(2,2′-bipyridyl)ruthenium(II)
21] and proposed the reaction mechanism shown in
cheme 1.

These authors [21] also proposed that tris(2,2′-bipyridyl)
uthenium(III) did not have the oxidising strength to produce a
adical intermediate from pyruvate and other organic acids [21].
owever, upon the addition of the auxiliary oxidant Ce(IV) they
ostulated the reactions shown in Scheme 2:

The final product in Scheme 2 (CH3CO•) is a strong reduc-
ng agent which reacts with tris(2,2′-bipyridyl)ruthenium(III)
o produce the excited species in a similar fashion to the car-
on dioxide anion radical in Scheme 1. Knight and Greenway
17] used Ce(IV) to determine pyruvate by electrochemilumine-
cence. Other groups employed Ce(IV) to oxidise tris(2,2′-

ipyridyl)ruthenium(II) for the determination of oxalate [22],
artaric acid [15,22], pyruvic acid [13,15] and citrate [13] via
imple chemiluminescence. All authors [13,15,22] reported a
trong dependence upon sulfuric acid and cerium(IV) concen-
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Scheme 1. Electrochemiluminescence reaction mechanism for the reaction
between oxalate and tris(2,2′-bipyridyl)ruthenium(III) [21].
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Scheme 2. Reaction of Cerium(IV) and pyruvate [21].

rations and noted that the reaction kinetics were different for
ach analyte.

To date, there has been no systematic investigation of
he relationship between oxidant and analyte in tris(2,2′-
ipyridyl)ruthenium(II) chemiluminescent reactions. In this
ork, fourteen organic acids were subjected to oxidation both

lectrochemically and chemically in the presence of tris(2,2′-
ipyridyl)ruthenium(II).

. Experimental

.1. Flow injection analysis

The FIA was constructed from a Gilson MinipulsTM 3
eristaltic pump (John Morris Scientific Pty. Ltd., Australia)
nd a six port injection valve (Valco Instruments Com-
any, Model E60-220) using PVC pump tubing (1.02 mm
.d., Protech Group Pty. Ltd., Coolum Beach, QLD, Aus-
ralia). A spiral PTFE tubing flow cell constructed in-house
as positioned directly in front of a photomultiplier tube

Electron Tubes, UK) biased at 900 V (Thorn EMI power sup-
ly, Electron Tubes, UK). Signals were recorded on a strip
hart recorder (Yokogawa Electric Works Ltd., Tokyo, Japan).
he instrument was enclosed in a light-tight box made in-
ouse.

.1.1. Procedure 1
A simple two-line manifold was employed with a 70 �L

njection loop. The organic acids (0.01 M) were injected into
running stream of tris(2,2′-bipyridyl)ruthenium(II) (0.1 mM),
hich merged with either cerium(IV) sulfate (1 mM) or potas-

ium permanganate (1 mM) at the point of detection.

.1.2. Procedure 2
Cerium(IV) sulfate (10 mL of 1 mM) was added to 20 mL

f organic acid (0.01 M). Samples were taken at different time

ntervals and injected into a sulfuric acid (0.05 M) carrier stream.
ris(2,2′-bipyridyl)ruthenium(III) was prepared off line by the
ddition of cerium(IV) sulfate, before merging with the sample
t the point of detection.

a
t
f
r
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.1.3. Procedure 3
Tris(2,2′-bipyridyl)ruthenium(III) (0.1 mM in 0.05 M sulfu-

ic acid) was prepared off-line by the addition of solid lead
ioxide (4 g in 100 mL). The solution was filtered on line prior
o merging with a sulfuric acid carrier (0.05 M) into which the
ample (10 mM in deionised water) was injected.

.1.4. Procedure 4
All electrochemical experiments were carried out using a

-Autolab Type II (Eco Chemie) potentiostat. 3 mm diameter
lassy carbon disk electrodes embedded in a 6 mm diameter
eflon body (CH instruments) were used as working elec-
rodes with a 1 cm2 platinum gauze and an Ag/AgCl (3 M
Cl) electrode as counter and reference electrodes, respec-

ively. Light emission during the electrochemiluminescence
xperiments was detected using a 9828SB photomultiplier
ube (Electron Tubes, UK) positioned underneath the cell. A
pecially designed holder and quartz glass cell was used to
osition the working electrode opposite the PMT in a repro-
ucible manner. The PMT was biased at +500 V using a high
oltage supply (Electron Tubes, UK) and signal amplification
as performed using an amplifier constructed in house. The

ntire electrode assembly was housed inside a light-tight box
hich also served as a Faraday cage. Data acquisition and
anipulation were performed using the auxiliary channel of

he potentiostat and GPES software package (Eco Chemie,
etherlands). Organic acids (1 mM) were added to tris(2,2′-
ipyridyl)ruthenium(II) (1 mM in appropriate buffer solution)
n a 2.5:1 molar ratio. The electrochemiluminescent reaction
as initiated in each case by scanning the potential between 0 V

nd 1.35 V.

.2. Reagents

All chemicals were supplied by Sigma–Aldrich unless
therwise noted. Tris(2,2′-bipyridyl)ruthenium(II) (0.1 mM),
erium(IV) sulfate (1 mM) and potassium permanganate were
repared in 0.05 M sulfuric acid. All organic acids (See
ig. 1) were dissolved in deionised water at a concentration of
.01 M. Buffer solutions used for pH range experiments were
lycine/hydrochloric acid (pH 2–3.5), sodium acetate/acetic
cid (pH 4–5.5) and potassium dihydrogen phosphate/ sodium
ydrogen phosphate (pH 6–8) at 0.1 M.

. Results and discussion

.1. Cerium(IV) sulfate

The use of Ce(IV) in tris(2,2′-bipyridyl)ruthenium(II) chemi-
uminescence has been restricted due to its low solubility at
reater than pH 3 and its oxidising strength [23]. The lat-
er restriction is a benefit for the determination of organic
cids as oxidation of the analyte is necessary to produce
species that reacts with tris(2,2′-bipyridyl)ruthenium(III)
o emit light. Table 1 presents the emission intensities of
ourteen organic acids upon reaction with tris(2,2′-bipyridyl)
uthenium(II)/cerium(IV) (utilising procedure 1).
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Fig. 1. Structures of fourteen or
The choice of aqueous medium was vital to the generation
f chemiluminescence; for example perchloric acid quenched
he emission observed with ascorbic acid. Conversely, tartaric
nd malic acid exhibited an increase in emission intensity in the

p
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a

able 1
mission intensities of 14 organic acids upon reaction with tris(2,2′-bipyridyl)ruthen

rganic acid Intensity (Ce(IV) in
sulfuric acida)

Intensity (Ce(IV
perchloric acid)

andelic 3 2
spartic 0 0
alic 0 0.4

artaric 0 0.2
aleic 0 0

umaric 0 0
allic 1.2 1.4
scorbic 5 0.1
itric 22.5 11
enzoic 0 0
lutamic 0 0
dipic 0 0
uccinic 0 0
hthalic 0 0

ll intensities are displayed in V.
a Sulfuric acid (0.05 M), perchloric acid (0.5 M).
b Due to the use of a different instrument and different PMT bias, intensities are no
acids investigated in this study.
resence of perchloric acid. Four of the six organic acids that pro-
uced light upon reaction with tris(2,2′-bipyridyl)ruthenium(III)
n the presence of Ce(IV) contained a hydroxyl moiety alpha to
carboxylic acid.

ium(II) oxidised by Ce(IV), KMnO4 and electrochemistry

) in Intensity (KMnO4 as
oxidant)

Intensity (ECLb)

0 0.7
0 0
0 0.3
0 0.5
0.35 0.4
2 0
0.5 0
4.5 0.2
0 1.1
0 0.3
0 0.3
0 0.3
0 0.2
0 0.7

t directly comparable to chemiluminescence emission intensities.
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Much has been published on the oxidation of organic acids
sing Ce(IV) in sulfuric acid [24–29]. Singh et al. stated that the
aleic acid/cerium(IV) oxidation was sluggish by nature but

esulted in the production of glyoxylic acid [24]. The oxidation
f fumaric acid by cerium(IV) perchlorate was described also
s being relatively slow [28]. All papers published reported the
ransient formation of a cerium(IV)/organic acid complex. The
inetics of the reaction between tartaric acid and cerium(IV)
ave been investigated by Sengupta [25] and Ali and Aziz
27]. It was shown that the final products of oxidation are
ormic acid and carbon dioxide. Initially, the formation of a red
artrate-Ce(IV) complex was observed [25]. In the current study,
erium(IV) sulfate was added to each acid in a 5:1 molar ratio
nd the results were monitored both visually and with UV-visible
pectrometry. In the case of tartaric acid the aforementioned red
omplex [25] was observed, and some of the other acids also
xhibited a colour change upon mixing. Following initial reac-
ion most of the solutions became colourless albeit at different
ates. This is postulated [25] to coincide with the decomposi-
ion of the red complex to form an intermediate radical followed
y reaction with more Ce(IV) to afford, in the case of tartaric
cid, glyoxylic acid [25]. Hydration and oxidation then occurs
esulting in formic acid formation [25].

The complex formation of tartaric acid was followed using
V-Visible spectrometry at 430 nm after the method of Drake

nd Nutt [26] and was found to be complete within five minutes.
he chemiluminescence was observed to increase in intensity
ver the same five-minute period. The emission intensities for
ll acids were then monitored after addition of cerium(IV) sul-
ate over a period of one hundred and 40 h utilising procedure 2
see Fig. 2). The chemiluminescence of tartaric acid increased
ramatically in the first 25 h. The experiment was repeated for
ll acids resulting in similar trends. The control showed no fluc-
uation in intensity over the time period studied. Temperature

emained constant throughout the experiment.

The chemiluminescence was possibly due to the reaction
f the products of oxidation, formic or glyoxylic acid, with
ris(2,2′-bipyridyl)ruthenium(III). These postulated intermedi-

ig. 2. Intensity vs. time profiles, utilizing procedure 2, for (A) tartaric acid
B) ascorbic acid (C) citric acid (D) mandelic acid (E) gallic acid. Cerium(IV)
ulfate was added in a 1:2 volume ratio oxidant to acid. Temperature remained
onstant throughout the experiment.
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ig. 3. Proposed structure of the radical species produced upon the oxidation of
lyoxylic acid with Ce(IV) [31].

tes were then subjected to procedure 1 and while no light
as observed from formic acid, the glyoxylic acid produced

n intense response (e.g. 1 mM resulted in 160 V signal) that
ould be seen with the naked eye. The responses from formic
cid and glyoxylic acid did not change over time (140 h).

Mehrotra et al. disagreed with the proposal by Sengupta [25]
hat glyoxylic acid was an intermediate in this reaction and
roposed a different intermediate species; HOOC CH(OH)
H(OH)• [30]. This species may also produce chemilumines-
ence with tris(2,2′-bipyridyl)ruthenium(III) but is not likely
o be long-lived, therefore precluding the observation of the
ntense emission seen from the tartaric acid/cerium(IV) solu-
ion after twenty hours of reaction. Hence, the formation of
lyoxylic acid from the Ce(IV) oxidation of tartaric acid may
e a likely source of the increase in chemiluminescence. Neu-
ann and co-workers attempted to identify the radical species

roduced by the oxidation of glyoxylic acid with Ce(IV)
sing rapid-flow EPR measurements [31]. They postulated a
tructure for the radical species based on evidence of Ce(III)
omplexation (see Fig. 3). Vijai and co-workers proposed the
xistence of a radical in the mechanism of the reaction between
ris(2,2′-bipyridyl)ruthenium(III) and glyoxylic acid with per-
xodisulfate as the oxidant, however no evidence was provided
o support this postulation [32]. Sengupta showed that the rate
onstant of the reaction increased with an increase in temper-
ture [25]. Consequently, the reaction mixtures were heated at
0 ◦C for 1 h and as expected, this substantially increased the
mission intensities (see Table 2).

Three calibrations of tartaric acid were performed at differ-
nt concentrations of Ce(IV) over a period of 90 h. The molar
atios of Ce(IV) to analyte and chemiluminescence intensities
ere calculated and are shown in Table 3. The results obtained

−7 −5
or low concentrations of tartaric acid (1 × 10 − 1 × 10 M)
ollowed a different trend and therefore possibly a different
echanism to those of 1 × 10−4 M to 1 × 10−3 M. Low con-

entrations of analyte exhibited minimal intensities, increases

able 2
ffect of heating upon the emission intensities of organic acids mixed with
erium(IV) sulfate prior to detection

rganic Acid Intensity prior to heating (V) Intensity after heating (V)

itric 1.2 5.3
scorbic 5.2 6.5
alic 0 1.3

artaric 0 6.8

rior to heating: the analytes were mixed with Ce(IV) and then reacted with
ris(2,2′-bipyridyl)ruthenium(II), After heating: the same solutions were then
eated for one hour at 70 ◦C.
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Table 3
Increases in tris(2,2′-bipyridyl)ruthenium(II) chemiluminescence observed for two different tartaric acid concentrations upon reaction with Ce(IV) over time

Molar ratioa Time = 0 h Time = 20 h Time = 44 h Time = 92 h

1 × 10−7 M tartaric acid
5.6:1 8 10 10 0
56:1 0 10 0 0
560:1 0 0 0 0

1 × 10−6 M tartaric acid
0.56:1 8 13 13 0
5.6:1 8 17 12 12
56:1 0 0 0 0

1 × 10−5 M tartaric acid
0.056:1 78 20 20 7.5
0.56:1 27 133 115 112
5.6:1 5 0 0 0

1 × 10−4 M tartaric acid
0.0056:1 13 37 33 28
0.056:1 38 212 178 165
0.56:1 463 1940 1990 PMT overloaded

1 × 10−3 M tartaric acid
0.00056:1 35 87 85 93

moles
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bipyridyl)ruthenium(III) with hydroxide ions, was more intense
than the analyte signal [37]. Increasing the pH afforded chemilu-
minescence that had not been previously observed, for example;
succinic acid and aspartic acid, albeit at low intensities. The pH
0.0056:1 84 445
0.056:1 668 1880

a The molar ratio is the number of moles of Ce(IV) present to the number of

ere observed over time and with increases in molar ratios for
he first two calibration sets. High concentrations of tartaric acid
xhibited significant increases in emission intensity, possibly a
onsequence of the oxidation of tartaric acid to glyoxylic acid
ollowed by the formation of a radical species. The signal inten-
ities of the high concentrations improved as the number of
oles of Ce(IV) increased relative to tartaric acid. The responses

ecorded were reproducible at constant temperature, with no
ariation in intensity observed in the controls.

.2. Potassium permanganate

Acidic potassium permanganate has been shown to elicit
hemiluminescence upon reaction with some organic acids
33,34]. It has also been utilised as the oxidising agent
n tris(2,2′-bipyridyl)ruthenium(II) chemiluminescence [35,36].
mission intensities of the fourteen acids upon reaction with
otassium permanganate and tris(2,2′-bipyridyl)ruthenium(II)/
otassium permanganate are presented in Table 1 (procedure 1).

Of particular interest were the results for two geometric iso-
ers (see Fig. 1) maleic and fumaric acids. Initially, fumaric

cid produced light upon reaction with tris(2,2′-bipyridyl)
uthenium(II) in the presence of potassium permanganate,
hereas the majority of the maleic acid emission from the

ris(2,2′-bipyridyl)ruthenium(II)/potassium permanganate sys-
em was actually resulting from potassium permanganate (emis-
ion intensity with and without tris(2,2′-bipyridyl)ruthenium(II)
as 0.35 V). This result demonstrated, for the first time, a degree
f selectivity between two stereoisomers possibly due to the

iffering kinetics of the respective initial analyte oxidations.

To investigate the affect the reaction of potassium perman-
anate with the organic acids had on the chemiluminescence,
xidant and acid were mixed prior to detection. Only four of the

F
a
b

408 397
2070 PMT overloaded

of analyte present.

cids exhibited an increase in response over time (see Fig. 4).
itric acid which had previously exhibited no light emission

n the presence of potassium permanganate was found to emit
ight with high sensitivity after approximately five hours. The
esponses for all four acids increased dramatically in the first five
ours, with tartaric acid as an exception each acid then proceeded
o decrease in intensity with time.

Unlike cerium(IV), potassium permanganate is soluble
t most pH values. Therefore, the chemiluminescence of
rganic acids was investigated from pH 1.5 to pH 8.5. Above
H 8.5 the blank response, from the reaction of tris(2,2′-
ig. 4. Intensity vs. time profiles for (A) fumaric; (B) tartaric; (C) maleic;
nd (D) citric acids in the presence of potassium permanganate and tris(2,2′-
ipyridyl)ruthenium(II).



alant

p
a
A
n

3

t
t
g
t
a
[
a
b
o
e
s
t
s
t
w

3

o
[
s
m
a
f
T
t
e
t
p
t
i
t
c
s
t
b
l
a
d
e
c
r
r
s
p
t
t
t

4

b
T
p
i
m
b
r
w
a
o
m
i
c
i

R

[

[
[

[

[

[

[

[
[
[

[
[
[
[

[
[
[

B.A. Gorman et al. / T

rofile for succinic acid showed increases in intensity at pH 4
nd pH 6, which corresponds to the pKa values of 4.16 and 5.61.

relationship between emission intensities and pKa values did
ot exist for all of the analytes studied.

.3. Lead dioxide

Lead dioxide has been used as an oxidant to generate
ris(2,2′-bipyridyl)ruthenium(III) for the sensitive determina-
ion of various analytes including codeine, thebaine, proline,
lyphosate, and ranitidine [38–41]. The reagent is filtered prior
o injection to prevent valve damage, however this also precludes
nalyte oxidation due to the presence of residual lead dioxide
42]. Not surprisingly, the responses obtained from all fourteen
nalytes upon reaction with the lead dioxide-generated tris(2,2′-
ipyridyl)ruthenium(III), were significantly poorer than those
btained when either Ce(IV) or potassium permanganate were
mployed as oxidants (procedure 3). For example, the inten-
ity of the citric acid signal was six orders of magnitude less
han that obtained with Ce(IV). The results illustrate the neces-
ity for the pre-oxidation of these particular analytes in order
o achieve analytically useful chemiluminescence upon reaction
ith tris(2,2′-bipyridyl)ruthenium(III).

.4. Electrochemiluminescence

In situ electrochemiluminescence facilitates the oxidation
f both analyte and reagent in close proximity to the detector
18]. Consequently, this approach potentially offers advantages
imilar to those seen above with either Ce(IV) or potassium per-
anganate. Specifically the oxidative modification of certain

nalytes to afford species that will elicit chemiluminescence
rom their reaction with tris(2,2′-bipyridyl)ruthenium(III).
able 1 shows the results achieved using electrochemical oxida-

ion, which proved to be less selective towards the analytes than
ither Ce(IV) or potassium permanganate. The change in selec-
ivity most probably resulted from a greater variety of oxidation
athways that exist for the acids in electrochemiluminescence
han those of the chemical oxidants [43]. Although the ECL
ntensities cannot be directly compared with the CL intensities,
he fact that the emission from the CL reactions could, in some
ases, be seen with the naked eye suggests a higher level of
ensitivity for the chemiluminescence method, at least under
he conditions used in this study. Oxidant strength may have
een a contributing factor in relation to the measured chemi-
uminescence intensities given that Ce(IV) (E◦ = 1.72 V) [44]
nd potassium permanganate (E◦ = 1.5 V) [44] are stronger oxi-
ants than tris(2,2′-bipyridyl)ruthenium(III) [19]. Notably the
lectrochemiluminescence maximum was observed in each case
lose to 1.2 V, which is close to the oxidation potential for the
eagent. It should be noted that the electrochemiluminescence
esults were obtained in quiescent solutions using a potential
can lasting only a few seconds for each measurement (see

rocedure 4). As a consequence only a very small quantity of
ris(2,2′-bipyridyl)ruthenium(III) reagent is generated relative
o the chemiluminescence experiment and the reactions leading
o light emission are diffusion limited.

[
[

[
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. Conclusion

The choice of oxidant in the chemiluminescence of tris(2,2′-
ipyridyl)ruthenium(II) is vital to selectivity and sensitivity.
he variation in response could be a result of oxidant strength,
roducts of oxidation, and the stability of an intermediate rad-
cal species. For example, the isomeric species fumaric and

aleic acids showed different reactivity’s with the tris(2,2′-
ipyridyl)ruthenium(II)/potassium permanganate system. The
eaction of some organic acids with oxidant prior to reaction
ith tris(2,2′-bipyridyl)ruthenium(III) increased signal intensity

nd, in the case of tartaric acid, by approximately three orders
f magnitude. The dependence of the oxidation and chemilu-
inescence, upon the molar ratios of Ce(IV) to analyte and the

dentification of the species present in solution over time, are
urrently being investigated to assist in applying the increases
n signal intensity to real samples.
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bstract

Huperzine A, a reversible acetylcholinesterase inhibitor for the treatment of Alzheimer disease (HupA), was studied using an (MALDI TOF MS)
nstrument in MALDI mode. The formation of a HupA dimmer in a vacuum was observed and several matrices were found that were able to inhibit
ts formation. The structures of the neutral and protonated form of the HupA molecule were calculated and optimized using a Hyperchem program.
etection limit using MALDI TOF MS in the model sample was 5.3 pg. MALDI TOF MS was also applied to the direct detection of the drug in
edical preparations and in human serum. The limit of detection in plasma was 14.2 pg with a signal-to-noise ratio of 3:1. However, the sensitivity

as not as high as it usually is in MALDI. Therefore, a new method for the derivatization of HupA was developed using fluorescent labelling with

hodamine B isothiocyanate (RBITC). A limit of detection using capillary electrophoresis laser induced fluorescence detection (CE-LIF) equal to
× 10−9 mol l−1 was reached.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Alzheimer’s disease (AD) affects the elderly population
orldwide and is a major health problem. The illness is in

hird place after cancer and heart problems. AD causes dys-
unction in the cholinergic system associated with a deficit in
he neurotransmitter acetylcholine. Different compounds, such
s tacrine, galanthamine, donepezil and rivastigmine have been
sed to enhance the central cholinergic neurotransmission activ-
ty [1–4]. However, many undesirable effects of these drugs have
een described (hepatoxicity, gastrointestinal upset, etc.) and
heir effectiveness is highly dependent on accurate drug doses.

n the other hand, HupA seems to be very promising as a natural

nti-Alzheimer’s disease product.

∗ Corresponding author. Tel.: +420 549493902; fax: +420 549492494.
E-mail address: havel@chemi.muni.cz (J. Havel).
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oi:10.1016/j.talanta.2006.12.010
The Huperzia serrata plant has traditionally been used in
hinese medicine for the treatment of contusion, strain, haema-

uria, and swelling [5]. From this plant, HupA, an alkaloid with
harmaceutical uses was obtained and shown to be a potent
eversible inhibitor or acetyl cholinesterase (AchE) and butyryl
holinesterase (BuChE). It was first isolated and named selagine
rom Lycopodium selago and later named as Huperzine from
uperzia serrata [6]. Synthesis, properties and the use of this
rug are described in several reviews [7–9]. The structure of
uperzine was first described by Valenta et al. [10] and later
evised by Kozikowski et al. [11]. HupA is an unsaturated
esquiterpenic compound with pyridone moiety and belongs to
he primary amino group. Generally, the drug has been shown to
e promising for the palliative treatment of Alzheimer’s disease
s well as for memory loss, inhibiting AchE activity in the brain

nd increasing the acetylcholine levels [1]. The loss of acetyl-
holine is directly related to several diseases connected with
isorders of the brain, of which Alzheimer’s disease is included.
he compound also improves learning and retrieval processes
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nd facilitates memory retention. In this sense it belongs to a
roup of so called “smart drugs” with similar biological activ-
ty. Recently, the use of HupA contra nerve gas poisoning was
tudied by Lallement et al. [12].

Several analytical methods have already been published for
he determination of HupA. The use of reverse-phase HPLC
o follow HupA in plasma was described by Qian et al. [13]
nd Ye et al. [14] while Wang et al. [15] have applied HPLC
o test HupA in tablets. Peña-Méndez et al. [17] and Ben
ameda et al. [18] have applied capillary zone electrophoresis

CZE) with spectrophotometric detection for the rapid and
fficient determination of the levels of HupA in medical
reparatives. Recently, a very sensitive LC–MS/MS method
as been developed and applied to the determination of HupA
n dog plasma by Wang et al. [16] with a limit of detection
LOD) 0.01 ng ml−1. Also, Ye et al. [14] have used an ion-pair
everse-phase high performance liquid chromatography for the
etermination of HupA in beagle dog serum, with a limit of
uantification (LOQ) of 4 ng ml−1 in serum.

MALDI TOF MS is a powerful tool routinely used in the anal-
sis of biomolecules and low detection limits like femtomoles
p to attomoles can be reached. To our knowledge, there is no
ALDI-TOF MS method for the detection of HupA. The aim

f this work therefore was to study the behaviour of HupA in
ALDI TOF MS and to examine the possibility of this promis-

ng technique being used for the sensitive detection of HupA.
s CE-LIF also usually offers a very high level of sensitivity,

nother aim was to examine the possibility of HupA derivation
sing this technique.

. Experimental

.1. Reagents

The compounds: 2,5-dihydroxybenzoic acid (DHB); 3,4,5-
rihydroxybenzoic acid (HBA); 4-hydroxy-3-methoxybenzoic
cid (HMA); 5-methoxysalicylic acid (5 MS); 3,5-dimethoxy-
-hydroxycinnamic acid (DHC); �-cyano-4-hydroxycinnamic
cid (CHC), and 4-hydroxy-3-methoxycinnamic acid (MHC)
sed as matrices were purchased from Sigma–Aldrich (Stein-
ein, Germany). Sodium azide was from Pliva-Lachema a.s.
Brno, Czech Republic). Rhodamine B isothiocyanate (RBITC)
as from Sigma–Aldrich (Steinhein, Germany). HPLC-grade

cetonitrile, trifluoroacetic acid (TFA), hydrochloric acid,
thanol, acetone, acetonitrile (ACN) and methanol were from
erck (Darmstadt, Germany). Ammonium citrate, ammonium

hloride, disodium phosphate and ammonium acetate (all pro
nalysis) were from Sigma–Aldrich (Prague, Czech Republic).
ll solutions were prepared using double distilled water from
quartz apparatus of Heraeus Quarzschmelze (Hanau, Ger-
any). Standard of (-)-Huperzine A (HupA) M.W. 242.31 was

urchased from Panorama Research Inc. (Mountain View, CA,
SA). All other chemicals were of analytical grade purity.
.2. Sample preparation and derivatization procedure

Stock solutions of HupA were prepared by dissolving the
ompound in 50 mM hydrochloric acid and watered up to the

l
i
w
p
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nal volume. The HupA stock solution (1 × 10−3 mM) was
urther diluted with double distilled water to working solution
anges. All solutions were stored in a refrigerator.

The matrices for MALDI measurements were prepared by
issolving the matrix compound in acetonitrile:water (1:1, v/v),
hile TFA was added up to 0.5%.
Lyophilised serum (Boehringer, Mannheim, Germany) was

e-proteinized by two different methods: (a) serum (200 �l) was
ixed with acetonitrile in ratio 2:3 (v/v) (serum:acetonitrile) and
ixed for 15 s; the mixture was then centrifuged for 1 min at

000 r.p.m. and the supernatant was taken for the analysis (b)
erum was mixed with dichloromethane in a ratio 1:5 (v/v). The
ixture was shaken for 5 min and, after being centrifuged, the
upA was re-extracted from the organic phase into the aqueous
ne using 0.01 M HCl [19].

.3. Derivatization procedure

RBITC labelling reagent was dissolved in acetone (stock
olution of 5 × 10−4 mol l−1). Different ratios of this reagent
ere tested to derivatize HupA and the optimal ratio between
BITC and HupA was found to be 1:12 (HupA:RBITC). HupA
as subjected to derivatization with RBITC in 20 mM phosphate
uffer (pH 9.5) at 50 ◦C for 5 h.

.4. Mass spectrometry of Huperzine A using MALDI TOF

The mass spectra were measured using an Axima-CFR mass
pectrometer (Manchester, UK); controlled by Kratos Kompact
5.2.0. Launchpad 1.2.0 software was used for data acquisi-

ion. The Axima-CFR mass spectrometer was equipped with
nitrogen laser (wavelength 337 nm, pulse duration τ = 4 ns,

ulse energy 300 �J) from Laser Science Inc. (Franklin, MA,
SA). The energies of the laser were in the range of 0–180

arbitrary units). There were 100 up to 1000 laser shots used for
ach sample. The signals were averaged and smoothed by the
avitzky-Golay algorithm. Peak maxima were determined via

he gradient-centroid procedure.
Sample preparation: (a) 1 �l of a matrix solution was added

o a target, allowed to dry and then 1 �l of HupA solution was
dded and dried in an air stream. (b) 1 �l of matrix solution was
pplied onto the target and mixed with HupA solution and dried
n an air stream at room temperature.

.5. Separation and detection by CE-LIF

A home-built CE-LIF instrument optimized for the detec-
ion of rhodamine derivatives was used in this work. Excitation
ource in the CE-LIF system was a diode pumped, frequency
oubled Nd:YAG excitation laser (model LCS-DTL382QT)
ith a wavelength of 532 nm and a power 5 mW (Laser Com-
act, Russia), 4 × f using a DPGL-3005F (CASIX, China). The

aser beam was focused on an optical window of the uncoated sil-
ca capillary (37 cm, 75 �m i.d.). Fluorescence emission signals
ere collected by a photomultiplier model 6356 (Hamamatsu,
hotonics, Germany) through a set of filters and a microscope
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ig. 1. MALDI-TOF mass spectrum of (A) [HupA + H] , and (B) the theoretical
odel of [HupA + H]+. Experimental conditions: 1 �l of 14.21 ng of HupA,
HB was used as the matrix. The measurement was done in the linear positive
ode.

bjective 60× (Edmund Scientific, USA). A signal from the
hotomultiplier was converted into a voltage by an RC circuit
nd digitised. Obtained data was stored on a Pentium PC. More
etails about this instrument are described elsewhere [23]. CE
onditions: electromigration injection (10 s, 5 kV), t 25 ◦C.

. Results and discussion

Huperzine A is a rigid molecule with endo- and exocyclic-
ouble bonds. The amino group can be protonated in acid
olution. The protonation constant (∼7.4) was determined by
apillary electrophoresis, as found by Peña-Méndez et al. [17].

.1. MALDI-TOF MS

Because MALDI TOF MS is so promising with respect to
eaching low limits of detection of biomolecules, ionization of
upA was studied here. Different matrices, such as CHC, DHB,
-MS, and MHC were tested to improve the limit of detec-
ion (LOD). When MHC and CHC were used as matrices, no
mprovement was observed for the LOD of the mass spectra
or HupA. The DHB matrix was found to be the most suitable
atrix for the analysis of HupA. Two different sample prepa-

ation protocols for the ionization of HupA were used. First, a
aturated solution of the matrix in acetonitrile: water (1:1, v/v),
as allowed to dry on the sample plate prior to the application
f the sample. Second, a method involving co-crystallation of
he matrix and the analytes together on the sample plate. The
rst method, where 1 �l of saturated solution of DHB matrix
as applied onto the target and mixed with HupA solution and
ried in an air stream at room temperature, yielded the best
ignal-to-noise ratio and was therefore selected for all the exper-
ments. Fig. 1 shows the mass spectra of HupA obtained under

he optimized experimental conditions. The major peak corre-
ponds to the protonated molecular ion of HupA [M + H]+ at m/z
43.16 (theoretical m/z value 243.15). Low intensity peaks, cor-
esponding to the adducts of HupA with sodium and potassium,

a
i
l
H

a 72 (2007) 780–784

espectively, were observed; the [M + Na]+ at m/z 265.15 (theo-
etical m/z value 265.13) and [M + K]+ at m/z 281.10 (theoretical
/z value 281.11). When the laser power was increased, a peak at
/z 226.17 corresponding to the split of –NH2 from the HupA
as observed in mass spectra. The loss of –NH2 has already
een described in the literature [14]. Formation of the dimmer
f HupA was also found [(HupA)2 + H]+ at m/z 485.15 (theoret-
cal m/z value 485.29). The formation of a dimmer in a vacuum
ay potentially result from non-covalently bound monomers

20]. This dimmer is completely different from the “dimmer”
f HupA described in the literature [21], where a new drug was
esigned by dimmerizing an inactive fragment of (-)-huperzine
via chemical (covalent) bonds.
In the commercial HupA product used in this work the con-

ent of potassium (0.46% rel.) was found and determined by
ame photometry [17]. The potassium in the preparation most
robably comes from the extraction procedure when the drug
s extracted from the plant material using potassium hydroxide.
his is also the possible explanation of the formation of a HupA
dduct with potassium.

In order to suppress adduct formation during the MALDI
rocess, due to the presence of potassium and sodium in the
ample, the effect of different ammonium salt additions to the
atrix was studied. It was found that ammonium salts did not

liminate the formation of adducts. On the other hand, acidifica-
ion of the matrix by TFA 0.5% in the matrix solution suppressed
oth adducts and the dimmer formation during the analysis.

Taking 1 �l of the different aqueous standard solutions with
ifferent concentrations of HupA, the limit of MALDI TOF MS
etection, calculated as a signal-to-noise ratio 3:1, was found to
e about 5.3 pg.

.1.1. Detection of HupA in biological matrices using
ALDI TOF MS
The possibility to detect HupA in serum using MALDI TOF

S was studied. Detection of the compound in serum was car-
ied out by using DHB as a matrix under the experimental
onditions described above. Serum (5 ml) was spiked with differ-
nt concentrations of HupA and the extraction of HupA from the
erum was done following the procedures described in the Sec-
ion 2, applying de-proteination and consecutive liquid–liquid
xtraction under acidic conditions. The detection limit (LOD)
or the MALDI-TOF MS detection of HupA, calculated as a
ignal-to-noise ratio 3:1 was calculated by taking 1 �l of the
xtract containing HupA and was found to be around 14.2 pg.

.2. Laser induced fluorescence

Fluorescent spectroscopy is a very sensitive analytical
ethod for the analysis of biomolecules. Measuring native flu-

rescence gives information about the structure and quantity
f the analysed compound. Small molecules, such as amino-

cids, small peptides or other biologically important compounds
ncluding drugs without fluorophores can be determined after
abelling them with a suitable fluorophore [22]. The labelling of
upA by rhodamine B with isocyanate binding group (RBITC)
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3.3. MALDI–TOF MS of labelled HupA

After the derivatization procedure, the sample was analysed,
also using MALDI-TOF MS, to confirm the structure of the
Fig. 2. Scheme of the derivatiza

as studied in an attempt to decrease the LOD of HupA. Rho-
amine B is a highly fluorescing agent from the family of xanthen
yes with an excitation maximum, when near to an excitation
ource (532 nm), of about 580 nm (in phosphate buffer, pH 9.5).
he isothiocyanate group of RBITC reacts with deprotonated
mino groups (protonation constant of HupA is pKa 7.7 [17].
he CE-LIF system was first optimized for the detection of low
oncentrations of rhodamine B and LOD for the pure dye was
ound to be 2 × 10−13 mol l−1. The derivatization buffer was
sed as a separation buffer (20 mM phosphate buffer, pH 9.5)
ith the addition of 10% (vol.) methanol. The scheme of the
erivatization procedure of HupA by RBITC is shown in Fig. 2.

Two LODs of the analyte can be calculated on CE-LIF after
erivatization. The first possibility is the LOD calculation from
he lowest concentration of the labelled molecule (LOD1). Sec-
nd, reagents react in high concentrations with a high level of
eaction recovery and the formed compound is determined after
ilution. This LOD2 is very similar to the LOD of pure RBITC
nd many authors present this number to be the LOD or inter-
hange these numbers. However, this number is very important
s in immunoassay analysis, fluorescence microscopy, fluo-
escence resonance energy transfer, and other methods where
abelled biomolecules in low concentration are needed. From the
nalytical point of view it is more important to know the LOD
rom the direct conjugation of a sample with a low concentration
f analyte.

The samples with concentrations of HupA from 10−5 to
0−8 mol l−1 were tested on the CE-LIF. The total limit of
etection (LOD2) of HupA labelled by RBITC (HupA-RBITC)
as calculated from a sample with a concentration of HupA

0−5 mol l−1 (cRBITC = 10−4 mol l−1, in 20 mM phosphate
uffer, pH 9.5) as being 1.8 10−11 mol l−1. LOD1 was estimated
o be 4.1 × 10−9 mol l−1, Fig. 3. These LODs are compara-
le with results from a derivatization and determination of

F
b
1
U
5

rocedure of HupA by RBITC.

ormorphine, morphine, 6-acetyl morphine, and codeine using
uorescein isothiocyanate [22].
ig. 3. Electropherogram concerning the separation of HupA labelled
y RBITC. Experimental conditions: CHupA 1.0 × 10−7 mol l−1, CRBITC

.2 × 10−6 mol l−1, buffer 20 mM phosphate + 10% methanol (pH 9.5).
ncoated silica capillary (45 cm total length, 37 cm to detector), injection (10 s,
kV), and separation voltage 15 kV.
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Fig. 4. (A) MALDI-TOF spectra of labelled HupA by RBITC, [HupA-RBITC]+

or [HupA-RBITC + H]+ and (B) theoretical model of HupA-RBITC. Experimen-
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al conditions: 1 �l of the mixture containing: 14.21 pg HupA, 0.643 ng RBITC
as given to the target. DHB was used as the matrix. The measurements were
one in the linear positive mode.

ormed derivatives. Several matrices were tested (CHC, DHB,
nd MHC). The best results were obtained when DHB was
sed. Fig. 4 shows the mass spectra obtained from HupA deriva-
ized with RBITC. The protonated form of HupA labelled with
BITC [HupA-RBITC]+ was observed in positive linear and

eflectron modes. The peak observed at m/z 742.4 is related
o [HupA-RBITC]+ species. The isotopic pattern observed for
HupA-RBITC]+ is in an excellent agreement with the calculated
heoretical model. Also, species related to unlabelled HupA and
BITC itself were observed in mass spectra.

The limit of detection was estimated to be ∼2 × 10−8 mol l−1

the limit of quantification ∼8 × 10−8 mol l−1). So, CE-LIF is
5 times more sensitive.

. Conclusions

It was found that, in MALDI TOF MS, HupA can be ionized
o an [HupA + H]+ cation using several matrices, although DHB
as found as the most suitable. A reliable method for HupA

xtraction from serum has been developed and thus the MALDI
OF MS method can be used for the fast identification of HupA

n biological liquids, e.g. in serum. The LOD reached applying
his methodology is adequate for determining the pharmacoki-
etic profile of HupA at a high dosage. The disadvantage of the
ethod is the rather low sensitivity but, in any case, it can be

pplied for the Quality Control of HupA in commercial products
nd for pharmaceutical products in general.

It was found that HupA can be derivatized by RBITC and a

ighly fluorescent product HupA-RBITC is formed. Its structure
as been confirmed by MALDI TOF mass spectrometry. After
apillary electrophoretic separation of the reagent and the deriva-
ized product, HupA with RBITC allows for a highly sensitive

[

[
[

a 72 (2007) 780–784

etermination with laser induced fluorescence detection. This
E-LIF method was optimized and a super sensitive and rapid
E-LIF method was developed. The procedure can be used for

he highly sensitive determination of HupA in biological liquids,
uch as serum.

Recently, we have developed extraction method which allows
eparation of HupA from serum and shows excellent recovery
92%) [18]. Therefore, the derivatization procedure developed
ere offers due to its low DL the possibility to quantify HupA
n serum, e.g. for pharmaceutical purpose. However, careful
erification is still needed.
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bstract

We report the synthesis of a novel bistriazene, 4,4′-bis(3-(4-phenylthiazol-2-yl)triazenyl)biphenyl (BPTTBP), and its highly sensitive color
eaction with Hg2+. The new reagent was synthesized in good yield by coupling 2-amino-4-phenylthiazole with 4,4′-biphenyldiamine bisdiazonium
alt. Using a blend of surfactants N-cetylpyridinium chloride (CPC) and polyethylene glycol n-octanoic phenyl ether (OP) as a micelle sensitizer,
he red colored reagent assembles with Hg2+ in pH 9.8 borate buffer according to a 1:1 stoichiometry, forming a blue oligomeric/polymeric
helating complex with a high apparent stability constant (1.1 × 108 M−1). Whereas the maximum absorption of reagent occurs at 510 nm with an
xtinct coefficient of 1.35 × 104 M−1 cm−1, the complex absorbs at 611 nm, with an apparent extinct coefficient of 1.04 × 105 M−1 cm−1. Beer’s

2+ −3 2
aw is obeyed in the range of 0–15 �g/25 mL Hg , and Sandell’s sensitivity is 1.92 × 10 �g/cm . In the presence of thiourea and Na4P2O7 as
asking agents, the method was found free from interferences of foreign ions commonly occurring with mercury. The optimized protocol has been

uccessfully applied to spectrophotometric determination of mercury in waste water samples. The features of the new reagent associated with its
pecial structure were discussed, and an unprecedented “domino effect” was proposed to account for its unique chelating stoichiometry with Hg2+.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mercury is one of the most toxic heavy metals on earth. The
oxicity of mercury depends on its occurring forms; organomer-
urials such as methylmercury are more toxic than elemental
ercury and other inorganic mercury compounds [1]. Symp-

oms of methylmercury poisoning include instantaneous and
ermanent neurological damages, paralysis, insanity, impaired
ision and blindness, chromosome damage, birth defects, sen-
ory loss of limbs, loss in hearing and mental retardation [1,2].
ince the well known “Minamata disaster”, which occurred in

apan in 1950s and 1960s, there has been an increasing concern
bout the impact of sea food mercury contamination on human
ealth [3]. Mercury and mercury compounds have been listed

∗ Corresponding author.
E-mail addresses: hbhxl111@hotmail.com (X.-L. He),

xl56@case.edu (K.-Q. Ling).

b
r
s
s
o
s

p

039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.12.013
Waste water samples; Colorimetric probe; Domino effect

s high priority pollutants globally, and various regulations and
uidelines have been developed to limit their levels in food,
edicine, water and sediments [4]. It is therefore important to

evelop fast, simple, and sensitive assays to measure mercury
evels in environmental and biological samples.

Numerous instrumental methods for micro mercury deter-
ination have been developed, including cold vapor atomic

bsorption spectroscopy [5], potentiometry [6], fluorimetry [7]
nd liquid chromatography [8]. These methods are usually sen-
itive and accurate, but in the meantime are inconvenient and
ime consuming. Several spectrophotometric methods have also
een reported for estimation of trace mercury using various
eagents such as dithizone [9], Cadion 2B [10], and potas-
ium iodide [11]. Although most of these methods are quite
ensitive, they suffer from several drawbacks such as need

f extraction with toxic organic solvents, as well as poor
electivity.

Triazene reagents have received considerable attention in the
ast two decades due to their highly sensitive color reactions with
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Scheme 1. Synthetic route for the new reagent BPTTBP.

number of metal ions [12]. Several protocols for spectrophoto-
etric determination of Hg(II) based on these reagents have also

een developed [13]. However, one general drawback associated
ith triazene reagents is the interference of reagent background
ue to spectral overlap between reagents and their Hg2+ com-
lexes, which may cause loss of sensitivity [14]. Although
his problem can be partly solved by dual-wavelength spec-
rophotometry [15], structural modification of triazene reagents
emains the best approach to improve their analytical properties
ithout sacrificing simplicity and convenience. In this regard, it

s worth mentioning that there have been tremendous research
nterests recently in colorimetric probes, or the so-called “naked-
ye chemosensors” of Hg2+, which are being developed for
ast detection of Hg2+ in biological and environmental samples
ithout use of any instrumentation [16].

Aiming to improve the analytical properties of triazene
eagents, we were the first to study bistriazenes as opposed to the
ormal monotriazenes [17]. Our initial consideration was that,
y coupling two aromatic monotriazenes into a single aromatic
ystem, not only could the absorptions of the reagent and its
etal complex be shifted to longer wavelength (perhaps also be

ntensified) due to extended conjugation, but the spectral over-
ap between reagent and metal complex may also be improved
ecause double chelating within a single reagent molecule, if
t happens, might cause larger red shift in absorption spectrum.
ndeed, by choosing appropriate surfactants as micelle sensitiz-
rs, chelating of bistriazene reagents with Hg2+usually showed
arge red shifts in absorption spectrum (�λmax 100–130 nm),
hough sensitivity remains to be improved (ε < 105 M−1 cm−1)
17]. As part of our ongoing research in this effort, we hereby
eport the synthesis of a novel bistriazene reagent 4,4′-bis(3-
4-phenylthiazol-2-yl)triazenyl)biphenyl (BPTTBP, Scheme 1),
nd its color reaction with Hg2+. This new reagent is by far
he most sensitive bistriazene for Hg2+ (ε > 105 M−1 cm−1).
n optimized protocol based on this reagent was successfully

pplied to spectrophotometric determination of mercury in waste
ater samples.

. Experimental

.1. Apparatus and reagents
IR spectrum was recorded on a 470 FT-IR spectrophotometer.
H NMR spectrum was obtained on a Varian Inova 400 instru-
ent (at 399.75 MHz), with chemical shifts being referenced to

p
c
(
e

2 (2007) 747–754

he solvent peak. Elemental analysis was performed on a Perkin
lmer analyzer. UV–vis spectra were obtained using a double
eam spectrophotometer (Beijing General Instrument Company
td). pH was measured with a pHS-3D pH meter equipped with
combination glass electrode (Chengdu Analytical Instrument
ompany). 2-Amino-4-phenylthiazole was synthesized accord-

ng to a literature method [18]. All the commercially available
eagents are of A.R. grade. All aqueous solutions were prepared
sing double distilled deionized water.

Stock solution of Hg2+ (0.5 g/L, 2.49 × 10−3 M) was pre-
ared using HgCl2, which was then diluted to 10 mg/L
4.99 × 10−5 M) as working solution. The surfactants used were
% polyethyleneglycol n-octanoic phenyl ether (OP) aqueous
olution and 0.2% N-cetylpyridinium chloride (CPC) aque-
us solution. The pH 9.8 borate buffer solution was prepared
y mixing appropriate volumes of 0.10 M aqueous Na2B4O7
nd 0.10 M aqueous NaOH as monitored by a pH meter.
tock solution of BPTTBP (0.20 g/L, 3.58 × 10−4 M) was
repared by dissolving 0.10 g of analytically pure BPTTBP
see below) in a minimum volume of N,N-dimethylformamide
DMF), followed by dilution with absolute ethanol to
00 mL.

.2. Synthesis of 4,4′-bis(3-(4-phenylthiazol-
-yl)triazenyl)biphenyl

The synthetic route is shown in Scheme 1. To a solu-
ion of 4,4′-biphenyldiamine (0.92 g, 5 mmol) in 10 mL of 6 N
queous HCl was added within 30 min a solution of NaNO2
0.69 g, 10 mmol) in 5 mL of water under electromagnetic stir-
ing, during which time the temperature was maintained at
–2 ◦C. After further stirring for 15 min, the resulting 4,4′-
iphenyldiamine bisdiazonium salt solution was slowly added
o a solution of 2-amino-4-phenylthiazole (1.76 g, 10 mmol) in
0 mL of ethanol under stirring at 0–2 ◦C. The mixture was
aintained at pH 3–5 by adding appropriate amount of 20%

old aqueous Na2CO3. The mixture was stirred at 10–15 ◦C for
.5 h, and then was allowed to stand overnight at room tem-
erature. Filtration of the mixture, followed by washing with
ater and ethanol afforded 2.44 g of crude product (4.37 mmol,
7.4% yield), which was further purified by crystallization in
:1 (v/v) ethanol–water to give pure product as a dark pur-
le solid: m.p. > 280 ◦C dec; IR (KBr) 3357.4 (NH), 3286.8
NH), 3061.5 (ArH), 1633.2, 1598.9,1517.5, 1474.3 cm−1; 1H
MR (DMSO-d6) � 7.45–7.54 (6H, ArH), 7.52 (s, 2H), 7.73 (d,
H, J = 8.8 Hz), 7.88 (d, 4H, J = 8.8 Hz), 8.21 (dd, 4H, J = 1.2
.4 Hz), 8.45 (br, 2H, NH); Anal. Calcd. for C30H22N8S2:
, 64.52; H, 3.94; N, 20.07, found: C, 64.94; H, 4.12;
, 19.87.

.3. Typical procedure

To a 25 mL calibrated tube were added sequentially 8.0 mL of

H 9.8 borate buffer, 1.5 mL of 1% OP aqueous solution (final
oncentration 0.06%), 3.0 mL of 0.2% CPC aqueous solution
final concentration 0.024%) and 2.0 mL of 0.20 g/L BPTTBP
nthanolic solution (final concentration 2.86 × 10−5 M). After
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Fig. 1. Absorption spectra of BPTTBP (2.86 × 10−5 M, against water) and
its chelating complex with Hg2+ (2 × 10−6 M, against BPTTBP) in pH 9.8
borate buffer in the presence of OP (0.06%) and CPC (0.024%) at room tem-
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and in turn loss of sensitivity. Metal hydroxide formation is
another cause, at least in part, for the low A611 at high pH.
Therefore, the optimum pH represents a compromise where
the thermodynamically favorable metal chelating is able to
X.-L. He et al. / Tal

ixing thoroughly, an aliquot of standard solution containing
0 �g of Hg2+ (final concentration 2 × 10−6 M) was added, and
he solution was brought to mark with water. Upon further mix-
ng, the solution was allowed to stand at room temperature for
0 min, and then subjected to spectrophotometric measurement
t 611 nm using 1 cm cuvettes with the same concentration of
eagent solution as reference.

.4. Optimized protocol for determination of Hg(II) in
aste water samples

To a 25 mL beaker were added an appropriate volume of
aste water sample, 5 mL of 3 M aqueous H2SO4 and 5 mL
f concentrated aqueous HNO3. The mixture was heated at a
team bath for 2 h and then cooled in air for 10 min. To the
ixture was carefully added 5 mL of 10% aqueous hydroxy-

amine hydrochloride under stirring and the resulting solution
as heated in a steam bath for another 10 min to decompose any

esidual HNO3. The solution was adjusted to pH 3–4 with aque-
us NaOH, transferred to an appropriate volume of volumetric
ask and then brought to mark with water. An aliquot of this solu-

ion was taken into a 25 mL calibrated tube, to it was added an
queous solution containing 1.0 mg thiourea and 3.0 mg sodium
yrophosphate (Na4P2O7) as masking agents, and the mixture
as further treated following the typical procedure. The final

esults are listed in Table 3.

. Results

.1. Absorption spectra

BPTTBP forms a red solution in pH 9.8 borate buffer in the
resence of OP (0.06%) and CPC (0.024%). Upon titration with
g2+, a sharp color change from red to blue was observed. Fol-

owing the typical procedure, the absorption spectra of reagent
nd its complex with Hg2+ were recorded (Fig. 1). The maximum
bsorption of reagent occurs at 510 nm, with an extinct coeffi-
ient of 1.35 × 104 M−1 cm−1. The complex absorbs at 611 nm,
ith an apparent extinct coefficient of 1.04 × 105 M−1 cm−1.
e thus chose 611 nm as the working wavelength for the spec-

rophotometric measurements.

.2. Chelating stoichiometry

The apparent molar ratio of the chelating complex of BPT-
BP with Hg2+ was determined as 1:1 using both molar ratio
ethod and Job’s method. Based on the Job’s plot (Fig. 2), where

he total concentration of reagent and Hg2+was maintained at
× 10−5 M, the apparent stability constant of the complex was
alculated as 1.1 × 108 M−1 [19].

.3. Effect of pH
Following the typical procedure but using borate buffer
olutions with different pH values, the absorbance at 611 nm
as found to reach maximum and become stable in the range
f pH 9.2–10.4 (Fig. 3). Also, best results were obtained

F
a
[
1

erature. The BPTTBP–Hg complex was generated from 2.86 × 10 M of
PTTBP and 2 × 10−6 M of Hg2+, and the reference was 2.86 × 10−5 M of
PTTBP.

hen the total volume of buffer solution was controlled in the
ange of 7.0–9.0 mL. We thus chose 8.0 mL of pH 9.8 borate
uffer.

The pKa values of aromatic triazenes usually fall in the
ange of 12–13 [20], with the conjugate base form showing
deeper color background, whereas metal chelating requires

ull dissociation of the triazene group [21]. Thus, at low pH,
611 is low due to incomplete metal chelating. At high pH,

he reagent background increases, resulting in decrease of A611
ig. 2. Job’s plot obtained in pH 9.8 borate buffer in the presence of OP (0.06%)
nd CPC (0.024%) at room temperature by varying the ratio of [BPTTBP] and
Hg2+] while the total concentrations ([BPTTBP]+[Hg2+]) being maintained at
× 10−5 M.
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sensitivity was calculated as 1.92 × 10−3 �g/cm2. The apparent
extinct coefficient (1.04 × 105 M−1 cm−1) calculated from the
calibration plot is identical with that obtained directly from the
absorption spectrum (Fig. 1).
ig. 3. Effect of pH on the color reaction of BPTTBP (2.86 × 10−5 M) with
g2+ (2 × 10−6 M) in borate buffer in the presence of OP (0.06%) and CPC

0.024%) at room temperature.

omplete without significant dissociation of free triazene group
nd formation of metal hydroxide.

.4. Selection of surfactants and effects of their
oncentrations

BPTTBP is insoluble in water such that the solution became
loudy in the absence of a surfactant. Following the typical pro-
edure, we examined the effects of several surfactants, both
ndividually and in combination with each other, on the color
eaction between BPTTBP and Hg2+. Our data showed that
ommon surfactants such as 4-(1,1,3,3-tetramethylbutyl)phenyl
olyethylene glycol (TritonX-100), polyethylene glycol n-
ctanoic phenyl ether (OP), polyethylene glycol sorbitan
onooleate (Tween-80), N-cetylpyridinium bromide (CPB), N-

etylpyridinium chloride (CPC) and cetyltrimethylammonium
romide (CTB) all improved the solubility of reagent and sen-
itized the color reaction to varying degrees, among which a
ombination of CPC and OP gave the best results. Using a blend
f 1.0–2.0 mL of 1% OP aqueous solution and 2.0–4.0 mL of
.2% CPC aqueous solution, the absorbance at 611 nm reached
aximum and became stable as well. Therefore, we chose

.5 mL of 1% OP aqueous solution plus 3.0 mL of 0.2% CPC
queous solution.

.5. Effect of reagent concentration

Following the typical procedure with varying volumes of
.20 g/L BPTTBP solution, the absorbance at 611 nm reached
aximum and became stable when 1.5–3.0 mL reagent solution

final concentration 2.15–4.30 × 10−5 M) was utilized (Fig. 4).
e chose 2.0 mL of 0.20 g/L reagent solution.
.6. Effect of reaction time and color stability

Following the typical procedure but with varying reaction
ime, we found that the absorbance at 611 nm reached maximum

F
w
O

ig. 4. Effect of reagent concentration on the color reaction of BPTTBP with
g2+ (2 × 10−6 M) in pH 9.8 borate buffer in the presence of OP (0.06%) and
PC (0.024%) at room temperature.

fter standing at room temperature for 10 min, which was stable
t least for 4 h. It should be noted that the color stability here
s different from the thermodynamic stability of chelating com-
lex. Color stability mainly depends on the stability of micelle
hich not only improves solubility of reagent and the chelating

omplex, but also participates in metal chelating.

.7. Calibration plot

Following the typical procedure with varying amount of
g2+, the calibration curve was constructed (Fig. 5). The linear

egression equation was A = 0.0208C − 0.0016 (C = �g/25 mL
g), and the correlation coefficient was 0.9996. The Sandell’s
ig. 5. Calibration plot constructed for the reaction of BPTTBP (2.86 × 10−5 M)
ith varying concentrations of Hg2+ in pH 9.8 borate buffer in the presence of
P (0.06%) and CPC (0.024%) at room temperature.
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Table 1
Effects of foreign species on Hg2+measurementsa

Foreign species Tolerance limit
(�g/25 mL)b

K+, Na+, NH4
+, Li+, CO3

2−, NO3
−, F−, Cl−, Br− 5000c

Na4P2O7, citrate, tartrate, C2O4
2−, PO4

3−, I− 3000
thiourea, salicylate, Mg2+, Ca2+, Ba2+ 1000
Bi3+, Ni2+, Co2+, Pb2+ 250
Mn2+ 150
Cr3+, Pd2+ 100
Al3+, Fe3+ 80
Ag+ 50
Zn2+ 25
Cd2+ 10 (170d)
Cu2+ 5 (30d)

a All the measurements were conducted with a 25 mL water sample containing
10 �g of Hg2+ (2 × 10−6 M, 0.4 ppm) following the typical procedure.

b Tolerance limit is the amount of foreign species that causes an error of
±5%.
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Table 3
Determination of Hg(II) in waste water samplesa

Sample # Dithiazone method (mg/L) This method (mg/L) R.S.D. (%)
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cated that such a macrocyclic structure can only accommodate
the two primary N–Hg bonds to avoid bad ring strains (Fig. 6).
Moreover, the energy minimized structure also suffers from lack
of conjugation between the triazenes and aromatic rings, thereby

T
D

S

l
2

c The upper limits were not determined.
d Tolerance limits in the presence of 1.0 mg/25 mL thiourea and 3.0 mg/25 mL
f Na4P2O7 as masking agents.

.8. Effects of foreign species

The effects of foreign species on determination of Hg2+

10 �g) in 25 mL water samples were examined (Table 1).
hereas the interferences from Cu2+ and Cd2+ can be masked

y thiourea and Na4P2O7, the method is free from interferences
f most foreign species commonly occurring with Hg(II).

.9. Validation of the method

The new method was validated by determination of Hg2+ in
ommercially available artificial water samples, which were pre-
ared according to the national standard of ground water quality,
ut the concentrations of various species have been amplified
ppropriately. In short, the water samples used contain Hg2+,
o2+, Ni2+ and Cr3+ (0.2 mg/L each); Mn2+, Cu2+ and Fe3+

0.5 mg/L each); Zn2+, Pb2+ and Cd2+ (1.0 mg/L each); and
g2+ and Ca2+ (50 mg/L each). A 5.0 mL aliquot was taken

nd the amount of Hg2+ was determined according to the typi-
al procedure (Table 2), showing excellent recovery values and
ery small relative standard deviations (R.S.D.).

.10. Analytical applications
The method was applied to the determination of micro Hg(II)
n waste water samples. Following the optimized protocol in
ection 2, the Hg(II) contents of two industrial waste water

F
c

able 2
etermination of Hg(II) in artificial water samples

ample # Hg(II) (�g)

Theoretical Hg(II) added

1.00 2.00
1.00 4.00

a Mean of five replicate measurements.
0.094 0.095 1.9
0.131 0.132 1.1

a Reported as means of five replicate measurements.

amples obtained in the local manufacturing companies were
etermined (Table 3). Not only do the results agree well with
hose determined by the standard dithiozone method (which
equires extraction with toxic organic solvent), but our method
lso showed small R.S.D. values.

. Discussion

.1. Structure of the complex

Monotriazenes usually form 2:1 chelating complexes with
g2+ [10,12,13]. The crystal structures of 1,3-diaryltriazenes
ith Hg(II) showed that Hg2+ coordinates with two deproto-
ated triazene anions in a quasi-planar geometry [21], with
wo primary N–Hg covalent bonds, and two secondary N–Hg
oordinate bonds being formed in the opposite position from
ach other. Our finding that BPTTBP forms an apparent 1:1
helating complex with Hg2+ is inherently consistent with this
toichiometry. However, one may immediately realize that a real
:1 complex between BPTTBP and Hg2+ would be geometri-
ally impossible due to the linear structure of the reagent that is
ot able to fold to allow for intramolecular chelating. Likewise,
lthough it is tempting to imagine a 2:2 complex to account for
he 1:1 stoichiometry, computational simulation (MOPAC) indi-
ig. 6. Energy-minimized (MOPAC) structure of a postulated 2:2 chelating
omplex of BPTTBP with Hg2+.

Recovery (%) R.S.D. (%)

Experimentala

2.94 98 1.2
5.03 101 0.7
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determinations even though the reagent blank absorbance is
high [14,23]; the interference actually arises not from excess
reagent, but from the fraction of reagent participating in metal
chelating.
Fig. 7. Proposed structure of the apparent

urther decreasing its stability. Similar situations also exist for
acrocyclic 3:3 and 4:4 chelating complexes (not shown). All

hese findings point to the noninvolvement of a close chelating
ing structure.

Based on the above discussion, we propose that BPTTBP and
g2+ could possibly assemble into oligomeric or polymeric n:n

helating complexes, which do not suffer from any unfavorable
teric effects while conjugations of triazenes and the aromatic
ings are fully allowed (Fig. 7). Such an assembly structure may
lso account for its high apparent stability constant as compared
o the 2:1 chelating complex in monotriazene cases [22]. It is
nteresting to note that, even though more than 10-fold excess
f reagent was used in all the color reactions, chelating between
PTTBP and Hg2+ still followed a 1:1 rather than 2:1 stoi-
hiometry. This abnormal phenomenon suggests that, whatever
tructures the complex might have, chelating of the first triazene
n the reagent molecule with Hg2+ must significantly enhance
he chelating strength of the other. This so-called “domino effect

′′

s unprecedented in metal chelating of monotriazenes [12]. One
ossible interpretation is that chelating of the first triazene group
n BPTTBP with Hg2+ imposes an electron-withdrawing effect
n the other triazene through the biphenyl conjugate system,
hereby decreasing its pKa and promoting its chelating with the
ext Hg2+.

.2. Features of the new bistriazene reagent

It is well known that the analytical properties of triazene
eagents largely depend on the choice of surfactants, which
ot only promote solubility, but also sensitize the color reac-
ions. However, given that the optimized protocols reported in
iterature with triazene reagents all utilized similar surfactants
s ours, some features of the new reagent independent of sur-
actant usage can be discussed. First, while data in literature
ndicated that most monotriazenes showed relatively small red
hift (�λmax 80–90 nm) in absorption spectra upon chelating
ith Hg2+ [15], the �λmax between BPTTBP and its Hg2+

omplex (101 nm) is relatively large such that absorption of

eagent at the λmax of complex is small (Fig. 1). Second, unlike
ome of the monotriazenes, where reagents and complexes
howed comparable absorption intensities [15], the extinct coef-
cient of BPTTBP (1.35 × 104 M−1 cm−1) is almost an order

F
H
w
(
c

helating complex of BPTTBP with Hg2+.

f magnitude smaller than the apparent extinct coefficient of
ts Hg2+ complex (1.04 × 105 M−1 cm−1). These features sug-
est that the interference from reagent background should be
ery small in our case. Given that large excess of reagent was
sed and the chelating stoichiometry had already been deter-
ined, the real molar absorption spectrum of the complex can

e simulated (using Origin 7.5) simply by linear combination
f the molar absorption spectra of reagent (versus water) and
ts Hg2+complex (versus reagent) according to the 1:1 chelating
toichiometry to compensate for the absorption cancellation of
he complex by the fraction of reagent participating in metal
helating (Fig. 8). The calculated real extinct coefficient of
PTTBP–Hg2+ complex is 1.044 × 105 M−1 cm−1, which cor-

esponds to only 0.4% of loss in sensitivity due to interference
rom reagent background. We point out that excess (unre-
cted) reagent does not interfere with any spectrophotometric
ig. 8. Molar absorption spectra of BPTTBP and its 1:1 chelating complex with
g2+. The real molar absorption spectrum of the complex vs. water (dotted line)
as obtained by linear combination of the molar spectra of reagent vs. water

solid line) and the complex vs. reagent blank (dashed line) according to the 1:1
helating stoichiometry.
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.3. Comparison with other methods

A survey of reported methods for spectrophotometric deter-
ination of Hg2+ reveals several advantages of our optimized

rotocol. First, the use of surfactants in our method allows for
mission of toxic organic solvents, which were required for such
eagents as dithizone [9], Cadion 2B [10], 2-(8-quinolylazo)-
,5-diphenylimidazole [24], 5,6-diphenyl-2,3-dihydro-asym-
riazine-3-thione [25], tetraphenylpyridium [26], 1-salicylidene-
-(2-pyridylmethylidene)isothiocarbonohydrazide [27], and
enzyl-2-pyridylketone 2-quinolylhydrazone [28]. These tradi-
ional methods were also less sensitive than our new protocol.
econd, the sensitivity and selectivity of BPTTBP for Hg2+

re comparable with those of o-carboxyphenyldiazoamino-p-
zobenzene [13b], which is by far the most sensitive and
elective triazene reagent in terms of solution-phase single-
avelength spectrophotometry, despite that the color change
f this latter reagent with Hg2+ was not reported, and the
helating chemistry was also not well studied. Third, a recent
eport showed that the sensitivity and selectivity of a known
riazene reagent with Hg2+ could be significantly improved by
olid-phase dual-wavelength spectrophotometry combined with
solid-phase enrichment technique based on polymer-supported
-cyclodextrin [29], which was claimed to have the potential
f automation. We argue that, while such effort may reflect
he trend of analytical instrumentation and automation, there
s also an increasing demand for cheap, simple, convenient,
ensitive and selective single-wavelength spectrophotometric
ethods, and the ultimate goal along this line is to develop

ighly sensitive and selective “naked-eye” chemosensors of
g2+ without any instrumentation [16]. Given that the quality
f a colorimetric probe not only depends on the color contrast
�λmax) between the reagent and its metal complex, but also
epends on the stability of the metal complex (large stability
onstant may help reduce the requisite reagent concentration
nd eliminate the reagent background), the sharp color change
f reaction of BPTTBP with Hg2+ (red → blue) and the large
tability constant of the BPTTBP–Hg2+ complex suggest that
ur new bistriazene reagent may serve as a valuable lead com-
ound for further development into novel colorimetric probes
f Hg2+.

. Conclusion

We have presented a comprehensive study on the color reac-
ion of Hg2+ with a novel bistriazene reagent, BPTTBP, which
howed a large red shift (�λmax 101 nm) in absorption spectrum
pon chelating with Hg2+. The improved spectral overlap, the
ight color of reagent and the deep color of the complex all helped
educe the interference from reagent background significantly
uch that our method was able to exploit nearly full strength of
he reaction (99.6% of the theoretical sensitivity) without impos-
ng the inconvenience of dual-wavelength spectrophotometry

nd complicated mathematic manipulations [14,15]. The sensi-
ivity is very high and the selectivity is also good. The optimized
rotocol has been successfully applied to the spectrophotomet-
ic determination of micro Hg(II) in environmental samples

[

2 (2007) 747–754 753

ith remarkable reproducibility. More importantly, our novel
esign of bistriazenes as opposed to monotriazenes, especially
he observed “domino effect” which not only results in a unique
helating stoichiometry, but also helps stabilize the chelating
omplex significantly, may provide new insight into strategies
n designing other chromogenic reagents for spectrophotomet-
ic analysis of trace metals. Further development of bistriazene
eagents should be a worthwhile objective.
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Filtration through nylon membranes negatively affects analysis
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bstract

Filtering synthetic arsenic- or phosphate-containing solutions (1.5–47.6 �mol/L) with nylon syringe filters significantly reduced absorbances (by
–74%) when analyzed with the colorimetric molybdenum blue method. Filtering the same solutions with cellulose acetate syringe filters yielded no
ignificant differences as compared to unfiltered controls. The detrimental effect of nylon membranes was also observed when pure Milli-Q water

as filtered and subsequently spiked with arsenic(III) or phosphate suggesting that some compound(s) eluting from the filter membranes interfere
ith the color formation in the assay. Consequently, we caution against using nylon filters when filtering water samples for the determination of

rsenic or phosphate with the molybdenum blue method.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The colorimetric molybdenum blue method is widely used
or the determination of inorganic phosphate, arsenic, and
ilicate in natural and contaminated water [1–7]. Typical applica-
ions include flow-injection analysis [8–13] and microbiological
tudies of arsenate-respiring bacteria [14–17]. Filtering environ-
ental water samples prior to analysis is a standard sampling

echnique for removing colloids and/or microorganisms, thereby
onserving important redox parameters such as dissolved
s(III/V) ratios [18,19]. Sample filtration is also recommended

or removing interfering turbidity prior to analysis [20]. We here
emonstrate that using nylon filters for this purpose can signif-
cantly reduce the absorbance in the colorimetric analysis of
ynthetic, arsenic- and phosphate-containing solutions.

. Experimental

.1. Instrumentation and procedure
Absorbances were read on a Thermo Spectronic Helios
spectrophotometer using Plastibrand disposable cuvettes

∗ Corresponding author. Tel.: +45 4525 2172; fax: +45 4593 2850.
E-mail address: axh@er.dtu.dk (A.C. Heimann).
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oi:10.1016/j.talanta.2006.11.012
; Syringe filters

1.5 mL, semi-micro, Brand). Reagents were prepared accord-
ng to the procedure of Johnson and Pilson [1], as modified
nd downscaled by Anderson and Cook [15]. Acid-washed
lassware was used for preparation of reagent stock solutions
hile new plastic ware was used in all other steps. Pure, pre-
iously autoclaved (20 min at 121 ◦C) Milli-Q water was used
o prepare all reagents and analyte solutions. The mixed color
eagent was prepared freshly for use by mixing the following
tock solutions: (i) 4 mL of a 24.3 mM ammonium molybdate
etrahydrate solution; (ii) 10 mL of a 2.5 M sulfuric acid solu-
ion; (iii) 4 mL of a 307 mM ascorbic acid solution (defrosted
rom frozen stock solution); (iv) 2 mL of a 4 mM potassium anti-
ony(III)oxide tartrate hemihydrate solution. For the analysis

f phosphate, 1.2 mL of standard or sample were pipetted into
2 mL plastic tube (Eppendorf), and amended with 120 �L of

he mixed color reagent. After a reaction time of 15 min the
bsorbance was read at 865 nm. For the analysis of arsenite
As(III)), 1.2 mL of standard or sample were pipetted into a
mL plastic tube (Eppendorf), amended with 30 �L 1 M HCl
nd 2 �L of a 215 mM potassium iodate solution, and were
eft to oxidize for 10–15 min at room temperature. After oxi-

ation, 120 �L of the mixed color reagent was added. After 4 h
eaction time, the absorbance was read at 865 nm. Samples for
rsenate (As(V)) were analyzed in the same way, even though
ample oxidation is not a prerequisite for purely As(V) contain-
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Table 1
Arsenic and phosphate concentrations of various synthetic solutions after filter-
ing with different types of filters (as compared to unfiltered controls)

Filtered
solution

Analyte Filtera n Concentration (�mol/L) Δ (%)

Filtered Unfiltered

Standard As(III) NY 0.22 1 ∼0.4 (< d.l.) 1.5 ∼74
Standard As(III) NY 0.22 1 9.2 23.9 −61
Standard As(III) NY 0.22 1 23.3 47.6 −51
Standard As(III) NY 0.22 3 7.7 ± 0.03 8.4 ± 0.03 −7
Standard As(III) NY 0.22 3 1.5 ± 0.03 2.9 ± 0.05 −46
Standard As(III) NY 0.45 3 7.2 ± 0.03 8.2 ± 0.03 −12
Standard As(III) NY 0.45 3 2.6 ± 0.08 3.3 ± 0.03 −21
MQ water As(III) NY 0.22 3 5.7 ± 0.11 6.3 ± 0.05 −10
MQ water As(III) NY 0.22 3 2.6 ± 0.06 3.1 ± 0.06 −16
Standard P NY 0.22 3 10.0 ± 0.03 10.6 ± 0.03 −6
Standard P NY 0.45 3 10.0 ± 0.00 10.6 ± 0.11 −6
MQ water P NY 0.45 3 7.5 ± 0.20 8.2 ± 0.18 −9
Standard P NY 0.45 3 3.5 ± 0.00 4.1 ± 0.03 −17

Standard As(III) CA 0.2 3 8.3 ± 0.06 8.2 ± 0.03 +1
Standard As(III) CA 0.2 3 4.2 ± 0.05 4.1 ± 0.03 0
S

p

s
f
a
a

a
e
p
o

i
a
quent spiking of Milli-Q water with phosphate or As(III) showed
the same adverse effect when the nylon filters (0.45 �m pore
size) had been kept at 60 ◦C for several days (in a preliminary
attempt to simulate filter aging).
40 A.C. Heimann, R. Jakobse

ng solutions. The detection limit was 0.5 �mol/L. All results
resented here are from synthetic solutions containing one of
he three analytes (P, As(III) or As(V)). Therefore, no correc-
ions between an untreated, oxidized, and reduced set-up were
ecessary. Standards for P, As(III), and As(V) were prepared in
ure, previously autoclaved (20 min at 121 ◦C) Milli-Q water
sing the following salts: sodium dihydrogen phosphate mono-
ydrate (NaH2PO4·H2O, P.a.), sodium arsenite (NaAsO2), and
i-sodium hydrogen arsenate heptahydrate (AsHNa2O4·7H2O,
uriss P.a.).

.2. Filters and sampling solutions

Three different types of syringe filters were tested (two
ypes with a nylon membrane and one type with a cellulose
cetate membrane): (i) 13 mm Cameo 13N, nylon, 0.22 �m
ore size (Osmonics Inc.), (ii) 13 mm, nylon, 0.45 �m pore size
Whatman), and (iii) 26 mm, sterile, wetting agent-free cellulose
cetate, 0.20 �m pore size (Sartorius Minisart). Sampled solu-
ions were either pure Milli-Q water or standards of phosphate,
rsenite, or arsenate (between 1.5 and 48 �mol/L). Filtered vol-
mes were typically 2–3 mL, no pre-washing of the filters was
erformed. A fresh filter was used for each replicate (i.e. n = 3,
ndicating three individual syringe filters). In some experiments,

illi-Q water was filtered and subsequently spiked with a stock
olution of interest. In other experiments, the housing of the
.22 �m nylon syringe filters was broken apart, the membranes
ere removed and placed into 20 mL plastic vials containing
mL Milli-Q water (1–3 membranes per vial). These vials were

hen stored either stagnantly or on a horizontal shaker (400 rpm)
or about 14 h. Between 1.185 and 1.2 mL of this solution was
hen pipetted into 2 mL Eppendorf tubes, spiked with a stock
olution of interest (5–15 �L), and analyzed as described above.
he significance of differences between filtered and unfiltered
amples was verified through Student’s t-test (α = 0.05; two-tail).

. Results and discussion

Table 1 summarizes the results from filtering As(III) stan-
ards, phosphate standards, or Milli-Q water (subsequently
piked with analyte stock solution) using different filters. Nylon
yringe filters reduced the signal of filtered solutions by 6–74%
s compared to unfiltered solutions (Table 1). Differences
etween absorbances of nylon-filtered samples and unfiltered
ontrols were significant in all experiments. The fact that this
ffect was also observed with filtered Milli-Q water strongly
uggests that some compound(s) are eluted from the nylon mem-
rane interfering with the color formation in the photometric
ssay.

This is also supported by the experiments in which the
embranes were removed from the housing and submerged

n Milli-Q water for several hours before the solutions were
mended with As(III) (Fig. 1). Again, the difference between

illi-Q water (i) in contact with the membranes and (ii) without
embranes was 13–21%. A similar experiment was conducted
ith As(V), at a final concentration of about 8 �mol/L. Solu-

ions prepared with Milli-Q water in contact with nylon filters

F
w
r

tandard P CA 0.2 3 10.7 ± 0.03 10.6 ± 0.03 0

a NY: nylon membrane; CA: cellulose acetate membrane; number indicates
ore size in micrometers.

howed significantly lower absorbances than solutions prepared
rom pure Milli-Q water (8–9%), both in non-oxidized samples
nd samples that were oxidized with potassium iodate before
dding the color reagent.

The stability of the color complex also decreased over time
s exemplified in Fig. 2. After 15 min of reaction, the differ-
nce between nylon-filtered and unfiltered Milli-Q (spiked with
hosphate after filtration) was about 17%, while it increased to
ver 30% after 85 min.

This again indicates the presence of one or more unknown
nterfering compounds originating from the nylon membrane
nd interacting with reagents from the assay. Filtering and subse-
ig. 1. As(III) concentrations in synthetic solutions made from (i) pure Milli-Q
ater and (ii) Milli-Q water that had been in contact with nylon membranes,

espectively.
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From these findings we can only speculate about the
ature of this interference. If the compound(s) eluting from
he membrane are redox-active they could potentially inter-
ere with the final step in the procedure, the reduction
f the antimony–phosphomolybdate complex with ascorbic
cid. Other known interfering compounds include hexavalent
hromium and nitrite [20]. Both decrease measured concentra-

ions, however, they are probably not likely to be found in nylon
lter membranes. Washing the filters prior to use might improve

he recovery. A more detailed investigation of this phenomenon
s warranted.
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bstract

A gold-labeled immunoresonance scattering spectral probe for trace prealbumin (PA) was prepared by using gold nanoparticles in size of 9.0 nm
o label goat anti-human prealbumin polyclonal antibody. The immune reaction between the gold-labeled antibody and prealbumin took place
n pH 7.6 Na2HPO4–NaH2PO4 buffer solution. In the presence of polyethylene glycol PEG-10000, the labeled gold nanoparticles were released

nd aggregated which brought the resonance scattering intensity (IRS) at 580 nm to enhance greatly. The �IRS is proportional to the prealbumin
oncentration in the range from 16.67 to 666.67 ng/mL, with a detection limit of 4.1 ng/mL. This simple, sensitive and selective assay was applied
o determination of prealbumin in human plasma, with satisfactory results.

2007 Published by Elsevier B.V.
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. Introduction

Prealbumin (PA) was the precursor of serum albumin and
ynthesized by liver [1]. It is one of value indexes for evaluating
iver function because its half-life only has 1.9 day and could
eflect liver function sensitively and idiosyncraticly [2,3]. Wu
t al. [4] reported that serum PA would decrease greatly when
eople have acute hepatitis, cirrhosis or severe hepatitis. It [5]
as also reported that PA is a value index when calculating

he survival time of terminal cancer. In addition, malnutrition
ould lead serum PA to decrease, and the determination of PA

ould work as a good indicator to judge the nutrition condition
6]. Therefore, it is very significant to found a highly sensitive,
ood selective method for assaying PA in clinical medicine. The
eported methods for determining PA are mainly electrophoresis
7–9], radial immunodiffusion [10], radioactivity immunoanaly-

is [11], immunonephelometricssays [12], immunoturbidimetric
ssays [13] and ELISA [14]. In electrophoresis analysis, the PA
omponents are separated by isoelectric focusing in agarose gel,

∗ Corresponding author at: School of Environment and Resource, Guangxi
ormal University, Guilin 541004, China.

E-mail address: zljiang@mailbox.gxnu.edu.cn (Z. Jiang).
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probe; Prealbumin

specially radio-immunoisoelectric focusing has better sensitiv-
ty, but it costs long time, has much influence factors and it could
ot assay massive samples at the same time [7,9]. Radial immun-
diffusion is also time-consuming [10]. Polyethyleneglycol was
sed to separate bound from free PA in a 2 h radioimmunoas-
ay (RIA), compared with electroimmunoassay; the method
elativity is good, but owing to the half-life of isotope, the
esults always changed [11]. Immunonephelometric assays were
sed to determine 50–400 �g/mL PA with a detection limit of
�g/mL [12]. Nephelometry is simple, but its sensitivity is low,
ith a detection limit of 12 mg/L [13]. An ELISA method bas-

ng on peroxidase-labeled antibody was used, with a linear range
f 1–4 ng per well, antisera needs small amounts, but enzyme
s expensive and some reagents are harmful [14]. Light scatter-
ng is a common phenomenon, and resonance scattering (RS)
r resonance light scattering (RLS) is the resonance between
he incident photon and the interface electron on the particle
urface, which cause the scattering signal enhanced greatly. RS
pectral method, with high sensitivity, rapidity and simplicity,
as been applied to analysis of trace protein, nucleic acid and

norganic ions [16–21]. Immunoreaction is based on special
nteraction between the antigen and antibody, with better selec-
ivity than other interaction. Recently, Jiang [22] and Huang
nd Li [23] have proposed a highly selective immunoresonance
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cattering spectral assay for the determining IgG. However, a
ighly sensitive and good selective immunoresonance scatter-
ng spectral assay for PA has not reported. It is known that
mmunogold labeling technique is fourth labeled technique after
adioactive, enzymatic and fluorescence labeling. It overcomes
he disadvantages of the radioactive hazard, the carcinogenicity
f enzymatic substrate and the complex of fluorescence labeling,
as sensitivity, simplicity, rapidity, accuracy and non-pollution,
ith tiny effect in bioactivity [24]. Recently, our group have

ound that small gold particles have weak RS effect and it
s stronger when they aggregate [25]. In this work, we com-
ined the immune reaction between gold-labeled PA antibody
nd PA with RS effect of gold particles to establish a gold-
abeled immune resonance scattering spectral assay for PA in
uman serums, with good selectivity and high sensitivity and
implicity.

. Experimental

.1. Reagents and apparatus

HAuCl4 was obtained from the National Pharmaceutical
roup Chemical Reagents Company, China. Goat anti-human

A antisera, PA were purchased from Shanghai Jiemen Bio-tech
ompany, Shanghai, China. A 0.20 mol/L solution of Na2HPO4
nd NaH2PO4 was used to prepare different pH phosphate buffer
olutions (PB). Tri-sodium citrate, polyethylene glycol 6000
PEG-6000), PEG-4000, PEG-10000, PEG-20000 and KCl were
sed. All reagents were of analytical grade, and the water used
as double distilled.
A model RF-540 spectrofluorometer (Shimadzu), spec-

rophotometer (Puxi General Istrumental Company, Beijing),
odel 79-1 magnetic heat agitator (Zhongda Instrumental
lant), model SK8200LH ultrasonic reactor (Kedao Ultrasonic
nstrument Limited Company) and a model H-600 transmission
lectron microscope (Electronic Stock Limited Company) were
sed.

.2. Preparation and identification of colloidal gold

We used the improved method [26] to prepare colloidal gold
y adding HAuCl4 solution to a boiled solution of tri-sodium cit-
ate while stirring. With this procedure, we obtained gold colloid
ith consistent particle size of 9.0 nm. We used transmission

lectron microscope to observe the size and uniformity of the
old particles. Examination of the gold nanoparticles revealed
hat the diameter was 9 nm, and the distribution and size were
niform and consistent.

.3. Preparation of the immunogold probe

.3.1. Pretreatment of goat anti-human PA antibody
Excessive salt matter lowers Zeta potentiometry of gold par-
icles, influences the absorption of goat antihuman PA on gold
urfaces and can lead to colloidal gold aggregation. We elim-
nated the redundant electrolytes from the PA antibody before
abeling by dialysis for 30 h in doubly distilled water.

2

l

2 (2007) 463–467

.3.2. Selection of the pH of the colloidal gold labeling
Because the combination of colloidal gold with PA antibody

s done by physical force, the successful combination depends
n the pH. When the pH value is less than its isoelectric point, the
dsorbability decrease and the bad stability results in aggrega-
ion. In suitable pH condition at isoelectric point, combination
ould stabilize [27]. In this experiment, we used a resonance
cattering method to test the influence of different pH condi-
ions on colloidal gold labeling. We adjusted the pH of 1.0 mL
8 �g/mL colloidal gold solution to different value by adding
.20 mol/L K2CO3 or 0.10 mol/L HCl and adding 25 �g of PA
ntibody. After 5 min, added 0.10 mL of 100 mg/mL KCl solu-
ion, 2 h later, then diluted the solution with distilled water to
.0 mL. Second, we recorded the resonance scattering inten-
ity (IRS) at 580 nm [25]. The results showed that when the pH
as less than 7.0, the addition of the antibody did not stabilize

he gold nanoparticles, the RS intensity was bigger. When the
H was more than 7.0, the RS intensity decreased and the sys-
em stabilized because better combination of gold nanoparticles
nd antibody prevented colloidal gold from aggregation by KCl
olution.

.3.3. Selection of the ratio between colloidal gold and the
ntibody

Too much antibody in solution, which could not connect with
old anoparticles, resulted in the poor sensitivity in assay; we
hould find the minimum level of PA antibody for stabilizing
ertain gold nanoparticles [27]. Different quantities (0, 5, 10,
5, 20, 25, 30, 35, 40, 45, 50 and 55 �g) of PA antibody were
dded into 1.0 mL of 58 �g/mL colloidal gold solution. The pH
f the colloidal gold solution had been adjusted to 7.0–7.5. After
min, 0.10 mL of 10% KCl solution added and mixed well.
fter 2 h, we recorded the RS intensities in each tube. Results

howed that the RS intensity was stronger for the tubes with
–30 �g antibody than in the tubes with 35–55 �g PA antibody,
hich remained stable. Thus, the minimum level of antibody

hat stabilized a 1.0 mL colloidal gold solution was a 35 �g.

.3.4. Preparation of gold-labeled goat anti-human PA
ntibody

A 100 mL colloidal gold solution was adjusted to pH 7.0–7.5.
uring magnetic stirring, a 2.0 mL of the PA antibody (3.5 mg)
as added to a 100 mL colloidal gold, maintaining the dropping

ime for 5 min, and a 1.75 mL of 3% PEG-20000 was added
s stabilizer to a final concentration of 0.05% PEG-20000. The
ixture was stirred for 15 min and kept at 4 ◦C. The gold-labeled

A antibody concentration is 33.73 �g/mL. The gold-labeled
ntibody was not purified by centrifugation, and the results
ere consistent with those for the purified. Micrographs of gold-

abeled PA antibody (Fig. 1) show that the gold nanoparticles
ere not clearly observable because they were coated tightly by

ntibody.
.4. Procedure of the immunoresonance scattering

A 0.30 mL of pH 7.6 phosphate-buffer solution, 1.2 mL gold-
abeled PA antibody, a certain quantity of PA and 0.50 mL of
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p
tion of IC, causing the release of gold particles. This aggregation
is reversible, and the deposited proteins have no effect on bioac-
tivity [29]. Our results demonstrated that IRS increased greatly
with increased PEG concentrations (Fig. 4) owing to the gold
Fig. 1. Transmission electron micrograph of gold-labeled PA antibody.

00 mg/mL PEG-10000 were successively added to 10 mL grad-
ated tubes. The mixed solutions were diluted to 3.0 mL with
istilled water, mixed well, and then incubated in an ultrasonic
eactor (59 kHz) for 25 min. Suitable volumes of the prepared
olutions were transferred into a quartz cell. Low sensitive files
nd a longitudinal coordinate scale of 6 were set, and the syn-
hronous scattering spectrum of the system was recorded by
eans of synchronous scanning of excited wavelength λex and

mission wavelength λem (λex − λem = �λ = 0) on the model
F-540 spectrofluorophotometer. Then the resonance scatter-

ng intensity at 580 nm was recorded. The RS intensities of the
lank solution with no PA [(IRS)b] were also measured. The
I = IRS − (IRS)b value was calculated.

. Results and discussion

.1. Principles

PA antibody could combine with PA to form immunocom-
lexes (IC). The sensitivity is relatively low when it was used
o determine PA. The IRS of colloidal gold has close correla-
ion with the size of gold particles [25]. In gold-labeled goat
nti-human AP system, gold particles connecting with goat anti-
uman PA could stably exist in 50 mg/mL PEG-1000 solution.
fter the immune reaction between goat anti-human PA and PA,

he gold particles would be released and aggregated in the action
f PEG-10000. It was identified by the absorption spectra which
he maximum absorption wavelength has red-shift changed from
16 to 528 nm, and also proved by transmission electron micro-

cope (Fig. 2). The aggregated gold particles resulted in the
nhancement of IRS at 580 nm. In a certain PA concentration
ange, the RS intensity enhanced linearly with PA concentra-
ion. Therefore, we founded an immune RS assay for PA with
old-labeled technique.

F
s
P
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.2. Resonance scattering spectrum (RSS)

Gold colloidal has two RS peaks at 320 and 580 nm and a
ynchronous scattering peak at 470 nm, where the apparatus
as the strongest emission [28]. When gold particle is small,
ts RS intensity at 320 and 580 nm is weak, but the RS inten-
ities at 580 nm enhanced greatly when it aggregated [23]. The
old nanoparticles in small size connecting with the PA antibody
ould exist stably in 50 mg/mL PEG-10000 solution and the RS
ntensities were weak at 320 and 580 nm. After the immune reac-
ion took place, the coated gold nanoparticles was released from
oat anti-human PA and aggregated at the action of 50 mg/mL
EG-10000, then the IRS enhanced greatly, especially the IRS at
80 nm (Fig. 3). In this work, a 580 nm was selected for use.

.3. Selection of the pH, type and volume of buffer solution

The influence of PB (pH 5.8–8.0) and Tris–HCl (pH 7.0–8.5)
uffer solution on the IRS was tested. PB had better effect and
as chosen for use. The maximum IRS occurred at pH 7.6 PB

olutions. It is owing to that the isoelectric point of PA is at
H 7.5. As a result of tests for buffer solution concentration, a
.020 mol/L PB solution was chosen.

.4. Effect of different PEG concentration

PEG is a kind of linear molecular polysaccharide and the
olymer of ethylene with no charge and it can lead to aggrega-
ig. 2. Transmission electron micrograph of PA–gold-labeled PA antibody
ystem: pH 7.6–13.50 �g/mL gold-labeled PA–0.17 �g/mL PA–50 mg/mL
EG-10000.
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Fig. 3. RS spectra of gold-labeled goat anti-PA antibody and AP: (a)
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H 7.6–13.50 �g/mL gold-labeled PA antibody–50 mg/mL PEG-10000; (b)
–0.067 �g/mL PA; (c) a–0.17 �g/mL PA; (d) a–0.33 �g/mL PA; (e)
–0.50 �g/mL PA.

ggregating nanoparticles. The maximum IRS for the system
ccurred at 50 mg/mL PEG-10000 solution.

.5. Effect of gold-labeled AP antibody concentrations

The influence on IRS of different concentration of gold-
abeled antibody was considered. In range of 0–5.8 �g/mL
old-labeled PA antibody, the IRS value increase with its concen-
ration. The IRS value changed weakly, when the gold-labeled
ntibody is in range of 5.8–17.5 �g/mL. This does not like
he immunoreaction between PA and PA antibody that the RS

ntensity decreased considerably when one of both is excessive.
t is owing to gold nanoparticles were in negative charges. A
3.50 �g/mL gold-labeled PA antibody, giving a maximum IRS,
as chosen for use.

ig. 4. Influence of PEG on the �IRS pH 7.6 PB–13.50 �g/mL gold-labeled PA
ntibody–0.26 �g/mL PA–PEG. (a) PEG-10000; (b) PEG-4000; (c) PEG-20000;
d) PEG-6000.
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.6. Effect of ultrasonic irradiation incubation time

The influence of ultrasonic irradiation incubation time from
to 60 min on the IRS was considered. Under the condition of

ltrasonic irradiation, when the reaction lasted 30 min, the reac-
ions completed and the IRS held constantly. A 30 min ultrasonic
rradiation time was chosen.

.7. Linear range

According to the procedure, its RS intensities corresponding
ifferent concentration of PA were measured. The linear range,
inear regression equation, correlation coefficient, and detection
imit were 16.67–666.67 ng/mL PA, �I = 0.1532c–2.03, 0.9985,
.1 ng/mL PA, respectively. Compared with other immune meth-
ds [11–14], this method accomplished in one step without
eparation, has better selectivity, sensitivity, high-speed and sim-
licity. The reagents are innocuous.

.8. Effect of foreign substance

The effect of foreign substances on the measurement of PA
as considered. When PA concentration was 0.57 mg/L with
relative error of ±6%, 700 mg/L sodium oxalate, 400 mg/L

rea, 210 mg/L EDTA, 167 mg/L glucose, 83 mg/L cane sugar,
0 mg/L ascorbic acid, 33 mg/L l-Tyr and Vitamin B1, 30 mg/L
rp, 20 mg/L Asp, 17 mg/L nicotine, 13 mg/L Gly, 7 mg/L HSA
nd BSA, 3 mg/L His, l-Cys, Met and l-Arg, 2 mg/L human
gA, human IgG, human IgM and Vitamin B did not interfere
ith the assay. It showed that this assay has good selectivity,
wing to the specific immunoreaction.

.9. Analysis of samples
Fifteen serum samples from apparently healthy men were
nalyzed (Table 1). It was obtained from No. 5 Hospital of Guilin
ity. The samples were also assayed by immunoturbidimetry

Fig. 5. Linear regression analysis for PA.
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Table 1
Results for AP in serum samples

Samples Content (mg/L) Mean value (mg/L) R.S.D. (%) Immunoturbidimetry (mg/L)

1 298.2 305.6 302.4 284.1 306.3 299.3 ± 9.1 3.04 308.9
2 328.9 334.3 323.5 329.2 331.1 329.4 ± 3.9 1.20 316.1
3 340.9 340.9 357.9 338.3 349.4 345.5 ± 8.1 2.35 356.9
4 263.9 272.4 267.8 257.1 250.3 265.3 ± 6.5 2.44 274.3
5 230.6 221.7 218.9 237.1 226.3 226.9 ± 7.3 3.20 221.5
6 289.1 275.8 282.2 275.6 286.5 281.9 ± 6.1 2.17 267.1
7 301.3 295.5 290.9 303.6 312.8 300.8 ± 8.3 2.78 292.4
8 277.9 289.6 286.0 278.1 299.7 286.3 ± 9.1 3.16 295.5
9 309.1 321.1 304.7 311.9 318.6 313.1 ± 6.8 2.16 319.1

10 331.4 345.7 323.4 328.5 330.8 332.0 ± 8.3 2.50 326.4
11 228.9 235.8 241.3 240.7 227.8 234.9 ± 6.4 2.71 251.2
12 347.8 358.9 346.1 326.6 333.7 342.6 ± 12.7 3.69 357.7
13 293.1 277.4 291.5 289.7 303.4 291.0 ± 9.3 3.19 299.7
1
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4 373.1 382.4 365.2 371.6 369.5
5 287.7 269.9 268.6 277.5 279.1

13]. The linear regression analysis of the both was shown in
ig. 5. The correlation coefficient, slope and intercept are 0.966,
.969 and 10.986, respectively. We could see the results of the
oth methods are consistent on the whole.

. Conclusions

Without phase separation in assay course, a new immune RS
or determination of 16.67–666.67 ng/mL PA was developed,
ith simplicity, high sensitivity and good selectivity. In the pres-

nce of PEG, owing to the aggregated gold nanoparticles, the
S intensity increased greatly. Furthermore, different from most

mmunoassay, the enhanced RS intensity is linear to the PA con-
entration and the range is wide, which was used in PA assay in
uman plasma, with satisfactory results.
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bstract

Clozapine, an effective antipsychotic drug, was found generating a pair of redox peaks at about 0.33–0.4 V (versus SCE) at 16-
ercaptohexadecanoic acid (i.e. MHA) self-assembled monolayer (SAM) modified gold electrode (i.e. MHA/Au) in 0.05 mol L−1 Tris–HCl

pH 8.1) buffer solution. Sensitive and quantitative measurement of clozapine based on anodic peak was established under optimum condi-
ions. The anodic peak current was linear to clozapine concentration in the range from 1 × 10−6 to 5 × 10−5 mol L−1 with the detection limit of

× 10−9 mol L−1. This method was successfully applied to the detection of clozapine in drug tablets and proved to be reliable compared with
ltraviolet spectrophotometry (UV). The MHA SAM was characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
pectroscopy (XPS), contact angle goniometry, electrochemical impedance spectroscopy (EIS) and electrochemical probe.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Clozapine (Scheme 1) is an effective antipsychotic drug treat-
ng schizophrenia [1]. Owing to its importance, researchers used

any analytical methods to study it, including capillary zone
lectrophoresis [2], high-performance liquid chromatography
3], spectrophotometry [4], mass spectrometry, etc. [5]. There
ere some reports about electrochemical study of clozapine
ue to its electroactivity. Blanket et al. [6], Hernandez et al.
7], and Ozakn et al. [8], respectively, used horseradish peroxi-
ase (HRP) modified carbon paste electrode, sepiolite modified
arbon paste electrode and activated glassy carbon electrode
o determine clozapine. The detection limits obtained were
.7 × 10−7, 1 × 10−7 and 2 × 10−7 mol L−1, which seemed
omewhat unsatisfactory. Jarbawi and Heineman [9] determined
lozapine using wax-impregnated graphite electrode and got a
atisfactory detection limit of 5 × 10−9 mol L−1. Nevertheless,

he 15 min preconcentration was somewhat time-consuming.

Self-assembled monolayer (SAM) is a useful and promising
echnique in electroanalytical chemistry. This technique makes

∗ Corresponding author. Tel.: +86 21 6564 2405; fax: +86 21 6564 1740.
E-mail address: jlkong@fudan.edu.cn (J. Kong).

s
s
(
e
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.004
etection; Gold electrode; Characterization

t possible for modifying electrodes surfaces conveniently and
ontrollably and improving greatly the characteristics of the
lectrodes, including selectivity, sensitivity and reproducibility
10]. It has been reported that SAM modified electrodes were
uccessfully applied to study and determine some biological and
rganic molecules, inorganic ions such as cytochrome c [11],
opamine [12], Hg2+ [13]. However, there is no report about the
pplication of self-assembled monolayer modified electrodes in
he detection of clozapine.

In this paper, the electrochemical behavior of clozapine at 16-
ercaptohexadecanoic acid self-assembled monolayer modified

old electrode was studied. Furthermore, a more sensitive and
impler determination method for clozapine was proposed.

. Experimental

.1. Reagents

Clozapine (C18H19ClN4) was purchased from Sigma. Its
tock solution (0.01 mol L−1) was prepared with ethanol and

tored at 4 ◦C. 0.01 mol L−1 16-mercaptohexadecanoic acid
HS(CH2)15COOH, Aldrich) stock solution was prepared with
thanol. Buffer solution was a 0.05 mol L−1 Tris–HCl (pH
.1) aqueous solution. The drug tablets came from Sine JiuFu



458 F. Huang et al. / Talanta

P
t
e
v
c
d

2

4
c
i
t
a
e
P
j
w
t
s
(
o
C
t
m
s
m
C

2

s
u
a
t
w

w
i
o
t
0
i
f
w
M

2

c
T
a
t
b
A
i
c
t
l
p
c
t

3

3
S

b
T
( CH2 )n, while the peak at 3100, 2560 and 1740 cm−1 is
attributed to OH, SH and C O, respectively. However, when
MHA assembled on gold surface, the peak at 2560 cm−1 disap-
peared (Fig. 1B), indicating the formation of S–Au bond. Fig. 2
Scheme 1. Molecular structure of clozapine.

harmaceutical Company of Shanghai (Shanghai, China). Prior
o determination, they were ground into powder, dissolved in
thanol, filtered into a container and then diluted to certain
olume. Other reagents used were of analytical grade or
hemical grade, and their solutions were prepared with twice
istilled water or ethanol.

.2. Apparatus

Electrochemical measurements were carried out on a CHI
40 electrochemical analytical instrument (Chenhua Instrument
ompany, Shanghai, China). A three-electrode system was used,
ncluding a bare gold electrode (Φ = 2.0 mm) or modified elec-
rode as working electrode, a saturated calomel electrode (SCE)
s reference electrode and a platinum wire electrode as counter
lectrode. EIS measurements were performed on an EG&G
AR Model 273 A bipotentiostat (Princeton, USA) in con-
unction with a lock-in amplifier. A 5 mV amplitude sine wave
as applied to the electrode under potentiostatic control and

he frequency range was from 0.1 Hz to 100 kHz. FT-IR mea-
urements were performed on NEXUS 470 FT-IR spectrometer
Nicolet company, USA). XPS measurements were performed
n PHI5000C ESCA system (Perkin-Elmer company, USA).
ontact angle measurements were performed on OCA15 con-

act angle goniometer (Dataphysics company, Germany). UV
easurements were performed on HP8453 ultraviolet–visible

pectrophotometer (Agilent company, USA). Solution pH was
easured with a Mettler-Toledo 320-s pH meter (Shanghai,
hina). All experiments were carried out at 22 ◦C.

.3. Preparation of MHA/Au modified electrode

The bare gold electrode was first polished to a mirror-like
urface with 0.3 and 0.05 �m �-alumina slurry, then rinsed and

ltrasonicated for 2 min with twice distilled water, and dried in
ir. If necessary, the electrode was immersed in a Piranha solu-
ion (a mixed solution of 30% H2O2 and concentrated H2SO4
ith the ratio of volume of 1/3) for 1 min before washing with
72 (2007) 457–462

ater. The electrode was then cycled between 0 and +1.5 V
n 0.5 mol L−1 H2SO4 until a stable cyclic voltammogram was
btained. According to the cathodic peak area of the gold elec-
rode, the effective area of the electrode was calculated to be
.0565 cm2. MHA/Au modified electrode was prepared by soak-
ng the clean gold electrode in a 0.01 mol L−1 MHA solution
or about 2 min. Then the modified electrode was taken out and
ashed thoroughly with water to remove the physically adsorbed
HA.

.4. Procedure

The three-electrode system was immersed in a 10 mL
ell containing proper amount of clozapine and 0.05 mol L−1

ris–HCl (pH 8.1) buffer solution. After accumulating for 60 s
t open circuit under stirring and following quiet for 10 s, poten-
ial scan was initiated and cyclic voltammograms were recorded
etween −0.2 and +0.8 V with a scan rate of 100 mV s−1.
fter potential cycling, the electrode was polished and mod-

fied again for the next measurement. The determination was
arried out using differential pulse voltammetry (DPV) within
he same potential window, the major parameters were as fol-
owing: pulse amplitude was 50 mV; pulse width was 50 ms;
ulse period was 0.2 s; potential increment was 4 mV. As to the
hronocoulometric experiment, the potential step was from 0.3
o 0.5 V.

. Results and discussion

.1. The characterization of hydrophobic and dense MHA
AM formed on Au electrode

The spectral characteristics of MHA SAM were investigated
y FT-IR and XPS. Fig. 1A shows the IR spectra of MHA.
he strong peaks at 2970, 2870, 1470 cm−1 are attributed to
Fig. 1. FT-IR spectra of MHA (A) and MHA SAM (B).
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3.2. Cyclic voltammograms of clozapine at MHA/Au

As shown in Fig. 5, at bare gold electrode, clozapine gener-
ig. 2. XPS spectra of S 2p region (A) and Au 4f region of MHA SAM (B).

hows the XPS spectra of MHA SAM. The MHA SAM gave a
trong peak at 161.9 eV. According to the literature [14], S 2p
hemical shift of a thiolate in alkanethiol SAM on gold (RS–Au),
thiol in polycrystalline sample (RSH) and a sulfonate (SO3

2−)
re in the ranges of 161.8–162.6, 163.5–163.8, and >167 eV,
espectively. Therefore, the peak at 161.9 eV corresponded to
he S–Au bond. Furthermore, the smaller peak at 168 eV resulted
rom the oxidation of MHA to sulfonate when it was exposed to
ir for some time.

The electrochemical characteristics of MHA SAM were also
tudied by electrochemical probe and EIS. As shown in Fig. 3,
3Fe(CN)6 exhibited a pair of quite reversible redox peaks

t bare gold electrode. However, the redox peaks disappeared
ompletely at the modified electrode. This was due to the
trong blocking action of MHA SAM to K3Fe(CN)6. MHA is
ydrophobic, when it assembled at the bare gold electrode, the
ense monolayer restrained hydrophilic K3Fe(CN)6 arriving at
he electrode surface. Fig. 4 shows the EIS spectra of bare gold

lectrode and MHA/Au modified electrode in the given solution.
he resistor of the modified electrode (R′

ct) was much larger
han the bare electrode (Rct), also suggesting that the MHA
AM had strong hindrance to the transfer of Fe(CN)6

4−/3−.

ig. 3. Cyclic voltammograms (CV) of 2 mmol L−1 K3Fe(CN)6 at Au (A) and
HA/Au (B). Supporting electrolyte: 0.5 mol L−1 KNO3.

a

F
t
8

ig. 4. EIS spectra of Au (A) and MHA/Au (B). Frequency used: 0.1 Hz to
00 kHz. Solution: 2 mmol L−1 K3Fe(CN)6/K4Fe(CN)6 containing 0.1 mol L−1

NO3. The insert was the amplification of (A).

ccording to the impedance of the two electrodes in high fre-
uency range, the coverage (θ) of the monolayer was estimated to
e 99.9% (Rct = 2.5 k�, R′

ct = 4000 k�, θ = 1 − Rct/R
′
ct [15]),

ndicating the electrode surface was almost completely covered
ith MHA.
The wettability of MHA SAM was determined by contact

ngle goniometry. It was found that after gold surface was mod-
fied with MHA, the contact angle varied from 70◦ to 104◦,
uggesting the surface became more hydrophobic. The strong
ydrophobicity of MHA SAM results from its long alkyl chain,
n spite that it has hydrophilic COOH.
ted two pairs of poor-defined redox peaks at 0.13–0.21 V and

ig. 5. CVs of Au (A) and MHA/Au (B) in a 3 × 10−5 mol L−1 clozapine solu-
ion. Scan rate: 100 mV s−1; supporting electrolyte: 0.05 mol L−1 Tris–HCl (pH
.1); accumulation time: 60 s (at open circuit).
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.32–0.4 V, respectively. However, only one pair of well-defined
edox peaks occurred at MHA/Au modified electrode. The sen-
itive anodic peak was at about 0.4 V and the small cathodic
eak was at about 0.33 V, the difference of peak potential (�Ep)
as about 70 mV. This suggested the electrochemical process
as partially reversible. In addition, the anodic peak current was

bout 3.5 times as high as that of bare gold electrode. Apparently,
he MHA SAM improved the sensitivity to some extent and the
nodic peak was favorable for detection. According to the litera-
ure [16], the pKa of clozapine was about 4.5, thus it was neutral
harged in the given solution due to the deprotonation. On the
ther hand, owing to its poor solubility in water [17], cloza-
ine was hydrophobic. Additional, the MHA SAM was also
lmost neutral (pKa = 8.0 [18]) and hydrophobic (described in
ection 3.1). Therefore, it was probably the hydrophobic inter-
ction between them that responsible for the enhancement of
esponse. Generally, voltammograms corresponding to the first
ycle were recorded.

.3. Effect of scan rate and chronocoulometric investigation

With scan rate increasing, both anodic peak and cathodic
eak grew (Fig. 6). It was found that anodic peak current
as linear to the square root of scan rate in the range of
0–500 mV s−1, the regression equation was Ip = −1.438 +
.337v1/2(Ip (�A), v (mV s−1), r = 0.997), indicating the
lectrode process was diffusion-controlled. In addition, the
nodic peak potential shifted positively about 60 mV while the
athodic peak potential remained almost unchanged, �Ep var-
ed from 58 to 120 mV, indicated the electrode process became
rreversible. The anodic peak potential and the logarithm of
can rate showed a linear relationship, following the equation:
p = 0.264 + 0.0296 ln v(Ep(V), r = 0.997). According
o the equation [19]: Ep = EΦ + m[0.78 + ln(D1/2/ks) −
.5 ln m] + 0.5m ln v(m = RT/(1 − α)nF ), the n(1 − α) was
alculated to be 0.43. Generally, the charge-transfer coefficient
is within the range 0.3–0.7, therefore, n was estimated to be

ig. 6. Influence of scan rate on anodic peak. Scan rate: 50, 100, 200, 300, 400,
00 mV s−1 (from bottom to top). Other conditions as in Fig. 5.
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pH 8.1) solution without (A) and with (B) 3 × 10−5 mol L−1 clozapine. The
otential step was from 0.3 to 0.5 V. Other conditions as in Fig. 5.

and α was 0.57 in this case. This suggested one electron was
ost during the oxidation process, which was probably related
o the formation of a relatively stable cation radical [6,16].

Fig. 7 shows the chronocoulometric response curves. After
ubtracting the background charge, the plot of Q against
1/2 was made. It was a straight line and the regres-
ion equation was Q = 2.868 + 8.442t1/2(Q(1 × 10−7 C), t(s),
= 0.996). According to the integrated Cottrell equation [20]:
= 2nFAD1/2Ct1/2/π1/2 + Qdl + nFAΓ 0, the diffusion coefficient

D) of clozapine was calculated to be 2.09 × 10−5 cm2/s.

.4. Optimization of the analytical conditions

.4.1. Influence of modification time and mercaptans
With the modification time varying from 1 min to 12 h, it

as found that the anodic peak current kept almost constant,
hich was due to the effect of the long alkyl chain. In general,

he alkanethiol with longer alkyl chain can form dense SAM
asier and faster [21]. Hence, 2 min was chosen as modification
ime.

Besides 16-mercaptohexadecanoic acid, some other mer-
aptans such as l-cysteine, l-glutathione, dithiothreitol,
-mercaptoethanol, thioine, 2-mercaptobenzothiazole, thiosali-
ylic acid and thioctic acid were tested as modifier (modification
or 12 h). Owing to its electroactivity, clozapine could produce
lectrochemical response on these SAMs. However, compared
ith bare gold electrode, these SAMs could not enhance the sen-

itivity. This indicated that the hydrophobic interaction between
lozapine and MHA SAM was stronger than the other tested
AMs. The hydrophobic interaction between clozapine and
HA SAM led to the enrichment of the analyte on the surface

f the modified electrode, thus resulted in the enhancement of

lectrochemical response. The strength of this interaction was
robably related to the surface characteristics of SAMs, such
s hydrophilicity/hydrophobicity, pKa, charge, coverage, struc-
ure, etc. The exact nature of the interaction is currently under
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ig. 8. Influence of pH on anodic peak current (A) and peak potential (B).
upporting electrolyte: 0.05 mol L−1 phosphate. Other conditions as in Fig. 5.

nvestigation. Thus, MHA was chosen as the modifier in this
ork.

.4.2. Influence of pH and buffer solution
Within the range of pH 4–11, the peak potential shifted

egatively with pH increasing, following the linear equation:
p = 0.822–0.0497 pH (Ep(V), r = 0.999), meaning H+ was

nvolved in the oxidation. Meanwhile, the peak current increased
ntil it attained the maximum at pH 8.1, then it decreased (Fig. 8).
enerally, when pH of solution was lower than 4, the repul-

ion of hydrophobic MHA SAM to positive charged clozapine
esulted in the suppression of current; with pH increasing grad-
ally, owing to the deprotonation of clozapine, the hydrophobic

nteraction between them strengthened and led to the enhance-

ent of electrochemical response; if the pH increased further
nd exceeded 11, the cathodic peak was obvious and the redox
eaks became deformed (Fig. 9), indicating there was proba-

ig. 9. Influence of pH on the shape of anodic peak. pH: 4.2 (A), 8.1 (B) and
0.7 (C). Other conditions as in Fig. 5.
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ly some alteration in the electrochemical mechanism [7,16].
wing to the ill-defined and complicated shape, the cathodic
eak at pH > 9 was not employed as the quantitative criterion
n the detection of clozapine. Therefore, pH 8.1 was cho-
en as the optimum pH value. Furthermore, several different
upporting electrolytes such as NH3–NH4Cl, Na2B4O7–HCl,
ris–HCl, NaH2PO4–Na2HPO4 were tested. The best electro-
hemical response of clozapine was obtained in Tris–HCl buffer
olution. In addition, the response kept almost unchanged with
he concentration of buffer solution increasing from 0.01 to
.4 mol L−1. In general, 0.05 mol L−1 Tris–HCl was selected
s the buffer solution.

.4.3. Influence of accumulation time and potential
For a 5 × 10−6 mol L−1 clozapine solution, the anodic peak

urrent remained almost constant with accumulation time
ncreasing, indicating accumulation had no effect and the dif-
usion dominated the surface kinetic process. However, when
he concentration of clozapine was much lower, the electrode
rocess might exhibit adsorptive characteristics and suitable
ccumulation could contribute to the enhancement of sensitiv-
ty. Therefore, considering the need for the detection of lower
oncentration samples, 60 s was chosen as accumulation time.
dditional, compared with at open circuit, the effect of accumu-

ation potential was negligible due to the neutrality of clozapine
n the given solution. Hence, accumulation at open circuit was
elected.

.5. Calibration curve and interference

DPV is considered sensitive and simple for detec-
ion. The major parameters were described in Section 2.
nder the selected analytical conditions, the determination
f clozapine with different concentrations was performed.
he anodic peak current was linear to concentration from
× 10−6 to 5 × 10−5 mol L−1 and the regression equation was

p = 0.927 + 0.0485c (Ip (�A), c (�mol L−1), r = 0.996), the
etection limit was 7 × 10−9 mol L−1 (S/N = 3). For eight paral-
el determination of a 1 × 10−5 mol L−1 clozapine solution, the
.S.D. of peak current was calculated to be 2.5%.

The influence of foreign compounds was tested. It was
ound that several kinds of surfactants such as Tween-20, Tri-
on X-100, sodium dodecyl sulfate (SDS) did not interfere,

hile cetylpyridinumbromide (CPB), cetyltrimethylammonium
romide (CTAB) made the peak current decrease. Addi-
ional, 100-fold antipyrine, norfloxacin, allopurinol, thiamine,
ydrochlorothiazide, hydroxyzine, captopril, 50-fold sulpiride,

able 1
easurement results of clozapine in drug tablets

ample (2.55 �mol L−1)
umber

Add
(�mol L−1)

Found
(�mol L−1)

Recovery
(%)

2.55 5.00 96.1
5.10 7.80 102.9
7.65 10.06 98.2

10.20 12.61 98.6
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Table 2
Measurement results of parallel determinations of drug tablets

Sample (2.55 �mol L−1) n

1 2 3 4 5 6

UV 2.54 2.54 2.56 2.51 2.60 2.48
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Applications, 1st ed., John Wiley& Sons, New York, 1980, 200 pp.
C 2.49 2.57

tatistical analysis results: Fexp = 1.71, smaller than the Fcrit value (5.05, at the
he 95% confidence level).

henylephrine, propranolol, isoniazid, riboflavine, folic acid had
o obvious effect on the determination. Some heavy metal ions
uch as Cu2+, Pb2+, Zn2+, Fe3+, Cd2+ also did not interfere owing
o the deposition in basic solution. This suggested the MHA/Au

odified electrode had certain resistance to some interference.
owever, uric acid and epinephrine interfered severely.

.6. Applications

This method was applied to the detection of clozapine in drug
ablets. The pretreatment and determination procedure were the
ame as described in Section 2. The analytical results were
hown in Table 1, the recovery was 96.1–102.9%. According to
able 1, the clozapine contents could be calculated, which was
4.7 mg per tablet (its declared content was 25 mg per tablet).
n order to examine the accuracy of this method, the drug sam-
le was also measured by UV and the analytical results were
hown in Table 2. By means of F-test and t-test [22], the cal-
ulated F-value (1.71) and t-value (1.44) did not exceed the
heoretical values (5.05 and 2.23, respectively, 95% confidence
evel). It suggested that the determination method proposed was
eliable.

. Conclusions

The MHA/Au modified electrode could enhance the elec-
rochemical response of clozapine due to the hydrophobic
nteraction between them. When potential was made to move,
lozapine generated a sensitive anodic peak at about 0.4 V and
small cathodic peak at 0.33 V in 0.05 mol L−1 Tris–HCl (pH
.1) buffer solution. Under the selected conditions, the anodic
eak current was linear to clozapine concentrations over a certain

ange. The MHA/Au modified electrode had certain resistance
o some interference. This method proposed could be success-
ully applied to the determination of clozapine in drug tablets
nd proved to be reliable.
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cknowledgements

This work was supported by the National Nature Sci-
nce Foundation of China (Grant No: 20335040, 20525519,
0475012).

eferences

[1] T. Sharma, C. Hughes, W. Soni, V. Kumari, Psychopharmacology 169
(2003) 398.

[2] W.R. Jin, Q. Xu, W. Li, Electrophoresis 21 (2000) 1415.
[3] Y.L. Shen, H.L. Wu, W.K. Ko, S.M. Wu, Anal. Chim. Acta 460 (2002) 201.
[4] C.S.P. Sastry, T.V. Rekha, A. Satyanarayana, Microchim. Acta 128 (1998)

201.
[5] M. Kollroser, C. Schober, Rapid Commun. Mass. Spectrom. 16 (2002)

1266.
[6] B. Blankert, O. Dominguez, W.El. Ayyas, J. Arcos, J.M. Kauffmann, Anal.

Lett. 37 (2004) 903.
[7] L. Hermandez, E. Gonzalez, P. Hernandez, Analyst 113 (1988) 1715.
[8] S.A. Ozkan, Z. Senturk, Analysis 24 (1996) 73.
[9] T.B. Jarbawi, W.R. Heineman, Anal. Chim. Acta 186 (1986) 11.
10] R.K. Shervedani, M.K. Babadi, Talanta 3 (2006) 741.
11] Y.H. Wu, S.S. Hu, Bioelectrochemistry 68 (2006) 105.
12] T. Liu, M.X. Li, Q.Y. Li, Talanta 4 (2004) 1053.
13] S. Berchmans, S. Arivukkodi, V. Yegnaraman, Electrochem. Commun. 2

(2000) 226.
14] M.H. Schoenfisch, J.E. Pemberton, J. Am. Chem. Soc. 120 (1998) 4502.
15] K. Bandyopadhyay, K. Vijayamohanan, G.S. Shekhawat, R.P. Gupta, J.

Electroanal. Chem. 447 (1998) 11.
16] J.M. Kauffmann, G.J. Patriacrche, G.D. Christian, Anal. Lett. 12 (1979)

1217.
17] Chinese Pharmacopoeia Commission, Chinese Pharmacopoeia, 1st ed.,

Chemical Industry Press, Beijing, 2005, 772 pp.
18] Z. Dai, H.X. Ju, Phys. Chem. Chem. Phys. 3 (2001) 3769.
19] E. Laviron, J. Electroanal. Chem. 101 (1979) 19.
20] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and
21] C.D. Bain, E.B. Troughton, Y.T. Tao, J. Evail, G.M. Whitesides, R.G.
Nuzzo, J. Am. Chem. Soc. 111 (1989) 321.

22] H. David, Modern Analytical Chemistry, 1st ed., McGraw-Hill Higher
Education, 2000, pp. 85–95, 726–727.



A

b
b
t
h
7
i
©

K

1

c
a
b
a
l
d
o
a
[
t
m
T
o
s

f

0
d

Talanta 72 (2007) 582–586

Quantification of tripdiolide in human whole blood by liquid
chromatography coupled with atmospheric pressure chemical

ionization tandem mass spectrometry

Micong Jin a,b, Xiaokun OuYang a, Yiwen Yang a, Qilong Ren a,∗
a Department of Chemical and Biochemical Engineering, Zhejiang University, Hangzhou 310027, China

b Ningbo Municipal Center for Disease Control and Prevention, Ningbo 315010, China

Received 21 August 2006; received in revised form 16 November 2006; accepted 18 November 2006
Available online 18 December 2006

bstract

A liquid chromatographic-tandem mass spectrometric (LC–MS/MS) assay was developed and validated to determine tripdiolide in human whole
lood using dexamethasone acetate as an internal standard (I.S.). Liquid–liquid extraction with ethyl acetate was used to isolate them from the
iological matrix. Detection was performed on a mass spectrometer coupled with a negative atmospheric pressure chemical ionization (APCI) in

he multiple-reaction monitoring (MRM) mode. The calibration curve was linear (r2 = 0.9973) in the concentration range of 0.5–100.0 ng/mL in
uman whole blood with a lower limit of quantification of 0.5 ng/mL. Intra-day and inter-day relative standard deviations (R.S.D.s) were less than
.0 and 10.1%, respectively. Extraction recoveries of tripdiolide ranged from 80.5 to 90.1%. This assay can be used to determine trace tripdiolide
n human whole blood.
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. Introduction

Tripdiolide (Fig. 1) is one of the major diterpene bioactive
ompounds existed in Tripterygium wilfordii Hook. f. (TWHF),
traditional Chinese medicinal herb. The extract of TWHF has
een widely used for various immune and inflammatory diseases
nd autoimmune disorders, e.g., rheumatoid arthritis, systemic
upus erythematosus and skin diseases, in China [1–3]. Trip-
iolide has also been reported to be effective in the treatment
f leukaemia [4,5], and to have anti-cancer [6] and anti-fertility
ctivities [7]. Although tripdiolide had a wider therapeutic index
8] than most of the other diterpenoids, e.g., triptolide, in TWHF,
he concentration in blood circulatory system during the treat-

ent or test period is still much lower due to its severe toxicities.

herefore, a sensitive and accurate method for the quantification
f tripdiolide in human whole blood samples is essential from a
afety or further study points of view.

So far, only one chromatographic method has been proposed
or the quantification of tripdiolide [9]. That method was devel-

∗ Corresponding author. Tel.: +86 571 87952773; fax: +86 571 87952773.
E-mail address: Renql@zju.edu.cn (Q. Ren).
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M; APCI-MS

ped to determine the content of tripdiolide in the ethyl acetate
xtract of TWHF using high-performance liquid chromatogra-
hy (HPLC) with ultraviolet (UV) detection, which was not
uitable for the determination of tripdiolide in the blood matri-
es owing to its lack of sensitivity and selectivity. With the
dvent of multiple-reaction monitoring (MRM) technique, tan-
em mass spectrometry (MS/MS) has played an important role
n the analyses of drugs in biological fluids because of its excel-
ent specificity, speed and sensitivity [10–18]. To the best of
ur knowledge, a LC–MS/MS method for the determination
f tripdiolide in biological fluids has not been reported. The
urpose of this study is to develop and validate a rapid, sensi-
ive and specific LC–MS/MS method by a negative atmospheric
ressure chemical ionization (APCI) in MRM mode using dex-
methasone acetate (Fig. 1) as an internal standard (I.S.) for the
etermination of tripdiolide in human whole blood.

. Experimental
.1. LC–MS/MS system

The LC–MS/MS system for development and validation was
n Agilent 1100 series LC/MSD Trap SL mass spectrometer
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Fig. 1. Chemical structures of tripdiolide (A) and dexamethasone acetate (B).

ystem (Agilent Technologies, Germany), consisting of a quater-
ary gradient pump (G1311A), a column thermostat (G1316A),
degasser unit (G1379A), an autosampler (G1313A), a diode

rray detector (G1315B) and an ion trap mass spectrometer with
n APCI interface. The LC–MS/MS system was controlled, and
ata were analyzed, on a computer equipped with LC/MSD
rap Software 4.2 (Bruker). All tubing used for connection was
EEK (polyetheretherketone) (0.25 mm ID, Agilent Technolo-
ies, Germany).

.2. Solvents and materials

Methanol (MeOH), acetonitrile (MeCN), acetic acid and
thyl acetate (Merck, Darmstadt, Germany) were HPLC grade.
ure water was supplied by a Milli-Q water purification system
rom Millipore (Molsheim, France). Tripdiolide (>98%) was
urified by our laboratory, which was identified by HPLC–MS
nd NMR, and quantified by HPLC-UV. Dexamethasone acetate
>99.5%) was purchased from the National Institute for the Con-
rol of Pharmaceutical and Biological Products (Beijing, China).
lank human whole blood was supplied by Ningbo Blood Center

Ningbo, Zhejiang, China). Samples A–E were collected from
ve volunteer patients who were treated in Ningbo Traditional
hinese Medical Hospital (Ningbo, Zhejiang, China) for the dis-
ase of rheumatoid arthritis, and had taken the tablets of TWHF
xtractions more than 2 days.

.3. Preparation of standard stock solutions

Tripdiolide standard and I.S. were accurately weighed, trans-
erred to volumetric flasks and dissolved in MeCN to make
ndividual stock solutions of 1.0 mg/mL. These solutions were
horoughly mixed and stored at 4 ◦C in tightly closed bottles
ntil use. Interim standard solutions of 10.0 �g/mL for trip-
iolide and I.S. were diluted from the stock solutions with
eCN. Working solutions of 0.5, 1.0, 2.0, 5.0, 15.0, 50.0 and

00.0 ng/mL for tripdiolide, wherein the I.S. concentrations
ere 100.0 ng/mL, were diluted from the interim standard solu-

ion with MeCN, which were used for spiking human whole
lood.

.4. Preparation of spiked human whole blood samples
The standard working solutions (200 �L) were taken to a
mL polypropylene centrifuge tube, and evaporated to dryness
nder a gentle stream of nitrogen. The residues were recon-

t
o
t
a
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tituted with 200 �L of blank human whole blood, which was
hawed to room temperature in advance, to give final trip-
iolide concentrations of 0.5, 1.0, 2.0, 5.0, 15.0, 50.0 and
00.0 ng/mL, wherein the I.S. concentrations were 100.0 ng/mL.
hese sequences of spiked human whole blood solutions were
onsidered as the matrix-matched calibration standards and three
oncentration levels of 2.0, 15.0 and 100.0 ng/mL of tripdiolide
n human whole blood were considered as quality control (QC)
amples.

.5. Preparation of sample

Human whole blood sample (200 �L) that had been thawed
o room temperature and 2.0 �L of the interim I.S. solution
10.0 �g/mL) were added into a 2 mL polypropylene centrifuge
ube before analysis, vortex-mixed by Vortex-Genie-2 (Scien-
ific Industries, USA) and extracted using 1.0 mL ethyl acetate
or 5 min. After centrifugation for 5 min at 7800 rpm, the upper
rganic layer was transferred to a disposable glass tube and
iquid–liquid extraction was repeated once. The organic layer
as combined in the disposable glass tube and evaporated

o dryness under a stream of nitrogen on a heating block at
0 ◦C. Prior to analysis, the residues were dissolved in 200 �L
obile phase. The tubes were immerged into a KQ 500DB

ltrasonic cleaning bath (Kunshan Ultrasonic, Jiangsu, China)
hich were contained 5 cm depth of water, and ultrasoni-

ated for 2 min to facilitate dissolution and centrifuged before
njection.

.6. LC–MS/MS analysis

The separation was performed on a Waters AccQ.Tag C18
olumn (150 mm × 3.9 mm ID, 5 �m particle size, Waters, Mil-
ord, MA, USA) protected by a Zorbax XDB-C18 guard column
12.5 mm × 4.6 mm ID, particle size 5 �m, Agilent Technolo-
ies, USA) using 0.05% acetic acid in water/MeCN/MeOH
60:30:10 v/v/v) as isocratic mobile phase at a constant flow
ate of 0.60 mL/min. The column was held at a constant temper-
ture of 35 ◦C and the injection volume was 20.0 �L. Detection
as carried out on an Agilent 1100 series LC/MSD Trap SL
ass spectrometer in the negative mode with a cycle time of
s, a corona current of 4.0 �A, a capillary voltage of 3.5 kV, a
apillary exit voltage of −135 V, a dry temperature of 325 ◦C,
vaporizer temperature of 425 ◦C, a high purity (99.999%)

ry nitrogen gas of 5.0 L/min, a nitrogen nebulizer pressure of
0.0 psi and a dwell time of 200 ms. The APCI interface and
ass spectrometer parameters were optimized by direct infu-

ion of the target compounds (1.0 mg/L) at 0.5 mL/h to obtain
aximum sensitivity. To determine the product ions of tripdi-

lide and I.S., both the deprotonated precursor ion [M − H]− at
/z 375 for tripdiolide and fragment ion 341 [M–F–C3H6O2]−

or I.S. were isolated, helium gas was introduced into the trap
o induce collision with analyte precursor ions. Throughout all

he measurements tripdiolide and I.S. were detected by MRM
f m/z 375 → 357 for tripdiolide, 341 → 179 for I.S., respec-
ively. Table 1 outlines the MRM parameters for tripdiolide
nd I.S.
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Table 1
The MRM parameters for tripdiolide and I.S.

Item Tripdiolide I.S.

Precursor ion (m/z) 375 341
Product ion for detection and quantification (m/z) 357 179
Additional ions for confirmation (m/z) 313, 229 161
Width (m/z) 2.0 2.0
Cutoff mass 98 93
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ollision induced dissociation (CID) (V) 1.65 1.40
etention time (min) 2.61 1.89

. Results and discussion

.1. Chromatographic separation

In order to speed up the analysis without compromising the
eliability of this method, we adopted the mobile phase wherein
he analytes have small capacity factors. Meanwhile, a high
elective MS/MS strategy was employed to ensure the speci-
city of detection. Recently, Shao [19] reported that triptolide,
homolog of tripdiolide, was separated by a mobile phase

omposed of acetonitrile/methanol/0.05% triethylamine aque-
us solution (30:50:20 v/v/v) at a flow rate of 0.75 mL/min on
orbax Extend-C18 analytical column (150 mm × 4.6 mm ID,
article size 5 �m, Agilent Technologies, USA) with APCI-MS
etection in the negative mode, and obtained a well separation
nd a good quantitative result. However, this method was not
referentially recommended in many laboratories owing to the
se of triethylamine that could contaminate the PEEK tubes
hen used for a long time and result in a persistent and strong
olecular ion peak m/z [M + H]+ 102 in the positive ESI mode,
hich not only increased the base line noise but also seriously
nterfered with the detection of the ion near m/z 102. Initially,
e found that tripdiolide and I.S. were completely separated
y water/MeCN (60:40 v/v) on Waters AccQ.Tag C18 column
150 mm × 3.9 mm ID, 5 �m particle size, Waters, Milford, MA,

u
a
a
F

ig. 2. Mass spectra by negative APCI mode for I.S (A) and tripdiolide (B), and MS/
ripdiolide (D). The diamond in this figure marked the precursor ion.
(2007) 582–586

SA). However, for a longer run time, a bad precision and
lower intensity of mass signal existed under APCI condi-

ions when monitoring the signal by MRM for the transition of
/z 375 → 357 for tripdiolide, m/z 341 → 179 for I.S., respec-

ively. Fortunately, when we added 10% (v/v) MeOH in the
obile phase, the intensity of the signal of tripdiolide or I.S.

ncreased about 100%, the run time decreased to 5 min, a well
eparation for tripdiolide and I.S. was obtained, and moreover,
he relative standard deviations (R.S.D.s) of the MRM peak
reas for both analyte and I.S. were significantly reduced and
he peaks become more symmetrical. These phenomena could
e considered that tripdiolide was more easily deprotonated
n water/MeCN/MeOH (60:30:10 v/v/v) than in water/MeCN
60:40 v/v). The low concentration of acetic acid (0.05%) could
mprove the stability of the transition of m/z 375 → 357 for
ripdiolide, and m/z 341 → 179 for I.S.

.2. MS/MS detection

Under APCI conditions, sensitivity of tripdiolide and I.S.
as favorable in negative-ion detection mode. Fig. 2(A) and

B) shows the full-scan MS negative ion spectra of I.S. and
ripdiolide, respectively. Thus, formed fragment precursor ion
t m/z 341 as the base peak for I.S. and deprotonated precur-
or ion [M − H]− at m/z 375 as major ion peak for tripdiolide.
ig. 2(C) and (D) shows the MS/MS spectra from ion trap
ID of the precursor ion at m/z 341 for I.S. and m/z 375

or tripdiolide. Tripdiolide produced a deprotonated precur-
or ion ([M − H]−) at m/z 375 with a major product ion at
/z 357 (loss of H2O from [M − H]−), and I.S. produced a

ragment precursor ion at m/z 341 [M–F–C3H6O2]− with a
ajor product ion at m/z 179 [C12H19O]−. The pseudomolec-
lar [M − H] of the I.S. is not stable in both acidic solution
nd water/MeCN/MeOH (60:30:10 v/v/v), therefore the relative
bundance of the [M − H]− peak is too small to be observed in
ig. 2A. The precursor ions and major product ions of tripdiolide

MS spectra from ion trap CID of the ion at m/z 341 for I.S (C) and m/z 375 for
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ig. 3. Typical MRM chromatograms of tripdiolide and I.S.: (A) blank human w
lood spiked with 10.0 ng/mL tripdiolide of a transition of m/z 375 → 357; (C) b
hole blood spiked with 100.0 ng/mL I.S. of a transition of m/z 341 → 179.

nd I.S. were monitored in the multiple-reaction mode. Fig. 3
hows the representative chromatograms of the blank human
hole blood and blank human whole blood spiked with tripdi-
lide (10.0 ng/mL) and I.S. (100.0 ng/mL). It can be seen that the
ean retention times for tripdiolide and I.S. under the optimal

onditions were 2.61 and 1.89 min, respectively, with an overall
hromatographic run time of 5 min. The selectivity for the anal-
sis is shown by symmetrical resolution of the peaks, with no
ignificant chromatographic interference around the retention
imes of the tripdiolide and I.S. in blank specimens.

.3. Specificity, selectivity and internal standard

To examine the effect of the human whole blood on ionization
fficiency, we compared the peak areas of tripdiolide and I.S. in
C samples of three concentration levels with those in standard

olutions that had been prepared in the same way as the QC sam-
les except that water replaced the blank human whole blood.
or tripdiolide the mean peak areas from the three QC samples
ad relative errors of −3.5%, when compared with that for these
tandard solutions. For the I.S., the relative error was −4.3%.
hese indicated that there were little endogenous substances to
ignificantly influence the ionization of tripdiolide and I.S.

In order to ensure the accuracy of the analytical method, an
nternal standard having similar ionization efficiency and sim-
lar polarity to the analyte is needed. Triptolide, a homolog of
ripdiolide, was firstly evaluated as the internal standard. How-
ver, it was not suitable for the intended purpose, since triptolide
s one of the metabolite of tripdiolide in vivo. Dexamethasone
cetate (Fig. 1), which has similar polarity to tripdiolide, was
hosen as an internal standard. However, dexamethasone acetate
s a hormone of synthetical compound, some similar structures

aybe exist in vivo which maybe interfere the analysis. Six

ifferent sources of human whole blood specimens were inves-
igated for interferences from endogenous compounds. Fig. 3
hows the typical MRM chromatogram of blank and spiked
uman whole blood for tripdiolide and I.S. It indicated that no

b
e
w
1

blood of a transition of m/z 375 → 357 for tripdiolide; (B) blank human whole
human whole blood of a transition of m/z 341 → 179 for I.S.; (D) blank human

atrix effects or interferences from endogenous substances were
etected.

.4. Method validation

Calibration curve for tripdiolide was obtained by a series of
piked human whole blood at the concentrations of 0.5, 1.0,
.0, 5.0, 15.0, 50.0 and 100.0 ng/mL, respectively, wherein the
.S. concentrations were 100.0 ng/mL. Three replicates of stan-
ards at each concentration were performed. Calibration curve
as constructed by using the ratio of area (Y, tripdiolide peak

rea to I.S. peak area) to the concentration (C, ng/mL) in human
hole blood. The typical equation of the calibration curve was
= 346.15Y − 0.38120. It was linear in the tested concentra-

ion range of 0.5–100.0 ng/mL with coefficient of determination
2 = 0.9973 and consistent slope (3.3%) and intercept values
2.9%).

The limit of quantification for tripdiolide was determined
sing a blank human whole blood sample spiked at low of
.0 ng/mL standard solutions, extraction with ethyl acetate,
etection in MRM mode for 10 replicates and evaluation by
he criterion that the signal to noise ratio (S/N) should be >10,
or quantification purposes. The limit of quantification was
.5 ng/mL for tripdiolide in the whole human blood.

The intra-day precision was evaluated by performing
ve replicates of three spiked QC samples (2.0, 15.0 and
00.0 ng/mL) including extraction procedures. The inter-day
recision was evaluated by performing five replicates of the three
piked QC samples on each of five different days within a 7-day
eriod. The intra-day precision (R.S.D.) on the basis of peak
rea was less than 7.0% and the inter-day precision (R.S.D.) on
he basis of peak area was less than 10.1%, as shown in Table 2.

The extraction recoveries of tripdiolide were determined

y comparing the peak area of tripdiolide at three QC lev-
ls in the human whole blood samples that had been spiked
ith tripdiolide at three different concentrations (2.0, 15.0 and
00.0 ng/mL) before and after extraction. The intra- and inter-
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Table 2
The recovery and precision of the method for spiked blank whole blood samples

Compound Added (ng/mL) Intra-day Inter-day

Found (ng/mL)a Recovery (%) R.S.D. (%) Found (ng/mL)b Recovery (%) R.S.D. (%)

Tripdiolide
2.0 1.68 ± 0.10 84.0 6.0 1.61 ± 0.14 80.5 8.7

15.0 13.01 ± 0.91 86.7 7.0 13.52 ± 1.36 90.1 10.1
100.0 82.13 ± 3.89 82.1

a Determined in 1 day, n = 5, expressed as mean ± S.D.
b n = 5 replicates × 5 days within a 7-day period, expressed as mean ± S.D.

Table 3
Assessment of stability in spiked blank whole blood for tripdiolide (n = 3)

Condition Concentration changea

2.0 ng/mL 15.0 ng/mL 100.0 ng/mL

Freeze–thaw stability (−20 ◦C)
Cycle 1 97.1 95.7 96.1
Cycle 2 97.3 92.9 93.9
Cycle 3 96.8 93.4 92.5

Short-term stability (room temperature 25 ◦C)
Time = 0.5 h 98.2 99.1 96.3
Time = 2.0 h 97.2 96.7 97.5
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Time = 12.0 h 98.7 97.5 97.8
Time = 48.0 h 96.2 92.4 94.7

a Expressed as the mean concentration change percentage from time zero.

ay recoveries were 82.1–86.7% and 80.5–90.1%, respectively,
s shown in Table 2.

.5. Stability

The stability of tripdiolide was assessed using the QC samples
f three different concentrations (2.0, 15.0 and 100.0 ng/mL) at
wo circumstances, ambient stability and freeze/thaw stability.
he ambient stability was assessed by leaving the QC samples
t room temperature (25 ◦C) in autosampler vials for up to 48 h.
he freeze/thaw stability was assessed over three cycles thawed
t room temperature and refrozen at −20 ◦C. Three replicates
ere performed at every condition. Table 3 shows the assessment
f stability in the human whole blood under several conditions.
t can be seen that tripdiolide in human whole blood was stable
or up to 48 h at 25 ◦C with the maximal loss of 7.6% and that
t was also stable over at least three freeze/thaw cycles with no
ignificant loss (<7.5%).

.6. Application to the real samples

Samples A–E were analyzed by above established method of
C-APCI/MS/MS. The results indicated that the concentrations
f tripdiolide in human whole blood were 1.7–25.9 ng/mL, and
here were little interferences for the determination of tripdiolide

n the real whole blood samples. The significant difference of the
ripdiolide concentration in blood from the five patients comes
ut of taking various dosages of TWHF tablets owing to their
ifferent states of illness. The male patient who took the maximal

[
[
[

4.7 86.22 ± 7.16 86.2 8.3

osage has the highest concentration of 25.9 ng/mL in the whole
lood, and the female patient who took the minimal dosage has
he lowest concentration of 1.7 ng/mL in the whole blood.

. Conclusions

In this paper, a highly sensitive and selective method for the
uantification of tripdiolide in human whole blood was devel-
ped and validated by high-performance liquid chromatographic
eparation with tandem mass spectrometric detection. The new
ssay required only small sample amount and simple extraction
ithout additional clean-up procedures. The described method
ffers high sensitivity with a lower limit of quantification of
.5 ng/mL, wide linearity, and specificity without interferences
rom endogenous substances, therefore it could be applied in
linical and toxicological investigations.
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bstract

The volatile composition of aniseed-flavoured spirit drinks was studied by headspace solid-phase microextraction (HS-SPME) coupled with
as chromatography–mass spectrometry (GC–MS). The influence of the time, temperature, volume of sample and ionic strength on the extraction
ere considered. Several aniseed-flavoured spirit drinks, such as pastis, sambuca, anis and raki were analyzed. The major compounds found were

rans-anethole (41.22–98%), cis-anethole (0.77–18.65%) and estragole (0.1–17.96%). �-Himachalene (0–28.07%) and �-himachalene (0–4.8%)

ere also present in anis and raki beverages. The compounds determined were used as chemical descriptors to differentiate the four types of
everages considered. Principal component analysis (PCA), linear discriminant analysis (LDA) and artificial neural networks (ANN) were used
s chemometric tools for characterization purposes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Aniseed-flavoured spirit drinks are produced by flavouring
nd distilling ethyl alcohol of agricultural origin with natu-
al extracts of star anise (Illicium verum), anise (Pimpinella
nisum), fennel (Foeniculum vulgare), or any other plant which
ontains the same principal aromatic constituent [1]. The main
avouring constituent is anethole, but other components like
stragole, �- and �-himachalene and terpene hydrocarbons [2–5]
re also present. Aniseed-flavoured spirit drinks are produced in
everal countries like France, Greece, Italy, Spain and Turkey,
ith different names such as pastis, ouzo, sambuca, anis and
aki, respectively.
The analysis of the volatile compounds in alcoholic bever-

ges is usually carried out by gas chromatography (GC) though

∗ Corresponding author. Tel.: +34 95 4557173; fax: +34 95 4557168.
E-mail address: fpablos@us.es (F. Pablos).
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xtraction; Gas chromatography–mass spectrometry; Chemometrics; Principal

equires enrichment as a basis for identification and quan-
ification. Thus, liquid–liquid extraction, static and dynamic
eadspace (HS) and solid-phase extraction have been commonly
sed for the analysis of spirits [6–11]. Solid-phase microex-
raction (SPME) is an alternative to these techniques that is
asy to use, provides high sensitivity, good reproducibility and
ow cost. This technique eliminates use of organic solvents and
ubstantially shortens the time of analysis. [12,13]. It has been
uccessfully applied in studies for the characterization of wines
nd spirits [8,14–21].

The characterization of samples, using their chemical com-
osition as input data, is of great interest for the identification
f the geographical origin and authenticity of food products.
ssessment of food samples origin has been mostly conducted

hrough multivariate analysis in combination with pattern recog-

ition techniques [22–24]. Multivariate analysis methods for
ata visualization, dimensionality reduction and sample classi-
cation include principal component analysis (PCA) and linear
iscriminant analysis (LDA), respectively. Artificial neural net-
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orks (ANN) are also powerful tools, especially when other
tatistical techniques are not able to predict complicated phe-
omena [25].

In this work, a HS-SPME/GC–MS method is used to deter-
ine the volatile components of aniseed-flavoured spirit drinks.
hese components have been used as input variables to apply
attern recognition techniques to differentiate several types of
hese beverages.

. Experimental

.1. Reagents and materials

All reagents were analytical grade unless specified other-
ise. Water was purified with a Milli-Q plus system (Millipore,
edford, USA).

Ethanol and sodium chloride were supplied from Panreac
Barcelona, Spain). Menthol (Merck, Darmstadt, Germany) was
sed as internal standard. A standard solution of 1000 mg L−1

as prepared in ethanol.
A manual fiber holder for SPME was purchased form

upelco (Bellefonte, PA, USA). Four types of fibers were used:
00 �m polydimethylsiloxane (PDMS), 65 �m polydimethyl-
iloxane–divinylbenzene (PDMS/DVB), 75 �m carboxen–poly-
imethylsiloxane (CAR/PDMS) and 50 �m divinylbenzene–
arboxen–polydimethylsiloxane (DVB/CAR/PDMS). These
bers were obtained from the same manufacturer and were
onditioned under their specifications before use.

Samples (N = 76) were obtained from local stores, belonging
o four different types of aniseed-flavoured spirit drinks: anis
N = 46), pastis (N = 12), sambuca (N = 6) and raki (N = 12). All
amples were contained in glass bottles and stored at 4 ◦C until
nalysis.

.2. HS-SPME procedure

The influence of the variables, extraction temperature and
ime, volume of sample and salt concentration, was studied using
central composite experimental design. The extraction temper-
ture was varied from 25 to 45 ◦C, the extraction time between
0 and 50 min, the amount of NaCl from 0 to 0.5 g and the vol-
me of sample percentage from 10% to 90%, for a total volume
f 10 mL. Each variable had five levels and the experiments were
ivided in three blocks. A central point at 35 ◦C, 30 min, 60%
f sample volume and, 0.3 g of NaCl was done by duplicate in
ach of the three blocks considered. The HS-SPME conditions
ere established according to the results obtained in this study.
hen, each sample was prepared taking a volume of 6 mL of
niseed drink, 0.18 g of NaCl and 1 mL of menthol solution into
10-mL standard flask, adding water till the mark. The content
f the standard flask was transferred to a 20-mL vial containing
magnetic stirring bar. The vial was hermetically sealed with
TFE faced silicone septum and placed in a thermostated block

t 34 ◦C on a magnetic stirrer (Agimatic-N, Selecta, Spain). The
AR/PDMS fiber was exposed to the headspace of the sample

or 35 min. During this time, the sample was stirred at a con-
tant speed of 300 rpm. After sampling, the fiber was removed

p
d
v
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rom the sample vial and inserted into the injection port of the
C, where thermal desorption of the analytes was carried out

t 270 ◦C during 2 min. Quantitative analysis was performed by
sing the internal normalization method.

.3. Apparatus

Chromatographic analysis was performed using an Agilent
890 gas chromatograph interfaced to an Agilent 5973 Net-
ork mass spectrometer (Agilent Technologies, Little Falls, DE,
SA). A capillary column ZB-5 (30 m × 0.25 mm i.d.; 0.25 �m
lm thickness) from Phenomenex (Jasco, Madrid, Spain) was
sed. Oven temperature program started at 40 ◦C, heated at
◦C/min up to 150 ◦C and held for 5 min. Helium (purity
9.999%) was used as carrier gas at a flow rate of 1 mL min−1.

split ratio 10:1 was fitted. The injection was made in split-
ess mode for 2 min using a 0.75 mm liner at a temperature of
70 ◦C, a SPME inlet guide and pre-drilled Thermogreen LB-2
epta from Supelco (Bellefonte, PA, USA).

Transfer line temperature was 270 ◦C. All mass spectra were
cquired in electron impact mode (EI) at 70 eV using full scan
ith a scan range of 50–400 amu at a rate of 2.5 scans/s. Data

cquisition and integration were carried out with the ChemSta-
ion chromatography software. The identification of the peaks
as achieved through mass spectrometry by comparing mass

pectra of the unknown peaks with those stored in the Wiley
C–MS library.

.4. Multivariate analysis

The ratio of the analyte area/internal standard area of the
ompounds was used as input data. A data matrix whose rows
re the cases and columns the variables was prepared and used
n the chemometric calculations. Statistica 7.0 software package
StatSoft Inc., 2004) was used for the statistical data analysis.

. Results and discussion

.1. Optimization of HS-SPME conditions

To develop a suitable HS-SPME method optimization of sev-
ral variables such as SPME fiber selection, extraction time
nd temperature, volume of sample and salt concentration is
equired. SPME is a process which depends on the equilibrium
rocess involving partitioning of the analytes from the sample
nto the stationary phase. The type of coating was the first vari-
ble considered. Four different coatings were compared, 100 �m
DMS, 65 �m PDMS/DVB, 75 �m CAR/PDMS and 50 �m
VB/CAR/PDMS. All extractions were carried out using an

xtraction time of 30 min at 30 ◦C. Higher recoveries and abun-
ances for most of the target compounds were obtained with
he fiber CAR/PDMS. The fiber maintained its performance for
100 extractions with between-day precision below 10%.
To optimize extraction time and temperature, volume of sam-
le and salt concentration a central composite experimental
esign was carried out. Values and intervals of the considered
ariables were included in Section 2.2. Response obtained for
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rans- and cis-anethole, estragole, �- and �-himachalene was
onsidered. Taking into account the ANOVA results obtained
rom the experimental design, the influence of the variables
n the response for trans-, cis-anethole and estragole was not
ignificant. In the case of �- and �-himachalene a significant
nfluence of the variables was observed and maximum responses
ere obtained at 35 min, 34 ◦C, 60% of volume of sample and
.18 g of NaCl. Consequently, these were the selected extraction
onditions.

.2. Analysis of volatile composition of aniseed-flavoured
pirit drinks

Quantitation of the compounds present in the volatile frac-
ion of the aniseed drinks was performed on the basis of their
eak areas. All samples were analyzed three times. The ranges
f percentages of the compounds in each type of aniseed drink
re included in Table 1. Chromatograms of samples of pastis,
ambuca, raki and anis are depicted in Fig. 1. More than 40
ompounds were detected including propenyphenols, monoter-
enes, sesquiterpenes and hydrocarbons. Propenylphenols like

rans-anethole (41.22–98%), cis-anethole (0.77–18.65%) and
stragole (0.10–17.96%) were the main components. Monoter-
enes and sesquiterpenes like �- and �-pinene, limonene,
-bisabolene, zingiberene, �-, �- and �-himachalene were also

t
�
c
a

ig. 1. Chromatograms corresponding to (a) anis, (b) pastis, (c) sambuca and (d) ra
-pinene; (3) n-decane; (4) p-cymene; (5) limonene; (6) �-terpinene; (7) p-vinylanisol
is-anethole; (13) p-anisaldehyde; (14) trans-anethole; (15) �-elemene; (16) �-longip
21) �-bourbonene; (22) �-elemene; (23) (E)-5-tetradecene; (24) tetradecane; (25) (E
-himachalene; (29) �-humulene; (30) trans-�-farnesene; (31) �-himachalene; (32
-himachalene; (37) �-bisabolene; (38) �-cadinene; (39) (Z)-3-hexadecene; (40) (Z)-
72 (2007) 506–511

etected. �- and �-himachalene were present in anis and raki
amples and traces of �-himachalene and p-anisaldehyde were
etected in pastis.

Taking into account these results, differences in the composi-
ion of the volatile fraction of the aniseed-flavoured spirit drinks
ypes can be assumed, and the detected compounds were used
hemical descriptors to characterize the samples.

.3. Characterisation of aniseed-flavoured spirit drinks

PCA-based display methods allow a detailed study of the
ata trends. The three first PCs were calculated explaining up to
2.6% of the total variance. PC1 explains 39.2%, PC2 accounts
or 24.8% and PC3 for 8.6%. Fig. 2 shows the scores plot of
he samples in the three-dimensional space constructed with the
hree first PC. As can be seen, pastis, anis and raki samples
ppear almost grouped, and no clear separation can be observed.
therwise, sambuca samples are grouped at the negative scores
f PC1. Considering the factor loadings of the variables the
ost contributing ones were decane, limonene, �-terpinene,

-vinylanisole, dodecane, anisylacetone, (E)-5-tetradecene, n-

etradecane, (EXO)-�-bergamotene, �-caryophyllene, (ENDO)-
-bergamotene, �-humulene, ledene, bicyclogermacrene, �-
adinene, Z-3-hexadecene, Z-7-hexadecene, hexadecane, trans-
nethole, �-elemene, �-longipinene, �-ylangene, �-elemene,

ki samples. See chromatographic conditions in Section 2.2. (1) �-Pinene; (2)
e; (8) (Z)-2-dodecene; (9) estragole; (10) dodecane; (11) p-n-propilanisole; (12)
inene; (17) �-ylangene; (18) �-copaene; (19) �-cubebene; (20) anisylacetone;

XO)-�-bergamotene; (26) �-caryophyllene; (27) (ENDO)-�-bergamotene; (28)
) Ar-curcumene; (33) ledene; (34) bicyclogermacrene; (35) zingiberene; (36)
7-hexadecene; (41) hexadecane.
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Table 1
Composition (%) of volatile fraction of aniseed-flavoured spirit drinks

Peak numbera Compound Retention indexb Samples

Anis Pastis Sambuca Raki

1 �-Pinene 769 0.00–0.26 – – –
2 �-Pinene 888 0.00–0.15 – – –
3 n-Decane 1000 – – 0.94–1.44 –
4 p-Cymene 1033 t – – t
5 Limonene 1040 0.00–0.39 – 0.30–0.66 t
6 �-Terpinene 1074 – – 0.22–0.38 –
7 p-Vinylanisole 1160 – 0.00–0.27 0.18–0.23 –
8 (Z)-2-Dodecene 1194 – 0.00–0.36 0.36–0.51 0.00–0.48
9 Estragole 1198 0.27–17.96 0.10–1.37 1.54–2.01 0.97–8.34

10 Dodecane 1200 – – 3.96–6.86 t
11 p-n-Propilanisole 1209 0.00–0.82 – – –
12 cis-Anethole 1312 1.68–18.65 0.77–10.36 6.57–10.12 7.50–11.39
13 p-Anisaldehyde 1322 – 0.28–8.86 – –
14 trans-Anethole 1343 41.22–98.00 79.22–97.52 66.16–73.02 56.78–89.95
15 �-Elemene 1363 0.00–2.65 0.00–0.16 – 0.00–0.84
16 �-Longipinene 1371 0.00–1.08 – – t
17 �-Ylangene 1382 0.00–1.41 – – 0.00–0.44
18 �-Copaene 1386 0.00–0.54 – 0.50–0.68 –
19 �-Cubebene 1387 – 0.00–0.11 – –
20 Anisylacetone 1390 – 0.08–0.41 0.17–0.56 –
21 �-Bourbonene 1390 – – – 0.00–0.11
22 �-Elemene 1393 0.00–1.16 0.00–0.18 0.00–0.13 0.00–0.26
23 (E)-5-Tetradecene 1396 – 0.00–0.66 0.50–0.98 0.00–0.85
24 Tetradecane 1400 – t 0.46–1.29 0.06–0.30
25 (EXO)-�-Bergamotene 1413 t 0.00–0.54 0.56–0.73 –
26 �-Caryophyllene 1418 t 0.00–2.97 2.08–2.77 –
27 (ENDO)-�-Bergamotene 1435 0.00–1.17 0.00–2.09 2.83–3.81 –
28 �-Himachalene 1450 0.00–4.80 – – 0.00–1.88
29 �-Humulene 1456 – 0.00–0.37 0.38–0.50 –
30 trans-�-Farnesene 1460 0.00–1.68 0.00–0.30 0.23–0.31 0.00–0.34
31 �-Himachalene 1482 0.00–28.07 t – 0.00–18.25
32 Ar-Curcumene 1486 0.00–2.02 – – –
33 Ledene 1493 – – 0.26–0.32 –
34 Bicyclogermacrene 1498 – – 0.11–0.15 –
35 Zingiberene 1501 0.00–11.09 – – 0.00–0.63
36 �-Himachalene 1504 0.00–2.52 – – 0.00–1.32
37 �-Bisabolene 1515 0.00–2.46 – 0.19–0.24 0.00–0.49
38 �-Cadinene 1525 t – 0.27–0.34 t
39 (Z)-3-Hexadecene 1563 – t 0.12–0.26 0.00–0.24
40 (Z)-7-Hexadecene 1595 – 0.00–0.36 0.26–0.41 0.00–0.59
41 Hexadecane 1600 – – 0.44–0.87 –

t, traces (<0.06%).
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a See chromatograms of Fig. 1. For experimental conditions see Section 2.
b Relative to C7–C16 n-alkanes determined using ZB-5 capillary column.

-himachalene, trans-�-farnesene, �-himachalene, zingiberene,
-himachalene, �-bisabolene, �-cubebene, �-pinene, �-pinene,
-bourbonene.

Considering that highly correlated variables provide sim-
lar information a Pearson correlation study was carried
ut to find out variables that were strongly correlated.
rom this study, the variables limonene, anisylacetone,
E)-5-tetradecene, n-tetradecane, (ENDO)-�-bergamotene, �-
adinene, trans-anethole, trans-�-farnesene, �-himachalene,

-pinene, �-cubebene and �-bourbonene were considered as

he most significant ones.
In order to obtain suitable classification rules forward LDA

as carried out by using the above mentioned variables. Three

a
9
t
�

iscriminant functions (DF) were obtained. Fig. 3 shows the dis-
ribution of the samples in the plane generated by the two first
F. As can be seen, a good separation of sambuca class was

chieved. For pastis, raki and anis classes some tendencies can
e seen, though there is not a clear separation. The recognition
bility, according to the a posteriori probabilities was of 100%
or sambuca and anis, 83.3% for pastis and 91.7% for raki. The
eave one out method [26] was used as cross-validation proce-
ure to evaluate the classification performance. The prediction

bility of the constructed model was 100% for sambuca and anis,
1.7% for raki and 83.3% for pastis. According to LDA results
he most discriminant variables were �-cadinene, anisylacetone,
-bourbonene, E-5-tetradedecene, �-cubebene, n-tetradecane,



510 J.M. Jurado et al. / Talanta

F
s

l
a

p
s
e
p
t
s
r
w
o
i
0

F
fi

a
t
e
t
c

4

t
w
c
a
s
n
t
s
c
m
o

R
ig. 2. Scores plot of the aniseed-flavoured spirit drinks in the three-dimensional
pace of the firsts PCs: (P) pastis; (S) sambuca; (R) raki; (A) anis.

imonene, (ENDO)-�-bergamotene, �-himachalene and trans-
nethole.

Considering that the linear model did not provide a com-
lete solution to the classification problem, non-linear approach
uch as ANN was used. Using the most discriminant variables
xtracted from LDA as inputs and the class of each case as out-
ut, a multilayer perceptron ANN (MLP) [27] was used to solve
he classification problem. The data set was divided in three sub-
ets, training (N = 38), verification (N = 19) and test (N = 19) sets,
espectively. A three layer MLP was applied. The architecture

as 10 neurons in the input layer, 13 in the hidden and four in the
utput one. The network was trained by back propagation dur-
ng 1000 epochs with a learning rate and momentum of 0.16 and
.52, respectively. The classification procedure was validated by

ig. 3. Scatter plot of the aniseed-flavoured spirit drinks in the plane of the two
rst discriminant functions.
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pplying the sensitivity and specificity parameters [28,29] to the
est set. Both parameters were 100% indicating that MLP mod-
ls the class distribution better than LDA. The possible cause of
his behaviour can be the intrinsically non-linear nature of the
lass distribution.

. Conclusions

HS-SPME/GC–MS has been used to analyze the volatile frac-
ion of aniseed-flavoured spirit drinks. CAR/PDMS SPME fiber
as used and the extraction conditions were optimized using a

entral composite experimental design. Pastis, sambuca, raki and
nis samples were analyzed. Propenylphenols, monoterpenes,
esquiterpenes and hydrocarbons were present. Propenylphe-
ols such as trans-anethole, cis-anethole and estragole were
he main components. Other components like monoterpenes,
esquiterpenes and hydrocarbons were also present. Using a
hemometric approach, the volatile fraction provides a suitable
ethod to differentiate aniseed beverages, the best results being

btained with MLP.
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bstract

A size selective approach to improving selectivity in semiconducting metal oxides (SMO) sensors was obtained by tailoring the architecture of
O3 powders. The key for achieving high selectivity is based on using a dual sensor configuration where the response on a porous WO3 powder
ensor was compared to the response on a nonporous WO3 powder sensor. Detection selectivity between methanol and dimethyl methylphosphonate
DMMP) is obtained because the access of a gas molecule in the interior pore structure of WO3 is size dependent leading to a size dependant
agnitude change in the conductivity of SMO sensor.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Although semiconducting metal oxide (SMO) based sensors
ave demonstrated high sensitivity in detecting low levels of
aseous compounds, they suffer from lack of detection selectiv-
ty. Poor detection selectivity can be traced to the fact that there is
ery little information content in the sensor response other than
n increase in conductivity occurs when a gas molecule is oxi-
ized and a corresponding decrease occurs when a gas molecule
s reduced. This leads to unacceptably high false alarm rates and
his is the biggest technical hurdle preventing the widespread use
f this technology. The current approaches to improve selec-
ivity in SMO sensing involve a combination of filtration [1],
oncentration [2], and array based detection [3,4].

Use of prefilters/concentrators tackles the problem by reduc-
ng the number of components in the gas stream impinging on
he SMO detector element. Materials such as inorganic mem-

ranes, zeolites, and other adsorbents are used to selectively
reconcentrate and prefilter interferent molecules from the gas
tream. For example, we have recently shown that silica based

∗ Corresponding author. Tel.: +971 6 515 2409; fax: +971 6 515 2450.
E-mail address: skanan@aus.edu (S.M. Kanan).
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aterial can be used to selectively adsorb organophosphonates
rom a gas stream [5,6]. Work by others has shown that silicalite
A-zeolite) can be used for size and polarity based separation of
soprene and NO2 from NO [1].

An array-based approach increases the information content
f the response signal because each element of the array pro-
uces a different response characteristic to the gas matrix. In
his case, a bank of sensors is used in which each sensor ele-

ent produces a different response to the various components
f the gas stream. Variables such as metal oxide composition and
orphology, impregnation with metal catalysts and operational

emperature are a few approaches that are under investigation
o achieve distinguishable sensor array elements [7–12]. Neural
etwork methodologies are then used to process the complex
esponse signal.

The threat of terrorism has increased the need for nerve agent
etection systems and this application requires stringent toler-
nces in detection selectivity as high false alarm rates are not
olerated. As a result, this has prompted several studies aimed
t obtaining a basic understanding of the fundamental chemi-

al reactions occurring between organophosphonate compounds
nd metal oxide surfaces [13–23]. For obvious safety reasons,
esearch on nerve agent detection in academia is accomplished
ith benign analogues. The choice of the simulant depends on
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he particular nerve agent characteristic to be mimicked, and by
ar, the most common molecule used as a simulant is dimethyl
ethyl phosphonate (DMMP).
On most oxides such as Al2O3, [13,24–26] TiO2, [26–29]

O3, [26,27] La2O3, [13] MgO, [13,14,16,26,30,31] Fe2O3,
13,23,32,33] and Ag2O, [19] DMMP adsorbs through the P O
unctionality and decomposes via elimination of the methoxy
roups at elevated temperatures producing a stable methyl phos-
honate (phosphate in the case of Fe2O3) on the surface. This is
n contrast to the adsorption behavior on silica, where DMMP
dsorbs via a hydrogen bond between the methoxy modes and
he surface SiOH groups with subsequent evacuation at ele-
ated temperature resulting in the complete desorption of intact
MMP molecules from the surface [5,6] (Scheme 1).
The decomposition of DMMP on a WO3 based SMO sen-

or liberates methanol in the process, and it is the subsequent
xidation of methanol to formaldehyde that leads to a change
n conductivity [30]. Since the mechanism of signal genera-
ion for DMMP and methanol are the same (i.e., oxidation of

ethanol) developing a method that can distinguish between
MMP and methanol has been a critical goal and benchmark

or demonstrating detection selectivity for toxic nerve agents by
his technology.

In this article, we demonstrate an approach to achieving
etection selectivity in SMO sensors that occurs by tailoring
he architecture of WO3 powders. Detection selectivity between
ethanol and DMMP is obtained because the access of a gas
olecule in the interior pore structure of the WO3 is size

ependent leading to a size dependent magnitude change in con-
uctivity of the SMO sensor. In essence, use of the porous WO3
ncorporates a filtering approach directly into the sensor element
tself. Specifically, gas pulses of various alcohols and DMMP
re exposed to side-by-side sensors fabricated with a porous
nd nonporous WO3 powders mounted on the same platform.
y ratioing the change in conductivity measured on the porous
O3 sensor to that obtained on the nonporous WO3 counterpart,

unique signal is obtained based on the size of the molecule.
omplementary IR spectroscopic studies show that the differ-
nce in conductivity is primarily due to the amount adsorbed on
ach material and not to differences in reaction chemistry.

Scheme 1.
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. Experimental

.1. Materials

DMMP, methanol, ethanol, isopropanol, tert-butanol, hex-
nol (HPLC grades) and N-cetyl trimethyl ammonium bromide
CTAB) were purchased from Alrdrich Chemical Company and
ere used without any further purification.

.2. Synthesis of porous and noporous WO3 powders

Tungstic acid (H2WO4) was prepared by passing Na2WO4
hrough an ion exchange resin. A 35.0 g sample of the resin
DOWEX 50X2-200) was loosely packed into a standard
0.0 mL burette and repeatedly washed with deionzed water
ntil the effluent was neutral to pH paper. Then 25.0 mL of a
5% Na2WO4 solution in distilled water was passed through
he ion exchange column at a rate of about 0.3 mL/min. A
0 mL aliquot of the effluent was collected when the pH
f effluent dropped below 4. The freshly eluted solution of
2WO4 was immediately added to the solutions described
elow.

The nonporous sample (sample A) was prepared by emul-
ion polymerization and the procedure is described in detail
lsewhere [34] whereas, the two porous samples were prepared
sing two different protocols (labeled as samples B and C) as pre-
iously reported [35,36]. In brief the nonporous sample (sample
) was prepared by stirring a solution of Span 60 (a nonionic sur-

actant) and toluene at 1000–1600 rpm and the exiting tungstic
cid was added at a rate of 0.5 mL/min. The solution was stirred
or 5 min after adding the necessary amount of tungstic acid.
he final solution was stirred at 300 rpm for 72 h until a sin-
le cloudy phase suspension was observed. The surfactant was
emoved during the calcinations process at 500 ◦C for 6 h. Sam-
le B was prepared by adding the H2WO4 effluent to an aqueous
TAB solution. In brief, 0.6 g of CTAB was dissolved in 5.0 mL
f deionized water and stirred with mechanical stirrer at 800 rpm
ntil the solution was homogeneous and clear. Then, 2.0 mL of
H4OH (32 wt%) was added to the CTAB solution and the solu-

ion was stirred for an additional 5 min. A 25.0 mL sample of
freshly eluted solution of H2WO4 was then added to CTAB

olution; the solution was stirred for 24 h and then allowed to
ontinue the sol–gel polymerization process at ambient temper-
ture for an additional 48 h. The resulting yellow powder was
ltered, then washed sequentially with ethanol and deionized
ater. The powder was then calcinated at 500 ◦C for 5 h. The

emperature was raised at 1 ◦C/min to 500 ◦C and was decreased
t a rate of 20 ◦C/min.

Sample C was prepared by mixing 4.4 mmol CTAB in
.0 mL distilled water with 33.0 mL of technical grade ethanol
0.58 mol) and 8.5 mL of aqueous NH4OH (29.2 wt%, 0.14 mol).
he solution was stirred for 10 min and then 25 mL of eluted
2WO4 solution was added. The mixture was stirred for 24 h and
hen left undisturbed at room temperature for an additional 48 h.
he precipitate that formed was filtered, washed with ethanol
nd then with deionized water and the calcination protocol was
he same as used in generating sample B. The surface areas for
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is in an opposite direction to our goal. The intent is to detect the
larger DMMP or nerve agents whereas methanol is an interfer-
ent giving rise to false alarms. While methanol would penetrate
inside 3–5.5 Å pores, the larger DMMP (5.71 Å diameter) would
S.M. Kanan et al. / Ta

he three WO3 samples (A–C) were determined to be 22, 120,
nd 150 m2/g, respectively.

.3. Fabrication of sensor platforms

Sensor platforms were prepared using photolithographic lift-
ff techniques [37]. The sensor platform, a 6 mm square device,
s composed of an interdigitated electrode pattern composed
f 300 nm of platinum on 20 nm of zirconium as an adhesion
ayer. The substrate is R-cut sapphire. The reverse side contains
serpentine heater and a resistance temperature device (RTD)
f the same material as the electrode.

A suspension of WO3 powders (25 mg) in 1 mL of deion-
zed water was prepared and sonicated for 30 min. A drop of the
uspension was placed on the sensor platform to cover the elec-
rodes and dried in a nitrogen environment. WO3 powder films
roduced with this simple deposition procedure were remark-
bly robust, stable, and routinely generating sensor data over
onths of operation at temperatures above 300 ◦C. Further-
ore, the powder based sensors showed good sample-to-sample

eproducibility as the response signal was insensitive to varia-
ions in powder film thickness. Above a minimum threshold
hickness, the rapidity and magnitude of the sensors response
o target gas pulse showed little, if any, thickness dependence.
oth the nano-sized nonporous and porous powder sensor show
ery fast response to a gas pulse because the migration of
ulk lattice oxygen to the surface is dictated by particle size
or wall thickness in porous materials) and not the thickness
f the powder layer deposited on the sensor platform. Below
minimum thickness the devices usually failed because the

lms were not contiguous with large cracks appearing lead-
ng to an equivalent electrical open circuit. It is also noted
hat the powder-based sensors have been shown to be equal
n sensitivity with thin film based sensors. Therefore, any
mprovement in selectivity obtained by using the porous WO3
owder sensors would occur without a sacrifice in sensitiv-
ty.

The RTD of each sensor was then calibrated at various tem-
eratures up to 400 ◦C. The response of the film was measured
t the same time. After RTD calibration, the sensors were then
laced in a test chamber and heated using a Watlow temperature
ontroller.

Once bonded into a header package, the sensors were placed
n a stainless steel test chamber where four sensors can be tested
imultaneously to the same gas pulse. The entire test system is
omposed of eight Tylan General mass flow controllers, each
ixed and plumbed into one inlet for the test chamber. The

perating temperature was fixed at 360 ◦C and target gas flow
ate was 100 sccm. The test protocol for each compound consists
f first flowing zero air (hydrocarbon removed) for 20 min to
stablish a baseline. Second, the target gas is switched on for 5
in, followed by a 2-min purge of the target gas line. Third, the

ystem flows zero air over the sensors for either 20 or 40 min to

gain establish a baseline. The input line was then switched to
he next target gas.

Methanol was supplied at 30 psig from a premixed bottle with
ero air. For all other gases, the input line was placed above the
72 (2007) 401–407 403

iquid level in a bottle containing the alcohol or DMMP. The
ottle was then sealed with the gas line inside.

The sensors were tested against a series of random pulses of
he five alcohols and DMMP with a minimum of three separate
ulses per alcohol (at least 15 random alcohol pulses in total).
he alcohol pulses were performed before DMMP because the
lcohols do not poison the sensor enabling repeated measure-
ents. The last gas pulse was reserved for DMMP as this led

o poisoning of the sensor (by forming stable methylphosphate
n the surface of the sensor), and thus ending its usefulness for
urther testing.

.4. Instrumentation

N2 adsorption–desorption isotherms were measured with
icromeritics Gemini 2360 instrument equipped with a
icromeritics Flowprep 060 degasses attachment. Surface

reas, pore volumes and pore size distributions were calculated
rom the N2 adsorption data.

FTIR spectra were recorded on a Bomem MB-Series spec-
rometer with a liquid N2 cooled mercury cadmium telluride
MCT) detector. Typically 200 scans were co-added at a reso-
ution of 4 cm−1. Spectra were recorded in transmission using
thin film technique [38]. In brief, a thin film of WO3 powder
as spread on a 1.0 inch in diameter KBr disc (referred to as a
O3 film) and the reference spectrum was recorded through the
O3 thin film. The WO3 film was evacuated and then exposed

o an excess amount of DMMP and/or alcohol vapors for 5 min
ollowed by evacuation at room temperature. All spectra were
ecorded at ambient temperature.

. Results and discussion

The space filling models of DMMP and methanol depicted in
cheme 2 shows that the largest diameter of DMMP is about 5.71
nd 2.8 Å for methanol. Thus, obtaining size selectivity in detec-
ion between methanol and DMMP, would require a microporous

aterial with pores larger than 2.8 Å and less than 5.71 Å. At first
lance, the use of a porous WO3 samples with pore sizes between
and 5.5 Å will operate as a selective sensor for methanol rather

han the target DMMP or the even larger sized nerve agents. This
Scheme 2.
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Scheme 3.

e excluded from the inner pore area and this exclusion would
e more severe for the even larger nerve agents. The solution to
his problem is to operate the sensor in a difference detection

ode where the response of a target molecule on the porous
O3 is compared to a second sensor containing the nonporous
O3 powder.
On the nonporous WO3 sensor, there should be minimal, if

ny size dependence in the availability of surface sites to the
arget gas. In contrast, a molecule too big to enter a pore will
esult in a lower amount adsorbed on the porous based sensor.
his leads to a lower change in resistance relative to the same
ignal measured on the reference sensor (sample A).

To fully explore size dependence in selectivity, we have per-
ormed conductivity measurements with the two test molecules
f methanol and DMMP along with a series of alcohols of differ-
nt shapes and sizes. The additional alcohols used were ethanol,
sopropanol, t-butanol and 2-hexanol and their structures and
elative size are shown in Scheme 3.

Fig. 1 shows a typical sensor response curve to three consec-
tive gas pulses of methanol, t-butanol, and DMMP. The lower
urve is the response obtained from the sample A and the upper
urve is the data obtained from the porous sample C sensor.

he curves are on the same coordinate scale and are offset for
larity.

It is noted that the gas pulses were done without strict controls
n the dosing protocol. The carrier gas was simply passed over

ig. 1. Sensor response to a three pulse sequence of methanol, t-butanol and
MMP for samples A and C based sensors.
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vial containing the alcohol for a period of about 2 min. This
eans that each pulse was ill defined with no control in concen-

ration and mixing with the carrier gas. While this would account
or pulse-to-pulse differences in the magnitude and shape of the
ensor response on the same detector, it is noted that the shape
ncluding the fine features of the response of each element in the
ual sensor platform for the same pulse was very similar. This
s not surprising as both sensors are in contact with the same ill-
efined gas pulse at the same time. While the initial slope of the
hange in resistance was rapid for both porous and nonporous
ensors, the slope was always steeper on the nonporous oxide
nd this is indicative of a slower diffusion of the gas in the porous
xide. However, the variation in the initial slope showed large
ulse-to-pulse variations in value for repeated measurement to
he same target gas. Therefore, no trend was discernable from
he initial slopes for different gases. Given the ill-defined nature
f the gas pulse, the result is consistent with recent work by
rederick and co-workers [39] that showed the pulse-to-pulse
ariation in the initial sensor response is controlled by the gas
elivery system.

By far, the biggest difference in sensor response to a given gas
ulse was the relative change in magnitude in resistance. While
he magnitude of the resistance change for methanol is about the
ame on both sensors in Fig. 1, the magnitude of the response is
learly lower for both t-butanol and DMMP on the porous sensor
sample C) relative to the nonporous material (sample A). For
ach pulse, we calculated the change in conductivity (�C) with
q. (1):

C = 1

RPulse
− 1

RBase
(1)

here RPulse is the resistance measured in the plateau region of
he pulse and RBase is the based resistance measured just prior to
he gas pulse. An example of the selection points for RBase and
Pulse are indicated for the methanol pulse in Fig. 1.

The value of �C is proportional to the number of carri-
rs generated in the WO3 which is related to kinetics of the
edox reaction of the surface with the gaseous molecule. The
C obtained on each mesoporous WO3 sensor is then ratioed to

he corresponding �C obtained on the nonporous WO3 sensor
�Cporous/�Cnonporous). A plot of this ratio versus volume of
he molecule is given in Fig. 2 and these curves clearly point to
selective detection method for distinguishing methanol from
MMP. The error bars in Fig. 2 represent the 95% confidence

evel.
It is possible that the difference in �Cporous/�Cnonporous

rises from different reaction chemistry on the nonporous and
orous materials. This would alter the kinetics of the surface
eduction and hence change the number of charge carriers under
teady state conditions. However, our infrared data suggests that
here is very little difference in the adsorption behavior of the
arious alcohols on sample C relative to the nonporous sample A.
ig. 3 shows the FTIR spectra methanol adsorbed on of samples

and B. Of particular note is the similarity in the intensity ratio

f the two bands at 1394 and 1124 cm−1 on both materials which
ndicates the same relative amount of undissociated and disso-
iative adsorption on both materials. The band at 1394 cm−1 is
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ig. 2. �Cporous/�Cnonporous values as a function of size of the target molecule.

he O–H bending mode of molecularly adsorbed methanol and
he band at 1124 cm−1 is the O–C mode of adsorbed OCH3
roup on the surface [39,40].

This similarity in the IR spectra of methanol on the samples A
nd B is also observed for other alcohols used in this study (not
hown). On the other hand, several differences were observed for
MMP adsorption on the three different powders. The infrared

pectra of adsorbed DMMP on samples A–C evacuated at 25 ◦C
re shown in Fig. 4. The infrared spectrum of DMMP adsorbed
n sample A has been previously reported [5,6,13,27]. In brief,
wo O–CH3 stretching modes appear at 1068 and 1043 cm−1

Fig. 4a) and they are slightly shifted to lower frequency com-
ared to the corresponding bands of the gaseous DMMP (1075
nd 1049 cm−1) showing that there is little, if any interaction
etween the methoxy groups and the surface. On the other hand,
MMP adsorbs on WO3 through the P O and WO3 surface

ites as evidenced by the shift to lower frequency in the P O
tretching modes from the frequencies of their gaseous coun-
erparts. In Fig. 4a, three P O stretching modes at 1243, 1223,
nd 1205 cm−1 (shifted from the gaseous DMMP by 39, 54, and
0 cm−1, respectively) are assigned for P O bonded to the sur-

ace through Bronsted, H-bonded, and Lewis sites. A fourth band
t 1189 cm−1 in this region is assigned to the O–CH3 rocking
ode [5,6,27].

ig. 3. Infrared spectra of methanol adsorbed on samples A and B powders.
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ig. 4. Infrared spectra after addition of excess DMMP at room temperature for
min followed by evacuation for 2 min on (a) sample A (b) sample B, and (c)

ample C. All spectra are normalized for same amount WO3.

Interestingly, the DMMP adsorbed on the porous samples B
nd C show the same three P O modes albeit in different inten-
ity ratio compared to sample A. Furthermore, the OCH3 modes
n the spectra of samples B and C are similar (i.e., three bands
t 1068, 1050, and 1034 cm−1) whereas the spectrum of sample

clearly shows two bands at 1060 and 1043 cm−1. This shows
hat the adsorbed species on the porous powders are generally
he same and differs in the relative number of each species com-
ared to sample A. It is noted that changes in the conductivity
an arise from minute changes in the surface kinetics. Thus, the
R data do not eliminate the possibility that the difference in sen-
or response to DMMP is due to differences in reaction kinetics
rising from subtle differences in surface chemistry.

On the other hand, the IR data do support a size selectivity
xplanation for the detection selectivity. The spectra shown in
ig. 4 were recorded for the same amount of WO3 powder probed
y the IR beam. Given that the surface areas for the three samples
ere determined to be 22, 120, and 150 m2/g, the amount of
MMP adsorbed on sample B would be expected to be at least
times of the DMMP adsorbed on an equal mass of sample A

i.e., DMMP is able to freely access the internal surface area
f sample B). The intensity of the P–CH3 modes at 1314 cm−1

s structure insensitive and therefore can be used to provide an
stimated of the relative amount of DMMP adsorbed on each
ample. As shown in Fig. 4, the amount of the DMMP adsorbed
n samples B or C is only 1.3 times higher than the amount
f DMMP adsorbed on sample A. This shows that DMMP has
imited access to the internal pore structure.

Further evidence of a size exclusion effect was provided by a
eries of thin film infrared experiments in which samples A–C
ere evacuated at room temperature and exposed to the satura-
ion vapor pressure of various alcohols. Each alcohol produces
nique bands that could be used to measure the amount of each
lcohol adsorbed on the three powders. A plot of the amount of
ach alcohol adsorbed on samples B and C relative to sample A
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ig. 5. Amount of various alcohols adsorbed on samples B and C relative to
ample A as determined by IR spectroscopy.

s a function of the size of the alcohol is shown in Fig. 5. The
rend obtained from the infrared measurements clearly show
he strong correlation between the relative amount of alco-
ol adsorbed and the �Cporous/�Cnonporous values plotted in
ig. 2.

We recall that, our initial intent was to develop a strategy for
istinguishing between methanol and DMMP in SMO detec-
ion. This is clearly demonstrated as the �Cporous/�Cnonporous
or methanol on sensors B and C is about 0.72 and 0.86, respec-
ively, and for DMMP is about 0.17 and 0.14, respectively (see
ig. 2). This is 4 and 6 times in magnitude between methanol
nd DMMP on the two porous sensors (sensors C and B, respec-
ively) relative to the corresponding response on the nonporous
ample A and same factor is obtained when comparing methanol

o t-butanol on each sensor. Similarly, the IR also shows a large
ifference in adsorbed amounts of methanol relative to t-butanol.
he adsorbed amount ratio for t-butanol is a factor of 2.5 times

ower than the value obtained from methanol.

ig. 6. �Csample C/�Csample B values as a function of size of the target molecule.
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Perhaps more interesting is that the results point to a strat-
gy for developing a very narrow “Notch” detection system.
or example, the data in Fig. 2 show that by ratioing the sen-
or response from two closely related porous powders (i.e.,
Csample C/�Csample B, we have a system that can detect ethanol.
his is shown in Fig. 6. A possible explanation for this effect

s that a slight difference in the pore size distribution between
he two porous materials enhances the capillary condensation of
thanol over methanol. This produces a higher relative adsorbed
mount of ethanol leading to highly selective “Notch” detector.
n principle, this concept could be applied to any size molecule.
n the case of DMMP, we predict that two porous materials with
verage pore size distribution near 5.7 Å and different pore size
istribution would lead to a DMMP notch detector.

. Conclusions

Use of porous WO3 materials in SMO detection has been
hown to provide a route to achieve detection selectivity between
ethanol and DMMP. The key to achieving detection selectivity

s to perform measurements on a dual detection system in which
he response of a sensor based on porous powder is compared
o that of a nonporous counterpart. IR adsorption measurements
how that the difference in sensor response is due to a size depen-
ent difference in the adsorbed amount of the target compound
n the surface of the porous WO3 relative to the amount adsorbed
n a nonporous WO3 powder.

In summary, we believe the strength of this approach is in its
implicity. Identification of a particular molecule is not done by
omparing the response of different gases on a single sensor, but
ather the same gas pulse on two different detectors. While each
ulse has different pressures and gas delivery characteristics and
ifferent gases would have different reaction rates, these differ-
nces are normalized in calculating the values for the curves in
igs. 3 and 6.
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bstract

We have developed a new immunosensor based on self-assembly chemistry for highly sensitive and label-free detection of 2,4,6-trinitrotoluene
TNT) using surface plasmon resonance (SPR). A monolayer of amine terminated poly(ethylene glycol) hydrazinehydrochloride (PEG-NH2)
hiolate was constructed on an activated gold surface and immobilized with trinitrophenyl-�-alanine (TNPh-�-alanine) by amide coupling method.
he binding interaction of a monoclonal anti-TNT Ab (M-TNT Ab) with TNPh-�-alanine immobilized thiolate monolayer surface was monitored
nd evaluated for detection of TNT based on the principle of indirect competitive immunoreaction. Here, the competition between the self-assembled
NT derivative and the TNT in solution for binding with antibody yields in the response signal that is inversely proportional to the concentration
f TNT in the linear detection range. With the present immunoassay format, TNT could be detected in the concentration range from 0.008 ng/ml
8 ppt) to 30 ng/ml (30 ppb). The response time for an immunoreaction was 2 min and one immunocycle could be done with in 4 min including

urface regeneration. Bound antibodies could be easily eluted from the self-assembled immunosurface at high recoveries (more than 100 cycles)
sing pepsin solution without any damage to the TNT derivatives immobilized on the surface. The compact self-assembled monolayer was highly
table and prevented the non-specific adsorption of proteins on the surface favoring error free measurement.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the recent years, surface plasmon resonance (SPR)
ased immunosensors enjoy expanding recognition as a high-
hroughput screening tool in environmental and biomedical
nalysis [1–5]. One of the key factors for success of an
mmunoassay is the construction of highly effective recogni-
ion surface capable of fast and reliable interaction with its
inding partner or analyte of interest. It is important to cre-

te robust sensor surface with specific binding properties and
inimal background interference to improve the screening capa-

ilities in a variety of complex analytical matrices. Over the

∗ Corresponding authors. Tel.: +81 92 583 7886; fax: +81 92 583 8976.
E-mail address: kawa@astec.kyushu-u.ac.jp (T. Kawaguchi).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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thylene glycol) hydrazinehydrochloride; Monoclonal anti-TNT antibody

ears, a number of different approaches have been demon-
trated for immobilization of biomolecules on transducer surface
uch as, physical adsorption [6–8], embedding in polymers or
embranes [9,10], sol–gel [11,12] and self-assembly [13–15].
mong them, self-assembly method received a great interest for

abrication of sensing surfaces, because it allows remarkable
exibility with respect to terminal functionality, size and ori-
ntation of the recognition molecules on the transducer surface
16–18]. In addition, the good stability under extreme conditions
f pH and temperature, as well as the re-use and applicability
n flow system makes self-assembled monolayer (SAM) sur-
ace a preferred, versatile tool in immunoassays. Considerable

ttention has been drawn in the recent years to functionalize the
ransducer surfaces by ultra-thin organic films containing free
nchor groups such as thiols, amines, silanes or acids [13–19].
espite many organic functional compounds, poly(ethylene gly-
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ols) (PEG) attracted considerable interest as a robust platform
or stable immobilization of a variety of receptor molecules with
ood control over size and orientation for various applications
20–22].

In the present work, we aimed to develop a stable and reli-
ble immunosensor platform using PEG based self-assembled
ayer for detection of TNT. TNT is a well-known explosive com-
ound used in the preparation of landmines for military and
errorist activities [23,24]. Contamination of soil and ground
ater with TNT is of the major concern because of its biologi-

al persistence, toxicity and mutagenicity [25]. Thus, detection
f TNT is of tremendous importance in wide areas including
andmine detection, environmental monitoring and homeland
ecurity. Recently, a number of immunosensors have been
emonstrated for detection of TNT. Charles et al. [26] devel-
ped a microcapillary reversed-displacement immunosensor
or TNT using 3-aminopropyltriethoxysilane as a functional
ayer for immobilization of trinitrobenzene. An electrochemi-
uminescence based enzyme immunoassay with a detection of
.11 ng/ml was reported by Wilson et al. [27]. Bowen et al.
28] employed a 11,11′-dithio-bis(succinimidoylundecanoate)
elf-assembled monolayer for covalent attachment of antibody
or gas-phase detection of TNT. Sapsford et al. [29] devel-
ped an array biosensor with a detection limit of 1, 20 and
0 ng/ml TNT based on direct, indirect competitive and dis-
lacement assays, respectively. Green et al. [30] reported a
eversed-displacement immunosensor with a detection limit
f 2.5 ng/ml TNT using a microcolumn containing an Aff-
el resin derivatized with a TNB and a fluorophore labeled

nti-TNT Ab. Zeck et al. [31] reported a detection limit of
.06 ng/ml TNT using ELISA method. A fluorescent displace-
ent immunoassay with a detection limit of 0.05 ng/ml was

eveloped by Goldman et al. [32]. Despite the good sensing
haracteristics for TNT detection, most of the immunoassays
ave difficulties with respect to labelling of the reagents and
ime consuming procedures. Moreover, most of the methods
nvolve the immobilization of antibodies on the sensor surface,
hich may result in loss of activity during immobilization and

urface regeneration. Thus, the search for new approaches to
ncrease the sensitivity and simplicity of the biosensor contin-
es with a special attention towards the improvement in the
ode of immobilization of biological molecules on transducer

urface.
In our laboratory, we have been developing SPR immunosen-

or for TNT in the last few years. We have reported few
mmunosensors for TNT, which were constructed by simple
hysical adsorption method [8,33,34]. In the present work, we
eveloped a simple and stable immunosensor surface by self-
ssembly for highly sensitive and label-free detection of TNT
sing SPR. Here, an amine terminated PEG monolayer was cre-
ted as a nonfouling sensor platform on a transducer surface
nd functionalized with a TNT derivative, trinitrophenyl-�-
lanine based on amide coupling method. This strategy allowed

he stable immobilization of TNT with good control over
he prevention of non-specific adsorption. The biomolecular
nteraction of the resulting TNT immobilized self-assembled
urface with a monoclonal anti-TNT antibody was monitored

t
w
t
o
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nd evaluated for detection of TNT using SPR technique
ased on the principle of indirect competitive immunoreac-
ion. The indirect inhibition method is compatible for highly
ensitive detection of small analytes compared to sandwich
nd displacement methods and has been utilized for analy-
is of compounds of biomedical and environmental interest in
ur laboratory [6–8,13,33–36]. The performance of the present
mmunoassay was evaluated with respect to sensitivity, sta-
ility, and reproducibility. Furthermore, the cross-reactivity
owards several TNT analogues was investigated. The proposed
mmunoassay showed highly promising sensing characteristics
or rapid and reliable detection of TNT with good sensitivity and
electivity.

. Experimental

.1. Material and reagents

TNPh-�-alanine was received form Research Organics, USA,
EG-6-hydrazine alkanethiol was purchased form Sensopath
echnologies, USA. Monoclonal anti-TNT Ab (mouse IgG,
lone A1.1.1) was obtained from Strategic Biosolutions, USA.
ll other reagents and solvents (analytical grade) were obtained

rom Sigma, USA and Wako chemicals, Japan. Standard TNT
olution was adjusted from TNT solution (Chugoku Kayaku Co.
td., Japan.) with PBS buffer (pH 7.2, contained 1% ethanol). N-

3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
EDC) and N-hydroxysuccinimide (NHS) were received from
igma USA. RDX, HMX, 2-A-4,6-DNT and 4-A-2,6-DNT
ere purchased from Accustandard, USA. DNT was received

rom Wako Chemicals, Japan. BSA and pepsin were obtained
rom Sigma, USA. Deionized water (ρ = 18 M�) was used for
reparing all buffer solution. All experimental solutions were
repared with phosphate buffered saline (PBS, 0.1 M, pH 7.2).
ris buffer (pH 8.0) was used during immobilization TNPh-�-
lanine. Pepsin solution (0.2 M) was prepared with glycine with
he pH adjusted to 2.0 using 1 M HCl. Refractive index match-
ng fluid (refractive index = 1.518) was obtained from Cargille
abs, USA.

.2. Instrumentation

The immunoassay studies were carried out with an SPR
70 M instrument (Moritex Co., Japan) with home-made gold-
hips. The SPR instrument was equipped with an automatic flow
njection system. The loop volume of the flow cell is 200 �l.
hrough out the experiment, the room temperature was main-

ained at 25.0 ± 0.1 ◦C.

.3. SPR gold-chip fabrication

Microscopic glass slides (BK7 type, 20 mm × 13 mm ×
.7 mm) were sonicated in soap water (20% Contrad 70), dis-

illed water, and ethanol for 30 min. Then these glass substrates
ere dried with pure-nitrogen gas after rinsing with plenty of dis-

illed water. 5 nm of chromium and 50 nm of gold were sputtered
nto these glass substrates under a vacuum at room tempera-
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corresponds to 1.74 × 10 mol cm . This calculated cover-
age was higher than the surface coverage calculated from the
observed SPR angle change (0.1345 ± 0.0099◦), which corre-
sponded to 2.5 ± 0.2 × 10−10 mol cm−2.
ig. 1. Scheme of (a) the construction of immunosurface by self-assembly and
b) the principle of indirect competitive inhibition for TNT detection.

ure. Thus, prepared gold-chips were used immediately after
puttering.

.4. Immunoassay principle and procedure

Fig. 1 shows the scheme of the present SAM based
mmunoassay for the detection of TNT. The first step of the
mmunosensor fabrication is the formation of an amine ter-

inated self-assembled layer of PEG-NH2 on a well cleaned
ctivated gold surface. In the second step, TNPh-�-alanine was
mmobilized over the PEG-NH2 SAM surface by amide cou-
ling reaction. Thus, produced self-assembled layer consisting
f TNPh-�-alanine outer layer was allowed for binding inter-
ction with M-TNT antibody. This binding interaction was
valuated for detection of TNT based on the principle of indirect
ompetitive immunoreaction.

In the indirect competitive inhibition method, different con-
entrations of free analyte (TNT) were mixed with a fixed
optimized) concentration of antibody (M-TNT Ab) and allowed
or incubation at room temperature for 10 min. This stan-
ard TNT solutions were injected over the TNT immobilized
elf-assembled surface and the corresponding immunoreac-
ions were monitored by SPR. It is expected that during
ncubation, free TNT couples with antibody in the sam-
le solution and hence only the remaining antibody in the
tandard sample solution can bind to the TNT immobi-
ized PEG-NH2 SAM surface. Thus, as the amount of free
NT increased, the number of antibody available for inter-

ction with TNT immobilized SAM surface is decreased
nd vice versa. Based on this dependence, free TNT in the
ample solution can be quantified. The immunoassay condi-
ions were carefully optimized for sensitivity, selectivity, and
eproducibility.
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. Results and discussion

.1. Immunosensor fabrication by self-assembling method

The self-assembling process was carried out using methanol
s a carrier solution, and was flowed over the gold surface
ntil a stable base line response was reached. Once a stable
aseline was reached, 1 mM PEG-NH2 in methanol solu-
ion was allowed to flow over the gold surface at a rate of
5 �l/min (flow duration ≈ 14 min). Fig. 2 depicts the SPR
ensorgram for the formation of a self-assembled monolayer
f PEG-NH2 on a gold surface. A good linear increase in
he resonance angle clearly indicates the formation of well-
rdered monolayer on the gold surface. As can be seen
curve a), the resonance angle increased with time during
he flow of PEG-NH2 over the gold surface, and reached
lmost saturation in approximately 14 min. The observed res-
nance angle shift was 0.1345 ± 0.0099◦ (n = 5) and was
eproducible on repeated experiments. Further injections of
EG-NH2 showed only a small increase in resonance angle
curve b), which suggested that a saturated monolayer of PEG-
H2 was formed in the first injection. From the resonance

ngle shift, the surface concentration of the PEG-NH2 was
alculated as 2.5 ± 0.2 × 10−10 mol cm−2 (0.01◦ = 10 ng/cm2).
e simulated the molecular structure of PEG-NH2 thiolate

y using “Chem Office 2004”. This software can calculate
he molecular structure by simulation using approximation of
nergy between atoms. By the results of minimized energy,
he molecular structure of PEG-NH2 thiolate was calculated
y Gaussian approximation as shown in Fig. 3. We assumed
hat the orientation of the alkyl chain in the molecule was
0◦, which was the same angle as the ordinary alkanethio-
ate. The height of this molecule was calculated to 21.9 Å.
t is well known that thiolate forms the close packed mono-
ayer on gold surface. The close packed monolayer was used
o be the structure as shown in Fig. 1. The coverage of
EG-NH2 thiolate was calculated to 95.4 Å2/molecule, which

−10 −2
ig. 2. Construction of self-assembled monolayer of PEG-NH2 thiolate. SPR
esponse for the flow of 1 mM PEG-NH2 thiolate in methanol over the activated
old surface. Carrier solution: methanol, flow rate: 15 �l/min, flow duration
4 min.
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angle dropped down after switching the sourcing solution from
TNPh-�-alanine solution to Tris buffer solution. This decre-
ment was caused due to the difference in the refractive index
ig. 3. (a) Molecular structure of PEG-NH2 thiolate simulated by using Chem. O
weep rate was 0.1 V s−1.

It is believed that the surface concentration of a closest packed
onolayer of alkanethiolate is 7.6 × 10−10 mol cm−2 [37]. The

urface coverage of thiolate observed by SPR was slightly higher
han that calculated from the simulation. This difference used to
e corrected with the surface roughness. To estimate the true sur-
ace area, we used the electrochemical technique. Fig. 3 shows
yclic voltammogram in 1.0 M H2SO4 to determine the sur-
ace roughness. The reduction peak of oxygen–gold at +0.960 V
as integrated to calculate the reduction charge, which was
26.2 �C cm−2.

From the comparison between this charge and the reduction
harge on an atomically flat surface, the surface roughness factor
as estimated to 1.33.
By the correction with roughness factor (1.33), the true sur-

ace coverage of PEG-NH2 thiolate observed by SPR after
ctivation (1.87 ± 0.15 × 10−10 mol cm−2) was the same as the
imulated value (1.74 × 10−10 mol cm−2), which was within the
rror bar of the observed surface coverage. Thus, the observed
urface coverage of the PEG-NH2 was reasonable considering
he fact that the molecular size of PEG thiolate (0.86 nm2) was
arger than alkanethiolate.

.2. Immobilization of TNPh-β-alanine

After the formation of the PEG-NH2 SAM on the gold

urface, the carrier solution was changed to 10 mM Tris
uffer (pH 8.0) for immobilization of TNPh-�-alanine. Prior
o the injection, the TNPh-�-alanine was activated with N-(3-
imethylaminopropyl)-N′-ethylcarbodiimide hydrochloride and

F
r
f
d

2004. (b) A cyclic voltammogram of a bare gold substrate in 1 M sulfuric acid.

-hydroxysuccinimide (NHS) in 10 mM Tris buffer (pH 8.0)
or effective immobilization on the amine-terminated thiolate
PEG-NH2) monolayer surface. Here, 2.5 �g/ml of TNPh-�-
lanine was mixed with 1000 �g/ml each of EDC and NHS
nd the mixture was allowed to flow over the PEG-NH2 SAM
urface at a rate of 15 �l/min. Fig. 4 shows the immobiliza-
ion of TNPh-�-alanine over the self-assembled surface. An
ncrease in the resonance angle indicates the immobilization of
NPh-�-alanine on the SAM surface (curve a). The resonance
ig. 4. SPR response for the immobilization of TNPh-�-alanine via amide
eaction. 2.5 �g/ml TNPh-�-alanine was flowed over the PEG-NH2 SAM sur-
ace. Carrier solution: 10 mM Tris buffer (pH 8.0), flow speed: 15 �l/min, flow
uration: 14 min.
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etween TNPh-�-alanine solution and Tris buffer solution. The
esonance angle change for TNPh-�-alanine immobilization
as 0.0179 ± 0.0002◦ (n = 5), which corresponds to a surface

overage of 3.92 ± 0.01 × 10−11 mol cm−2. Further injection
f the same concentrations of the TNPh-�-alanine mixture
id not show any appreciable increase in the resonance angle
curve b). This is due to the saturation of TNPh-�-alanine
ith in 14 min during first injection. From the results, it is

xpected that the ratio of PEG-NH2 and TNPh-�-alanine was
:6. In order to evaluate the effect of the surface density of
he PEG-NH2 monolayer on the immobilization of TNPh-�-
lanine and corresponding TNT sensing, the SPR gold-chips
ere functionalized with different concentrations of PEG-NH2

nd TNPh-�-alanine. It was observed that as the concentra-
ion of the PEG-NH2 increased, increase in surface density of
NPh-�-alanine was observed. Similarly, the surface concen-

ration of TNPh-�-alanine was low in the case the low surface
oncentration of PEG-NH2 (data not shown). However, ratio
emains same even in low surface concentrations of both PEG-
H2 and TNPh-�-alanine. The possible reason for this behavior

s that the PEG-NH2 interacted with each other, resulting in a
omain structure on the surface, which was partially the same
urface concentration of PEG-NH2. It is expected that the par-
ial monolayer structure remains same always, but the inactive
are gold existed in the case of low surface concentration of
EG-NH2 SAM on gold substrate. Therefore we used only

he substrate highly covered with PEG-NH2 SAM for TNT
etection.

.3. Antigen–antibody immunoreaction and surface
egeneration

The immunoreaction of TNPh-�-alanine immobilized PEG-
H2 SAM surface with monoclonal anti-TNT antibody was

tudied by SPR. For the immunoreaction experiments, PBS
uffer (pH 7.2) was used as a carrier solution and was flowed over

he sensor surface continuously. Fig. 5 depicts the SPR response
bserved for the flow of 10 �g/ml of M-TNT Ab over the TNPh-
-alanine immobilized surface at a rate of 100 �l/min for 2 min.
shift in the resonance angle of 0.0283 ± 0.0005◦ (n = 12) indi-

ig. 5. SPR response for the flow of 10 �g/ml M-TNT Ab over TNT immobi-
ized PEG-NH2 SAM surface followed by elution with pepsin solution. Carrier
olution: PBS, flow speed: 100 �l/min, flow duration: 2 min.
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ates the good interaction between the M-TNT Ab and the TNT
n the TNPh-�-alanine immobilized surface, which can also be
videnced from the stable response angle during the flow of PBS
fter completion of the antibody flow.

The regeneration of the sensor surface was achieved by the
ow of pepsin solution (5 �g/ml in glycine–HCl buffer) as
hown in Fig. 5. As the pepsin solution injected, the resonance
ngle jumped up due to the difference in the refractive index
etween pepsin solution and PBS buffer. After completion of
he pepsin injection and the flow switched to PBS buffer, the
esponse angle decreased to the original level (before antibody
njection), which indicates the good surface regeneration process
avoring multiple analyses.

.4. Detection of TNT by indirect competitive immunoassay

Detection of TNT was carried out by indirect competitive
mmunoreaction method. Standard TNT solutions (in the range
rom 10−2 to 106 pg/ml) incubated with 10 �g/ml of M-TNT
b were allowed to flow over the TNT immobilized SAM sur-

ace. Fig. 6 shows the SPR responses for the binding interaction
etween TNT immobilized SAM surface and M-TNT Ab in
he absence and in the presence of different concentrations of
NT. As can be seen, the response angle decreased progres-
ively with increasing free TNT concentration, which clearly
ndicates that TNT in solution inhibited the binding interaction
etween M-TNT Ab and the TNT immobilized PEG-NH2 SAM
urface. After each immunoreaction, the surface was regenerated
y a brief injection of pepsin solution. Each TNT concentration
as measured at least five time and the response showed good

eproducibility.
The relationship between the concentration of free TNT and

he percentage of inhibition was shown in Fig. 7. With the present
elf-assembled immunoassay format, TNT can be detected in the
oncentration range from 0.008 ng/ml (8 ppt) to 30 ng/ml (ppb).
he linear dose-response range was considered between 10%

nd 90% of inhibition. This sensitivity is highly comparable to
ost of the other immunoassays demonstrated for TNT (noted

n the introduction part). The high sensitivity observed here is
ossibly due to the surface chemistry of the self-assembled PEG-

ig. 6. SPR response for the immunoreaction between M-TNT Ab and TNT
mmobilized PEG-NH2 SAM surface in the absence and in the presence of
NT. Carrier solution: PBS, flow rate: 100 �l/min, flow duration: 2 min.
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Fig. 7. The sensitivity curve of TNT detection.

H2 layer, which maintained the activity of the immobilized
NT towards M-TNT Ab and also diminished the non-specific
dsorption.

.5. Stability of the immunosensor

It is highly desirable to produce stable and regenerable sen-
or surface for multiple analysis. We evaluated the stability
nd reproducibility of the present sensor for detection of TNT.
ig. 8 depicts the stability response of the immunosensor sur-
ace on multiple regeneration cycles. We observed that the TNT
mmobilized PEG-NH2 SAM surface was highly robust and
eproducible for more than 100 cycles without any significant
hange in the original activity. This stability is highly advan-
ageous compared to other immunosensors reported for TNT
ncluding our previous study using the immunoreaction of a
ome-made polyclonal antibody with a physically immobilized
NP–BSA conjugate [33]. Moreover, the self-assembled PEG
urface is highly effective in the prevention of the non-specific

dsorption. These characteristics are highly appreciable for cost
nd time effective use of the proposed immunosensor for reliable
nd error free measurement of TNT.

ig. 8. The stability of the immunoreaction between TNT immobilized PEG-
H2 SAM surface and M-TNT Ab on multiple cycles. Carrier solution: PBS,
ow rate: 100 �l/min, flow duration: 2 min.
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.6. Cross-reactivity studies

Cross-reactivity is an important analytical parameter regard-
ng specificity and reliability of immunoassays. We studied the
nterference effect from the TNT analogues for the detection of
NT to evaluate the suitability of the proposed systems for pos-
ible application to the real sample analysis. Several TNT related
ompound such as, 2,4-DNT, 2-A-4,6-DNT, 4-A-2,6-DNT, and
DX were mixed with standard TNT samples and the result-

ng interference effects were monitored by indirect inhibition
ethod. The results showed the cross-reactivity values of 0.92,

.15, 0.11, and 0.035% for 2,4-DNT, 2-A-4,6-DNT, 4-A-2,6-
NT, and RDX, respectively. The cross-reactivity values are

alculated using the formula; cross-reactivity = (C0/C) × 100,
here, C0 is the concentration of TNT at 50% inhibition and
is the concentration of the cross-reacting analyte at 50% inhi-

ition. These values indicate that most of the TNT analogues
howed small interference effect on TNT detection in the present
mmunoassay.

. Conclusions

As immunosensors continues to develop as a promising tool
or future explosive detection system, great efforts are under
rogress around the world to optimize the system components
hat provide enhanced sensitivity and selectivity for develop-

ent of field portable systems. In this context, we demonstrated
simple and robust approach for functionalization of sensor

urfaces based on self-assembly for detection of TNT. The
resent immunoassay exhibited a good sensitivity with a detec-
ion limit of 0.008 ng/ml for TNT. A single immunocycle could
e done within 4 min including surface regeneration, favoring
apid detection of TNT. Besides the good stability and repro-
ucibility, the sensor surface was highly effective in avoiding
he non-specific adsorption and is an excellent platform for
apid and reliable detection of TNT. The performance of the
ewly developed platform has shown promising results with
ood options for possible expansion to multianalyte detection
n complex matrices, which is currently under progress in our
aboratory.
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bstract

An organic–inorganic hybrid poly-o-toluidine Th(IV) phosphate was chemically synthesized by mixing ortho-tolidine into the gel of Th(IV)
hosphate in different mixing volume ratios, concentration of inorganic reactant with a fixed mixing volume ratios of organic polymer. The
hysico-chemical characterization was carried out by elemental analysis, TEM, SEM, XRD, FTIR and simultaneous TGA–DTA studies. The ion-

xchange capacity, chemical stability, effect of eluant concentration, elution behavior and pH titration studies were also carried out to understand
he ion-exchange capabilities. The distribution studies revealed that the cation-exchange material is highly selective for Hg2+, which is an important
nvironmental pollutant. Due to selective nature of the cation-exchanger ion-selective membrane electrode was fabricated for the determination of
g(II) ions in solutions. The analytical utility of this electrode was established by employing it as an indicator electrode in electrometric titrations.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Organic–inorganic hybrid, a new class of materials is attrac-
ive for the creating high performance or high functional
olymeric behaviors that are expected to provide many pos-
ibilities. Hybrid can be used to modify organic polymeric
aterial or to modify inorganic materials that exhibit very dif-

erent properties from their original component. The inorganic
on-exchange materials besides other advantages are important
n being more stable to high temperature and radiation field
han the organic ones [1]. In order to obtain a combination of
hese advantages associated with polymeric and inorganic mate-
ials as ion-exchangers, attempts have been made to develop
olymeric-inorganic composite ion-exchangers by incorpora-
ion of organic monomers in the inorganic matrix [2]. Few such

xcellent ion-exchange materials have been developed in our
aboratory and successfully being used in chromatographic tech-
iques [3–5]. An inorganic precipitate ion-exchanger based on
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osphate

rganic polymeric matrix must be an interesting material, as
t should possess the mechanical stability due to the presence
f organic polymeric species and the basic characteristics of
n inorganic ion-exchanger regarding its selectivity for some
articular metal ions [6–12]. It was therefore considered to syn-
hesize such hybrid ion-exchangers with a good ion-exchange
apacity, high stability, reproducibility and selectivity for heavy
etal ions, indicating its useful environmental application.
Mercury is responsible for causing poisoning through water,

ood and smoking. Mercury contamination in drinking water
nhibits the function of certain enzymes necessary for the for-

ation of haem in bone marrow, the pigment that combines with
rotein to form haemoglobin. Its vapor, on inhalation, enters
he brain through the blood stream and causes severe damage
o the central nervous system. Inorganic mercuric compounds

ainly attack liver and kidney. Mercuric chloride is corro-
ive and, when ingested, precipitates proteins of the mucous
embrane causing ashen appearance of the mouth, pharynx
nd gastric mucus. Organic mercurial are the mist toxic sub-
tances; the CH3Hg+ can pass through the placental barrier
nd enter the foetal tissues. Hg(II) is therefore a potential
ollutant in the environment. Heavy metal ion removal from
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nitrate (NaNO3) solutions of varying molar concentration were
passed through a column containing 1 g of the exchanger in
the H+-form with a flow rate of ∼0.5 ml min−1. The efflu-
00 A.A. Khan et al. / Ta

aters has been the subject of extensive technological research
13].

The ion-exchange membranes obtained by embedding ion-
xchangers as electroactive materials in a polymer binder, i.e.
VC, has been extensively used as potentiometric sensors,

.e. ion sensors, chemical sensors or more commonly ion-
elective electrodes. In our present studies attempt has been
ade to obtain a new heterogeneous precipitate based mem-

rane electrode by using the poly-o-toluidine Th(IV) phosphate,
nano-composite cation-exchanger as an electroactive mate-

ial for the determination of Hg(II) ion present in the sample
olution.

. Experimental

.1. Reagents and instruments

The main reagents used for the synthesis of the material
ere obtained from CDH, Loba Chemie, E-Merck and Quali-
ens (India Ltd., used as received). All other reagents and
hemicals were of analytical grade. Following instruments were
sed during present research work: a FTIR spectrophotometer
Perkin-Elmer, USA, model Spectrum-BX); digital pH-meter
Elico Li-10, India); X-ray diffractometer—Phillips (Holland),
odel PW 1148/89; UV/VIS spectrophotometer—Elico, model
I 301E; a thermal analyzer—V2.2A DuPont 9900; an elemen-

al analyzer—Elementary Vario EL III, Carlo-Erba, model 1108;
digital potentiometer (Equiptronics EQ 609, India); accu-

acy ± 0.1 mV with a saturated calomel electrode as reference
lectrode; an electronic balance (digital, Sartorius-21OS, Japan)
nd an automatic temperature controlled water bath incubator
haker—Elcon (India) were used.

.2. Preparation of reagents

Thorium nitrate Th(NO3)4·5H2O and phosphoric acid,
3PO4 solutions of different molarities were prepared in 1 M
NO3 and demineralised water (DMW), respectively.

.3. Preparation of poly-o-toluidine Th(IV) phosphate
omposite

.3.1. Synthesis of poly-o-toluidine
The polymerization of the monomer ortho-tolidine was

nitiated by the addition of oxidizing agent, i.e. ammonium per-
ulphate in 1:1 ratio under constant stirring at room temperature
or 2 h [14]. After 2 h a brown colored poly-o-toluidine polymer
as obtained.

.3.2. Synthesis of thorium(IV) phosphate
The method of preparation of the inorganic precipitate of

h(IV) phosphate ion-exchanger was very similar to that of
lberti and Constantino with slight modification [15] by mixing

solution of 0.1 M Th(NO3)4·5H2O prepared in 1 M HNO3 at

he flow rate at 0.5 ml min−1 to a solution of H3PO4 in differ-
nt molarities. Constant string was done during mixing using a
agnetic stirrer at a temperature of 85 ◦C, white gel type slurries

e
N
o
F
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ere obtained. After digestion of the mixture for several hours,
t was cooled to room temperature in each case.

.3.3. Synthesis of poly-o-toluidine Th(IV) phosphate
The composite cation-exchanger was prepared by the sol–gel

ixing of poly-o-toluidine an organic polymer into the inorganic
recipitate of thorium(IV) phosphate. In this process, when the
els of poly-o-toluidine were added to the white inorganic pre-
ipitate of thorium(IV) phosphate with a constant stirring, the
esultant mixture was turned slowly into brown colored slurries.
he resultant brown colored slurries were kept for 24 h at room

emperature.
Now, the poly-o-toluidine based composite cation-exchanger

els were filtered off, washed thoroughly with DMW to remove
xcess acid and any adhering trace of ammonium persulphate.
he washed gels were dried over P4O10 at 30 ◦C in an oven. The
ried products were immersed in DMW to obtain small gran-
les. They were converted to the H+ form by keeping it in 1 M
NO3 solution for 24 h with occasionally shaking intermittently

eplacing the supernatant liquid. The excess acid was removed
fter several washing with DMW. The material was finally dried
t 40 ◦C and sieving to obtain particles of particular size range
∼125 �m). Hence, a number of poly-o-toluidine thorium(IV)
hosphate nano-composite cation-exchanger samples were pre-
ared and on the basis of Na+ exchange capacity (i.e.c.), percent
f yield and physical appearance, sample S-3 was selected for
urther studies.

.4. Ion-exchange capacity (i.e.c.)

The ion-exchange capacity, which is generally taken as a mea-
ure of the hydrogen ion liberated by neutral salt to flow through
he composite cation-exchanger was determined by standard col-
mn process. One gram of the dry cation-exchanger sample S-3
n the H+-form was taken into a glass column having an internal
iameter (i.d.) ∼1 cm and fitted with glass wool support at the
ottom. The bed length was approximately 1.5 cm long. One
olar alkali and alkaline earth metal nitrates as eluants were

sed to elute the H+ ions completely from the cation-exchange
olumn, maintaining a very slow flow rate (∼0.5 ml min−1).
he effluent was titrated against a standard 0.1 M NaOH using
henolphthalein indicator.

.5. Effect of eluant concentration

To find out the optimum concentration of the eluant for com-
lete elution of H+ ions, a fixed volume (250 ml) of sodium
nt was titrated against a standard alkali solution of 0.1 M
aOH for the H+ ions eluted out. A maximum elution was
bserved with the concentration of 1.6 M NaNO3 as indicated in
ig. 1.
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Fig. 1. Concentration plot of poly-o-toluidine Th(IV) phosphate.

.6. Elution behavior

Since an optimum concentration Fig. 2 for a complete elution
as observed to be 1.6 M for sample S-3, a column containing
g of the exchanger in H+-form was eluted with NaNO3 solution
f this concentration in different 10 ml fractions with minimum
ow rate as described above and each fraction of 10 ml effluent
as titrated against a standard alkali solution for the H+ ions

luted out.

.7. pH-titration
pH-titration studies of poly-o-toluidine Th(IV) phosphate
ano-composite cation-exchanger (S-3) was performed by the
ethod of Topp and Pepper [16]. A total of 500 mg portions

ig. 2. The elution behavior of poly-o-toluidine Th(IV) phosphate cation-
xchange material.
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ig. 3. pH-titration curves for poly-o-toluidine Th(IV) phosphate nano-
omposite cation-exchanger.

f the cation-exchanger in the H+-form were placed in each of
he several 250 ml conical flasks, followed by the addition of
quimolar solutions of alkali metal chlorides and their hydrox-
des in equal volume ratio, the final volume is being 50 ml to

aintain the ionic strength constant. The pH of the solution was
ecorded every 24 h until equilibrium was attained which needed
days. The pH at equilibrium was plotted against the m moles

f OH− ions added (Fig. 3)

.8. Chemical dissolution

Two hundred fifty milligrams portions of the composite
ation-exchanger (poly-o-toluidine Th(IV) phosphate, S-3) in
+-form were treated with 20 ml each of different acids such as
Cl, HNO3, H2SO4, HClO4, different bases such as NaOH,
OH, NH4OH, salt (NaNO3) and organic solvents such as
imethyl sulphoxide (DMSO), acetone, n-butyl alcohol, and also
ith double distilled water (DMW) for 24 h with occasional

haking.

.9. Chemical composition

The chemical composition of poly-o-toluidine Th(IV) phos-
hate nano-composite cation-exchanger (sample S-3) was
etermined by using elemental analyzer, inductively coupled

lasma mass spectrophotometer and UV–vis spectrophotome-
er for CHN, Th and phosphorous, respectively. The weight
ercent composition of C, H, N, Th, P and O in the material
as found to be 38.85, 4.579, 8.26, 36.62 and 1.88 and 9.81,

espectively.
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.10. Thermal studies

To study the effect of temperature on the i.e.c., 1 g samples
f the composite cation-exchange material (S-3) in the H+-form
ere heated at various temperatures in a muffle furnace for 1 h

nd the Na+ ion-exchange capacity was determined by column
rocess after cooling them at room temperature.

Simultaneous TGA and DTA studies of the composite cation-
xchange material (poly-o-toluidine Th(IV) phosphate, S-3)
n original form were carried out by an automatic thermo
alance on heating the material from 10 to 1000 ◦C at a con-
tant rate (10 ◦C min−1) in the air atmosphere (air flow rate of
00 ml min−1).

.11. Fourier transform infra red (FTIR) studies

The FTIR spectrum of poly-o-toluidine (sample S-4); Th(IV)
hosphate (sample S-5) and poly-o-toluidine Th(IV) phosphate
sample S-3) in the original form dried at 40 ◦C were taken by
Br disc method at room temperature.

.12. X-ray analysis

Powder X-ray diffraction (XRD) pattern was obtained in an
luminum sample holder for the sample S-3 in the original form
sing a PW 1148/89 based diffractometer with Cu K� radiations.

.13. Transmission electron microscopy (TEM) studies

TEM studies were carried out to know the particle size of the
oly-o-toluidine Th(IV) phosphate composite cation-exchange
aterial.

.14. Scanning electron microscopy (SEM) studies

Microphotographs of the original form of poly-o-toluidine
S-4); inorganic precipitate of Th(IV) phosphate (S-5); and
rganic–inorganic composite material poly-o-toluidine tho-
ium(IV) phosphate (S-3); were obtained by the scanning
lectron microscope at various magnifications.

.15. Selectivity (sorption) studies

The distribution coefficient (Kd values) of various metal ions
n poly-o-toluidine Th(IV) phosphate nano-composite were
etermined by batch method in various solvent systems. Var-
ous 200 mg of the composite cation-exchanger beads (S-3) in
he H+-form were taken in Erlenmeyer flasks with 20 ml of dif-
erent metal nitrate solutions in the required medium and kept for
4 h with continuous shaking for 6 h in a temperature controlled
ncubator shaker at 25 ± 2 ◦C to attain equilibrium. The initial
etal ion concentration was so adjusted that it did not exceed

% of its total ion-exchange capacity. The metal ions in the solu-

ion before and after equilibrium were determined by titrating
gainst standard 0.005 M solution of EDTA [17]. The alkaline
arth metal ion [Ca2+] was determined by flame photometry and
ome heavy metal ions such as [Pb2+, Cd2+, Cu2+, Hg2+, Ni2+,

2

r

72 (2007) 699–710

n2+] were determined by atomic absorption spectrophotometry
AAS). The distribution quantity is given by the ratio of amount
f metal ion in the exchanger phase and in the solution phase.
n other words, the distribution coefficient is the measure of a
ractional uptake of metal ions competing for H+ ions from a
olution by an ion-exchange material and hence mathematically
an be calculated using the formula given as:

d = m mol metal ions/g ion-exchanger

m mol metal ions/ml solution
(ml g−1) (1)

.e.

d =
[
I − F

F

] [
V

M

]

(ml g−1) (2)

here I is the initial amount of metal ion in the aqueous phase, F
he final amount of metal ion in the aqueous phase, V the volume
f the solution (ml) and M is the amount of cation-exchanger (g).

.16. Preparation of poly-o-toluidine Th(IV) phosphate
ation-exchange membrane

Ion-exchange membrane of poly-o-toluidine Th(IV) phos-
hate was prepared as the method reported by Khan and
namuddin [18] in earlier studies. To find out the optimum mem-
rane composition, different amounts of the composite material
as grounded to a fine powder and mixed thoroughly with a fixed

mount (200 mg) of PVC dissolved in 10 ml tetrahydrofuran.
he resultant slurries were poured to cast in glass tube having
0 cm in length 5 mm in diameter. These glass tubes were left
or slow evaporation for several hours. In this way, three sheets
f different thicknesses 0.15, 0.17 and 0.22 mm were obtained.
fixed area of the membranes was cut using sharp edge blade.

.17. Characterization of membrane

The important factors to check the performance of the mem-
rane, three parameters were determined as reported earlier
19–22].

.17.1. Water content (% total wet weight)
First the membranes were soaked in water to elute diffusible

alt, blotted quickly with Whatmann filter paper to remove sur-
ace moisture and immediately weighted. These were further
ried to a constant weight in a vacuum over P2O5 for 24 h. The
ater content (total wet weight) was calculated as:

Total wet weight = Ww − Wd

Ww
100

here Ww is the weight of the soaked/wet membrane and Wd is
he weight of the dry membrane.
.17.2. Porosity
Porosity (ε) was determined as the volume of water incorpo-

ated in the cavities per unit membrane volume from the water
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ontent data:

= Ww − Wd

ALρw

here Ww is the weight of the soaked/wet membrane, Wd the
eight of the dry membrane, A the area of the membrane, L the

hickness of the membrane and ρw is the density of water.

.17.3. Thickness and swelling
The thickness of the membrane was measured by taking

he average thickness of the membrane by using screw gauze.
welling is measured as the difference between the average

hicknesses of the membrane equilibrated with 1 M NaCl for
4 h and the dry membrane.

.18. Fabrication of ion-selective membrane electrode

The membrane sheet of 0.17 mm thickness as obtained by
he above procedure was cut in the shape of disc and mounted
t the lower end of a Pyrex glass tube (o.d. 0.8 cm, i.d. 0.6)
ith araldite. Finally, the assembly was allowed to dry in air

or 24 h. The glass tube was filled with 0.1 M mercuric nitrate
olution. A saturated calomel electrode was inserted in the tube
or electrical contact and another saturated calomel electrode
as used as external reference electrode. The whole arrangement

an be shown as:

Internal reference electrode (SCE) | internal

electrolyte 0.1 M Hg2+ | membrane | sample solution |
external reference electrode (SCE)

Following parameters were evaluated to study the character-
stics of the electrode such as lower detection limit, electrode
esponse curve, response time and working pH range.

.19. Electrode response or membrane potential

To determine the electrode response, a series of standard solu-
ions of varying concentrations ranging from 10−1 to 1−10 were
repared. External electrode and ion-selective membrane elec-
rode are plugged in digital potentiometer and the potentials were
ecorded.

For the determination of electrode potential the mem-
rane of the electrode was conditioned by soaking in 0.1 M
g(NO3)2 solution for 5–7 days and for 1 h before use.
hen electrode was not in use electrode must be kept in

.1 M Hg(NO3)2 solution. Potential measurement was plotted
gainst selected concentration of the respective ion in aqueous
olution.

.20. Effect of pH
pH solutions ranging from 1 to 13 were prepared at con-
tant ion concentration, i.e. (1 × 10−2 M). The value of electrode
otential at each pH was recorded and plot of electrode potential
ersus pH was plotted.

o
m
c
f
i
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.21. The response time

The method of determining response time in the present work
s being outlined as follows.

The electrode is first dipped in a 1 × 10−3 M solution of
g(NO3)2 and 10-fold higher concentration. The potential of

he solution was read at 0 s; just after dipping of the electrode in
he second solution and subsequently recorded at the intervals
f 5 s. The potentials were then plotted versus time.

.22. Determination of Hg2+ by potentiometric titrations
sing poly-o-toluidine Th(IV) phosphate nano-composite
embrane electrode

The practical utility of the proposed membrane sensor assem-
ly was tested by its use as an indicator electrode in the
otentiometric titration of Hg(II) with EDTA.

.23. Life span of the membrane

For this study, the electrode responses were noted for
ne or more weeks over weak and response curve is drawn
or the data. The electrode response curve showed that the
esponse remains constant over a period of time. After this
eriod the electrode starts behaving irregular, therefore can-
ot be used for any measurements. This period in which
he electrode response is constant can be termed as life of
lectrode.

. Results and discussion

Various samples of a new and novel organic–inorganic
omposite cation-exchange material have been developed by
he incorporation of electrically conducting polymer poly-
-toluidine into the inorganic matrices of fibrous Th(IV)
hosphate. Due to the high percentage of yield, better ion-
xchange capacity, reproducible behavior, chemical and thermal
tabilities, sample S-3 (Table 1) was chosen for the details of the
on-exchange studies.

The composite cation-exchange material possessed a bet-
er Na+ ion-exchange capacity (1.90 meq g−1) as compared
o inorganic precipitate of fibrous type Th(IV) phosphate
0.72 meq g−1) [15].

The ion-exchange capacity of the composite cation-
xchanger for alkali metal ions and alkaline earth metal ions
ncreased according to the decrease in their hydrated ionic radii
Table 2). The ion-exchange capacity of dried composite cation-
xchanger sample (S-3) decreased as the temperature increased.
he ion-exchange capacity of the material was found stable upto
50 ◦C and it retained about 61% of the initial ion-exchange
apacity by heating upto 250 ◦C (Table 3).

It is evident from Fig. 1 that minimum molar concentration
f NaNO3 as eluant for sample (S-3) was found to be 1.6 M for

aximum release of H+ ions from 1 g of the cation-exchanger

olumn. The elution behavior indicates that the exchange is quite
ast because only 250 ml of sodium nitrate solution (1.6 M)
s enough to release the total H+ from 1 g sample of poly-
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Table 1
Conditions of preparation and the ion-exchange capacity of poly-o-toluidine Th(IV) phosphate composite cation-exchange materials

Sample no. Mixing volume ratios (v/v) Heating
time (h)

Heating
temperature (◦C)

Mixing volume ratios (v/v) Appearance of
the sample

Na+ ion-exchange
capacity (meq dry g−1)Th(NO3)4·5H2O

in 1 M HNO3

H3PO4 0.1 M (NH4)2S2O8

in 1 M HCl
10% ortho-toluidine
in 1 M HCl

S-1 1 (0.1 M) 1 (1 M) 2 85 1 1 Fibrous brown 1.26
S-2 1 (0.1 M) 1 (1 M) 4 85 1 1 Fibrous brown 1.60
S-3 1 (0.1 M) 2 (1 M) 4 85 1 1 Fibrous brown 1.90
S-4 – – – – 1 1 Reddish 0.11
S-5 5 (0.1 M) 2 (2 M) 4 85 – – White sheet 0.72
S-6 2 (0.1 M) 1 (1 M) 4 85 1 1 Fibrous brown 1.15
S-7 3 (0.1 M) 1 (1 M) 4 85 1 1 Fibrous brown 1.18
S-8 3 (0.1 M) 1 (2 M) 4 85 1 1 Fibrous brown 1.24
S-9 3 (0.1 M) 1 (2.4 M) 4 85 1 1 Fibrous brown 1.04
S-10 5 (0.1 M) 1 (2.5 M) 4 85 1 1 Fibrous brown 0.95
S-11 1 (0.2 M) 4 (1 M) 4 85 1 1 Fibrous brown 1.60
S-12 1 (0.2 M) 2 (1 M) 4 85 1 1 Fibrous brown 1.52
S-13 1 (0.2 M) 2 (2 M) 4 85 1 1 Fibrous brown 1.44

Table 2
Ion-exchange capacity of various exchanging ions on poly-o-toluidine Th(IV) phosphate composite cation-exchanger

Exchanging ions pH of the metal solution Ionic radii Hydrated ionic radii Ion-exchange capacity (meq g−1)

Na+ 4.99 0.97 2.76 1.90
K+ 6.50 1.33 2.32 1.76
Li+ 3.30 0.68 3.40 0.40
Mg2+ 4.87 0.78 7.00 0.97
Ca2+ 6.20 1.06 6.30 0.83
S 2+

B

o
(
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t
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1

r 6.02 1.27
a2+ 6.50 1.43

-toluidine thorium(IV) phosphate cation-exchange material
Fig. 2).

The pH titration curves for poly-o-toluidine Th(IV) phos-
hate (S-3) were obtained under equilibrium conditions with
aOH/NaCl, KOH/KCl and LiOH/LiCl, systems indicated
ifunctional behavior of the material as shown in Fig. 3. For
he sample S-3, the rate of H+–Na+ exchange was faster than
hose of H+–K+ and H+–Li+ exchangers. The solubility experi-

ents showed that the material has good chemical stability, as

t is resistant to DMW, 1 M HCl, 0.5 M NaOH, 2 M NH4NO3,
uffer pH 10 and 3.75. The chemical dissolution in 1.5 M HNO3,
M tetrahydrofuran, 20% alcohol and 0.5 M NaOH is almost

2
p
b
o

able 3
ffect of temperature on ion-exchange capacity of poly-o-toluidine Th(IV) phosphate

erial no. Heating temperature (◦C) Na+ ion-exchange

1 50 1.90
2 100 1.90
3 150 1.90
4 200 1.16
5 250 0.92
6 300 0.84
7 350 0.52
8 400 0.20
9 500 0.08
0 600 0.00
– 1.40
5.90 1.70

egligible. The percent composition of C, H, N, Th, P and O in
he material was found to be 38.85, 4.579, 8.26, 36.62,1.88 and
.81, respectively.

It is clear from the thermogravimetric analysis (TGA) curve
Fig. 4) of the material that upto 100 ◦C only 5.82% weight
oss was observed, which may be due to the removal of exter-
al H2O molecules present at the surface of the composite [23].
urther weight loss of mass approximately 7% between 100 and

◦
50 C may be due to the slight conversion of inorganic phos-
hate into pyrophosphate. Slow weight loss of mass about 5% in
etween 250 and 600 ◦C may be due to the slight decomposition
f organic part of the material. The thermo-gravimetric analysis

composite cation-exchanger on heating time for 1 h

capacity (meq dry g−1) % Retention of ion-exchange capacity

100
100
100

63
61
48
27
10.52

4.02
0.00
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ig. 4. Simultaneous TGA–DTA curves of poly-o-toluidine Th(IV) phosphate
as prepared).

f the composite exchanger indicates that the composite cation-
xchanger is thermally stable because only 18% of mass was
ost upto 1000 ◦C.

The peak values of the FTIR spectra (Fig. 5) of poly-o-
oluidine Th(IV) phosphate composite material indicates that

he band centered at 3367 cm−1 results for the characteristics
f free N–H stretching vibration, suggest the presence of sec-
ndary amino group (–NH–) [14]. The peak at 1640–1560 cm−1

epresents the free water molecule (water of crystallization) and

ig. 5. FTIR spectra of as prepared Th(IV) phosphate S-5, poly-o-toluidine S-4,
nd poly-o-toluidine Th(IV) phosphate nano-composite cation-exchanger S-3.
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ig. 6. Power X-ray diffraction pattern of poly-o-toluidine Th(IV) phosphate
ano-composite.

trongly bonded –OH group in the matrix [24]. An assembly
f two peaks at 980–1072 cm−1 may represent the presence of
onic phosphate groups [25]. The I.R. spectrum of composite

aterial can be compared with the spectra of Th(IV) phosphate
S-5) and poly-o-toluidine (S-4).

The X-ray diffraction pattern of this materials (S-3 as pre-
ared) recorded in powdered sample exhibited some small peaks
n the spectrum (Fig. 6) which suggest semi-crystalline nature
f the composite material. From the TEM studies it is clear
Fig. 7) that the poly-o-toluidine Th(IV) phosphate cation-
xchange material shows particles size in range of 11.0, 10.0,
5.0, 3.0 and 18.0 nm. Thus, the material particle size shows the
ano-range. The scanning electron microphotograph (SEM) of
oly-o-toluidine, Th(IV) phosphate and poly-o-toluidine Th(IV)
hosphate are represented in Fig. 8. It is clear from the pho-
ographs that after binding of organic polymer poly-o-toluidine
ith inorganic precipitate of Th(IV) phosphate. The morphol-
gy of the material has been changed with the formation of
rganic inorganic composite material poly-o-toluidine Th(IV)
hosphate.

In order to explore the potential of the composite material
S-3) in the separation of metal ions, distribution studies for 15
etal ions were performed in 15 solvent systems, it was observed

rom the data given in Table 4 that the Kd-values vary with the
ature of the contacting solvents. It was also observed from
he (Kd) values that Hg2+ was strongly adsorbed Zn2+, Ba2+,
a2+ and Al3+ are significantly adsorbed while the remaining
re partially adsorbed on the surface of ion-exchange material.

The separation capability of the material has been demon-
trated by achieving some important binary separations
nvolving Hg2+, viz. Hg2+–Cu2+, Hg2+–Zn2+, Hg2+–Ce4+,
g2+–Ni2+, Hg2+–Mg2+, Hg2+–Co2+, Hg2+–Ag2+, Pb2+–Ni2+

nd Pb2+–Fe2+ (Table 5). The sequential elution of the ions from
he column depends upon the stability of the metal-eluting lig-

nd (eluant). The order of elution and eluant used separation are
iven in Fig. 9. The separations are quite sharp and recovery is
uantitative and reproducible.
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ig. 7. Transmission electron microphotographs (TEM) of poly-o-toluidine
h(IV) phosphate showing different particle sizes.

In this study, organic–inorganic composite cation-exchanger

oly-o-toluidine Th(IV) phosphate was also used for
he preparation of heterogeneous ion-selective membrane
lectrode.

t
[

able 4

d-values of some metal ions on poly-o-toluidine Th(IV) phosphate nano-composite

olvents Metal ions

Mg2+ Ba2+ Ca2+ Tl+ Pb2+ Hg2+ A

MW – 200 100 8 425 66
0−3 M HNO3 14 50 36 – 260 200
0−2 M HNO3 – 15 13 20 150 116
0−1 M HNO3 – 600 50 70 – –
0−3 M HClO4 – 66 33 14 25 300
0−2 M HClO4 14 27 70 40 113 150
0−1 M HClO4 – 16 13 40 140 140
0−3 M CH3COOH 100 67 60 400 260 400
0−2 M CH3COOH 100 50 58 90 116 400 1
0−1 M CH3COOH – 116 50 40 180 87
H3COOH + CH3COONa 134 180 200 100 375 275
0% DMSO 56 700 57 200 300 223
0% Acetone 70 45 50 – 200 400
0% Formic acid – – – 160 166 –
0−1 M H2SO4 20 17 160 75 400
72 (2007) 699–710

Sensitivity and selectivity of the ion-selective electrodes
epend upon the nature of electro-active material, membrane
omposition and physico-chemical properties of the membranes
mployed. A number of samples of the poly-o-toluidine Th(IV)
hosphate composite membrane were prepared with different
mounts of composite material and PVC and checked for the
echanical stability, surface uniformity, materials distribution,

racks and thickness, etc. But the membranes obtained with 33%
VC (w/w) were found to be good.

The results of thickness, swelling, porosity and water
ontent capacity of poly-o-toluidine Th(IV) phosphate nano-
omposite cation-exchanger membrane are summarized in
able 6. The membrane sample M-2 (thickness 0.17 mm) was
elected for further studies. Thus, low order of water content,
welling and porosity with less thickness of this membrane
uggests that interstices are negligible and diffusion across
he membrane would occur mainly through the exchange
ites.

The heterogeneous precipitate Hg(II) ion-selective mem-
rane electrode obtained from poly-o-toluidine Th(IV) phos-
hate cation-exchanger material gives linear response in the
ange 1 × 10−1 and 5 × 10−5 M. Suitable concentrations were
hosen for sloping portion of the linear curve. The limit of
etection determined from the intersection of the two extrap-
lated segments of the calibration graph [26] was found to be
× 10−5 M, and thus the working concentration range is found

o be 1 × 10−1 to 5 × 10−5 M (Fig. 10) for Hg2+ ions with a
ower Nerstian slope of 26.97 mV per decade change in Hg2+

on concentration, the slope value is blow to Nerstian value,
9.6 mV per concentration decade for divalent cation [27].

pH effect on the potential response of the electrode were
easured for a fixed (1 × 10−2 M) concentration of Hg2+ ions

n different pH values. It is clear that electrode potential remains
nchanged within the pH range 4.0–8.0 (Fig. 11), known as
Another important factor is the promptness of the response of
he ion-selective electrode. The average response time is defined
28] as the time required for the electrode to reach a stable poten-

cation-exchanger column in different solvent system

l2+ Ni2+ Fe2+ Ce4+ Co2+ Zn2+ Ag+ Cu2+ Cd2+

57 20 200 33 20 400 25 25 25
100 140 300 26 50 10 45 43 43
25 33 – 90 25 50 66 25 25

– – – 25 – 100 10 – –
80 11 57 25 25 – 44 43 43

9 20 – – 23 400 18 – –
500 600 66 100 43 150 33 – –
43 40 40 80 – 50 116 50 50

000 16 – 50 50 275 120 63 63
– 36 66 100 63 250 200 67 67

120 150 60 66 87 150 5 100 100
43 30 100 80 50 366 18 – –
60 16 66 130 60 233 80 – –

100 150 33 – – – – 20 20
200 300 60 100 – – 7 50 50
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Fig. 8. Scanning electron microphotographs (SEM) of poly-o-toluidine at the magn
(S-5) and poly-o-toluidine Th(IV) phosphate (S-3) at the magnification of 7.00k×.

Fig. 9. Binary separations of Hg(II) from Cu(II), Zn(II), Ce(IV), Ni(II) on poly-
o-toluidine Th(IV) phosphate nano-composite columns.
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ifications of 7.00k× (S-4), Th(IV) phosphate at the magnification of 4.00k×

ial. It is clear (Fig. 12) that the response time of the membrane
ensor is found to be ∼25 s.

The membrane could be successfully used upto 7 months
ithout any notable drift in potential during which the potential

lope is reproducible within ±1 mV per concentration decade.
henever a drift in the potential is observed, the membrane is

e-equilibrated with 0.1 M Hg(NO3)2 solutions for 3–4 days.
The selectivity coefficients, K

pot
Hg M of various differing

ations for the Hg(II) ion-selective poly-o-toluidine Th(IV)
hosphate composite membrane electrode were determined by
he mixed solution method [29]. The selectivity coefficient indi-
ates the extent to which a foreign ion (Mn+) interferes with

he response of the electrode towards its primary ions (Hg2+).
y examine the selectivity coefficient data given in Table 7, it

s clear that the electrode is selective for Hg(II) in presence of
nterfering cations.
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Table 5
Some binary separations of metal ions achieved on poly-o-toluidine Th(IV) phosphate composite column (A = 1 M HCl; C = 0.1 M HNO3; D = DMW; E = 0.01 M
HClO4; F = 0.1 M HClO4)

Separation achieved Eluant used Volume of eluant (ml) Amount of metal loaded (�g) Amount of metal found (�g) Error (%)

Hg(II) A 40 4011.80 4011.80 0.00
Cu(II) C 40 1271.00 1271.00 0.00
Hg(II) A 40 4011.80 3961.65 −1.25
Zn(II) D 40 1307.40 1307.40 0.00
Hg(II) A 50 4011.80 3961.65 −1.25
Ce(IV) C 40 2802.30 2802.30 0.00
Hg(II) A 40 4011.80 3961.65 −1.25
Ni(II) E 40 880.65 895.33 +1.66
Hg(II) A 40 300.90 3018.87 −0.33
Mg(II) E 40 486.10 492.18 +1.25
Hg(II) A 50 4011.80 3961.65 −1.25
Co(II) E 50 1001.80 1031.28 +2.94
Hg(II) A 50 4011.80 3967.65 −1.25
Ag(I) F 40 1921.62 1968.44 +1.38
Hg(II) C 40 3315.20 3367.00 +1.56
NI(II) F 50 1174.20 1174.20 0.00
Hg(II) C 40 4144.00 4195.00 +1.25
Fe(II) E 50 1117.00 1103.03 −1.25

Table 6
Characterization of ion-exchange membrane

Poly-o-toluidine Th(IV) phosphate
composite material

Thickness of the
membrane (mm)

Water content as % weight
of wet membrane

Porosity Swelling of % weight
of wet membrane

M-1 0.15 0.02517 2.16 × 10−4 No swelling
M-2 0.17 0.01957 1.85 × 10−4 No swelling
M-3 0.22 0.13397 2.16 × 10−3 No swelling

Fig. 10. Calibration curve of poly-o-toluidine Th(IV) phosphate membrane
electrode in aqueous solutions of Hg(NO3)2.

Fig. 11. Effect of pH on the potential response of the poly-o-toluidine Th(IV)
phosphate membrane electrode at 1 × 10−2 M Hg2+ concentration.
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Fig. 12. Time response curve of poly-o-toluidine Th(IV) phosphate membrane
electrode.

Table 7
Selectivity coefficient values for Hg2+ selective poly-o-toluidine Th(IV) phos-
phate membrane electrode of mercury ions

Interfering ions (Mn+) Selectivity coefficient values

Zn2+ 0.025
Cd2+ 0.055
Cu2+ 0.040
Mg2+ 0.035
Co2+ 0.020
Na+ 0.85
K+ 0.9500
Fe2+ 0.400
Cr3+ 0.910
Mn2+ 0.900

Fig. 13. Potentiometric titration of Hg(II) against EDTA solution using poly-o-
toluidine Th(IV) phosphate PVC membrane electrode.
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The practical utility of the proposed membrane sensor assem-
ly was tested by its use as an indicator electrode in the
otentiometric titration of Hg(II) with EDTA. The addition of
DTA causes a decrease in potential as a result of the decrease

n the free Hg(II) ions concentration due to its complexation
ith EDTA (Fig. 13). The amount of Hg(II) ions in solution can
e accurately determined from the resulting neat titration curve
roviding a sharp rise in the titration curve at the equivalence
oints.

. Conclusion

In the present study, a mercury selective composite cation-
xchanger poly-o-toluidine Th(IV) phosphate having good
on-exchange capacity (1.90) as compared to Th(IV) phos-
hate (0.72) have been prepared successfully. As shown in
EM photograph the particle size of the composite material
re within the range of 11.00, 10.00, 15.00 and 18.00 nm. Thus
aterial can be considered as nano-composite material. This

omposite material was also utilized as an electroactive com-
onent for the preparation of ion-selective membrane electrode
or the determination of Hg(II) ions in aqueous solution. The
embrane electrode showed a working concentration range

0−1 – 5 × 10−5 M, response time 25 s, 4–8 pH range, and selec-
ivity in presence of other metal ions. The practical utility was
etermined as potentiometric sensor for the titration of Hg(II)
sing ethylenediaminetetra-acetic acid (EDTA) as a titrant.
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bstract

A simple and environment friendly method was developed for determination of Malathion content of analytical and commercial insecti-
ide samples with no special preparation. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were characterized and

−1
000–2000 cm region was selected for quantitative analysis utilizing partial least square (PLS) and two wavelength selection methods: (a)
rincipal component regression (PCR) and (b) genetic algorithm (GA). Relative error of prediction (REP) was calculated in PLS, PCR-PLS and
A-PLS methods and was 3.536, 1.656 and 0.188, respectively. Proposed method is successfully applicable for quantification of Malathion in

ommercial grade samples and reliable results in comparison with known methods, confirms this idea.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Malathion (S-(1,2-dicarbethoxyethyl) O,O-dimethyl dithio
hosphate) is an organophosphate (OP) insecticide, which was
ntroduced in 1950 by American Cyanamid Company as a new
eneration. It has a wide range of applications, e.g. in vegetable
roducing crofts, farms and fly dopes.

Organophosphates are environment pollutants and thus the
nsecticides based on these compounds would be harmful espe-
ially when they have widespread applications [1]. Detailed
nalysis of the incident data identified specific use patterns
hich are more likely to be associated with pesticide poison-
ng. According to the type of use, risk mitigation measurements
re recommended to reduce the associated effects of poisoning
2].
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mam Khomeini International University, P.O. Box 288, Qazvin, Iran.
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Some methods for determination of Malathion in pesticides
ave been published in Collaborative International Pesticide
nalytical Council (CIPAC) reference book, e.g. gas chro-
atography with flame ionization detection (GC-FID) [3] or

hotometric determination procedure at 420 nm. Other proce-
ures which have been proposed for Malathion quantification in
esticide are based on using GC with mass spectrometry as the
etector [4], screen-printed enzyme electrodes [5], photomet-
ic determination with molybdenum at 825 nm [6] and indirect
etermination by atomic absorption spectrometry [7]. One of
he most important drawbacks of foresaid methods is the use of
olvent in most of them which is environmentally concerning.

In present research a simple procedure for quantification
f analytical and commercial Malathion in presence of spec-
ral interference relating to diethyl maleate (as a residue of
roduction process), TF-XN10 and TF-7438 (product addi-
ives in commercial samples) has been developed. Commercial
alathion is 30–90% (w/v) concentrated in pesticide emulsion.
he main aim of this study was to develop a procedure based on
TIR spectroscopy for fast, accurate and direct determination
f Malathion, which could be used in the quality control of its
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high solubility of Malathion in xylene, commercial samples are
diluted by this organic solvent. Thus, xylene has been selected
as an appropriate solvent in proposed method. Fig. 1 shows the
absorption spectra of solvent and standard Malathion solution
M. Khanmohammadi et a

ommercial products, being an eco-friendly method trying to
educe the organic solvents’ waste, as much as possible.

Partial least squares (PLS) was used to extract the relevant
art of information and produce reliable models. Nowadays, this
oncept is applied by several researchers, according to Martens
nd Neas algorithm [7,8]. The choice of wavelength would crit-
cally affect the future predictive ability of the model. Recently,
everal selection methods have been developed, e.g. artificial
eural network (ANN) [9], Tabu search [10], hybrid linear analy-
is (HLA) [11], and successive projection algorithm (SPA) [12].

In this study, PCR and GA techniques were used for wave-
engths selection. In PCR method, wavelengths with minimum
relative error of prediction” (REP) were selected for calibration
odel by introducing them into the regression iteratively and

valuating the relative error of models [9]. Genetic algorithms
GA) are widely applied including an extraordinary increment
n calculation power and being applicable for extremely com-
lex problems. There are some publications dealing with genetic
lgorithms [13–15].

. Experimental

.1. Materials and apparatus

An AB-Bomem (Quebec, Canada) MB100, FTIR spectrom-
ter equipped with a di-triglycerine sulfate (DTGS, DC3IB)
id-range detector, a Ge/Sb2S3 coated KBr beam splitter and
SiC source, was employed for IR spectrometry. Spectratech

Warrington, UK) in-compartment contact with a sampler and
horizontal attenuated total reflector (with a 45◦ ZnSe trough

late) were used. GRAMS/32 software (Galactic Ind. Co.) was
tilized for spectral analysis. A GBC UV–vis (Cintra 6) spec-
rophotometer, attached to a Pentium (IV) computer, with 10 cm
lass cell was used as reference method at 420 nm.

All FTIR absorptions spectra were recorded at
000–2000 cm−1 region with spectral resolutions of 3.85 cm−1.
ll spectra were processed by MATLAB software (ver.7.00)

onsisting of PLS and GA m.files (copyright 1989–1992 by
ath Works, Inc.). The PCR algorithm was also formatted as

n m.file. Purity of analytical grade Malathion was determined
y reference method, i.e. absorption at 420 nm. Standard
olution of Malathion with 95.2% purification of stock solution
Chemservice, USA) was applied. Diethyl maleate (DEM)
eagent, TF-XN10 and TF-7438 additives (Omnic.chem.,
elgium) were of commercial grade, solvent used was xylene

Merck, Germany). Chemical reagents and solvent used in
eference method were anhydrous ethanol, sodium hydroxide,
erric chloride solution (0.2 g FeCl3·6H2O in 8 ml hydrochloric
cid), cupric sulfate solution (1.0 g CuSO4·5H2O in 1000 ml
ouble distilled water) and carbon tetrachloride, all in analytical
rade (Merck, Germany).

.2. Classic reference procedure for determination of

alathion

About 0.2 g of Malathion is weighted, dissolved by anhydrous
thanol in a 200 ml volumetric flask. A 20 ml portion of solution

F
g
a
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s transferred to another 200 ml volumetric flask and anhydrous
thanol is added up to the volume mark. Using pure ethanol, 1,
, 5, 10, 15, 20 and 25 ml of diluted solution is transferred into
even separating funnels and sufficient ethanol is added to make
n exactly 20 ml mixture, followed by mixing the contents of
unnels. Then sodium hydroxide solution (2 ml, 0.5 M) is added
nd stirred. After 2 min ferric chloride reagent (75 ml, 0.001 M)
s added and mixed for 5 min. Then carbon tetrachloride (50 ml)
nd cupric sulfate solution (2 ml, 0.066 M) are added, fun-
el’s stopper is tightened, and funnel is agitated, exactly 1 min.
hen organic phase (carbon tetrachloride) is separated and
bsorbance of the yellow solution is measured at 420 nm
mmediately.

.3. Proposed procedures for quantification of analytical
alathion

Standard solutions were prepared in concentration range
f 1.567–0.166 mg ml−1 with xylene as solvent. In this way,
0 samples were prepared for calibration set. To decrease the
ifference of matrix effect between standard and real sample
olutions, other interfering components were added to them
n different concentration levels (0.10–1.20 mg ml−1 for DEM,
.15–1.00 mg ml−1 for TF-XN10 and 0.14–1.01 mg ml−1 for
F-7438). Foresaid standard solutions were applied in calibra-

ion model, also for assessment of the model and for quantitation
f real samples.

. Results and discussion

.1. Solvent selection

A suitable solvent dissolves the analytical samples without
eacting and has the least interference at spectral region of the
nalyte. Carbon tetrachloride and chloroform have been men-
ioned in the reference methods as solvent. According to the
ig. 1. Absorbance spectra of the solvent and Malathion standard with air back-
round (A and B), solvent and Malathion standard with solvent background (C
nd D).
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Table 1
Quantification of Malathion by PLS calibration model using different spectra
region

Area (cm−1) RMSEC REP R2

1000–1180 0.561 6.160 0.990
1180–1350 0.737 8.089 0.924
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the model containing all of the variables, using selected variables
for PLS performing. The selected variables which were used
in GA-PLS calibration set are about 40. Fig. 5 shows the GA
selected variables. The present study shows that the GA-PLS
ig. 2. Absorbance spectra of 1.02 mg ml−1 concentrated DEM (A),
.10 mg ml−1 concentrated TF-7438 (B) and 3.00 mg ml−1 of concentrated TF-
N10 (C) and 1.00 mg ml-1 concentrated malathion (D).

ith air background (A and B) and with solvent background (C
nd D).

.2. FTIR spectra of malathion

The FTIR absorption spectrum of Malathion indicates
hat the wave number region of 1000–2000 cm−1 could be
elected to carry out its determination. The bands located at
720–1770 cm−1 and 1000–1060 cm−1 are the most intensive
nes. The signal at 1720–1770 cm−1 is due to the carbonyl
tretching of the ester group. The P–OCH3 group has two closer
ands located at 1018–1047 cm−1 region. Absorptions around
450 cm−1 are according to –CH2 and –CH3 groups while the
and at 1375 cm−1 indicates the –CH3 group [16–17].

.3. Spectral region of interferences

As can be seen in Fig. 2, the ATR-FTIR absorption spec-
rum of DEM in xylene (A) shows an intensive band at
047–1070 cm−1 which causes an interference with Malathion
n this region.

On the other hand, the absorption spectra of additives
TF-XN10 and TF-7438) show the spectral interferences at
727–1731 cm−1 and 1050–1175 cm−1 with the analyte.

.4. Calibration model and validation step

Multivariate calibration models are suitable for the analysis
f large number of samples. However, they are not advisable
or the determination of large numbers of analytes because of
he complexity of the calibration matrix. Multivariate calibration

ethods such as PLS require a suitable experimental design of
he standards belonging to the calibration set in order to provide
good prediction [18,19].
In order to find the best regions for quantification of
alathion, 4 regions were evaluated (1000–1180 cm−1, 1180–

350 cm−1, 1350–1780 cm−1 and also the combination of
oth 1000–1180 cm−1 and 1350–1780 cm−1), according to the F
350–1780 1.568 17.212 0.959
000–1180 and 1350–1780 0.341 3.741 0.993

bsorbance signals of Malathion and spectral interference of
ther components. The analytical quantification results of PLS
odel at mentioned regions are shown in Table 1. The results

f this evaluation showed these regions (1000–1180 cm−1 and
350–1780 cm−1) are more suitable for analysis.

.5. Variable selection methods

One important goal in multivariate method is increasing the
rediction ability of the calibration model. Therefore, two wave-
ength selection methods were applied. In order to select the

odified wavelengths, 22 variables were selected at first by
CR. Results of calculation errors in iterative application of
avelengths in regression have been illustrated in Fig. 3 and
ig. 4 shows the selected wavelengths.

GA is an evolutionary computing technique which uses an
lgorithm known as a fitness function to assess the robustness
f the model proposed by each individual. GA usually takes the
orm of a minimization function; therefore the fittest individuals
re those with the lowest fitness value. The genetic process will
roduce individuals with better performance than the previous
nes, and thus the individual in the terminal generation can be
onsidered as the approximate optimal solution. GA parameters
re shown in Table 2.

GA was performed on spectral data set using a PLS regression
ethod with maximum number of factors as the optimal number

f components which were determined by cross-validation on
ig. 3. Errors according to the total wavelengths calculated by the PCR method.
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of the relative error of prediction (REP) [23]. RMSEC, R2 and
REP values for each method (according to the optimum factor)
have been summarized in Table 4.
Fig. 4. Selected wavelength by proposed PCR method.

ould be a good method for feature selection in spectral data
ets. As a result, the prediction ability of the model has been
odified and the results are so much better than the use of PLS

r PCR-PLS only.

.6. Number of significant factors

PLS is often presented as the major regression technique for
ultivariate data. An important feature of PLS is that it takes

nto account errors in both the concentration estimates and the
pectra.

Using a set of 30 spectra, the PLS calibration was per-
ormed on 29 spectra and concentration of the compounds in
he left out sample was predicted. This process was repeated
0 times until each calibration sample left out once. The pre-
icted concentration of analyte in each sample was compared
ith its known concentration and the root mean square of cross-
alidation (RMSECV) was calculated. One reasonable choice
or optimum number of factors would be the number of factor
hich yields minimum RMSECV. Various PLS calibration mod-

ls have been calculated for the samples of the training set using
ifferent data wavelength selection methods and “number of fac-
ors”. The validation error (RMSECV) for different models was
btained, using the leave-one-out validation procedure. For the
nal model we must use the lowest “number of factors” which
ives a minimal RMSECV. Including a large number of factors

ften leads to deterioration in prediction ability (over fitting) for
he samples of the test set. The criteria of lowest RMSECV and
n optimal number of PLS-factors were used to calculate PLS
odels, but location of the minimum RMSECV is not always

able 2
arameters used in GA methodology

opulation size 64
indows with 3
aximum generation 100
utation rate 0.05
rossover Double
egression choice PLS
ross-validation Contiguous
lanta 72 (2007) 620–625 623

ell defined as a result of when the minimum is very shallow;
ne might trade in a few factors for a simpler and probably more
obust model with almost the same prediction error. The crite-
ion to add an additional factor to the model, in order to build
he final model, is our need to reduction of the RMSECV to 3%
r lower.

Fig. 6 illustrates the results of RMSECV according to the
actors. As can be seen, there is no significant difference between
he factors 6–10, thus there is no good reason to select a “number
f factors” as an optimum one.

Another choice for the optimum number of factors would be
hat number which yields the minimum prediction error sum of
quare (PRESS). PRESS is obtained in cross-validation process.
owever using the number of factors (h*) that yields minimum
RESS usually leads to some over fitting. A better criterion for
electing the optimum number of factors involves the compar-
son of PRESS from models with fewer than (h*) factors. We
sed F-statistic to make the significance determination. Haaland
nd Thomas empirically determined that an F-ratio probability
f 0.75 is a good choice [20]. We selected 6, 8 and 10 factors
ccording to these 2 processes for PLS, PCR-PLS and GA-PLS,
espectively.

The root mean square error (RMSE) is an indication of aver-
ge error for each of components in analysis [21] and thus was
alculated. The results obtained by applying PLS algorithm to
n independent data set consisting of 12 samples are listed in
able 3 for each method. Root mean square error of calibration
RMSEC) for PLS calibration model was 0.322 and root mean
quare error of test (RMSET) for independent data set was 0.420
hich are quite acceptable.
The square of the correlation coefficient (R2) [22] indicates

he linearity of data. The RMSE values estimate the absolute
rrors of prediction for each component. The prediction ability
f each method for each component can also be described in term
Fig. 5. Selected wavelengths by GA-PLS method.
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Table 3
The results of validation of calibration models by independent data set solution

Sample Actual
concentration
(mg ml−1)

PLS predicted
concentration
(mg ml−1)

GA-PLS predicted
concentration
(mg ml−1)

1 1.491 1.483 1.493
2 1.162 1.153 1.167
3 0.271 0.279 0.272
4 1.092 1.145 1.093
5 1.326 1.356 1.325
6 1.073 1.039 1.074
7 0.557 0.644 0.539
8 0.656 0.677 0.656
9 0.641 0.615 0.644
10 0.835 0.906 0.839
11 0.369 0.388 0.365
12 1.328 1.326 1.333

RMSET – 0.4200 0.0593

Table 4
Statistical parameters of the calibrations using PLS,PCR-PLS and GA-PLS
method with the best number of factors

Method NCa RMSEC REP R2

PLS 6 0.322 3.536 0.994
PCR-PLSb 8 0.151 1.656 0.997
GA-PLSc 10 0.017 0.188 0.999

a Number of significant factors.
b Results by 22 selected variables.
c Results by 40 selected variables.

Table 5
Comparison of the actual concentrations of Malathion measured by UV–vis with
GA-PLS predicted concentrations

Samples UV–vis, reference
concentration (mg ml−1)

GA-PLS, predicted
concentration (mg ml−1)

1 0.545 0.519
2 0.712 0.680
3
4

a
r
t
GA is a reliable method for feature selection in a spectral data
set.
ig. 6. RMSECV attributed to number of factors in different methods (GA-PLS,
CR-PLS and PLS).

.7. Quantification of the commercial malathion

Four samples in different concentration levels were provided
n order to compare the recommended methods with reference

ethod and PLS model. Results of analyzing these samples

y UV–vis and GA-PLS are shown in Table 5. F-ratio statis-
ic of GA-PLS and reference method in comparison, declares
hat these results are reliable with 96% of confidence limit
Fig. 7). Results of experimental procedure are modified by

F
a

0.818 0.793
1.160 1.159

pplying a method such as PLS regression for whole spectral
egion. A wavelength selection method such as GA is helpful
o find more capability of prediction. Present study shows that
ig. 7. Box plot obtained by F-test, comparing the results made of the reference
nd proposed GA-PLS method.
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M. Khanmohammadi et a

. Concluding remarks

Attenuated total reflectance-Fourier transform infrared
ATR-FTIR) is a reliable technique for determination of

alathion content of insecticide samples. The GA-PLS wave-
ength selection method has the lowest “relative error of
rediction” in comparison with other methods, we had applied.
his procedure is also fast and environment friendly as the
mount of organic solvents used during its quantitative deter-
ination process is reduced significantly.

eferences

[1] M.A. Gallo, N.J. Lawry, in: J.W. Hayes (Ed.), Handbook of Pesticides
Toxicology, Academic, E.R. Laws Press, New York, 1991, p. 3.

[2] US Public Health Service, Hazardous Substance Data Bank, Washington
DC, 1995, p. 5.

[3] Collaborative International Pesticides Analytical Council (CIPAC) Hand-

book, vol. 1B, CIPAC Ltd., Cambridge, UK, 1994, p. 1849.

[4] Y.W. Lin, S.S.Q. Hee, J. Chromatogr. A 814 (1998) 181.
[5] A.L. Hart, W.A. Collier, D. Janssen, Biosens. Bioelectron. 12 (1997) 645.
[6] U.V. Naidu, T. Gangaiah, P. Ramadevi, K. Seshaiah, G.R.K. Naidu, Talanta

37 (1990) 761.

[

[

lanta 72 (2007) 620–625 625
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bstract

A high-throughput LC–MS/MS method was developed for the simultaneous determination of Risperidone and 9-OH-risperidone in human
lasma. A semi-automated sample preparation procedure was applied, including protein precipitation after addition of ACN, via a robotic system,
nd subsequent sub-zero temperature extraction of the latter. Injections of the ACN extractants were performed on a turbulent flow ternary
olumn-switching system, consisted of dual extraction columns in parallel for on-line purification of samples and an analytical column. Toggling
ith the assistance of two valves provided a run cycle time of 3 min and the whole procedure minimized carry-over effect. On-line clean-up
rocedure along with sub-zero temperature extraction increased sample purification and extended column life. The analytical range of the method

as 0.1–200 ng mL−1 for both analytes with excellent linearity and very good accuracy and precision. The proposed method was employed in a
ioequivalence study after per os administration of a 2 mg tablet of risperidone and allowed the completion of the study (>1400 samples) in only
days time.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Risperidone (RIS) is an atypical antipsychotic drug used in
he treatment of schizophrenia and other psychotic disorders
1–4]. 9-Hydroxy-risperidone (9-OH-RIS) is the main metabo-
ite of RIS formed in liver by cytochrome P450 isoenzymes [5].
-OH-RIS has a similar pharmacological activity as the parent
ompound and the sum of both molecules constitutes the total
ctive moiety responsible for the pharmacological responses to
IS administration. Typical oral doses of RIS in the treatment
f chronic schizophrenia range from 2 to 6 mg per day resulting

n plasma levels of 5–100 nM of RIS and 9-OH-RIS [6,7].

Numerous HPLC methods with UV or electrochemical
etection [8–13] have been described for the quantitative deter-

∗ Corresponding author. Tel.: +30 210 7274224; fax: +30 210 7274224.
E-mail address: loukas@pharm.uoa.gr (Y.L. Loukas).
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039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
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xtraction; Bioequivalence

ination of RIS and its hydroxy-metabolite in human plasma.
uch methods usually lack the combined sensitivity and selectiv-

ty needed to analyze complex mixtures. Liquid chromatography
oupled with atmospheric pressure ionization tandem mass
pectrometry is nowadays the method of choice for the quan-
itative determination of pharmaceutical substances in complex
iological matrices. Few methods have been reported for the
etermination of RIS and 9-OH-RIS that employ mass spec-
rometric detectors. Three of them [14–16] apply conventional
xtraction protocols, while recently [17] a LC–MS/MS method
sing column switching with one extraction column for on-line
lean-up has been presented.

Plasma protein precipitation (PPP), liquid–liquid extraction
LLE) and solid-phase extraction (SPE), are the sample prepa-

ation techniques most commonly used for processing plasma
nd tissue samples. These processes are labor-intensive and
ime-consuming and constitute the rate-limiting step in high-
hroughput pharmacokinetic studies. The introduction however
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f several liquid workstations for the parallel processing of sam-
les has greatly facilitated this task, resulting in the development
f numerous automated methodologies for the determination of
rugs and their metabolites in biological fluids during the last
ew years [18–24]. An alternative approach to automated sample
xtraction is the use of turbulent flow chromatography (TFC)
ith column-switching [25–30]. By using this approach sam-
le pre-treatment is minimized. The biological sample can be
njected directly onto a narrow-bore large particle size extrac-
ion column where the sample matrix is rapidly washed away
sing a high flow rate aqueous mobile phase while analytes are
etained. After the load and wash steps are completed, the com-
osition is changed to high organic solvent for the elution of the
nalytes in the backflush mode from the extraction column onto
n analytical column, under laminar flow rate conditions, and
nally into the mass spectrometer for detection. In most cases
nly a single extraction column is utilized in such procedures
31–34]. These single extraction column systems are simple and
uite fast and have been applied to the analyses of numerous clin-
cal samples. However, in such approaches the time for column
quilibration between injections is often added to the respective
un time. Utilization of dual extraction columns in parallel for
urification and an analytical column for analysis results in a
ystem with increased sample throughput.

In the present study we report the development and vali-
ation of the first method combining semi-automated sample
re-treatment with turbulent flow chromatography and column-
witching for the determination of RIS and 9-OH-RIS. Plasma
roteins are initially precipitated with ACN containing the inter-
al standard in order to achieve cleaner extracts and thus increase
he life of both extraction and analytical columns. Following the
xample of a previously presented protocol [35] the resulting
amples are injected onto a ternary column on-line system with
ual extraction columns. However, the use of a single valve in
his protocol (10-port switching valve) resulted in significant
arry-over problem. In the current protocol we added a six-port
alve and such phenomena along with the appropriate wash
olvent selection were minimized. With this system, two on-
ine processes can be staggered on the two extraction columns.

hile one column is in the wash, load or equilibration step, the
ther is in the elution step. Thus, the equilibration time does not
dd to the run time and the sample throughput is significantly
ncreased. All liquid transfer steps including preparation of cal-
bration standards and quality control samples (QCs), transfer
f study samples and addition of ACN containing the internal
tandard were performed automatically via robotic systems.

The proposed method enabled the automated high-
hroughput and reliable determination of RIS and 9-OH-RIS
n a bioequivalence study after per os administration of a 2 mg
ablet in 30 healthy volunteers.

. Experimental
.1. Chemicals and reagents

Risperidone, hydroxy-risperidone and the compound R68808
Fig. 1) used as the internal standard were obtained from

(
a
d
d

Fig. 1. Molecular structure of IS (R68808).

ELP Pharmaceutical Company (Athens, Greece). Methanol
HPLC grade), Acetonitrile (HPLC grade), were obtained from
igma–Aldrich (Athens, Greece). Glacial acetic acid (analysis
rade) and ammonium acetate (analysis grade) were purchased
rom Metrolab (Athens, Greece). All aqueous solutions and
uffers were prepared using de-ionized and doubly distilled
ater (resistivity > 18 M�) from a Millipore Milli-Q Plus Sys-

em (Malva, Athens, Greece). Pooled human control plasma
heparinized) was kindly donated from Ippokrateio hospital
Athens, Greece).

.2. Instrumentation

A PerkinElmer Multiprobe® II HT-EX workstation (Perkin-
lmer, Downers Grove, IL) equipped with an eight-tip robotic
rm coordinated x-, y- and z-axis was employed for transferring
he plasma samples from 2 mL eppendorf microfuge tubes (Lab
upplies, Athens, Greece) into 2.2 mL square 96-deep-well plate
Sigma–Aldrich, Athens, Greece) as well as for the addition of
CN containing the internal standard. The workstation was con-

rolled by WinPrep Software. Conductive disposable tip-boxes
1000 �L) were purchased from E&K Scientific Products (Cam-
ell, CA, USA), a tipchute, reagent troughs and a tip flush/wash
tation were purchased from PerkinElmer. A Tomtec Quadra
6 model 320 robotic liquid-handling system equipped with a
6-tip pipetting head (Bidservice, NJ, USA) was used for trans-
erring the supernatant organic layer, after protein precipitation,
nto a new 2.2 mL 96-deep-well plate. An Eppendorf 5810 R
Bacakos, Athens, Greece) centrifuge that could accommodate
6-well plate as well as Eppendorf microfuge tubes was also
tilized during sample preparation. The HPLC system included
wo Agilent 1100 series binary pumps, a degasser and a col-
mn oven/cooler (Hellamco, Athens, Greece). The CTC PAL
utosampler (Hellamco) could accommodate six 96-deep-well
lates allowing an automated measurement of a big amount of
amples. The PAL 2-Valve drive module consisted of two indi-
idually controlled valve drives, a six-port injection valve and a
0-port switching valve. The Oasis HLB extraction columns (S-
5 �m, 20 mm × 2.1 mm i.d.) used were from Waters (Milford,
A, USA) while the Cyano (CN) analytical column (S-5 �m,

0 mm × 4.0 mm i.d.) was from YMC (Schermbeck, Germany).
PE Sciex API 3000 triple quadrupole mass spectrometer
Biosolutions, Athens, Greece) interfaced with the HPLC via
turbo ionspray source was used for the mass analysis and

etection, operating under Analyst 1.4.1 software. Eppendorf
eepwell mats for covering the 96-well plates were purchased
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Fig. 2. Schematic representation of th

rom Sigma–Aldrich. Finally, a 96-well plate vortex-mixer (MS1
inishaker) was obtained from Metrolab (Athens, Greece).

.3. Chromatographic conditions and column-switching
onfiguration

As shown in Fig. 2, the column-switching system consisted
f two binary pumps (pump1 and pump2), an autosampler
quipped with two valves, a six-port injection valve and a 10-
ort switching valve, two HLB extraction columns (HLB1 and
LB2), an analytical column (column) and a triple quadrupole
ass spectrometer (detector). The protocol applied for the on-

ine sample clean-up was as follows:

Loading and clean-up phase (0.00–0.70 min): A 20 �L por-
tion of the processed human plasma standard or QC/MV
sample is injected by the autosampler onto the HLB1 column,
using a mobile phase of 5% methanol and 95% water (Sol-
vent A), delivered from pump1, at a flow rate of 5.0 mL min−1,
with the effluent directed to waste (Configuration A). At the
same time an isocratic elution mobile phase delivered from
pump2 is introduced through HLB2, the analytical column
and into the mass spectrometer at a flow rate of 0.8 mL min−1.

Elution and purification stage (0.80–2.40 min): At 0.80 min
the 10-port valve is switched so that the HLB1 column is in
line with the analytical column and the mass spectrometer,
which now receives the isocratic elution mobile phase (75%

e
a
m
v

extraction column-switching system.

acetonitrile, and 25% aqueous 10 mM ammonium acetate pH
4.0) from pump2 at a flow rate of 0.8 mL min−1 (Config-
uration B). The analytes are eluted from HLB1 column to
the analytical column for detection by the mass spectrom-
eter. During the same period HLB2 receives the flow from
pump1 whose composition has changed from 100% solvent
A (5/95, methanol/water) to 100% solvent B (0.1% formic
acid in methanol/acetonitrile 80/20) for column purification.
Reconditioning stage (2.50–3.00 min): Conditioning of the
extraction column HLB2 with the mobile phase composition
used in the loading stage. The total run time was 3.0 min.

It is worth noting that the next injection was performed while
he system was still in Configuration B. At 0.70 min, the system
witches back to Configuration A and all the following odd-
umbered injections were loaded onto HLB1 while the even-
umbered injections onto HLB2. The gradient program followed
y pump1 during the chromatographic run can be seen in Table 1.

.4. Mass spectrometric conditions

The turbo ionspray of the API 3000 mass spectrometer
perated in the positive ionization mode. The tuning param-

ters for RIS, 9-OH-RIS and IS were optimized by infusing
100 ng mL−1 standard solution containing all compounds in
obile phase at 20 �L/min via an external syringe pump (Har-

ard 11 plus) directly connected to the mass spectrometer. The
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Table 1
Pump 1 gradient table

Total time
(min)

Flow rate
(mL min−1)

Solvent
A (%)

Solvent
B (%)

0.00 5 100 0
0.70 5 100 0
0.80 5 0 100
2.40 5 0 100
2
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.50 5 100 0

.00 5 100 0

urbo ionspray source temperature was maintained at 500 ◦C and
he turbo ionspray voltage was set at 3000 V. The curtain gas
as set at 10 (arbitrary units), the Declustering potential (DP)

t 36 V for RIS, 41 V for 9-OH-RIS and 61 V for the internal
tandard. The nebulizer gas (GS1) was set at 10 (arbitrary units)
hile the turbo ionspray gas (GS2) at 7 L min−1. The analytes
ere detected by monitoring the precursor → product ion tran-

ition using multiple reaction monitoring (MRM) scan mode
ith 150 ms dwell time and 5 ms pause time for each transi-

ion. The MRM was performed at m/z 411.3 → 191.4 for RIS,
27.2 → 207.3 for 9-OH-RIS and 421.1 → 201.2 for the IS. The
ollision-induced dissociation (CID) gas was set at 8 (arbitrary
nits) while the collision energy was set at 41 V, for RIS and
-OH-RIS and 33 V for the IS, respectively. Data were acquired
sing the Analyst 1.4.1 software.

.5. Preparation of standard and quality control/method
alidation samples

Initially, standard working solutions, containing both RIS and
-OH-RIS, at concentrations of 2, 4, 10, 20, 40, 100, 200, 400,
000, 2000 and 4000 ng mL−1 in MeOH/H2O 50/50 (v/v) were
repared. A 100 �g/mL IS working solution was also prepared
n the same solvent mixture. Further dilution resulted in the final
S solution (20 ng mL−1).

Quality Control/Method Validation (QC/MV) stock solu-
ions (100 �g mL−1) were prepared from a separate weighing.
ilutions were used to prepare four levels of QC/MV working

olutions at 2, 6, 1500 and 3000 ng mL−1 for both RIS and 9-OH-
IS. All these solutions were stored at 4 ◦C and were brought

o room temperature before use. Calibration standards, QC/MV
amples were prepared in the same biological matrix (human
lasma) as the samples to be analyzed, utilizing the Multiprobe
I HT-EX workstation. All Eppendorf tubes were capped and
tored at −30 ◦C until required for assay.

The calibration curve consisted of a blank sample (matrix
ample processed without internal standard), a zero sample
matrix sample processed with internal standard) and 11 non-
ero standards covering the expected range of concentrations
o be quantified. The above spiking procedure resulted in final
oncentrations for the calibration standards of 0.1, 0.2, 0.5, 1,

−1
, 5, 10, 20, 50, 100 and 200 ng mL for RIS and 9-OH-RIS.
imilarly, the following concentration levels of QC/MV samples
ere achieved: MVL (0.1 ng mL−1), MV1/QC1 (0.3 ng mL−1),
V2/QC2 (15 ng mL−1) and MV3/QC3 (150 ng mL−1). QC and

r

w
t
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V samples have two distinct purposes: the results for QC sam-
les provide the basis for accepting or rejecting analytical runs,
hile the results for MV samples are used to calculate bias and
recision of the assay methodology.

.6. Sample preparation

Initially, all plasma samples were thawed at room tem-
erature, vortexed and centrifuged at 3500 rpm for 5 min at
pproximately 4 ◦C. Each of the calibration, quality control and
ubject samples (300 �L) were transferred from the Eppendorf
ubes into the appropriate wells of a 96-well plate. Then, to each
lasma sample, 300 �L of the final IS solution in ACN, were
dded. The deep-well plates were covered with a mat and vortex
ixed for 10 min. The plates were frozen at −30 ◦C for 5 min in

rder to aid protein precipitation and centrifuged for 15 min, at
600 rpm and 4 ◦C. Subsequently, the samples were frozen for
0 min at −30 ◦C to separate ACN and aqueous phase [36]. The
ats were carefully removed and 200 �L of the supernatant ace-

onitrile layer were transferred, using the Tomtec workstation,
rom the original sample plates, into the respective positions of
ew 2.2 mL 96-deep-well plates. The height of the transfer stage
as carefully chosen so that only organic layer was aspirated.
inally the resulting samples were transferred into the PAL CTC
utosampler for on-line clean-up and analysis.

. Results and discussion

.1. Detection

According to a previously published paper [15], the pro-
onation of RIS occurs at the nitrogen on the 1-position of
yrimidinone group rather than at the 5-position nitrogen which
elongs to a cyclic amide. The molecular ions of RIS (427.2),
-OH-RIS (427.2) and IS (421.1) produced intense product ion
ignals at m/z 191.4, 207.3 and 201.2, respectively, due to cleav-
ge of the ethyl-piperidinyl nitrogen bond and the subsequent
oss of the benzisoxazole group with its piperidine substituent.
ptimization of the signal intensity allowed reliable determina-

ion of the analytes of interest at the lower limit of quantification
LLOQ).

.2. Sub-zero temperature extraction

As mentioned above, all plasma samples were diluted 1:1
v/v) with ACN containing the IS. However, this ratio cannot be
onsidered sufficient in order to achieve complete denaturation
nd precipitation of proteins. Additionally, the high miscibility
f ACN with water, especially at room temperature, prevents
hase separation, resulting in an organic-aqueous mixture con-
aining a significant load of matrix components. The presence
f endogenous plasma compounds was considered responsible
or the major signal suppression and the poor reproducibility of

esults during preliminary experiments.

Therefore, all samples after precipitation and centrifugation
ere frozen at −30 ◦C for 20 min to achieve separation between

he organic and the aqueous layers. After freezing, an interme-
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Table 2
Optimum on-line clean-up conditions for carry-over minimization

Loading mobile phase MeOH/H2O (5/95)
Purification mobile phase 0.1% ammonium acetate in MeOH/ACN (80/20)
Purification time 1.6 min
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overnight runs of totally >1400 samples, the column backpres-
64 C. Kousoulos et al. / T

iate layer between the ACN and aqueous phase was observed
nd the height of the transfer stage was carefully adjusted so
hat only the ACN layer would be aspirated and transferred. The
olume of recoverable ACN was 200 �L, when 300 �L were
dded initially.

.3. Semi-automated sample pre-treatment and TFC with
ernary column-switching

Application of Multiprobe robotic workstation allowed rapid
lasma sample transfer from properly labeled Eppendorf tubes
nto 96-well plate. This conversion into the 96-well format was
critical step in the automation process as all samples could be

urther processed in a batch-wise fashion by the Tomtec Quadra
6 workstation that is able to process all 96 samples in paral-
el. This resulted in an extremely fast and accurate transfer of
he supernatant ACN phase after sub-zero temperature extrac-
ion. The proposed method’s throughput was remarkably high
onsidering that in only 3 h time, 500 samples were ready to be
ubmitted for analysis.

During the TFC column-switching step, a highly aqueous
obile phase (MeOH/H2O, 5/95) was employed at the loading

tep with a flow rate of 5 mL min−1. This resulted in a plug-
ype flow profile allowing large protein molecules to easily pass
hrough the HLB columns and directly to the waste while the
ompounds of interest were retained. It was also found during
ethod development that a flow rate of 5 mL min−1 resulted in

ncreased signal response and improved peak shape compared
o that of 4 mL min−1 while a period of 0.7 min proved to be
he optimum loading time. The next step involved switching of
he 10-port valve into Configuration B and back-flushing of the
nalytes from the extraction into the analytical column and the
ass detector with elution mobile phase under a laminar flow

ate of 0.8 mL min−1.
The use of two extraction columns in parallel has the advan-

age of reduced run time as the equilibration time does not add
o the chromatographic time. During the elution step of ana-
ytes from HLB1 into the analytical column, HLB2 is initially
eing “purified” with 0.1% CH3CO2NH4 (w/v) in MeOH/ACN
80/20) under a flow rate of 5 mL min−1 for 1.6 min and re-
quilibrated for 0.5 min with the loading mobile phase in order
o “receive” the next injection.

.4. Carry-over minimization protocol

A major problem encountered during assay development was
arry-over contamination. Carry-over effect [37] tends to be
ore of an issue in on-line sample preparation than in conven-

ional off-line methods. The large amount of proteins present in
lasma can be adsorbed onto the surface of the (i) injector; (ii)
ransfer lines; (iii) column frits; (iv) column packing material
hrough various mechanisms. Since most of the drug-like com-
ounds are highly protein-bound, a small portion of them can

emain in the system.

Initially in the current study, this phenomenon occurred in a
arge extent and was intense when injections of blank samples
ollowed high concentrated samples. Their area reached in many

s
4
5
a

urbulent flow 5 mL min−1

ases 0.20% of the highest calibrator area value (200 ng mL−1)
or both RIS and 9-OH-RIS, which was four times higher than
he respective of the first calibrator (0.1 ng mL−1).

Our first attempts were focused on replacing needle and
yringe tubing, without any change. Then, the initial loop
20 �L) was replaced with a 50 �L one, without changing the
njection volume, while the injection speed was reduced from
0 to 20 �L s−1. These factors often affect the hydrodynamic
ow pattern of the solvent front reaching the loop inlet and out-

et and can influence carry-over, however, in our case only a
light decrease of the phenomenon for 9-OH-RIS took place.
umerous experiments dealing with the composition of needle

nd valve wash solvents were also performed. All different solu-
ion mixtures of MeOH, ACN, H2O and formic acid were tested,
ut had no effect on the phenomenon.

Consequently, it was concluded that HLB columns were the
ain source for carry over. The factors influencing on-line clean-

p were the composition of loading and purification mobile
hase, the turbulent flow rate and the duration of the HLB col-
mn purification stage. An experimental design was conducted
nd the obtained optimum conditions for on-line clean-up were
he ones described in Table 2. Under these conditions carry-over
as minimized to <0.01% for both compounds and it could not
e discriminated from noise. At this point it should be noted that
he presence of ACN in purification mobile phase was of great
mportance for this dramatic decrease. Without ACN carry-over
ould not be reduced <0.05% and 0.07% for 9-OH-RIS and RIS,
espectively.

.5. Chromatographic conditions

CN analytical column provided the best peak shape (more
ymmetrical and less tailing) with consistent retention times for
oth analytes and the internal standard. Typical LC–MS/MS
RM chromatograms of blank plasma and plasma spiked with
IS, 9-OH-RIS and IS are shown in Fig. 3 with retention times of
.16, 2.08 and 2.20 min, respectively. The compounds were not
hromatographically fully resolved, since LC–MS/MS provides
he required selectivity for their reliable and accurate quanti-
ation. These retention times were very short considering the
dditional stages for loading, purification and equilibration.

The efficiency of the on-line clean-up purification had a pos-
tive impact on column life duration. After three consecutive
ure measured during the loading step increased approximately
% compared to the initial values (780 → 811 psi for pump1 and
31 → 554 psi for pump2). Furthermore, the retention times of
ll analytes were consistent throughout the study.
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ig. 3. Representative MRM chromatogram of RIS (top), 9-OH-RIS (middle)
nd IS obtained from a blank (A), MVL (B) and MV2 (C) sample.

.6. Standard curves
In order to define the relationship between concentration and
esponse, a calibration curve, containing 11 non-zero standards,
anging from 0.1 to 200 ng mL−1 for both RIS and 9-OH-RIS,

t
a
c
a

able 3
NOVA results for lack of fit

Degrees of freedom Sum of squares

isperidone
Error 49 9.70E−04
Lack of fit 9 1.05E−04
Pure error 40 8.65E−04

-OH-risperidone
Error 44 2.32E−04
Lack of fit 9 3.60E−05
Pure error 35 1.96E−04
a 72 (2007) 360–367 365

as prepared for each analytical run. Peak area ratios of RIS
nd 9-OH-RIS to IS were used for regression analysis. The cal-
ulated concentrations were determined from linear regression
sing 1/x2 weighting. Individual standard curve data from five
uns met all of the preset criteria.

The regression coefficients (R-squared) for the five runs were
reater than 0.9800 for both analytes, the average linear slope
as 0.0430 (Sb = 0.0007) for RIS and 0.0163 (Sb = 0.0004) for 9-
H-RIS while the average intercept was 0.0003 (Sa = 0.0002) for
IS and 0.000014 (Sa = 0.0001) for OH-RIS. However, before
pplying a statistical hypothesis test to the regression line coeffi-
ients it is essential to check whether “lack of fit” exists. This test
s based on the analysis of the variance of the residuals from the
egression line [38,39]. The ANOVA table (Table 3) divides the
otal variability of the residuals in y (y = ax + b) into two pieces:
i) A pure error piece, which measures the variability between
eplicate values of y at the same X. Since the variability among
hese replicates has nothing to do with the fitted model, it is a
pure” estimate of the noise in the data. (ii) A lack-of-fit piece,
hich estimates groups of replicates variation from the fitted

ine.
The table also shows the results of an F test comparing the

stimated lack-of-fit to pure error through F ratio = lack-of-fit
ean square/pure error mean square. These mean squares values

esult from dividing the sum of squares due to lack of fit and the
um of squares due to pure error by the corresponding degrees
f freedom. Of primary interest is the P-value associated with
he test. Small values of P (<0.05) indicate significant lack-of-fit
t the 5% significance level. From P values listed in the table,
t is obvious that there is no significant lack of fit and that the
utomated on-line SPE procedure employed in this method was
apable of producing satisfactory concentration data for RIS and
-OH-RIS standard samples.

.7. Accuracy and precision

During method validation, the precision and accuracy were
lso assessed by analyzing method validation samples in five
uns on three separate days. The % accuracy was determined
y calculating the deviations of the predicted concentrations
rom their nominal values. In all cases the values were within

he acceptable range. The intra-assay precision was assessed by
nalyzing six replicates at each MV level, while inter-assay pre-
ision was determined over five runs conducted in 3 days, by
nalyzing 30 samples. Data for both types of accuracy and pre-

Mean square F ratio Probability level

1.98E−05
1.17E−05 0.54 0.83
2.16E−05

5.27E−06
3.99E−06 0.71 0.69
5.60E−06



366 C. Kousoulos et al. / Talanta 72 (2007) 360–367

Table 4
Intra- and inter-assay accuracy and precision results for RIS

MV sample Intra-run accuracy (%)a Inter-run accuracy (%)b Intra-run precision (%CV)c Inter-run precision (%CV)b

MVL 106.9 101.7 13 6.8
MV1 111.2 110.1 4.6 1.4
MV2 108.1 102.3 5.2 3.8
MV3 103.8 100.2 2.7 3.6

a Expressed as 100 × (mean calculated concentration)/(nominal concentration) (n = 6).
b Values obtained from all 5 runs (n = 30).
c n = 6.

Table 5
Intra- and inter-assay accuracy and precision results for 9-OH-RIS

MV sample Intra-run accuracy (%)a Inter-run accuracy (%)b Intra-run precision (%CV)c Inter-run precision (%CV)b

MVL 117.1 99.6 14 13
MV1 108.7 106.4 9.5 4.8
MV2 106.2 103.4 6.5 3.9
MV3 110.7 105.7 8.2 4.3

) (n = 6).
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Table 6
Pharmacokinetic parameters (mean values) of risperidone and 9-hydroxy-
risperidone after oral administration of a single dose of 2 mg in 30 volunteers

Parameter Values

AUC0–96 h (ng h/mL)a RIS 117.9
9-OH-RIS 280.2

AUC0–∝ (ng h/mL) RIS 241.0
9-OH-RIS 298.7

Cmax (ng/mL) RIS 19.15
9-OH-RIS 12.54

Tmax (h) RIS 1.13
9-OH-RIS 4.35

t1/2 (h) RIS 5.35

J
f
a
h
r
c
m
c
p
a
m

4

a Expressed as 100 × (mean calculated concentration)/(nominal concentration
b Values obtained from all 5 runs (n = 30).
c n = 6.

ision (expressed as CV%) are presented in Tables 4 and 5 for
IS and 9-OH-RIS, respectively.

.8. Recovery and matrix effect

The extraction efficiency of the analytical method was
ssessed using data from five runs. Recovery values were deter-
ined by comparing the absolute peak areas of the analytes

piked in human plasma which had undergone the sub-zero tem-
erature extraction procedure with the peak areas of the analytes
piked in ACN at three QC concentration levels (QC1, QC2 and
C3). Mean values of extraction recovery for RIS in QC1, QC2

nd QC3 were 55.7%, 40.0% and 43.6%, respectively, while
or 9-OH-RIS the corresponding values were 40.9%, 32.2% and
5.6%. Mean extraction recovery for the I.S was 106.5%. IS
as selected so as to have very small structural differences with
IS and 9-OH-RIS. However, it seems that even these small dif-

erences led to significantly different behavior (probably during
LB washing) between the molecules of interest and IS. How-

ver, the above recovery values were consistent and more than
dequate for the specific concentration range, and therefore no
roblems with RIS and 9-OH-RIS quantification were observed.
he current procedure takes into account possible ion suppres-
ion caused by matrix endogenous components which may have
emained after the loading phase during on-line clean-up. How-
ver, the fact that both accuracy and precision of the samples
t all concentration levels were within the acceptance criteria
≤20% for LLOQ and ≤15% for the rest levels) suggests that
he endogenous materials should have been effectively removed.

.9. Assay application to a bioequivalence study
A crossover bioequivalence study of risperidone comparing
test formulation (HELP Pharmaceutical Company, spon-

or: Chepharma) versus a reference formulation (Risperdal®/

o
d
h

9-OH-RIS 23.6

a Area under (concentration) curve.

anssen-Cilag), after the administration of a single dose of each
ormulation (2 mg/tab) in 30 healthy volunteers, was conducted
ccording to the approved protocol, the ethical principles that
ave origins in the Declaration of Helsinki and the Good Labo-
atory Practice (GLP) regulatory requirements. Blood samples
ollected at designated times were analyzed with the current
ethod. Mean pharmacokinetic parameters obtained from con-

entration data are presented in Table 6. All calculations were
erformed using Pharsight WinNonLin 5.0.1 statistical software
nd based on these parameters we concluded that the two for-
ulations were bioequivalent.

. Conclusions
We have presented a high-throughput ternary column
n-line clean-up LC–MS/MS method for the simultaneous
etermination of risperidone and its co-active metabolite, 9-
ydroxy-risperidone, in human plasma. This system employed
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wo parallel extraction columns and an analytical one allowing
he equilibration of one extraction column while the analysis is
aking place on the other extraction column. This resulted in a
otal run time of 3 min compared to run times of 4 min or more,
equired for other off-line and on-line methods reported for the
etermination of RIS and 9-OH-RIS.

Despite the fact that this approach cannot be considered
s a direct injection technique the use of two liquid-handling
obotic workstations greatly simplified the sub-zero tem-
erature extraction process, not only compensating for the
xtra time required for extraction but resulting in significant
dvantages over existing methods with manual sample treat-
ent, in terms of throughput and efficiency. Furthermore, the

recipitation–extraction step provided cleaner extracts with a
elatively low content of proteins, especially with application the
ub-zero temperature protocol. The latter, in combination with
he use of two extraction columns instead of one allowed for
onger column lifetime compared to traditional direct injection

ethods. Furthermore, the proposed method had high selectiv-
ty, sensitivity and wide linear range of 0.1–200 ng mL−1.

The present method was applied to a bioequivalence study
f risperidone after per os administration of a 2 mg tablet of the
est and reference formulation and allowed its completion in just

days time. The described high-throughput method possessed
xcellent precision and accuracy and proved to be reliable. It is
xpected that this approach can be applied for the extraction and
nalysis of other pharmaceutical compounds from biological
amples.
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Càceres, J.R. Gutiérez, J. Chromatogr. B 783 (2003) 213.
13] O.V. Olesen, K. Linnet, J. Chromatogr. B 698 (1997) 209.
14] M. Aravagiri, S.R. Marder, J. Mass Spectrom. 35 (2000) 718.
15] S. McClean, E.J. O’Kane, W.F. Smyth, J. Chromatogr. B 740 (2000)

141.
16] B.M.M. Remmerie, L.L.A. Sips, R. de Vries, J. de Jong, A.M. Schothuis,

E.W.J. Hooijschuur, N.C. van de Merbel, J. Chromatogr. B 783 (2003)
461.

17] J. Flarakos, W. Luo, M. Aman, D. Snivarov, N. Gerber, P. Vouros, J. Chro-
matogr. A 1026 (2004) 175.

18] G. Basileo, M. Breda, G. Fonte, R. Pisano, C.A. James, J. Pharm. Biomed.
Anal. 32 (2003) 591.

19] Y. Dotsikas, C. Kousoulos, G. Tsatsou, Y.L. Loukas, Rapid Commun. Mass
Spectrom. 19 (2005) 2055.

20] N. Zhang, A. Yang, J.D. Rogers, J.J. Zhao, J. Pharm. Biomed. Anal. 34
(2004) 175.
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bstract

In this study, a simple, rapid and efficient method, dispersive liquid–liquid microextraction (DLLME) combined gas chromatography–electron
apture detection (GC–ECD), for the determination of chlorobenzenes (CBs) in water samples, has been described. This method involves the use
f an appropriate mixture of extraction solvent (9.5 �l chlorobenzene) and disperser solvent (0.50 ml acetone) for the formation of cloudy solution
n 5.00 ml aqueous sample containing analytes. After extraction, phase separation was performed by centrifugation and the enriched analytes in
edimented phase were determined by gas chromatography–electron capture detection (GC–ECD). Our simple conditions were conducted at room
emperature with no stiring and no salt addition in order to minimize sample preparation steps. Parameters such as the kind and volume of extraction
olvent, the kind and volume of disperser solvent, extraction time and salt effect, were studied and optimized. The method exhibited enrichment
actors and recoveries ranging from 711 to 813 and 71.1 to 81.3%, respectively, within very short extraction time. The linearity of the method
anged from 0.05 to 100 �g l−1 for dichlorobenzene isomers (DCB), 0.002–20 �g l−1 for trichlorobenzene (TCB) and tetrachlorobenzene (TeCB)
somers and from 0.001 to 4 �g l−1 for pentachlorobenzene (PeCB) and hexachlorobenzene (HCB). The limit of detection was in the low �g l−1

evel, ranging between 0.0005 and 0.05 �g l−1. The relative standard deviations (R.S.D.s) for the concentration of DCB isomers, 5.00 �g l−1, TCB
nd TeCB isomers, 0.500 �g l−1, PeCB and HCB 0.100 �g l−1 in water by using the internal standard were in the range of 0.52–2.8% (n = 5) and

ithout the internal standard were in the range of 4.6–6.0% (n = 5). The relative recoveries of spiked CBs at different levels of chlorobenzene

somers in tap, well and river water samples were 109–121%, 105–113% and 87–120%, respectively. It is concluded that this method can be
uccessfully applied for the determination of CBs in tap, river and well water samples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chlorobenzenes (CBs) that are widely used as industrial sol-

ents, pesticides, dielectric fluids, deodorant and chemical inter-
ediates can enter the aquatic environment through solid and

iquid effluents and atmospheric discharges. These compounds
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ave high octanol–water partition coefficient [1], so biological
ccumulation can be expected in the aquatic ecosystem. Due to
heir acute toxicity [2] and potential harmfulness to the aqueous
nvironment [3], these compounds have been ranked as priority
ollutants by United States Environmental Protection Agency
USEPA) [4]. Thus, excessive exposure to these compounds
an exert effects on the central nervous system, irritation of the

yes, irritation of the upper respiratory tract, hardening of skin,
nd hematological disorders including anemia [5]. Therefore,
esearch is directed towards developing inexpensive, simple and
fficient sample preparation and analytical techniques for the
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etection of trace quantities of these compounds in water sam-
les. In order to determine trace or ultra-trace CBs in water sam-
les, a chemical separation and preconcentration step is often
ecessary prior to analysis. There have been many reports on the
pplication of a preconcentration and separation method prior
o the analysis of CBs such as liquid–liquid extraction (LLE)
1,6], solid phase extraction (SPE) [7–9], headspace solid phase
icroextraction (HS-SPME) [4,10–15], liquid phase microex-

raction (LPME) [16,17], headspace liquid phase microextrac-
ion (HS-LPME) [18–20] and microwave extraction [21].

Recently, we have developed a simple and rapid precon-
entration and microextraction method, dispersive liquid–liquid
icroextraction (DLLME), which was initially used for deter-
ination of polycyclic aromatic hydrocarbons (PAHs) and

rganophosphorous pesticides (OPPs) in water samples [22,23].
his method consists of two steps: (1) the injection of an appro-
riate mixture of extraction and disperser solvent into aqueous
ample containing analytes: In this step extraction solvent was
ispersed into the aqueous sample as very fine droplets and ana-
ytes were enriched into it. Because of infinitely large surface
rea between extraction solvent and aqueous sample, the equi-
ibrium state is achieved quickly and extraction is independent
f time. This is the most important advantage of this method. (2)
he centrifugation of cloudy solution: After centrifugation, the
etermination of analytes in sedimented phase can be performed
y instrumental analysis. Rapidity, high enrichment factor, sim-
licity of operation and low cost are some of the advantages of
his method.

The object of the present work is to investigate the possibil-
ty of using DLLME combined gas chromatography–electron
apture detection (GC–ECD) for the analysis of 11 CBs in
ater samples. The proposed method was optimized by con-

rolling various parameters. The results indicated that DLLME
s an efficient extraction technique to analyze CBs in water
amples.

. Experimental

.1. Reagents and standards

1,2-Dichlorobenzene (1,2-DCB), 1,3-dichlorobenzene (1,3-
CB), 1,4-dichlorobenzene (1,4-DCB), 1,2,3-trichlorobenzene

1,2,3-TCB), 1,2,4-trichlorobenzene (1,2,4-TCB), 1,3,5-trichlo-
obenzene (1,3,5-TCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-
eCB), 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), 1,2,3,5-te-

rachlorobenzene (1,2,3,5-TeCB), pentachlorobenzene (PeCB)
nd hexachlorobenzene (HCB) were supplied by Riedel-de
aën (Seelze-Germany). 1,4-Dibromobenzene (internal stan-
ard), acetone (suprasolv for gas chromatography), acetonitrile
hyper grade for liquid chromatography), methanol (for spec-
roscopy), carbon disulfide (for spectroscopy) and chloroben-
ene, were obtained from Merck (Darmstadt-Germany). For
ore purification, chlorobenzene was distillated four times
efore use.
Stock standard solutions were prepared in acetone (10 ml),

ith concentration levels of 10,000 mg l−1 for DCB isomers,
000 mg l−1 for TCB and TeCB isomers and 200 mg l−1 for

t
D
e

72 (2007) 387–393

eCB and HCB and were stored in a freezer at −20 ◦C. Working
olutions were obtained by appropriate dilution.

.2. Instrumentation

The analysis of CBs was performed on a Shimadzu GC-
010 gas chromatograph equipped with an electron capture
etector (GC-ECD). The GC was fitted with ZB-1701 capil-
ary column (15 m × 0.25 mm, i.d., 0.25 �m phase thickness,
6% dimethyl–14% cyanopropyl silicone) from Phenomenex
USA). The injection port was held at 250 ◦C and used in the
plitless mode with splitless time of 0.50 min. Ultra pure helium
99.9999%, Air Products, UK) passes through a molecular sieve
rap and oxygen trap (Crs, USA) was used as the carrier gas
t constant linear velocity of 30 cm s−1. The analysis was per-
ormed with an initial column temperature of 70 ◦C held for
min followed by heating to 125 ◦C at 5 ◦C min−1, followed
y heating to 200 ◦C at 15 ◦C min−1 (held 4 min), and finally,
ollowed by heating to 280 ◦C at 40 ◦C min−1 and holding at
80 ◦C for 3 min to clean the column. The ECD temperature
as maintained at 300 ◦C. Ultra pure nitrogen (99.9999%, Air
roducts) as a makeup gas for ECD was passed through molec-
lar sieve trap and oxygen trap (Crs) at the flow of 30 ml min−1.
he Centurion Scientific Ltd. (model 2010D, UK) was used for
entrifuging.

All of the 10 ml screw cap glass test tube with conical bot-
om (extraction vessel) was maintained at 500 ◦C in furnace
Carbolite, model CWF 1200, UK) for cleaning of any organic
ompounds and good sedimentation of fine droplets of extrac-
ion solvent (chlorobenzene) in the centrifugation step.

.3. Extraction procedure

For the DLLME, an aliquot of 5.00 ml of a aqueous solu-
ion containing 5.00 �g l−1 of DCB isomers, 0.500 �g l−1 of
CB and TeCB isomers, 0.100 �g l−1 of PeCB and HCB, and
.00 �g l−1 of 1,4-dibromobenzene (IS) was placed in a 10 ml
crew cap glass test tube with conical bottom. Then the injec-
ion of 0.500 ml acetone (disperser solvent) containing 9.5 �l
hlorobenzene (extraction solvent) was performed by using
.50 ml syringe (gastight, Hamilton, USA), rapidly. By the injec-
ion of mentioned mixture, a cloudy solution that consists of very
ne droplets of chlorobenzene dispersed into aqueous sample
as formed. After centrifugation for 2.0 min at 5000 rpm, extrac-

ion solvent was sedimented in the bottom of the conical test
ube. The volume of the sedimented phase was determined using
10.0-�l microsyringe which was about 5.0 �l. The 0.50 �l of

edimented phase was removed using a 1.00-�l microsyringe
zero dead volume, cone tip needle, SGE, Australia) and injected
nto GC.

. Result and discussion
It is necessary to investigate the effect of all parameters
hat can probably influence the performance of extraction. In
LLME method these parameters are the kind and volume of

xtraction solvent, the kind and volume of disperser solvent,
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Table 2
Efficiency of different disperser solvents evaluated for extraction of CBs by
DLLMEa

Compounds Recovery (%)

Acetone,
mean ± S.D.
(n = 3)

Acetonitrile,
mean ± S.D.
(n = 3)

Methanol,
mean ± S.D.
(n = 3)

1,3-DCB 73.0 ± 0.4 69.3 ± 3.9 69.0 ± 1.9
1,4-DCB 71.1 ± 0.3 67.4 ± 4.2 67.6 ± 2.4
1,2-DCB 71.3 ± 0.4 74.3 ± 4.2 68.5 ± 1.5
1,3,5-TCB 80.1 ± 1.1 73.2 ± 3.7 74.0 ± 2.3
1,2,4-TCB 78.5 ± 0.7 71.2 ± 3.8 72.4 ± 2.0
1,2,3-TCB 79.1 ± 1.0 72.3 ± 3.8 73.7 ± 2.1
1,2,3,5-TeCB 81.3 ± 0.5 73.3 ± 3.6 74.4 ± 2.8
1,2,4,5-TeCB 79.1 ± 0.8 72.0 ± 3.7 71.5 ± 1.3
1,2,3,4-TeCB 78.8 ± 0.3 71.1 ± 3.3 71.8 ± 2.0
PeCB 72.3 ± 1.0 63.4 ± 3.1 64.7 ± 1.5
HCB 73.7 ± 1.5 64.7 ± 2.1 66.3 ± 2.0

a Extraction conditions—water sample volume: 5.00 ml; disperser solvent
(acetone, acetonitrile and methanol) volume: 0.50 ml; extraction solvent
(
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xtraction time and salt addition that were investigated and opti-
ized in order to achieve high recovery and enrichment factor

f CBs from water samples. We selected five compounds as rep-
esentative of the CBs, and showed their behavior under these
xtraction conditions.

.1. Effect of the kind of extraction solvent

In the selection of extraction solvent, some properties must be
onsidered: it should have (a) higher density than water, (b) good
hromatographic behavior, (c) extraction capability of interested
ompounds and (d) low solubility in water. Most of the heavy
olvents are halogenated compounds. According to the strong
esponse with a high peak tailing of the halogenated solvents
n ECD, there are some restrictions for choosing an extraction
olvent. Among all solvents, carbon disulfide (CS2) (density:
.2 g ml−1, boiling point: 46 ◦C), that had all of these prop-
rties, and chlorobenzene (density: 1.1 g ml−1, boiling point:
31.6 ◦C), that had much lower response factor than analytes in
CD [1], were selected as extraction solvent and investigated for
LLME of CBs from water samples. For this purpose, a series of

ample solution were studied by using 0.50 ml acetone contain-
ng 9.5 and 19.5 �l of chlorobenzene and CS2, respectively, to
chieve 5.0 �l volume of sedimented phase. According to results
n Table 1, chlorobenzene has a little higher extraction efficiency
han CS2 that is because of similarity with analytes. Also, stan-
ard deviations by using chlorobenzene as extraction solvent
re lower than CS2 because repeatability in the volume of sedi-
ented phase with chlorobenzene is better than CS2. Therefore

hlorobenzene was selected as extraction solvent.
.2. Effect of the kind of disperser solvent

Solvents that are miscible in extraction solvent and aque-
us solution can be used as disperser solvents. These sol-

able 1
fficiency of different extraction solvents evaluated for extraction of CBs by
LLMEa

ompounds Recovery (%)

Chlorobenzene,
mean ± S.D. (n = 3)

Carbon disulfide,
mean ± S.D. (n = 3)

,3-DCB 73.0 ± 0.37 71.4 ± 4.9
,4-DCB 71.1 ± 0.34 70.5 ± 4.8
,2-DCB 71.3 ± 0.44 66.7 ± 4.6
,3,5-TCB 80.1 ± 1.14 71.2 ± 5.9
,2,4-TCB 78.5 ± 0.70 69.4 ± 5.4
,2,3-TCB 79.1 ± 0.99 70.6 ± 5.2
,2,3,5-TeCB 81.3 ± 0.46 69.3 ± 5.9
,2,4,5-TeCB 79.1 ± 0.81 67.4 ± 4.9
,2,3,4-TeCB 78.8 ± 0.35 71.1 ± 4.6
eCB 72.3 ± 1.05 63.3 ± 4.8
CB 73.7 ± 1.53 66.5 ± 5.5

a Extraction conditions—water sample volume: 5.00 ml; disperser solvent
acetone) volume: 0.50 ml; extraction solvent volumes: 9.5 �l chlorobenzene
nd 19.5 �l carbon disulfide; sedimented phase volume: 5.0 ± 0.2 �l; room tem-
erature; concentration of DCB isomers: 5.0 �g l−1; TCB and TeCB isomers:
.5 �g l−1; PeCB and HCB: 0.1 �g l−1.
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chlorobenzene) volume: 9.5 �l; sedimented phase volume: 5.0 ± 0.2 �l; room
emperature; concentration of DCB isomers: 5.0 �g l−1; TCB and TeCB iso-
ers: 0.5 �g l−1; PeCB and HCB: 0.1 �g l−1.

ents can disperse extraction solvent as very fine droplets in
queous phase. Therefore, acetone, acetonitrile and methanol
ere selected as disperser solvent and the effect of these sol-
ents on the performance of DLLME was investigated. For this
urpose, various experiments were performed using 0.50 ml
f each disperser solvent containing 9.5 �l extraction solvent
chlorobenzene) and the recoveries were investigated. Results
re shown in Table 2. As can be seen, recoveries with acetonitrile
63.4–74.3%) and methanol (64.7–74.4%) are almost equal and
ecoveries with acetone (71.1–81.3%) are a little more. Thus, we
hose acetone among these solvents because of higher recover-
es, less toxicity and low cost.

.3. Effect of volume of extraction solvent

In order to evaluate the effect of extraction solvent vol-
me on extraction efficiency, additional experiments were per-
ormed using 0.50 ml acetone containing different volumes of
hlorobenzene (9.5, 14.5, 19.5 and 24.5 �l). Figs. 1–3 show the
urves of volume of sedimented phase, enrichment factor and
ecovery of CBs versus volume of extraction solvent (chloroben-
ene), respectively. By increasing the volume of extraction
olvent (chlorobenzene) from 9.5 to 24.5 �l, the volume of sedi-
ented phase increases (5.0–19.5 �l) (Fig. 1) therefore, enrich-
ent factor decreases from 710–816 to 210–246.6 (Fig. 2).
lso, extraction recovery is almost constant (from 71.0–81.6%

o 81.9–96.2%) (Fig. 3) because of quantity extraction and high
istribution coefficient of CBs in this condition. Thus, 9.5 �l of
hlorobenzene was selected in order to obtain high enrichment
actor, low detection limit and good recovery.
.4. Effect of volume of disperser solvent

After choosing acetone as disperser solvent, it is necessary
o optimize the volume of it. Because at low volume, acetone
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Fig. 1. Effect of the volume of extraction solvent (chlorobenzene) on the volume
of sedimented phase in DLLME. Extraction conditions: water sample volume,
5.00 ml; disperser solvent (acetone) volume, 0.50 ml; room temperature.

Fig. 2. Effect of the volume of extraction solvent (chlorobenzene) on the enrich-
m
c
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Fig. 4. Effect of the volume of acetone on the recovery of CBs obtained from
DLLME. Extraction conditions: water sample volume, 5.00 ml; sedimented
phase volume, 5.0 ± 0.2 �l; room temperature; concentration of DCB isomers,
5.0 �g l−1, TCB and TeCB isomers, 0.5 �g l−1, PeCB and HCB 0.1 �g l−1.

F
E
9

1

ent factor of CBs obtained from DLLME. Extraction conditions: as with Fig. 1;
oncentration of DCB isomers, 5.0 �g l−1, TCB and TeCB isomers, 0.5 �g l−1,
eCB and HCB 0.1 �g l−1.

annot disperse extraction solvent properly and cloudy solu-
ion is not formed completely and at high volume, the solubility
f CBs in water increases, therefore, the extraction efficiency

ecreases, too. For obtaining optimized volume of acetone, var-
ous experiments were performed by using different volumes of
cetone (0.25, 0.5, 1.0, 1.5 and 2.0 ml) containing 9.0, 9.5, 12.5,

ig. 3. Effect of the volume of extraction solvent (chlorobenzene) on the recov-
ry of CBs obtained from DLLME. Extraction conditions: as with Fig. 2.
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ig. 5. Effect of extraction time on the peak area of CBs obtained from DLLME.
xtraction conditions, as with Fig. 2; extraction solvent (chlorobenzene) volume,
.5 �l.

6.2 and 22.4 �l chlorobenzene, respectively. It is necessary to
hange the volume of chlorobenzene by changing the volume
f acetone in order to obtain constant volume of sedimented
hase (5.0 ± 0.2 �l) in all experiments. Fig. 4 shows the curves
f recoveries of CBs versus the volume of acetone. According
o the results, a 0.50 ml acetone was chosen as the optimum
olume.

.5. Effect of extraction time

The effect of extraction time (interval time between the injec-
ion of a mixture of disperser solvent and extraction solvent,
efore starting to centrifuge) on the performance of DLLME is
onsidered as a key factor which must be studied and evaluated.
herefore, for evaluating this parameter, different extraction

imes (ranged from 0 to 60 min) with constant experimental

onditions were studied. According to the results (Fig. 5), this
xtraction method is time-independent, that is because of an
nfinitely large surface area between extraction solvent and aque-
us phase. Therefore, this method is very fast and this is the most
mportant advantage of DLLME technique.
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Fig. 6. Effect of salt addition on the volume of sedimented phase obtained from
DLLME. Extraction conditions, as with Fig. 5.
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ig. 7. Effect of salt addition on the enrichment factor obtained from DLLME.
xtraction conditions, as with Fig. 5; concentration of DCB isomers, 5.0 �g l−1,
CB and TeCB isomers, 0.5 �g l−1, PeCB and HCB 0.1 �g l−1.

.6. Effect of salt

For investigating the influence of ionic strength on the per-

ormance of DLLME, various experiments were performed by
dding different amounts of NaCl (0–5%). Other experimen-
al conditions were kept constant. Figs. 6–8, show the effect of

ig. 8. Effect of salt addition on the recovery obtained from DLLME. Extraction
onditions, as with Fig. 7.
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ncreasing the ionic strength on the volume of sedimented phase,
nrichment factor and the recovery of CBs. By increasing the
onic strength (from 0 to 5%) the solubility of extraction solvent
n aqueous phase decreases, therefore, the volume of sedimented
hase increases (from 4.8 to 6.1 �l) (Fig. 6). As a result, the
nrichment factor decreases (from 780–924 to 630–752) (Fig. 7).
ccording to Fig. 8, extraction recovery is almost constant (from
4.9–88.7 to 76.9–91.7%).

.7. Quantitative analysis

The characteristics of calibration curves shown in Table 3
ere obtained under optimized conditions. Linearity was
bserved in the range 0.05–100 �g l−1 for DCB iso-
ers, 0.002–20 �g l−1 for TCB and TeCB isomers, and

.001–4 �g l−1 for PeCB and HCB (more than three orders
f magnitude) for most of analytes. Correlation coefficient (r2)
anged from 0.9990 to 0.9998 with the internal standard and from
.9990 to 0.9995 without the internal standard. The repeatability
tudy was carried out by extracting a spiked (concentration of
CB isomers, 5.0 �g l−1, TCB and TeCB isomers, 0.5 �g l−1,
eCB and HCB 0.1 �g l−1) water sample. The relative stan-
ard deviations (R.S.D.s) were calculated to be between 0.52
nd 2.8% with the internal standard (n = 5) and between 4.6
nd 6.0% without the internal standard (n = 5). The limit of
etections (LODs), based on signal-to-noise ratio (S/N) of three
anged from 0.0005 to 0.05 �g l−1. The enrichment factors and
ecoveries of CBs were from 711 to 813 and 71.1 to 81.3%,
espectively [22].

.8. Real water analysis

During the present investigation, matrix effects on the extrac-
ion were also evaluated by investigating the applicability of the
roposed method to determine CBs concentration in river, tap
nd well water samples. River water was collected from Ziarat
iver (Gorgan, Iran) tap and well water from Tehran (Iran).
hese samples were extracted using DLLME method and ana-

yzed by GC–ECD. The results from tap, river and well water
amples showed that they were free of CBs contamination. These
amples were spiked with CBs standards at different concen-
ration levels to assess matrix effects. Fig. 9 shows the chro-
atograms obtained for well water and spiked well water at the

oncentration level of 10.0 �g l−1 for DCB isomers, 1.0 �g l−1

or TCB and TeCB isomers, and 0.2 �g l−1 for PeCB and HCB.
he results of relative recovery of river, tap and well water sam-
les are shown in Table 4. Relative recoveries for all CBs in tap,
ell and river water were between 109–121%, 105–113% and
7–120%, respectively. These results demonstrate that the tap,
ell and river water matrices, in our present context, had little

ffect on DLLME.

.9. Comparison of DLLME with other methods
We compare DLLME–ECD of CBs from water samples with
ther methods such as LLE-GC–ECD [1], SPE-GC–MS [7,9],
S-SPME-GC–MS [4], LPME-GC–MS [16] and HS-LPME-
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Table 3
Quantitative results of DLLME and GC-ECD of CBs from water samplea

Compounds R.S.D.%b (n = 5) R.S.D.%c (n = 5) EFd Re (%) LRf (�g l−1) r2 g r2 h LODi (�g l−1)

1,3-DCB 0.73 4.8 730 73.0 0.05–100 0.9997 0.9995 0.02
1,4-DCB 2.8 5.4 711 71.1 0.1–100 0.9990 0.9990 0.05
1,2-DCB 0.52 4.6 713 71.3 0.05–100 0.9997 0.9994 0.02
1,3,5-TCB 1.4 5.0 801 80.1 0.005–20 0.9991 0.9990 0.002
1,2,4-TCB 1.1 5.0 785 78.5 0.005–20 0.9992 0.9991 0.002
1,2,3-TCB 0.9 4.9 790 79.0 0.002–20 0.9995 0.9993 0.001
1,2,3,5-TeCB 1.4 5.6 813 81.3 0.002–20 0.9994 0.9991 0.001
1,2,4,5-TeCB 1.5 5.3 791 79.1 0.005–20 0.9990 0.9990 0.002
1,2,3,4-TeCB 1.1 5.4 788 78.8 0.002–20 0.9992 0.9991 0.001
PeCB 2.7 6.0 723 72.3 0.001–4 0.9998 0.9995 0.0005
HCB 1.8 5.6 737 73.7 0.001–4 0.9996 0.9992 0.0005

a Extraction conditions—water sample volume: 5.00 ml; disperser solvent (acetone) volume: 0.50 ml; extraction solvent (chlorobenzene) volume: 9.5 �l; sedimented
phase volume: 5.0 ± 0.2 �l; room temperature; concentration of internal standard (1,4-dibromobenzene): 1.00 �g l−1.

b R.S.D.% by using internal standard at a concentration of DCB isomers: 5.0 �g l−1; TCB and TeCB isomers: 0.5 �g l−1; PeCB and HCB: 0.1 �g l−1.
c R.S.D.% without using internal standard at a concentration of DCB isomers: 5.0 �g l−1; TCB and TeCB isomers: 0.5 �g l−1; PeCB and HCB: 0.1 �g l−1.
d Enrichment factor.
e Recovery.
f Linear range.
g r2 by using internal standard.
h r2 without using internal standard.
i Limit of detection for a S/N = 3.

Table 4
Relative recoveries and standard deviations of CBs from spiked tap, well, river water samplesa

Compounds Tap water Well water River water

Added
(�g l−1)

Found (S.D.b, n = 3)
(�g l−1)

Recovery
(%)

Added
(�g l−1)

Found (S.D.b, n = 3)
(�g l−1)

Recovery
(%)

Added
(�g l−1)

Found (S.D.b, n = 3)
(�g l−1)

Recovery
(%)

1,3-DCB 1.0 1.09 (0.04) 109 10.0 11.01 (0.07) 110 100.0 120.0 (1.9) 120
1,4-DCB 1.0 1.09 (0.08) 109 10.0 10.80 (0.07) 108 100.0 111.5 (2.1) 111
1,2-DCB 1.0 1.14 (0.04) 114 10.0 11.20 (0.07) 112 100.0 111.6 (2.5) 112
1,3,5-TCB 0.1 0.115 (0.005) 115 1.0 1.080 (0.009) 108 10.0 10.7 (0.4) 107
1,2,4-TCB 0.1 0.121 (0.005) 121 1.0 1.076 (0.009) 108 10.0 10.7 (0.3) 107
1,2,3-TCB 0.1 0.114 (0.005) 114 1.0 1.07 (0.01) 107 10.0 10.6 (0.3) 106
1,2,3,5-TeCB 0.1 0.114 (0.003) 114 1.0 1.09 (0.02) 109 10.0 9.7 (0.9) 97
1,2,4,5-TeCB 0.1 0.115 (0.003) 115 1.0 1.05 (0.01) 105 10.0 9.9 (0.8) 99
1,2,3,4-TeCB 0.1 0.109 (0.004) 109 1.0 1.130 (0.014) 113 10.0 9.9 (0.8) 99
PeCB 0.02 0.023 (0.001) 115 0. 2 0.215 (0.005) 107 2.0 1.86 (0.23) 93
HCB 0.02 0.023 (0.001) 115 0.2 0.214 (0.003) 107 2.0 1.74 (0.16) 87

a Extraction conditions—water sample volume: 5.00 ml; disperser solvent (acetone) volume: 0.50 ml; extraction solvent (chlorobenzene) volume: 9.5 �l; sedimented
phase volume: 5.0 ± 0.2 �l; room temperature; concentration of internal standard (1,4-dibromobenzene): 1.00 �g l−1.

b Standard deviation.

Table 5
Comparison of DLLME with other methods for determination of CBs

Method LODa (�g l−1) R.S.D.b (%) Extraction time (min) Sample volume (ml) Reference

LLE-GC–ECD 0.00001–0.001 10 >240 4000 [1]
SPE-GC–MS 0.010–0.042 <10 About 60 200 [7]
SPE-GC–MS 0.08–0.6 3–8 About 60 100 [9]
HS-SPME-GC–MS 0.003–0.006 1.19–8.19 30 5 [4]
LPME-GC–MS 0.02–0.05 3.62–9.26 3.5 4 [16]
HS-LPME-GC–MS 0.003–0.031 2.1–13.2 5 10 [19]
DLLME-GC–ECD 0.0005–0.05 0.52–2.8 A few second 5 Represented method

a Limit of detection.
b Relative standard deviation.
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Fig. 9. Chromatograms of well water (A) and spiked well water at concentra-
tion level of 10.0 �g l−1 DCB isomers, 1.0 �g l−1 TCB and TeCB isomers and
0.2 �g l−1 PeCB and HCB (B) obtained by using DLLME combined GC–ECD.
Extraction conditions: water sample volume, 5.00 ml; disperser solvent (acetone)
volume, 0.50 ml; extraction solvent (chlorobenzene) volume, 9.5 �l; sedimented
phase volume, 5.0 ± 0.2 �l; room temperature. Peak identification: (1) 1,3-DCB,
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2) 1,4-DCB, (3) 1,2-DCB, (4) 1,3,5-TCB, (5) 1,2,4-TCB, (6) 1,2,3-TCB, (7)
,2,3,5-TeCB, (8) 1,2,4,5-TeCB, (9) 1,2,3,4-TeCB, (10) PeCB, (11) HCB, (IS)
,4-dibromobenzene, concentration of IS 1.00 �g l−1.

C–MS [19] from the viewpoint of the limit of detection (LOD),
elative standard deviation (R.S.D.), extraction time and sample
olume (Table 5). As can be seen, LODs of DLLME-GC–ECD
ith a sample volume of only 5.00 ml are better than other meth-
ds. R.S.D.s in DLLME are very low and extraction time is very
hort. All these results indicate that DLLME is a sensitive, rapid
nd reproducible technique that can be used for the preconcen-
ration of CBs from water samples.

. Conclusion

This paper describes a DLLME method combined with
C–ECD that is applied to the analysis of 11 chlorinated ben-

enes in environmental water samples. The results of this study
emonstrate that the proposed method give acceptable relative

ecoveries and repeatabilities for CBs from tap, river and well
ater samples.
The proposed method is linear over a wide range. Detection

imits at the ng l−1 level were achieved with a sample vol-

[
[

[

72 (2007) 387–393 393

me of only 5.00 ml. In this method sample preparation time as
ell as consumption of toxic organic solvents was minimized
ithout affecting the sensitivity of the method. Compared with
ther extraction methods such as liquid–liquid extraction, solid
hase extraction, liquid phase microextraction and solid phase
icroextraction, the present method has lower detection lim-

ts and R.S.D.s within very short extraction time. This method
s also simple, convenient, sufficiently sensitive, precise, cost-
ffective and rapid.
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bstract

The spectrophotometric method of antioxidants determination using recombinant laccase Polyporus pinsitus (rPpL) and Myceliophthora ther-
ophila (rMtL) was developed. The method includes simultaneous oxidation of the antioxidant and high reactive laccase substrate producing

hromophoric radical cation. As laccase substrates ABTS and other high reactive phenoxazine derivatives: 2-phenoxazin-10-yl-ethanol (PET),
-phenoxazin-10-yl-propane-1-sulfonic acid (PPSA) and 3-phenoxazin-10-yl-propionic acid (PPA) were used. The kinetic data were analysed
sing a scheme of simultaneous oxidation of the antioxidant and the substrate.
In a range of (0.9–7.3) × 10−6 M of Trolox the measurings recovered 91 and 99% of the antioxidant if ABTS and both laccases were used. The
ecovery varied between 82 and 124% if phenoxazine derivatives were used. The antioxidant activity determined in rich with antioxidants food
amples, i.e. date-palm, black raisin, golden raisin, skin of red grape, dice of red grape, fitted the literature data.

2006 Elsevier B.V. All rights reserved.

e
a
i
a
t
F
a
t

e
o
t
a
o

eywords: Antioxidant; Trolox; Laccase; ABTS; Phenoxazine; Radical cation

. Introduction

The exposure of living organisms to reactive oxygen,
itrogen, chlorine, and bromine species (RSs) is common in
erobic life [1,2]. RSs fall into two groups, i.e. those that contain
npaired electrons (O2

•−, OH•, NO•), and those that have the
bility to extract electrons from other molecules (H2O2, HOCl,
nd HOBr). These species may damage biomolecules directly,
r initiate chain reactions resulting in extensive damage of
ell structures. It was recognized that natural antioxidants,
ue to their RS scavenging activity, might have beneficial
ffects in protection against these damages. Consequently,
onsiderable interest has been focused on the analytical meth-
ds for determination of antioxidants in biological samples.

etermination of antioxidants in the biological samples usually

equires the use of high-resolving analytical techniques, such
s high-performance liquid chromatography and capillary

∗ Corresponding author at: Vilnius Gediminas Technical University, Fac-
lty of Fundamental Sciences, Department of Chemistry and Bioengineering,
auletekio Avenue 11, LT-10223 Vilnius, Lithuania. Tel. +370 5 2729176;
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lectrophoresis [3]. However, the information about the number
nd the concentration of antioxidants present in the sample
s not sufficient to obtain biologically relevant information
bout the antioxidant activity of the sample, primarily due
o the synergistic interaction between different antioxidants.
or this reason methods for measuring the overall antioxidant
ctivity have been introduced which provide the parameter of
he cumulative action of all antioxidants present in the sample.

Two types of analytical methods are currently used for
valuation of the antioxidant activity [3]: (i) inhibition meth-
ds, in which the inhibition of oxidative damage of the
arget molecule is measured in the presence of antioxidants
nd related to a known standard, and (ii) methods based
n direct measurement of scavenging stable free radicals
y antioxidants present in the sample. The most popular
cavenging method is 6-hydroxy-2,5,7,8-tetramethylchroman-
-carboxylic acid (Trolox) equivalent antioxidant capacity
TE) decolourisation assay based on the scavenging of stable
,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical

ation (ABTS•+) [4–6] or 2,2-diphenyl-1-picrylhydrazyl radical
DPPH•) [7]. The ABTS•+ typically is prepared under action of
eroxidase or myoglobin [4,5], chemically [6] or electrochem-
cally [3], whereas the main source of DPPH• is a chemical
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Fig. 1. Structure of Trolox and high reactive laccase substrates.

ynthesis [7]. When a sample containing an antioxidant (AH)
s added into the solution of the ABTS•+ or the DPPH• the
mount of the radical scavenged is measured by the decrease of
n absorbance. This decrease of absorbance is compared with
he decrease of absorbance produced by the addition of a known
mount of Trolox. TE decolourisation assay is widely used for
he evaluation of the antioxidant activity of pure compounds,

ixtures of antioxidants, and complex samples such as medic-
nal plants, blood plasma and organic tissue, food or beverages
8,9].

The merit of antioxidant capacity of peroxidase (myoglobin)
ased method was simple lag-time assay formed during the
BTS•+ formation in presence of an oxidant [4]. The appli-

ation of peroxidase or myoglobin, however, requires hydrogen
eroxide that itself can react with AH.

Laccases are classified as polyphenol oxidases, and perform
he reduction of oxygen to water while oxidizing the substrate
10]. Laccases show broad substrate specificity and catalyse the
xidation phenol derivatives, inorganic and organic metal com-
lexes and other substrates [10]. It was shown that the ABTS
nd other heterocyclic aromatic compounds are oxidized with
he rate approaching a diffusion of substrates [11]. For this
eason laccases are promising for radical cations production.

oreover, making the radical cations does not require any addi-
ional oxidizers with exception of dissolved oxygen. Laccases
o the best of our knowledge had not been used for antioxidants
etermination.

The task of this investigation was to develop a method of
ntioxidants determination with laccases. As laccase substrates
BTS and other high reactive phenoxazine derivatives: 2-
henoxazin-10-yl-ethanol (PET), 3-phenoxazin-10-yl-propane-
-sulfonic acid (PPSA) and 3-phenoxazin-10-yl-propionic acid
PPA) were used (Fig. 1).

. Experimental

.1. Materials
Recombinant forms of laccases Polyporus pinsitus (rPpL)
nd Myceliophthora thermophila (rMtL) expressed in an
spergillus oryzae and purified as described in [12–14] were

eceived from Novozymes A/S (Copenhagen, Denmark) and

w
(
a

nta 72 (2007) 526–531 527

sed without further purification. Recombinant peroxidase
rom Coprinus cinereus (rCiP) was received from Novozymes
/S (Copenhagen, Denmark). The concentration of laccases

nd peroxidase was determined spectrophotometrically. The
xtinction coefficient for rPpL, was used 7.8 × 104 M−1 cm−1

t 280 nm [13]. The extinction coefficient of rMtL was
.34 × 105 M−1 cm−1 at 276 nm [14]. The extinction coeffi-
ient for rCiP, was used 1.08 × 105 M−1 cm−1 at 405 nm [15].
he catalase Aspergillus niger was a product of Novozymes
/S, and the concentration of the enzyme was determined spec-

rophotometrically using absorbance at 280 nm. The extinction
oefficient was assumed 150 mM−1 cm−1 [16]. The solutions
f H2O2 were prepared from perhydrol (30%) and con-
entration was calculated using an extinction coefficient of
9.4 M−1 cm−1 at 240 nm. Diammonium salt of 2,2′-azinobis(3-
thylbenzothiazoline-6-sulfonic acid) (ABTS) was obtained
rom Boehringer Mannheim GmbH (Germany), 6-hydroxy-
,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was
urchased from Aldrich, 2-phenoxazin-10-yl-ethanol (PET), 3-
henoxazin-10-yl-propane-1-sulfonic acid sodium salt (PPSA),
-phenoxazin-10-yl-propionic acid (PPA) were synthesized as
escribed in [17]. Sodium acetate, acetic and hydrochloric
cid were “chemically pure” and were received from Reachim
Moscow, Russia). Methanol (purity 99.9%) was received from
luka, the highest purified argon was from Aga (Latvia).

.2. Apparatus and methods

The spectral measurements were performed by using a
omputer-controlled “Nicolet evolution 300” spectrophotome-
er (Thermo electron corporation, USA) in 1 cm thermostated
uartz cuvette at (25.0 ± 0.1) ◦C.

The kinetic measurements were performed in 20 mM acetate
uffer solution pH 5.5. The formation of ABTS radical cation
as monitored at 414 nm using extinction coefficient 3.5 ×
04 M−1 cm−1 [18]. The formation of PET and PPA radical
ation was monitored at 530 nm using extinction coefficient
.6 × 104 M−1 cm−1 [11]. The concentration of PPSA radi-
al cation was measured at 530 nm. The extinction coefficient
etermined with peroxidase (1.0 × 10−9 M) and hydrogen
eroxide (1.0 × 10−4 M), and it was 9.5 × 103 M−1 cm−1.
uring antioxidants determination the reaction mixture

ontained 1.1 × 10−5 M of ABTS, 1.3 × 10−5 M of PET
1.3–2.5) × 10−5 M of PPSA, 1.5 × 10−5 M of PPA (0.6–7.6) ×
0−6 M of Trolox and 1.0 × 10−9 M of rPpL or 1.0 × 10−8 M
f rMtL. The mixture contained 5% (v/v) of methanol. The
oncentration of laccase and substrate was chosen to perform
easurements during 3–10 min and to get 0.1–0.2 absorbance

hange at desired wavelength in 1 cm optical path length cell.
he reaction started with addition of the enzyme solution. The
oncentration of the antioxidants in the real samples was deter-
ined using instead of Trolox solution the diluted extract of the

amples.

For radical cations titration with Trolox the radical cations

ere synthesized using peroxidase. The solution of ABTS
1.3 × 10−4 M), PET (6 × 10−4 M), PPSA (9 × 10−4 M)
nd PPA (9 × 10−4 M) was incubated with 1.0 × 10−4 M of
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Fig. 2. Absorbance of radical cation of ABTS (1), PET (2), PPA (3) and PPSA
(4) at pH 5.5. Concentrations of ABTS•+ 7.3 × 10−6 M, PET•+ 1.3 × 10−5 M,
PPA•+ 1.2 × 10−5 M and PPSA•+ 1.2 × 10−5 M. Inset show the titration graph
of PET with Trolox. Each step corresponds the addition of 6 × 10−7, 1.2 × 10−6,
1.8 × 10−6, 2.3 × 10−6 and 2.9 × 10−6 M of Trolox.

F
P

a
e
of real samples.

The generation of the radical cation of ABTS in pres-
ence of 1 nM of rPpL is shown in Fig. 4. The addition
of Trolox stimulated the appearance of lag-period of the

Table 1
The parameters of radical cations titration with Trolox at pH 5.5

Radical cation Slope Standard error Correlation coefficient
28 J. Kulys, I. Bratkovskaja

ydrogen peroxide and 2.0 × 10−8 M of rCiP during 5 min. The
eaction was stopped by adding 2.0 × 10−8 M of catalase. The
olution of radicals was diluted with buffer solution and fixed
mount of Trolox solution was added. The amount of consumed
adical was calculated after 1 min.

.3. Preparation of solutions

The solutions of PET and PPA were prepared in methanol
ith the subsequent dissolution with deionised water. The con-

entration of methanol was 5% (v/v). The solutions of other
eagents were prepared in deionised water and were diluted to
he desired concentration immediately before the use. For the
emoval of oxygen the solutions were bubbled with argon during
min.

The extracts of real samples, i.e. date-palm, black raisin,
olden raisin, skin of red grape, dice of red grape, were pre-
ared by incubating 0.6–1.5 g of a sample with 1.2–3.0 ml
f methanol during 3 days at anaerobic conditions. The mix-
ure was permanently mixed with magnetic stirrer at room
emperature. The extract was diluted 800–102,400 times with

ethanol. For the measurements 100 �l of the diluted sample
as added into 1.85 ml of thermostated buffer solution contain-

ng ABTS. The reaction started by addition 50 �l of laccase
olution.

.4. Calculations and modelling

To process the data the programs MathCAD 2001 Profes-
ional and GraFit 3.01 were used. A complex kinetic scheme of
imultaneous substrate and antioxidants oxidation was modelled
y Euler’s method [19]. A standard deviation of the parameters
ound, i.e. the concentration of an antioxidant and the kinetic
onstants varied between 4 and 11%.

. Results and discussion

.1. Reaction of antioxidants with radical cations

The radical cations of ABTS, PET, PPA and PPSA produced
n presence of peroxidase showed strong absorbance in visible
rea of spectrum (Fig. 2).

The radical cations of phenoxazine derivatives (PET, PPA
nd PPSA) demonstrated remarkable stability during weeks in
ater solution. The addition of Trolox solution to the solu-

ion of the radical cation followed immediate decrease of
bsorbance in visible area of spectrum. The amount of consumed
adical cation was linearly proportional to the added Trolox
Fig. 3).

The calculated consumption of the radical cation of ABTS
orresponded almost to 2 mol per 1 mol of Trolox since the slope
f linear dependence was 1.91 ± 0.07 (Table 1). The stoichiom-
try of reaction for radical cations of PET, PPA and PPSA was

ore than two (Table 1). The reason of this apparent stoichiom-

try increase is unknown. This can be explained by difference of
orrect and used for the calculations extinction coefficients. A
ore complex reaction scheme of the radical cations with Trolox

A
P
P
P

ig. 3. The titration of radical cation of ABTS (�), PET (�), PPA (©) and
PSA (�) with Trolox at pH 5.5.

lso may origin this difference. This inconsistency was simply
liminated by calibration with Trolox during TE determination
BTS•+ 1.91 0.07 0.9981
ET•+ 2.58 0.03 0.9996
PA•+ 2.32 0.07 0.9982
PSA•+ 2.69 0.04 0.9996
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Fig. 4. The kinetics of laccase-catalysed radical cation of ABTS production
in presence of Trolox. Curves correspond to data fitting following a scheme
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f laccase action (Eq. (1)–(4)). About 20 mM acetate buffer solution, pH 5.5,
.1 × 10−5 M of ABTS, 1.1 × 10−9 M of rPpL, 25 ◦C; concentration of Trolox
M (©), 1.0 × 10−6 M (�), 1.7 × 10−6 M (�), and 3.5 × 10−6 M (�).

inetics curve (Fig. 4). The period was larger at bigger Trolox
oncentration.

The reactivity of other substrates was similar to ABTS. How-
ver, a similar rate of radical cations production was indicated
t 10 times larger thermostable laccase (rMtL) concentration
Fig. 5). In presence of rMtL Trolox also induced lag-period
hat was proportional to the antioxidant concentration.

The appearance of lag-period and a sharp absorbance change
s associated with a fast radical cations reaction. In principal
he lag-period can be used for antioxidants concentration deter-

ination [4], however, for laccase-catalysed process this is not

orrect since: (i) production of radical cation is not linear in
bsence of an antioxidant; (ii) antioxidant reacts with laccase as
ell as high reactive laccase substrate. For this reason a scheme

ig. 5. The kinetics of laccase-catalysed radical cation production of PET in
resence of Trolox. Curves correspond to data fitting following a scheme of
accase action (Eq. (1)–(4)). About 20 mM acetate buffer solution, pH 5.5,
.3 × 10−5 M PET, 1.0 × 10−8 M of rMtL, 25 ◦C; concentration of Trolox 0 M
©), 7 × 10−7 M (�), 1.4 × 10−6 M (�), 2.8 × 10−6 M (�), and 6.9 × 10−6 M
♦).
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f simultaneous antioxidants and substrates oxidation was built
nd the antioxidant concentration was determined by data fitting
f kinetic curves.

.2. Kinetic scheme of simultaneous antioxidants and
ubstrates oxidation

ABTS and phenoxazine derivatives used in this work are
xidized with high rate in presence of laccases [11]. Trolox
nd other antioxidants as phenol derivatives were also oxidized
ith laccase [20]. Therefore the kinetic scheme of substrates

nd Trolox oxidation should include simultaneous oxidation
f both types of substrates. In addition, the reaction of the
adical cation with antioxidant (Eq. (4)) should be consid-
red. A formal redox potential of Trolox is 0.39 V [21] while
f ABTS it is 0.66 V [18], and of phenoxazine derivatives
t is 0.63 V versus NHE [17]. Therefore the reaction of the
adical cation with antioxidant (Eq. (4)) is exothermic and
ast.

The simples kinetic scheme of laccase-catalysed simultane-
us substrates oxidation can be written:

accase(red) + O2 + 4H+ → Laccase(ox) + 2H2O, k1

(1)

accase(ox) + S → Laccase(red) + S•+, k2 (2)

accase(ox) + Trolox → Laccase(red) + P, k3 (3)

•+ + Trolox → S + P, k4 (4)

here Laccase(red) and Laccase(ox) – reduced and oxidized
orms of laccase, S or S•+ – ABTS, PET, PPA and PPSA
r respective radical cation, k1, k2, k3, and k4 – the rate
onstants.

The fitting of experimental data in absence of antioxidant
Trolox) produced k1 and k2 values. Due to high concentra-
ion of oxygen (2.5 × 10−4 M) and large k1 value (106 M−1 s−1

22]) reaction (Eq. (1)) is fast and the fitting permits to calcu-
ate k2. In presence of an antioxidant three parameters (k3, k4
nd antioxidant concentration) are unknown. The constant k4
orresponding to chemical reaction (Eq. (4)) depends on free
nergy of reaction following Marcus theory, and for exother-
ic reactions can be as large as 108 M−1 s−1 [23]. The fitting

f experimental data showed that k4 did not influence sig-
ificantly k3 and calculated antioxidant concentration at k4
106 M−1 s−1. Therefore this reaction does not limit a process
nd k3 and the antioxidant concentration can be found by data
tting.

At Trolox concentration (0.9–7.6) × 10−6 the following
arameter were found from the calculations (Table 2). The
esults demonstrate that for rPpL the substrate showing the
argest oxidation rate is PET, whereas ABTS and PPA are the
est substrates for thermostable laccase rMtL. Unexpected was

ow reactivity of PPSA with rMtL indicating some specificity
f laccase. A comparison of k2 and k3 values shows that Trolox
eactivity is similar or just 2–5 times less in comparison to high
ctive substrates.
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Table 2
Kinetic characteristics of laccase-catalysed oxidation of high reactive substrates and Trolox in 20 mM acetate buffer solution pH 5.5 at 25 ◦C

Substrate csubstrate (M) Laccase claccase (M) k2 (M−1 s−1) k3 (M−1 s−1)

ABTS 1.1 × 10−5 rPpL 1.1 × 10−9 1.4 × 106 6.4 × 105

PET 1.3 × 10−5 rPpL 1.0 × 10−9 3.6 × 106 6.4 × 105

PPA 1.5 × 10−5 rPpL 1.0 × 10−9 2.5 × 106 6.4 × 105

PPSA 1.3 × 10−5 rPpL 1.0 × 10−9 2.0 × 106 6.4 × 105

ABTS 1.4 × 10−5 rMtL 1.0 × 10−8 1.2 × 106 2.2 × 105

PET 1.3 × 10−5 rMtL 1.0 × 10−8 4.3 × 105 2.2 × 105

PPA 1.5 × 10−5 rMtL 1.0 × 10−8 9.5 × 105 2.2 × 105

PPSA 2.3 × 10−5 rMtL 1.0 × 10−8 1.5 × 105 2.2 × 105

Table 3
Trolox determination using laccase-catalysed oxidation of ABTS, PET, PPA and PPSA in 20 mM acetate buffer solution, pH 5.5, 25 ◦C

Substrate Laccase Trolox added (M) Trolox found (M) Recovery (mean ± S.D.) (%)

ABTS rPpL (0.95–7.6) × 10−6 (1.0–6.1) × 10−6 91 ± 9
ABTS rMtL (1.8–7.3) × 10−6 (1.9–6.3) × 10−6 99 ± 8
PET rPpL (0.91–7.3) × 10−6 (1.0–8.3) × 10−6 114 ± 1
PET rMtL (0.91–7.3) × 10−6 (0.7–6.9) × 10−6 82 ± 7
PPA rPpL (0.91–7.3) × 10−6 (1.2–8.3) × 10−6 124 ± 6
PPA rMtL (0.91–7.3) × 10−6 (0.8–6.4) × 10−6 87 ± 1
P (0.6–2.6) × 10−6 69 ± 3
P (0.7–6.7) × 10−6 78 ± 7

k
t
b
c
w

d

3

b
w
d
s
q
F

d
d

T
A

S

D
B
G
S
D
T

T
1

PSA rPpL (0.91–3.6) × 10−6

PSA rMtL (0.91–7.3) × 10−6

Trolox recovery determination was performed by fitting
inetic curves in absence and in presence of different concentra-
ions of the antioxidants. The results demonstrate that Trolox can
e determined with recovery of 100% at less than 10−6 M con-
entration (Table 3). If ABTS was used the recovery of Trolox
as about 100% for both laccases used.
Trolox recovery varied between 82 and 124% if phenoxazine

erivatives were used.

.3. Antioxidants determination in real samples

The antioxidant activity (TE) in real samples was determined
y samples treatment with methanol and dilution of the extract
ith the same solvent. Three dilutions were used, and standard
eviation of TE was calculated from the measurements of these
amples. A typical kinetic curves of radical cation of ABTS
uenching in presence of the date-palm extract is depicted in

ig. 6.

The largest antioxidant activity was found in raisins and a
ice of red grape (Table 4). The determined values fitted TE
escribed in the literature [24].

able 4
ntioxidant activity of real samples

ample TE per 100 g of sample

ate-palm (1.9 ± 0.1) × 102

lack raisin (3.6 ± 0.3) × 102

olden raisin (1.0 ± 0.1) × 103

kin of red grape (2.4 ± 0.1) × 103

ice of red grape (5.0 ± 0.5) × 103

rolox (3.6 ± 0.4) × 105

E (mean ± S.D.) was determined using 1.1 × 10−5 M of ABTS and
.0 × 10−9 M of rPpL.

Fig. 6. The kinetics of laccase-catalysed radical cation of ABTS production in
presence of the date-palm extract. Curves correspond to data fitting following
a
p
3

4

f
i
l
m
i
A
d
m

scheme of laccase action (Eq. (1)–(4)). About 20 mM acetate buffer solution,
H 5.5, 1.1 × 10−5 M of ABTS, 1.0 × 10−9 M of rPpL, 25 ◦C; TE 0 M (©),
× 10−7 M (�), 6 × 10−7 M (�), 1.1 × 10−6 M (�).

. Conclusions

The experiments performed show that laccases can be used
or antioxidant activity determination with spectrophotometer
n presence of high active chromophoric substrates. The use of
accases expands the enzymatic method of antioxidants deter-

ination, and can be used if the application of peroxidases

s unfavourable. As laccase substrate commercially available
BTS was used. New N-substituted phenoxazine derivatives
emonstrate versatility of the suggested method. The deter-
ined Trolox equivalent of real samples fitted described in
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bstract

The adsorption processes and electrochemical behavior of 4-nitroaniline (4-NA) adsorbed onto glassy carbon electrodes (GCE) have been
nvestigated in aqueous 0.1 M nitric acid (HNO3) electrolyte solutions using cyclic voltammetry (CV). 4-NA adsorbs onto GCE surfaces, and upon
otential cycling past −0.2 V, is transformed into the arylhydroxylamine (ArHA) derivative which exhibits a well-behaved pH dependent redox
ouple centered at 0.32 V at pH 1.5. It is noted as arylhydroxylamine modified glassy carbon electrodes (HAGCE). This modified electrode can
e readily used as an immobilization matrix to entrap proteins and enzymes. In our studies, myoglobin (Mb) was used as a model protein for
nvestigation. A pair of well-defined reversible redox peaks of Mb (Fe(III)–Fe(II)) was obtained at the Mb/arylhydroxylamine modified glassy
arbon electrode (Mb/HAGC) by direct electron transfer between the protein and the GCE. The formal potential (E0′

), the apparent coverage (Γ *)
nd the electron-transfer rate constant (ks) were calculated as −0.317 V, 8.26 × 10−12 mol/cm2 and 51 ± 5 s−1, respectively. Dramatically enhanced
iocatalytic activity was exemplified at the Mb/HAGC electrode by the reduction of hydrogen peroxide (H2O2), trichloroacetic acid (TCA) and

xygen (O2). The Mb/arylhydroxylamine film was also characterized by UV–visible spectroscopy (UV–vis), scanning electron microscope (SEM)
ndicating excellent stability and good biocompatibility of the protein in the arylhydroxylamine modified electrode. This new Mb/HAGC electrode
xhibited rapid electrochemical response (2 s) for H2O2 and had good stability in physiological condition, showing the potential applicability of
he films in the preparation of third generation biosensors or bioreactors based on direct electrochemistry of the proteins.

2006 Elsevier B.V. All rights reserved.
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. Introduction

There has been increasing interest in studying metallopro-
eins in order to achieve direct electron transfer applications in

ediator-free biosensors, bioreactors, and mimicking catalytic
oles in living systems [1,2]. Many electron-transfer metallopro-
eins are membrane-associated, and efficient electron transfer
or proteins can only be accomplished within the membrane
nvironment [3]. Myoglobin (Mb) is a single-chain protein of
53 amino acids, containing a heme (iron-containing porphyrin)

roup in the center. Mb is found in mammalian skeleton and
uscle tissues, which functions in the storage of oxygen and in

he enhancement of the rate of oxygen diffusion [4,5]. Because

∗ Corresponding author. Tel.: +886 2 27017147; fax: +886 2 27025238.
E-mail addresses: sakumar80@gmail.com (S.A. Kumar),

mchen78@ms15.hinet.net (S.-M. Chen).
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iosensors

he heme group in Mb is much more buried with respect to the
rotein surface than in cytochrome, its interaction with the elec-
rode surface is hindered [6]. To explore methods to increase
he electron transfer between Mb and the electrode, great efforts
ave been devoted to the characterization of the electrochemistry
f Mb using electrodes modified with films such as surfactants
7–13], polymers [14–17], distal histidine [18,19], and inorganic
aterials [20–31]. Recently, the adsorption of enzymes on mul-

iwall carbon nanotube has been reported [32–34]. These films
rovide the friendly microenvironment for enzyme loading and
mprove the stability of the entrapped enzymes. Mb in these
lms facilitated relatively faster electron transfer and catalytic
ctivity than that between Mb in the solution and bare electrodes
7–13,21]. To date, most studies on immobilization of protein

ere focused on layered or mesoporestructured materials due

o their higher specific surface area [26–31]. In most cases, the
eason for the interaction between the matrix and enzyme is not
lear [35].
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Scheme 1. Structure of 4-nitroaniline.

During recent years much attention has been paid to elec-
rochemical investigations of monosubstituted benzenes and
ubstituted anilines by both electrochemical and spectroelec-
rochemical techniques [36]. 4-Nitroaniline (4-NA) (Scheme 1)
s a particularly prominent member of the family of isomeric
itroanilines has attracted much attention because of the specific
ffects of an electron withdrawing nitro group and an electron-
onating amino group being in the para position of an aromatic
ing system [37]. These results in low-energy electronic transi-
ions with charge migration within the molecule [38] and greater
onlinear susceptibility [39–41] making this molecule inter-
sting as material for nonlinear optics [42–46]. Its use as an
nd-group in thiol-based self-assembled monolayers has been
eported [47]. Pre-resonance and resonance Raman spectra for
itroanilines have been investigated [48,49]. To the best of our
nowledge, the electrochemical studies of nitroaniline in HNO3
edium using GCE was not yet available. Furthermore, for the
rst time we are used the nitroaniline derivative as a matrix for
nzyme and protein immobilization.

In this communication, we attempt to immobilize Mb onto the
ydroxylamine modified GCE. Interestingly the direct electron
ransfer between Mb and electrode was achieved without aid of
ny electron mediator. A pair of well-defined and nearly sym-
etrical redox peak was achieved for Mb (Fe(III)–Fe(II)), which

uggested the enhanced, reversible electron-transfer between
b and GCE. The adsorption of Mb on HAGCE film retained

ts native structure as characterized by ultraviolet visible spec-
roscopy. Subsequently, the direct electrochemical behavior
f Mb/HAGC electrode and its electrocatalytic properties for
eduction of hydrogen peroxide (H2O2), trichloro acetic acid
TCA) and oxygen (O2) were studied using cyclic voltamme-
ry (CV). We hope this new Mb/HAGC modified electrode can
nd potential application in the preparation of third generation
iosensors or bioreactors.

. Experimental
.1. Apparatus and chemicals

Electrochemical measurements were performed with CH
nstruments Model-1200A with conventional three-electrode

t
w
T
t

nta 72 (2007) 831–838

ell. A BAS glassy carbon and platinum wire are used as the
orking electrode and counter electrode, respectively. All the

ell potentials were measured with respect to an Ag/AgCl [KCl
sat)], reference electrode. HITACHI Model S-3000H Scanning
lectron Microscope was used for surface image measurements.
he UV–vis absorption spectra were checked by using a U3300
pectrophotometer (HITACHI). All experiments were carried
ut at room temperature.

4-Nitroaniline, myoglobin (source: horse heart) and hemin
chloro(protoporphyrinato) iron(III)) (source: bovine) were pur-
hased from Sigma chemical company, used without further
urification. Other chemicals were of analytical grade. Sup-
orting electrolytes used for electrochemical experiments were
.1 M H2SO4, 0.1 M HNO3, 0.2 M phosphate and 0.1 M acetate
uffer solutions. The aqueous solutions were prepared by using
oubly distilled deionized water, and before each experiment
he solutions were deoxygenated by purging with pre-purified
itrogen gas.

.2. Fabrication of Mb/HAGC modified electrodes

The GCE was polished with 0.05 �m alumina on Buehler
elt pads, rinsed in water and then ultrasonicated for 1 min in
istilled water, and then the GCE was cycled in the poten-
ial range between 0.5 and −0.2 V at 50 mV s−1 for 25 cycles
n 1 mM 4-NA containing aqueous HNO3 solution (pH 1.5).
fter that, the electrode was thoroughly rinsed with doubly
istilled water; this process was used to remove any loosely
ound, un-reacted material from the electrode surface. Finally,
he HAGCE was immersed in pH 5.0 buffer solution containing
.1 mM Mb for an hour; in such a way the Mb attached HAGCE
Mb/HAGC) electrode was obtained. Thus, the driving force for

b to enter HAGCE films would be mainly hydrophobic inter-
ction between macromolecule Mb and HAGCE films, in which
he long hydrocarbon backbone of HAGCE film constitutes the
ydrophobic region of the films. The adsorption of positively
harged Mb protein at pH below their isoelectric point (pH 6.8)
50] with the arylhydroxylamine modified GC electrode mainly
ccurs by electrostatic interactions [51,52].

. Results and discussion

.1. Electrochemical synthesis of HAGC modified
lectrodes

The electrochemical reduction was carried out in the potential
ange between 0.5 and −0.2 V in 0.1 M HNO3 acidic solution
pH 1.5) containing 1 mM 4-NA using GCE. The results are
resented in Fig. 1. On the first cathodic scan irreversible reduc-
ion peak was observed at peak potential about −0.10 V due
o the electroreduction of nitro group present in 4-NA. Upon
can reversal, an anodic wave with a peak potential centered
t 0.33 V was observed. On the second and subsequent poten-

ial scans, an additional cathodic peak was observed at 0.31 V
hich is the cathodic counterpart to the anodic wave at 0.33 V.
his appears to indicate that the first cathodic sweep gives rise

o a reversible redox couple with a formal potential of 0.32 V.
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Fig. 2. Cyclic voltammograms of Mb/HAGCE in pH 6.9 PBS at different scan
rates. The scan rates from inner to outer are 0.02, 0.04, 0.06, 0.08, 0.10, 0.12,
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ig. 1. Repeated cyclic voltammograms of a glassy carbon electrode modified
ith 1 mM 4-NA in 0.1 M HNO3 solution (pH 1.5). Scan rate = 0.05 V/s.

n addition, the peak current of the cathodic waves at −0.20 V
ecreased significantly on the second and on subsequent cycles,
hen GC electrodes are thoroughly washed using background
olution and transferred into the pH 1.5 buffer (absence of 4-
A) solution. The above modified GC electrodes showed a
ery stable reversible redox couple centered at 0.32 V (figures
ot shown). It is indicated that 4-NA and its reduced prod-
ct was strongly adsorbed onto the electrode surfaces in acidic
ondition.

In this protic medium an irreversible reduction wave (Fig. 1)
orresponds to the four-electron, four protons nitro reduction to
orm the arylhydroxylamine derivative. Consequently, the over-
ll mechanism at acid media is described in following equation
nd also previously proposed by Stutts and Wlghtman [53], Shi
t al. [54] and Casero et al. [55].

H2N–C6H4–NO2 + 4H+ + 4e−

→ H2N–C6H4–NHOH + H2O (1)

n adsorption of 4-NA onto the electrode surface in acidic
edium occurs because it has three different anchoring sites

the nitro, the amino function, and the aromatic ring system).
ecently, the oxidative and reductive electrochemistry of the

hree isomeric nitroanilines has been investigated in neutral and
cidic aqueous electrolyte solution by CV. A variety of modes
f interaction between adsorbed 4-NA and the electrode surface
re reported and may involve the aromatic electron system of
enzene ring, hydrogen atoms on the ring, or substituent groups
36]. In acidic medium the attachment of 4-NA and its reduced
roduct occurs onto the GC electrode surface through the anilin-
um cation and �-electrons of an aromatic ring [36].

The reversible redox couple of hydroxylamine modified elec-
rodes centered at 0.32 V is thus ascribed to

2N–C6H4–NO + 2H+ + 2e− � H2N–C6H4–NHOH (2)
n such a way the HAGCE was prepared and used to study the
irect electrochemistry of Mb. The effect of anions onto the film
ormation of ArHA was also performed; results suggested that
he nitrate ion highly enhanced the ArHA generation according

p
1
[
w

.14, 0.16, 0.18, and 0.20 V/s, respectively. Inset is the plot of anodic peak
urrents of: (I) hydroxylamine/nitroso redox couple and (II) Mb (Fe(III)–Fe(II))
edox couple vs. scan rates.

o the literature report [56]. Sulphate, chloride and perchlorate
nions had no any effect on synthesis of HAGCE film prepa-
ation in acidic medium. Hence, we used the 0.1 M HNO3 as
upporting electrolyte for all experiments.

.2. Direct electrochemistry of Mb on HAGCE film

The Mb/HAGC electrode was prepared as described in Sec-
ion 2.2. When the Mb/HAGC electrode was transferred into
he phosphate buffer solution (pH 6.9), two redox waves are
bserved, as shown in Fig. 2. Which are corresponds to hydrox-
lamine/nitroso radical and another reversible redox wave due
o the adsorbed Mb Fe(III)/Fe(II) protein, respectively. The
eversible redox peak of arylhydroxylamine was observed only
fter the reduction of 4-NA and the reduced product (arylhy-
roxylamine) was strongly adsorbed onto the electrode surface
n acidic solutions. Even, after the immobilization of Mb onto the
AGC modified electrode the arylhydroxylamine/nitroso redox
eak was observed along with Mb Fe(III)/Fe(II) redox waves.
he formal potentials (E0′ = Epa + Epc/2) are −0.042 and
0.317 V for hydroxylamine and Mb (Fe(III)/Fe(II)) reversible

edox waves at pH 6.9, respectively. The E0′
of Mb is very

lose to other reported film modified electrodes [21]. The shapes
f the cathodic and anodic waves were nearly symmetric, and
he reduction and oxidation peaks have the same heights. This
ehavior suggests that all of the electroactive Mb Fe(III) within
he films are converted to Mb Fe(II) on the forward scan to neg-
tive potentials and that the Mb Fe(II) produced is reoxidised to
b Fe(III) on the reverse scan.
The dependence of peak currents and peak potentials on

he scan rate was showed in Fig. 2. It is suggested that the

eak current (Ip) increased linearly with the scan rate (υ) from
0 to 200 mV/s, as expected for thin layer electrochemistry
57,58]. The slope of the plot of log (Ip) versus log(υ) is 0.91
ith a correlation coefficient of 0.999, which is closed to
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he theoretical slope of 1 for thin layer voltammetry [58,59].
ccording to the slope of the Ip − υ curve and the surface

overage (Γ ) was estimated from integration of the reduction
eak in the CVs according to Γ = Q/nFA, where Q is the charge
nvolved in the reaction, n the number of electron transferred, F
he Faraday’s constant and A is the electrode area (0.0707 cm2).
he surface concentration (Γ ) of Mb entrapped on HAGCE
as 8.26 × 10−12 mol/cm2, this value is just about 10% or less
f the total amount of Mb deposited on the electrode surface.
owever, this value is only 1.9 times lower than theoretical
onolayer coverage (counting in one heme-containing chain) of

.58 × 10−11 for Mb [60], which is estimated taking into account
he crystallographic dimensions of 6.4 nm × 5.5 nm × 5.0 nm
or it, assuming one molecule with the long axis parallel to the
lectrode surface, a few layers of the proteins that are close
o the electrode surface bring the electrochemical responses
60]. The lower value of surface coverage than other Mb film
odified electrodes [17,21,62] reflected that only those Mb
olecules in the inner layers of the hydroxylamine film closed

o the electrode could transfer electrons with the electrode to
ontribute the observed redox peaks in buffer solutions.

On the other hand, the anodic peak potentials shifted to the
ositive direction and the cathodic peak potentials shifted to
he negative direction at higher scan rate, which resulted in an
ncrease of the peak separation between anodic and cathodic
eak. The peak separation at higher scan rate could be used
o estimate the heterogeneous electron transfer rate constant.
ccording to the method of Laviron [61,62], taking charge trans-

er coefficient α as 0.5, and a scan rate >200 mV/s with peak
eparation (�Ep), the average values of electron-transfer rate
onstant (ks) was determined to be about 51 ± 5 s−1, indicating
fast electron transfer reaction of Mb at HAGC-modified elec-

rode. This rate constant value is nearly equal to Mb/agarose
ydrogel film electrode [60]. The E0′

, ks and Γ of various Mb
lm modified electrode were compared with Mb/HAGC elec-

rode in Table 1.
At below isoelectric point (pH 6.8) of Mb shows positive

urface charges, while HAGC electrode is essentially neutral on
he whole with no charges. Thus, the driving force for Mb to
nter on HAGC electrode would be mainly hydrophobic inter-

ction between macromolecule Mb and HAGC electrode, in
hich the long hydrocarbon backbone of hydroxylamine consti-

utes the hydrophobic region of the films [63–65]. As previously
uggested by other researchers for organic film such as poly-

3
r
f
M

able 1
omparison of apparent heterogeneous electron transfer rate constants, formal poten

ilms Average E0′
(CV) Average ks

b/ArHA −0.317 51 ± 5
b/AQ −0.362 52 ± 6
b/agarose −0.293 47 ± 3
b/PAM −0.335 86 ± 19

Mb − 1]/PSS7 −0.356 20 ± 3
b/sol–gel film −0.298 0.0012
yb/MWNT −0.248 5.4
b-MWNT −0.347 50 ± 6

w: this work; AQ: poly(ester sulfonic acid) Eastman; PAM: polyacrylamide.
ig. 3. (A) Cyclic voltammograms for Mb/HAGCE film modified electrode at
ifferent pH values: (a) 4.5 (b) 6.0 (c) 6.9 (d) 7.8, and (e) 8.8 at a scan rate of
.05 V/s. (B) Formal potentials as a function of pH at scan rate of 0.05 V/s.

crylamide hydrogel films [65], agarose hydrogel [60] modified
lectrodes had hydrophobic interaction with heme containing
roteins and this interaction would also be mainly responsible
or the retention of native structure of proteins in the modi-
ed electrodes. In the case of Mb/HAGC modified electrodes,
rylhydroxylamine is also an organic film covered on electrode
urface and its strong interaction with Mb shows existence of
ydrophobic interaction between arylhydroxylamine and Mb
rotein. Although the exact reason for good stability and Mb-
xhibited enhanced electrochemistry in HAGC modified elec-
rode is unclear yet and need further studies to understand it.
he E0′

of the Mb Fe(III)/Fe(II) redox couples in HAGC elec-
rode were little more negative than Mb-DDAB system [63,64]
nd polyacrylamide hydrogel films [65].

.3. Effect of pH on Mb/HAGC modified electrodes

To ascertain the effect of pH, the voltammetric response of
b/HAGC electrode was obtained in solutions of varying pH
–10. As can be seen in Fig. 3A, the formal potentials of both
edox couples were pH dependent, with a slope of 51 mV per pH
or arylhydroxylamine/nitroso couple and 45.3 mV per pH for

b Fe(III)/Fe(II) redox couple (Fig. 3B), which are very close

tials and surface concentration of various Mb films and Mb/HAGCE films

(s−1) Γ (×10−11 mol cm−2) Reference

0.826 tw
0.256 [10]
5.18 [62]
0.198 [65]

11.9 [17]
137 [21]

42 ± 0.4 [34]
14 [32]
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ig. 4. UV–vis spectra of Mb and Mb/ArHA films on ITO glass slides: (a)
.1 mM Mb solution, (b) Mb dry films, and (c) dry Mb/ArHA films.

o the anticipated nernstian value of 59 mV for electrochemical
rocesses involving the same number of protons and electrons,
he values of the slopes were smaller than 59 mV/pH perhaps
ecause of the influence of the protonation states of trans lig-
nds to the heme iron and amino acids around the heme, or
he protonation of the water molecule coordinated to the cen-
ral iron [60]. In addition, no significant variations in the slope
ere observed, suggesting that the ArHA groups remain proto-
ated over the entire pH range studied, which is indicating both
edox process is stable over the entire range of pH. Thus, the
implified equation for the electrochemical reaction of Mb can
e expressed as

bFe(III) + H+ + e− ↔ MbFe(II) (3)

.4. UV–vis spectroscopy and SEM measurements of
b/ArHA films

The Soret band of heme protein is usually an indicator of the
icroenvironment where heme center locates. The peak will be

iminished if the protein is denatured [50]. The band for Mb in
he solution is located at 406 nm (Fig. 4a). The dry films of only

b and Mb/ArHA film were prepared onto the ITO glass elec-
rodes, both dry films showed Soret bands at 406 nm (Fig. 4b and
), suggesting that Mb in dry ArHA films has a secondary struc-
ure nearly the same as the native state of Mb in solution. It is
ell known, acidification of solution causes unfolding of heme-
roteins consequently causes large change in the heme crevice
66]. But the change is reversible. The Soret band of Mb in ArHA
lm was confirmed by using UV–vis spectroscopy measure-
ent after the Mb adsorbed onto the ArHA modified ITO coated

lass electrode in acidic condition, the results suggested that the
rotein retains native secondary structure after glass Mb/ArHA
as transferred to a pH 6.9 buffer solution. The reversibility
f change in conformation should be attributed to highly spe-
ific and tightly folding conformation of proteins. According to
he previous report [67], addition of denaturants such as acid
r base could induce unfolding of the protein to a largely dis-
rdered conformation, but most proteins spontaneously would
efold to their native state when the denaturants were removed.
The control experiment, hemin (heme redox cofactor) adsorp-
ion onto arylhydroxylamine modified GCE and ITO electrodes
ere also carried out as did for Mb immobilization, the CV

ndicated, no adsorption of hemin takes place onto the HAGC

3

a

ig. 5. SEM images of (A) ArHA film, (B) Mb/ArHA film and (C) Mb/ArHA
lm (high magnification (1k)) on ITO electrodes.

odified electrodes (figures not shown), it is suggested that only
roteins like structure Mb can be adsorbed onto the ArHA mod-
fied electrodes [8].

For SEM measurements, ArHA and Mb/ArHA modified
lms are prepared onto the ITO electrodes surface. Morphologi-
al Characterization of both dry films was measured. The ArHA
lm revealed a coral-like pattern (Fig. 5A), while the Mb/ArHA
lm showed evenly distributed small spots of 0.3–0.4 �m diam-
ter (Fig. 5B). This difference suggested interactions between
rHA and Mb, which governed the morphology of the dry films.
he high magnification image of Mb/ArHA film shows the small
b particles on the surface of sponge like thin film of ArHA

Fig. 5C).
.5. Electrocatalytic activity of Mb/HAGC electrode

It was reported that proteins containing heme groups, such
s HRP, cytochrome c, hemoglobin, myoglobin and hemin, are
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ig. 6. Cyclic voltammograms at 0.05 V/s in pH 6.0 PBS: (a) Mb/HAGCE film
ithout H2O2, (b) 2.02 �M, (c) 4.01 �M, (d) 5.81 �M H2O2 and (a′) bare GCE
ith 5.81 �M H2O2.

apable to reduce H2O2 electrocatalytically [21]. In order to
urvey the activity of Mb/HAGC electrode, its response to the
eduction of H2O2 was studied. When H2O2 was added to a pH
.0 buffer solution, an increase in the reduction peak at about
0.3 V is seen with the decrease of the oxidation peak for Mb
e(II) (Fig. 6). The reduction peak current increases with the
oncentration of H2O2 in the solution. However, direct reduc-
ion of H2O2 is not distinct at only the HAGC electrode film in
he potential range of 0.2 to −1.0 V. The linear relationship of
he electrocatalytic reduction peak current and H2O2 concen-
ration is observed between 6.67 × 10−6 and 9.33 × 10−4 M.
he linear regression equation is I (A) = 6.0 × 10−2 [H2O2]

M) + 4.0 × 10−7 with a correlation coefficient of 0.999. The
alibration curve gradually tended to a plateau and then dropped
own with adding H2O2, implying a progressive enzyme inac-
ivation in the presence of higher concentration of H2O2.

As is well known, TCA is an important organohalide envi-
onmental pollutant. To detect the concentration of TCA in the

nvironment is of great importance for controlling pollution.
he electrocatalytic reduction of TCA by the Mb/HAGC elec-

rode in pH 6.0 phosphate buffer solution is shown in Fig. 7.
hen TCA was added to buffer solution, a reduction peak was

ig. 7. Cyclic voltammograms at 0.05 V/s in pH 6.0 PBS: (a) Mb/HAGCE film
ithout TCA, (b) 1.02 �M, (c) 2.08 �M, (d) 3.17 �M, (e) 4.25 �M TCA and

a′) bare GCE with 4.25 �M TCA.
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ig. 8. Cyclic voltammograms at 0.05 V/s in pH 6.0 PBS: (a) Mb/HAGCE film
ithout O2, injection of air (b) 10 ml, (c) 20 ml, (d) 25 ml, and (a′) bare GCE
ith injection of 25 ml air.

bserved at about −0.288 V, accompanying the decrease of the
xidation peak of Mb. No electrochemical reduction peak was
bserved when the cyclic voltammetric scan was performed at
are GC or HAGCE under the same conditions. The reduction
eak currents increased linearly with concentrations of TCA, as
hown in Fig. 7. The Mb/HAGC electrode may be used to detect
rganohalide pollutants in the environmental samples.

The mechanism of bioelectrocatalytic reduction of TCA by
yoglobin might be schematically expressed as follows [68]:

bFe(III) + H+ + e− ↔ MbFe(II) (4)

Cl3COOH ↔ CCl3COO− + H+, pKa = 0.89 (5)

The overall reaction would be:

2(MbFe(II)) + CCl3COOH + H+ + 2e−

→ 2(MbFe(III)) + HCCl2COOH + Cl− (6)

ig. 8 shows the cyclic voltammograms of Mb/HAGC modified
lectrode in phosphate buffer solution (pH 6.9) containing dif-
erent O2 concentrations. When a volume of air was injected, a
ignificant increase in the cathodic peak at about −0.36 V was
bserved. The increase in the reduction peak is accompanied by
decrease of oxidation peak of Mb Fe(II), suggesting that Mb
e(II) had reacted with oxygen. An increase in the amount of
xygen in solution increases the reduction peak current. The cat-
lytic efficiency expressed as the ratio of reduction peak current
f Mb(III) in the presence of (Ic) and absence of oxygen (Id),
c/Id, decreases with the increase of scan rate, which is also a
haracteristic of electrochemical catalytic reduction of oxygen
t Mb/HAGC film electrode. The mechanism of catalytic reduc-
ion of oxygen at Mb/HAGC can be elucidated by the pathway
uggested by Hu and Rusling [10]. On Mb-DDAB film modified

yrolytic graphite electrode, direct electrochemical reduction of
b Fe(III) to Mb Fe(II) occurred at the electrode, followed by
fast reaction of Mb Fe(II) with oxygen. The product of Mb
e(II)–O2 could then undergo electrochemical reduction at the
otential of Mb Fe(III) reduction, producing hydrogen peroxide
nd Mb Fe(II) again.
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ig. 9. Cyclic voltammograms of the Mb/HAGCE modified electrode in pH 7.0
BS (a) 1st and (b) 100th cycle at a scan rate of 0.1 V/s.

.6. Stability, reproducibility of Mb/HAGC electrode

To ascertain the stability, reproducibility of Mb/HAGC film
lectrode, CV studies showed that this modified electrode is
ery stable, after several initial scans, the CV remains nearly
nchanged for about 100 cycles (Fig. 9). The flow injection
nalysis of H2O2 was studied at Mb/HA modified carbon paste
lectrode with successive additions of 2 �M H2O2 (PBS, pH 7)
t an applied potential of −0.35 V. It is shown in Fig. 10, upon
ontinuous injection of an aliquot of H2O2 to the moving buffer
olution, the reduction current increases steeply to reach a stable
alue. This modified electrode reaches 95% of the steady-state
urrent in less than 2 s, which indicates that the electrocatalytic
esponse is very fast and reproducible results were obtained for
ontinuous injection of fourteen times the same concentration
f H2O2 (Fig. 10). The reproducibility catalytic response for
�M H2O2 solution at Mb/HAGC was estimated (pH 7), and

he relative standard deviation (R.S.D.) is 0.3% (n = 13). It is
uggested the Mb/HAGC electrode shows fast response and also
ery stable at physiological pH. This also implied that the present

odified electrode exhibited a higher affinity for H2O2.
When compared to other modified electrode systems reported

or immobilization of Mb such as carbon nanotubes, the activ-
ty of carbon nanotubes are mainly depended on the method of

ig. 10. Flow injection analysis of 2 �M H2O2 for every 25 s at Mb/HA modified
arbon paste electrode at constant potential of −0.35 V in PBS (pH 7.0).
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reparation, dispersing agents, and casting of CNT onto the elec-
rode surface have substantial effect on the stability of modified
lectrode [65,69,70] such factors limits the cost, duration of the
NT modified electrodes and higher background current also

imit it is use in electrocatalysis, So this new Mb/HAGC elec-
rode is simple one for electrode fabrication; the time required for
lectrode preparations is less than 70 min and electron transfer
ate constant (ks) value 51 ± 5 s−1 higher than the CNT modified
lectrode (5.4 s−1) reported for Mb [32–34], hence, the HAGCE
odified electrode is a prompted material for the immobiliza-

ion of Mb and it is use in the preparation of biosensors are
vident. Here we have demonstrated only Mb as a model protein
or investigation; furthermore it is possible to study about other
roteins and enzymes using this kind of modified electrodes. So
e hope this Mb/HAGC modified electrode can find potential

pplication in the preparation of third generation biosensors or
ioreactors.

. Conclusions

We explored a new HAGC film modified electrode. The
AGC film can be readily used as an immobilization matrix

o entrap proteins and enzymes. We were chosen redox-active
b as a model protein to investigate the HAGC electrode. A

imple and general method was used to prepare the bioactive
b/HAGC film electrode. The obtained results revealed that

irect electron transfer between redox proteins and the underly-
ng electrode can be easily performed at Mb/HAGC electrode.
his new modified electrode had dramatically enhanced elec-

rocatalytic activity toward H2O2, O2 and TCA along with good
tability in solution. This unique Mb/HAGC film can provide
good electrochemical sensing platform for redox proteins and
nzymes, and thus it is expected to have widely potential applica-
ions in direct electrochemistry, biosensors, and electrocatalysis.

cknowledgement

This project work was financially supported by the Ministry
f Education of the Republic of China.

eferences

[1] F.A. Armstrong, H.A. Hill, N.J. Walton, Acc. Chem. Res. 21 (1988) 407.
[2] M.K. Beissenhirtz, F.W. Scheller, F. Lisdat, Anal. Chem. 76 (2004) 4665.
[3] I. Hamachi, A. Fujita, T. Kunitake, J. Am. Chem. Soc. 119 (1997) 9096.
[4] J.F. Stargardt, F.M. Hawkridge, H.L. Landrum, Anal. Chem. 50 (1978) 930.
[5] D.P. Hildebrand, H.-I. Tang, Y. Luo, C.L. Hunter, M. Smith, G.D. Brayer,

A.G. Mauk, J. Am. Chem. Soc. 118 (1996) 12909.
[6] E. Stellwagen, Nature 275 (1978) 73.
[7] J.F. Rusling, A.-E.F. Nassar, J. Am. Chem. Soc. 115 (1993) 11891.
[8] A.-E.F. Nassar, J.M. Bobbitt, J.D. Struart, J.F. Rusling, J. Am. Chem. Soc.

117 (1995) 10986.
[9] R. Lin, M. Bayachou, J. Greaves, P.J. Farmer, J. Am. Chem. Soc. 119 (1997)

12689.
10] N. Hu, J.F. Rusling, Langmuir 13 (1997) 4119.

11] M. Bayachou, R. Lin, W. Cho, P.J. Farmer, J. Am. Chem. Soc. 120 (1998)

9888.
12] S. Boussaad, N.J. Tao, J. Am. Chem. Soc. 121 (1999) 4510.
13] C.E. Immoos, J. Chou, M. Bayachou, E. Blair, J. Greaves, P.J. Farmer, J.

Am. Chem. Soc. 126 (2004) 4934.



8 / Tala

[
[

[

[
[

[
[
[
[

[
[

[
[

[
[

[

[
[

[
[
[

[
[
[
[

[
[

[

[

[

[

[
[

[

[

[
[
[
[

[
[

[

[
[

[

[

[

[
[
[
[
[
[

38 S.A. Kumar, S.-M. Chen

14] N.K. Kawahara, W. Ohkubo, H. Ohno, Bioconjugate Chem. 8 (1997) 244.
15] Y.M. Lvov, Z. Lu, J.B. Schenkman, X. Zu, J.F. Rusling, J. Am. Chem. Soc.

120 (1998) 4073.
16] V. Panchagnula, C.V. Kumar, J.F. Rusling, J. Am. Chem. Soc. 124 (2002)

12515.
17] H. Liu, N.J. Hu, Phys. Chem. B 109 (2005) 10464.
18] B.R. Van Dyke, P. Saltman, F.A. Armstrong, J. Am. Chem. Soc. 118 (1996)

3490.
19] M. Feng, H.J. Tachikawa, J. Am. Chem. Soc. 123 (2001) 3013.
20] Q. Gao, S.L. Suib, J.F. Rusling, Chem. Commun. (2002) 2254.
21] Q. Wang, G. Lu, B. Yang, Langmuir 20 (2004) 1342.
22] E. Topoglidis, A.E.G. Cass, G. Gilardi, S. Sadeghi, N. Beaumont, J.R.

Durrant, Anal. Chem. 70 (1998) 5111.
23] Q. Li, G. Luo, Feng, J. Electroanal. Chem. 13 (2001) 359.
24] E. Topoglidis, C.J. Campbell, A.E.G. Cass, J.R. Durrant, Langmuir 17

(2001) 7899.
25] C. Grealis, E. Magner, Chem. Commun. (2002) 816.
26] G.A. Garwood, M.M. Mortland, T.J. Pinnavaia, J. Mol. Catal. 22 (1983)

153.
27] C.V. Kumar, A. Chaudhari, J. Am. Chem. Soc. 122 (2000) 830.
28] Y.J. Han, J.T. Watson, G.D. Stucky, A. Butler, J. Mol. Catal. B: Enzymol.

17 (2002) 1.
29] X. Xu, B.Z. Tian, J.L. Kong, S. Zhang, B.H. Liu, D.Y. Zhao, Adv. Mater.

15 (2003) 1932.
30] S. Peng, Q. Gao, Q. Wang, J. Shi, Chem. Mater. 16 (2004) 2675.
31] V.V. Shumyantseva, Y.D. Ivanov, N. Bistolas, F.W. Scheller, A.I. Archakov,

U. Wollenberger, Anal. Chem. 76 (2004) 6046.
32] L. Zhao, H. Liu, N. Hu, J. Colloid Interface Sci. 296 (2006) 204.
33] L. Zhao, H. Liu, N. Hu, Anal. Bioanal. Chem. 384 (2006) 414.
34] G.C. Zhao, L. Zhang, X.W. Wei, Z.S. Yang, Electrochem. Commun. 5

(2003) 825.
35] A. Liu, M. Wei, I. Honma, H. Zhou, Anal. Chem. 77 (2005) 8068.
36] A.A. Jbarah, R. Holze, J. Solid State Electrochem. 10 (2006) 360.
37] H. Nobutoki, H. Koezuka, J. Phys. Chem. 101 (1997) 3762.
38] F. Bertinelli, P. Palmieri, A. Brillante, C. Taliani, Chem. Phys. 25 (1977)

333.
39] M. Stahelin, D.M. Burland, J.E. Rice, Chem. Phys. Lett. 191 (1992) 245.

40] J.N. Woodford, M.A. Pauley, C.H. Wang, J. Phys. Chem. A 101 (1997)

1989.
41] F.L. Huyskens, P.L. Huyskens, A.P. Persoons, J. Chem. Phys. 108 (1998)

8161.
42] L. Turi, J.J. Dannenberg, J. Phys. Chem. 100 (1996) 9638.

[

[
[
[

nta 72 (2007) 831–838

43] M.M. Szostak, B. Kozankiewicz, G. Wojcik, J. Lipinski, J. Chem. Soc.,
Faraday Trans. 94 (1998) 3241.

44] M. Hurst, R.W. Munn, Special Publication, Roy. Soc. Chem. (Org. Mater.
Non-linear Opt.) 69 (1989) 3.

45] J. Hutter, G. Wagniere, J. Mol. Struct. 175 (1988) 159.
46] J.J. Dannenberg, ACS Symp. Ser. (Mater. Nonlinear Opt.) 455 (1991)

457.
47] A. Wesch, O. Dannenberger, C. Woll, J.J. Wolff, M. Buck, Langmuir 12

(1996) 5330.
48] E.D. Schmid, M. Moschallski, W.L. Peticolas, J. Phys. Chem. 90 (1986)

2340.
49] K. Kumar, P.R. Carey, J. Phys. Chem. 63 (1975) 3697.
50] L. Shen, N. Hu, Biomacromolecules 6 (2005) 1475.
51] D. Mansuy, J.C. Chottard, G. Chottard, Eur. J. Biochem. 76 (1977) 617.
52] R.F. Eich, T. Li, D.D. Lemon, D.H. Doherty, S.R. Curry, J.F. Aitken, A.J.

Mathews, K.A. Johnson, R.D. Smith, G.N. Phillips, J.S. Olson, Biochem-
istry 35 (1996) 6976.

53] K.J. Stutts, R.M. Wlghtman, Anal. Chem. 55 (1983) 1576.
54] C. Shi, W. Zhang, R.L. Birke, J.R. Lombardi, J. Phys. Chem. 94 (1990)

4766.
55] E. Casero, M. Darder, K. Takada, H.D. Abruna, F. Pariente, E. Lorenzo,

Langmuir 15 (1999) 127.
56] L.I. Halaoui, H. Sharifian, A.J. Bard, J. Electrochem. Soc. 148 (2001) E386.
57] A.J. Bard, L.R. Faulkner, Electrochemical Methods, Wiley, New York,

1980.
58] R.W. Murray, in: A.J. Bard (Ed.), Electroanalytical Chemistry, vol. 13,

Marcel Dekker, New York, 1984, pp. 191–368.
59] E. Laviron, in: A.J. Bard (Ed.), Electroanalytical Chemistry, vol. 12, Marcel

Dekker, New York, 1982, pp. 53–157.
60] H.H. Liu, Z.Q. Tian, Z.X. Lu, Z.X. Lu, Z.L. Zhang, M. Zhang, D.W. Pang,

Biosens. Bioelectron. 20 (2004) 294.
61] E. Laviron, J. Electroanal. Chem. 52 (1974) 355.
62] E. Laviron, J. Electroanal. Chem. 101 (1979) 19.
63] S.M. Chen, C.C. Tseng, J. Electroanal. Chem. 575 (2005) 147.
64] S.M. Chen, C.C. Tseng, Electrochim. Acta 49 (2004) 1903.
65] L. Shen, R. Huang, N. Hu, Talanta 56 (2002) 1131.
66] Z. Chi, S.A. Asher, Biochemistry 37 (1998) 2865.

67] O.O. Sogbein, D.A. Simmons, L. Konermann, J. Am. Soc. Mass Spectrosc.

11 (2000) 312.
68] X. Lu, J. Hu, X. Yao, Z. Wang, J. Li, Biomacromolecules 7 (2006) 975.
69] N.S. John, T.-W. Yeow, IEEE Trans. Nanobiosci. 4 (2005) 180.
70] N.S. Lawrence, R.P. Deo, J. Wang, Electroanalysis 17 (2005) 65.



A

(
H
t
O
i
V
f
a
s
V
w
s
c
©

K

1

b
a
t
e
e
n
r
i
T

0
d

Talanta 72 (2007) 472–479

Hollow-fibre liquid phase microextraction for separation and
preconcentration of vanadium species in natural waters and their

determination by electrothermal vaporization-ICP-OES

Li Li, Bin Hu ∗
Department of Chemistry, Wuhan University, Wuhan 430072, China

Received 1 September 2006; received in revised form 6 November 2006; accepted 6 November 2006
Available online 28 November 2006

bstract

For separation and determination of vanadium(IV/V) species, a fast and sensitive method by combining hollow-fibre liquid phase microextraction
HF-LPME) with electrothermal vaporization (ETV)-ICP-OES has been developed. Two vanadium species (V(IV) and V(V)) were separated by
F-LPME with the use of ammonium pyrrolidinecarbodithioate (APDC) as chelating agent for complexing with different V species and carbon

etrachloride as the extraction solvent, and the vanadium in the post-extraction organic phase was injected into the graphite furnace for ETV-ICP-
ES detection, in which APDC was acted as the chemical modifier. At pH 5.0, both V(IV)-APDC and V(V)-APDC were extracted quantitatively

nto CCl4 for determination of total V. For speciation studies, 1,2-cyclohexanediaminetetraacetic acid (CDTA) was added to the sample for masking
(IV), so that only V(V)-APDC was extracted and determined. The concentration of V(IV) was calculated by subtracting the V(V) concentration

rom the total concentration of V. Under the optimized experimental conditions, the enrichment factor was 74 and the detection limits for V(IV)
nd V(V) were 86 pg mL−1 and 71 pg mL−1, respectively. The proposed method has been applied to the speciation of V in environmental water
amples, and the recovery was in the range of 94%–107%. The results show that V(V) is the dominant existence form in oxygenic water and
(IV) could not been detected. In order to validate the developed procedure, a NIES No.8 vehicle exhaust particulates certified reference material

as analyzed, and the results obtained for total vanadium are in good agreement with the certified values. The proposed method is simple, rapid,

elective, and sensitive and no oxidation/reduction is required, it is applicable to the speciation of vanadium in environmental samples with the
omplicated matrix.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Increasing emission of vanadium into the environment has
een related to industrial sources, especially iron, oil refineries
nd power plants using vanadium-rich fuel oil and coal. And
he environmental pollution from vanadium has subsequently
ndangered the health of human [1,2]. Vanadium has many
xisting forms, among which V(IV) and V(V) are the domi-
ant oxidation forms. It has been approved that V(V) is largely

esponsible for the restraining effect to adenosine triphosphatase
n the biological bodies, while V(IV) has little effect [3].
herefore, the speciation analysis of V(IV) and V(V) in envi-
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onmental samples has drawn much more attention in recent
ears.

The effective method for vanadium speciation analysis is to
ombine the simple and selective separation/preconcentration
tep with the sensitive detection techniques. Taking the stabil-
ty of the oxidation forms and their concentration difference
nto accounts, an ideal pretreatment technique should pos-
ess qualities such as high analysis speed, good selectivity
nd low matrix interference. The separation/preconcentration
ethods including solvent extraction [4], solid phase extraction

SPE) [5], high performance liquid chromatography (HPLC)
6], ion-exchange resins [1], capillary electrophoresis (CE) [7],

ow-injection microcolumn [8] and so on, have been applied
idely to the speciation of vanadium until to present. Among

he above-mentioned methods, column or microcolumn based
PE separation/preconcentration is the most common used one.
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an open channel in order to avoid forming air bubbles in the
fibre. The Q3/2 Accurel KM polypropylene hollow fibre (Akzo
Nobel, Wuppertal, Germany) was cut into 8-cm long pieces.
The inner diameter of the hollow fibre was 600 �m, the thick-
L. Li, B. Hu / Tala

ased on the selective sorption onto the column, the two species
f vanadium can be separated in a certain pH range. In most
ases, the column has been modified by chelating reagents,
uch as quinoline [9], thenoyltrifluoroacetone (TTA) [10], 4,5-
midazole dicarboxylic acid [5], etc. However, these methods
ften suffer from such disadvantages as large consumption of
ample and eluent solution, and slow analysis speed.

It has been studied that trans-1,2-cyclohexanediamine-
etraacetic acid (CDTA) can form complex with V(IV) selec-
ively, and the lgK for V(IV)-CDTA is 20.1 [11]. Based on this
haracter, CDTA has been used as masking agent for V(IV)
n many studies [8,12–15]. Pyrzyńska and Wierzbicki [8] used
ellulose with phosphonic acid exchange groups (Cellex P)
or enrichment of both vanadium(IV) and vanadium(V). Both
pecies could be simultaneously eluted using EDTA solution
ith recoveries of 94–101% and determined by atomic adsorp-

ion spectrometry (AAS). The speciation study of vanadium has
een tested using CDTA added to the sample or as a selective elu-
nt for V(IV). Another report [15] used amberlite IRA-904 resin
odified with tetrakis (p-carboxyphenyl) porphyrin (TCPP) to

reconcentrate vanadium species, and CDTA was added to the
ample to mask V(IV), which was not retained on the microcol-
mn.

Hollow-fibre liquid phase microextraction (HF-LPME)
16–19] is an attractive and novel pretreatment method quali-
ed with high concentration factor, rapid analysis time, simple
etup and low cost. As an environmental-friendly technique, it
as been successfully employed for the determination of poly-
yclic aromatic hydrocarbons [16], phthalate esters [17], basic
rugs [18], and organochlorine pesticides [19] in environmental
amples, food and biological samples.

Many detection techniques, such as neutron activation anal-
sis (NAA) [20], AAS [21], inductively coupled plasma optical
mission spectrometry (ICP-OES) [9,10] and inductively cou-
led plasma mass spectrometry (ICP-MS) [22], have been
mployed so far for the speciation analysis of vanadium. Of
ll these methods, ICP-OES/MS has been proven to be one of
he most powerful techniques for trace vanadium determina-
ion. In ICP-OES/MS, sample introduction techniques play a
ey role not only in improving the sensitivity and the selectiv-
ty, but also in extending the application of analytical methods.
onventional pneumatic nebulization (PN) has disadvantages
f low intake efficiency (less than 2%), large sample consum-
ng and difficult to analyze the high salt-containing and viscous
amples. Electrothermal vaporization (ETV), as a means of sam-
le introduction for ICP-OES/MS, has been demonstrated to
ave the distinct merits of high transport efficiency, low sam-
le consumption, low matrix effect and being able to analyze
olid samples directly, which leads to extensive application in
nalysis of trace elements. As a microvolume sample introduc-
ion technique, ETV is apt to effectively combine with various

odes of microextraction techniques. The combination of newly
eveloped liquid phase microextraction (LPME) technique with

TV-ICP-OES/MS has been recently studied for trace elements
nd their species analysis [23–27].

Although the detection sensitivity of vanadium in ETV-ICP-
ES is satisfying, rather high vaporization temperature is needed
(2007) 472–479 473

o vaporize vanadium from the graphite furnace due to its refrac-
ory character (vanadium metal: 1890 ◦C m.p., 3380 ◦C b.p.). In
ddition, the memory effect of vanadium is usually remarkable.
ots of the research has shown that the use of chemical modifier
an make the analytes efficiently vaporized in graphite furnace
nd transported to ICP-OES, and thereby improve analytical per-
ormance of the method. Although inorganic compounds and
olytetrafluoroethene (PTFE) have been developed as chemi-
al modifiers for a long time, they are difficult to use directly
n the process of separation/preconcentration steps. So analysts
ave been attempting to use organic chelating reagents as chem-
cal modifier, and thus have proposed the low temperature ETV
echnique.

A number of organic chelating reagents have been reported,
uch as quinoline [28], �-diketone [29] and dithiodicarbamates
30], for the use as chemical modifier. Such reagents can form
helates with metals, which possess good volatility and thermal
tability and improve the vaporization behavior of the analytes in
he graphite furnace. The successful application of these chelat-
ng reagents as chemical modifiers and meanwhile extractants
ndicates that the exploitation and research of organic chelat-
ng reagents has a prospective potentiality in combination of
eparation/preconcentration steps and ETV-ICP-OES/MS.

In this work, a simple and efficient method by combining
F-LPME with ETV-ICP-OES was proposed for the speciation
f V(IV) and V(V). CDTA was used as the masking agent for
(IV) and ammonium pyrrolidine dithiocarbamate (APDC) was

mployed as both the extractant for the HF-LPME separation
f different V species and the chemical modifier for ETV-
CP-OES determination of vanadium. The proposed method
as applied to analyze the vanadium species in environmental
aters.

. Experimental

.1. Apparatus and experimental conditions

.1.1. Microextraction system
The homemade “U”-shaped setup of HF-LPME is illustrated

n Fig. 1. The sample solution was filled into a 4-mL glass vial
ith a rubber top. An infundibular plastic was served as both

he injection guide of organic solvent and the holder of the hol-
ow fibre. A capillary was served as another holder and made
Fig. 1. The homemade “U”-shaped setup of HF-LPME.
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ess of the wall was 200 �m, and the pore size was 0.2 �m.
10-�L microsyringe (Gaoxin, Shanghai, China) was used

o inject and withdraw the organic solvent into and from the
bre.

Besides, an MM-1 minivibrator (Qingpu huxi Instrument
actory, Shanghai, China), an MDS-2003F (Sineo Microwave
hemical Technology Co. Ltd., Shanghai, China) and a DELTA-
20 pH meter (Mettler Toledo, Switzland) were used in the
ork.

.1.2. ETV-ICP-OES apparatus
A modified commercially WF-4C graphite furnace (Beijing

econd Optics, Beijing, China) was available as an electrother-
al vaporizer and the details on the modification of the graphite

urnace and its connection with ICP-OES have been described
reviously [10]. An ICP spectrometric system (Beijing Broad-
ast Instrument Factory, Beijing, China) with 2-kW plasma
enerator was used with a conventional silica plasma torch. A
F-1B type heating device with a matching graphite furnace

Beijing Second Optics, Beijing, China) was used for the sample
ntroducing. Pyrolytic graphite-coated tubes were used through-
ut. The radiation from the plasma was focused as a 1:1 image
n the entrance slit of a WDG 500-1A type monochromator
Beijing Second Optics, Beijing, China) having a reciprocal lin-
ar dispersion of 1.6 nm mm−1. The transient emission signals
rom plasma were detected with a R456 type photomulti-
lier tube (Hamamatsu, Japan) fitted with a laboratory-built

irect current amplifier, and recorded by a U-135C recorder
Shimadzu, Kyoto, Japan). The used operating conditions
or ETV-ICP-OES and the wavelength were summarized in
able 1.

able 1
peration conditions of ICP-OES/ICP-MS and temperature programs of
raphite furnace

Optimized condition

TV-ICP-OES parameters
Wavelength (nm) V 309.311
Incident power (kW) 1.0
Carrier gas (L min−1) 0.6
Coolant gas (L min−1) 16
Plasma gas (L min−1) 0.8
Observation height (mm) 12
Entrance slit-width (�m) 25
Exit slit-width (�m) 25

CP-MS parameters
Incident power (kW) 1.3
RF matching (V) 1.6
Carrier gas (Ar) flow rate (L min−1) 1.16
External gas (Ar) flow rate (L min−1) 15
Sampling depth (mm) 7
Sample uptake rate(mL min−1) 0.4
Monitored isotope (m/z) 51
Integration time (s) 0.1

emperature programs of graphite furnace for ETV-ICP-OES
Drying temperature 100 ◦C, ramp 10 s, hold 15 s
Vaporization temperature 1700 ◦C, hold 6 s
Cleaning temperature 2500 ◦C, hold 3 s
Sample volume 5 �L
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.1.3. ICP-MS apparatus
An Agilent 7500a ICP-MS (Hewlett-Packard, Yokogawa

nalytical Systems, Tokyo, Japan) with a Babington nebulizer
as used for the determination of the total V in lake water and

ap water to test the accuracy of the developed method, and peak
eight was used for quantification. The operating conditions for
CP-MS were also given in Table 1.

.2. Standard solutions and reagents

The stock standard solution of 1000 �g mL−1 vanadium(V)
as prepared by dissolving 0.2297 g of analytical reagent grade

AR) NH4VO3 (99.99%) (Shanghai Reagent Factory, Shanghai,
hina) in 100 mL 0.01 mol L−1 HCl; the stock standard solu-

ion of 1000 �g mL−1 vanadium(IV) was prepared by dissolving
.4968 g of analytical reagent grade VOSO4·5H2O (99.99%)
Merck, Darmstadt, Germany) in 100 mL 0.01 mol L−1 HCl.
uffer solutions used were 0.01 mol L−1 KH2PO4-K2HPO4.
he solution of ammonium pyrrolidine dithiocarbamate (AR,
hanghai Reagent Third Factory, Shanghai, China) was pre-
ared in high purity deionized water and stored in refrigerator
t 4 ◦C against light. All containers were dipped in 10% HNO3
ver 24 h and washed by high purity deionized water prior to
sage. High purity deionized water was used throughout the all
xperiments.

.3. Collection and preparation of samples

.3.1. Environmental waters
Lake water (pH 7.48, East Lake, Wuhan, China) and sea water

pH 7.70, Star Gulf, Dalian, China) were collected in the 50-
L polyethylene containers and directly filtrated with 0.45-�m
embrane filter (Tianjin Jinteng Instrument Factory, Tianjin,
hina) and immediately adjusted to pH of 5.0. Tap water (pH
.17, Wuhan, China) was adjusted to pH of 5.0 prior to analysis.
3.5-mL filtered aliquot of sample was used for further analysis.
igh purity deionized water was used as blank, and the blank

xperiments were carried out through the same procedure.

.3.2. Certified reference material (NIES No.8, vehicle
xhaust particulates)

In order to validate the developed method, a certified ref-
rence material (NIES No.8, vehicle exhaust particulates) was
mployed. 50.0 mg of dry vehicle exhaust particulates was accu-
ately weighed into a clean and dry PTFE digest vessel, and then
.0 mL ultrapure nitric acid, 1.0 mL ultrapure perchloric acid and
.0 mL ultrapure hydrofluoric acid were added into the vessel.
fter digested according to a certain microwave digestion pro-
ram, and cooled down to room temperature, the clear sample
as adjusted to pH of 5.0 and diluted to 25 mL with high purity
eionized water for subsequent microextraction and determi-
ation. Blank experiments were carried out through the same
rocedure without the certified reference material.
The microwave digestion program was performed in three
teps: (1) 8 atm for 2 min, heating power 600 W; (2) 12 atm for
min, heating power 800 W; (3) 16 atm for 8 min, heating power
00 W.
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Fig. 2. Signal profiles. (A) A 10 ng V(V) at ETV. Conditions: drying, 100 ◦C,
ramp 10 s, hold 15 s; vaporization, 1700 ◦C, 6 s. (B) The residual signals of
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mal gravimetric analysis of the V(V)-APDC chelate. It can be
seen that V(V)-APDC chelate shows a weight loss between
270 and 510 ◦C in one step, indicating that V(V)-APDC chelate
possesses good thermal stability and volatility.
L. Li, B. Hu / Tala

.4. Analysis procedure

.4.1. HF-LPME procedure
An aliquot of 3.5 mL sample solution was filled into a 4-mL

lass vial with a homemade rubber top. An 8-cm hollow fibre
as cut and fixed into U-shape with the homemade rubber top.
fter dipped into CCl4 for 1 min, both the inner channel and

he pores of the U-shaped hollow fibre were filled with CCl4.
nd then it was immersed in the sample solution for further

xtraction. The enrichment was performed under vibration and
y this means about 12 samples can be pretreated at the same
ime. After a period of extraction, the organic solvent in the
bre was withdrawn by the microsyringe from the infundibular
lastic guide and was then injected into the graphite furnace for
urther ETV-ICP-OES analysis.

.4.2. ETV-ICP-OES procedure
After the ICP-OES system was stabilized, the detection wave-

ength for vanadium was adjusted. And then the ETV unit was
onnected to the ICP-OES system followed by stabilizing for a
hile. Afterwards, the post-extraction solvent withdrawn in the
icrosyringe was directly introduced into the graphite furnace

or analysis. The dosing pole was open to remove the water
nd organic solvent during the drying step of the temperature
rogram, and it was sealed with a graphite probe 6 s prior to
he vaporization step. At the same time, the emission signal was
ecorded, and the peak heights were measured for quantification.

.4.3. Speciation of V(IV) and V(V)

1) Total V: When total vanadium was to be determined, HF-
LPME was performed at pH 5.0 with only APDC (final
concentration of 6.0 × 10−3 mol L−1) added into the sam-
ple. The post-extraction organic phase was introduced into
the graphite furnace for ETV-ICP-OES determination.

2) V(V): For determination of V(V), 1,2-cyclohexanediamine-
tetraacetic acid (CDTA) was added to the sample for mask-
ing V(IV), so that only V(V)-APDC was extracted and
the post-extraction organic phase was introduced into the
graphite furnace for ETV-ICP-OES determination.

3) V(IV): The content of V(IV) was calculated by subtraction
of V(V) from the total V.

All experiments were corrected against the reagent blank.
or testing the accuracy of the developed method, the total V of

ake water and tap water was directly determined by means of
CP-MS.

. Results and discussion

.1. Vaporization behavior of vanadium in graphite furnace

.1.1. Chemical modification of APDC to vanadium

The APDC complexes of metals are often volatile compounds

ith good thermal stability, so the vaporization behavior of
PDC chelate of vanadium in graphite furnace was investigated

n this work. Fig. 2 is the typical signal profiles of vanadium with
mpty firing at 2500 ◦C, 3 s for (A). (C) A 10 ng V(V) with APDC as chemical
odifier at ETV. Conditions: drying, 100 ◦C, ramp 10 s, hold 15 s; vaporization,

700 ◦C, 6 s. (D) The residual signals of empty firing at 2500 ◦C, 3 s for (C).

nd without APDC as the chemical modifier. As could be seen,
ithout the addition of APDC, no emission signal of vanadium
as detected at 1700 ◦C while a severe memory signal occurred

t 2500 ◦C. It was because vanadium is a refractory element and
an be partly vaporized only when the vaporization temperature
s above 2000 ◦C without chemical modifiers. On the contrary, an
ntense and sharp emission signal could be observed at 1700 ◦C
n the presence of APDC as the chemical modifier, and only

very weak memory signal was found at 2500 ◦C. This indi-
ated that vanadium could be vaporized quantitatively from the
raphite furnace as the form of V-APDC chelate at a relatively
ower vaporization temperature.

In order to validate the thermal stability of V(V)-APDC
helate, thermal gravimetric (TG) analysis of the synthetic metal
helate has been carried out. Fig. 3 was the profile of the ther-
Fig. 3. Thermo gramps (TG) of V(V)-APDC chelate.
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Fig. 5. Effect of sample pH on the signal intensity of vanadium. Condi-
tions: V(V) and V(IV), 2.0 ng mL−1; APDC concentration, 6.0 × 10−3 mol L−1;
C
t
c

a
t
w

3

A
i
f
t
w
V
c
H
m
s
a
b
a
V
V
m
e
e

3

l
e
5

ig. 4. Effect of vaporization temperature on signal intensity of V(V). Condi-
ions: 10 ng V(V) with 6.0 × 10−3 mol L−1 APDC as chemical modifier; drying,
00 ◦C, ramp 10 s, hold 15 s; vaporization time, 6 s; cleaning, 2500 ◦C, 3 s.

It was also found that V(IV) behaved the same as V(V) in the
raphite furnace. The possible reason is that V(V) is reduced to
(IV) in the heating process. Similar results were obtained in

eference [10].

.1.2. Optimization of the ETV temperature program
The temperature program of graphite furnace has been

ptimized to get the highest sensitivity. Fig. 4 shows the
ffect of vaporization temperature on the emission signal
f V(V)-APDC chelate. As could be seen, a weak sig-
al could be observed at 400 ◦C, and the signal intensity
as increased with the increase of the vaporization tem-
erature. The maximum signal intensity was obtained at
600 ◦C and kept constant in the range of 1600 ◦C–1900 ◦C.
ith the further increase of the vaporization temperature

bove 1900 ◦C, the emission signal started to decrease. So
700 ◦C was selected as the vaporization temperature in further
ork.
The effect of vaporization time on the emission signal of

(V)-APDC chelate was also investigated at the vaporization
emperature of 1700 ◦C. The experimental results indicated that
he maximum analytical signal was obtained and kept constant
hen the vaporization time was longer than 5 s, so 6 s was chosen

n this work.

.2. Optimization of the microextraction conditions

The type of organic solvent immobilized within the pores
f the hollow fibre and filled in the inner channel was of
igh importance in order to achieve efficient preconcentration
ithin reasonable time. In this work, four kinds of organic sol-
ent: toluene, 1-octanol, chloroform and carbon tetrachloride
ere tested as extraction solvent, and the experimental results

emonstrated that carbon tetrachloride yielded a reproducible
nrichment associated with a moderate loss into the sample
olution. Therefore, carbon tetrachloride was employed as the
rganic extraction solvent for HF-LPME.

s
i
t
p

DTA concentration, 5.0 × 10−5 mol L−1; sample volume, 3.5 mL; extraction
ime, 8 min; drying, 100 ◦C, ramp 10 s, hold 15 s; vaporization, 1700 ◦C, 6 s;
leaning, 2500 ◦C, 3 s.

The other factors which influenced the extraction efficiency
nd analytical signal intensity, such as pH of sample, extraction
ime, concentrations of APDC and CDTA have been studied
ith the use of carbon tetrachloride as the extraction solvent.

.2.1. Influence of sample pH
Sample pH has a significant effect on the formation of V-

PDC chelate and the extraction efficiency. Fig. 5 shows the
nfluence of sample pH on analytical signal intensity. It was
ound that V(V)-APDC chelate could be extracted into CCl4 in
he pH range of 2.0–6.0 and the maximum extraction efficiency
as obtained in pH 4.5–5.5. Similar results were obtained for
(IV)-APDC chelate. In another word, two species of vanadium

annot be separated merely by means of adjusting sample pH.
owever, this situation has been changed completely after the
asking agent of CDTA was added into the sample. No emission

ignal of V(IV) was detected if excessive amount of CDTA was
dded into the sample prior to the addition of APDC. The possi-
le reason is that CDTA served as the masking agent for V(IV)
nd the formation of V(IV)-CDTA restrained the formation of
(IV)-APDC. But no influence of CDTA on the extraction of
(V) was found under the same conditions showing that no
asking effect of CDTA on V(V) was available. Based on these

xperimental results, sample pH of 5.0 was selected for further
xperiments.

.2.2. Influence of extraction time
To investigate the influence of extraction time on the ana-

ytical signal, aqueous samples of V(V)-APDC chelate were
xtracted within time range of 2–20 min under the sample pH of
.0. Fig. 6 shows the influence of extraction time on analytical

ignal intensity. As could be seen, the signal intensity of V(V)
ncreased rapidly to the highest with the increase of extraction
ime from 2 to 7 min, then leveled off with the extraction time
rolonging from 7 to 12 min, which indicated the considerable
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Fig. 6. Effect of extraction time on the signal intensity of V(V). Conditions:
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(V), 2.0 ng mL−1; APDC concentration, 6.0 × 10−3 mol L−1; sample pH, 5.0;
ample volume, 3.5 mL; drying, 100 ◦C, ramp 10 s, hold 15 s; vaporization,
700 ◦C, 6 s; cleaning, 2500 ◦C, 3 s.

ransferring speed of V(V)-APDC from aqueous phase to CCl4.
hen the extraction time was more than 12 min, the analytical

ignal intensity decreased with the further increase of extrac-
ion time. Taking the loss of organic solvent into accounts, long
xtraction time would lead to the decrease of analytical sensitiv-
ty, so 8 min was selected as the extraction time in the subsequent
xperiment.

.2.3. Concentration of APDC and CDTA
It was reported [28] that the excess of chelating reagent could

romote the formation of chelates and effectively restrict the
ecomposition of chelates in the vaporization and transporta-

ion processes. Therefore, the influence of APDC on the signal
ntensity was studied with its concentration varying between
.0 × 10−4 mol L−1 and 1.2 × 10−2 mol L−1 at the V(V) con-
entration of 2.0 ng mL−1. As shown in Fig. 7, the strong

ig. 7. Effect of concentration of APDC on the signal intensity of V(V). Con-
itions: V(V) 2.0 ng mL−1; sample pH, 5.0; sample volume, 3.5 mL; extraction
ime, 8 min; drying, 100 ◦C, ramp 10 s, hold 15 s; vaporization, 1700 ◦C, 6 s;
leaning, 2500 ◦C, 3 s.
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nalytical signals of vanadium were found when the concen-
ration of APDC was above 5.0 × 10−3 mol L−1. Considering
he possible competitive reaction of coexisting metal ions with
PDC, the APDC concentration of 6.0 × 10−3 mol L−1 was
referred.

The influence of CDTA on the signal intensity was also stud-
ed in this work. The results showed that 5.0 × 10−5 mol L−1

DTA was sufficient to mask several ng mL−1 V(IV) and no sig-
ificant influence on the extraction of V(V)-APDC was found.
ince the actual concentration of V(IV) in environmental sam-
les is often very low, 5.0 × 10−5 mol L−1 of CDTA was selected
or the separation of vanadium species.

Based on the above argumentations, the optimum extraction
onditions were: sample pH of 5.0, 8 min of extraction time,
.0 × 10−3 mol L−1 of APDC, 5.0 × 10−5 mol L−1 of CDTA.

.3. Coexistiong ions interference

The coexisting ions commonly found in environmental sam-
les were added individually to the samples and the effects of
oexisting ions on the analytical signal intensity were inves-
igated under the optimized conditions. The results indicated
hat at least 2000 �g mL−1 Na+, K+, Ca2+, Mg2+; 10 �g mL−1

u2+, Al3+; and 5 �g mL−1 Zn2+, Fe2+/Fe3+ had no obvious
nfluence on the signal intensity of analyte (error <10%). This
ndicated that the developed method is applicable to the analysis
f vanadium species in environmental samples.

.4. Analytical performance

Under the optimum experimental conditions above-
entioned, the LODs of V(IV) and V(V) were 86 pg mL−1 and

1 pg mL−1, respectively. As shown in Table 2, the enrichment
actor, defined as the ratio of calibration slope after and before
F-LPME, was 74. The relative standard deviation (R.S.D.)

s 5.3% (CV(V) = 2.0 ng mL−1, n = 7). Linearity was obtained
etween 0.75 and 75 ng mL−1 with r2 > 0.99. A comparison of
etection limit obtained in this work and other previous works
as also made in Table 2. It could be seen that the LODs of the
roposed method are fairly better than that obtained by other
revious works.

.5. Sample analysis

The proposed method was applied to the speciation analysis
f vanadium in different environmental waters and the analyt-
cal results together with the recovery for the spiked samples
ere given in Table 3. As could be seen, the recoveries for the

piked samples were in the acceptable range (94–107%), and
he results showed the dominant oxidation form of vanadium in
nvironment is V(V).

The accuracy of the present procedure was examined by
etermination of total vanadium in a NIES No.8 vehicle exhaust

articulates certified reference material and the analytical result
s given in Table 4. As could be seen, a satisfying agreement
etween the determined values and the certified values was
btained.
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Table 2
Analytical performance for speciation of vanadium

Wavelength (nm) Enrichment factor (fold) R.S.D.a (%) Linear range (ng mL−1) Limit of detection (3�) (ng mL−1)

This work Literatureb

309.311 74 5.3 0.75–75, r2 > 0.99 0.086 for V(IV) 1.8 [31]c

0.071 for V(V) 0.072 [9]d

a CV(V) = 2.0 ng mL−1, n = 7.
b Determination of V(V).
c By ETAAS.
d By FETV-ICP-OES.

Table 3
Analytical results (Mean ± S.D., n = 5) for V species in real water samples

Sample Vanadium(IV) Vanadium(V)

Added (ng mL−1) Found (ng mL−1) Recovery (%) Added (ng mL−1) Found (ng mL−1) Recovery (%)

Lake water 0 N.D.a 0 4.20 ± 0.26
3.96 ± 0.11b

5 5.15 ± 0.23 103 5 8.93 ± 0.46 98

Tap water 0 N.D.a 0 2.41 ± 0.19
2.27 ± 0.13b

5 4.93 ± 0.18 99 5 7.52 ± 0.40 103

Sea water 0 N.D.a 0 2.80 ± 0.11
5 4.71 ± 0.22 94 5 8.35 ± 0.56 107

a Not detected.
b Total concentration of vanadium determined by ICP-MS.

Table 4
Analytical results (Mean ± S.D., n = 5) for V species in reference sample (NIES No.8)

Sample Total V certified (�g g−1) Found (�g g−1)
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IES No.8 vehicle exhaust particulates 17 ± 2

. Conclusion

A new method by combining hollow-fibre liquid phase
icroextraction (HF-LPME) and electrothermal vaporization

ETV)-ICP-OES has been developed for the speciation of vana-
ium in environmental waters. The developed method has the
erits of considerable analysis speed, good separation effi-

iency, notable precision and high sensitivity. CDTA served as
he masking agent and meanwhile strengthened the stability of
(IV) in analysis procedures. Additionally, APDC was used as

he chemical modifier for vanadium, remarkably decreasing the
aporization temperature of vanadium from the graphite fur-
ace, thus the life of the graphite furnace was lengthened and
he analytical sensitivity was improved greatly.
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bstract

A novel, highly selective DNA hybridization assay has been developed based on surface-enhanced Raman scattering (SERS) for DNA sequences
elated to HIV. This strategy employs the Ag/SiO2 core-shell nanoparticle-based Raman tags and the amino group modified silica-coated magnetic
anoparticles as immobilization matrix and separation tool. The hybridization reaction was performed between Raman tags functionalized with
′-amino-labeled oligonucleotides as detection probes and the amino group modified silica-coated magnetic nanoparticles functionalized with 5′-
mino-labeled oligonucleotides as capture probes. The Raman spectra of Raman tags can be used to monitor the presence of target oligonucleotides.
he utilization of silica-coated magnetic nanoparticles not only avoided time-consuming washing, but also amplified the signal of hybridization

ssay. Additionally, the results of control experiments show that no or very low signal would be obtained if the hybridization assay is conducted
n the presence of DNA sequences other than complementary oligonucleotides related to HIV gene such as non-complementary oligonucleotides,
our bases mismatch oligonucleotides, two bases mismatch oligonucleotides and even single base mismatch oligonucleotides. It was demonstrated
hat the method developed in this work has high selectivity and sensitivity for DNA detection related to HIV gene.

2006 Published by Elsevier B.V.
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. Introduction

With worldwide attention to acquired immure deficiency syn-
rome (AIDS) caused by human immunodeficiency virus (HIV),
here is a clear need for researchers to develop sensitive and
pecific analytical and diagnostic techniques that detect HIV at
he earliest possible time following infection. Although sero-
ogic tests as standard HIV assays including the enzyme-linked
mmunosorbent assay (ELISA) and Western blot assay are very
ensitive, the ELISA suffers the shortcomings of false positive
nd false negative results and Western blot assay might be inde-

erminate or falsely negative if a blood specimen is collected
n the time too closed to the infection [1]. Therefore, many
esearchers are interested in developing a direct nucleic acid-

∗ Corresponding authors. Tel.: +86 731 8822577; fax: +86 731 8822782.
E-mail addresses: jianhuijiang@hnu.cn (J.-H. Jiang), rqyu@hnu.cn
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s; Hybridization

ased test which can detect the presence of DNA sequences
elated to HIV [2–4]. To date, several methods including optical
5–7], gravimetric [8], and electrochemical [9–11] transducers
ave been developed for the highly sensitive and specific DNA
etection in the areas of medicinal diagnosis and biochemical
nalysis.

Raman spectroscopy containing rich molecular vibration
ossesses the nature of yielding narrow and highly resolved
ands, which minimize the potential overlap of different labels
n a given spectral region [12]. Unfortunately, Raman spec-
roscopy suffers the poor sensitivity because of low Raman
cattering cross sections exhibited by most molecules. Surface-
nhanced Raman scattering can increase the Raman intensities
f molecules adsorbed at rough metal surfaces by about 6 orders
r even up to 14 orders of magnitude. Since the pioneer work of

leischmann who observed intense Raman scattering from pyri-
ine adsorbed onto a roughened silver electrode surface from
queous solution, surface-enhanced Raman scattering spec-
roscopy has become a promising method for sensitive biological
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etection [13,14]. SERS has attracted considerable interest for
iomedical applications such as immunoassay [15,16], cellu-
ar studies [17,18], DNA detection [3,19], and cancer diagnosis
20]. Nevertheless, in some cases, the interaction of the analyte
ith the reaction system must be traced by the use of labels. To
ate, the nanoparticle tagging systems such as plasmon-resonant
articles [21], quantum dots [7,22] and Raman tags [23] become
ncreasingly popular for amplifying the signal of analytes in bio-
ogical assay because of their common properties of being able
o be excited at appropriate wavelengths, having narrow peak
idths in comparison to fluorescence, and without photobleach-

ng. Nanoparticle-based Raman tags have advantages over other
anoparticle tags in that each Raman active molecule provides
nique spectrum, therefore hundreds of different tags are avail-
ble. Nanoparticle-based Raman tags have been developed by
ome research groups. To our knowledge, there are two kinds of
anoparticle-based Raman tags reported in the literature. One
f them is prepared by the direct attachment of both Raman
eporter and biomolecule to the nanoparticle [23,24]. The other
s prepared by the dye-embedded core-shell nanoparticle-based
aman tags. For example, Natan and co-workers have prepared
lass-coated, analyte-tagged nanoparticle Raman tags, where a
anometer-scale Au or Ag core is functioned by Raman dye
nd encapsulated with a silica layer [25]. On this laboratory,
u/SiO2 nanoparticle-based Raman tags have been prepared
ithout the need of coupling agent. This preparation method

voids the competition between the Raman dyes and the cou-
ling agent thus greatly extending the scope of the Raman tags.
urthermore, we have reported a novel simplified method based
n reverse micelle technique for synthesis of surface-enhanced
aman scattering tags which were composed of silver core,
aman active molecules and silica shell. The Raman active
olecules absorbed on the silver surface can yield strong SERS.
his Ag/SiO2 nanoparticle-based Raman tags exhibited extraor-
inary stability by encapsulating silica shell [26,27]. It is obvious
hat nanoparticle-based Raman tags with glass shell is more
table and bio-compatible than those without the glass shell.

Magnetic nanoparticles have been applied to many areas such
s the immobilization of proteins and enzymes [28], biosepara-
ion [29], immunoassay [30], drug delivery [31] and biosensors
32]. The pure magnetic particles might have the problems
ssociated with the formation of large aggregates, alteration of
agnetic properties and their toxicity in the biological system.
he silica-coated core-shell magnetic nanoparticles consisting
f cores of superparamagnetic particles and silica shells are
uch more suitable for practical applications as the silica shells

sually possess the properties of biocompatibility and easy
unctionalization [33–35]. Magnetic separation has become an
nteresting tool for the biological molecules and cells because
he magnetic nanoparticles can enable the isolation or extraction
f a target molecule or substance by external magnetic field.

In this paper, we described a novel method combining
he biocompatible Ag/SiO2 nanoparticle-based Raman tags

unctionalized with oligonucleotides as the detection probe
nd the amino group functionalized silica-coated magnetic
anoparticles with capture strands as immobilization matrix and
eparation tool for detection of HIV related DNA sequences.

U
U
w
w

2 (2007) 443–449

he utilization of magnetic nanoparticles not only possesses the
dvantage of superparamagnetism, but also preconcentrates the
nalyte thus efficiently amplifying the Raman signal.

. Experimental

.1. Materials and reagents

Igepal CO-520, Triton X-100, and (3-aminopropyl)trimeth-
xysilane (APTMS) were provided by Aldrich, hydrazine
ydrate was purchased from Sigma. Rhodamine B isothio-
yanate, N-(3-dimethylaminopropy)-N′-ethylcarbodiimide-
ydrochloride (EDC) and N-hydroxysuccinmide (NHS) were
urchased from Fluka. Succinic anhydride was obtained from
CROS ORGNICS, New Jersey, USA. 2-(N-morpholino)-
thanesulfonic acid (MES) was purchased from Oumai Biotech
orporation (China). Silver nitrate, tetraethoxysilane (TEOS),
yclohexane, ethanol, ammonia, FeCl3·6H2O, FeCl2·4H2O,
,N-dimethylformamide (DMF) and glycine were used as

eceived. Ultrapure water (18.3 M� cm−1) was obtained
hrough a nanopure infinity ultrapure water system (Barnstead/
hermolyne Corp, Dubuque, Iowa, USA) and was used
hroughout. All oligonucleotides were obtained from Takara
iotechnology Co. Ltd. (Dalian, China) and had following

equences:

Complementary oligonucleotide: 5′-AGAAGATATTTGGAA-
TAACATGACCTGGAT GCA-3′.
Detection oligonucletide: 5′-TTATTCCAAATATCTTCT-3′-
C6-NH2.
Capture oligonucleotide: NH2-C6-5′-TGCATCCAGGTCA-
TG-3′.
Random oligonucleotide: 5′-ATCGGCATTTACGGGCAAT-
CCTACGCATTACGG-3′.
Four bases mismatch oligonucleotide: 5′-AGAATATATTA-
GGAATAACATGACC AGGTTGCA-3′.
Two bases mismatch oligonucleotide: 5′-AGAAGATATTA-
GGAATAACATGACC AGGATGCA-3′.
Single base mismatch oligonucleotide: 5′-AGAAGATATT-
TGGAATAACATGACC AGGATGCA-3′.

All the oligonucleotide solutions and the buffers in the exper-
ments were prepared using sterile water.

.2. Instrumentation

Raman measurements were performed on Jobin Yvon
ORIBA Micro-Raman spectrometer (LabRam-010) equipped
ith an integral Olympus BX 41 microscope attached with
abspec 4.02 software. The slit and pinhole were set at 100
nd 1000 �m respectively in a confocal configuration. A holo-
raphic grating (1800 g/mm) and an air-cooled He–Ne laser
or 632.8 nm excitation with a power of ca. 3 mW were used.

V–vis measurements were performed using MultiSpec-1501
V–vis spectrometer (Shimadzu Corporation, Japan) equipped
ith Hyper UV software. Transmission electron micrographs
ere obtained by using JEM-3010 electron microscope (JEOL,
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apan) with Digitalgraph software at an accelerating voltage of
00 kV.

.3. Procedure

.3.1. Synthesis of Ag/SiO2 nanoparticle-based SERS tags
The synthesis of Ag/SiO2 nanoparticle-based surface-

nhanced Raman scattering tags was accomplished using reverse
icelle technology [27]. All glassware used in the following

rocedure was cleaned by aqua regia freshly prepared prior to
se. To obtain microemulsion, 4 ml of Igepal CO-520, 10 ml
f cyclohexane, appropriate amount of AgNO3 solution and
hodamine B isothiocyanate solution were mixed in a 250 ml
hree-neck flask under vigorous stirring. After 5 min, 50 �l of
ydrazine hydrate was added followed by the injection of ammo-
ia and TEOS stock solution consisting of 50% of TEOS and
0% of cyclohexane by weight. The reaction was continued for
4 h. After the reaction was complete, the nanoparticles prepared
ere isolated from the microemulsion using ethanol. And then,

he nanoparticles were washed with ethanol for several times.
he nanoparticles were dispersed in ethanol and stored in 4 ◦C
hen not in use. The final concentration of the nanoparticles is
.91 mg/ml.

.3.2. Preparation of silica-coated magnetic nanoparticles
The synthesis of amino group modified silica-coated mag-

etic nanoparticles included two steps: the preparation of
e3O4 magnetic nanoparticles and the synthesis of silica-coated
agnetic nanoparticles. Fe3O4 magnetic nanoparticles were

repared according to the method described in the literature [36].
o prepare the silica-coated magnetic nanoparticles, 8.4 mg of
agnetic nanoparticles were first diluted with 24 ml of water in a

50 ml three-neck flask. Then, 80 ml of 2-propanol, 20 ml of Tri-
on X-100, 2 ml of ammonia and the mixed solution containing
20 �l of TEOS and 30 �l of APTMS were added succes-
ively under vigorous stirring. After 3 h, the resulting magnetic
anoparticles were separated from the mixture by external mag-
etic field followed by washing with copious ethanol and water.
he nanoparticles were dispersed in water and stored in 4 ◦C
hen not in use. The final concentration of the nanoparticles is
.23 mg/ml.

.3.3. The modification of Ag/SiO2 nanoparticle-based
ERS tags with detection oligonucleotides

The preparation of the Ag/SiO2 Raman tags functionalized
ith oligonucleotides included the following processes. The
g/SiO2 Raman tags were first modified with amino groups
y injecting 20 �l APTMS into the solution of 1 ml of Raman
ags dispersed in 7 ml ethanol drop by drop at room tempera-
ure for 0.5 h under the conditions of magnetic stirring. Then,
he particles were washed using ethanol and water successively
y centrifugation an ultrasonication. The amino-modified parti-
les were treated with 5 ml of 10% succinic anhydride in DMF

olution under nitrogen atmosphere and stirred for 3 h at room
emperature. After centrifugation and washing with water, the
esulting particles were dispersed in MES (pH 4.65) followed
y the addition of the mixed solution containing 80 �l of EDC

o
a
s
s

2 (2007) 443–449 445

0.1 M), 40 �l of NHS (0.05M) and 200 �l of detection oligonu-
letides (6.1 �M) drop by drop for 4 h under magnetic stirring.
fter centrifugation, the particles were dispersed in an appropri-

te amount of glycine (20 mM) for 1 h under magnetic stirring
ollowed by centrifugation and washing with water. The result-
ng particles were dispersed in 1.8 ml of 0.6 M NaCl PBS buffer
ontaining 0.05% Triton X-100 and were stored at 4 ◦C until
se.

.3.4. The modification of silica-coated magnetic
anoparticles with capture oligonucleotides

The preparation of silica-coated magnetic nanoparticles
unctionalized with oligonucleotides included the follow-
ng processes. Appropriate amount (400 �l) of amino group
unctionalized silica-coated magnetic nanoparticles was first
mmersed in 9 ml of 10% succinic anhydride in DMF solution
nd stirred under nitrogen atmosphere for 3 h at room temper-
ture. After magnetic separation and washing with water, the
articles obtained were dispersed in MES (pH 4.65) followed by
he addition of mixed solution containing 800 �l of EDC (0.1 M),
00 �l of NHS (0.05 M) and 500 �l of capture oligonucleotides
7.3 �M) drop by drop at room temperature under stirring. Four
ours later, the resulting particles were isolated from mixture
sing permanent external magnetic field followed by addition of
n appropriate amount of glycine (20 mM) for 1 h under stirring.
fter magnetic separation and washing with water for several

imes, the particles were dispersed in 8 ml of 0.6 M NaCl PBS
uffer solution containing 0.05% Triton X-100 and were stored
t 4 ◦C for latter usage.

.3.5. The procedure of hybridization assay
An aliquot of 50 �l of target oligonucleotides (3 �M) was

dded to 200 �l of magnetic nanoparticles modified with cap-
ure oligonucleotides. After gently mixing for several hours, the

agnetic separation and washing with PBS containing 0.6 M
aCl were carried out followed by the addition of 200 �l of

he Ag/SiO2 Raman tags functionalized with detection oligonu-
leotides. After mixing gently for several hours, the resulting
articles were isolated under external magnetic field, washed
ith the PBS solution containing 0.6 M NaCl and separated by a
ermanent magnet. The sandwich-type hybridization complexes
ere stored in 4 ◦C prior to Raman measurements.

. Results and discussion

We employed the Ag/SiO2 nanoparticle-based Raman tags
unctionalized with oligonucleotides as the detection probes and
he amino group modified silica-coated magnetic nanoparticles
unctionalized with oligonucleotides as capture probes for detec-
ion of DNA sequences related to HIV (Fig. 1). The synthesis
nd characterization of silica-coated silver nanoparticle-based
aman tags have been described in detail in the literature

27]. Ag/SiO2 nanoparticle-based Raman tags are composed

f silver core conjugated with rhodamine B isothiocyanate and
n encasing silica shell. rhodamine B isothiocyanate encap-
ulated in silica shell can form strong chemical bond with
ilver nanoparticle leading to the generation of surface-enhanced
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ig. 1. Schematic diagram of hybridization assay of HIV using Ag/SiO2 nanopa
nd the amino group functionalized silica-coated magnetic nanoparticles with c

aman scattering phenomenon. Fig. 3 shows the Raman spec-
ra of the Ag/SiO2 nanoparticle-based Raman tags and Ag/SiO2
anoparticle-based Raman tags modified with oligonucleotides.
ne notices that there is no change for all peaks location of these
anoparticles. It demonstrated that the Ag/SiO2 nanoparticle-
ased Raman tags functionalized with oligonucleotides as the

etection probes also exhibited SERS spectrum of rhodamine B
sothiocyanate molecules conjugated with silver cores and there
as no influence on the signal of Raman tags after modifica-

ion. Fig. 2a is TEM micrograph of Ag/SiO2 nanoparticle-based

m
n
t
m

-based Raman tags functionalized with oligonucleotides as the detection probes
e strands as immobilization matrix and separation tool.

aman tags. It was observed that the 23 ± 1 nm silver cores
re encapsulated in 12 ± 1 nm of silica shell. The utilization of
aman tags provides unique spectrum of each Raman reporter
nd avoids the background signal from the biological system.
he silica shells around the silver cores allow Raman tags to
xhibit extraordinary easy functionalization. Fig. 2b shows the

orphology of amino group modified silica-coated magnetic

anoparticles. Additionally, the UV–vis spectra were recorded
o characterize Ag/SiO2 nanoparticle-based Raman tags. The

aximum absorption of the Raman tags was around 403 nm.
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ig. 2. Transmission electron micrographs of nanoparticles: (a) Ag/SiO2 nano
anoparticles.

urthermore, there was no noticeable change for peak location
f the Raman tags dispersed in various solvents such as water,
ethanol, ethanol, and acetone. It implied that the Ag/SiO2

anoparticle-based Raman tags exhibit extraordinary stability
data not shown).

.1. Nanoparticles surface modification

The biochemical surface modification of nanoparticles,
hich adds the desired functions to nanoparticles, is very

mportant to biochemical assay [37,38]. Herein, the Ag/SiO2
anoparticle-based Raman tags and amino group modified
ilica-coated magnetic nanoparticles are labeled with detection

ligonucleotides and capture oligonucleotides, respectively. All
f the nanoparticles used in this work have a functionizable
ilica surface. APTMS was successfully used for the forma-
ion of the amino-modified Ag/SiO2 nanoparticle-based Raman

ig. 3. SERS spectra obtained from: (a) Ag/SiO2 nanoparticle-based Raman
ags; (b) Ag/SiO2 nanoparticle-based Raman tags modified with oligonu-
leotides.
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ags. After the succinic anhydride treatment according to the
ethod reported in the literature [37], nanoparticles includ-

ng the amino-modified nanoparticles-based Raman tags and
mino-modified silica-coated magnetic nanoparticles were car-
oxylated. Then, carboxyl-modified nanoparticles were used for
he preparation of detection probes and capture probes. To pre-
are the nanoparticle functionalized with oligonucleotides, the
arboxyl-modified nanoparticles were first dispersed in MES
uffer. We used MES solution as buffer because the MES with-
ut carboxyl group would not interfere or compete with the
oupling reaction and the nanoparticles could disperse in MES
ery well. Then, the mixing solution containing EDC, NHS
nd amino-labeled oligonucleotides was added to the carboxyl-
odified nanoparticles in MES solution. In this step, the active

ster intermediate was first formed by the reaction between
he carboxyl groups on the nanoparticle surface and the EDC,
nd then the Ag/SiO2 nanoparticle-based Raman tags func-
ionalized oligonucleotides were formed immediately by the
eaction between the active ester intermediate and amines on the
ligonucleotides. The one-step coupling reactions, whereby the
arbodiimide, the biomolecules and nanoparticles are combined
n one step, are often problematic for coupling biomolecules.
he coupling efficiency was increased in the presence of NHS.
inally, glycine solution was added to decrease the nonspecific
eaction in the following experiments. The nanoparticles func-
ionalized oligonucleotides were dispersed very well in the 0.6 M
aCl PBS buffer solution containing 0.05% Triton X-100.

.2. Hybridization

Hybridization experiments were conducted in 0.6 M NaCl
BS buffer solution (pH 7) at room temperature. The results of

he target oligonucleotides hybridization experiments are shown

n Fig. 4. It was observed that there were strong SERS signal
hen target oligonucleotides existed because the Raman tags

inked around the magnetic nanoparticles were separated from
olution by external magnetic field. At the same time, no obvi-
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ig. 4. SERS spectra obtained from the target oligonucleotides hybridization
xperiments: (a) target oligonucleotides; (b) blank.

us Raman signal in the blank experiment can be detected due to
he failure linkage between Raman tags and magnetic nanopar-
icles. Therefore, our method can be successfully used for the
etection of DNA sequence related to HIV. Fig. 5a and b show
hat the Raman spectra of Ag/SiO2 nanoparticle-based SERS
ags modified with detection oligonucleotides and the hybridiza-
ion product containing Raman tags and magnetic nanoparticles
espectively. One notices that the intensity of Raman spectrum
f hybridization product was much stronger than that of Ag/SiO2
anoparticle-based SERS tags modified with detection oligonu-
leotides. According to the results of hybridization experiments
escribed above, one could find the main advantages of using

ilica-coated magnetic nanoparticles as immobilization matrix
nd separation tool. The magnetic separation technology based
n silica-coated magnetic nanoparticles not only avoided time-
onsuming washing during the experiments, but also amplified

ig. 5. Surface-enhanced Raman scattering spectroscopy of different
anoparticles: (a) Ag/SiO2 nanoparticle-based Raman tags modified with
ligonucleotides; (b) hybridization product containing Raman tags and magnetic
anoparticle; (c) magnetic nanoparticles modified with capture oligonucleotides;
d) the hybridization product of target oligonucleotides and magnetic nanopar-
icles modified with capture oligonucleotides.
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a) non-complementary oligonucleotides; (b) four bases mismatch oligonu-
leotides; (c) two bases mismatch oligonucleotides; (d) single base mismatch
ligonucleotides; (e) complementary oligonucleotides.

he signal of hybridization assay. The reason of signal amplifi-
ation is derived from the preconcentration of the hybridization
roduct in the presence of magnetic nanoparticles. Additionally,
he results illustrated in Fig. 5c and d show that no Raman signal
as obtained from both magnetic nanoparticles modified with

apture oligonucleotides and the hybridization product of tar-
et oligonucleotides and magnetic nanoparticles modified with
apture oligonucleotides. It was demonstrated that there was no
nterference with the SERS signal of Raman tags for the oligonu-
leotides functionalized on the surface of silica-coated magnetic
anoparticles.

We have carried out some control experiments to test the
electivity of this strategy. The results illustrated in Fig. 6
how that no or very low signal was obtained if the hybridiza-
ion assay was conducted in the presence of DNA sequences
ther than complementary to the HIV related gene such as ran-
om oligonucleotides, four bases mismatch oligonucleotides,
wo bases mismatch oligonucleotides and single base mismatch
ligonucleotides. It was demonstrated that the method devel-
ped in this work has high selectivity for HIV DNA sequence
etection. High selectivity of our method is due to the utilizing
f magnetic separation as well as the condition of hybridization.
he magnetic separation not only decreases the sample losing
nd nonspecific reaction by the greatest extent during the wash-
ng, but also concentrates final hybridization product leading to
nhance Raman signal. So the Raman spectra in the presence of
NA sequences other than complementary to the HIV related
ene were neglectable compared to the signal in the presence of
omplementary. In addition, we have also studied the effect of
ybridization reaction time on the Raman signal. The optimal
ybridization time is 60 min (data not shown).
. Conclusions

We have developed a novel analytical technique, which
ombined the Ag/SiO2 nanoparticle-based Raman tags with
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ilica-coated magnetic nanoparticle-based separation technol-
gy for detection of DNA sequences related to HIV. Ag/SiO2
anoparticle-based Raman tags exhibit strong intensity of SERS,
nd the silica shells around the silver cores allow Raman tags
o exhibit extraordinary and easy functionalization. Besides,
ompared to other separation and immobilization method, the
agnetic nanoparticles possess the advantages including the

asy separation and signal amplification. This strategy is very
seful for improving sensitivity and selectivity.
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bstract

A novel assay for the voltammetric detection of 18-bases DNA sequences relating to Chronic Myelogenous Leukemia (CML, Type b3a2) using
ethylene blue (MB) as the hybridization indicator was reported. DNA was covalently attached onto a glassy carbon electrode (GCE) through

mines of the DNA bases using N-hydroxysulfosuccinimide (NHS) and N-(3-dimethylamion)propyl-N′-ethyl carbodiimidehydrochloride (EDC).
he covalently immobilized single-stranded DNA (ssDNA) could selectively hybridize with its complementary DNA (cDNA) in solution to form
ouble-stranded DNA (dsDNA) on the surface. A significant increase of the peak current for methylene blue upon the hybridization of immobilized
sDNA with cDNA in the solution was observed. This peak current change was used to monitor the recognition of CML DNA sequence. This

lectrochemical approach is sequence specific as indicated by the control experiments in which no peak current change was observed if a non-
omplementary DNA sequence was used. Factors, such as DNA target concentration and hybridization conditions determining the sensitivity
f the electrochemical assay were investigated. Under optimal conditions, this sensor has a good calibration range between 1.25 × 10−7 and
.75 × 10−7 M, with CML DNA sequence detection limit of 5.9 × 10−8 M.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chronic Myelogenous Leukemia (CML) is a clonal
yeloproliferative disorder resulting from the neoplastic trans-

ormation of the primitive hemopoietic stem cell [1–3].
enerally speaking, the CML patients do not show any observ-

ble symptoms in their early stage, and the chronic course can
ast for 3–5 years. These phenomena bring the difficulties to the
iagnosis of CML.

There has been much learned about the clinical disorder
nd how the chimeric oncogene BCR/ABL generated from the
ranslocation of chromosome 9 to 22 (Philadelphia Ph. Chro-

osome) can lead to the pathogenesis of CML. BCR/ABL gene
s the traditional gene for the disease, and it exists in almost all

ases of CML patients [4,5]. There are many types of BCR/ABL
enes, and Type b3a2 is one of the most common mutation
ypes, which are often studied in scientific researches. Thus,

∗ Corresponding author. Tel.: +86 25 83597436; fax: + 86 25 83597436.
E-mail address: xhxia@nju.edu.cn (X.-H. Xia).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.015
ific electrochemical detection

he detection of BCR/ABL gene will afford an early diagnosis
nd monitor of the disease, which in turn improves the facility of
etecting minimal residual leukemia cells in the CML patients,
specially after the bone marrow transplantation (BMT).

In the recent years, electrochemical DNA biosensors based
n nucleic acid hybridization have been rapidly developed due
o their increasing importance in the diagnosis of disease. DNA
iosensors for recognition of DNA hybridization offer a new
pproach for rapid, sensitive, simple and low-cost detection of
pecific nucleic acid sequences [6–11]. Due to the advantages
f electrochemical DNA biosensors, we attempted to detect
CR/ABL genes (Type b3a2) using electrochemical methods,
hich will provide a new way to the diagnosis and monitor of

he CML patients.
Some of anticancer drug [12–14], metal complexes [15,16]

nd organic dyes [17–19] exist as chiral molecules capable of
elective recognition of DNA. The changes in electrochemi-

al response of these labels are usually used to monitor the
ybridization process. Methylene blue (MB) is an organic dye
hat belongs to the phenothiazine family. DNA biosensors using

B as chemical indicator have been widely studied [20–23].
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Fig. 1 displays the differential pulse voltammograms of the
bare, ssDNA-modified and dsDNA-modified GCE previously
accumulated with MB in blank buffer solution. For all these
X.-H. Lin et al. / Tal

ccording to the spectrophotometric and electrochemical results
24–28], the detection of hybridization was found to be accom-
lished by the specific interaction of MB with guanine bases in
he DNA sequence [29]. Rohs et al. [30] reported a modeling
tudy for MB binding to DNA with alternating guanine-cytosine
ase sequence. In short, the MB based DNA sensor is sequence
ependent.

In this paper, a glassy carbon electrode (GCE) in combi-
ation with differential pulse voltammetry (DPV) was used
o obtain information about the interaction of MB with CML
NA (Type b3a2). The DNA sensor fabrication method, such

s the hybridization method and the conditions control, was
odified. Changes in the voltammetric signals resulting from

he interaction of MB with dsDNA and ssDNA were used to
equence-specific detection of BCR/ABL gene related to CML.
nder optimal performance conditions, the present biosensor

an discriminate single-base mismatch well.

. Experimental

.1. Apparatus and reagents

DPV measurements were performed by using CHI 660B
lectrochemical Workstation (CH Instrument, USA). The elec-

rochemical system consisted of GCE (3 mm diameter) as the
orking electrode, a platinum wire as the auxiliary electrode,

nd the reference electrode (Ag/AgCl). All potentials mentioned
n this paper refer to this reference electrode.

.2. Chemicals

The 18-base synthetic oligonucleotides were purchased from
hanghai Chemical Reagents Company (China); their base
equences were:

immobilized probe(18-base sequence A)-5′-NH3 AGA GTT
CAA AAG CCC TTC-3′;
target (18-base sequence B)-5′-GAA GGG CTT TTG AAC
TCT-3′;
non-complementary(18-base sequence B′)-5′-ACG TGG
TCC CCA GCT CTC-3′.

All oligonucleotides, dsDNA and ssDNA stock solutions
100 mg L–1) were prepared with TE solution (10 mM Tris–HCl,
.0 mM EDTA, pH 8.00) and kept frozen. More dilute solu-
ions were prepared with 20 mM acetate buffer (pH 4.80). MB
AR) was purchased from The Third Agents Factory of Shang-
ai (China). Stock solutions of MB (1 mM) were prepared
ith deionized water. N-hydroxysulfosuccinimide and N-

3-dimethylamion)propyl-N′-ethyl carbodiimidehydrochloride
ere obtained from Sigma. The stock solution of 5 mM
EC and 8 mM NHS was prepared in 50 mM phosphate
olution (pH 7.40). Other chemicals were of analytical
eagent grade. All the buffer solutions contained 20 mM
aCl. Sterilized and deionized water was used in all

olution.

F
(
(
a

72 (2007) 468–471 469

.3. Experimental procedures

.3.1. GCE pretreatment
The GCE was polished with 0.3 and 0.05 �m alumina, son-

cated in water, and oxidized at 0.5 V for 1 min in 50 mM
hosphate buffer solution (pH 7.40). After the oxidation step,
he electrode was rinsed with distilled water.

.3.2. Covalent bond modification
GCE was inverted and 20 �L of solution containing 5 mM

EC and 8 mM NHS in 50 mM phosphate buffer solution (pH
.40) was pipetted onto the GCE surface. After air-drying of this
olution, the electrode was rinsed with distilled water.

.3.3. Immobilization of DNA on covalently modified GCE
SsDNA (100 �g mL−1, 10 �L) was pipetted onto the GCE

urface and air-dried to dryness. The dsDNA modified GCE
as prepared by immersing the above electrode into 20 mM
ris–HCl buffer solution (pH 7.00) containing cDNA at 45 ◦C
or 30 min. The electrode was then rinsed with pH 4.80 acetate
uffer solution.

.3.4. MB accumulation and voltammetric transduction
The DNA modified electrode was immersed in 20 mM

ris–HCl buffer (pH 7.00) containing 20 �M MB for 5 min.
fter this modified electrode was transferred into the blank
0 mM Tris–HCl buffer (pH 7.00), differential pulse voltam-
ograms were collected from 0.1 to −0.6 V with amplitude of

0 mV at 50 mV/s scan rate.
Replicate measurements were performed by renewing the

urface and repeating the above assay preparation procedure.

. Results and discussion
ig. 1. Differential pulse voltammograms of MB accumulated on the ssDNA
curve a) and dsDNA (curve b) modified electrode in a 0.50 M acetate buffer
pH 4.80) with 20 mM NaCl. For comparison, the DPV of MB accumulated on
bare GCE under the same experimental conditions is also displayed (curve c).
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lectrodes, a current peak for the reduction of MB appears at
220 mV. The bare GCE shows the smallest current peak, which

ould be due to the specific adsorption of MB at the bare GC
lectrode surface (curve c). As the GCEs were modified with
sDNA (curve a) and dsDNA (curve b), the current peak for the
eduction of MB increased, indicating that MB was successfully
mmobilized on the modified GCE due to the interaction between
he MB and the DNA. In addition, the current for the ssDNA-

odified electrode is higher than that for the dsDNA-modified
lectrode. This difference should be due to the lesser interaction
etween dsDNA and MB than that for ssDNA and MB, result-
ng in decreased intercalation of MB on the dsDNA-modified
lectrode. This also indicates that MB has strong affinity to the
ree guanine bases, and thus the greatest amount of MB accu-
ulated at this ssDNA-modified electrode [31]. After MB was

ntercalated between the base pairs of hybrid, the electrochemi-
al signal decreased (Fig. 1b). This decrease was attributed to the
teric inhibition of MB packing between the double helix of the
ybrid. Besides the change in peak current, the peak potentials
or the reduction of MB on the ssDNA- and dsDNA-modified
CEs shift to positive value as compared to that for bare GCE,
hich demonstrates the MB interacts with the DNA molecules.
Control experiments were also performed to estimate whether

he biosensor responds selectively via hybridization. The his-
ogram of the reduction current of MB intercalated on the ssDNA
odified GCE (1), after hybridization with non-complementary

equence (2), complementary sequence (3) and one-base mis-
atch sequence (4) in solution is shown in Fig. 2. As

xpected, there was no significant current difference observed
or the ssDNA modified GCE and its hybridization with non-
omplementary sequence, since no successful hybridization
ccurs due to the sequence mismatch between the modified
sDNA and the non-complementary sequence. This means that
he surface properties of the ssDNA modified GCE was not

hanged after its interaction with non-complementary sequence.
owever, when the ssDNA modified GCE interacted with the

omplementary sequence in solution, the peak current for the
B reduction decreased significantly. This decrease in current

ig. 2. Histogram of DPV signals for the electrochemical reduction of MB inter-
alated on the ssDNA/GCE (1); after its hybridization with non-complementary
equence (2); after its hybridization with complementary sequence (3); after its
ybridization with one-base mismatch sequence (4).
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learly showed that the ssDNA modified on the GCE success-
ully hybridized with its complementary sequence, decreasing
he intercalation amount of MB on the modified GCE due to
he steric inhibition of MB packing. The effective discrimi-
ation against single-base mismatch was also studied. In the
resence of oligonucleotide containing a single-base mismatch,
ignificant increased voltammetric signal was obtained as com-
ared to the complementary sequence. This difference indicates
hat the complete hybridization was not accomplished due to
he base mismatch. A series of three repetitive measurements
esulted in reproducible results. The relative standard devia-
ion is 3.90%, 4.75%, 6.18%, 7.98% and 9.85% for bare GCE,
sDNA-GCE, dsDNA-GCE, one-base mismatch detection and
on-complementary sequence detection, respectively.

The influence of experimental parameters including MB
ccumulation time and concentration, hybridization time and
ybridization temperature on the sensitivity of the present assay
ere explored for optimum analytical performance. Fig. 3 shows

hat the DPV signals for MB increased as a function of accu-
ulation time. The peak current increased exponentially with

he accumulation time in the first 5 min. Beyond this accumu-
ation time, the MB signal reached constant, which indicated
hat intercalation of MB to DNA reached a saturation value.
hus, accumulation time of 5 min was chosen as the optimal
ccumulation time.

The influence of hybridization time and hybridization tem-
erature is shown in Fig. 4. The co-influence of hybridization
ime and hybridization temperature was investigated in these
xperiments. We can see that hybridization time decreases with
he increase of hybridization temperature due to the fact that
igher temperature speed the movement of DNA molecules. On
he other hand, higher hybridization temperature accelerates the
enaturation of dsDNA, resulting in the decrease of the abso-
ute hybridization number. Taking consideration of the above
wo factors, the ssDNA modified electrode reacting with cDNA
n solution is chosen at 45 ◦C for 30 min, which is the optimal

ybridization condition.

The electrochemical response for the intercalated MB on the
sDNA modified GCE interacting with different level of the tar-
et DNA in solution was studied and the results are displayed

ig. 3. Plot of the peak current for MB at the modified electrode as a function
f MB accumulation time.
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Fig. 4. DPV response as function of hybridization time and temperature using
MB as indicator.

Fig. 5. Differential pulse voltammograms of MB accumulated on the ssDNA
after its hybridization with different concentration of the target sequence in
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[30] R. Rohs, H. Sklenar, R. Lavery, B. Roder, J. Am. Chem. Soc. 122 (2000)
0.50 M acetate buffer (pH 4.80) with 20 mM NaCl. Target concentration
×10−7 M): (a) 1.25, (b) 2.5, (c) 3.75, (d) 5.0 and (e) 6.75. Inset shows the
lot of the peak current of MB as a function of the target concentration.

n Fig. 5. The signal for the reduction of MB after hybridization
ith target DNA decreased with the target concentration up to
.75 × 10−7 M, and then remained constant with further increase
f target concentration, which indicates that all the immobilized
robes on GCE surface have been involved in hybridization
t the concentration of 6.75 × 10−7 M. Before this threadhold
oncentration, the MB reduction signal decreased accordingly
ith the increase of the target concentration, which was resulted

rom more hybrid formation preventing the interaction of gua-
ine bases with MB. The constant MB signal also indicated that
ll the hybridization sites on the ssDNA GCE have been cov-
red. The reduction peak current of MB was linearly relating
o the concentration of the target oligonucleotide sequence of
he b3a2 type CML between 1.25 × 10−7 and 6.75 × 10−7 M
R2 = 0.9951). The detection limit was 5.9 × 10−8 M based on
he ratio of signal-to-noise of 3.
. Conclusion

In conclusion, we have reported a new hybridization biosen-
or for electrochemical detection of sequences specific to CML

[
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NA of Type b3a2. This effort addresses the urgent needs and
nalytical challenges of detecting BCR/ABL gene in the CML
atients. The present method using MB as indicator for the
etection of short DNA segments relating to CML (b3a2) is sim-
le, sensitive and rapid and is promising for clinical diagnostic
esting for CML.
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bstract

The design and synthesis of a porphyrin-appended terpyridine, 5-(4-([2,2′:6′,2′′]-terpyridin-4-yl-carboxyamidyl)phenyl)-10,15,20-
riphenylporphyrin (H2TPPTPy) and its application as potential fluoroionophore for recognition of metal ions are reported. For preparation of
he fluoroionophore, a novel simple strategy with improved total yield has been applied for the synthesis of 2,2′:6′,2′′-terpyridine-4′-carboxylic
cid as a ligand. H2TPPTPy shows chelation-enhanced fluorescence effect with cadmium ion via the interruption of photoinduced electron transfer
PET) process, which has been utilized as the basis of the fabrication of the Cd(II)-sensitive fluorescent chemosensor. The analytical performance

haracteristics of the proposed Cd(II)-sensitive chemosensor were investigated. It shows a linear response toward Cd(II) in the concentration range
f 3.2 × 10−6 to 3.2 × 10−4 M with a limit of detection of 1.2 × 10−6 M. The chemosensor shows good selectivity for Cd(II) over a large number
f cations, such as alkali, alkali earth and transitional metal ions except Cu(II) and Zn(II). The sensor has been used for determination of Cd(II) in
ater samples with satisfactory recoveries.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Cadmium is widely used in a variety of industrial processes
ncluding batteries, alloy, and coloring matters as well as electro-
lating products. Cadmium is also frequently found in fertilizer
roduction using phosphate minerals and sewage sludge. This
lement, unfortunately, has detrimental effects on human health
s well as the environment accompanying with its wide use. Cad-
ium can accumulate in organs, such as kidney, thyroid gland

nd spleen, which can induce physiological disorders, includ-
ng renal dysfunction, calcium metabolism disorders, and an
ncreased incidence of certain cancer [1]. The development of
imple methods for the determination cadmium is, therefore, of
onsiderable research and practical significance.
Past decades have seen increasing interest in the develop-
ent of fluorescent chemosensors for metal ions [2–6] due to

he fact that such sensors demonstrate substantial advantages

∗ Corresponding authors. Tel.: +86 731 8822577; fax: +86 731 8822782.
E-mail addresses: xbzhang@hnu.cn (X.-B. Zhang), rqyu@hnu.cn
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ed fluorescence effect; Cadmium ions

n sensitivity, selectivity and costs, and it is possible to per-
orm remote detection with the application of fiber optics. In
erms of sensitivity concerns, chemosensors exhibiting fluo-
escence enhancement on metal ion complexation are favored
ver those showing fluorescence quenching upon cation bind-
ng. Among the many reported fluorescent chemosensors with
uorescence enhancement for metal ions, only a few cases
ave been explored for Cd(II) [7–10]. Most of such chemosen-
ors for Cd(II) are based on anthrancene derivatives [8,9]. The
imited photostability of anthrancene derivatives might cause
roblems especially in cases where laser is used as the excited
ource. Additionally, their optical signals are located in wave-
ength ranges where matrix interference can occur. Moreover,
he fluorescence spectrum of anthrancene derivatives became
omplicated after binding to Cd(II), which is not suitable for
igh throughput screening.

In this study, we developed a photoinduced electron transfer
PET) chemosensor for cadmium ion based on 5-(4-([2,2′:

′,2′′]-terpyridin-4-yl-carboxyamidyl)phenyl)-10,15,20-triphe-
ylporphyrin (H2TPPTPy). Porphyrin compounds possess fine
ptical characteristics with strong fluorescence, large Stokes
hifts and relatively long excitation (>400 nm) and emission
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>600 nm) wavelengths that minimize the effects of the back-
round fluorescence. Pyridine is a good electronic acceptor.
aluk and co-workers have reported that the emission intensity

f 1H-pyrrolo[3,2-h]quinoline (PQ) decreases upon adding pyri-
ine to a nonpolar solution [11,12]. The fluorescence quenching
s due to the charge transfer from the PQ moiety to the pyridine
ing. At the same time, Clements and Webber have also clar-
fied that the neighboring pyridinium units quench the excited
nthrancene [13]. When porphyrin is connected with terpyridine
hrough a linking bridge, it would make up a “donor-spacer-
eceptor ” intramolecular PET transfer system. The fluorescence
f porphyrin is quenched by way of transfer of the excited
tate electron from porphyrin to terpyridine. When terpyridine
oiety is bound to cadmium ion, the chelate would abrogate

he PET process and the fluorescence of porphyrin is recovered.

. Experimental

.1. Reagents

2-Chloro-1-methylpyridinium iodide (CMPI) and 4-dime-
hylaminopyridine (DMAP) were purchased from Acros (New
ersey). CdCl2, benzaldehyde and pyrrole were supplied by
hanghai Chemical Reagents (Shanghai) and used as received.
,N-dimethylformamide (DMF) was freshly distilled from
aH2. Except when specified, other chemicals were of ana-

ytical reagent grade and used without further purification.
wice-distilled water was used throughout all experiments. 5-(4-
minophenyl)-10,15,20-triphenylporphyrin was prepared from
eso-tetraphenylporphyrin according to a literature procedure

14].

.2. Synthesis of 2,2′:6′,2′′-terpyridine-4′-carboxylic acid
2,2′:6′2′′-terpyridine-4′-carboxylic acid can be prepared
ither following a literature procedure from commercially
vailable citrazinic acid [15] or via oxidation of the methyl-

4

i
(
6

cheme 1. Scheme for synthetic route. Reagents and conditions: (a) KMnO4, THF
imethylaminopyridine, DMF, 130 ◦C, 5 h.
72 (2007) 575–581

erpyridine [16,17]. These two procedures both need many
teps and show low total yield. Inspired by the successful
ork of Beley and co-worker [18], we synthesized this com-
ound using a simple procedure with high yield via one step
xidation (Scheme 1). The mixture of 4′-(2-furyl)-2,2′:6′,2′′-
erpyridine (0.2991 g, 1 mmol) and KMnO4 (2.0544 g, 13 mmol)
n THF/H2O (1:1) was stirred at room temperature for 24 h.
hen the suspension was filtered. The residue was washed with
ater and ethanol. After that, the residue was recrystallized

rom DMF to give 2,2′:6′,2′′-terpyridine-4′-carboxylic acid. All
hysical and spectroscopic properties were identical to previ-
usly reported data for this compound [15,19]. The yield was up
o 80%.

.3. Synthesis of H2TPPTPy [20]

The synthetic route for H2TPPTPy is shown in Scheme 1. The
ixture of 2,2′:6′,2′′-terpyridine-4′-carboxylic acid (3.8 mg,

.014 mmol), 5-(4-aminophenyl)-10,15,20-triphenylporphyrin
7.1 mg, 0.011 mmol), 2-chloro-1-methylpyridinium iodide
10.2 mg, 0.04 mmol) and 4-dimethylaminopyridine (12.9 mg,
.106 mmol) in DMF was heated at 130 ◦C for 5 h. The sol-
ent was evaporated, and dichloromethane (100 mL) was added.
hen the solution was washed with water (5 mL × 150 mL).
he solvent was evaporated, and the residue was purified by
hromatography (silica gel, CH2Cl2, then CH2Cl2: methanol,
0:1). The yield was 89.7%. 1H NMR (400 MHz, CDCl3), δ

ppm), 9.04 (s, 2 H, pyridine), 8.92 (d, 2 H, J = 4.8 Hz, �-pyrrol),
.87 (d, 2 H, J = 4.8 Hz, �-pyrrol), 8.85 (s, 4 H, �-pyrrol),
.78 (d, 2 H, J = 4 Hz, pyridine), 8.66 (d, 2 H, J = 8 Hz, pyri-
ine), 8.28–8.16 (m, 10 H, ortho triphenyl and 4-aminophenyl),
.94–7.90 (ddd, 2 H, 3J = 7.6 Hz, 4J = 1.6 Hz, pyridine), 7.76

3

J = 2 Hz, pyridine), −2.77 (s, 2 H, pyrrol NH), ACPI-MS Pos-
tive, m/z 889.1 ([M + H]+, 40), 812.1 ([M–Py]+, 45), 735.2
[M–2Py]+, 5), 656.1 (H2TPPCO+, 100), 629 (H2TPP+, 21),
13.1 ([H2TPP–H]+, 15), 277.1 ([TPy + 2H]+, 4).

/H2O (1:1), RT for 24 h (86%); (b) 2-chloro-1-methylpyridinium iodide, 4-
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absorption spectra of H2TPPTPy in the absence of Cd(II) and in
the presence of Cd(II) were recorded (Fig. 3). Upon addition of
Cd(II), the spectra shape remained essentially the same. As can
be observed from Fig. 3 that the Q band of H2TPPTPy is almost
H.-Y. Luo et al. / Ta

.4. Preparation of solutions

The standard solution of Cd(II) was obtained by serial dilu-
ion of 1.0 × 10−2 M CdCl2 solution with pH 8.62 tris–HCl
uffer.

A 1.0 × 10−5 M stock solution of H2TPPTPy was prepared
y dissolving it in absolute ethanol.

The wide pH range buffered solution was obtained by adjust-
ent of 0.1 mol L−1 NaOAc–HOAc solution with HCl or NaOH

olution.
The complex solution of Cd(II) and H2TPPTPy was pre-

ared by adding 2.0 mL of the stock solution of H2TPPTPy
nd 2.0 mL of the standard solution of Cd(II). In the solu-
ion thus obtained, the concentrations were 5 × 10−6 mol L−1

f H2TPPTPy and 1 × 10−3–1 × 10−8 mol L−1 of Cd(II). Blank
olution of H2TPPTPy was prepared under the same conditions
ithout Cd(II).

.5. Instrumentation

All fluorescence measurements were carried out on a F4500
uminescence spectrometer (HITACHI) with excitation slit set at
.0 nm and emission at 10.0 nm. The UV–vis absorbance mea-
urements were made on MultiSpec 1501 (SHIMADZU). The
H measurements were carried out on a Mettler-Toledo Delta
20 pH meter.

.6. Procedures

The fluorescence intensity was measured with the maximal
xcitation wavelength of 417 nm and at the maximal emission
avelength of 643 nm. Before each measurement, the solution
as allowed to stand for 5 min to allow complete formation of
etal–ligand complex.

. Results and discussion

.1. Quench effect of terpyridine unit towards porphyrin
nit

The fluorescence spectra of H2TPPTPy and meso-
etraphenylporphyrin (H2TPP) are shown in Fig. 1, where
he H2TPP unit is excited at 417 nm. Compared to the flu-
rescence intensity of H2TPP, The fluorescence intensity of
2TPPTPy is greatly quenched. The fluorescence quantum yield
f H2TPPTPy is 0.029, as determined using the comparative
ethod with H2TPP as the standard (Φ = 0.11 [21]), which is

ue to the charge transfer from the excited state porphyrin to the
yridine ring [11–13].

The driving force of electron transfer (�G0
ET) [22,23] from

he single excited state (1H2TPP*) to terpyridine in H2TPPTPy
as determined to be −0.24 eV from the one-electron oxidation
otential of the H2TPP moiety (E0

ox = 1.03 V versus Ag/AgCl

24]) and the one-electron reduction potential of the terpyri-
ine moiety (E0

red = −0.74 V versus Ag/AgCl [25]), and the
H2TPPTPy* energy level (2.01 eV). The 1H2TPP* energy level
s estimated as the wavelength average of the longest-wavelength

F
p
1
3

ig. 1. Fluorescence spectra of 10 �M H2TPPTPy and H2TPP excited at 417 nm
n deaerated toluene.

bsorption maximum (595 nm) and the shortest-wavelength flu-
rescence maximum (643 nm).

.2. Spectral properties

The fluorescence spectrum change of H2TPPTPy when
xcited at 417 nm under various Cd(II) concentrations is shown
n Fig. 2, which are recorded at λex = 417 nm, λem = 500–800 nm.
he H2TPPTPy exhibits fluorescence emission at 643 nm. As
an be observed from Fig. 2 that the fluorescence intensities of
he H2TPPTPy increase with increasing concentration of Cd(II),
hich constitutes the theory for the determination of Cd(II) with

he chemosensor proposed in this paper.
For the purpose of studying the response mechanism, the
ig. 2. Changes of the fluorescence spectra of H2TPPTPy (λex = 417 nm) at
H 8.62 as a function of added Cd(II) concentration (0, 1 × 10−8, 3.2 × 10−8,
× 10−7, 3.2 × 10−7, 1 × 10−6, 3.2 × 10−6, 1 × 10−5, 3.2 × 10−5, 1 × 10−4,
.2 × 10−4, 1 × 10−3, 1.1 × 10−3 M).
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ig. 3. Changes in the UV-spectra of H2TPPTPy (10 �M) upon the addition of
d(II) (10−3 M) at pH 8.62 (tris–HCl buffer). Solid line and dashed line spectra

elate to the absence and presence, respectively, of Cd(II).

ot changed upon addition of Cd(II). Evidently, the porphyrin
oiety does not participate in coordination to Cd(II). So, the
uorophore chelates Cd(II) with the terpyridine moiety. At the
ame time, one also notices that the peak at 417 nm was shifted
o 415 nm. The value of the shift is indicative of the degree
f the interaction between the fluorophore and Cd(II) [26]. A
inor change of absorption spectra was in a usual PET fashion

3,8,27–30]. So, one could expect the fluorescence enhanced
ffect with Cd(II) is due to the chelate abrogating the PET
rocess. Thus, a binding mode of H2TPPTPy with Cd(II) is
roposed and shown in Scheme 2.

The ability of H2TPPTPy to recognize Cd(II) was further
nvestigated. A great fluorescence enhancement accompanied
ith the increase of Cd(II) concentration. According to an

quation: log IF = 3.46 + 0.231 log [Cd(II)] (r = 0.9958), a prac-
ically usable range for quantitative determination covers a
ange from 3.2 × 10−6 to 3.2 × 10−4 M. The detection limit is
.2 × 10−6 M. The response curve of H2TPPTPy is shown in
ig. 4. The coordination constant (Ka) between the ligand and
d ion was calculated to be 3.94 × 104 by stern-volmer equation

rom the fluorescence titration experimental data.
.3. Effect of pH

The response of H2TPPTPy with variation of pH was inves-
igated. The pH of solution was adjusted with the hydrochloric

p
p
m
H

Scheme 2. Proposed binding mode
ig. 4. Plot of log IF as a function of the log [Cd(II)] in EtOH/H2O(1:1, v/v)
olution.

cid or sodium hydroxide in 0.1 M NaOAc–HOAc buffer. The
uorescence spectra of H2TPPTPy and H2TPP at different pH
λex = 417 nm) are shown in Fig. 5. It can be seen that the spec-
ral profiles of H2TPPTPy are very similar to those of H2TPP,
ut the fluorescence intensity of H2TPPTPy is much lower than
hat of H2TPP, indicating that the terpyridine moiety has sub-
tantial quenching effect on the porphyrin ring. One also notices
hat the emission peaks of H2TPPTPy and H2TPP are red-shifted
nd the fluorescence intensities are declined at low pH (pH ≤ 2).
t is engendered possibly owning to protonation of the porphyrin
nder low pH conditions. The fluorescence spectra of protonated
orphyrin are different from those of the free base form. The
mission peaks are red-shifted and the fluorescence intensities
re declined [31]. In addition, it is observed that the fluorescence
ntensity of H2TPP increases with elevated pH in the range of
H 3–12, while H2TPPTPy shows a declining profile in fluores-
ence intensity as the pH is elevated in the range, implying that
he different pH conditions may influence the quenching effect
f terpyridine moiety towards the porphyrin ring. This might
e due to the protonation degree of the terpyridine moiety. It is
nown that 2,2′:6′,2′′-terpyridine can accept protons in nonadja-
ent positions [32,33]. Kim and Nazeeruddin have reported the
Ka values of 2,2′:6′,2′′-terpyridine of 3.42 and 4.64 [32,33]. At
H 3 nonadjacent pyridines are protonated. At pH 4 only one

yridine nitrogen is protonated. At pH ≥ 5 the whole terpyridine
oiety is not pronated. Therefore, the fluorescence intensity of
2TPPTPy decreases with increasing pH.

of H2TPPTPy with Cd(II).
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pose of studying the response mechanism, the absorption spectra
of H2TPPTPy upon the addition of the common ions (10−3 M)
were recorded (Fig. 8). As can be observed from Fig. 8 that the
spectra are changed greatly upon addition of Cu(II) and Zn(II).
ig. 5. The fluorescence spectra (λex = 417 nm) of 10 �M H2TPPTPy (a) and

2TPP (b) recorded at different pH.

Fluorescence enhancement effect of H2TPPTPy upon the
ddition of Cd(II) at different pH values was investigated. The
hanges in the fluorescence (λex = 417 nm, λem = 643 nm) are
hown in Fig. 6. One observes that the fluorescence intensity
s almost not changed at low pH (pH ≤ 2), the fluorescence
ntensity is enhanced clearly at pH 3–6, the fluorescence
ntensity is enhanced greatly at pH 7–11, and the fluores-
ence intensity enhancement declines at high pH (pH > 11).
t is suggested that at low pH (pH ≤ 2) terpyridine can-
ot quench the fluorescence of protonated porphyrin, so the
uorescence intensity are almost not changed. At pH 3–6 cad-
ium ion may not bind the terpyridine moiety completely

n acidic condition, which limits the fluorescence enhance-
ent. In basic solution (at pH 7–11) cadmium ion is prone

o chelate terpyridine, thus fluorescence is completely recov-
red. At high pH (pH > 11) the fluorescence enhancement is
iminished because cadmium ion is partly hydrolyzed, but

erpyridine can still chelate the remaining free cadmium ion.
hereby, we chose pH 8.62 tris–HCl buffer (25 mL 0.2 M

ris + 12.5 mL 0.1 M HCl + 62.5 mL H2O) as the determining
edium.

F
(
8

ig. 6. Changes of the fluorescence intensity (λex = 417 nm, λem = 643 nm) of

2TPPTPy (10 �M) upon the addition of 3 × 10−4 M Cd(II) as pH varied.

.4. Selectivity

The common ions were used to evaluate the fluorescence-
nhanced effect of H2TPPTPy. Titration studies were conducted
t a pH 8.62 tris–HCl buffer using 10 �M H2TPPTPy, and results
re shown in Fig. 7. One notices that the fluorescence was
lmost not changed in the 10−3 M Li(I), Na(I), K(I), Mg(II),
a(II), Mn(II), Pb(II) and Al(III) solutions. The fluorescence
as quenched to some extent in the 10−3 M Ag(I), Ni(II), Fe(II),
g(II) and Fe(III) solutions. When the concentrations of these

ons were lowered to 10−4 M, the quenching effects were negli-
ible. The fluorescence was quenched completely in the 10−3 M
u(II) and Zn(II). Furthermore, the quenching effects were not
egligible in the 10−5 M Cu(II) and Zn(II) solutions. For the pur-
ig. 7. Changes of the fluorescence intensity (λex = 417 nm) of H2TPPTPy
10 �M) upon the addition of four representative metal ions (10−3 M) at pH
.62 (tris–HCl buffer).
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Fig. 9. Changes of the fluorescence intensity (λex = 417 nm, λem = 643 nm) of
H2TPPTPy (10 �M) before and after adding the interferent into the Cd(II) solu-
tion. The concentration of Cd(II) is fixed at 3.2 × 10−5 M. The concentrations of
Na(I), Li(I), Mg(II), Ca(II), K(I), Al(III), Pb(II), and Mn(II) are at 1 × 10−3 M.
The concentration of Ni(II), Fe(II), Fe(III), Ag(I), and Hg(II) are at 1 × 10−4 M.
The concentration of Zn(II) and Cu(II) are at 1 × 10−5 M.

Table 1
Recovery study of spiked Cd(II) in water samples of Xiang River

Sample Cd(II) spiked
(M)

Cd(II) recovereda (M) Recovery
(%)

Xiang River water 1 4.0 × 10−6 (4.08 ± 0.10) × 10−6 102.0
X −5 −5

X
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ig. 8. Changes in the UV-spectra of H2TPPTPy (10 �M) upon the addition of
he other ions (10−3 M) at pH 8.62 (tris–HCl buffer).

he maximal absorption peak of complex with Cu(II) and Zn(II)
s red-shifted from 417 to 446 nm. Evidently, the porphyrin moi-
ty participate in coordination to Cu(II) and Zn(II). Binding of
he porphyrin moiety with Cu(II) and Zn(II) causes a great fluo-
escence quenching to the fluorophore. One also notices that the
V–vis spectra shape remain essentially the same upon addi-

ion of the other ions. It is shown clearly that these ions bind
2TPPTPy with the terpyridine moiety. There is little effect on

he fluorescence with alkali metal ions and alkaline-earth metal
ons, presumably due to the fact that the binding interactions are
ot strong enough [7]. One also would expect that the structure of
erpyridine unit requires a metal ion possessing appropriate ionic
adius to be fitted for complexation. Metal ions, such as Ni(II)
0.69 Å) and Fe(III) (0.64 Å), show more serious fluorescence
uenching effect as compared to those ions with larger radii,
uch as Pb(II) (1.19 Å), Ag(I) (1.26 Å) and Hg(II) (1.02 Å). The
egligible fluorescence quenching effect of Mn(II) with small-
st radius (0.46 Å) is presumably due to the steric effect of the
mall radius in binding with three nitrogens. Only the radius of
d(II) is moderate (0.97 Å) for binding with three nitrogens.

To test practical applicability of H2TPPTPy as a Cd(II)-
elective fluorescence chemosensor, competition experiments
ere carried out. The concentration of Cd(II) was fixed at
.2 × 10−5 M and then the changes of the fluorescence inten-
ity was recorded before and after adding the interferent into
he Cd(II) solution. The results are shown in Fig. 9. Cu(II)
hows serious interference, and Zn(II) shows obvious inter-
erence with the detection of Cd(II). These results suggested
hat H2TPPTPy could be used as a potential Cd(II)-selective
uorescent chemosensor.

.5. Preliminary analytical application
In order to examine the applicability of the proposed sensor in
practical situation, the sensor was applied in the determination
f cadmium ion in water samples of Xiang River. The river
ater samples were simply filtered. No Cd(II) was found in these

S
2

iang River water 2 2.0 × 10 (1.95 ± 0.05) ×10 97.5
iang River water 3 1.2 × 10−4 (1.22 ± 0.09) × 10−4 101.7

a Relative standard deviations were calculated with n = 5.

amples. So they were spiked with standard cadmium solutions
nd then analyzed with the sensor (Table 1). One can see that
he recovery study of spiked Cd(II) determined by the sensor
hows satisfactory results. The present sensor seems useful for
he determination of Cd(II) in real samples.

. Conclusion

We have synthesized a new porphyrin-appended terpyridine.
sing it, we have developed a fluorescent recognition method for
d(II) in EtOH/H2O(1:1, v/v) solution, which shows fluorescent

esponse to Cd(II) in the range of 3.2 × 10−6–3.2 × 10−4 M with
oderate selectivity. The remarkable enhancement of the fluo-

escence intensity in the presence of Cd(II) is possible for this
helate abrogate the electron from the excited state of porphyrin
o the terpyridine. It is a new chemosensor for detecting Cd(II).
ompared to the other porphyrin derivatives, this derivative has
ood solubility in polar solvents, such as ethanol.

cknowledgements
This work was financially supported by the National Natural
cience Foundation of China (Grant No. 20375012, 20435010,
0505008).



lanta

R

[
[

[
[
[

[
[

[

[
[
[
[
[
[

[

[

[

[

[

[

[

H.-Y. Luo et al. / Ta

eferences

[1] S. Dobson, Cadmium–Environmental Aspects, World Health Organization,
Geneva, 1992.

[2] M.J.R. Rama, A.R. Medina, A.M. Dı́az, Talanta 66 (2005) 1333.
[3] Y. Yu, L.R. Lin, K.B. Yang, X. Zhong, R.B. Huang, L.S. Zheng, Talanta

69 (2006) 103.
[4] E. Kimura, T. Koike, Chem. Soc. Rev. 27 (1998) 179.
[5] C.L. He, F.L. Ren, X.B. Zhang, Z.X. Han, Talanta 70 (2006) 364.
[6] N.C. Lim, H.C. Freake, C. Brückner, Chem. Eur. J. 11 (2005) 38.
[7] A.J. Hefley, Anal. Chem. 46 (1974) 2036.
[8] G. Hennrich, H. Sonnenschein, U. Resch-Genger, J. Am. Chem. Soc. 121

(1999) 5073.
[9] T. Gunnlaugsson, T.C. Lee, R. Parkesh, Org. Lett. 5 (2003) 4065.
10] S. Charles, F. Dubois, S. Yunus, E.V. Donckt, J. Fluoresc. 10 (2000) 99.
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bstract

This review intends to show analytical chemists a very little known application of ultrasound for sample preparation: that dealing with liquid
amples. The influence of this type of energy on the development of chemical reactions (e.g. depolymerization, redox, esterification, alkylation,
ddition, ethylation of organometallic compounds, complex formation) and that on heterogeneous liquid–liquid processes (e.g. liquid–liquid

xtraction, homogenization, emulsification, liposome formation) deserves to be taken into consideration in the analytical laboratory in order to
ake profit from its versatile effects to improve, accelerate or make possible a given process.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Ultrasound (US) is simply sound pitched above human hear-
ng that is used at present for a growing variety of purposes in
iverse areas. At home, US is typically used for communica-
ion with animals (dog whistles), as well as in burglar alarms,
nemometers and jewellery cleaners. In hospitals, doctors use
S to remove kidney stones without surgery, treat cartilage

njuries and image fetal development during pregnancy. Ultra-
onic scalpels are used by surgeons to cut precisely where they
ant without exerting any pressure. In industry, US provides an

ffective tool for synthesizing fine chemicals, emulsifying cos-
etics and foods, welding plastics, cutting alloys, large-scale

leaning and identifying flaws in concrete buildings.
Being a sound wave, US is transmitted through any substance,

olid, liquid or gas possessing elastic properties. The transmis-
ion produces expansion and compression cycles in which the
atter push molecules together, whereas expansion cycles pull
hem apart and create bubbles or cavities when transmitted in a
iquid. The process by which bubbles form, grow and undergo
mplosive collapse is known as “cavitation”. The significance
f cavitation to sonochemistry is not so much how the bubbles
orm, but rather what happens when they collapse. At some
oint, a bubble can no longer efficiently absorb the energy from
he US so it implodes. Rapid adiabatic compression of gases
nd vapours within the bubbles or cavities produces extremely
igh temperatures and pressures. The size of the bubbles is very
mall relative to the total liquid volume, so the heat they produce
s rapidly dissipated with no appreciable change in the environ-
ental conditions—this is why cavitation is also known as “cold

oiling”.
In dealing with sample preparation, the most commonly used

nalytical effects of US are produced at the kHz frequency and
he devices for producing these effects are either baths of probes.

Although the cleaning bath is the piece of ultrasonic equip-
ent most widely used by chemists, it is not necessarily the most

ffective. Despite the amount of power dissipated from the bath
nto the analytical system is usually not very large – less than
W/cm2 – maintaining the temperature in the bath is difficult
nless the US device is furnished with some automatic thermal
ontrol; not all cleaning baths operate at the same frequency;
he decline in power with time and the lack of uniformity in
he transmission of US typical of inexpensive cleaning baths are
wo sources of high irreproducibility. For the above reasons, the
se of laboratory cleaning baths should be restricted to cleaning

called a “sonotrode”) instead. A sonotrode delivers its energy on
a specific zone, cavitation in which is thus dramatically boosted.
Also, probes are subject to no exhaustion restrictions, so they
are much more suitable for use in Analytical Chemistry than are
ultrasonic baths. In addition, ultrasonic probes are more flexi-
ble as regards construction, so they can easily be designed for
specific purposes.

Ultrasound is being accepted at present in the analytical lab-
oratory for solid sample preparation as a timid alternative to
other better established types of energy such as microwaves,
superheated liquids or supercritical fluids [1]. It is time to show
analytical chemists the potential of US for assisting liquid-
sample preparation in the multiple analytical operations (e.g.
reaction development, liquid–liquid extraction, homogeniza-
tion and emulsification, liposomes formation) which can be
improved, accelerated or made possible by this energy. As this
review is focused on the assistance of US to liquid samples, only
liquids systems formed by one, two or more liquid phases are
deal with; therefore, steps of the analytical process involving
systems such as liquid–gas (e.g. nebulization) or liquid–solid
systems (e.g. crystallization) are absent.

2. Ultrasound-assisted chemical reactions

The enormous influence of US on chemical reactions, partic-
ularly in organic syntheses, has been widely exploited for more
than two decades, as reflected in the large number of books
devoted to this specific use of US over this period [2–8]. Indus-
trially, US is largely used to accelerate reactions and also in
degradation and hydrolysis reactions. By contrast, US has been
only sparingly used to assist reactions involved in analytical pro-
cesses despite the proven high potential of this form of energy
for their acceleration.

Preliminary studies conducted in the 1980s by the authors’
research group [9] using continuous flow injection approaches
clearly exposed the following effects of US on analytical
reactions: (1) homogeneous uncatalysed reactions [e.g. the
formation of the Co–salicylaldehyde thiosemicarbazone com-
plex, which requires the prior oxidation of Co(II) to Co(III)]
are less markedly affected by US than are homogeneous
catalysed reactions (e.g. the copper-catalysed oxidation of 2,2′-
dipyridylketone hydrazone by hydrogen peroxide). The yield of
these reactions increases by 28 and 300%, respectively, rela-
tive to unsonicated blanks. (2) Heterogeneous reactions are the
most strongly influenced by US. One case in point is the Griess
perations or the removal of dissolved gases, which are indeed
heir principal intended uses.

Many of the disadvantages of using a simple cleaning bath in
onochemistry can be avoided by using an ultrasonic probe (also

r
r
t
z

eaction, which can be boosted by inserting a redox or catalytic
eactor in line in a dynamic system to previously reduce nitrate
o nitrite; one other is the above-mentioned oxidation of a hydra-
one by hydrogen peroxide, but catalysed in this case by a solid
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ig. 1. Scheme of ultrasound-assisted chemical reactions of analytical interest
nvolving liquid samples.

opper reactor instead. In addition, US dramatically increases
ispersion of an injected volume in the carrier, which adds to the
ffects of, especially, the flow-rate, reactor length, inner diam-
ter of the transporting tubes, viscosity and temperature, as the
ost important.
This section deals with the types of reactions with analytical

nterest assisted by US summarized in Fig. 1.

.1. Ultrasound-assisted derivatization

Ultrasound-derivatization reactions involve inorganic,
rganic and organic–inorganic species, and are implemented in
iscrete or continuous systems. Most have exploited existing
xperience in non-analytical areas. They are discussed below
ccording to chemical type.

.1.1. Depolymerization reactions
The very long experience with the depolymerizing effect of

S on high polymers such as starch, gelating and arabic gum
10–12] can be used in Analytical Chemistry to boost reac-
ions involving a slow, limiting depolymerization step (e.g. the
etermination of phosphate using the Molybdenum Blue method
13]). Molybdenum Blue forms in two steps involving (1) the
eaction of o-phosphate with molybdate ions in an acid medium
o give molybdophosphoric acid, and (2) reduction to the blue
eteropolyacid by a suitable reductant (usually ascorbic acid).
pplication of US in both steps showed that ascorbic acid was
egraded via an oxidation reaction promoted by free radicals
ormed during irradiation. Also, application of US for 15 min
uring formation of the heteropolyacid was found to increase
he absorbance of the solution by about 20%; however, US
pplication to the molybdate solution for 1 min provided the
ame improvement, so the limiting step was depolymerization
f molybdate ions, which occurred rapidly in the presence of
S.
.1.2. Redox reactions
The formation of OH and H radicals in sonicated aque-

us media accelerates or facilitates redox reactions which are
low or unlikely in the absence of US. Such is the case

N
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te / Talanta 72 (2007) 321–334 323

ith the photometric determination of nickel by complexation
ith dimethylglyoxime, which involves oxidation of Ni(II) by
romine, iodine, hydrogen peroxide or persulphate. The oxidant
s mixed with the Ni(II) solution prior to adding the chelat-
ng agent; however, replacing the oxidant with US irradiation
nder reproducible conditions as regards the position of the
eaction vessel – in the centre of the US bath – and continuous
enewal of the bath water at 400 ml/min substantially increases
he absorbance and precision relative to the strongest oxidant
mong those commonly used for this purpose (viz. persulphate).
n addition, the absence of an oxidant reduces interferences from
e(II), Cu(II), Co(II), particularly when air is continuously bub-
led into the solution, as a result of the formation of nitrite and
itrate ions in aqueous solutions saturated with air or nitrogen
pon exposure to low-frequency US [14]. As noted earlier, the
xidation of Co(II) to Co(III) prior to complexation with sali-
ylaldehyde thiosemicarbazone in a continuous manifold is also
ccelerated by US [9].

Not all redox reactions are favoured by US. One that is not
s the basis for the determination of polyphenols in extra virgin
live oil by extraction of the target analytes into a basic aqueous
edium containing the Folin–Ciocalteu reagent. Mass transfer

f the polyphenols to the aqueous phase is doubly displaced by
onversion of the analytes into their polyphenolates and sub-
equent oxidation by the Folin–Ciocalteu reagent. The overall
rocess is greatly enhanced by US irradiation; however, tests
xamining the influence of US on each step separately by apply-
ng US for 3 min in each revealed no difference in the oxidation
eaction relative to an insonated blank [15].

.1.3. Esterification reactions
Resolving enantiomers usually requires using a derivatiza-

ion reaction that is of the esterification type when �-hydroxy
cids are to be derivatized with (+)-1-(9-fluorenyl) ethyl chloro-
ormate. Fransson and Ragnarsson [16] used RPLC to separate
he analytes and a US bath to implement the derivatization reac-
ion; however, they provided no details about the gains in using
his type of energy.

The conversion of amino acids into N(O,S)-ethoxycarbonyl
mino acid ethyl esters is significantly improved by US assis-
ance. The derivatization reaction, developed at a microscale,
onstitutes the step prior to single-drop microextraction, which
s followed by GC–MS. Single-drop microextraction (SDME) is
relatively new sample preparation mode which enables extrac-

ion of the analytes or their derivatization products into a small
olume of organic solvent. It combines extraction and precon-
entration in a single step [17–19], is expeditious and can be
mplemented with simple equipment usually available in analyt-
cal laboratories. The derivatization step involves mixing 1 ml of
ample (urine) with 400 �l of 4:1 ethanol–pyridine and 100 �l
f ethylchloroformate. The reaction vial is ultrasonicated – no
nformation about the characteristics was reported in the orig-
nating paper – for 10 min, followed by addition of 50 mg of

aCl and vigorous stirring for 2 min until all suspended air and
O2 produced by the reaction are removed. Comparative tests of

he derivatization reaction of 12 amino acids assisted by stirring
t room temperature and 70 ◦C, and only under ultrasonication
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rovided the results which can be summarized as follows: (1)
he reaction involving stirring at room temperature took a long
ime to complete and barely levelled off after 80 min; (2) heat-
ng and ultrasonication considerably accelerated the reaction,
he latter clearly being a better choice for fast completion of
he reaction; (3) ultrasonication can expose subtle interactions
nd special effects of entropic and enthalpic origin; (4) the effi-
ient removal of bubbles from the bulk solution by US is of
aramount importance as bubbles are detrimental to the SDME
rocess—by attaching to drops, they reduce the surface avail-
ble for extraction and facilitate dislodgement. Ultrasonication
or 10 min following 2 min of vigorous stirring increased the
ields of the corresponding derivatives by 20–35%, depending
n the particular amino acid [20].

.1.4. Alkylation reactions
Although gas chromatography affords the separation and

uantification of phenols, the results are often poor by effect of
he high polarity and low vapour pressure of these compounds
21]. Because isomeric compounds with almost identical prop-
rties (e.g. o-, m- and p-cresols) are difficult to separate [22,23],
erivatization reactions involving the formation of ethers [24]
nd esters [25], and(or) bromine [26] and silyl derivatives [27]
re frequently used to improve the chromatographic character-
stics of the analytes [24]. One simple, efficient derivatization
eaction is acetylation by acetic anhydride in an alkaline aque-
us medium [28,29], which has been used for the automated
etermination of phenolic compounds (viz. phenol and o-, m-
nd p-cresol), involves three main steps, namely: (a) ultrasound
rradiation to accelerate the derivatization reaction; (b) pervapo-
ation [30] to remove the products of the target analytes from
he aqueous matrix; and (c) gas chromatography to separate the
ndividual products, followed by flame ionization detection [31].
he reaction time was more than halved relative to the absence
f US irradiation and to the use of microwaves under optimal
onditions.

.1.5. Addition reactions
Although the earliest examples of the use of US as a sub-

titute for phase transfer catalysts in organic addition reactions
ere reported more than two decades ago and a number of such

eactions have since been improved as a result [2–8], the sole
nalytical application exploiting this potential is a method for
he determination of paracetamol where the drug is derivatized
y hydrolysis to p-aminophenol, which reacts with o-cresol in an
lkaline medium to form the Indophenol Blue dye. The method
as developed for determining the analyte in suppositories, so

xtraction from a toluene solution to an aqueous phase was
equired prior to hydrolysis and the addition reaction. All these
teps were performed in the continuous manifold of Fig. 2A.
ig. 2B compares the results in the presence and absence of US
32] obtained by continuously monitoring the aqueous extractant
hase during the liquid–liquid extraction without phase separa-

ion; as can be seen, the use of US had an enormous influence
n the overall process. A series of tests was conducted with a
iew to clarifying the influence of US on each of the reactions
aking place simultaneously with the extraction process.

v
s
b
d

B, water bath. (B) Comparison of the efficiency of continuous liquid–liquid
xtraction of paracetamol from suppositories previously dissolved in toluene
ith and without US assistance (reproduced with permission of Elsevier, Ref.

32]).

One of the main advantages of the use of US for enhanc-
ng processes implemented in a continuous fashion over that of

icrowave energy is the small temperature rise involved in the
ormer case, which avoids the presence of undesirable air bub-
les in the dynamic system and hence of parasitic signals at the
etector.

.1.6. Ethylation of organometallic compounds
Ethylation by sodium tetraethylborate has become an attrac-

ive choice for the speciation analysis of organometallic
ompounds [33,34]. With this reagent, ethylation takes place
ven in an aqueous phase, which makes it possible to simplify the
re-treatment process by combining derivatization and extrac-
ion in one step. This has been the case with the determination
f methylmercury in biological materials by GC–MIP-AES or
C–ICP-MS [35]. Following leaching in an automatic shaker

or 5 min, addition of the derivatizing reagent in an appropriate

olume of an immiscible phase – nonane – to the suspen-
ion and pH adjustment, the system was ultrasonicated in a
ath for 40 min. Although the differential effects of US on the
erivatization reaction and on liquid–liquid extraction have not
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een experimentally established, its combined effect is clearly
pparent.

.1.7. Complex formation
Although US seemingly facilitates complex formation reac-

ions (e.g. in the method for Ni determination by formation of the
i–DMG complex, where US favours Ni(II) oxidation [14], or

hat for phosphate based on the formation of the heteropolyacid
omplex, where US accelerates the depolymerization [13]), the
otential effect of US on this type of equilibrium has not yet been
xamined. The only reported example to the authors’ knowledge
eals with the liquid–liquid extraction of Fe(II) from an aqueous
ample to an o-phenanthroline–dichloromethane phase, which
s not significantly improved by US assistance [15].

.2. Ultrasound-assisted oxidation reactions

Oxidation reactions in Analytical Chemistry usually consti-
ute a step preceding derivatization, if present, intended to make
he analyte amenable to derivatization or, less frequently, direct
etection. One can expect US to favour any oxidation reaction
aking place in an aqueous medium through the well-known rad-
cal formation process. This assumption has been verified with
short, but representative, number of examples. In other cases,

queous solutions saturated with a solvent of higher vapour pres-
ure than water have been found to favour oxidation reactions.
our major applications of oxidation reactions widely used in
nalytical Chemistry have exposed the gains in using US, which

nclude increased efficiency and shortened times in reactions
uch as those listed in Fig. 1.

.2.1. Oxidation of inorganic species
Inorganic compounds can be oxidized in an easy, fast, con-

rolled way under the influence of US. This analytical use of
S, only examined by Korn et al. [36–38] so far, constitutes

n underexplored field which can provide analytical chemists
ith high benefits. Their work has focused on the generation
f species by exploiting the oxidative effect of chlorine radicals
ormed by sonolysis of CCl4 in aqueous solutions. The principle
ehind this use is that when water is sonicated in the presence of
solvent with a higher vapour pressure, preferential sonolysis of

he molecules of the latter occurs. Thus, when water saturated
ith CCl4 is subject to US, CCl4 can migrate to the bubbles

ormed by cavitation and C Cl bonds be broken by the energy
enerated in the collapse phenomenon to give •CCl3 and •Cl.
his hypothesis is supported by the proven fact that an aque-
us solution saturated with CCl4 that was irradiated with a US
evice of 40 kHz and 200 W for 4 min exhibited a pH decrease
rom 4.6 to 2.6 [39].

Iodine and other oxidized-iodine species have been gener-
ted from iodide with US assistance [36], and also exposition
f an aqueous solution of Fe(II) to ultrasonication results in its
xidation as the ferrous ion interacts with the OH radicals gen-

rated by water sonolysis to form Fe(III) and OH−. On the other
and, sonication of a CCl4-saturated aqueous solution prior to
ixing with a Fe(II) solution provides quantitative oxidation of
e(II).

s
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Chromium(III) can also be determined in this way following
uantitative oxidation to Cr(VI) by sonication in a carbonated
queous solution saturated with CCl4. Under the optimal work-
ng conditions, 1 �g of Cr(III) takes less than 60 s to be oxidized.
he environmental and health hazards associated to the use of
Cl4 are minimal thanks to the small amount used. Thus, 2000 l
f CCl4-saturated aqueous solution is prepared from 1 l of CCl4.
his solution volume affords more than 50,000 determinations
f Cr(III) in water [37].

In addition, US-assisted reagent generation of the strong
eductants required to obtain arsine from As(III) can be based
n the oxidative effect of CCl4-saturated water solutions as for
he determination of this toxic element in urine. The sample was
cidified with 1 × 10−4 to 1 × 10−1 M HCl, placed in a reactor
essel containing 0.1–1 g of Zn and sonicated for 1–10 min while
ir was circulated through the solution to remove the volatile
ydride for transfer to the detector [38].

Analyte oxidation and reagent generation in flow systems
sing tubular ultrasonic reactors is one underexplored area for
nalytical chemists.

.2.2. Degradation of organometallic compounds prior to
etal determination
Research in this field, conducted by Capelo et al., has focused

n organomercurials in water and urine, and involved US probes
nd batch approaches in all instances [40–43]. Because these
ompounds are usually accompanied by inorganic mercury in
atural samples, organic and inorganic mercury in water are
etermined separately. The process is more complex for urine
s the presence of other organic matter entails isolating the tar-
et analytes after oxidation to ensure proper derivatization and
etection.

Organomercurials (viz. methylmercury and phenylmercury)
n water can be readily oxidized within 3 min by a 100-W power
robe of 20 kHz frequency at 40% amplitude in a 1 M HCl
edium. The influence of both sonication time and amplitude

n the oxidation of both compounds is very similar. Complete
xidation of the target analytes requires the presence of HCl in
he medium. Also, replacing US with an oxidant such as H2O2
r HNO3 precludes reaching 100% efficiency [44]. The princi-
al advantage of US assistance to this process is the need for no
hemical oxidants, high temperatures or pressures, which avoids
he generation of hazardous waste and decrease the risk of Hg
oss by volatilization. Oxidation is more efficient – the yield is
p to 15% higher – at low temperatures (viz. with the sonication
ell immersed in an ice-bath) than at uncontrolled temperatures.
n additional advantage is the tolerance of concentration up to
000 mg/l of OH radical scavengers, which facilitates applica-
ion to wastewater with a chemical oxygen demand of up to
000 mg/l without diminishing the oxidation efficiency [40].

The determination of total mercury, and that of the organic
orms as the difference between total and inorganic mercury,
equires the use of a strong oxidant such as KMnO4. The main

hortcoming of this reagent is that it forms MnO2 instead of

n(II); the MnO2 forms a film on the walls of vessels or tubing in
atch or continuous approaches, respectively, in which mercury
s adsorbed [41]. The use of US here avoids precipitation of
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anganese dioxide thanks to the low concentration of KMnO4
equired (0.01%) and oxidation completes within 30 s and 8 min,
epending of the complexity of the urine sample; this is much
horter than the 30 min required in unsonicated media.

The improved oxidation of organomercurials in cold-
ontrolled temperature conditions (usually in ice-baths) has been
scribed to decreased cavitation and an increased risk of Hg
olatilization at increased temperature.

Using the word “focused” to designate the action of US on
he oxidation of organomecurials with a sonotrode dipped in
he transmitting liquid can be misleading as nothing is used to
orientate” US in a given direction.

.2.3. Oxidation of organic matter for chemical oxygen
emand (COD) determination

The digestion of organic matter for COD determination can
e assisted by US, which shortens the time required from hours
o 3 min [45,46]. A conventional US bath cannot provide the
mount of the energy needed, as does a probe dipped in a trans-
itting liquid; so direct insertion of the probe into the sample

s mandatory for proper development of the oxidation. Also, the
resence of an oxidant in a very acid medium severely shortens
he lifetime of alloy-based probes, so glass probes should be
sed in their place [47]. Using a plastic or polyethylene round
ottomed test tube to accommodate an alloy probe can also be
ore efficient than using a conventional transmitting bath [48].
As in other oxidation processes, increased temperatures have

n adverse effect which also ascribed to the resulting increased
apour pressure leading to easier cavitation, but less violent col-
apse, as a consequence of the decreased viscosity and surface
ension. As the temperature approaches the solvent boiling point,

large number of cavitation bubbles are formed concurrently
hat act as a barrier to sound transmission and dampen the effec-
ive US energy from the source to enter the liquid medium. A
emperature close to room level is easy to maintain and ensures
roper development of the process.

Bubbling a gas through an oxidizing medium subjected to US
ad a favourable effect on the process; no differences, however,
ere observed in the use of monoatomic (e.g. Kr, Ar, He) or
iatomic gases (e.g. N2, O2, air), nor in the manner the gas was
ubbled (before or during sonication).

Concerning interferences with the oxidation of organic matter
n water, US-assisted oxidation tolerates the presence of chloride
ons up to 7000 mg/l for 100 mg/l COD as potassium hydrogen
hthalate (KHP), which is lower than the levels allowed by FI
49] and Ce(IV)-based methods [50] (viz. 30,000 and 10,000,
espectively). Unfortunately, as with the conventional method,
he ratios of measured and theoretical COD values depend on
he particular target compounds.

.2.4. Fast oxidation of oil for correlation with its oxidative
tability

Measuring the resistance to oxidation is one way of estab-

ishing oil quality inasmuch as this property determines storage
nd usage stability. The length of the stability period (viz. the
nterval between oil production and the oil becoming rancid)
epends both on intrinsic features (e.g. the contents in fatty acids

t
i
i
1

te / Talanta 72 (2007) 321–334

nd natural antioxidants such as tocopherols and phenols) and
nvironmental conditions (temperature, light, air exposure, type
nd material of the container, trace metal content) and the time
he oil is exposed to them.

Chemical and physical tests for oxidative stability are based
n the determination of either precusor hydroperoxides or oxi-
ation end-products [51–54], and on oxygen absorption and
ravimetric monitoring of the losses of volatile products [55,56].
ome methods based on the peroxide value [57,58] or phenol
oncentration [59] have been automated.

The stability of edible oils varies widely depending on seed
ype, one of the most stable being virgin olive oil. Stability also
aries widely depending on both the olive variety (e.g. picual,
anzanilla, arbequina, hojiblanca) and the production process.
ecause extra virgin olive oil is stable for several months under
ptimal storage conditions, its stability is traditionally deter-
ined in the laboratory using an accelerated oxidation test

nvolving raising the temperature and exposing the oil to oxygen
r air bubbled through it as in the Rancimat method [60]. The
se of microwaves to accelerate oxidation reduces by 60–68%
he time required by the Rancimat method [61] (e.g. from 129
o 43 h); however, because the microwave-based method is not
utomated, monitoring for 43 h is impracticable.

Ultrasound irradiation of an edible oil (particularly direct
rradiation of the sample) causes fast oxidation of polyphenols
resent and produces a rancid smell as a result, mainly with eas-
ly oxidized oils such as those from sunflower [62]. Ultrasound
nergy allows Rancimat times of 129 h to be reduced to 50 min;
herefore, the overall time required for the determination of oil
tability, even for highly stable virgin olive oils, is less than 1 h
63].

The strong influence of temperature on US-assisted oxidation
eactions entails placing the sample containers in a thermostated
ath in order to ensure reproducible results.

.3. Ultrasound-assisted hydrolysis reactions

Hydrolysis reactions in Analytical Chemistry are mainly used
o convert the target analytes into easily derivatized and detected
orms. Whereas the accelerating effect of US on these reac-
ions has been widely proven and thoroughly studied in Organic
hemistry under different chemical (pH, aqueous–organic
edia) and US conditions [64–66], few analytical studies on

hem have been reported. By contrast, US-assisted enzymatic
ydrolysis reactions have received considerable attention from
nalytical and bioanalytical chemists; such reactions, however,
re better known as enzymatic digestions.

.3.1. Hydrolysis of phenol compounds
The US-assisted leaching of phenol compounds from straw-

erries with an acetone solution containing 0.2 M HCl and 2 g/l
ert-butyl-hydroquinone facilitates the hydrolysis of the target
henols and their dissolution in the leachant, thus accelerating

heir removal from the matrix. A titanium alloy probe (2.54 mm
n diameter) was used to develop three 30-s cycles; the operat-
ng conditions included 50% US amplitude and 0.8-s pulses over
s for an overall time of 30 s. The yields resulting were simi-
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ar to those obtained by maceration at 85–90 ◦C for 20 h, with
o appreciable degradation [67]—which is one of the greater
hortcomings of long leaching times [1]. Also in the case of US-
ssisted hydrolysis of paracetamol, the absorbances were five
imes higher than with non-sonicated hydrolysis [32].

.3.2. Hydrolysis of carbohydrates
One of the most common hydrolysis reactions is that required

o convert polysaccharides into monosaccharides prior to the
etermination of total carbohydrates in food and environmen-
al samples. The use of highly acid media (e.g. 12 M sulphuric
cid) and elevated temperatures (≈100 ◦C) for 20 min produces
artial oxidation of carbohydrates [68]. Using room tempera-
ure to avoid oxidation results in incomplete hydrolysis [69],
nd so did lowering the concentration of sulphuric acid to 0.5 M
hile keeping the temperature at 100 ◦C for 8 h [70–72]. One of

he most accurate ways of determining total carbohydrates is by
sing 1 M HCl at 100 ◦C for 20 h [73,74].

Existing studies on the US-assisted hydrolysis of carbohy-
rates have failed to clarify the behaviour of chemical systems
pon US irradiation [75]. Thus, Dubois et al. used a US bath
t a frequency of 35 kHz – no further details were reported –
s, in their opinion, a probe highly increases the temperature
f the irradiated system. They found very acid conditions (12 M
ulphuric acid) to cause total degradation of carbohydrates—the
onicated solution exhibited no absorption at 485 nm after addi-
ion of phenol for development of the Dubois method [76]. They
oncluded that promoting hydrolysis in an acid medium – it is
nclear whether they assayed different acid concentrations – is
navailable and performed the ultrasonicated hydrolysis step in
ure water for 3 h, after which they added the acid to develop
he derivatizing reaction. Further research on this topic is clearly
equired in order to clarify such an uncommon behaviour.

The above examples clearly show that the experience on
ydrolysis largely acquired in dealing with organic compounds
or non-analytical purposes [2–8] has been underexploited in the
nalytical field.

. Ultrasound-assisted heterogeneous liquid–liquid
ystems

Heterogeneous liquid–liquid systems are quite common
lace in Analytical Chemistry, which uses them for a variety of
urposes, including the following in relation to sample prepara-
ion: (1) analyte transfer from a phase to another, followed by
a) phase separation in order to feed only the phase enriched
ith the analyte to the detector or subject it to some other oper-

tion step prior to detection, or (b) continuous monitoring of the
nriched phase without phase separation; (2) the formation of a
eterogeneous medium – small droplets of one phase in another
which is the usual purpose of homogenization and emulsifi-

ation. Ultrasound has been used to improve the outcome of (1)
nd (2), albeit with rather disparate results and frequency.
Although mass transfer between two immiscible phases (i.e.
iquid–liquid) extraction is an old separation technique, the
otential and effects of US on it (viz. acceleration of the trans-
erence and(or) displacement of the equilibrium) have scarcely
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een studied. By contrast, dispersion of a phase as small droplets
nto another under US-assistance until the initial heteroge-
eous liquid–liquid system is made uniform, which is known
s “homogenization” or “emulsification”, is a well-documented
rocess in both the analytical and industrial fields. Depending
n the operating conditions and frequency of ultrasound used,
oth emulsion formation and destruction can be favoured. One
mergent field for US application involves liposomes, the for-
ation of which and(or) their performance can be improved by

his type of energy. The peculiar structure of liposomes and the
rowing interest of analytical chemists in them warrants their
iscussion here.

.1. Ultrasound-assisted liquid–liquid extraction

Whether US facilitates mass transfer between two immis-
ible phases is arguable if one considers the ability of this
orm of energy to facilitate emulsification. Probably for this
eason, analytical chemists have been reluctant to test US as
means for improving liquid–liquid extraction (LLE). In fact,
S application most often produces stable emulsions that result

n long phase separation times; therefore, US favours mass
ransfer between phases—provided the partitioning equilib-
ium involved facilitates the transfer. Efficient, fast liquid–liquid
xtraction entails avoiding or minimizing the former effect and
aximizing the latter. These are several major factors to be

ptimized in US-assisted liquid–liquid extraction (USALLE).

.1.1. Variables influencing ultrasound-assisted
iquid–liquid extraction

Maximizing the extraction efficiency and minimizing emul-
ification of the immiscible phases in USALLE entails to
ptimizing both the typical US-related variables and those char-
cteristic of LLE. In addition, the specific US-related variables
o be optimized depend on whether (1) a discrete or continuous
xperimental approach is implemented, (2) a bath or a probe
s used, (3) and direct immersion or a transmitting liquid (if a
robe and a discrete approach are used) is employed.

.1.2. Discrete ultrasound-assisted liquid–liquid extraction
USALLE) approaches

Most reported USALLE approaches are of the discrete type
nd use an ultrasonic bath. Usually, a vessel containing the
ample and the immiscible, acceptor phase is immersed in the
ransmitting liquid held in a bath and the process involves appli-
ation of US for a preset time, phase separation and repetition
f the extraction cycle, if required. With slight differences, this
rocedure has been used to extract aroma compounds from
ust, wine [77–79], aged brandies and aqueous alcoholic wood

xtracts [80], or specific compound families such as monoter-
enoids from wine [81], as well as volatiles [82], pesticides from
oney [83] and methylmercury from biological materials [35].

In 1995, Cocito et al. demonstrated the usefulness of

SALLE for extracting aromas from wine [77], later used by
ernanz Vila et al. [78] in combination with a factorial design

o optimize extraction-related variables but not US-related vari-
bles. An interesting comparative study of aroma compounds
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n aged brandies and aqueous alcoholic wood extracts involving
S-assisted extraction was carried with a view to identifying

he components of brandy aroma already present in grapes and
ines [79], those formed in the distillation step and those coming

rom the oak wood [80]. The relative high standard deviations
n some cases (0.1–18.4%) can be ascribed mainly to both irre-
roducibility in the US energy provided by the bath and the low
xtract volumes. The LLE temperature was controlled in none
f the previous methods. This, together with typical decline in
ower of US baths, might be the origin of the high imprecision.

The discrete USALLE of monoterpenoids has been compared
ith direct immersion solid-phase microextraction (SPME) of

hese compounds from wine [81]. Samples were extracted three
imes under US application for 10 min, using 30, 10 and 10 ml
f organic extractant and a constant temperature of 20 ◦C. For
n unconvincing reason (namely, that chromatographic resolu-
ion was reduced through overlap of major compounds with

inor ones with a greater number of cycles) the authors chose
o use only three extraction cycles; however, the adverse effect
f using more cycles could have been avoided by diluting the
xtracts, with the additional advantage that useful informa-
ion about the extraction kinetics of the different compounds
ould have been obtained. The conclusions of this study were
s follows: (1) both methods are suitable for the extraction of
he target compounds from wines with subsequent GC indi-
idual separation with a view to classifying wines produced
n different geographical zones; (2) both provide similar sen-
itivity and precision (CV < 5.5%); (3) ultrasound extraction
s more efficient (95.1% versus 82.5%) and provides richer
ualitative–quantitative flavour profiles; (4) the SPME method is
aster (the greatest weakness of US extraction was the long time
equired to concentrate the extract under an inert atmosphere,
2 h) and uses less sample volume (7 ml versus 100 ml).

The usefulness of US for accelerating the LLE of compounds
rom honey lies mainly in the ability to operate at ambient tem-
erature; by contrast, some techniques such as simultaneous
istillation–extraction and purge and trap [1] are subject to ther-
al artifacts. Ultrasound-assisted liquid–liquid extraction has

een used to extract volatile compounds from citrus flowers and
itrus honey with a view to discriminating honey according to
otanical origin [82], and also pesticides [83]. In this context,
SALLE is faster than conventional methods and has the added

dvantage that it extracts compounds of molecular weight up to
20, which help to determine the origin of honey; this, however,
alls for improved repeatability as the R.S.D. values for some
ompounds exceed 20%.

Pesticides such as atrazine and simazine have also been
xtracted from honey with the aid of an ultrasonic bath. In addi-
ion to the type of extractant, variables such as the extractant
olume, sonication time and number of extraction cycles were
ptimized, the temperature and the height of the transmitting liq-
id in the bath being kept constant. A comparison of the ensuing
ethod with its shake-flask extraction counterpart showed the
ormer to be faster and more efficient, and to provide lower
elative standard deviations [83].

One major criticism to all previous US-assisted methods is
hat they have not been compared with their unassisted coun-
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erparts, so the influence of US on the results has not been
uantified. This, however, is not the case with the method for
esticides in honey and that for the determination of mercury in
iological materials proposed by Tu et al., which is based on acid
eaching for 5 min, followed by simultaneous in situ derivatiza-
ion and liquid–liquid extraction for 40 min in the presence of
odium tetraethylborate and nonane, buffered at pH 7.0, under
S [35]. The mixture was shaken by hand and sonicated at 40 ◦C

t a fixed US amplitude of 100%; however, the characteristics of
he US bath used were omitted. Phase separation was effected
y centrifugation at 5400 rpm for 5 min.

Another criticism to the previous methods is that their pro-
onents have failed to state the type of US device used as they
eemingly believe that ultrasonic baths are the sole available
hoice for this purpose. In fact, only one USALLE method using
probe appears to have been reported; the method was used to

xtract iron from largely organic solvents. Although the propo-
ents gave no optimization details, they specified the depth of the
S probe in the extraction system, the ultrasonication and silent
eriods, and the time required for phase separation. The use of
US probe rather than a conventional US bath was found to

ignificantly improve the rate of emulsification – which was the
im pursued in this case for proper mass transfer – as the system
ecame turbid within few seconds of starting the probe-based
onication step. However, no temperature control was used,
or were the typical variables of US probes (namely, power,
ulse duration, amplitude) optimized; also the authors failed to
istinguish sample and extract and used the word “sonoemulsifi-
ation” to refer to the US-assisted step leading to iron extraction.
he efficiency of US-assisted extraction (100.2%) was reduced

o 21% under silent conditions [84].
Some authors have used US to ensure homogenization of the

ample and an acid solution, and found application of this form of
nergy to dramatically reduce the time needed for conventional
xtraction in a separatory funnel [85]; others have used US to
ccelerate an oxidation step preceding or following conventional
iquid–liquid extraction [42].

.1.3. Continuous ultrasound-assisted liquid–liquid
pproaches

Dynamic approaches to USALLE have scarcely been
xplored even though manifolds for mass transfer from an
rganic phase to an aqueous and vice versa have been designed
see Fig. 2) and successfully applied [15,32]. Knowledge of the
ifferent ways to implement continuous liquid–liquid extraction
e.g. using the three usual devices – viz. segmenter, extraction
oil and phase separator – by using none of them [86,87], or by
sing a segmenter and an extraction coil [88]) is advisable to
nderstand the manifolds designed for this task. Figs. 2A and 3
how some of these US-assisted manifolds, which differ in the
hemical system involved and whether one or both interfaces
re monitored. Thus, the manifold in Fig. 2A is appropriate
hen only one of the interfaces is to be monitored and has

een used for the USALLE of paracetamol from supposito-
ies [32]. The time required for development of the method
as significantly shorter than that required by the United States
harmacopoeia (USP) method. In addition, the latter produces
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mulsions that need about 30 min for phase separation after
xtraction.

Sequential monitoring of the two interfaces in each cycle is
lso possible. This can be exploited for two purposes, namely:
a) the simultaneous monitoring of the extraction process with
nd without US assistance by using a sample plug long enough
o ensure irradiation of only one interface; (b) the simulta-
eous monitoring of the extraction process under assistance
y a different type of energy (e.g. US and microwaves) at

ach interface. The manifold required differs depending on the
ature of the donor and acceptor phases. Manifolds of both
ypes have been designed for (a). The manifold in Fig. 3A is
n available choice for the sequential monitoring of the two

ig. 3. Flow injection manifolds for continuous US-assisted liquid–liquid
xtraction without phase separation. (A) Sequential monitoring of the two inter-
aces in a chemical system involving extraction from an aqueous phase to an
rganic one. (B) Sequential monitoring of the two interfaces in a chemical sys-
em involving extraction from an organic phase to an aqueous one. AP, aqueous
hase; AS, aqueous sample; AV, auxiliary valve; C, coil; D, detection system;
AP, extractant aqueous phase; EC, extraction coil; IV, injection valve; MV,
ain valve; OP, organic phase; OS, organic sample; PC, personal computer;
L, propagating liquid; PP, peristaltic pump; SL, sub-loop; SV, switching valve;
P, ultrasonic probe; W, waste; WB, water bath (reproduced with permission of
lsevier, Ref. [15]).

p
o
i
h

i
e
i
s
p
t
e
s

i
p
i
r
p
a
U

c

(

F
l
o
p

te / Talanta 72 (2007) 321–334 329

nterfaces in a chemical system involving extraction from an
queous phase to an organic one. This manifold has been used to
evelop two methods for the extraction of two analytes from an
queous phase, with or without a chemical reaction (viz. extrac-
ion of Fe(II) into a dichloromethane/o-phenanthroline phase
ith formation of the well-known red complex, and extrac-

ion of I3
− into dichloromethane) [15]. The results for iodine

eveal that the presence of US results in poorer extraction of
his analyte. On the other hand, those for the water Fe(II)/o-
henantholine dichloromethane system reveal that the presence
f US improves the extraction after several cycles; however, the
mprovement is very slight, so it does not justify the use of US
ere.

The manifold in Fig. 3B was designed for the sequential mon-
toring of the two interfaces of a chemical system involving
xtraction from an organic phase to an aqueous one. This man-
fold, the key element of which is an internally coupled valve
ystem, has been used for the extraction and determination of
henols from extra virgin olive oil [15]. The method is based on
he standard for this type of analytes and samples, which involves
xtraction of organic compounds into a Folin–Ciocalteu reagent
olution, with monitoring of the product at 725 nm.

Multi-peak recordings can be obtained with manifolds shown
n Fig. 3A and B by absorbance changes in the organic or aqueous
hase, respectively, from extraction of analytes and monitor-
ng at an appropriate wavelength. Fig. 4 shows the multi-peak
ecording corresponding to the extraction and determination of
olyphenols from extra virgin olive oil. The peaks correspond
lternately to sonicated and unsonicated interfaces and show that
S is more effective than no sonication.
The reported evidence for USALLE allows the following

onclusions to be drawn:
1) Ultrasound does not always favour mass transfer between
two immiscible phases.

ig. 4. Multi-peak recording obtained from continuous US-assisted
iquid–liquid extraction by monitoring the two interfaces for the extraction
f polyphenols from olive oil into a basic aqueous phase (reproduced with
ermission of Elsevier, Ref. [15]).
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2) Transfer from an organic phase to an aqueous one is more
markedly favoured by US than is transfer from an aqueous
phase to an organic one, which can be explained by the
highest vapour pressure of the organic solvent tested and,
therefore, its cushion effect on cavitation.

3) The effect of US can be more significant when a chemical
reaction occurs simultaneously with extraction. The influ-
ence of US on mass transfer and chemical reaction should
be discriminated in order to select the latter.

4) Available information is too scant to allow general rules on
the behaviour of chemical systems under USALLE to be
established.

.2. Ultrasound-assisted homogenization and
mulsification

Homogenization is commonly defined as a chemical or phys-
cal treatment by which the composition or structure of a
ubstance (solid, liquid or gas) or mixture of substances is made
niform. The ability of US to effectively stir, mix or agitate
system without altering its chemical characteristics has been
idely demonstrated and used in both laboratory and industry.
t the laboratory scale, the use of homogenization in the analyti-

al process is restricted to no key or optimized steps as the target
ystem is sonicated for a time exceeding that strictly required
o ensure adequate homogenization. However, homogenization
f US-assisted processes occurs by virtue of the stirring, mixing
nd agitating capabilities of US.

Most applications of US-assisted homogenization whether
nalytical and non-analytical, involve liquid systems. Food pro-
essing industries have exploited US homogenization [89] as
key step in the processing of milk, yogurt and ice cream

ecause it helps avoid creaming during incubation and storage.
ioprocesses also benefit from the use of US for continuous
omogenization; this, coupled to immobilized metal affinity
xpanded bed adsorption, provides a new method for on-line
urification of histidine-tag enhanced green fluorescent protein
ith yields close to 100% [90]. The pharmaceutical industry has
sed US during the tableting of powders [91].

Analytically, the most interesting systems are those formed
y two or more immiscible liquids, homogenization of which is
nown as “emulsification” and dealt with separately on account
f its importance.

.2.1. Emulsification
According to Becher, an emulsion is a heterogeneous system

onsisting of two immiscible liquids one of which (the dis-
ersed phase) is intimately dispersed in the other (the continuous
hase) in the form of small droplets whose diameters generally
xceed 0.1 �m [92]. Although emulsions are heterogeneous sys-
ems – they consist of two immiscible phases – emulsification is
ntended to produce a homogeneous system in terms of chemical
tructure. The type of emulsion formed, normally water-in-oil

r oil-in-water, is commonly expressed as w/o or o/w, and deter-
ined by the volume ratio of the two liquids and also by the

hase addition sequence and the nature of any additives used
o promote emulsification [93]. Even if some additive is used,

I
s
t
p
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he assistance of US is usually needed to disperse a liquid phase
nto the continuous phase and produce metastable mixtures as
educing large droplets to smaller ones involves additional shear
orces and the viscous resistance during agitation absorbs most
f the applied energy [94].

Ultrasound-assisted emulsification was initially developed
y Wood and Loomis [95]. The first patent of an ultrasonic
mulsifier was granted in 1944 in Switzerland. Since then,
esearch into US-assisted emulsification and underlying mecha-
isms has grown in parallel to interest in the process [96]. Several
ossible mechanisms have been proposed to explain the influ-
nce of US energy on droplet formation and disruption. One
ssumes the formation of droplets as a consequence of unsta-
le oscillations at the liquid–liquid interface (“capillary waves
echanism”). One mechanism similar to that of capillary waves

s based on the oscillation and subsequent disruption of droplets
nder US action [97]. The most widely accepted mechanism
or US-assisted emulsification is based on the effects of cav-
tation, which are deemed crucial for the process to develop
98–100].

.2.2. Continuous and discrete US-assisted emulsification
Ever since the earliest uses of US energy to assist emulsi-

cation were reported, many scientists – analytical chemists
ncluded – and industrialists have used various types of US
evices to make emulsions in a continuous or discrete man-
er. Although discrete emulsification can be accomplished with
ltrasonic baths, probes are more frequently used for this
urpose because they can directly transmit US energy to a
iquid–liquid system [101,102].

Ultrasound-assisted emulsification in discrete systems allows
he emulsification process to be monitored by withdrawing
mall portions of the liquid–liquid system [103]. Also, operators
equire no special training. The main shortcomings of discrete
mulsification approaches is that large volumes may not be prop-
rly emulsified as a result of US intensity in the liquid–liquid
ystem rapidly decreasing with increasing distance from the
ltrasonic emitter. For this reason, many applications require
tirring the two-phase system [104]. Thus, discrete approaches
re useful for small batches; on the other hand, scale-up is
ifficult despite the increasing commercial availability of pow-
rful industrial ultrasonic sources. In any case, little research on
S emulsification processes with conditions similar to those of

ndustrial practice has been published.
Dynamic US-assisted emulsification can be accomplished in

ompletely continuous and stopped-flow systems. Both use a
re-mixing reservoir circuit in which the two immiscible liq-
ids are pumped, a mixing point and a small reservoir near
he flow-cell to sonicate the two-phase system. The dimen-
ions and characteristics of the pre-mixing dictate the differences
etween stopped-flow and continuous approaches (see Fig. 5A
nd B, respectively). Thus, in stopped-flow systems, the pre-
ixer is a larger vessel furnished with pressure control [105].
n completely continuous approaches, the pre-mixer is a well-
tirred glass cell where the two phases merge and are stirred in
heir way from the inlets to the outlet. The pre-mixing step is
articularly important with viscous fluids, which can produce
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ig. 5. Stopped-flow (A) and continuous (B) US-assisted emulsification
pproaches (reproduced with permission of Elsevier, Refs. [108,115]).

nstable interfacial waves [106]. This step provides a coarse
mulsion that can be readily broken up further by ultrasonic
nergy.

In addition, continuous stopped-flow emulsification can be
oupled to other physical and chemical operations (e.g. previous
r subsequent steps of the analytical process). Unlike discrete
ystems, however, dynamic systems do not allow monitoring
f the emulsification process. Similarly to discrete systems, the
ommonest choice of ultrasonic source in dynamic systems is a
robe in direct contact with the two-phase system (see Fig. 5A).
lternative choices use one or several ultrasonic transducers and

eflectors accommodated in the walls of the manifold tubing
106].

The efficiency of US-assisted emulsification has been com-
ared with that of other mechanical alternatives in several
tudies. The most important conclusion is that, with US
ssistance, the size of emulsions is much smaller than with
echanical agitation under the same conditions; this makes

onicated emulsions more stable [96]. The main drawback of
ltrasonic emulsification is the need to take special precautions
o avoid surfactant degradation [107,108]; therefore, ultrasonic
ariables such as irradiation power [103,106], position of the
ltrasonic source with respect to the liquid–liquid interface
102], tip diameter and vessel geometry [109], irradiation time

110], volume ratio of phases [109], viscosity [96,106,111],
urfactant concentration [109,112], hydrostatic pressure and dis-
olved gas [113] must be exhaustively optimized and strictly
ontrolled.

t
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.2.3. Applications of US-assisted emulsification
For the interest of analytical chemists, a large number of

ethods have been developed where ultrasonic emulsification
s a key step in the determination of the target analytes. Most
uch methods are concerned with the determination of metal-
ic elements in liquid samples by use of an atomic detector.
ne effective alternative to circumvent the shortcomings of

iquid–liquid extraction prior to this type of detector is emulsifi-
ation of the organic sample with an aqueous phase containing
n acid or ligand [114,115].

Ultrasound-assisted emulsification in aqueous samples is the
asis for the so-called “liquid membrane process” (LMP). This
as been used mostly for the concentration and separation of
etallic elements or other species such as weak acids and

ases, hydrocarbons, gas mixtures and biologically important
ompounds such as amino acids [116–119]. Liquid membrane
rocess has aroused much interest as an alternative to conven-
ional liquid–liquid extraction [120–122].

Ultrasonic-assisted emulsification is commonplace in the
harmaceutical, cosmetic, food, chemical and other industries
nd it can be used in different situations ranging from normal
onditions to others requiring manufacturing equipment that can
e readily cleaned and sterilized [106].

Analytical applications in which the presence of water is
ndesirable can also take advantage of non-aqueous emulsions.
hese emulsions may be of pharmaceutical or cosmetic interest

f they are primarily composed of edible and non-toxic ingre-
ients; also, they can be formulated to exhibit a wide range of
hysical properties. Potential uses are as topical dermatolog-
cal bases – particularly for labile drugs – as emollient bases
or cosmetic preparations and as nutrient preparations. Stable
on-aqueous emulsions can be obtained in two general ways.
ne involves surfactants consisting of two incompatible blocks

electively soluble in each of the immiscible liquids. Thus,
iblock copolymers of polystyrene and polyisoprene can sta-
ilize DMF–hexane emulsions for almost 24 h [123]. The main
rawback of this approach is the need to develop new surfactants
ailored to the particular liquid combination. The other choice is
o find an appropriate oil-immiscible polar liquid that can sub-
tantially replace water as a surfactant solvent. A liquid capable
f replacing water in an emulsion should possess an appreciable
olarity to make it immiscible with oils and a good solvent for
he solvophilic part of the surfactant molecules [124].

.3. Joint use of ultrasound and liposomes

Liposomes are spherical vesicles formed by aggregation of
mphiphilic phospholipids molecules in a bilayer structure.
iposome formation occurs when phospholipids are dispersed

nto an aqueous medium – usually water – as a result of
nteractions between phospholipids and water. The nature and
roperties of liposomes are directly related to the preparation
ethod used (specifically, to the phospholipid composition) and
o the presence of other chemical species in the liposome struc-
ure.

Liposomes can play two different roles in Analytical Chem-
stry [125]: (1) as target analytes or matrices for the target
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nalytes and (2) as analytical tools for some step of the analytical
rocess.

Some liposomal determinations have exploited the advan-
ages of US energy discussed. Typical examples include the
etermination of phosphatidylcholine in liposome suspensions
sing ICP-AES with an ultrasonic nebulizer [126] and that of the
hospholipids–lipophilic compound ratio in liposomes by thin-
ayer chromatography scanning densitometry—which involves
S-assisted preliminary extraction [127].
The use of liposomes as analytical tools – the formation of

hich can be greatly favoured by US – plays major roles towards
mproving analytical properties such as sensitivity and selectiv-
ty in some analytical steps. Applications in this area range from
he preparation of liposomes or encapsulation of various types
f compounds in the liposome structure to special processes in
hich US enhances the actuation of liposomes.
Although liposomes can form spontaneously, they are rarely

hermodynamically stable, so they usually require some auxil-
ary energy such as mechanical agitation, electric energy, US,
r combination of mechanical treatments. The main advantage
f US assistance here is that it does not raise the temperature
ignificantly.

Ultrasound can play a prominent role in the preparation of
iposome-based sensors [128]. Encapsulation of water-soluble
uorescent dyes in liposomes assisted by US has also been
sed to immobilize liposome-encapsulated enzymes in sol–gel
atrices for the preparation of biosensors [129].
Acoustically active liposomes have the potential to carry

rugs and their acoustic activity allows them to respond to US
timulation by releasing their contents. The effect of US on con-
ent release is attributed to the rarefaction phase of the sound
ave. Thus, when the negative US wave impinges upon the

iposomes, the air pocket expands and stresses the bounding
onolayers and also those in the adjacent bilayer. If the pres-

ure drop is large enough, then the stress exceeds the elastic limit
f the weakest surface and, at some point, either the bilayer or the
onolayers rends. When the integrity of the vesicle is lost, some

r all contents are released. If the air in the pocket is expanded
aster than it is diffused to the external aqueous phase, then, the
onolayer or bilayer reaches the lysis threshold and most lipo-

omes release some contents. The ultrasonic frequency used for
ompounds delivery is about 1–2 MHz [130].

. Conclusions

The long time during which research in sonochemistry has
een conducted and the fact that no special equipment require-
ents are involved in using US energy – other, by contrast,

older” technologies such as electrochemistry require a conduct-
ng medium, photochemistry the presence of a chromophore and

icrowaves of dipolar species – have promoted the development
f a large number and variety of applications which analytical
hemists could exploit for sample preparation. Most such appli-

ations have been developed by using US devices present in most
nalytical laboratories (e.g. power ultrasonic devices with fre-
uencies in the range 20–100 kHz); others, however, use unusual
requencies. Careful selection of the type and characteristics of
te / Talanta 72 (2007) 321–334

he US device will always be required as it can be the key to suc-
essful development of US-assisted methods, particularly those
nvolving organic reagents [131].
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bstract

The pH-stat titration technique is an autonomous and very powerful tool for performing and monitoring chelatometric titrations of metal cations
ith great accuracy, poorly known, however, and seldom exploited. Based on measurement of the amount of strong base required to keep the pH of

he test solution at a selected value during stepwise known additions of ethylenedinitrilotetraacetate (EDTA), it requires a glass electrode as the only
ensor and is easily implemented on potentiometric titrators. It was introduced a quarter of century ago on an empirical basis for a very peculiar
urpose (determination of calcium in diary products), but only very recently it was generalised and its fundamentals were thoroughly examined.
n this work, pH-static titrations of some transition metal cations of analytical relevance (Co2+, Cu2+, Mn2+, Zn2+) were thoroughly investigated in
he acid pH range between 2.3 and 5 or 7 (the highest pH depending on the metal hydroxide or carbonate solubility). The results at higher acidity

howed unsuspected properties of such chelation reactions. At moderately acid pH (generally ≥4), indeed, pH-static titrations yield results of high
recision and accuracy. On decreasing pH, however, the reaction stoichiomety deviates more and more from the 1:1 ratio between chelating agent
nd cation, seemingly because of formation of binuclear complexes, an occurrence very seldom mentioned in the current literature. The optimal
itration conditions for each metal are defined, and directions for establishing a laboratory protocol for quantitative determinations are given.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The automatic control of pH during chemical and biochem-
cal reactions was conceived more than half-a-century ago [1],
nd the pH-stat operating function is currently available in dedi-
ated instruments as well as in high-performance potentiometric
itrators. Monitoring acid-base[2] and complexometric[3] titra-
ions by using the pH-stat data alone, i.e., without measuring
ny physical quantity other than the control pH and the ongo-
ng volumes of titrants, was also suggested long ago. In pH-stat
omplexometric titrations of cations with a protonated chelat-
ng agent, like disodium ethylenedinitrilotetraacetate (EDTA),

he pH is kept at a preselected value by neutralising with a solu-
ion of strong base the protons delivered by the titration reaction.
n such titrations, the independent or “controlled” variable is, as

∗ Corresponding author.
E-mail address: lidia.solda@unipd.it (L. Soldà).
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I); EDTA complexes

sual, the volume of chelating agent standard solution; the pecu-
iar dependent or “measured” variable is the volume of strong
ase solution. The titration course is therefore represented by the
lot of the volume VOH of “auxiliary” titrant (the strong base)
gainst the volume VY of “primary” titrant (the chelating agent).
nverse titration of a complexing agent with a metal cation can
lso be performed [4–6] using the same auxiliary titrant.

In suitable conditions, complexometric titrations provide
lots composed of two linear segments that converge in corre-
pondence of the equivalence point, which is thus very sharply
etected. Therefore, pH-static titration can be considered a tech-
ique of choice, particularly when specific sensing devices
indicators, ion-selective electrodes, etc.) are missing, unsatis-
actory or too demanding. Indeed, one and the same sensor, the
ommonly available and inexpensive combined pH electrode, is

sed for whatever titration.

The direct use of pH-static titration data was also found prof-
table in investigating multiple complexation equilibria [7]. In
he past, however, these opportunities were only very seldom
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xploited [8]. Less infrequent, although not widespread, was
ssisting complexometric titrations with pH-stat apparatus in
ubstitution of pH buffers, particularly for investigating solution
quilibria (for instance, by means of ion-selective electrodes) in
he absence of any interfering species; however, the valuable
H-static data thus produced was generally neglected.

The fundamentals of the pH-stat monitoring of chelatometric
itrations for analytical purpose have been thoroughly discussed
n a recent article [9]. A few practical examples (titrations of
a(II), Cu(II), Mg(II) and Zn(II) with EDTA) [10] have shown

hat the pH-stat technique provides quantitative determinations
f highest accuracy and precision, hardly attainable with com-
on methods, and that it can work finely at more acidic pH

alues than allowed or prescribed in traditional titrations. It was
lso shown [9,10] that pH-static titrations can yield considerably
mproved stability constants of protonated complexes of the type

HYm−3.
The present investigation was undertaken as a part of a

esearch project aiming to study speciation and availability of
utritional cations contained in animal feed supplements. In
hat project, pH-static titrations are used for the quantitative
etermination of such cations in commercial products and in
heir aqueous extracts. More interestingly, they are intended to
upport potentiometric titrations with ion-selective electrodes
hen speciation is investigated or must not be disturbed, with

he bonus of providing, together with potentiometric data free
rom buffer interferences, a second useful and largely indepen-
ent data set. For this aim, a thorough study of the properties
f the relevant titrations in a larger pH range than usually con-
idered (and than formerly investigated for Cu(II) and Zn(II))
as deemed essential. It was also wanted to grasp the opportu-
ity for investigating the equilibria between metal cations and
rotonated forms of EDTA, i.e., for determining the formation
onstants of MHiYi−2 complexes (where M is a divalent cation).

The results here presented are focused on some transition
etal cations of highest interest in animal nutrition, i.e., Co2+,
u2+, Mn2+ and Zn2+. Titrations were made in the pH range
etween 2.3 and 5 or 7, the higher limit depending on metal
ydroxide or carbonate solubility. It was found, as expected
9,10], that protonated complexes do affect the shape of pH-
tat titration plots, the more so, the lower is the experimental
“control”) pH. Much less expected was, however, an increasing
eparture of the chelation reaction from the 1:1 stoichiomet-
ic ratio with decreasing pH, corresponding to an apparently
ncreasing titre of EDTA. This occurrence can only be assigned
o formation of binuclear complexes, seldom, if ever, mentioned
n the relevant literature.

Investigation of this matter can have outputs of two differ-
nt orders. Stating the conditions where chelatometric titrations
erformed with the pH-stat technique (and possibly with any
ther technique) can give correct results, unaffected, in particu-
ar, by uncertain stoichiometry, is of great concern for analytical
pplications. Conversely, providing a deeper insight in chelation

quilibria and, eventually, determining relevant thermodynamic
uantities has a strong fundamental interest. The present report
nly regards the quantitative aspect of the titrations considered,
nd gives essential directions for establishing a protocol for

(
r
e
d
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helatometric analyses monitored with the pH-stat technique.
uch a protocol is in current use in our laboratory, in particular
or standardising cation solutions to be employed in subsequent
xperiments. The second aspect, which requires deeper consid-
ration and is possibly of interest for a different audience, will
e dealt with in a separate article.

. Experimental

.1. Chemicals

All chemicals were analytical grade or better. All solutions
ere prepared with ultrapure water from a Milli-Q Plus appara-

us (Millipore, Bedford, MA, USA).
Stock solutions of metal cations were prepared from analyti-

al grade reagents: Co spherules, CuSO4·5 H2O, MnSO4·H2O,
nO. Zinc oxide was dissolved in perchloric acid; cobalt, after
ashing in diluted nitric acid and drying, was dissolved in

oncentrate nitric acid; copper and manganese sulphates were
issolved in water. The ionic strength of all solutions was made
.1 M with sodium perchlorate. Solutions with lower titre were
repared by dilution with 0.1 M sodium perchlorate. The con-
entrations obtained by titrating by the pH-stat procedure here
escribed at pH 4–5 (Cu(II)) and 5–7 (Co(II), Mn(II), Zn(II))
ere taken as the effective titres.
The primary titrant solution of 0.1 M EDTA was prepared

rom analytical grade dihydrate disodium salt Na2H2Y·2 H2O
Titriplex® III Merck, Darmstad, D) and standardised by pH-
tatic titration against primary standard calcium carbonate. A
.1000 M sodium hydroxide low in carbonate (sodium carbonate
0.2%), BDH Italia (Milano, I) cat. 191503E, was used as the
uxiliary titrant. It was kept in the original bottle and protected
ith a trap against carbon dioxide.

.2. Apparatus

The measured solution was contained in a 20–90 cm3

acketed cell (Metrohm Italiana, Origgio, I) thermostated at
5.0 ± 0.1 ◦C, stirred with a PTFE-coated magnetic bar at a fixed
peed (400 rpm), and fluxed with carbon dioxide-free nitrogen.

The primary titrant (EDTA standard solution) was dispensed
ith an 1 cm3 syringe 1001 TLL (Hamilton, Bonaduz, CH)
ounted on a computer-controlled motor burette Microbur 2030

Crison, Barcelona, SP); an home-made computer programme
llowed to choose the volume step, a fixed time interval between
dditions, and the number of additions. The auxiliary titrant
NaOH standard solution) was dispensed with a 2.5 cm3 syringe
002 TLL (Hamilton) and a second Microbur 2030 connected to
programmable potentiometric titrator MicroTT 2050 (Crison)
hich operated the pH-stat control and recorded the data list (see
ection 2.3, Procedure) by means of an Epson LX-400 printer.
he signal from a combined glass electrode with encapsulated
g/AgCl reference electrode in 3 M KCl and sleeve junction
Ingold, Urdorf, CH, type 405.60.88.E) was measured with a
esolution of 0.1 mV. The resolution of the volume delivered by
ither burette was 1/2500 of the total volume; the accuracy was
etermined to be better than resolution. The standard perchloric
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cid solution used for calibrating the electrode in some experi-
ents, and other solutions for preliminary pH adjustment, were

ispensed with similar computer-controlled syringes.
Titrations simultaneously monitored by pH-stat technique

nd by potentiometry with ion-selective electrode were per-
ormed with a potentiometric titrator 836 Titrando (Metrohm)
ith two galvanically separate measuring interfaces. Reactants
ere delivered with two motors 800 Dosino with 807 Dos-

ng Units (volume 2 cm3, resolution 2 × 10−5 cm3). Operation
as computer-controlled through the dedicated software Tiamo.
he combined pH electrode was LL Ecotrode Plus (all from
etrohm Italiana, Origgio, VA). The copper ISE was F1112Cu

electrode (Radiometer, Copenhagen, DK) with copper selenide
embrane.

.3. Procedure

When titrations were merely aimed to quantitative determi-
ation, preliminary pH calibration was made with buffers at pH
.0 and 7.0. In order to take advantage of the better resolution
f the instrumental reading (0.1 mV against 0.01 pH), the e.m.f.
E delivered by the combined glass electrode was measured.
he �E value corresponding to the wanted operating pH was
alculated by linear interpolation.

Test solutions were prepared by mixing a known volume (20
r 25 cm3) of supporting solution containing 0.1 mol dm−3 of
nert electrolyte (sodium perchlorate or potassium nitrate) as
onic strength buffer, a small volume of a suitable pH buffer-
ng substance, and an accurately measured volume (generally
cm3) of standard solution of the target cation. The buffer, at
nal concentration not higher than 5 × 10−3 M, has the func-

ion of dampening the pH oscillations caused by the primary
itrant additions, which would otherwise make the stat action
ess effective. At pH ≤ 2.5–2.7, the corresponding concentra-
ion of perchloric acid was fit to the purpose; on increasing pH
p to 7, chloroacetic acid, acetic acid, hexametilene tetramine
nd triethanolamine were used in turn as buffering substances.

Operation was started by neutralising the excess acid (coming
rom the cation’s acid solution, from the preliminary calibration
n situ, see below, or from the buffer substance) with strong
ase up to approximately the selected operating pH (i.e., �E) by
sing the titrator’s pre-set end-point function. If the resulting pH
as near to the selected value, no further adjustment was made,

nd the measured e.m.f. value was set as the definitive control
arameter �Ec of the Stat programme. The other instrumental
arameters to be set in the titration programme were selected
n the basis of a few preliminary experiments or of experience,
n order that at every titration step, causing an increase of the

E signal, the control value was rapidly and exactly (within not
ore than 0.1 mV) restored. In practice, such parameters were

ependent on the metal cation concentration, on the buffer power
f the titrated solution, and on the reaction stoichiometry (mol
f acidity delivered per mol of metal reacted), which depends, in

urn, on the pHc value. Finally, titration was started by activating
he Stat function and, after 30 or 60 s, a series of constant-volume
�VY = 20–80 �l) EDTA additions at fixed time intervals (60, 90
r 120 s). The numerical titration report recorded by the pH-stat

i
t
c
a
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pparatus listed, at 10 s intervals, the time elapsed, the measured
E and the total volume VOH of sodium hydroxide delivered.
he time distance between additions had to be sufficient to reach
ompletion (or equilibrium) of EDTA reaction, as shown by
nding NaOH addition as well as by stabilised �E.

The pH-stat titration data file, VOH versus the total EDTA
olume VY, was assembled by selecting from the report the
nal VOH values that, after each EDTA addition, restored (ide-
lly within ±0.1 mV) the control �Ec, and pairing them with
he corresponding VY. The equivalence volume of the primary
itrant, (VY)e, was determined as the abscissa of the intersection
etween two straight-line segments interpolated, by least-square
nalysis, between the relevant experimental points. Data was
reated with SigmaPlot scientific graphic software (Jandel Sci-
ntific, Erkrath, D).

In titrations also intended for determining the stability con-
tants of protonated complexes (in practice, in most titrations at
H <4), the electrode was calibrated to measure the cologarithm
f hydronium ion concentration pHc = −log [H+] [11,12]. Cali-
ration was made in the range of about 4.7–2.3 pHc by stepwise
ddition of standard perchloric acid directly in the measuring
ell filled with 20 or 25 cm3 of 0.1 M sodium perchlorate sup-
orting solution,. Thereafter, the cation solution and (when the
perational pH was higher than 2.5–2.7) the pH buffer were
dded, and operation was started as described above.

. Results and discussion

.1. The shape of pH-stat titration plots and the reaction
toichiometry

Solutions containing about 1–5 mmol dm−3 of Co2+, Cu2+,
n2+ and Zn2+ were titrated by the pH-stat technique at pH val-

es from 2.3–2.5 to 5 (for copper) or to 7 (for the other cations).
he highest experimental pH was just acid enough to prevent
recipitation of metal hydroxide or carbonate in air-saturated
olution [13]. Examples of experimental titration plots of solu-
ions containing the same amounts of single metals at different
H are shown in Figs. 1–4.

Previous investigations [9,10] have shown that chelatometric
itrations by the pH-stat technique reach their highest precision
nd accuracy in a defined pH range, depending on the single
itrated cation. Obvious factors determining the optimum range
re the dependence on pH of cation solubility, which deter-
ines the highest exploitable pH, and of the conditional stability

onstant of its chelate, which sets the lowest pH at which the
eaction is still sufficiently although not completely quantita-
ive. Other pH-dependent factors, however, can play a decisive
ole, and frequently cause the optimum pH range to differ from
hat prevailing in other techniques [9,10].

The pH-static titrations are represented by plotting against the
olume VY of primary titrant (the standard solution of chelating
gent) against the volume VOH of strong base solution (the auxil-

ary titrant) delivered by the pH-stat device in order to neutralise
he protons set free by the reaction of Na2H2Y with the metal
ation. As long as the reaction is virtually complete, such plots
re composed of two linear segments of different slopes, whose
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Fig. 1. Experimental plots of VOH vs. VY for a series of pH-static titrations of
1.5 × 10−3 M Co2+ (4.85 × 10−5 mol in about 32 ml of 0.1 M NaClO4) with
0.1 M EDTA and 0.1 M NaOH at various pH (Points with open symbols were
not used in linear regression.).

Fig. 2. Experimental plots of simultaneous potentiometric and pHstatic titrations
of 2.4 × 10−3 M Cu2+ (4.94 × 10−5 mol in about 21 ml of 0.1 M NaClO4) at pH
(�) 5.0 and (�) 2.3. (a) Direct potentiometric plots; (b) Gran linearisation of
potentiometric plots (left-hand plots and scale) and pH-static plots (right-hand
plots and scale).
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ig. 3. Experimental plots of VOH vs. VY for a series of pH-stat titrations of
.96 × 10−3 M Mn2+ (2.49 × 10−5 mol in about 26 ml of 0.1 M NaClO4) at
arious pH.

ntersection is ideally coincident with the theoretical equivalence
oint, NM = (NY)e = CY(VY)e where (VY)e is the abscissa of the
ntersection point, taken as the end-point volume and used to cal-
ulate the analyte amount, and the other symbols have obvious
eaning.
The molar ratio �NOH/�NY of the auxiliary to the primary

itrant added at each titration step, and, in practice, the experi-

ental slope

= �VOH

�VY
= CY�NOH

COH�NY
(1)

ig. 4. Experimental plots of VOH vs. VY for a series of pH-stat titrations of
.6 × 10−3 M Zn2+ (5.10 × 10−5 mol in about 32 ml of 0.1 M NaClO4) at various
H.
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f either linear segment composing the titration plot do depend
n the experimental pH. The slope at VY < (VY)e decreases with
ecreasing pH because of increasing formation of protonated
orms of the metal chelate, of general formula MHiYm+i−4,
ith i ≥ 0. Complexes with i = 1 are known for most cations,
ith i = 2 are recorded, among others, for Co2+, Cu2+ and Zn2+,
ith i = 3 are reported for very few cations (e.g., Pb2+) [14].
aking such complexes into account, the titration reaction is
ritten

m+ + H2Y2− + (2 − i)H2O → MHiY
m+i−4 + (2 − i)H3O+

(2)

here i = n̄H,MY is the average chelate protonation. At nearly
eutral or moderately acid pH, when n̄H,MY = 0, the reaction
elivers two mol of H3O+ for each mol of titrant added; conse-
uently, two mol of base are consumed in order to keep the
H at the initial value. Therefore, the slope corresponds to
NOH/�NY = 2. When, on decreasing the control pH, n̄H,MY

ncreases, the slope becomes smaller and smaller, because
− n̄H,MY mol of protons/mol of primary titrant are deliv-

red, and the auxiliary titrant is consumed at the same rate (in
he experimental conditions prevailing in this work, hydroxo-
omplexes of the titrated metal cations, which could cause a
imilar effect on slope [9], are negligible.).

The slope of the second segment, at VY > (VY)e, depends on
he average number of protons n̄H,Y bound at equilibrium at the
perating pH by the excess EDTA. In a narrow range around pH
.4, n̄H,Y is virtually 2; the protonation of the unreacted titrant
oes not change and, consequently, the pH-stat device does stop
he addition of base, i.e., the slope is null. It is also null at lower
H because, being n̄H,Y > 2, the excess EDTA behaves as a base
nd causes pH to increase out of control, although very slowly.
n the other side, when the control pH is set over 4.4, n̄H,Y
ecomes <2; consequently, the addition of base must continue
n order to keep the pH at the control value. Therefore, the slope
f the second segment increases the more, the higher the control
H, being obviously independent of the titrated cation. At pH
, our highest experimental value, �NOH/�NY is about 0.8; the
ifference from the slope 2 of the first segment is thus sufficient
o give a sharp intersection, not affecting the end-point volume
ncertainty.

The selected plots of Figs. 1–4 aptly illustrate the pH effect
nd provide a significant test of the experimental relevance of the
bove predictions. Let us consider the series of Co2+ titrations
epresented in Fig. 1.

At pH 4.68 and 5.30 the plots are composed of two quite
traight segments, intersecting at the equivalence volume (VY)e.
he segments at VY < (VY)e are virtually coincident, with
lope VOH/VY = 2.00, corresponding (the concentrations of both
itrant solution being the same) to the theoretical ratio NOH/NY
xpected when protonated complexes are negligible. The slope
f segments at VY > (VY)e increases with pH as expected: it is

irtually null at pH 4.68 and quite apparent at 5.30.

At pH 3.24 the slope at VY < (VY)e is definitely <2, because
rotonated complexes form in measure increasing with acidity.
evertheless, both segments of the Co(II) titration are appre-

b
[

G
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iably straight and the abscissa of their intersection is fairly
oincident with the equivalence value.

Under this pH, however, two phenomena, both detrimental
or quantitative analysis, begin to become apparent, and worsen
ith decreasing pH. The first one is a predictable deviation from

inearity, due to the loss of reaction quantitativity caused by the
dverse effect of increasing acidity on the conditional stabil-
ty constant of the metal chelate. Nevertheless, complexation of
ither reagent is still quantitative when the other is in sufficient
xcess; therefore, linear extrapolation through several exper-
mental points at VY � (VY)e and VY � (VY)e, respectively,
llows to calculate the abscissa of intersection with acceptable
ncertainty even at the lowest pH 2.32. This operation, how-
ver, gives strong evidence of the second phenomenon, which
s much more detrimental and was much less predictable (so
uch so, that at the beginning of this investigation each series of

xperiments was repeated with different apparatus and reactants
tocks in order to rule out any cause of error not inherent in the
hemical system). Under pH about 3.5 the intersection abscissa,
.e., the end-point volume, becomes systematically smaller with
ecreasing pH, thus deviating more and more significantly from
he equivalence volume. At pH 3.24 this deviation is barely
ppreciable (about-1%), but at pH 2.32 it reaches about −12%.
n practice, the reacting power of the chelating agent appears
o increase the more, the lower the pH. The only explanation
e can devise at this point of our investigation is that binu-

lear complexes are formed and their importance increases with
ecreasing pH.

The other cations investigated (Figs. 2–4) show the same kind
f behaviour. Obvious differences are related to different stabil-
ty constants of the primary complex MY2− (log KMY = 16.26,
8.70, 13.81 and 16.44 for cobalt, copper, manganese and zinc,
espectively, at 25 ◦C and 0.1 M ionic strength) [15]. Like for
o(II), the high intrinsic stability of Cu(II) and Zn(II) allows reli-
ble end-point even at the lowest pH; the much smaller intrinsic
tability of the Mn(II) complex causes too high deviations under
H 3.2. What is most noteworthy, however, is that, with increas-
ng acidity, all cations show increasing deviations of chelation
atio from the stoichiometric 1:1 value, which are simultaneous
ith deviations from linearity but independent of them.
In order to be definitely sure that the odd results at low pH

re not due to artefacts of the pH-stat end-point, a series of
opper titrations at pH 2.3–5.0 was simultaneously monitored
H-statically and potentiometrically with a selective electrode
not available for the other ions investigated). In order to have
n efficient pH control, the titrations were performed in the
onstant addition mode (the default mode of the pH-stat exper-
ments). For clarity, only the results of two experiments at the
wo extreme pH values (2.3 and 5.0) are shown in Fig. 2. Both
he potentiometric and pH-stat plots at pH 2.3 (Fig. 2a and
, respectively) show earlier end-points. Given the relatively
arge VY increments, a precise potentiometric end-point cannot
e drawn from the direct plot (Fig. 2a), but can be obtained

y linearising the relevant data by means of the Gran function
16–18]

= k(V ◦ + V )10E/S (3)



6 lanta 72 (2007) 655–662

w
o
a
E
s
T
t
b
p
d

i
t
p
r
(
(
w
l
e
g
t
i
t
b
o
c

b
p
b
t
t
a
p
1
d
w
a
w
b
2

F
t
a

3

r
d

±
p
c
r
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here E/mV is the measured variable, V◦ is the initial volume
f the titrated solution, V = VY + VOH the sum of the primary and
uxiliary titrant volumes at the end of each titration step (when
is also measured), S (mV/decade) the experimental response

lope of the ion-selective electrode and k is a scale coefficient.
he two pairs of plots provide ultimate evidence that at lower pH

he reaction stoichiometry fails, the end-point volume at pH 2.3
eing more than 10% smaller in comparison with pH 5.0, the
henomenon being independent of the instrumental end-point
etection method.

The early stage of deviation from 1:1 stoichiometry was
ndeed observed in a previous work [10], where pH-static titra-
ions of Cu(II) and Zn(II) were made at 1.0 pH steps between
H 3.0 and 5.0 and 3.0 and 6.0, respectively. At pH ≥4.0 both
epeatability and reproducibility of the results were excellent
better than 0.2%). At pH 3.0 repeatability was still very good
better than 0.3%), but the apparent amount of copper and zinc
as lower by about 0.6 and 1.7%, respectively. At that time,

ittle importance was attached to this rather small systematic
rror, and its cause was not investigated. The present investi-
ation on an expanded pH range at smaller pH steps shows
hat this is a structural phenomenon, and that a too low pH
s detrimental not only by affecting the reaction quantitativity
hrough its effect on the conditional stability constant, but also
y changing the reaction ratio. Fig. 5 shows the dependence
n pH of the reaction ratio (NY)e/NM for the four investigated
ations.

As noted above, the titration stoichiometry suggests that
inuclear complexes be formed in appreciable amount at low
H. We could find in the literature only two quotations of
inuclear complexes with EDTA, both stable at low pH, respec-
ively, of uranyl ion [14] and of cadmium [19], the latter (not
aken into consideration in later critical compilations) having
n overall formation constant of 17. An investigation of the
H-stat behaviour of Cd(II) (which also gives a very stable
:1 complex with log KCdY = 16.5) [15] was therefore expe-
ient. A small number of experiments (all shown in Fig. 6)
ere sufficient to confirm the above general behaviour, in
greement with the previous finding [19]. The (NY)e/NCd ratio,
hich at pH 5 has the theoretical value, decreases apprecia-
ly at pH � 4, reaching a difference of about −12% at pH
.5.

ig. 5. Dependence on pH of the reaction ratio (mol EDTA/mol cation) × 100 for
itrations of: �, Co(II); �, Cu(II); �, Mn(II); ©, Zn(II). Analyte concentration
bout 2 × 10−3 M.
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Fig. 6. Dependence on pH of the titration plots of 1.5 × 10−3 M Cd(II).

.2. Criteria for establishing a pH-static titration protocol

On the basis of the above results, the following optimum pH
anges for pH-static titrations of the elements considered can be
efined:

Cobalt(II): pH 7.0–4.0 (3.2);
Copper(II): pH 5.0–4.0 (3.0);
Manganese(II): 7.0–5.0 (4.2);
Zinc(II): 7.0–4.0 (3.0).

In the above pH ranges, accuracy and precision as good as
0.2% can be reached. The values in parentheses are the least

H compatible with a systematic error lower than −2% at cation
oncentration ≥ 10−3 mol dm−3. High-quality analytical results
equire, however, carefully set experimental conditions, includ-
ng the instrumental parameters. The following considerations
an help to suit the analytical protocol to the available apparatus,
n the trace of the procedure reported in Section 2.3.

As regards the experimental pH, setting an exactly prede-
ermined control value is not important, at condition that it is
ithin the optimum range. A much more important require-
ent follows from the very principle of pH-static titrations,

.e., that the amount of strong base must exactly neutralise the
mount of hydronium ion delivered by the titration reaction.
his means that the quantity that must be kept constant dur-

ng each titration is the initial hydronium ion amount rather
han the proton activity, i.e., pH. Since this last is the parameter
hat rules the operating device, a constant ratio between activity
10−pH), concentration (H3O+]) and amount ((V◦+V)[H3O+])
hould be maintained through each single titration. It is there-

ore prescribed to keep a constant ionic strength by means of
n inert electrolyte and to operate with both titrants concen-
rated enough to cause negligible dilution. It is not required that
he hydronium ion concentration, when kept constant, is exactly
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nown; the combined glass electrode can therefore be calibrated
s usual with pH standards, the obvious choice being phthalate
t pH 4.0 and phosphate at pH 6.8–7.0.

In order to arrange the test solution for titration, it is suffi-
ient to adjust its pH within the optimum range. For instance,
f the test substance (e.g., metallic cobalt, zinc oxide) has been
issolved in acid, this is conveniently neutralised with the aux-
liary titrant solution of sodium hydroxide by using the titrator’s
re-set end-point function. Before pH adjustment, it is advis-
ble to add a small concentration of a buffer substance suitable
o dampen the pH oscillations caused by either titrant’s addi-
ions, which could hamper the stat action [10]. Moreover, the
uffer can help to reach a pH nearer to the pre-set end-point
alue in the initial pH adjustment, which tends to overact. In
ur experiments, chloroacetic acid (at pH <4), acetic acid (at pH
–5), hexamethylene tetramine (at pH 5–6) and triethanolamine
at pH 7–8) at concentration 2–5 × 10−3 were used; however,
ny buffer substance with suitable acidity constant and small
omplexing ability towards the titrated cation is suitable. The
E value measured after the initial pH adjustment can be set as

he definitive Stat control value.
As regards the very instrumental parameters, they obviously

epend on the type and make of apparatus used. An appara-
us composed of a potentiometric titrator with the Stat function
or dispensing the auxiliary titrant (the strong base) and a sepa-
ate PC-controlled burette for dispensing the primary titrant (the
DTA solution) at fixed time intervals was profitably used in a

arge part of our experiments, with the small inconvenience that
he start of pH-stat operation had to be manually synchronised
ith the first addition of EDTA. Only very recently an apparatus

hat can automatically co-ordinate all operations was available.

t our knowledge, however, instruments directly providing the
nal pH-static titration plot of VOH versus VY are not manu-
actured. This plot must be manually drawn from the direct data
ecord of VOH against time (see Section 2.3). In order to evaluate

ig. 7. Direct record of auxiliary titrant volume VOH vs. time for titrations of
n(II) at pH 4.5 and M Zn(II) at pH 5.2, both 1.5 × 10−3 M.
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hether the titration has been correctly carried out, the measured
E must also be recorded against time; the initial value should

ccurately be restored (ideally, within 0.1 mV, i.e., 0.002 pH)
fter each EDTA addition step.

Graphical reports of VOH versus time, like those plotted in
ig. 7, directly provided by the pH-stat apparatus, are also use-
ul. The VOH values to be reported in the titration plot correspond
o the final points of each plateau, which should form rapidly
ut gradually; an abrupt, edged step generally evidences an
nvalidating initial overshot of base, due to a poor setting of
nstrumental parameters. Among these, the most important, and

ost tricky to set correctly, is the one determining the dynamics
f compensation of �E unbalance after each EDTA addition; in
nstruments of different makes (where it is variously termed) it
beys to different algorithms, generally conceived for slow pH
rifts.

. Conclusions

The results here reported confirm that the pH-static technique
s fit to the purpose of titrating with great accuracy and preci-
ion transition cations by using current instrumentation and one
nd the same potentiometric sensor for whichever analyte. In
he suitable pH range the titration points, but, if any, the ones
earest to the intersection point, are finely fitted by two intrinsi-
ally linear equations; both their sets are independent each other
nd statistically homoscedastic, thus quite suitable for least-
quares treatment. In comparison, potentiometric titrations with
SEs require specific sensors, readily available only for very few
pecies and rather expensive; moreover, the treatment of their
ata is affected by variable uncertainty of E, which increases
ith decreasing distance from the equivalence point and com-
ands weighed least-squares when the end-point is located by

urve fitting or by Gran linearisation. In spectrophotometric
itrations with indicators, the position of the equivalence point
n the plots of transmittance or absorbance versus titrant vol-
me depends on the nature of indicator and the end-point is more
onveniently selected by comparison with a known sample titra-
ion. When the absorbance of a reactant or product is followed,
he uncertainty depends on the measured value; moreover, mul-
iplying absorbance by the dilution factor yields a linear plot,
ut causes linear least-squares to become invalid.

The time required by a single pH-stat experiment, although
ot short (typically 15–20 steps of 60–90 s, totalling 15–30 min),
s quite acceptable when highest precision and accuracy are
anted, like in standardisation of metal solutions. The mea-

ured solution must own a moderately appreciable buffer power,
hich, however, must not be as high as to dampen the sensitivity

o absolute variations of free acidity. This requirement prevents
he use of the technique for analysing strongly buffered samples
f practical interest, and appears to be the only serious practi-
al limitation. A further inconvenience, the waste of time for
ranslating the direct data sets into VOH versus VY sets, could be

vercome if the apparatus makers would undertake the not heavy
ask of implementing the technique in their dedicated software.

The useful range of pH-static titrations has a tendency to
xpand towards smaller pH than other titration techniques, in
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articular than titrations with chromatic indicators. Unfortu-
ately, this trend is too soon counteracted by the sudden fall of
he reaction stoichiometry at pH not extremely acid. This much
ess expected phenomenon overtakes the effect of decreasing
onditional stability constants in setting the practical lower pH
imit of application of the technique for the quantitative deter-

ination of transition metals. On a more fundamental point of
iew, it deserves further investigation, which, however, are out
f the scope of the present article.
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bstract

In mammalian organisms copper can be found mainly in the form of complex with specific tripeptide, GHK-Cu (glycyl-l-histidyl-l-lysine-
u(II)). GHK-Cu is the basic form in which copper is transported in tissues and permeates through cell membranes. The penetration ability of
HK-Cu through the stratum corneum and its role in copper ions transport process is the key issue for its cosmetic and pharmaceutical activity.
he permeability phenomenon was studied by use in vitro model system—Flynn diffusion cell with the liposome membrane.
The earlier studies on the influence of different ligands on the migration rate of copper ions through model membrane provide evidence for

ampering role of ligands structure and pH of formulations in this process.

Structures of copper complexes formed in solutions of different pH media were evaluated by use of ESI-MS. The permeability coefficients of

opper complexes increase with increasing pH. It was proved that only tripeptide GHK and its complexes with copper: GHK-Cu and (GHK)2-Cu
re able to migrate through membrane model of stratum corneum.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Tripeptide glycyl-histidyl-lysine (Gly-His-Lys, GHK) is well
nown peptide isolated from human plasma [1], where it is
resent at concentration of about 200 ng mL−1. It possesses high
ffinity for copper(II) ions exhibiting in spontaneous formation
f complex GHK-Cu [2]. The equilibrium between GHK-Cu and
opper bound to receptor ligands is one of the factors determin-
ng biological activity of this metal. GHK also plays a crucial
ole in regulation of copper content both in certain tissues and
rgans as well as in the whole body.

This peptide was first described as a growth factor for a variety
f differentiated cells but recent data suggested a physiological
ole related to the process of wound healing and tissue repair
3–5]. It was confirmed that GHK copper peptides: stimulate

ynthesis of collagen, elastin and glycosaminoglycans (GAGs)
s well as the formation of the extracellular cement between cells
6]. Thus, it improves strength, fragility and elasticity of the skin.

∗ Corresponding author. Tel.: +48 22 234 7719; fax: +48 22 234 7408.
E-mail address: lenka@ch.pw.edu.pl (L. Mazurowska).
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y MS; Skin penetration

n further studies it was recognised that GHK is endowed with a
ide range of biological activities including: angiogenesis [7,8],

cceleration of bone repair [9], superoxide dismutase-like activ-
ty [10] and binding to heparine [11]. A crystal X-ray diffraction
tructure of a GHK-Cu complex is known and described
12,13].

Biological activity of metal compounds in the skin is always
result of its absorption by the skin. It forms a heteroge-

eous membrane and absorption is controlled by the outermost
ayer, the stratum corneum (only 15–20 �m thick). The stratum
orneum is the main barrier for skin permeation of drugs and
ther compounds [14]. Skin penetration by metal ions most often
as examined by in vitro methods, because their toxicity made in

ivo experiments too risky [15]. However, the results of exper-
ments performed in vivo with volunteers were also reported
16].

Permeation of an exogenous substance through skin layer is
passive diffusion process that depends on a large number of
ifferent factors [15] and can be described by Fick’s first law of
iffusion [16].

The present study was performed by using a Flynn diffusion
ell (side-by-side), widely described in the literature [17–19].
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he solute is transported through the membrane situated
etween two aqueous solutions—“donor” phase that initially
ontains solute and “acceptor” phase in which solute accumu-
ates after crossing the membrane barrier. As a membrane widely
ccepted “skin barrier model” was used. It is a liquid crystalline
ystem of physicochemical properties similar to the properties
f intercellular cement of stratum corneum [20–22]. Though
urface of the skin is slightly acidic (pH 4.2–5.6), pH of the
ower layers of the epidermis is at physiological level 7.4 [23].
or this reason and trying to avoid additional transport process
ith pH gradient, in the experiments in acceptor and donor cells

he physiological pH 7.4 was adjusted. Only penetration ability
f copper ions was performed at pH 4.0 because in less acidic
olution copper ions precipitate as hydroxide.

Various instrumental techniques have been proposed to study
enetration ability of active substances. High-performance liq-
id chromatography (HPLC) [23–25] and spectrophotometry
V–vis [26] are classical approaches for separation and determi-
ation of substances in donor cells. Unfortunately these methods
o not provide structural information. The present study is the
rst (according to the best knowledge of authors) attempt to
xamine copper tripeptide complexes formed during skin per-
eation process by electrospray MS [27].

. Experimental

.1. Instrumentation

The absorption spectra were recorded using SPECOL 11
pectrophotometer (Zeiss, Jena, Germany) with 5 mm glass
ells. The pH measurements were carried out using Elmetron
S24 pH meter (Poland).

The copper peptide complexes were characterized by ESI
ass spectrometer LC/MSD 1100 (Agilent Technologies, Wilm-

ngton, NC, USA) with quadrupole mass analyzer.

.2. Reagents, solutions and materials

A stock Cu(II) solution (1 mg mL−1) was obtained by disso-
ution of copper(II) chloride dehydrate (POCH, Gliwice, Poland)
n water.

A GHK-Cu stock solution (0.01 M) was prepared by disso-
ution of Prezatide copper acetate (ProCyte Corporation, USA)
n water.

Buffer solution (pH 4.0) was prepared by dissolution of acetic
cid (POCh, Gliwice, Poland), adjustment of pH 7.4 by use of the
olution of sodium acetate (POCH, Gliwice, Poland) followed
y dilution to 1000 mL with demineralised water.

Buffer solution (pH 7.4) was prepared by dissolution of potas-
ium phosphate (POCh, Gliwice, Poland), adjustment of pH 7.4
y use of the solution of disodium hydrogen phosphate (POCH,
liwice, Poland) followed by dilution to 1000 mL with dem-
neralised water.
Buffer solution (pH 10.0) was prepared from ammonium

hloride (POCh, Gliwice, Poland) solution of pH adjusted to
0.0 by ammonia (POCh, Gliwice, Poland) solution.

w
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A 0.1% biscyclohexanon-oxalyldihydrazone (cuprizon)
Fluka, Buchs, Switzerland) solution was prepared by dissolving
00 mg of cuprizon in 40 mL of 50% hot ethanol. The obtained
olution was diluted with ethanol to 200 mL.

.3. Preparation of model membrane

The lipophilic membrane modeling stratum corneum lipids
as prepared by sandwiching 0.125 mL of liposomes—
erasome (Lipoid GmbH, Germany) composed of the horny

ayer lipids. The appropriately thick lipid layer (0.125 mL of
iposomes) was placed between two membrane (Institute of
hemistry and Nuclear Technique, Warsaw, Poland) discs made
f semi-permeable polyester foil (radius, 12 mm; diameter of
ores, 0.4 �m; thickness, 12 �m).

The membrane was left for 24 h to evaporate the water. Dif-
usion cells have been filled with phosphate buffer (pH 7.4) and
embrane was stabilised for 24 h.

.4. Analytical procedures

.4.1. General procedure for copper determination
In vitro membrane permeation experiments were performed

sing side-by-side Flynn diffusion cell. The donor medium con-
isted of 27 mL of phosphate buffer (pH 7.4) containing selected
opper complex. The acceptor cell was filled with phosphate
uffer solution (pH 7.4). The available diffusion area between
ells was 1.77 cm2. The contents of both cells were stirred at
000 rpm by use of a magnetic stirrer. Experiments were pro-
ided at the room temperature.

Copper was determined spectrophotometrically at 600 nm.
ne millilitre of the solution from acceptor cell (after 120 h)
as transferred into a 10 mL calibrated flask. One millilitres of
.1% cuprizon solution and 2 mL of buffer solution (pH 10.0)
ere added. The mixture was diluted to 10 mL with water in

alibration flask and the absorbance of it at 600 nm against a
eagent blank was measured [28].

The relation between permeability coefficient (Kp) and
teady-state flux was calculated by use of equation [29]:

p = J

Cv
(1)

here Cv is the initial permeate concentration in donor solution
nd J is its mass passing through a unit area of the membrane in
nit time. The permeability coefficient of Cu(II) ions in the lipid
embrane Kp (cm s−1) was calculated by Fick’s first diffusion

aw.

.4.2. ESI-MS
Electrospray MS was applied to identify copper complexes

resent in donor and acceptor cell. ESI-MS spectra were
cquired in the range 150–1500 amu using 20 ms dwell time
nd 0.1 U of acquisition step. The ion spray voltage of 4000 V

as applied for positive and negative ions mode. The orifice
otential 80 V was established as offering the best signal inten-
ity and causing partial fragmentation of molecular ion at the
eptide bonds [30].
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Table 1
Ionized species observed in ESI-MS spectra of GHK-Cu solutions of different
pH

pH Positive ions mode Negative ions mode

m/z Proposed ion m/z Proposed ion

7.4 235 [Gly-His + Na]+ – –
341 [GHK + H]+ 339 [GHK-H]−
363 [GHK + Na]+ – –
402 [CuGHK + H]+ 400 [CuGHK-H]−
742 [Cu(GHK)2 + H]+ 740 [Cu(GHK)2-H]−
764 [Cu(GHK)2 + Na]+ – –

5.5 341 [GHK + H]+ 339 [GHK-H]−
402 [CuGHK + H]+ 400 [CuGHK-H]−

4.0 341 [GHK + H]+ 339 [GHK-H]−
402 [CuGHK + H]+ 400 [CuGHK-H]−

F
d
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. Results and discussion

.1. Cu(II) permeability through model membrane

The aim of the study was to investigate migration rate of
ripeptide copper complex in order to evaluate influence of lig-
nd properties on the permeability coefficient of copper. The
nfluence of GHK on the dynamics of the copper ion diffusion
as been investigated by diffusion cell method.

The preliminary experiments comprised evaluation of effect
f concentration of the ligand (GHK) on the penetration ability
f copper. They were performed at pH 4.0, because in less acidic
olution copper ions precipitate as hydroxide. The obtained
esults (n = 5, probability level = 0.95) allowed to calculate per-
eability coefficient (Kp ± S.D.): (0.27 ± 0.05) × 10−6 cm s−1
or copper ions and (0.63 ± 0.06) × 10−6 cm s−1 for copper
omplex with peptide, (GHK)2-Cu. It reveals substantial influ-
nce of complexation on the permeation rate of copper ions, as
t increases as twice.

1

ig. 1. Mass spectra of the solutions of GHK-Cu system of pH 7.4 taken from: (a) d
ays.
.8 341 [GHK + H]+ 339 [GHK-H]−

onor cell in start point, (b) donor cell after 3 days and (c) acceptor cell after 3
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Further increase of permeability coefficient was observed
hen GHK-Cu(II) system was investigated in solution of pH
ept on physiological level, 7.4 [22] under such conditions
p ± S.D. was (3.34 ± 0.14) × 10−6 cm s−1(for five results,
robability level 0.95).

.2. ESI-MS study

The obtained results indicate crucial role played by tripeptide
igand in model membrane transport of copper(II) ions. In order
o evaluate species taking part in this phenomenon, solutions
rom both Flynn cells were examined by electrospray ionisation-
ass spectrometry (ESI-MS). It was found that pH essentially

nfluences equilibria existing in solutions. In Table 1 are pre-
ented ions registered in positive (PIM) and negative (NIM) ions
odes in mass spectra of solutions of the GHK-Cu system in

ifferent pH: 1.8, 4.0, 5.5 and 7.4.
The tripeptide GHK was a dominant species in the acidic

H range. Its molecular ion is registered at m/z 341 (PIM) or
39 (NIM). In solution of pH 4.0 and 5.0 GHK and GHK-Cu
omplex were observed. Signals for these compounds in PIM
ere registered at m/z 341 for GHK and 402 for GHK:Cu. For

olution of almost neutral pH 7.4 (GHK)2-Cu complex is formed
ut also tripeptide and complex 1:1 were observed. The mass
pectrum of the system consists of six signals at m/z: 235, 341,
63, 402, 742 and 764. GHK-Cu complex in which copper ion
s bound to N-terminal amino group of glycine, the nitrogen
tom of the glycyl-histidyl amide bond and imidazole nitrogen’s
eems to be dominant and most stable form, as it was suggested
n Ref. [31].

Solutions (pH 7.4) taken from donor and acceptor cells of
lynn’s set up were examined by ESI-MS (Fig. 1). The mass
pectra obtained for the samples from donor cell consist of sig-
als at m/z 341 for tripeptide GHK, 362-sodiated GHK, 402 for
HK-Cu and 742 for (GHK)2-Cu followed by sodiated (GHK)2-
u at m/z 764. Here also can be observed peak at m/z 235, which
an be attributed to the sodiated Gly-His. This can indicate,
hat the main degradation mechanism of tripeptide GHK lies
n breaking of the His-Lys peptide bond [31]. After 3 days of
ncubation almost the same species (Fig. 1b) were identified in
onor cell.

In the mass spectrum of solution taken from the acceptor cell
Fig. 1c) three main ions were observed at m/z 341 for GHK,
02 for GHK-Cu and 742 for (GHK)2-Cu. The isotopic patterns
f signals (in the insets to Fig. 1b and c) at m/z 402 and 742
orrespond to the species containing only one copper atom.

The lack of the peak at m/z 235 (if it is formed in solution)
s not transported through the membrane—after 3 days does
ot show up in the acceptor cell but on the other hand it also
oes not show up in the donor cell after 3 days. We could not
learly indicate whether such a species is transported through
he membrane or not.

Our earlier investigations (Table 1) confirm that the species

bserved in the mass spectrum are really reflected the species
resented in solution.

The intensity of signals registered in acceptor solution are
bout five times lower, then those in the spectrum from donor

[
[

[

lanta 72 (2007) 650–654 653

ell, what nicely corresponds with results obtained in the first
art of our study—concerning permeation coefficient (Kp).

. Conclusions

The obtained results shows that permeability rate of tripeptide
opper complexes through model membrane (and probably also
hrough the skin) strongly depend on pH of the donor solution.

oreover they proved that both formed copper species (of com-
osition 1:1 and 1:2) could penetrate skin as well as free ligand.
uch complexes exhibit the highest affinity to the lipid struc-

ures of a membrane. The molecular specific ESI-MS allows
dentifying GHK complexes with Cu and allows their specific

onitoring in stratum corneum model systems.
The presented results provide new information useful to com-

lete the knowledge about copper complexes peptide transport
rocess through the stratum corneum. They reveal key role
layed by pH of the formulations containing copper used as
osmetics, but also proved that process of skin penetration by
etals complexes can be controlled by proper selection of other

osmetic additives.
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30] K. Połeć-Pawlak, R. Ruzik, K. Abramski, M. Ciurzyńska, H. Gawrońska,
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bstract

Fourier transform infrared (FTIR) spectroscopy has been proven to be an appropriate analytical method for the qualitative assessment of compost
tability. This study focuses on quantitative determination of two time-consuming parameters: humic acid (HA) contents and respiration activity.
eactivity/stability and humification were quantified by respiration activities (oxygen uptake) and humic acid contents. These features are also

eflected by a specific infrared spectroscopic pattern. Based on this relationship partial least squares regression (PLS-R) models for the prediction

f respiration activities and humic acid contents were calculated. Characteristic wavenumber regions that are assigned to the biological/chemical
arameter were selected for multivariate data analysis. The coefficient of determination (R2) obtained for the humic acid prediction model from
nfrared spectra was 87% with a root mean square error of cross-validation (RMSECV) of 2.6% organic dry matter (ODM). The prediction model
or respiration activity resulted in a R2 of 94% and a RMSECV for oxygen uptake of 2.9 mg g−1 dry matter (DM).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Biological treatment of biogenic waste materials aims at
chieving stabilization of organic matter to reduce environ-
entally relevant emissions, and to ensure plant compatibility

f composts. Definition and criteria of stability are an issue
urrently undergoing debate in the European Union (HORI-
ONTAL, CEN BT TF 151, Cluster 7 Biological Parameters).

Respiration activity is a commonly applied biological param-
ter used to determine stability of organic waste matter. This
arameter refers to the measurement of the oxygen uptake by
icroorganisms in degrading readily degradable fraction of the

rganic matter under aerobic and standardized conditions [1,2].

Degradation and transformation during the biological process

ause significant changes in the complex mixture. Degrada-
ion leads partially to emissions of volatile metabolites such as

∗ Corresponding author. Tel.: +43 1 3189900 343; fax: +43 1 3189900 350.
E-mail address: ena.smidt@boku.ac.at (E. Smidt).
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atty acids and nitrogen containing compounds of low molecu-
ar weight, to mineralization, enrichment of scarcely degradable
ompounds and to humification [3]. Although the mechanisms
nvolved are not yet clear, humification is a favorable means of
tabilizing organic matter in view of the environmental benefits
rovided by carbon sequestration. When composted biogenic
aterials are applied as soil amendment, humic substances con-

ribute to soil amelioration due to the positive effect exerted on
ggregate stability and plant health [4]. Extractable humic acids
HA) that show an increase during composting are an appro-
riate parameter to describe the humification progress [5] and
tability of composts [6].

Infrared spectroscopy has shown to be a valuable tool for the
haracterization of waste with several application in waste sci-
nce such as characterization of different waste materials [7] and
rogressing processes [8,9], and evaluation of sewage sludge

omposts [10]. Infrared spectra illustrate the plot of absorbed
nfrared radiation dependent on wavenumbers (wavelengths)
aused by interactions of infrared radiation with matter. An
nfrared spectrum reflects the chemical composition of the whole
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ample supporting their elucidation. Infrared spectroscopy has
een applied to describe changes at a molecular level [11] dur-
ng the biological treatment of organic waste [12]. Moreover,
TIR spectra have also been used in complex materials for quan-

ification of sample components such as lignin in wood using
and height ratios [13], single band heights to determine the
itrate content in waste [14], and to follow processes by using
he relative absorbance [14]. These techniques are very useful
or analyzing main components or single processes but not for
he quantification or prediction of complex parameters such as
espiration activity or humic acid content in composite samples
rom different processes or origins. To handle such extensive
ata sets multivariate statistical methods are necessary.

Multivariate data analysis allows the extraction of additional
nformation from huge data pools generated by spectroscopic
nalyses. The combination of these methods has been applied in
oil science [15] and pharmaceutical industry [16] or to monitor
inetics of adsorption [17]. Based on a mathematical proce-
ure the structure of data pools is revealed and can be applied
or a specific purpose [18]. Besides classification, prediction of
arameters represents an interesting target. By means of par-
ial least squares regression (PLS-R) a multivariate regression

odel from a known corresponding X and Y data set is calcu-
ated. Based on an established validated model prediction of new
ata (Y-values) is possible only by measuring X-values. This
pproach is advantageous, especially if time-consuming and
nterference-prone parameters can be overcome by fast methods
uch as infrared spectroscopy. A combination of these methods
as successfully applied in different areas, i.e. wood chemistry

or extractives characterization [19], determination of natural
urability and lignin composition [20–22] and food technology
23].

The objective of the present study was to develop PLS-R
odels for the prediction of respiration activity RA4d (oxygen

ptake) and humic acid content in composts based on FTIR
pectra and reference values. Prediction of these parameters

an be established due to the comprehensive information inher-
nt in the spectra. Such approach allows assessing stability of
nknown compost samples very fast avoiding time consuming
nalyses.

p
m
p
0

able 1
rigin and composition of sample sets used for prediction models (numbers in brack
DM)

Sample origin Ingredients

Composts from various Austrian and foreign
composting plants

Biogenic waste and additive
sludge, poultry manure, clay
Residues from anaerobic dig

Samples from an on-going industrial process
lasting 280 days in composting plant I

Biogenic waste comprising y
waste

Parallel lab-scale process of samples from plant I Biogenic waste comprising y
waste

Samples from an on-going industrial process
lasting 260 days in composting plant II

Biogenic waste comprising y
waste

Sum
72 (2007) 791–799

. Experimental

.1. Materials

Samples originating from different sources were investi-
ated to provide a wide range of respiration activities and
umic acid contents. Running processes were included to
chieve this target. Compost ingredients of the sample sets
sed for the calculation of the PLS-R models are compiled in
able 1.

The industrial processes (plants I and II) and the lab-scale pro-
ess were operated exclusively with biogenic waste. Biogenic
aste is separately collected and comprises yard waste (grass

lippings, twigs, leaves, plants), market waste (fruits, vegeta-
les) and kitchen waste. Due to the yard waste this mixture
lways contains a considerable amount of inorganic compounds
clay minerals, carbonates).

From the Austrian point of view composts are the final prod-
ct of biogenic waste materials, which have undergone aerobic
iological processing. These criteria do not apply to all for-
ign composts. “Composts” from foreign countries also included
esidues from anaerobic digestion of biogenic waste and left-
vers.

.2. Sampling and sample preparation

Sampling in Austrian composting plants took place according
o Austrian Standards ÖNORM S 2123-1 [24]. Representa-
ive fresh samples were screened through a 20 mm sieve after
hredding. Respiration activity was determined using the fresh
ample. For chemical and spectroscopic investigations a repre-
entative subsample (about 1 kg of the original fresh sample)
as air-dried, ground in an agate mill and screened through
.63 mm to provide an appropriate particle size according to
ustrian Standards for chemical analyses.
The Swiss Research Center Agroscope Reckenholz Tänikon
rovided representative compost samples (150–200 g, dried,
illed and sieved <2 mm). To obtain a uniform particle size sam-

les were ground again in an agate mill and screened through
.63 mm.

ets are valid for the model including composts with humic acid contents >40%

Number of samples used for
PLS-R model calculation for

HA prediction HA-P RA4d prediction RA-P

s: leftovers, sewage
minerals

92 (101) 18

estion

ard and kitchen 28 (29) 8

ard and kitchen 92 (92) 47

ard and kitchen 47 (47) 42

259 (269) 115
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.3. Analyses

Loss on ignition (LOI) was determined according to Austrian
tandard Methods ÖNORM S 2023 [25]. Humic acid analysis
as carried out according to Gerzabek et al. [5] based on alkaline

xtraction with 0.1 molar sodium pyrophosphate solution and
recipitation with HCl (37%). Based on gravimetric determina-
ion humic acid contents were calculated from photometrically
easured optical densities and referred to organic dry matter

ODM = LOI). Limit of determination: 4% HA, accuracy: 1.5%
nd precision: ±0.3%. Extractable humic acids served as param-
ter to describe progressing humification processes in composts
6,26].

.4. Biological tests

Respiration activity was measured over a 4-day-period
RA4d) in a Sapromat (Voith Sulzer) according to Binner and
ach [2] recording the oxygen uptake (mg O2) referring to 1 g
f dry matter (g−1DM). Limit of determination: 1 mg O2 g−1

M, accuracy: 0.5 mg O2 g−1 and precision ±0.2 mg.

.5. Infrared spectroscopic investigations and spectra
reatment

FTIR absorbance spectra were recorded on a Bruker (Ettlin-
en, Germany) FTIR spectrometer (EQUINOX 55) equipped
ith a DTGS detector. The 2 mg samples were mixed with
00 mg KBr (Aldrich; 22,186-4; FTIR grade), homogenized in a
ortar and the 13 mm KBr pellets were prepared under vacuum

n a standard device under a pressure of 75 kN cm−2 for 3 min.
hirty-two scans per sample were collected in the wavenumber

ange 4000–400 cm−1 in transmission mode at a spectral reso-
ution of 4 cm−1, and the collected spectra were ratioed against
ir as background.

Spectra of 10 subsamples were recorded to proof the repeata-
ility. The test by the integrated OPUS Software results in an
verage conformity of 98.4% (range of 96.9–99.2% if each of
he 10 spectra is set as a reference).

To illustrate the emerging bands spectra were processed
smoothed and derived) according to Savitzky and Golay [27]
y means of a 17-points smoothing filter and a second order
olynom to obtain second derivatives (Fig. 1).

For multivariate data analysis spectra were vector-
ormalized. The procedure is as follows: Y-values of the
pectrum are averaged. This average value is then subtracted
rom the spectrum so that the middle of the spectrum is pulled
own to Y = 0. The sum of the squares of all Y-values is then cal-
ulated and the spectrum is divided by the square root of this sum.

SPSS 12.0 for Windows was used for calculation of confi-
ence intervals and standard deviation of intercepts.

.6. Multivariate data analysis
Multivariate data analysis (partial least squares regression)
as carried out using the OPUS 5 Quant software package

BRUKER Optics, Germany).

c
i
c

ig. 1. IR spectroscopic characteristics (second derivative of vector-normalized
pectra) of composting days (d): 1 d, 56 d, 140 d and 280 d.

The procedure comprises three steps: in a first step; the
reprocessed (vector-normalized) infrared data were regressed
gainst the calibration component, and by means of full cross-
alidation (CV) with one sample omitted a significant number
f PLS components was obtained [21]. CVall stands for cali-
ration and cross-validation for each model using all spectra as
escribed in Table 1.

For model evaluation test set validation (second step) and
obustness verification (third step) were performed. For test set
alidation (TS) the data set was divided and each group was used
or both cross-validation and test set validation. Calibration and
ross-validation (CV1,3) of the first data set was carried out
sing the second data set for test set-validation (TS2,4). Then
he second data set was used for calibration and cross-validation
CV2,4) and the first data set for test set validation (TS1,3). The
ame procedure was done by using one-third/two-thirds of the
ata set. All models were calculated to a maximum rank of 10
nd the results of the calibration (R2 coefficients of determi-
ation and root mean square error of estimation, RMSEE) (not
hown), the cross-validation (R2 and RMSECV root mean square
rror of cross-validation) and the test set validation (R2 and
MSEP root mean square error of prediction) were compared.
herefore, test set validation was performed not only using the
alibration with optimal rank in the cross-validation (as usual
n an external validation), but also an optimal rank was defined
hrough test set validation. The comparison of the ranks gives
first indication of the predictive ability of the model, because
odels with large differences between the ranks determined by
V and TS are never satisfactory [21].

In a third step, the robustness of the model was verified by
ross-validation with increasing numbers of samples omitted.
he progression of model statistics such as R2, RMSECV and
umber of principal components (PCs) in dependence on the
umber of samples omitted was followed.

. Results and discussion
Process-originated samples reflected progressing stages of
omposting and the development of humic acids correspond-
ng to the stage of humification. The variety of humic acid
ontents in final products (Austrian and foreign composts in
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able 1) can be traced back to process operation and various
nput materials. The samples covered a wide range (4.5–45.6%
DM) of humic acid contents reachable by composting and

espiration activities (oxygen uptake from 60.6 to 1.0 mg g−1

M) usually found in composts and biogenic waste undergo-
ng treatment, respectively. Respiration activity decreased with
ncreasing stabilization and a low oxygen uptake (<7 mg g−1

M) was measured in stabilized materials.

.1. Infrared spectroscopic characteristics

Infrared spectroscopic characteristics of several samples
composting process plant I) are shown in Fig. 2 to illustrate
he changing band heights from the biogenic input material of
he first day (1 d) to the final product (280 d) that represents

compost with a high humic acid content. Respiration activ-
ty decreased from 60.6 mg O2 g−1 DM at the beginning (1 d)
o 2.3 mg O2 g−1 DM after 280 days. Humic acid content was
ound to be 45.6% after 280 days.

During composting absorption bands of biogenic waste tend
o broaden due to manifold interactions of degrading organic

olecules. As these qualitative aspects of spectral changes dur-
ng composting and the assignment of bands were presented in
revious publications [7,14,28], the organic bands mentioned
ere are limited to the ones used for prediction models.

Bands of inorganic components can be unequivocally
ssigned to the corresponding functional group, which does not
pply to all organic bands due to overlapping. Several “indicator”
ands are marked in the spectra (Fig. 2): the aliphatic methylene
ands at 2920 and 2850 cm−1 representing the skeleton of many
iomolecules, the region between 1790 and 1530 cm−1 includ-
ng the 1740 cm−1 band (aldehydes, ketons, esters, carboxylic
roup), the amide II band at about 1540 cm−1, the (aromatic)
mine band at 1320 cm−1, the band at 1260–1240 cm−1 (C–O
ibration of carboxylic acids and C–N of amide III) (Fig. 2). It is

−1
ot possible to unequivocally assign the 1640 cm band due to
verlapping of aromatic C=C vibrations, functional group vibra-
ions such as C=O (carboxylates and amides), C=C (alkenes) and
H from water, all contributing to this strong band.

ig. 2. Infrared spectra of biogenic waste during the composting process in plant
(1 d, 56 d, 140 d, 280 d) indicating the most important bands and the selected
reas for the prediction models of respiration activity (I, II, III).
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ig. 3. IR spectroscopic pattern of mineral components in composts a, b and c.

Mineral compounds show a relative increase during com-
osting. Despite increasing intensities during composting their
ontribution is only significant for a specific process observed.
hereas functional groups attributed to different organic com-

ounds and related metabolic products are present in all compost
pectra, inorganic components can differ considerably depend-
ng on the geological background and process operation (i.e.
ddition of clay minerals or carbonates during the process).
itrate as a mineralization product of organic nitrogen con-

aining molecules indicates an advanced stage of composting.
owever, the assigned band at 1384 cm−1 is not necessarily

ound in all stabilized composts. Fig. 3 shows the strong bands
f different mineral compounds in composts a, b and c. Apart
rom clay minerals (1030 cm−1) carbonates contribute to the
norganic components of compost a (strong carbonate bands at
420 and 875 cm−1) and compost b (weak carbonate bands). No
arbonates are found in compost c.

.2. Prediction of the respiration activity

For the prediction model of respiration activity 115 samples
ere investigated comprising samples from processes and com-
osts. In a first step, PLS-regression was computed including
he whole wavenumber range (4000–400 cm−1). X-loadings of
he PLS components (not shown) revealed the contribution of
oth organic and inorganic bands to the variation between the
amples according to the bands mentioned above. Focusing on
rganic bands for the prediction model the inorganic bands of
itrate at 1384 cm−1, carbonate at 1420 and 875 cm−1 and silica
t 1030 cm−1 (Fig. 3) were excluded.

Therefore, data evaluation focused on the following selected
egions in the spectrum: 3000–2800 cm−1 (I), 1788–1533 cm−1

II) and 1348–1201 cm−1 (III) implying that respiration activ-
ty should be reflected by highly changing bands assigned to

etabolites (Fig. 2). Variance was displayed by seven principal
omponents. Fig. 4 represents the PLS-loadings of the 7 PCs
sed for the prediction model. PLS-loadings of PC 1 (explained

ariance 47%) show the strong contribution of the aliphatic
ethylene bands at 2920 and 2850 cm−1, of the bands at 1540

nd 1320 cm−1 and a considerable influence of the bands at
740, 1640 and 1250 cm−1. All PLS-loadings (Fig. 4 a and b)
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ig. 4. PLS-loadings of the 7 PCs (a) PC 1–PC 4 and (b) PC 5–PC 7 used for
c) variance explained by each PC.

onfirm the appropriate selection of wavenumber regions for the
rediction model. The variance explained by each of the seven
Cs is illustrated in Fig. 4c.

For the correlation between measured and predicted res-
iration activities shown in Fig. 5a, a high coefficient of
etermination (R2 = 94%) has been achieved with a RMSECV
or oxygen uptake of 2.9 mg g−1 DM. Fig. 5b illustrates the
egression line and the standard deviation of slope and intercepts
alues.

To evaluate the calculated model (CVall) for RA4d prediction
RA-P) the data set was subjected to the procedure described in
ection 2. All model statistics are shown in Table 2.

The cross-validation of the models (CV1, CV2 and CVall)
nd the test set validation (TS1 and TS2) led to nearly the
ame model statistics (Table 3). That means that all spectra
an be used for the computation of a model for prediction
f respiration activity. Other authors [21,29] have proven this
rocedure.

The prediction of respiration activity from the infrared spec-
rum could constitute a less time-consuming method for the

etermining of stability in other waste materials such as munic-
pal solid waste in which the same “reactivity” bands are
dentified [28]. Moreover, this fast prediction serves as a con-
rol method if respiration activity determination fails due to

o
i
m
a

ediction model show the contribution of the selected wavenumber regions and

oxic or other inhibiting effects showing no or less oxygen
ptake.

.3. Prediction of extractable humic acids

Based on the fact that aromatic rings are a main constituent
f the humic acid molecule skeleton [30], absorption bands in
he infrared spectrum are expected in regions of aromatic C=C
ibrations. The broadening during composting towards lower
avenumbers shown in Fig. 2 (�) is revealed by the evolu-

ion of a band at 1595 cm−1 visible in the second derivatives
f the vector-normalized spectra (Fig. 1). The observation of
he emerging and increasing band gives reason to expect a good
orrelation of this region with the measured humic acid con-
ents. Slight differences in the vector-normalized spectra are
esolved by means of multivariate data analysis. As described
y Gossart et al. [31] different states of humic acids that are
ot visible in the spectra could be assigned to the acid or salt
orm by multivariate curve resolution. The intensity of the band
t 1740 cm−1 that can be attributed to C=O stretch vibrations

f esters, aldehydes and ketones becomes weaker with increas-
ng humic acid contents (Fig. 1). Inclusion of this band in the

ultivariate evaluation could improve the prediction of humic
cid contents. It is hypothesized that the degradation of metabo-
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Fig. 5. Predicted vs. measured respiration activities (oxygen uptake) over a 4-day-period (RA4d), based on a PLS-R model (RA-P) calculated with infrared spectra
and RA4d values of 115 samples (a); regression line, standard deviation of slope and intercepts values are indicated in (b).

Table 2
Parameters of PLS-Regressions for model RA-P

CV/TS Number of spectra PCs R2 (CV) (%) R2 (TS) (%) RMSECV (mg g−1 DM) RMSEP (mg g−1 DM)

CVall 115 7 94 – 2.9 –
CV1 58 7 92 – 3.1 –
TS2 57 5 – 92 – 3.7
CV2 57 7 95 - 3.1 –
TS1 58 6 – 92 – 3.2

CV3 77 7 94 – 3.3 –
T 9
C
T 9
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T
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C

C
C
T
C
T

C
T
C
T

S4 38 7 –
V4 38 6 90
S3 77 4 –

ites also indicates advancing humification. Moreover, to avoid
possible influence of water, the water band at 1635 cm−1 was

xcluded.
If the selected wavenumber areas for parameter prediction are

ompared it becomes visible that the selected regions for humic
cid prediction are included in the selected region for respira-
ion activity prediction. It confirms that respiration activity and
umic acid content are reciprocally related.
After selection of these bands including the appropriate
avenumber areas (1745–1685 cm−1 and 1610–1567 cm−1) for
ata analysis, PLS-R was carried out using 269 samples for the
alculation of the humic acid content prediction model. R2 of

P
i
t

able 3
arameters of PLS-Regressions for model HA-P (numbers in brackets are valid for th

V/TS Number of spectra PCs R2 (CV) (%)

Vall 259 (269) 7 (7) 87 (86)
V1 131 (134) 7 (7) 86 (86)
S2 128 (135) 7 (6) –
V2 128 (135) 7 (7) 87 (84)
S1 131 (134) 5 (7) –

V3 194 (202) 6 (7) 86 (86)
S4 65 (67) 6 (6) –
V4 65 (67) 6 (7) 86 (84)
S3 194 (202) 6 (7) –
4 – 3.3
– 3.4 –
2 – 3.7

6% and a RMSECV of 3.1% ODM were obtained. HA contents
bove 40% ODM are underestimated by this model. Exclusions
f samples with HA contents >40% ODM from the model (259
amples) leads to R2 of 87% and a RMSECV of 2.6% ODM.
hese results are presented in Fig. 6a that shows the predicted
ersus measured humic acid contents plot of the cross-validation
CVall). Fig. 6b illustrates the regression line and the standard
eviation of slope and intercepts values.
The reason of underestimation is not clear at this moment.
ossibly at higher HA contents chemical analyses are

nterference-prone or unknown effects emerge requiring addi-
ional wavenumber ranges for PLS-R. More samples are

e model including composts with humic acid contents >40% ODM)

R2 (TS) (%) RMSECV (% ODM) RMSEP (% ODM)

– 2.6 (3.1) –
– 2.8 (3.0) –

87 (84) – 2.6 (3.2)
– 2.5 (3.3) –

84 (85) – 3.0 (3.1)

– 2.7 (3.0) –
90 (87) – 2.4 (3.1)

– 2.8 (3.1) –
82 (81) – 3.1 (3.8)
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1 s (a);
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ig. 6. Predicted vs. measured humic acid contents plots of the cross-validation
745–1685 cm−1 and 1610–1567 cm−1) and HA contents based on 259 sample
n (b).
ecessary to verify these assumptions being not an easy task
o make composts at such high concentrations available.

Evaluation of the calculated models (CVall) for HA predic-
ion (HA-P) was performed as described in Section 2. Validation

r
r
t
m

ig. 7. Cross-validation (CV1 and CV2) and test set validation (TS1 and TS2) results
nd 1610–1567 cm−1).
PLS-R models calculated with selected infrared spectral areas (wavenumbers:
regression line, standard deviation of slope and intercepts values are indicated
esults and model statistics are shown in Table 3 and in Fig. 7,
espectively. The prediction error of model including HA con-
ents >40% ODM (values in brackets) is higher. However, the

odel stability is not affected.

of the divided data set used for model HA–P (CVall) (areas: 1745–1685 cm−1
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Table 4
Measured and predicted values of respiration activity (RA4d) and humic acid contents (HA) of 10 replicates of a compost sample, and the confidence intervals at a
confidence level of 99%

Subsample
Repetition

RA4d measured
(mg O2 g−1 DM)

RA4d predicted
(mg O2 g−1 DM)

Deviation (mg O2

g−1DM)
HA measured
(%, ODM)

HA predicted
(%, ODM)

Deviation
(%, ODM)

S1 4.4 2.1 2.3 18.3 17.8 0.5
S2 4.4 6.1 −1.7 18.3 16.9 1.4
S3 4.4 5.5 −1.1 18.3 18.1 0.2
S4 4.4 4.8 −0.4 18.3 17.4 0.9
S5 4.4 4.2 0.2 18.3 17.0 1.3
S6 4.4 4.7 −0.3 18.3 18.0 0.3
S7 4.4 5.8 −1.4 18.3 15.7 2.6
S8 4.4 3.5 0.9 18.3 18.8 −0.5
S9 4.4 4.9 −0.5 18.3 18.3 0.0
S10 4.4 4.8 −0.4 18.3 18.1 0.2

Average 4.6 17.6
STDEV 1.2 0.9
Upper CL 5.8 18.5
L
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ower CL 3.4

TDEV, standard deviation; CL, confidence limit.

Cross-validation of the models (CV1, CV2 and CVall) and
est set validation (TS1 and TS2) led to almost the same model
tatistics. That means that all spectra can be used for the com-
utation of a model for prediction of humic acid content and the
ame predictive ability is expected.

In the third step, the robustness of the model HA-P (CVall)
as proven by increasing the number of samples omitted during

ross-validation as applied for other natural samples [21,29].
ig. 8 shows the minor impact of this procedure on the R2, the
MSECV and the number of PCs leading to the conclusion that

he model is stable.
The extensive procedure to validate the PLS-R models is

ustified to obtain reliable models. Such as many multivariate
tatistics PLS-R in spectroscopy implies the risk that indirect
orrelations can be made with other parameters to a not directly
easurable extent. Apart from other quantification problems in

pectroscopy such as, e.g. scattering and particle size, peaks in

n infrared spectrum are seldom the result of a single molecular
oiety or a structural property as mentioned above. These fea-

ures are additive and unresolved. Underlying inorganic features
an have an influence depending on their nature, composition

ig. 8. Progression of the recommended PCs (�), the RMSECV (�) and the R2

�) in dependence on the number of samples omitted during cross-validation
model with 259 samples).
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16.7

nd content, even if the main bands have been excluded. There-
ore, several reasons suggest to divide the sample set in different
ata sets (TS and CV) and to test them mutually: the number
f samples, marginal differences in some cases, the complex
arying sample composition, underlying inorganic spectral fea-
ures and the relatively high number of PCs that are necessary
o explain the variance.

To verify the repeatability of spectra and the resulting predic-
ion of both parameters 10 replicates of the same sample were
ested. Table 4 shows the prediction of respiration activities and
umic acid contents based on these replicates. Standard devia-
ion was found to be 1.2 mg O2 g−1 (DM) for RA4d and 0.9%
ODM) for HA contents. The reference values are within the
onfidence limits, and all predicted values are within the limits
f the prediction error (RMSEP).

. Conclusions

Carefully validated FTIR–PLS-R prediction models for res-
iration activity and for humic acid content represent an
ppropriate technique to assess compost stability and allow eval-
ating unknown compost samples reliably. Inhibiting effects that
an influence biological tests such as respiration activity can be
ell spotted. From an environmental point of view, humifica-

ion of composts is considered a highly desirable target. The
onventional methods of repeated humic acid extraction and res-
iration activity determination take 5, respectively, 4 days. FTIR
pectroscopy combined with multivariate data analysis reduces
he expenditure of time drastically. The described methods can
e used to evaluate many samples within a short time as well
s for the selection of (control-) samples prior starting time-
onsuming, expensive analyses. Due to the easy handling, the
ow interference of the technical equipment, and the marginal

eed of chemicals compared to conventional methods the use
f PLS-R models to predict respiration activity and humic acid
ontents based on FTIR spectra should enhance the application
f this fast analytical method in waste management.
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Abstract

Antioxidants are one of the main ingredients that protect food attributes by preventing oxidation that occurs during processing, distribution
and end preparation of food. Physiological antioxidant protection involves a variety of chemical system of endogenous and exogenous origin in
a multiplicity of pathways. Associate to this, researches have been directed in the development of methods as biosensors that can characterize
antioxidants capable of removing harmful radicals in living organisms in an adequate way. Biosensors have represented a broad area of technology
useful for environmental, food monitoring, clinical applications and can represent a good alternative method to evaluate the antioxidant status.

The demonstration of the highlighted current application of biosensor as a potential tool to evaluate the antioxidant status is the main aim of this

review.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

The study of free radicals and antioxidants in biology and
ood technology has been widely recognized. The prevention of
he oxidative reactions in foods, pharmaceutical and cosmetics
s well the role of reactive oxygen species (ROS) in chronic
egenerative diseases are questions that continue to be investi-
ated due to the difficulties associated to the methods used in
he evaluation of antioxidant status in these systems.

Methods for assessing antioxidant properties can be classi-
ed basically into two broad categories reflecting the idea on
ctivity in foodstuffs and the antioxidant behavior in human
ody. In case of food systems, the necessity is the evaluation
f the efficacy of an antioxidant in providing protection for
he product or the necessity to characterize possible antioxi-
ant compounds. Another category involves the contribution of
ndogenous antioxidants or nutrients for the modulation of the
athological consequences of ROS in vivo activity. In this sense,
ntioxidants tests can be basically classified in two groups: those
ssays based on the inhibition of the human low-density lipopro-
ein oxidation and those assays used to measure oxygen free
adical scavenging ability. Several procedures are reported in
he literature for measuring the total antioxidant capacity of

biological sample or plant extracts. The principles and the
nformation that these methods provide have been extensively
eviewed [1–3].

The evaluation of antioxidant properties is not an easy task.
any methods can be used to determine this activity, however

everal factors can affect the estimated activity, such as con-
itions and analytical methods [4,5]. Thus, in vitro systems are
asier, faster and more cost-effective compared to the traditional
ioassays in vivo. Therefore, test of the direct antioxidant capac-
ty in vitro is useful, because if a substance that is poorly effective
n vitro will not be better in vivo. It can also be evaluated about
ome possibility of damaging effects [6]. In this context is ade-
uate to define the terms antioxidant activity and antioxidant
apacity whose meanings are quite distinct. The antioxidant
ctivity corresponds to the rate constant of a single antioxidant
gainst a given free radical. The antioxidant capacity is the mea-
urement of moles of a given free radical scavenged by a test
olution, independently of the antioxidant present in the mixture
7].

Researches have been directed to the development of meth-
ds as biosensors that can characterize antioxidants capable
f removing harmful radicals in living organisms in an ade-
uate way. Since the pioneering work of Clark, biosensors have
epresented a broad area of emerging technology useful for
nvironmental and food monitoring. In clinical applications as
iagnostics delivering devices of important diseases and related
o the ROS generation in excess such as diabetes. Recently
his method has been cited for cancer-related screening testing
8,9]. This progress in potential application of biosensors can be
ttributed to its inherent characteristics such as rapid and real-

ime analysis that increase the assay speed and flexibility as well
s the possibility of automatic and multi-target analyses with low
ost. In this sense, the concept of biosensors also proceeded for
more wide modern definition in comparison to the proposed

s
t
s
t
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y Clark and coworkers. Biosensors are a sub-group of chem-
cal sensors and it can be define as a self-contained integrated
evice, which is able to provide specific quantitative or semi
uantitative analytical information using a biological recogni-
ion element (biochemical receptor), which is retained in direct
nd spatial contact with the transduction element [10].

Evaluations of the antioxidant status by means of biosensors
ave been carried out by measurements of biomarkers. Biomark-
rs are biological molecules whose chemical structure have been
odified as a result of an attack by free radicals or others reac-

ive species and that can be used as indicators to reliably asses
xidative stress status in animals models and in humans.

Developed biosensors employ different strategies ranging
ince direct analysis of compounds with characteristics antioxi-
ants, measuring the antioxidant enzymes activity and detection
f free radicals. Most of them uses immobilized enzymes
n combination with electrochemical transducer, in particu-
ar, amperometric devices. Enzyme-based biosensors are very
uitable since they show excellent selectivity for biological sub-
tances and can directly determine and/or monitor antioxidant
ompound in a complex media such as biological or vegetable
amples without needing a prior separation step. Those ampero-
etric transducer combine redox enzymes reactions to measure

ither consumed oxygen or produced hydrogen peroxide by oxi-
ase enzymes and the reduced form of �-nicotinamide adenine
inucleotide (phosphate) NAD(P)H by dehydrogenase enzymes.
uring the course of the catalytic reaction on the electroactive

ubstrates the current produced at an applied potential is related
o the concentration of the species in solution. The measured
oncentration is attributed to a specific biomarker, which the
iosensor is selective. This species acts like an antioxidant in the
ormal biological process. Various enzyme systems and simple
ompound known as endogenous antioxidants are essential to
emove (scavenging) reactive oxygen species from the body to
revent their harmful effects. When the antioxidant capacity of
biological system is overwhelmed by the presence of excess

ree radical reactive species or the concentration of antioxidants
re not sufficient to protect against oxidation, the disease pro-
esses are accelerated by oxidative damage to cells. In this sense,
he biosensor monitoring the biomarker concentration may yield
nformation associated to the degree of disease or disorder state
n light of a particular clinical or research interest.

This relation is also applied to the developed biosensors to
onitor radical species formed in vitro specific system. Oxygen

ree radicals are very difficult to measure directly because of their
ighly reactive nature and their very short half-life. The toxic
yproducts of these reactions are related to the biomolecules
odifications and the concentration of these byproducts as well

s some related enzymes are measured by biosensors to reflect
he degree of oxidative damage.

An interesting investigation of overall antioxidant status of
he biological system is the potential benefit to health caused by
he compound with antioxidant action supplied from nutritional

upplements or dietary. Epidemiological studies suggest that
hese nutrients have a positive effect on general health and more
pecifically on cardiovascular diseases and cancer [11]. Poten-
ial antioxidants analyzed by biosensors include among others,
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itamin C and phenol-derived compounds. The measured con-
entration of these compounds present in plant-origin samples
orresponds to the quality of the dietary used as antioxidant
upplement.

An important indicator in oxidative stress research is the
dentification of specific oxidized protein in human disease.
amage to DNA is the major endogenous type of pathogenic

hat induces a variety of diseases including cancer [12], which
ustify the importance of its early detection. DNA-based biosen-
ors have been used in the identification and quantification of
NA molecules in disease diagnostics; detection of pathogenic
rganism and detection of toxins [9] and also it has been suc-
essful used as a screening method to detect DNA damage.
he composition of the developed systems so far consist in
DNA layer immobilized on a surface electrode as oxidation

arget and using a method of inducing damage such as chemi-
al agent or ionizing radiation. Among the modified substrates,
he guanine is the most easily oxidized with the lowest oxi-
ation potential of the nucleic acid bases and its oxidation
roduct 8-oxoguanine is considered a clinical biomarker for
xidative DNA damage [13]. The detection principle reflects
he fact that the response of DNA (signal relation to changes
f guanine base) is strongly dependent on its structure. Sam-
les containing compounds that can neutralize damaging agents

hat interact with DNA in an irreversible way and as a result

aintain almost constant the DNA signal, can be characterized
s antioxidant. The application of these biosensors as screen-
ng procedure of antioxidant constitute in a great alternative

i
g
p
[

Scheme 1. Relevant relationships between RO
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ecause the test reduce the time, complexity and cost of the
nalysis.

In this context, the demonstration of the current application
f the biosensors as a method to evaluate the antioxidant status
s the main aim to stimulate further investigation in this area.

. Outline of biology and chemistry of free radicals and
ntioxidants

Oxidation is a spontaneous process and constitutes in the
ain deterioration factor in foods, cosmetics and pharmaceuti-

al, causing alteration in its constituents, which result in a key
actor in the nutritional and commercial value of these prod-
cts. These reactions are caused by the atmospheric oxygen or
ess frequently by ozone, peroxide or oxidant metals and other
gents. In biological fluids, the oxidation reactions are involved
n important metabolic routes, during the normal metabolism,
ut an imbalance in the production and/or removal of these pri-
ary products induce an oxidative stress condition [14]. The

elevant inter-relationships between ROS and antioxidants are
hown in Scheme 1.

In case of in nature or manufactured products the oxidation
eaction usually begins in the lipid fraction, eventhough other
omponents such as proteins, vitamin and pigments are affected

n different manner. In living system, the most susceptible tar-
ets to the alteration, beyond lipids in cellular membranes are
roteins, enzymes and mainly carbohydrates and DNA in tissues
14].

S and antioxidants (adapted from [15]).
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Table 1
Reactive oxygen species and relevant antioxidants

ROS Nonenzymatic antioxidants (LMWA) Enzymatic antioxidants

Singlet O2 NADPH and NADH Catalases (CAT)a

O2
•− (superoxide radical) Glutathione (GSH) and thiols Glutahione peroxidase (GSH-Px)a

H2O2 (hydrogen peroxide) Ubiquinol (coenzyme Q) Superoxide dismutase (SOD)a

•OH (hydroxyl radical) Uric acid Ceruloplasmin (Cu)b

NO• (nitric oxide) Carotenoids (most commonly �-carotene)c Albumin (Cu)b

Lipid peroxide Vitamin C (ascorbic acid)c Transferin (Fe)b

RO• (alkoxyl radical) Vitamin E (tocopherols)c Ferritin (Fe)b

ROO• (peroxyl radical) Phytochemicalsc Myoglobin (Fe)b

a
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R
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Free radical scavenging enzymes.
b Metal binding proteins.
c Dietary antioxidants.

In contrast, the mammalian cells have developed a com-
lex antioxidant defense system to minimize the toxic effect
f partially reduced oxygen species. A broader definition of an
ntioxidant is any substance that when present at low concentra-
ion compared to those of an oxidizable substrate significantly
elays or prevents oxidation of that substrate [6] and include
wo classes, primary and secondary antioxidants (Table 1). The
rimary or chain-breaking antioxidant, AH, include protection
y the synthetic and natural origin low-molecular weight antiox-
dants (LMWA). When it is present in trace amounts, may delay
r inhibit the initiation step by reacting with a lipid radical or
nhibit the initiation step by reacting with peroxyl or alkoxyl
adical resulting in a lesser reactive radical (A•) (reactions
1) and (2)). Besides it can act as chain reaction termina-
ors by forming peroxide antioxidant compounds (reactions (3)
nd (4)) [1].

O• + AH → ROH + A• (1)

OO• + AH → ROOH + A• (2)

O• + A• → ROA (3)
OO• + A• → ROOA (4)

Another form of protection is the preventive or secondary
ntioxidants that retard the rate of oxidation through the enzy-
atic activities in different mechanisms such as metal chelating,

inglet oxygen quenchers or repair systems of damage resulting
n oxidation [1].

3

i
a
v
s
f
a

able 2
iosensors applied to detect the antioxidant activity

arget DNA Intercalator Transducera S

sDNA (Calf thymus) [Co(phen)3]3+ Voltam. (SPE) P
sDNA (Calf thymus) [Co(phen)3]3+ Voltam. (SPE) Y
sDNA (Calf thymus) [Co(phen)3]3+ Voltam. (SPE) F
sDNA (Salmon) MB Voltam. (ITO) G
sDNA (Calf thymus) – Voltam. (SPE) T

a Working electrode.
. Potential applications of biosensor for evaluation of
ntioxidant status

Tables 2–9 present the successful application of biosensors
or evaluation of antioxidant status. A brief comment about the
ain aspects of the biology and chemistry of free radicals and

ntioxidant in the beginning of each topic are also described.
The review was carried out describing works reported in the

iterature since 2000. In sequence, tables with biosensors applied
or characterization of antioxidants based on radical scavenging
roperty, detection/determination of free radicals, antioxidant
ompounds and enzymatic activity in blood plasma, urine, whole
ells, even tissue or natural origin samples, without sample
retreatment. The study is completed with analysis of phyto-
hemicals and synthetic antioxidants that have not recognized as
ssential nutrients, but apparently play an important antioxidant
ole in the body. Among the types of biosensors, it is observed
hose based on electrochemical transducer have dominated this
esearch field. The main reasons are the chain-breaking activity
f both electron-transferring and hydrogen-donating antioxi-
ants, in most cases, showing a redox mechanism that is very
uitable for the electrochemical measurements.

.1. DNA as oxidation target

Studies of DNA damage induced by ROS are of special
mportance because it is the repository of genetic information
nd it is also present in single copy. It is characterized by a

ariety of modifications at DNA level that include base and
ugar lesions, strand breaks, DNA-protein cross link and base-
ree sites. However, DNA of all mammalian cells contains trace
mounts of modified bases that are indicative of attack by oxidiz-

ample Precision (as R.S.D.) Reference

lant extracts 19% (n = 8) [19]
east 10% (n = 10) [20]
lavonoids [21]
allic acid and glutathione [22]
ea extracts 16% (n = 6) [23]
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Table 3
Biosensors applied in the superoxide radical detection

Biocomponent Immobilization Transducera Detection range (D.L.) Stability Reference

GAO, SOD, tyrosinase Physical adsorption Amp. (O2) 20–250 �mol L−1 (1 �mol L−1)
(tyr), 100–1200 �mol L−1

(10 �mol L−1) (GAO)

3 days (tyr), 3
days (GAO)

[29]

SOD Physical adsorption Amp. (H2O2) 20–2000 �mol L−1 (10 �mol L−1) ≥7 days [30]
Hemin Physical adsorption Amp. (PGE) – – [31]
Cyt. c SAM Amp. (Au) – 5 days [32]
SOD Physical adsorption Amp. (H2O2) – – [33]
SOD Physical adsorption Amp. (O2) 20–1500 �mol L−1 (10 �mol L−1) 4 days [34]
SOD Physical adsorption Amp. (ME) – – [35]
Cyt. c SAM Amp. (Au) – – [36]
Cyt. c, AOD, XOD SAM Amp. (Au) – – [37]
SOD Chemical cross-linking Amp. (Pt) ≥100 �mol L−1 – [38]
Cyt. c SAM Amp. (Au) – – [39]
Cyt. c SAM Amp. (Au) – [40]
SOD SAM Amp. (Au) 13–130 nmol L−1 (6 nmol L−1) 7 days [41]
SOD SAM Amp. (Au) 13–130 nmol L−1 (6 nmol L−1) – [42]
SOD Physical adsorption Amp. (H2O2) – [28]
Cyt. c SAM Amp. (Au) 0.4–1.5 �mol L−1 – [43]
SOD Physical adsorption Amp. (H2O2) 20–2000 �mol L−1 – [44]
SOD Physical adsorption Amp. (H2O2) 20–2000 �mol L−1 – [45]
SOD, HRP Sol–gel encapsulation Fluoresc. (glass slide) <0.02 �mol L−1 – [46]
SOD Sol–gel encapsulation Amp. (Au) 0.2–1.6 �mol L−1 (0.1 �mol L−1) >20 days [47]
Cyt. c SAM Amp. (SPE –Au) 0.3–1.2 �mol L−1 – [48]
SOD Physical adsorption Amp. (H2O2) 20–2000 �mol L−1 – [49]
SOD Chemical cross-linking Amp. (Pt) 20–2000 �mol L−1 (10 �mol L−1) 30 days [50]
Cyt. c Physical adsorption Amp. (ME) 0.86–5.93 �mol L−1

(0.50 �mol L−1)
30 days [27]

SOD SAM Amp. (CFME) 13–105 nmol L−1 7 days [51]

a Working electrode or transducer.

Table 4
Biosensors applied in the detection of nitric oxide

Biocomponent Immobilization Transducera Detection range (D.L.) Stability Reference

HRP Chemical cross-linking Amp. (GCE) 2.7–11 �mol L−1 (2 �mol L−1) – [59]
H E)
H E)

i
t
w
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c

a

D

T
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B

G
G
G
T
C
H

B

emoglobin and DNA Physical adsorption Voltam. (PG
emoglobin Physical adsorption Voltam. (PG

a Working electrode.

ng species being removed by excision repairing enzymes and
hey are known to accumulate with age that can be associated
ith disease processes [12].

One of the most reactive radical species that induce lesions

n DNA is the hydroxyl radical (•OH) generated among other
ystems by the Fenton reaction (reaction (5)). This species cause
ell injury when they are generated in excess or the cellular

t
r
p

able 5
iosensor applied in the analysis of glutathione and enzyme activity

iocomponent Immobilization Transducera Sample

SH-SOx, HRP Chemical cross-linking Amp. (CGE) –
SH-Px Chemical cross-linking Amp. (PGE) Serum
SHR Chemical adsorption Amp. (GCE) –
yrosinase Physical adsorption Amp. (CPE) –
ucumber Physical cross-linking Amp. (O2) Plant
RP Physical cross-linking Amp. (GCE) –

iosensor for enzyme activity
GSHR Physical adsorption Amp. (Pt) Erytrocyte hemol

a Working electrode.
16.3–163 �mol L−1 – [60]
<5 �mol L−1 (20 pmol L−1) – [61]

ntioxidant defense is impaired.

NA[Fe(II)] + H2O2 → DNA[Fe(III)] + OH− + •OH (5)
When •OH is generated adjacent to DNA, it attacks both
he deoxyribose sugar and the purine and pyrimidine bases
esulting intermediates radicals, which are the immediate
recursors for DNA base damage [16]. In living systems many

Detection range (D.L.) Stability Reference

1–200 �mol L−1 (0.50 �mol L−1 GSH) 6 days [71]
19–240 �mol L−1 60 days [72]
– – [73]
1–8 �mol L−1 (100 nmol L−1) – [74]
0.1–2 �mol L−1 60 days [75]
0.04–90 �mol L−1 (0.3 nmol L−1) 30 days [76]

ysate 0.08–0.74 IU L−1 – [77]
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Table 6
Biosensors applied in the uric acid determination

Biocomponent Immobilization Transducera Sample Detection range (D.L.) Stability Reference

UR Physical adsorption Conduct. (ME) Serum 500–1250 mg L−1 – [88]
UR Sol–gel encapsulation CL (sol–gel matrix) – 1–100 mg L−1 (0.1 mg L−1) – [89]
UOD, HRP Physical cross-linking Amp. (O2) Urine 0.1–0.5 �mol L−1 30 days [90]
UOD Sol–gel encapsulation ECL (sol–gel matrix) Human serum 1–25 �mol L−1 – [91]
UR, HRP Sol–gel encapsulation Fluoresc. (sol–gel matrix) Body fluids <1 �mol L−1 >90 days [92]
UR Physical adsorption Amp. (GCE) Urine 5–1000 �mol L−1 (2 �mol L−1) 20 days [93]
U erum
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R Physical adsorption Amp. (CPE) S
R Physical adsoprtion Voltam. (CNT) A

a Working electrode or transducer.

f the hydroxyl radicals are generated from the metal (M)
on-dependent breakdown of hydrogen peroxide [17,18]. In
he presence of ferrous or cupric ions, hydrogen peroxide is
onverted into the hydroxyl radical by Fenton’s reaction. The
enton-type system is important because it has been implicated
s an important mediator of oxidative damage in vivo and it is
f great interest in terms of reducing the possibility of mutation
nd consequently the cancer [18].

Mechanisms involving the Fenton system and other way of
adical formation like ionizing radiation and nuclease activa-
ion have been suggested to evaluate the level of DNA damage
hat occurs in biological systems and the efficacy of the antioxi-
ant compounds. Procedures based on incubation of calf-thymus
NA with a system producing •OH radicals gives rise the exten-

ion of the chemical modifications in the DNA bases evaluating
he scavenging property of dietary antioxidants by means of its
ction as modulators of this degradation process. It is the basic
rinciple used in DNA-based biosensors for characterizing the
ntioxidants. In many cases are used the Fenton-type reaction
s the inducing method to damage the biomolecule. The com-
osition of the system generally consists in a double or single
trand DNA layer immobilized on a transducer. Considering that
ydroxyl radicals can interact with DNA bases as well as with
eoxyribose residues, the antioxidant to be tested is evaluated
y changes that occur into DNA layer by means of variation
f purine base signal, usually guanine. Table 2 shows screen-
ng systems based on DNA-biosensor developed for measuring
he antioxidant activity in vitro of several types of sample in an
dequate and easy way.

.2. Monitoring superoxide radical (O2
•−)
Superoxide anion (O2
•−) a single-electron reduction product

f oxygen is one the most abundant radical produced in biologi-
al systems. This cytotoxic species is quite reactive and is easily
ttacked by other active biomolecules (as nitric oxide), scav-

C

able 7
iosensors applied in the ascorbic acid determination

iocomponent Immobilization Transducera Sample

OD Physical adsorption Amp. (CPE) Pharmaceutical form
OD Physical adsorption Amp. (Pt) Juice fruit
OD Physical adsorption Amp. (SPE) Fruit
OD Physical cross-linking Amp. (O2) Commercial pharm

a Working electrode.
1–100 �mol L−1 (0.19 �mol L−1) – [94]
l tissue 0.1–500 �mol L−1 (0.05 �mol L−1) 20 days [95]

nged by enzymes (as superoxide dismutase) and antioxidants
gents (as ascorbate). Under physiological conditions, superox-
de radical is generated in significant quantities, in the nanomolar
ange, but the variation in its activity occurs in response to
eurodegenerative disorders, diabetes, hypertension and others
iseases [24,25].

In order to understand the pathological role of superoxides
n cellular damage, researches have been leading on the deter-

ination of superoxide radical [26].
Electrochemical methods based on biosensors are particu-

arly suitable to determine superoxide anion in a real-time and
ensitive way (Table 3) and include two main types. The first
roup has as mechanism of reduction of cytochrome c immobi-
ized on electrode surface by superoxide radical enzymatically
roduced in solution (reactions (6) and (7)). The superoxide
easurement is by means of reaction between superoxide and

ytochrome c followed by the further oxidation of the later at
he electrode surface. The oxidation current is proportional to
he superoxide concentration in solution. In this sense, several
lectrodes configurations have been reported showing the direct
r mediated electron transfer between redox protein and the
lectrode [27].

In solution: Production of superoxide

(6)
At the electrode: Superoxide detection

yt. c [Heme(Fe3+)] + O2
•− → Cyt. c [Heme(Fe2+)] + O2

(7)

Detection range (D.L.) Stability Reference

ulations 200–500 �mol L−1 (22 �mol L−1) – [101]
≥3000 �mol L−1 (5 �mol L−1) – [102]
≥7000 �mol L−1 – [103]

aceutical 120–1000 �mol L−1 25 days [104]
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Table 8
Structures of relevant antioxidants in the dietary (adapted from [106])

Compound Substituent Structure

Benzenes
Catechol 1,2-OH
Resorcinol 1,3-OH
p-Hydroquinone 1,4-OH
Pyrogallol 1,2,3-OH

Benzoic acid
p-Hydroxybenzoic acid 4-OH
Vanillic acid 3-OCH3; 4-OH
Syringic acid 3,5-OCH3; 4-OH
Gallic acid 3,4,5-OH

Cinnamic acids
p-Coumaric acid 4-OH; R = H
Ferulic acid 3-OCH3; 4-OH; R = H
Caffeic acid 3,4-OH; R = H
Chlorogenic acid 3,4-OH; R = quinic acid
Rosmarinic acid (a)

Flavans

(+) - Catechin 3,5,7,3′,4′-OH

(−) - Epicatechin 3,5,7,3′,4′-OH

Flavonols
Quercitin 3,5,7,3′,4′-OH
Morin 3,5,7,2′,4′-OH
Rutin 5,7,3′,4′-OH; 3-rutinose
Kaempferol 3,5,7,4′-OH

Flavones
Apigenin 5,7,4′-OH
Luteolin 5,7,3′,4′-OH

Flavonones
Naringenin 5,7,4′-OH
Hesperetin 5,7,3′-OH; 4′-OCH3

Tannin
Ellagic acid (b)
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G
G
G

In the second type of sensors, the superoxide radical is pro-
uced by the oxidation in aqueous solution of the xanthine to uric

cid by the action of xanthine oxidase. In further step the super-
xide dismutase immobilized on electrode surface, catalyses the
pecific dismutation of superoxide radical producing molecu-
ar oxygen (O2) and hydrogen peroxide (H2O2) (reactions (8)

o
r
t
s

able 9
aturally derived antioxidant—gallates derivates

ompound Su

allic acid R
allic acid methyl ester (methyl gallate) R
allic acid propyl ester (propyl gallate) R
allic acid lauryl ester (dodecyl gallate) R
nd (9)). Usually, the electrooxidation of H2O2 at the electrode
urface generates the detection signal. This oxidation reaction

ccurs in a high potential (>0.5 V versus Ag/AgCl), which
esult in interference problems, limiting the practical applica-
ions of superoxide based-biosensors. Strategies to improve the
electivity of the developed sensors include the using H2O2-

bstituent

= H
= CH3

= CH2CH2CH3

= CH2(CH2)3CH3
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mpermeable Teflon membrane or two-channel sensors. The
ater method allows the simultaneous determination of O2

•−
nd H2O2 [28]. In both mechanisms the effect of the antioxidant
ubstances added in reaction medium is observed by the decom-
osition of the radical (reaction (10)) resulting in diminished
urrent levels.

Or at electrode: Enzymatic dismutation

OD(Cu2+) + O2
•− → SOD(Cu+) + O2 (8)

OD(Cu+) + O2
•− + 2H+ → SOD(Cu2+) + H2O2 (9)

uperoxide decomposition : O2
•− + Aox → Products

(10)

.3. Monitoring nitric oxide (NO)

Nitric oxide (NO, nitrogen monoxide) was characterized in
987 as an endothelial-derived relaxing factor [52]. Since then,
ts biological function as an immune-modulator, neurotransmit-
er, vasodilator and a potential antioxidant have been studied.
O is a ubiquitous signal transduction molecule, which freely
iffuses through cell membranes. Thus, it once formed from
ells in different tissues can act as intervention in important
iochemistry reactions such as: a mediator in a wide range of
oth antimicrobial and antitumor activities, an endothelial cell
erived vasodilator and anticoagulant, a neurotransmitter with a
rucial role in neural communications in the brain and periph-
ral nervous system [53]. It can also be a toxin in the destruction
f pathogens and a precursor to oxidizing and nitrating species
ainly at high concentrations or when it reacts with superoxide

O2
•−) forming the highly reactive peroxynitrite (ONOO−). On

he other hand, some reports carried out in lipid system showed
hat NO• can inhibit oxidation, as chain-terminating antioxi-
ant by react with chain-carrying peroxyl radicals during lipid
eroxidation [54].

Endogenous NO is produced in a nonenzymatic or enzymatic
ay. Under specific physiological conditions, it is formed by

eduction of NO2
− promoted by ascorbic acid [55].

NO2
− + AscH− + 3H+ → 2NO• + DHA + 2H2O (11)

Enzymatic generation of NO• occurs by action of one of
hrees isoforms of nitric oxide synthase (NOS). This enzyme

ediates the oxidation of guanidine nitrogen of l-arginine to
-citrulline producing NO•. Neuronal NOS1 and endothelial
OS3 are constitutively expressed and are estimulated to pro-
uce local NO• concentration in the nanomolar range, whereas
OS2 activity is inducible and is estimulated to produce con-

entration of NO• in the micromolar range, for example in the
esponse to inflammatory stimuli in hepatocytes [56].

Moreover the level of NO production can be varied as well as
ts functional role between cell types. The interaction of NO and
eactive oxygen species (ROS) have assumed greater importance

ue to the simultaneous generation of both in various patho-
hysiological conditions [57]. Such interactions follow different
athways resulting either in protection or production of more
oxic end products. Thus, the NO determination predicts the

r
s
f
c
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ellular state, considering that its abnormal production has been
ssociated to a number of serious clinical conditions.

Measuring NO with high precision in vitro and/or biological
edia is very difficult due to its low concentration, short lifetime

nd difficulty to prepare standard solution [58]. Therefore, in this
ense the recent literature concerning to the developed biosen-
ors present few works and all using electrochemical transducer
hich present an inherent sensitivity and potential for real time
etermination of NO [26] as can be seen in Table 4. These biosen-
ors use the property of high affinity of NO to heme group,
n proteins such as peroxidase and hemoglobin combined with
he redox behavior of NO. In a first approach the signal of the
mperometric biosensor is related to the activity of Horseradish
eroxidase in the presence of nitric oxide. The decrease in the
urrent intensity associated to the electrocatalytic reduction of
2O2 is correlated to the concentration of NO in solution [59]. In

he second approach, the biosensor response is due to direct elec-
ron transfer between hemoglobin and carbon-based electrodes,
hich allow the direct detection of NO in solution [60,61].

.4. Monitoring glutathione (GSH)

Reduced glutathione (GSH) (IUPAC name is 2-amino-5-(2-
arboxymethyl)-1-amino) is a low molecular weight tri-peptide
ound in abundance in all cells compartments along numerous
ther antioxidants such as urate, ascorbate and �-tocopherol
62]. GSH is the main nonprotein intracellular thiol-containing
ompound. The term total cellular glutathione refers to the frac-
ion of other disulfides compounds that contain thiol groups such
s cysteine, coenzyme A and cysteine residues in proteins [63].

GSH is synthesized from amino acids precursors: l-
lutamate, l-cysteine and l-glycine by the consecutive action
f �-glutamylcysteine synthetase and GSH synthetase in two
TP-dependent reactions as shown in Scheme 2. First reaction

s the limiting step due to the availability of cysteine maintain-
ng a tight regulation of GSH pool [64]. Once GSH is formed,
t could function itself or be degraded to participate in many
etoxification and transport processes or metabolic pathways
ncluding the synthesis of certain leukotrienes and the reduction
f disulfide bonds in proteins and DNA precursors [65].

The antioxidants functions of GSH are associated with its
entral nucleophilic cysteine residue, which is responsible for
ts high reductive potential. It is able to directly inactivate the
eactive oxygen species O2

•− or •OH through donation of
ts hydrogen atom resulting in the formation of glutathione
isulfide (GSSG) [66]. The concentration of GSH in mam-
alian cells is usually in the millimolar concentration range

0.5–10 mmol L−1). The depletion in its concentration has been
peculated to be an important contributing factor to some serious
uman diseases directly or indirectly associated with oxidative
tress [67,68]. Thus, cited concentration in the organism can be
elevant to the clinical diagnosis.

Methods based on enzymatic approaches that use oxido-

eductase glutathione enzyme immobilized onto electrode
urface or in-column reactors have shown to be very suitable
or the determination of reduced thiols-derived intracellular
ompounds in a sensitive way. Biosensors for glutathione
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Scheme 2. Biosynthesis of glutathione (GHS).

etermination generally use glutathione reductase (GSHR) or
lutathione peroxidase (GSH-Px) (Table 5). This later enzyme
s specific for GSH as a co-substrate in the reduction of cytotoxic

2O2 and other hydroperoxides. GSH-Px enzyme contains four
rotein sub units, which contains one atom of selenium at its
ctive site and GSH reduces the selenium atom resulting in the
ormation of GSSG (reactions (12) and (13)). Another biosensor
esponse mechanism is based on formation of glutathione as a
roduct in glutathione reductase (GSHR)-catalyzed reactions.
n this case, the oxidized form of glutathione (GSSG) (Fig. 1) is
educed to GSH by glutathione reductase enzyme in the presence
f NADPH as a cofactor (reaction (14)). The latter reaction is the

reat importance when occur in biological system because the
educed form of glutathione, GSH, maintains a redox balance in
he cellular compartments. It allows fine-tuning of the cellular
edox environment under normal conditions and upon the onset

Fig. 1. Structure of oxidized glutathione (GSSG).
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f stress and provides the basis for GSH stress signaling [69].
ndeed, the ratio of GSH to GSSG has been used as a marker of
xidative stress and associate to this the measuring of enzyme
ctivity of glutathione reductase is also the great importance in
athological and clinical application to maintain the GSH level
70].

GSH + H2O2
GSH-Px−→ GSSG + 2H2O (12)

GSH + ROOH
GSH-Px−→ GSSG + ROH + H2O (13)

SSG + NADPH + H+GSHR−→ 2GSH + NADP+ (14)

.5. Monitoring uric acid

Uric acid, 2,6,8-trihydroxypurine is the final product of
urine metabolism in humans. It is a weak acid and its dis-
ociated form; the monosodium urate is the compound present
n human plasma and extra-cellular liquid [78]. Uric acid pre-
ursors as well as the intermediates in purine biosynthesis
nclude xanthine and hypoxanthine. As shown in Scheme 3,
he product of the adenosine triphosphate (ATP) decomposition
eaction, hypoxanthine (Hx) is converted to xanthine (X) and
urther undergoes in uric acid through xanthine oxidase (XOD)
ogether with H2O and O2. This catabolic reaction was found
o be the rate determining step in the overall reaction sequence
80,81].

Uric acid is a physiological antioxidant effective inhibitor
f the formation of superoxide radical and hydrogen perox-
de that are oxygen reactive species formed by the action of
anthine oxidase during the catalysis of xanthine and hypox-
nthine [82]. In the past, some studies estimated that uric acid
ontributes to 35–65% of the total plasma antioxidant capacity
83,84].

Uric acid levels higher than the normal is related to
everal diseases, being the most common the alteration of
he plasma urate concentration known as hyperuricemia (or
out) [85]. Other medical conditions such as muscle damage,
eukemia, pneumonia and hypertension have been associated
ith increased urate levels [86]. Additionally, increasing in
urine excretion in urine can also monitor the activity of
hemotherapeutic drugs as a result of the nucleoprotein degra-
ation [81]. Thus, monitoring uric acid in human physiological
uids is very important in the diagnosis and therapy of patients
uffering from a range of disorders associated with altered
urine metabolism [87].Biosensors for uric acid determination
re developed involving one (uricase) or two enzymes (uricase
nd peroxidase) according to Table 6, based on two approaches.
n the first approach the use of uricase specifically catalyses the
xidation of urate resulting in the production of allantoin, in a
imilar mechanism that occurs in animals. The O2 consumption

r the H2O2 formed is usually monitored (reaction (15)). In the
econd method the H2O2 produced in the enzymatic oxidation
f uric acid is consumed by the peroxidase. This indirect deter-
ination of uric acid is commonly observed in a HRP mediated



344 L.D. Mello, L.T. Kubota / Talanta 72 (2007) 335–348

S rine

e

H

M

3

p
v
c

a
a
[
i
o
I
m
a
s
s
t
g
a
t
o
f
m

e
i
s

cheme 3. Pathways of the formation of uric acid in human system based on pu

lectrochemical system (reactions (16)–(18)).

(15)

RP(reduced) + H2O2 → HRP(oxidized) + H2O (16)

HRP(oxidized) + Mediator(reduced)

→ HRP(reduced) + Mediator(oxidized) (17)

ediator(oxidized) + H+ + e−
(electrode) → Mediator(reduced)

(18)

.6. Monitoring ascorbic acid
l-Ascorbic acid (Vitamin C) is a �-lactone synthesized by
lants and many animals (except primates). It is a water-soluble
itamin usually used as an dietary supplement in pharmaceuti-
al preparations and in manufacture food and beverages as an

p
t
p
[

degradation mechanism (adapted from [79]), Rib: ribose, P: phosphate group.

ntioxidant, preventing color changes and alterations of aroma
nd flavor as well as extending the storage time of the products
96]. This vitamin is among the compound of major biological
mportance, it plays a key role in the protection against biological
xidation processes participating in many metabolic reactions.
t has also been used in the treatment and prevention of com-
on cold, mental illness and infertility. Traditionally, ascorbic

cid has been used in clinical in the treatment and prevention of
curvy, but it is also important in regulation of the immunological
ystem and in the tissue reconstruction, which assist the forma-
ion of collagen. However, an excess of ascorbic acid can cause
astric irritation and diarrhea and it is metabolized to oxalic
cid, which can cause renal problems [97]. On the other hand,
he ascorbic acid ingestion is associated to increase absorption
f metal transition (as inorganic iron and copper), metabolism of
olic acid, amino acid and in biosynthesis of suprarenal hormone,
inimizing the stress effect [96].
There is a frequent citation about ascorbic acid as an

xogenous important antioxidant. Its chemoprotective action
s attributed to two mechanisms of action. It is indeed a good
cavenger of free radicals and several reactive oxygen species

roduced during the metabolic pathways of detoxification. It jus-
ifies its association to protection against cancer agents by the
revention of formation of carcinogens precursors’ compound
98].



/ Tala

(
d
i
r
m
i

a
a
T
u
e
t
t
m

3

m
a
d
p
f
r
(
(
c

t
n
a
t
a
t
c

p
p
d
b
s
p
d
I
n
d
u
p
n
m

o
b
c
d
p
l
p

d
g

T
B

B

T
T
C

T
P
T
P
L
L
P
L
T
T
T

L.D. Mello, L.T. Kubota

Another property is its ability to act as a reducing agent
electron donor). Ascorbic acid (AA) is a reducing agent by
onation of one electron giving the semi-dehydroascorbate rad-
cal (DHA). It also regenerates tocopherol from tocopheroxyl
adical providing membrane protection [99,100]. Thus, Vita-
in C determination is very important for biological and food

ndustry.
Ascorbic acid has been measured by biosensors based on

scorbate oxidase enzyme that catalyze the direct oxidation of l-
scorbic acid in the presence of oxygen (reaction (19)) (Table 7).
he monitoring of signal can be related to oxygen depletion
sing a Clark-type electrode. Other option can use a bienzymatic
lectrode coupled with peroxidase enzyme. In this later method
he generated signal is related to the oxidation of ascorbic acid
hat acts as a mediator compound in the peroxidase catalytic

echanism.

(19)

.7. Monitoring phenol compounds

The active components usually originated from plant-based
aterials are naturally occurring inhibitors of oxidation. These

ntioxidants are primary phenolic-derived compounds widely
istributed in the vegetable kingdom, mainly in the form of bio-
roducts generated from secondary plant metabolism. Its basic
eatures are the presence of one or more hydroxylated benzene

ings and it can be included in three large groups: phenolic acids
hydroxybenzoic acid and hydroxycinnamic acid), flavonoids
anthocyanidins, flavonols, flavononas, flavonas, isoflavonas and
halconas) and tannins (hydrolysable tannins and condensed

a
f
t
u

able 10
iosensors applied in the analysis of phenolic antioxidants

iocomponent Immobilization Transducera Sample

yrosinase Physical adsorption Amp. (O2) Olive oil
yrosinase Physical adsoprtion Voltam. (SPE) Green tea
atalase Gel encapsulation Amp. (O2) Olive oil

yrosinase Physical adsorption FIA (SPE) Beer
eroxidase SAM Amp. (Au) Wine and tea
yrosinase Physical adsoprtion Amp. (CPE) Wine
eroxidase Physical adsorption Amp. (CPE) Wine and tea
accase Physical adsorption Amp. (Pt) –
accase Physical adsorption Amp. (Pt) Wine
eroxidase Physical cross-linking Amp. (CPE) Tea
accase Physical assorption Amp. (SGE) Plant extract
yrosinase Physical cross-linking Amp. (GCE) Tea
yrosinase Chemical cross-linking Amp. (SPE) Wine
yrosinase Physical adsorption Amp. (GCE) Wines

a Working electrode.
nta 72 (2007) 335–348 345

annins) [105] (Table 8). As a result, natural sources of phe-
olics constitutes in integral part of the diet, which are found
s a complex mixture of compounds that provide many func-
ional components present in the free, esterified, glycosylated
nd bound forms. Thus, with few exceptions such as carotene,
his fraction is responsible by the majority of the antioxidant
apacity of these foods [107].

The protection action mode of phenol may involve multi-
le mechanisms, depending on the source material and possible
resence of synergists and antagonists. In general, the antioxi-
ant activity of the phenolics-derived compounds is determined
y its ideal chemical structure in terms of some properties
uch as: Free-radical scavengers or chain breakers agents, this
roperty related to reducing properties as hydrogen or electron-
onating agents, which is determined to its reduction potential.
t also, the fact of the resulting antioxidant-derived radical,
amely phenoxy radical is relatively stable due to the resonance
elocalization and lack of suitable sites for attack by molec-
lar oxygen. The last property, the transition metal-chelating
otential, in special iron and copper supports the role of polyphe-
ols as preventive antioxidants in terms of inhibiting transition
etal-catalysed free radical formation [108–110].
It has been observed the worldwide growing trend in the usage

f natural antioxidants in food industry justified by their health
enefits. Thus, efforts have been made in order to find and to
haracterize substances of natural origin that exert some antioxi-
ant activity. Commercial sources of antioxidants extracted from
lant sources are green tea, spices and rosemary extracts. These
ater two are used as flavoring but exhibit good antioxidant
roperties in some cases [111].

Other good examples of effective naturally derived antioxi-
ant that have been applied in food formulations are group of
allates (Table 9). Gallic acid often obtained from alkaline or

cid hydrolysis of tannins or from hydrolysis of spent broths
rom Penicillium glaucum or Aspergillus niger that are used in
he manufacturing of dodecyl gallate and propyl gallate, widely
sed as food antioxidant additive [112].

Detection range (D.L.) Stability Reference

0.5–6 (0.04) mg L−1 (Catechol) – [115]
– – [116]
(9.23–5.04) × 104 �mol L−1

(Cumene hydroperoxide)
16 days [117]

– – [118]
<25 (2) �mol L−1 (Catechin) – [119]
1–60 (0.1) mg L−1 (Gallic acid) – [120]
<15 (3) �mol L−1 (Catechin) – [121]
10–110 �mol L−1 (Catechol) – [122]
2.0–14.0 (1) �mol L−1 (Catechin and CA) – [123]
1–50 (0.7) �mol L−1 (CGA) 30 days [124]
<10 (0.56) �mol L−1 (CA) [125]
70–400 (2.52) �mol L−1 (CGA) – [126]
10.6–266.0 (10.5) �mol L−1 (CA) – [127]
25–900 (7) �mol L−1 (Gallic acid) <18 days [128]
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Table 11
Biosensors applied in the synthetic antioxidant analysis (propyl gallate)

Biocomponent Immobilization Transducera Analyte Sample Detection range (D.L.) Stability Reference

Hematin Physical adsorption CL (fiber-optic) Propyl gallate Medicinal plants 100–1 × 105 �mol L−1 – [129]
Tyrosinase Physical adsorption Amp. (GTE) Propyl gallate Food samples 2–100 (0.9) �mol L−1 40 days [130]
T e
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yrosinase Physical adsorption Amp. (GTE) Propyl gallat

a Working electrode or transducer.

The detection of phenolic substances in food samples has
een performed for many methods among them biosensor
pproaches. Phenolic-derived compounds are good substrate
or oxidases enzymes, then biosensor modified with tyrosinase,
accase, peroxidase and cellobiose dehydrogenase, have been
eveloped for detection of phenolic compounds since phenols
an act as electron donor for these enzymes [113]. In many
ases, it is more important to measure the total content of
olyphenols compounds than to determine each of them indi-
idually [114]. The term “total phenol” refers the all phenols
hat are responsible by the total antioxidant capacity of a specific
ample. Tables 10 and 11 present biosensors developed to deter-
ine the total polyphenols content and synthetic antioxidant,

espectively. Many biosensors are based on electrochemical
ransducers that use the redox cycling of enzymes and have as

ain advantage the low interference.
The essential features of the general analytical system using

xidase or peroxidase enzyme based biosensor are shown
chematically in Scheme 4. As observed, phenols oxidases and
eroxidases have different enzymatic mechanisms in the electro-
hemical biosensors. The fundamental reaction is the oxidation
f enzymes molecules at the surface of the electrode in the pres-
nce of substrate, oxygen (for phenol oxidases) or hydrogen
eroxide (for peroxidase), the later being reduced to water. The
ext step reaction is the regeneration of the enzyme to its original
xidation state, which is carried out by the electron transfer from
suitable mediator, such as phenol compounds in its reduced

orm. The measured reduction current is due to reduction of the
ediator to the original form.
The tyrosinase biosensors are restricted to the monitoring of

henolic compounds with at least one free ortho-position. On

he other hand, the laccase biosensor can detect free para- and
eta-position, but its catalytic cycle is complicated and in its
ajor part is different from tyrosinase. Also, the formed products

uring the reaction of the laccase still are not well understood.

cheme 4. Mechanism for the phenolic compounds detection using biosensors
ased on peroxidases or oxidases enzymes.
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Fatty food samples 8–200 (1.3) �mol L−1 10 days [131]

. Concluding remarks

The idea in the improvement of food quality or prevention
f antioxidant stress by means of interaction and synergisms of
ntioxidants demonstrated in vitro studies represents an impor-
ant research field.

A consideration that must be done is the reliability and prac-
icability of the methods; much of the literature in this field
eports the use of a very small amount of sample combined with
omplex methods to easily generate a significant result.

In this direction, the measurement of the total antioxidant
apacity or antioxidant power within biological specimens by
iosensors is a challenge to be explored. By virtue of its advan-
ages offered such as ready-to-use, miniaturization and reusable
roperties with the possibility to combine portable equipment,
iosensors have been applied in research related to free radicals
nd antioxidants in several ways. It can monitor the forma-
ion of oxidized products in the first step of degradation of
ellular targets. Once the stability, sensitivity and specificity
f the biosensor have been demonstrated in several systems,
t can be explored to detect radicals in the nanomolar range.
n this situation, many times, the radical species, can involved
n the beginning of inflammatory, apoptosis and /or vascular
iseases.

Another option could be incorporated in manufacturing of
ood as a simple monitor of lipid food spoilage. Besides, the use
f biosensor to classify the diet integrators or drug specialties
elated to antioxidant properties of the active principles that they
ontain. The direct measurement of the total antioxidant index of
lant origin raw materials related to total content of compounds
ith antioxidant characteristics is another parameters explored
y biosensors.

However, in this context, the biosensors developed so far to
valuate the antioxidant status, are based on direct analyze of
pecific indicators such as biomarkers or monitoring the free
adicals in cells or tissue, without caring to obtain a correlation
etween, the index obtained of these indicators with the overall
ondition oxidative stress of sample.

The usefulness of biosensors to evaluate the antioxidant status
ies in its ability to provide early indication of some disease
nd or its progression in a non-invasive way to evaluate the
ffectiveness of the antioxidant therapy. The results obtained by
he biosensor just will be efficient if could be interpreted in terms
f these cited parameters.
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30 (2005) 37.
[105] B. Zhou, Z.L. Liu, Pure Appl. Chem. 77 (2005) 1887.
[106] H. Hotta, S. Nagano, M. Ueda, Y. Tsujino, J. Koyama, T. Osakai, Biochim.

Biophys. Acta 1572 (2002) 123.
[107] N. Balasundram, K. Sundram, S. Samman, Food Chem. 99 (2006)

191.
[108] C.R. Evans, Curr. Med. Chem. 8 (2001) 797.

[109] M.A. Soobrattee, U.S. Neergheen, A.L. Ramma, O.I. Aruoma, T. Baho-

run, Mutat. Res. 579 (2005) 200.
[110] V. Thavasi, L.P. Leong, R.P.A. Bettens, J. Phys. Chem. A 110 (2006)

4918.
[111] M.B. Arnao, A. Cano, M. Acosta, Free Radical Res. 31 (1999) S89.
nta 72 (2007) 335–348

[112] Sites internet http://www.codexalimentarius.net/ (accessed in 07/2006),
http://www.eufic.org/en/quickfacts/food aditives.htm (accessed in
07/2006), http://www.ESFA.eu.int/ (accessed in 07/2006).

[113] P.V. Bernhardt, Austr. J. Chem. 59 (2006) 233.
[114] A.J. Blasco, M.C. Rogerio, M.C. González, A. Escarpa, Anal. Chim. Acta
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bstract

Three-phase solvent bar microextraction (TPSBME) technique is described for the quantitative determination of trace amounts of clenbuterol
CB) in urine samples using liquid chromatography (LC) and electrospray tandem mass spectrometry (ES-TMS). CB was extracted from a basified
rine sample (donor phase) into the organic solvent residing in the pores of a freely moving hollow fiber and then back extracted into an acidic
olution (acceptor phase) inside the lumen of the hollow fiber. The ends of the fiber were pressure-sealed. Here, forward and back extraction took
lace spontaneously. We studied various parameters affecting the extraction efficiency viz. type of organic solvent (octanol, nonanol and dihexyl
ther) used for immobilization in the pores of the hollow fiber, i.e. extraction time (10–40 min), stirring speed (0–1000 rpm), effect of sodium chloride
0–25%, w/v) and concentration of the donor (0.25–3 M NaOH) and the acceptor (0.5–5 M formic acid) phases. After extraction, CB was analyzed
y injecting the analyte enriched acceptor phase into LC combined with ES-TMS. Enrichment factor (79), repeatability (R.S.D. = 5.1%), correlation
oefficient (0.9972, for the range of 0.1–4 ng mL−1), detection limit (7 pg mL−1) were also investigated. The present technique is compared with the

eported solid phase microextraction techniques in terms of selectivity, analysis time per extraction, cost of analysis per extraction, and precision.
mong all microextraction techniques reported, this technique is the most economical sample preparation/preconcentration technique to our
nowledge. The method was applied for the analysis of CB in human urine.

2006 Elsevier B.V. All rights reserved.

eywords: Solvent bar microextraction; Clenbuterol
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. Introduction

Clenbuterol (CB) {4-amino-�-[(tert-butylamino)methyl]-
,5-dichlorbenzyl alcohol}, a representative of the class of sym-
athomimetic agents, has demonstrated a distinguished medical
ersatility in the past. It was developed for the treatment of pul-
onary diseases such as asthma bronchiale or bronchial hyper-

eactivity owing to its bronchodilator activity, and its anabolic
roperties have led to numerous additional therapeutic applica-

ions such as prevention of skeletal muscle atrophy caused by
njury or denervation. Additionally, due to the similar physiolog-
cal effects to anabolic steroids (namely promoting the growth

∗ Corresponding author. Tel.: +886 3 572 1194; fax: +886 3 573 6979.
E-mail address: sdhuang@mx.nthu.edu.tw (S.-D. Huang).
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f the muscle tissue [1]), the drug has been abused in the cat-
le industry to improve the lean meat portion of the stock [2]
nd as a doping agent by athletes to increase strength and per-
ormance [3]. Long-term or high dose use, however, has been
hown to illicit deleterious physiological side effects [4] and a
arge enough single dosage may initiate an acute toxic response
5]. Accordingly, its use is banned in athletics and in beef pro-
uction [3,6]. As low concentrations of CB have been observed
n doping control samples in the past with minimum required
erformance limit established at 2 ng mL−1 for urine samples
7], highly sensitive and specific assay procedures are essential.

Various sample preparation techniques are available for the

xtraction of CB in various matrices. Among these, liquid–liquid
xtraction (LLE) [8,9] or solid phase extraction (SPE) [10,11]
re reported. However, the conventional LLE procedures are
ime consuming, generally labor intensive and require large
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uantities of expensive, toxic and environmentally unfriendly
rganic solvents. Meanwhile, SPE technique requires less sol-
ent, but needs evaporation of the final organic extract into a
mall volume to achieve better enrichment. For the past few
ears, research activities are focused toward the development of
fficient, economical and miniaturized sample preparation tech-
iques. Among these, solid phase microextraction (SPME) is
ost widely developed. CB was extracted by direct immersion

f the SPME fiber into the aqueous sample at pH 12 followed
y derivatization of the extracted compound by suspending the
ber in the head space of another vial that was saturated with the
apor of the derivatizing agent [12]. Due to the basic nature of
B, sample pH should be sufficiently alkaline to keep the ana-

yte in the molecular form. However, due to the direct immersion
f the fiber and due to its restricted working pH range (recom-
ended pH range is 2–11 for polyacryalate SPME fiber), the

echnique may shorten the life of the SPME fiber depending on
he matrix of the sample and additives (like sodium chloride used
or salting-out) and pH of the sample to be adjusted for extrac-
ion. To address this particular problem associated with direct
mmersion technique, the method was modified in our laboratory
13] by heating the sample and keeping the SPME fiber in the
eadspace of the vial followed by derivation of the fiber absorbed
nalyte in the headspace mode. However, SPME fibers are still
omparatively expensive and the coating is fragile and easily
roken while handling. To overcome this problem, dynamic
iquid–liquid–liquid microextraction with the automated move-

ent of the acceptor phase (LLLME/AMAP) was developed
n our laboratory [13] and compared with SPME procedures.
eparation and detection was made by liquid chromatography-
ltraviolet (LC-UV). However, the technique needed a dedicated
yringe pump for every extraction. This limitation was overcome
y Jiang and Lee [14] who developed “solvent bar microex-
raction” (SBME) technique wherein the organic phase was
onfined within a short length of a hollow fiber (sealed at both
nds) that was placed in a stirred aqueous sample solution. Free
ovement of the extraction device within the sample solution

acilitated extraction. Separation was carried out by injecting
nalyte enriched organic phase into gas chromatography (GC).
owever, the technique is not suitable for CB unless deriva-

ized prior to injection. To address such related problems, we
ave demonstrated very recently [15] a three-phase system in
BME technique. Briefly, the technique involves the extrac-

ion of the basic compound from a basified (so as to keep the
nalyte in its molecular form) aqueous sample through a thin
lm of organic solvent immobilized in the pores of a porous
olypropylene hollow fiber and finally into the acidic (to keep
he basic analyte charged so as to prevent reverse extraction of
he analyte into organic phase residing in the pores of the hol-
ow fiber) acceptor solution inside the lumen of the hollow fiber.
he method was applied to the analysis of river water. In the
resent investigation, the application was extended for the first
ime to the extraction of CB from urine matrix. Separation and

etection were performed using LC combined with electrospray
andem mass spectrometry (ES-TMS). The technique has dual
dvantage of sample preparation and enrichment of CB in a
ingle step.

(
l
w
p

ta 72 (2007) 373–377

. Experimental

.1. Reagents and materials

CB was purchased from Sigma (Sigma–Aldrich Co., St.
ouis, MO, USA). LC grade acetonitrile (J.T. Baker, NJ, USA)
nd methanol (Mallinckrodt Baker Inc., NJ, USA) were used for
he study. Deionized water was purified in a Milli-Q water purifi-
ation system (Millipore, Bedford, MA, USA). A stock solution
f CB (1 mg mL−1) was prepared in methanol and stored at 4 ◦C
or no longer than 2 months [16]. Standard working solution was
repared in urine everyday using stock solution. All reagents
nd solvents used were analytical or LC grade unless otherwise
entioned.
The Q 3/2 Accurel Polypropylene hollow fiber membrane

600 �m i.d., 200 �m wall thickness, 0.2 �m pore size) was pur-
hased from Membrana GmbH (Wuppertal, Germany). It was
ut into 4.5 cm-segments, cleaned in acetone and dried prior to
se.

Urine sample collected from a healthy male adult served as
real sample. This was stored at 4 ◦C prior to use.

.2. Instrumentation

The LC system assembled from modular components
Waters, Milford, MA, USA) consisted of a 600E pump and
486 UV detector. A millennium workstation (Waters) was uti-

ized to control the system and also for data analysis. A Hypersil
DS–C18 (100 mm × 2.1 mm, particle size 3 �m) column was
sed for the separation of target compound. Mobile phase was a
ixture of acetonitrile and 0.2% formic acid. Acetonitrile com-

osition was set at 5% initially and increased linearly up to 95%
n 5 min. The same composition was held until 10th min and
as brought back to original composition from 10 to 12 min

nd equilibrated for an additional 5 min (total run time 17 min).
he flow rate was kept at 0.25 mL min−1. Detection was made
t 240 nm. Two (one for filling-up the acceptor phase into the
ber and one for injection into LC system) 10 �L and one 25 �L
for pushing air to flush out the acceptor phase from the lumen
f the fiber after extraction) Hamilton LC syringes (Hamilton,
eno, Nevada, USA) were used in the study.

An HP 1100 LC system (Hewlett-Packard Co., Palo Alto, CA,
SA) consisting of a quaternary pump with an online degasser
as used. Mass spectrometric detection was performed using

n Agilent series LC/MSD trap SL instrument equipped with
n electrospray ionization source that was operated in the pos-
tive mode with the spray voltage set at −3.5 kV. The capillary
xit voltage was 130 V. Agilent 1100 series LC/MSD Trap soft-
are (version 4.0) was utilized for system control, data acquisi-

ion and data analysis. Heated nitrogen gas (350 ◦C, 8 L min−1)
as used to evaporate solvent from the electrospray chamber,

nd compressed nitrogen gas (40 psi) was used for nebuliza-
ion. MS/MS/MS (MS3) mode and multiple reaction monitoring

MRM) were employed for quantitative measurement. The iso-
ation width for precursor ions was 3. The settings for the MRM
ere: m/z 277 → 259 → 203. MS/MS/MS data acquisition was
erformed under the following conditions: normal scan speed,
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/z range 100–350, ion charge control target 30,000 and maxi-
um accumulation time 300 ms.

.3. TPSBME of CB from urine

A 7.5 mL of basified (overall NaOH concentration adjusted
o 1 M) urine sample was taken in 8 mL-sample vial. A 10 �L
f 5 M formic acid was drawn into a 10 �L syringe and the
eedle tip was carefully inserted into one of the open ends of the
ollow fiber. The assembly was held upright such that the open
nd of the fiber faces up and the syringe plunger down. Then
he plunger was pushed slowly to dispense formic acid from the
yringe into the hollow fiber. The open end was then pressure-
ealed using a pair of pliers. The needle was detached from the
ber and this open end was also pressure-sealed. The tip of the
nd-sealed fiber bar was held using a forceps and was immersed
n octanol for impregnation for 20 s. After impregnation, the
ar was removed and placed in urine sample kept under stirring
1000 rpm). After 30 min of extraction, the solvent bar was taken
ut. One end of the hollow fiber was cut with a sharp blade. The
pen end was kept in a small glass insert. Then the other end
as also cut by keeping the open end in the glass insert so as to

void the loss of acceptor phase from the open end. The acceptor
olution was flushed into the glass insert by pushing air using a
5 �L syringe. A 5 �L of the acceptor solution was withdrawn
nto the 10 �L syringe and injected into the LC for separation
nd quantification. The used fiber was discarded, and a fresh one
as used for the next experiment.

. Results and discussion

.1. Influence and choice of the experimental conditions

In the present investigation, various experimental parame-
ers were studied using LC-UV and confirmation was performed
sing LC-ES-TMS. Although the LC-UV is used for studying
he experimental conditions, however, the type of mobile phase
nd of the acceptor phase to be injected into the LC-ES-TMS
as chosen as to be compatible for ES-TMS.

.1.1. Selection of the hollow fiber
Generally, hollow fiber-based LPME procedures are based on

olypropylene fiber, except for a few that use porous polyvinyli-
ene difluoride [17]. Based on our previous experience [13,15]
nd due to strong immobilization of organic solvents in the pores
f polypropylene fiber [18] and to its excellent mechanical sta-
ility [19], experiments were performed using polypropylene
ollow fiber.

.1.2. Selection of organic solvent for impregnation
Choice of an organic solvent is an essential consideration

n the extraction process. The selection criteria for an organic
olvent to be a suitable choice are: it should be easily immobi-

ized in the pores of the polypropylene hollow fiber; secondly it
hould be of low volatility to prevent solvent loss and must be
mmiscible with water; the last and the most important require-

ent is that the solubility of analyte in the solvent should be

3

t

onditions: octanol as impregnation solvent, 1 M NaOH as donor phase, 1 M
ormic acid as acceptor phase, stirring speed 800 rpm, concentration of the sam-
le 1 �g mL−1.

igher than that in the donor phase and be lower than that
n the acceptor phase. This is in order to promote the analyte

igration from the donor phase through the pores of the hollow
ber and finally into the acceptor phase. Considering these facts

nto account, octanol, nonanol and dihexyl ether were tested for
heir suitability. Among these, octanol gave good enrichment.
ence, octanol was used as impregnation solvent for subsequent

tudies.

.1.3. Extraction time profile
Extraction efficiency depends on the period of extraction

ime. Hence, the function of extraction time was studied with
espect to extraction efficiency. It was performed by using the
ollow fiber impregnated with octanol as impregnation solvent,
M NaOH as donor phase and 1 M formic acid as an acceptor
hase under a stirring speed of 800 rpm. Fig. 1 describes the
nfluence of extraction time on the extraction efficiency (as a

easure of peak area in the chromatogram). Like SPME, TPS-
ME is also dependent on equilibrium rather than exhaustive
xtraction. It requires a period of time for equilibrium to be
stablished. However, it is not normally considered practica-
le to maintain a long extraction time for equilibrium to be
ttained. An extraction period of 30 min was chosen for further
tudies.

.1.4. Effect of stirring speed on the extraction efficiency
Generally, faster stirring speed increases extraction effi-

iency. This is because agitation permits a continuous exposure
f the extracting surface to a fresh aqueous sample. The free
ovement of the fiber will also contribute to the mass trans-

er. The effect of stirring speed was studied up to 1000 rpm. It
s evident from Fig. 2 that extraction efficiency increases with
tirring speed as compared to the unstirred sample. However,
bove 1000 rpm the bead started vibrating rather than stirring.
ence, a stirring speed of 1000 rpm was used for subsequent
ork.
.1.5. Effect of ionic strength
To evaluate the possibility of salting-out effect, extrac-

ion efficiency was studied with increase in sodium chloride
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Fig. 2. Influence of stirring speed on the extraction efficiency. Experimental
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Table 1
Effect of composition of donor and acceptor phases on the enrichment factor

Concentration of
formic acid (M)

Enrichment factor

Concentration of NaOH (M)

3 2 1 0.5 0.25

5 55 62 79 54 53
4 50 61 78 48 55
3 48 62 74 52 47
2 44 63 71 47 50
1
0

t
t
d
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a

3

The developed technique is applied for the analysis of urine
sample. Five urine samples collected from healthy male adults

Fig. 3. Total ion chromatogram and the MS/MS/MS ion chromatogram of the
onditions: octanol as impregnation solvent, 1 M NaOH as donor phase, 1 M
ormic acid as acceptor phase, concentration of the sample 1 �g mL−1, extraction
ime 30 min.

oncentration (%, w/v). It was observed that there was a decrease
n extraction efficiency with an increase in salt concentration.
his could be due to the fact that ionic strength influenced the
hysical properties of the Nernst diffusion film, which reduces
he rate of diffusion of the analytes into the organic phase
20,21]. Another possible reason is the participation of polar
olecule due to an electrostatic interaction with salt ions in

olution [22]. Hence, further extractions were made without the
ddition of sodium chloride.

.1.6. Effect of donor and acceptor phase composition
Compositions of both the donor and the acceptor phases are

ery important parameters that affect the extraction efficiency.
asically, the acceptor phase should be sufficiently acidic in
rder to promote the dissolution of the basic analyte CB, while
he donor phase should be strongly basic in order to deionize the
nalyte and consequently reduce its solubility in the solution.
he difference in pH between the donor and acceptor phase is
lso one of the major parameters that promote the transfer of
nalytes from the donor phase to the acceptor phase. Hence, a
eries of experiments were made to find the best compositions of
he donor and acceptor phases. For the donor phase, the NaOH
oncentration was varied from 0.25 to 3 M, and for the acceptor
hase the formic acid concentration was varied from 0.5 to 5 M.
concentration of 1 M NaOH in the donor phase and 5 M formic

cid in the acceptor phase gave the highest enrichment factors
calculated by dividing the peak area obtained on the chro-
atogram after injecting the analyte enriched acceptor phase

y the peak area obtained on the chromatogram after injecting
nalyte containing donor phase before enrichment) (Table 1).
ence, for subsequent experiments the compositions of donor

nd acceptor phases were set at 1 M NaOH and 5 M formic acid,
espectively.

.2. Quantitative aspects
Repeatability, linearity, correlation coefficient, detection
imit and enrichment factors were investigated under chosen
xperimental conditions. R.S.D. was found to be less than 5.1%
ased on the peak areas for seven replicated runs. Linearity was

e
c
f
(
a

49 59 72 55 58
.5 49 56 70 51 47

ested using LC-ES-TMS. Correlation coefficient (r2) was found
o be 0.9972 for 0.1–4 ng mL−1 concentration range. Limit of
etection was calculated as three times the standard deviation
f seven replicate runs of CB spiked (10 pg mL−1) urine sample
nd it was found to be 7 pg mL−1.

.3. Application of the method
xtract of the (a) unspiked urine and (b) CB spiked urine sample. Experimental
onditions: (a) octanol as impregnation solvent, 1 M NaOH as donor phase, 5 M
ormic acid as acceptor phase, stirring speed 1000 rpm, extraction time 30 min;
b) CB spiked at a concentration of 10 pg mL−1 to urine sample, other conditions
re as in (a).
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Table 2
Comparison of the technique with the reported SPME techniques [12,13]

Parameter Reported SPME method

Direct immersion SPME [12] Head space SPME [13] Present method

Analysis time per sample (min) 90 115 47
Sensitivity (MDL) [ng mL−1] 0.2a; 1.1b 0.23a 0.007
Solvent required per analysis None None Few microliters
Cost of analysis per extraction (in US $) Not reported 2.68 0.02
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.S.D. (%) Not reported

a MDL obtained in GC/MS.
b MDL obtained in GC/FID.

aged 24–30 years) were subjected for extraction and analysis.
rine was basified (1 M NaOH) and extracted in a usual manner.
he acceptor phase was injected into LC coupled with ES-TMS.
owever, it was observed that no target compound was found in

ny of the urine samples tested. One of the urine samples was
piked with 10 pg mL−1 of CB and extracted in a usual manner. A
epresentative chromatogram of the extract of the unspiked and
piked urine samples are shown in Fig. 3a and b, respectively.

.4. Comparison of the method with the SPME technique

The present technique is compared with the reported SPME
echniques [12,13] in terms of selectivity, analysis time per
xtraction, cost of analysis per extraction, and precision
Table 2). Unlike the reported LLLME/AMAP technique [13],
he present technique does not require any syringe pump during
xtraction.

. Conclusions

The current design outlines a successful development and
pplication of an extraction method for CB. The experimen-
al setup is extremely simple and highly affordable. Among all

icroextraction techniques reported, this technique is the most
conomical sample preparation/preconcentration technique to
ur knowledge. No syringe is required to hold the fiber in the
urrent technique as the fiber was allowed free in the sample
olution kept under stirring. The method does not require any
dditional specific equipment or training for extraction except a
agnetic stirrer, and a separation and detection system. Addi-

ionally, single use of the hollow fiber completely eliminates the

isk of cross-contamination and carry-over problems. Owing to
he offline nature of the concept and extremely low cost of each
xtraction unit, a large number of samples can be extracted in
arallel providing a high number of samples per unit time capac-

[

[

[

3.9 5.1

ty. Broadly, the technique shares the advantages of both sample
reparation and enrichment simultaneously.
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bstract

Analyte transfer from the matrix in a thin layer distillation (TLD) cell and its subsequent measurement were investigated in a flow injection
onfiguration. We designed the cell such that the donor and acceptor streams flowed in parallel channels separated by a thin dividing wall. The matrix
ransfer process involved room-temperature distillation of the analyte into the headspace of the TLD cell and its subsequent condensation/uptake
y a concurrently flowing acceptor stream. There are no membranes; hence there are no membrane-related problems. The TLD system design was
ptimized with respect to its dimensions and operational parameters. Throughput and sensitivity were compared with a conventional pervaporation

ow injection (PFI) system for ammonia and five different amines. For the higher molecular mass amines, the TLD approach provided comparable
r superior performance. The TLD technique should be an attractive approach for online analysis of volatile chemical species in ‘dirty’ samples,
specially for volatile analytes of higher molecular mass.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas-diffusion flow injection (GD-FI) systems have been used
xtensively for the determination of analytes which are or can
e converted chemically to volatile chemical species [1]. The
onor (sample) stream is separated by a membrane from the
cceptor stream; the analyte is transferred through the membrane
nd recaptured by the suitably formulated acceptor solution.
owever, real samples often contain dissolved or suspended
aterial that adversely affects membrane performance, eventu-

lly resulting in membrane failure. The more recently introduced
ervaporation flow injection (PFI) technique attempts to solve
his problem by avoiding any contact of the sample with the

embrane: the analyte evaporates into a headspace above the
onor stream and then diffuses across a membrane into the clean

cceptor stream [2]. Unfortunately, some performance parame-
ers deteriorate: the throughput rate of a PFI system for cyanide
as found to be six times lower than that of a GD-FI system

∗ Corresponding author. Tel.: +61 3 83447931; fax: +61 3 93475180.
E-mail address: s.kolev@unimelb.edu.au (S.D. Kolev).
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sis; Pervaporation flow injection; Amines

mploying the same chemistry [3,4]. In both techniques, the
nalyte diffuses across a hydrophobic membrane. In GD-FI the
nalyte evaporates directly into the pores of the hydrophobic
embrane while in PFI it evaporates initially into the headspace

f the pervaporation cell, thus resulting in dilution (poorer lim-
ts of detection (LODs)) and the additional step of gas phase
iffusive transfer leading to overall slower mass transfer. To
ompound matters, whereas in GD-FI systems the acceptor and
onor stream pressures can counterbalance each other permit-
ing the use of relatively thin membranes, thicker membranes
re needed in PFI cells to support the acceptor stream, further
ontributing to poorer performance. In both systems, improved
ensitivity can generally be obtained by a stopped-flow approach
5], at the further expense of the throughput rate.

Interestingly, prior to the advent of flow analysis, volatile
nalyte transfer without the use of membranes was well known
nd well established; improvements were being proposed [6]
or the microdiffusion analysis technique, introduced by Con-

ay [7], designed to carry out volatile analyte transfer. Samples

hat would be considered challenging by present day standards
uch as heparinized blood, plasma, or serum were analyzed by
hristian and Feldman for volatile constituents like ammonia
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8]. The Conway cell is a circular unit consisting of two concen-
ric chambers sharing a common headspace. The central circle
as filled with a sulfuric acid solution to receive the ammonia

nd the blood sample and a potassium carbonate solution were
eparately put in the outer ring, the chamber covered and the
wo outer constituents allowed to mix so that ammonia would
volve. Over 50% of the ammonia was transferred in 10 min,
nd an aliquot of the inner solution was then titrated with coulo-
etrically generated hypobromite. Despite the fact that there

s such extensive information in the extant literature on static
olatile analyte transfer, it is interesting that a US patent has
een recently granted on this same topic [9]!

To our knowledge, the first flow-based membraneless volatile
nalyte transfer system was based on macroscale flows. To mea-
ure ammonia flux from seawater, Genfa et al. [10] described
n approach in which donor and acceptor streams flowed verti-
ally on oppositely placed plates. At the other extreme, in planar
evices when the height of a confined channel is small, super-
aminar flow occurs and there is very little mixing of two fluid
treams even when they flow side by side. This is exploited
n the T-sensors of Weigl and Yager [11,12]. In the correspond-
ngly derived H-filter [13], a portion of smaller molecules can be
referentially diffusively removed to an acceptor stream, leav-
ng larger molecules behind, thus functioning as a membraneless
ialyzer. However, most GD-FI or PFI applications are not com-
atible with an H-filter type device, nor is the flux collector
evice [10] simple to construct and use (designed to use donor
ow rates as high as 250 mL/min, far from typical flow analysis
rrangements).

Clearly, a need exists to develop a matrix isolation approach
pplicable to real samples without membranes and applicable
o real samples. We describe a more practical approach herein
n which the donor and acceptor streams flow concurrently
n parallel and share a common shallow headspace. The ana-
yte evaporates from the donor stream and diffuses across the
eadspace to be captured in the acceptor stream. When we ini-
ially explored this approach [14], we called it Membraneless
as-Diffusion Flow Injection (MGD-FI) and have referred to

t the same way elsewhere [15]. We presently believe that the
erm Thin Layer Distillation Flow Injection (TLD-FI) is more
pecifically descriptive and thus constitutes more appropriate
erminology. The application of such an approach to the deter-

ination of ethanol in liquors was independently pursued by
hoengchan et al. [16] and reported very recently.

This paper reports on the advantages the TLD approach offers
or the determination of large molecular mass analytes in com-
arison with pervaporation flow injection separation.

. Experimental

.1. Reagents

All chemicals were of reagent grade. Deionized water

18 M� cm, Millipore) was used for all solutions. The stock
ndicator solution contained 0.05 and 0.15% (w/v) cresol red
nd thymol blue, respectively [17]. The acceptor stream solution
as made daily by 50× dilution of the stock indicator solution.

t
b
s
a

72 (2007) 741–746

he donor solution consisted of 1.0 M NaOH. Both solutions
ere sonicated before use to remove dissolved gases and CO2

ntrusion was minimized by soda-lime packed vent tubes on each
eservoir.

The ammonium stock standard (0.01 M NH4Cl) was pre-
erved by adding a drop of chloroform and stored refrigerated.
tock solutions (0.1 mol/L) of the following amines were pre-
ared in 0.1 M H2SO4 and stored refrigerated: ethylamine,
iethylamine, triethylamine, dibutylamine, and n-decylamine.

.2. TLD-FI and PFI systems

For comparability both systems were made from the same
quipment components: peristaltic pumps (VS4-10R-Midi,
atson-Marlow) with Tygon® pump tubing, rotary injection

alve (model 5020, Rheodyne) with a 500 �L sample loop, spec-
rophotometric detector (Novaspec II, Amersham) set at 577 nm,
quipped with a 80 �L volume and 10 mm path length flow-
hrough cell (Starna, UK) and interfaced by a data acquisition
ard (DAQ 6062, National Instruments) to a Pentium-IV class
ersonal computer running LabView 7.1.TM. Solution reservoirs
ere thermostated at 20 ◦C in a water bath (Ratek, Australia).
ll connecting tubing was 0.5 mm i.d. poly(tetrafluoroethylene)

PTFE). A 100 cm mixing coil with 1 cm diameter followed the
njection valve in the 1.0 M NaOH donor stream to ensure mixing
Fig. 1A).

The pervaporation cell (Fig. 1B) was constructed from two
1 mm in diameter Perspex discs, held together by stainless
teel ring clamps and four stainless steel bolts. Elliptical shape
onor/acceptor chambers were machined in the blocks with
ajor and minor axes of 15.0 and 7.5 mm, respectively. The

epths of the donor and acceptor chambers, separated by a
.5 mm thick PTFE membrane (Trace, Germany), were 5.0 and
.5 mm, respectively. A single layer of 3 mm glass beads filled
he donor chamber to enhance mixing and reduce the sample
esidence time.

The liquid level in the pervaporation donor chamber affects
he attainable sensitivity and reproducibility. The inlet and outlet
ow rates of the donor chamber were independently controlled
y two peristaltic pumps (Fig. 1A) while the acceptor stream was
ropelled by a third pump. Glass beads in the donor chamber
acilitated both the initial establishment and the maintenance of
he liquid level. The liquid level was maintained at the height of
he glass beads (3 mm) ensuring a headspace of approximately
mm in the pervaporation donor chamber.

The TLD cell (Fig. 2A) required pumped flow inputs to
oth donor and acceptor channels as well as aspirated out-
uts to maintain a constant liquid level in each. Several flow
onfigurations from a single four-channel pump to four sin-
le channel pumps were tested. All results reported here used
he most flexible configuration that involved four independent
umps.

Three TLD cells of different dimensions (Table 1) were

ested. A thin layer of Apiezon N siliconefree grease was applied
etween the two halves of the Perspex TLD cell. Each cell con-
isted of an identical bottom half incorporating identical donor
nd acceptor channels divided by a 1 mm thick wall with a height
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Fig. 1. Schematic of the PFI syste
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Fig. 2. Schematic of the TLD cell: lower (A) and upper (B) halves.
.5 or 1 mm lower than the channel depth to form a common
eadspace (Table 1). The influence of the headspace volume on
ensitivity was studied with a flat and a W-shaped cross-section
f the top half of the cell (Fig. 2B).

able 1
imensions of the TLD cells (Fig. 2B)

arameter TLD cell

A B C

hannel length (mm) 64.0 64.0 64.0
hannel width (mm) 4.0 3.0 2.0
hannel depth (mm) 4.0 4.0 2.5
ividing wall width (mm) 1.0 1.0 1.0
ividing wall height (mm) 3.0 3.0 2.0
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m (A) and the PFI cell (B).

The suitability of three different types of packing to improve
erformance of the TLD cell was investigated; these included
lass (1.0, 2.0 and 3.0 mm diameter), and stainless steel (1.7, 2.4
nd 3.0 mm diameter) beads, and a helically twisted stainless
teel wire (0.70 mm diameter), all occupied the entire channel
ength.

Pump configuration and optimum TLD cell geome-
ry/packing type were studied with 20 mg/L NH4Cl with
onor/acceptor flow rates of 0.5 mL/min. Donor and acceptor
ow rates were optimized for both systems with regard to sensi-

ivity and throughput rate; a flow rate range of 0.2–1.2 mL/min
as studied.

. Results and discussion

.1. TLD cell geometry

The TLD cell (all tested with the top half flat configuration)
ith the smallest dimensions (type C, Table 1) exhibited not
nly the highest throughput rate, expected on the basis of the
mallest residence volume, but also the best sensitivity. When
LD cell C was tested with a W-type top half, the sensitivity
as approximately 25% lower. This result could be attributed to

he fact that the evaporation of ammonia from the donor stream
nto the TLD cell headspace was faster than its transport and
bsorption into the acceptor stream. Under these conditions the
eadspace served as a temporary reservoir for ammonia and the
maller volume of the headspace in the case of a W-shaped upper
alf produced lower sensitivity compared to the flat profile upper
alf. Flat-topped cell C was used henceforth.

.2. TLD cell packing

For both channels of the TLD cell, mixing is crucial for
nhancing outward transport of the analyte from the donor
tream and its efficient absorption into the surface layer of the
cceptor stream. Disruption of laminar flow, e.g., by elements in
he flow path, is essential to perturb the stagnation of the surface

ayer. Packing elements should also reduce the effective vol-
me of the channel and thus increase the throughput rate. As in
FI [3,5,17–22], the presence of packing in the channels should

mprove the ease of maintaining a lower but constant liquid vol-
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case a major gain is realized by stopped-flow operation with the
reversible detection chemistry. The sample throughput rate pre-
dictably decreases in both systems with increasing stopped-flow
duration.
ig. 3. Effect of the donor and acceptor flow rates on sensitivity and sample
hroughput of the TLD-FI system (the donor and acceptor flow rates were equal).

me in a TLD cell as well. Beads, especially the smaller ones,
ended to float up in the flowing stream. Larger beads remained
ut overflow problems were encountered. Most reproducible
esults were obtained with the twisted stainless steel wire, which
lso provided a rigid immobile element. This packing was used
enceforth.

.3. Influence of flow rate on sensitivity and sampling rate

With identical flow rates in both the donor and acceptor chan-
els, the flow rate was varied from 0.2–1.2 mL/min. Similar to
revious PFI studies [19], a change in flow rate was found to
ffect the sensitivity (height of absorbance signal) and through-
ut rate in opposite directions. Both flow systems behaved the
ame way; illustrative results are given for the TLD system
Fig. 3). Sample throughput rate and reciprocal absorbance show
ood linear correlation with flow rate (r2 = 0.99). Acceptable
ensitivity and sampling rate for both systems were attained at
ntermediate flow rates (0.5–0.6 mL/min).

Variation of acceptor or donor flow rate (while holding the
ther constant at 0.6 mL/min) did not suggest that any combi-
ation of donor/acceptor flow rates other than 0.6/0.6 mL/min
ould result in better performance (sensitivity or LOD, sample

hroughput rate). Donor/acceptor flow rates of 0.6/0.6 mL/min
ere used henceforth. A representative TLD fiagram is shown

or 20 mg/L NH3 in Fig. 4. The reproducibility in these mea-
urements was 1.5% in R.S.D.

The possibility of improving sensitivity by using a stopped-
ow approach was also explored for both flow systems by
topping the acceptor stream for periods up to 5 min. In the
resent detection system ammonia absorption by the indica-

or acceptor is a reversible process, unlike e.g., the uptake of
sH3 by a KMnO4 acceptor [5]. With irreversible chemistries,

he sensitivity monotonically increases with the stopped-flow
eriod, however, in the present case, a maximum was observed

F
t

Fig. 4. Typical response of the TLD-FI system, 20 mg/L NH3.

or both PFI and TLD-FI systems (Fig. 5). Once the ammonia-
earing sample is gone, eventually the ammonia concentration
n the acceptor is higher than that in the donor and the direc-
ion of transport is reversed. The maximum is more pronounced
n the PFI system than in the TLD-FI system, but in neither
ig. 5. Effect of the stopped flow time on sensitivity and sample throughput of
he TLD-FI and the PFI systems.
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.4. Sensitivity comparison: TLD and PFI systems
ammonia versus amines)

Fig. 4 shows the sensitivity and the throughput rates attain-
ble in the PFI and TLD-FI systems for ammonia. With no
topped-flow the PFI system provided an order of magnitude
etter LOD (0.50 mg/L versus 5.0 mg/L NH3, S/N = 3) than the
LD-FI system. The applicable linear range was 0.5–20.0 mg/L
nd 10.0–100.0 mg/L, respectively. The poorer sensitivity of the
LD system can be attributed at least in part to the threefold

ower surface area to volume ratio of the acceptor stream in the
LD cell compared to the pervaporation cell. The rate of ammo-
ia absorption into the acceptor stream is proportional to the
nterfacial surface area of the acceptor solution. In addition, the
LD cell donor channel had less than half the mean liquid resi-
ence time (20.7 s versus 45.2 s) as the pervaporation cell, with a
onor flow rate of 0.6 mL/min. The cell washout characteristics
ould also be expected to be much poorer for the pervapora-

ion cell, further increasing the effective residence time. This is
ndeed reflected by the more than 2× better sampling rate that
s attainable in the TLD-FI versus the PFI system.

Based on the performance parameters for NH3 as the ana-
yte, the TLD approach may be faster than PFI but is far less
ensitive and it would seem that it would be attractive only in spe-
ific situations. However, the scenario should be different with
arger molecular mass analytes which diffuse only very slowly
hrough membranes. The necessity of using thicker membranes
n PFI exacerbates this problem [20]. Because diffusion is slow,
hroughput rate also decreases. Fig. 6 shows how the relative
ensitivity changes as the analyte molecular mass, expressed as

he number of carbon atoms in the amine molecule, increases.
he relative sensitivity does not change much up to four car-
on atoms but begins to increase steeply past that point and for
LD becomes more sensitive than PFI by the time an amine

ig. 6. Relative sensitivity and throughput rates of the TLD-FI vs. the PFI system
or different analytes (ammonia and n-alkylamines) as a function of the number
f carbon atoms in the analyte.
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ith 10 carbon atoms is reached. Nonylamine (nine carbon
toms) was not specifically tested but the trend indicates that at
his point the sensitivity of the two approaches would be com-
arable. TLD wins throughout in the throughput rate contest,
he advantage increasing exponentially with increasing carbon
toms. Throughput rate for decylamine could not be determined
n a reliable fashion because of the very long baseline-to-baseline
ime (in excess of 30 min) of the PFI peak for this amine due to
xcessive tailing.

. Conclusions

Thin layer distillation of the analyte from a donor stream
nd transfer to an acceptor is a viable approach. This uses no
embranes and thus does not suffer from membrane-associated

roblems. The TLD approach appears to be particularly attrac-
ive for higher molecular mass analytes which diffuse only
lowly through membranes and can sometimes be strongly
dsorbed on hydrophobic membrane matrices. The design of
he TLD cell can stand improvement. If the liquid contact part
f the channel is machined from stainless steel which can easily
e electrooxidized to be hydrophilic [23], and a top PTFE barrier
ortion is installed thereon, it would be possible to operate the
LD cell better, where the wetted part of the channel is wetted
nd above that is a barrier to liquid bridging. Thin Peltier devices
re easily available and can provide a simple means of simultane-
usly heating the donor and cooling the acceptor channel, when
nserted from the bottom of a hollowed out barrier separating
he two channels.

Ultimately and ideally TLD devices may be microfabricated
here chemical vapor deposition and plasma etching techniques

an be used to tailor surfaces to be hydrophilic or hydrophobic.
t the low pressures and superlaminar flows involved in such
evices, it should be possible to operate with a “pumping only”
rotocol, where the force to move forward in a channel bounded
y hydrophilic walls (and topped by hydrophobic ledges) will
e less than that needed to climb over a hydrophobic barrier into
nother channel.
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bstract

This paper describes the use of a pervaporation (PV) technique in a flow injection (FI) system for selective improvement in iodide analysis. Iodide
n the sample zone is oxidized to iodine, which permeates through a hydrophobic membrane. Detection of the diffused iodine is achieved using the
hemiluminescent (CL) emission at 425 nm that results from the reaction between iodine and luminol. The method was applied for the analysis
f some pharmaceutical products, such as nuclear emergency tablets and multivitamin tablets. Ascorbic acid present in multivitamin samples
nterfered seriously with the analysis, and off-line sample treatment using anion exchange resin was employed to successfully remove ascorbic acid
efore the analysis. Ascorbic acid was flushed from the column using 0.4 M sodium nitrate followed by elution of iodide with 2 M sodium nitrate.

−1 −1
he detection limit (3S.D.) of the system was 0.5 mg l , with reproducibility of 5.2% R.S.D. at 5 mg l . Sample throughput was determined as
0 injections h−1. There was good agreement between iodide concentrations from extracted samples determined using four different methods, i.e.,
V-FI, gas diffusion-flow injection, potentiometry and ICP-MS. A comparison of the analytical features of the developed pervaporation system
ith these of the previously reported chemiluminescence gas diffusion-flow injection previously reported is also described.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Iodine is an essential micronutrient as a part of thyroid
ormone, which is necessary for normal brain development.
nadequate iodine during prenatal and early development
eriods, can lead to several diseases, including spontaneous
bortion, increased infant mortality, hypothyroidism and cre-
inism [1]. Iodine supplementation in food and the use of

ultivitamins containing potassium iodide is used to avoid these

ymptoms. However, excessive iodine intake can reduce thyroid
unction because large amounts of iodine block the thyroid’s
bility to produce the hormones thyroxin and triiodothyronine

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Sri-
akharinwirot University, Sukhumvit 23, Bangkok 10110, Thailand.
ax: +66 2 259 2097.

E-mail addresses: nuanlaorr@swu.ac.th, nuanlaor@hotmail.com
N. Ratanawimarnwong).

t
m
f
n
(
[
c

m

039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.033
2]. Hence, there has been an increase in interest in the analytical
ontrol of iodide in food and pharmaceutical products.

In order to determine low level of iodide, many methods based
n different principles have been proposed. These include ion
3] and ion-pair reversed-phase [4–6] high performance liquid
hromatography with either post column reaction [3] or elec-
rochemical detection [4–6]. Neutron activation analysis [7,8]
nd inductively coupled plasma-mass spectrometry [9–11] have
lso been described for determination of iodide. These last
wo techniques offer high sensitivity and selectivity for iodide

easurement but require a high level of specialization and the
acilities are expensive to establish and operate. Direct determi-
ation of iodide can be performed using ion selective electrode
ISE). Nevertheless, for the complicated sample, such as in urine

12] and milk [13], the matrix interference was suspected to
ontribute some electrode response.

A number of colorimetric methods for the quantitative deter-
ination of iodide in aqueous samples have been proposed



Talan

[
c
A
c
d
w
o
t
t
f
f
p
o
i
m
w
D
t
p

t
i
i
a
l
e
fl
o
g
a
t
s
f
1
p
d
c
a

C
i
u
M
d
m
d
i
f
s
[

p
d
s
a
i
C

T
t
f
p
[

d
p
i
b
c
p
p
i
e
c
a
t
t
u

2

2

A
a
F
w
p
d
c
b
h
t
t
A
f
r
c
U
c

2
a

e
t
m
A
u

D. Nacapricha et al. /

14–24]. The most frequently used methods are based on the
atalytic effect of iodide on a reaction between Ce(IV) and
s(III) [14–16] or the decomposition of the Fe(III)–thiocyanate

omplex in nitric acid solution [17,18]. In these approaches,
eterminations were very sensitive but selectivity of the methods
as not satisfied. Direct colorimetric methods for determination
f iodide have also been presented. Agrawa et al. [19] reported
hat leucocrystal violet was selectively oxidized with iodine (I2)
o form crystal violet dye which was then extracted in chloro-
orm before measuring of absorbance at 588 nm. A procedure
or the determination of iodide in charcoal impregnated with
otassium iodide was developed by Taylor et al. [20]. An aque-
us extract of iodide in the charcoal was converted to iodine with
odate in acidic media followed by spectrophotometric measure-

ent at 460 nm. Similarly, tri-iodide detection by flow injection
as reported by Kamson [21] and subsequently by Ensafi and
ehaghi [22]. To improve the sensitivity of the tri-iodide detec-

ion, the measurements of tri-iodide starch complex have been
roposed [23,24].

Chemiluminescence (CL) detection is attractive in terms of
he relatively low cost and the simplicity of the equipment
nvolved. Moreover, the previously reported chemiluminescent
odine–luminol reaction permits detection of iodine to as low
s 1 × 10−7 M to be achieved [25]. Iodide does not react with
uminol, and it is therefore necessary to first oxidize iodide to
lementary iodine, in order to initiate chemiluminescence. A
ow injection system with CL detection for the determination
f iodide was reported by Burguera et al. [26]. The iodine was
enerated in a closed headspace device and was carried out in
nitrogen gas flow to a vial, where it was trapped in a KI solu-

ion. The trapped iodine was then mixed with Co(II) and luminol
olutions in a FI system to produce CL light. This was applied
or urinary iodine determination and gave a detection limit of
0 �g l−1. Use of on-line oxidation and solvent extraction cou-
led with reversed micellar mediated CL detection has also been
escribed for the determination of iodine and iodide in commer-
ial gargle products [27]. A detection limit of 0.02 ng ml−1 was
chieved.

According to previous reports, detection of iodine by luminol
L may be susceptible to a number of interferences includ-

ng metal ions, and for this reason, a separation technique is
sually carried out in the analysis of real samples [26,27].
anual separations are always time consuming, laborious and

ifficult to perform in micro scale, but these can be auto-
ated by incorporation of hydrophobic membrane-based gas

iffusion (GD) and pervaporation (PV) techniques into a flow
njection (FI) system, and used to separate volatile analyte
orm. Improvement in selectivity is thus achieved because fewer
pecies are converted to the gaseous form at room temperature
28].

To date, only a few methods involving GD-FI have been
roposed for determination of iodide [29–31]. All of these
etections of iodine were based on a simple photometric mea-

urement of either I3

− or the I3
−–starch complex. We have

lso reported use of the GD-FI method for determination of
odide in some pharmaceutical samples but in this instance,
L detection of diffused iodine was employed for detection.
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he method was successfully applied for nuclear emergency
ablets (potassium iodide tablet) and Thai liquid medicine
ormulations, but could not be used for multivitamin sam-
le determination because of interference by ascorbic acid
34].

Pervaporation coupled with FI has been described for the
irect measurement of volatile and semi-volatile analytes in sam-
les that may cause deterioration of the gas permeable membrane
f used in GD-FI [32,33]. In PV-FI, the presence of an air gap
etween donor solution (sample) and the membrane ensures that
ontamination or deterioration of the latter is avoided. This paper
resents PV-FI with CL detection for determination of iodide in
harmaceutical products including multivitamin tablets contain-
ng ascorbic acid that interfered in the GD-FI method described
arlier [34]. Off-line sample treatment with an anion exchange
olumn was used to separate ascorbic acid from iodide before
nalysis. Using the PV unit brings an advantage that prolongs
he life-time of the PTFE membrane by avoiding the direct con-
act of high salt content solution of sodium nitrate, which was
sed in the sample treatment.

. Experimental

.1. The PV-FI manifold

The FI system with a pervaporation unit is depicted in Fig. 1.
n AS-90 series autosampler (Perkin-Elmer, USA) was used for

utomatically loading of standard or sample solutions into the
I injection valve. A FIAS-300 module (Perkin-Elmer, USA)
as employed for pumping the reagents. A home-made perva-
oration unit consisted of two circular Perspex blocks (61 mm
iameter, 25 mm deep) held together by stainless steel ring
lamps and four stainless steel bolts. Both the acceptor cham-
er (0.3 mm deep) and donor chamber (5.0 mm deep) were
exagonal in shape. PTFE membrane (40 mm diameter, 1.5 mm
hickness; Trace Biotech AG, Germany) was used to separate
he donor and acceptor chambers of the pervaporation unit.

home-made CL detector, used for monitoring the CL light
rom iodine–luminol reaction, consisted of a concentric spi-
al Perfluoroalkoxy (PFA, 0.75 mm i.d., 100 cm length) flow
ell fitted in front of the PMT (Oriel 7020 Photomultiplier,
SA). PTFE tubing (0.75 mm. i.d.) was used for all manifold

onnections.

.2. Dual-detection FI for on-line detection of iodide and
scorbic acid after treated with anion exchange column

In this work, a dual-detection FI system coupled with an anion
xchange resin (AER) column (Fig. 2), was used for optimiza-
ion of the separation step between ascorbic acid and iodide. A

ixture of iodide and ascorbic acid solution was loaded onto the
ER column, followed by pumping a solution of sodium nitrate,
sed as the eluent. The stream emerging from the column was

plit into two lines using a Y-connection tube. This allows for
eal-time monitoring of the elution of iodide and ascorbic acid.

ithin this dual-detection FI system, detection of ascorbic acid
as based on reduction of potassium permanganate (System I,
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ig. 1. The employed PV-FI manifold. PV: pervaporation unit. Detector: photom
cceptor: 1% (w/v) KI. Oxidant: 0.01 M K2Cr2O7 in 10% (v/v) H2SO4. Condi

ig. 2) [36]. Detection of iodide was based on its catalytic effect
n the redox reaction of Ce(IV)–As(III) (System II, Fig. 4),
ith a decrease in Ce(IV) concentration being monitored spec-

rometrically at 420 nm [15,16]. Note that ascorbic acid was also
etected by this redox reaction, since ascorbic acid also causes
eduction of Ce(IV).

.3. Reagents

All chemicals used in this work were AR grade. Ultra-pure
ater, obtained from a Milli-Q-system, was used for prepara-

ion of reagent solutions. A stock solution of standard iodide
1000 mg l−1) was prepared by dissolving 1.307 g of potas-
ium iodide (Merck, Germany) in 1 l of water, and working
olutions of iodide were prepared by appropriate dilution with
ater.
Luminol solution (7.5 × 10−4 M) was prepared in 0.1 M

aOH solution from 3-amino-2,3-dihydro-1,4-phathalazine-
ione (Sigma, USA). The oxidant was prepared by dissolved
g of potassium dichromate (Univar, Australia) in 1 l of 15%

v/v) sulfuric acid (Lab-scan, Ireland).
A rhodium nitrate standard solution of 1000 mg l−1 (Accu-
race, USA), was used as an internal standard in ICP-MS
easurements. The working solution was prepared by dilution of

.00 ml of the stock solution to 100.0 ml with deionized-distilled
ater. This solution has Rh at concentration of 10 mg l−1.

s
A
l
T

Fig. 2. Dual-detection FI manifold for the optimization of the separation of ascor
lier tube with a home-made flow cell. Luminol: 7.5 × 10−4 M in 0.1 M NaOH.
: 5 mg l−1 KI.

.4. Samples pretreatment

NORAD (Body Gold Inc., USA), RADBLOCK (USDPI,
SA), IOSAT (ANBEX Inc., USA) and THYROBLOCK (Med-
ointe Healthcare Inc., USA) were the KI tablet samples used
or this work. These tablets contain iodide 49.7, 50, 99.5 and
9.5 mg I tablet−1, respectively, together with other excipients
fillers, binders and disintegrates). Each tablet was added into
pproximately 20 ml of deionized-distilled water. Dissolution
as made as well as filtering through a Whatman paper no. 1. The
nal volume of dissolved matters was brought up to 500.0 ml.
hese were all clear solutions.

Multivitamin tablets that are available in the market from
arious countries were used in this work. The tablets were fine
round in mortar and a mass containing approximately 300 �g
was dissolved in 50 ml deionized water in a beaker and the
ixture was stirred for 30 min. Suspended particulate matter

binder plus oil-soluble vitamins) was separated by centrifuga-
ion at 300 rpm for 30 min followed by filtration through 0.45 �m
ellulose acetate membrane filter.

A 10 ml aliquot of a multivitamin extract was loaded onto
column (as described in Section 2.2). In the washing step, a
olution of NaNO3 (at low concentration) was loaded onto the
ER, to remove the Vitamin C followed by the elution step of

oading high concentration of NaNO3, for rapid elution of iodide.
he collected solution (from elution step), was then injected

bic acid from iodide. Eluent: NaNO3 solution. AER: anion exchange resin.
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nto the developed PV-FI systems in Fig. 1 to measure iodide
ontent.

.5. Preparation of AER column

The column (22 cm length, i.d. 0.5 cm) contains 3 ml of anion
xchange resin (Dowex 1 × 8 strong basic anion exchange resin,
00–200 mesh, chloride form). The resin was activated before
se by soaking in 1 M hydrochloric acid overnight, followed by
ashing with deionized-distilled water to remove an excess of

hloride ion. This column was used in the optimization (Fig. 2)
nd in the sample clean-up for multivitamin samples.

.6. Recovery

Standard iodide 200 �l of 1000 mg l−1 was pipetted into a
5 ml volumetric flask. Then the mixture was made to the mark
sing multivitamin extracted solution (obtain 8 mg l−1 standard
ddition). This solution was loaded onto the column. After clean-
p step as described in Section 2.4, the eluting solution was
njected into the PV-FI system. The same analysis was performed
n this sample but with addition of 200 �l deionized-distilled
ater to the sample instead of standard iodide solution. The

ecovery was determined for the whole procedural method based
n the percentage of the recoverable amount of iodine added to
sample.

.7. Other methods

.7.1. Potentiometric method
About 30 ml of the 2.0 M sodium nitrate eluate was trans-

erred into a 50 ml beaker. The potential of this solution was
easured using an iodide-ISE (Orion, model 9453, USA) and

n Orion saturated calomel electrode, with a digital Ionana-
yzer (Orion, model 601A, USA), and the iodide concentration
etermined by comparison with a 1–10 mg l−1 calibration graph.

.7.2. ICP-MS method
In the ICP-MS method, samples of multivitamin extracts were

repared by diluting 300 �l of sample with 50 �l of rhodium
itrate (10 mg l−1) and 24.65 ml of deionized-distilled water.
hodium was used as the internal standard to correct for non-

pectral interference and signal instability. The calibration curve
as obtained by using potassium iodide as the iodine stan-
ard. The blank and standard solutions (100–4000 �g l−1), were
iluted 10-fold with the same eluent as the samples before intro-
uction into the nebulisation chamber.

. Results and discussion

.1. Manifold design and optimization

Our previous work using GD-FI system [34] clearly demon-

trated that molecular iodine was readily adsorbed onto the
urface of the manifold tubing and the pores of the hydrophobic
embrane. Without a conditioning stream of iodide solution

depicted as dashed line in the FI manifold shown in Fig. 1),

3

l
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ignals within this range were not reproducible, and showed
gradual increase to reach a plateau as subsequent injections
ere made. Moreover, the adsorption of iodine resulted in
non-linear calibration graph even at low iodide concentra-

ions (0.1–1.0 mg l−1). However, these effects were overcome
y inclusion of an on-line conditioning stream of iodide [34].
ith this background information, we used a similar FI system

or PV, the manifold for which is shown in Fig. 1. The neces-
ity for on-line conditioning system with continuous generation
f iodine (I2) was investigated by varying the concentration of
otassium iodide used in the conditioning stream (dashed line
n Fig. 1) from 3 to 8 mg l−1. The results show that the lin-
arity of calibration was not satisfied at 3 mg l−1 (r2 = 0.983),
hereas higher concentrations of 5 and 8 mg l−1 gave satisfac-

orily linear responses (r2 = 0.994 and 0.999, respectively). This
henomenon agrees with that previously described for GD work
34]. Thus conditioning is also necessary for the pervaporation
ethod, and a concentration of the conditioner at 5 mg l−1 was

elected as the optimum condition for this purpose.
Some operational parameters, such as the concentration and

H of the luminol stream and the condition of oxidizing agent,
ere adopted directly from the previously described gas dif-

usion method [34] whereas other parameters, such as the
oncentration of iodide in conditioning stream, concentration of
odide in acceptor stream as well as sample volume were opti-

ized for the pervaporation system because they are affected by
he different physical characteristics of the gas collection unit
mixing geometry, evaporation rate and diffusion rate of the gas
hase).

Potassium iodide was also used as an acceptor reagent since
t promotes solubility of iodine across the membrane by form-
ng soluble tri-iodide species, i.e., I− + I2 → I3

−, for which
= [I3

−]/[I2][I−] = 103 dm3 mol−1 [20]. The concentration of
otassium iodide in the acceptor stream will therefore be a
ompromise between promoting solubility of I2 after it diffuses
hrough the membrane and avoiding production of an excess of
−, which promotes the formation of I3

− species that does not
eact with luminol to produce CL. Our results agree with this
rediction. The study was carried out over the concentration
ange of 0.5–2% (w/v) I−, and it was observed that peak area
ncreased with increasing concentration of potassium iodide up
o 1% (w/v) KI. However, increasing potassium iodide concen-
ration above 1% (w/v) gave a decrease in peak area. Thus, 1%
w/v) KI was chosen as the acceptor solution.

The injection volume was varied over the range of
00–1000 �l when other parameters were fixed and replicate
njection of 3 and 5 mg l−1 solutions were made. An injec-
ion volume of 300 �l was chosen as the optimum because it
as a compromise between increased sensitivity and sample

hroughput. The optimal concentrations of chemicals used in
he preparation of reagent streams for the PV-FI system are
resented in Fig. 1.
.2. Analytical performance

Under the optimized conditions, the calibration was always
inear within the concentration range 1.0–10.0 mg l−1. A typ-
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Table 1
Determination of iodide contents in nuclear emergency tablet (KI tablets) by
using the present PV-FI method and an ISE method

Trade name Iodide content (mg tablet−1)

Nominal PV-FI method ISE

1. NORADa 49.7 52.39 ± 0.65 54.50 ± 3.5
2. RADBLOCK KIb 49.7 54.79 ± 3.2 58.51 ± 4.4
3. IOSATc 99.5 102.0 ± 7.5 103.81 ± 6.6
4. THYROBLOCKc 99.5 99.7 ± 1.2 99.32 ± 3.4

The means and standard errors were from a set of three samples of the same
product.
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time of iodide decreased significantly with increasing concentra-
tion of sodium nitrate. Iodide was eluted at about 27 and 40 min
for 0.5 and 0.3 M NaNO3, respectively, whereas elution of iodide
was not achieved within 60 min when 0.1 M NaNO3 was used.
a Weight of the tablet: 0.25 g.
b Weight of the tablet: 0.30 g.
c Weight of the tablet: 0.17 g.

cal calibration equation curve obtained from this work is
= 2.319x − 1.1318 (r2 = 0.999), where y is the peak area of CL
ignal and x is the concentration of iodide injected. A detection
imit of 0.5 mg l−1 was determined (3S.D. of the blank signal)
35].

.3. Application to iodide analysis of nuclear emergency
ablets

Four samples of potassium iodide tablets, use for protection
gainst thyroid absorption of radioactive iodine, were analyzed
or iodide content using the developed PV systems. Table 1
hows the iodide contents obtained from PV-FI system and ISE
ogether with nominal values. The results were compared with
he values accordingly to the labels. The contents of iodide, as
etermined by the PV-FI method, agreed significantly well with
he labels. The paired t-test was employed to compare the differ-
nce in the results of KI tablets [35]. No significant difference
as found between the results from the PV-FI and from the ISE
ethods (tobserved = 0.120, tcritical = 3.18 at P = 0.05). This strong

greement demonstrated that the PV-FI method is suitable for
nalysis of samples of this type. It can be concluded that these
harmaceutical products do not exhibit any interference effects,
ince only dissolution of the KI tablets was employed before
irect sample injection. Therefore, the PV-FI system can be con-
idered a viable alternative method to the GD-FI system [34] and
odide electrode for iodide measurement in this type of sample.

.4. Application to multivitamin tablets

From previous work performed using the GD-FI system,
nvestigation of possible interfering species that are present in

ultivitamin extracts (i.e., Vitamin B complex, Vitamin C and
ome cations such as Mn2+, Zn2+ and K+ and anions such Cl−
nd SO4

2−) was carried out at concentrations that are twice the
ormal concentration. These substances did not exhibit a marked
ffect except for Vitamin C which resulted in a negative signal
34]. For that reason, the interference of ascorbic acid was re-

nvestigated in the developed PV-FI system. As expected, the
ame interfering effect was found. At higher concentrations of
scorbic acid greater negative signals were observed. Increasing
he concentration of dichromate oxidant or even premixing sam-
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le with oxidant did not show any improvement in eliminating
he interfering effect of ascorbic acid. Pretreatment of sample
xtracts, by anion exchange separation, was therefore consid-
red the most effective means of removing the ascorbic acid
nterference before injecting the multivitamin extracted into the
I system.

.4.1. Development of sample treatment with anion
xchange column

By means of this dual-detection FI system (Fig. 2), iden-
ification of signals obtained by ascorbic acid and iodide were
chieved as well as their elution times. Examples of signal output
rom the dual-detection FI system are shown in Fig. 3.

To optimize the selective separation of ascorbic acid from
odide, the signal profile from the System II (Fig. 2) was pri-

arily considered. Different concentrations of sodium nitrate
ere tested for the elution, including 0.1, 0.3 and 0.5 M. It was
bserved that ascorbic acid was eluted approximately at the same
ime over the range of 0.1–0.5 M NaNO3, whereas the elution
ig. 3. Example of elution profiles using 0.5 M NaNO3, obtained from the
ual-detection FI system at condition of 5.0 ml loading of standard mixture
f 50,000 mg ascorbic acid l−1 and 4 mg l−1. (a) Profile obtained from System I
ith reduction of MnO4

− and (b) Profile obtained from System II with reduction
f Ce4+.
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Fig. 4. Elution profiles obtained from the dual-detection FI manifold (System
II), at various concentration of NaNO used in an elution step: (a) 0.1 M, (b)
0
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.3 M and (c) 0.4 M, followed by 2 M NaNO3 for elution of iodide. These results
lso confirmed by the results of the reduction of MnO4

− (System I).

As described above, a solution of 0.1 M NaNO3 seems to be
uitable to use in the first step or so-called the washing step. This

tep aims to selectively elute ascorbic acid from the column, and
as followed by elution with 2 M NaNO3 to elute iodide. How-

ver, it was found that ascorbic acid was not completely removed P

Fig. 5. Comparison of iodide contents in multivitamin extracts determ
ta 72 (2007) 626–633 631

rom the column by elution with 0.1 M NaNO3 since there was
lways some residue of ascorbic acid (seen as a small peak in
ront of the iodide peak) that remained in the column, which
as eluted immediately after 2 M NaNO3 was loaded (Fig. 4a).
Nevertheless, it was found that complete elution of ascorbic

cid was achieved with 0.3 and 0.4 M NaNO3 (Fig. 4b and c)
nd thus, 0.4 M NaNO3 was selected as the eluent in the washing
tep for the clean-up of multivitamin extracts. At constant system
ow rate, elution times of each species were converted to elution
olumes, and the optimum elution volumes for off-line sample
reparation. Therefore, 60 ml of 0.4 M NaNO3 was used as the
ptimal condition for removing of ascorbic acid and 40 ml of
M NaNO3, was used in the eluting step.

.4.2. Method validation
Validation of the proposed method was done by analyzing

odide contents in 18 samples of multivitamin extracts using four
ifferent methods (PV-FI, GD-FI, ISE and ICP-MS). We found
hat sample matrix also interfere the iodide measurements by
SE method, resulting in negative error. Therefore, all the sam-
les were pretreated using the described AER technique prior the
nalysis using the PV-FI, GD-FI and ISE. It was not necessary to
se any type of clean-up for the ICP-MS. Results for the compar-
son are presented in Fig. 5. The analysis of variance (ANOVA)
35] test was used to compare the iodide content analyzed by
he four methods. There was no significant difference between
he results from the four methods at 95% confidence limit.

.5. Recovery

Recoveries of iodide for the whole procedure using the PV-FI
ystem with the AER clean-up were investigated (Table 2), and
ere found to range from 81.3% to 117% with an average (n = 8)
f 102%. These results show that the use of AER was generally
ffective in removing ascorbic acid [37].

.6. Comparison of the present PV-FI system with the
Comparison of the analytical characteristics of the developed
V-FI and GD-FI [34] systems are summarized in Table 3. As

ined by using four methods: GD-FI, PV-FI, ISE and ICP-MS.
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Table 2
Analytical recovery derived from determination of iodide using PV-FI

Sample Original content (mean ± S.D.) (mg I) Standard addition %Recovery

Added (mg I) Found (mean ± S.D.) (mg I)

1. Synthetic sample – 0.08 0.0870 ± 0.001 109
2. Centrum 0.075 ± 0.001 0.08 0.161 ± 0.003 108
3. Centrum (+Betacarotine) 0.1185 ± 0.001 0.08 0.203 ± 0.006 105
4. Olay 0.134 ± 0.002 0.08 0.227 ± 0.005 116
5. Aktivpunkt 0.061 ± 0.005 0.08 0.130 ± 0.002 87
6. Biovital 0.080 ± 0.002 0.08 0.153 ± 0.004 90.7
7. Das Gesunde 0.034 ± 0.001 0.08 0.099 ± 0.003 80.9
8. Health Aid 0.091 ± 0.003 0.08 0.185 ± 0.006 117

Table 3
Comparison of analytical characteristics of the developed gas-diffusion and pervaporation FI systems

Feature Gas diffusion system Pervaporation system

1. Working range (mg l−1) 0.1–1.0 1.0–10
2. Sample throughput Higher (60 injections h−1) Lower (30 injections h−1)
3. Detection limit (mg l−1) 0.05 0.50
4. Precision (R.S.D.) (n = 10) 4.8% (for 0.5 mg l−1) 5.2% (for 5 mg l−1)
5. Life of the membrane used Shorter (approximately 1 day) Longer (approximately 7 days)
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. Ability to be used with samples containing suspended particles

. Compatibility with reagents or samples that deteriorate membrane

ndicated in Table 3, there are advantages and disadvantages
ssociated with both PV and GD systems. The advantage of the
ample–membrane air gap in PV is that potential contamination
r deterioration of the membrane is minimized, but the disad-
antage of the air gap is that the dilution of the I2 gas is occurred,
esulting in a 10-fold reduction of the sensitivity compared with
D (0.05 and 0.5 mg l−1 for GD and PV, respectively). The
recision of the GD system developed was 4.8% at 0.5 mg l−1,
hereas the precision of the PV system was 5.2% at 5 mg l−1.
ote that the iodide concentrations used in these two systems
ere quite different, as determined by the difference in their
orking ranges.
However, in this work, the multivitamin extract was pre-

reated with AER, and the iodide fraction was eluted with 2 M
odium nitrate. At this concentration of sodium nitrate, the GD
embrane deteriorated after several injections, causing a neg-

tive signal of iodide injection. However, this effect had never
een observed when PV was employed. This is due to the pres-
nce of air gap in the PV unit that helps avoiding direct contact
etween the sample and the membrane, overcoming the rapid
eterioration of the membrane that occurs in GD. This resulted
n an operational life-time for the membrane used in PV of 7
ays, whereas for GD the life-time was only 1 day.

. Conclusions

In this work, a PV-FI method was developed for the deter-
ination of iodide based on the chemiluminescent reaction of
2 with luminol. The method is directly applicable for nuclear
mergency tablets, which are basically potassium iodide with
harmaceutical binders. For multivitamins, an off-line clean-up
sing AER was employed for the separation of ascorbic acid
No Yes
No Yes

rom iodide. Separate elution between iodide and the Vitamin C
nterference was optimized using a so-called dual-detection FI

anifold.
Determination of iodide in the fraction of high concentration

f NaNO3 was observed to cause a short life-time (1 day) of
he PTFE membrane, if used with the previous GD-FI system
34]. Thus, employment of the pervaporation technique, with
he air-space between the analyte solution and the membrane,
as brought in a great benefit to this application.
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bstract

The ability to distinguish among diets fed to Damascus goats using excitation–emission luminescence spectra was investigated. These diets
onsisted of Medicago sativa L. (alfalfa), Trifolium spp. (clover), Pistacia lentiscus, Phyllirea latifolia and Pinus brutia. The three-dimensional
uminescence response surface from phosphate buffered saline (PBS) extracts of each material was analyzed using muti-way analysis chemometric
ools (MPCA) and parallel factor analysis (PARAFAC). Using three principal components, the spectra from each diet material were distinguished.
dditionally, fecal samples from goats fed diets of either alfalfa or clover hays were investigated. The application of MPCA and PARAFAC to
hese samples using models derived from the pre-digested diet materials was strongly suggestive of the utility of similarly derive training samples
or the elucidation of botanical diet composition for animals.

2007 Elsevier B.V. All rights reserved.

eywords: Luminescence spectroscopy; Multi-way principal component analysis (MPCA); Parallel factor analysis (PARAFAC); Phosphate buffered saline plant
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. Introduction

In the Mediterranean region, goats are very important for
rush control and ecological management [1]. The need to
ifferentiate among goat diets is indeed a necessary issue for
ontrolling free-ranging goats [2,3].

Fluorescence spectroscopy shows promise as a rapid and
ccurate method for identifying plant materials [4–7]. Earlier
tudies [5,6] used chloroform as the extracting solvent. Unfortu-
ately, this solvent revealed fluorophores throughout the visible
egion of the spectrum including red chlorophyll fluorescence
8]. However, blue fluorescence from leaf material of higher

lants has been suggested to result from a complex mixture
f at least three fluorescing components [9]. Lichtenthaler et
l. [10] later indicated the phenolic epidermal compounds in

∗ Corresponding author. Tel.: +1 505 646 5839; fax: +1 505 646 2649.
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p
e
T
i
l
m
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eaves (including cafferic, ferulic and sinapic acids as well as
hlorogenic acid and quinic acid) may contribute to fluorescence
n the blue region of the visible spectrum [10]. Additionally
reen fluorescence has been attributed to the cell wall com-
onents berberine and quercetin [11], epidermal tissue [12]
nd mesophyll tissue [13]. Although blue and green fluores-
ence result from multiple components [10], their chemical
rigins and locations within plants, are yet to be fully under-
tood [14]. It may, however, be possible to differentiate among
lant materials without a detailed understanding of the molecu-
ar species responsible for the resulting fluorescence signatures
5,6].

Recent research by Danielson et al. [15] suggested phos-
hate buffered saline (PBS) solutions as suitable solvents for
xtracting non-chlorophyll fluorophores from plant material.

he exclusion of chlorophylls enabled a reduction of the mask-

ng of blue and green fluorescence signatures. Other work in our
aboratories has also demonstrated the utility of some chemo-

etric tools (e.g., principal component analysis (PCA) and
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ulti-way PCA) for the qualitative processing of luminescence
pectra from PBS plant extracts [3].

The aim of the present study was to investigate the ability
o differentiate among five different goat diets using fluores-
ence excitation–emission matrix (EEM) spectra of PBS extract
olutions by applying multi-way principal component analysis
MPCA). Additionally, an MPCA calibration model was con-
tructed from diets containing each of two hay species (i.e.,
lfalfa and clover) in an attempt to identify feces collected from
ifferent goats fed each diet. The number of the possible flu-
rophores in each of the five diets was also investigated using
arallel factor analysis (PARAFAC).

. Experimental

.1. Samples

Five pre-dried goat diet materials were investigated using
pectral fluorescence analysis. These included two hay plant
pecies, alfalfa (Medicago sativa L.) and clover (Trifolium spp.)
nd gree browse species, Pistacia lentiscus (P. lentiscus), Phyl-
irea latifolia (P. latifolia) and Pinus brutia (P. brutia). Feces
amples of both alfalfa and clover were also investigated using
he same technique. These materials were obtained from the
gricultural Research Organization of Israel. The composi-

ion of samples used in this study resulted from the actual
iets of each of 12 Damascus yearling goats (mean weight of
8.5 ± 0.7 kg) at a feed study facility located south of the Carmel
idge, Israel. This feed study involved feeding 10 goats alfalfa
ay (samples 1–10 in Fig. 3) for 10 days and collecting the cor-
esponding feces. Additionally, clover hay (samples 11–14 in
ig. 3) was fed to four goats for a period of 4 days with similar
ollection of the corresponding feces. Goat feces from both hay
iets were similarly coded with the corresponding goat identi-
cation (Table 1). Other pure diet materials were added to this
tudy to check the ability of the current technique to differenti-

te among different diet materials: and P. latifolia and P. brutia
15–17 and 18–20 in Fig. 3, respectively) and P. lentiscus (21–24
n Fig. 3). The facility consisted of roofed individual dirt-floor
ens (1.7 m × 1.7 m) and a roofed collection corral where ani-

able 1
he identity of samples and goats

ample number Diet Goat ID

1 Alfalfa G
2 Alfalfa A
3 Alfalfa F
4 Alfalfa I
5 Alfalfa K (Missing)
6 Alfalfa E
7 Alfalfa D (Missing)
8 Alfalfa H
9 Alfalfa J
0 Alfalfa B
1 Clover C
2 Clover B
3 Clover M
4 Clover F
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als were placed between tests. Each pen was configured with
15 l water bucket and a trough divided into two compartments

or separation of the feed concentrate and the other materials pre-
ented to each animal. For more accurate intake measurements
ollection of residue of each material was facilitated by a shelf
ocated beneath each trough. Diets were weighed and distributed
nce each morning during 12, 10-day tests. Fecal samples for
lfalfa and clover were grab-collected each morning, midday
nd evening to minimize variance from digestive stages during
ach of the final five days [16,17].

.1.1. Sample preparation
Diet and feces materials were initially ground to pass a 2 mm

creen, placed in aluminum weighing boats and dried at 60◦ C
or 24 h to constant mass. Three replicates of approximately
.1500 g of each diet material as well as feces were weighed
nto separate borosilicate culture tubes (16 mm × 25 mm, Kim-
le Kontes, Vineland, NJ). The tubes were then sealed using
arafilm and stored at room temperature. All samples within
ach replicate sample set were randomized prior to analysis to
inimize operator bias during data collection.
The phosphate buffered saline solution was autoclaved

35 min at 121 ◦C, 125 kPa) to minimize any microbial contami-
ation. The solution pH was adjusted to 12.5 using 1.0 M NaOH
Mallinckrodt Chemical Works, Saint Louis, MO). Each 2 l vol-
me of the PBS solution contained 0.263 g, NaN3 (sodium azide,
n additional microbial growth inhibitor), 1.422 g NaHPO4,
.801 Na2HPO4 (Alfa Aesar, Ward Hill, MA), 0.408 g KCl
Sigma, MO) and 13.567 g NaCl (J.T. Baker, Phillipsburg, NJ)
issolved in ultra-pure (18.0 M�) water.

Each replicate data set consisted of spectra from each of
he five diet materials, fecal materials, three extraction solution
lanks and a single solution consisting of a TiO2 suspension. The
pectrum of each blank was recorded at three times during the
nalysis of each replicate: the beginning, middle and end. The
pectrum from the TiO2 suspension solution was also collected
hree times during each replicate to account for any instrument
rift. A total of 13 samples including the blanks and the TiO2
olutions were run each day (a single replicate data set).

The incorporation of the light scattering suspension of
iO2(s) provided a signal indicative of the wavelength-
ependent intensity of the incident radiation. This enabled
ompensation for significant drifts in the output of the
e-arc lamp excitation light source. Immediately follow-

ng exposure of the TiO2 sample, a blank spectrum was
ecorded.

A Lab Industries Repipet II (Barnstead/Thermolyne,
ubuque, IA), was calibrated to deliver 10.0 ml of extraction

olution to each culture tube containing the diet and the fecal
aterials. Once filled, all 10 tubes were sealed with Parafilm

nd manually shaken. The tubes were shaken in an attempt to
et the “plug” of ground plant material that floated in each cul-

ure tube. These tubes were then agitated using an orbital shaker

VWR Model 98001;Albuquerque, New Mexico) at 100 RPM
or 1 h. The culture tube openings were elevated slightly to min-
mize contact of the culture tube contents with the Parafilm. The
ulture tubes were also rotated 180◦after 30 min to maximize
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ontact of the ground plant material with the PBS extraction
olution.

The culture tubes were then centrifuged at 925 × for 25 min
Beckman Model TJ-6, Labx, Midland, ON, Canada). The liquid
rom each culture tube was subsequently decanted into a non-
terile 10.0 ml syringe (Allometrics Inc., Franklin Lakes, NJ)
nd filtered through a 0.2 �m non-sterile nylon filter (Millex,
edford, MA). Approximately, 3 ml of filtrate was immediately
ollected in a 3.5 ml disposable acrylate fluorescence cell with
light path of 10 mm (Spectrocell, Oreland, PA). The cell was

hen capped (Spectrocell Teflon®, LDPE), placed within the flu-
rometer, and the resulting excitation–emission matrix collected
or all samples including both the diet and the fecal materi-
ls. These comprised 1024 emission intensity measurements
t each of 51 excitation wavelengths (370–580 nm in 4.2 nm
ncrements).

.2. The fluorometer

The fluorometer used in these studies [18–20], has been
reviously described by Mukherjee et al. [21]. Briefly, it con-
ists of a 150 watt Xe-arc lamp (Oriel Model 6254, Newport
riel Instruments, Stratford, CT) as an excitation source. Each
avelength of excitation was selected using an F/4, 1/8 m dou-
le monochromator with a bandwidth of 7 nm (CVI Model
20, CVI, Albuquerque, NM). Stray light was reduced using
band pass filter on the monochromator. Scattered light and

uorescence from the PBS filtrate were detected at 90 degrees
o the incident radiation. The emitted radiation was imaged
nto the entrance slit of an F/4, 1/8 m imaging spectrometer
ISA Jobin Yvon, Edison, NJ), with a 200–700 nm range. A
024-element intensified Reticon array (Model 1420, EG&G
rinceton Applied Research, Trenton, NJ) detected the light at

he image plane. The detection spectrometer had a 5 nm band-
ass.

.3. Data collection

Instrument control and data acquisition were accomplished
sing software developed using Lab View software (Version
.0, National Instruments, Austin, TX) installed in a Gateway
esk top PC equipped with a Pentium II processor. The spec-
ral intensities are reported on a relative intensity scale and were
lank corrected. Wavelength regions of the spectra were divided
n to arbitrary spectral regions and designated as either “blue”
424–491 nm) or “green” (491–575 nm) [22].

. Statistical analysis

.1. Multi-way principal component analysis (MPCA)

Chemometric data analysis methods provide powerful tools
o analyze multivariate data such as excitation–emission matri-

es obtained from fluorometry [23]. Principal component
nalysis and MPCA are multivariate statistical methods for ana-
yzing data measured as a function of two or more parameters
multi-way data) [24].
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MPCA is one of the most direct approaches for decomposing
he EEM [25]. Statistically and mathematically, MPCA is very
imilar to PCA and involves the generation of a representation of
he eigenvectors for the covariance or correlation matrix of the
riginal measured variable data matrix. There may be as many
igenvectors as there are variables. Each principal component
enerated describes diminishing contributions of the variance
mong the measured variables [25].

Consider the measurement of intensity at each jth (j = 1,. . .,
) emission wavelength for every kth excitation wavelength
k = 1,. . ., K) corresponding to the ith sample (i = 1,. . ., I). These
ata can be then be organized into a three-dimensional matrix
of dimension I × J × K. In MPCA, the unfolded matrix X is

ubsequently decomposed into a large two-dimensional matrix
(Fig. 1) followed by conventional PCA. Simply stated, MPCA

s the summation of the product of score vectors (tr) and loading
ectors (Pr) plus a residual or error array (E) which is minimized
n a least squares sense.

=
R∑

r=1

tr ⊗ P r + E (1)

ach element of score vectors (tr) corresponds to a particular data
et. The loading vectors (Pr) are then directions of a maximum
ariability and define the reduced dimension space (R).

In most cases, only few principal components can be used
o express the maximum variability especially in data with a
igh degree of correlation (R � min (I, JK)). The choice of R
s made for the optimization of the systematic variability of the
ata and can be described by these few principal components.
dditionally, the residual array (E) is minimized according to

he least squares sense [26].

.2. Parallel factor analysis (PARAFAC)

The PARAFAC is another powerful multi-way data anal-
sis tool that assumes a liner relationship between the
xcitation–emission wavelength pair. It was used to investigate
he number of factors (i.e., fluorophores) responsible for features
ithin each spectral signature.
Like MPCA, PARAFAC is an algorithm that decomposes

ulti-way dimensional arrays into a set of scores and loadings.
ecause PARAFAC is a constrained version of PCA, any data

et that can be modeled by PARAFAC can also be modeled by
CA [27].

Mathematically, the PARAFAC algorithm decomposes the
hree-dimensions data matrix (X) into a sum of triple product of
ectors (components or factors) and an error matrix e (Eq. (2)).
hile for PCA, each component consists of one score vector

nd one loading vector, each component (factor) in PARAFAC
onsists of one score vector and two loading vectors. These com-

onents or factors are organized into spectral matrices (i.e., a–c).
ach matrix represents a single dimension of the original data
ube containing N factors (N is the smallest number of inde-
endent factors that can be used to efficiently describe the data
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(λex,λem, material). These were subsequently processed using
both MPCA and weighted PARAFAC. Two-dimensional MPCA
models using either the first and second or the first and third
principal components were only able to separate the five diet
ig. 1. Unfolding of three-way array X (I, J, K) into a two-way array in MPCA
f triple product of vectors or loadings a–c, and error matrix E in PARAFAC.

ariances) (Fig. 1) [27–29].

ijk =
N∑

n=1

ainbjnckn + eijk (2)

n Eq. (2), Xijk is a three-dimensional data set (i.e., fluorescence
ntensity of sample k at excitation wavelength i and emission
avelength j), N the unique spectral profiles found in the data

ube, the n columns of matrix a are the predicted pure excitation
f the n factor, the n columns of b are the predicted pure emission
pectra of the n factor and the columns of c are the predicted pure
pectral intensity profiles of n factors and eijk is the error matrix.

. Results and discussion

No detectable degradation of the samples was observed over
he 3-day data collection period. Additionally, the different PBS
olution blanks were found not to differ statistically (P = 0.912).
herefore, the mean blank spectrum was subtracted from each
ample spectra prior to analysis using MPCA and PARAFAC
PLS-Toolbox, Eigenvector Research, operated under MatLab
.0.4, MathWorks, Natick, MA). The data were mean cen-
ered before applying MPCA. Prior to application of PARAFAC
he data were weighted to account for scattering signals and
runcated to contain only the regions of the spectra that had
ignificant fluorescence information (i.e., λem ≥ λex).

.1. Diet samples

Fig. 2 shows a typical excitation–emission luminescence
pectrum for a PBS extract of an alfalfa hay sample. The broad
ines with slopes of approximately 1.0, and 2.0 correspond to
he first and second order diffraction of the incident radiation
λ(emission) = λ(excitation)), respectively, that displays bloom-
ng into adjacent pixels. It is, therefore, the region located above
his first order Rayleigh scattered radiation that is of primary
nalytical utility (i.e., λ(emission) ≥ λ(excitation)). Because the

ayleigh scattering features are diagonal lines, studying the

egion above this scattering results in the loss of that portion
f the signal exhibiting an overlap with the Rayleigh scattering
29].

F
r
i
r

ts decomposition into a sum of vector or loading products, J and K. And a sum

Weighting of the data within each EEM by replacing the val-
es of the Rayleigh scattered signal pixels with zeros has been
roposed as an approach to address this problem [30]. This was
ccomplished by multiplying the data matrix by a weighting
atrix that has the same size as the data matrix in which the

egions of the matrix corresponding to the Rayleigh scattering
re given values of zero and values of one for the rest of the
atrix. Weighting the data for PARAFAC application has been

roposed as an approach to address the problem associated with
he presence of the Rayleigh scattering. For the application of
ARAFAC, the data were subjected to both a discrete weight-
ng strategy and truncation of the data sets to include only those
pectral regions containing useful signal [29].

The spectral signatures for each material were each recorded
everal times in accordance to the actual feed study for goats
escribed elsewhere [3]. A three-dimension data matrix con-
aining the EEM for each of the five materials was generated
ig. 2. Contour plot representation of excitation–emission matrix (EEM)
ecorded from the PBS extract of a sample of Medicago sativa L. (alfalfa) show-
ng both first and second order diffraction of the Rayleigh scattered incident
adiation.
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Fig. 3. Three-dimensional MPCA scores plot for each of the materials analyzed.
Each point represents a single spectrum acquired for each replicate from each diet
material, Medicago sativa (alfalfa) hay (samples 1–10), Trifolium spp. (clover)
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4.2. Fecal samples

Fecal samples from animals fed diets consisting of each of the
two forvs (alfalfa and clover hay) were similarly analyzed. The

Table 2
PARAFAC factors for each material with the locations of maxima in each
resulting excitation and emission profile

Species Number of
factors

Excitation
wavelength (nm)

Emission
wavelength (nm)

Alfalfa hay 1 465 520, 620
Phyllirea latifolia 1 480 550
Pistacia lentiscus 1 480 570

Pinus brutia 2
420

475
625

480
505
625
ay (samples 11–14), Phyllirea latifolia (samples 15–17) Pinus brutia (samples
8–20), Pistacia lentiscus (samples 21–24). Circles around each cluster are for
larity and do not represent confidence limits.

aterials into only four clusters, leaving the P. brutia samples
istributed among the other clusters. However, application of a
hree-dimensional MPCA model (Fig. 3) enabled more than 95%
f the total variation in the original data matrix to be accounted
or using three principal components. Projection of the scores for
ach sample spectrum yielded five separate, very well resolved
lusters (Fig. 3). Each of these five clusters represents one of
he diet materials. The centers of each of the five clusters were
alculated and the standard deviations of each point in each
luster from its pre-calculated centers were also calculated. The
veraged standard deviation for the clusters of alfalfa, clover, P.
entiscus, P. latifolia and P. brutia were 2.7, 1.3, 4.2, 3.0 and 2.9,
espectively. Despite the above variations, which might affect
he confidence limits of detection for the individual species, dis-
rimination among the plants species used is readily apparent.
hese results strongly suggest the ability of this technique to
iscriminate among the five diet materials used in this study.

For the purpose of identifying the possible number of
uorophores in each diet material and their corresponding
xcitation–emission profiles weighted PARAFAC was also
pplied on each of these five separate diet materials to inves-
igate the number of fluorophores associated in each of the five
lants. The number of factors for each model was determined
sing both the core consistency test along with visual inspection
28]. PARAFAC application was employed for the truncated data
atrices that have significant fluorescence signals. The studied

egions of the data matrices for all the samples included excita-
ion and emission boundaries of 415–565 nm and 450–710 nm,
espectively.

One or two factors were found among the five diet materials.
oth PARAFAC excitation and emission profiles for the five diet
aterials were investigated. Fig. 4 shows the excitation profiles

or each of the five diet materials. For samples such as alfalfa, P.

atifolia and P. lentiscus (Fig. 4a–c, respectively), one factor was
dentified. This suggests only one fluorophore in these materials
s responsible for the measured fluorescence. Fig. 6a–c show
he corresponding emission profiles for each factor. In alfalfa,

C

a 72 (2007) 682–690

he excitation–emission profile for the factor lies at an excita-
ion wavelength of 465 nm (Fig. 4a) and an emission wavelength
f 520 and 620 nm (Fig. 5a). However, the factor revealed for
. latifolia was observed to have different excitation–emission
rofile with excitation and emission wavelength maxima at 480
Fig. 4b) and 550 nm (Fig. 5b), respectively. The P. lentiscus
actor exhibited excitation–emission wavelengths of 480 and
70 nm (Figs. 5c and 6c, respectively). This result is consistent
ith the MPCA analysis above. Although only one factor was
bserved in alfalfa, P. latifolia and P. lentiscus, these factors
evealed different excitation–emission profiles, thus enabling
hem to be distinguished. This was also revealed in separate
lusters of alfalfa, P. latifolia and P. lentiscus in the space of the
PCA model (Fig. 2).
Two factors were found in the remaining materials

Figs. 5 and 6). However, the two factors in each of these sam-
les have unique excitation–emission profiles. Fig. 4d shows
he excitation profile of the two factors (blue and green) found
n P. brutia. The blue factor has an excitation maximum of
20 nm with corresponding emission maxima at 475 and 625 nm
Fig. 5d). Conversely, the green factor displayed an excitation
aximum at 480 nm (Fig. 4d) and emission maximum wave-

engths at 505 and 625 nm (Fig. 5d). The clover hay sample
lso revealed two factors. Fig. 4e shows the excitation pro-
le for these factors. The green has an excitation peak at
50 nm and emission maxima at 490 and 610 nm (Fig. 5e).
omparatively, the blue factor showed a peak excitation wave-

ength of 490 nm (Fig. 4e) and emission wavelength maxima
t 530 and 610 nm (Fig. 5e). Again this is consistent with
he MPCA analysis. Significant differences in the spectral
ignatures in these samples (Fig. 3) were indicated through
he clustering of each diet material samples in a separated
luster.

Table 2 summarizes the factor number for each of the studied
amples a long with the excitation–emission profile for each
actor.
lover hay 2
450

490
610

490
530
610
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ig. 4. Excitation profiles of PARAFAC model for diet samples of (a) Medicag
e) Trifolium spp. (cover) hay.

oal of this study was to provide preliminary data regarding the
otential application of chemometric models (i.e., MPCA and
ARAFAC) derived from diet materials and fecal material sam-
les for the determination of botanical diet materials a MPCA
odel was therefore constructed using PBS extracts of samples

f each of two diet materials species used in Fig. 3, alfalfa and

lover hay (circles in Fig. 6). (Availability of corresponding fecal
amples from animals fed only the single plant species limited
hese studies to these two-diet materials.) Then extracts from
eces collected from each of individual goats were applied to

f
m
a
c

iva (alfalfa), (b) Phyllicea latifolia, (c) Pistacia lentiscus, (d) Pinus brutia and

he above MPCA calibration model (triangles in Fig. 6). Read-
ly apparent are the segregation of spectra based on the plant
pecies for both diet and fecal samples (i.e., alfalfa hay versus
lover hay) and the similarities in the projection of spectra from
he pre- and post-digested samples of these same plants. Not sur-
risingly, the greatest distribution of projected points is observed

or spectra from fecal samples collected from the different ani-
als fed these diets. The cluster centers for both diet materials,

lfalfa and clover in this model were calculated as well as cluster
enters for the corresponding fecal samples. Then the maha-
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ig. 5. Emission profiles of PARAFAC model for diet samples of (a) Medicago
riffolium spp. (clover) hay.

anobis distance between the centers of diet materials clusters
nd the centers of the corresponding fecal samples clusters were
alculated. It was determined that the distance between the diet

aterial center of alfalfa and its corresponding fecal center was

3 units. Similarly the distance between the clover diet material
enter and the corresponding clover fecal samples center was
ve units. The distance between the centers of alfalfa diet mate-

f
f
t
t

(alfalfa), (b) Phyllirea latifolia, (c) Pistacia lentiscus, (d) Pinus brutia and (e)

ials and the fecal samples of clover was similarly calculated
nd found to equal 23 units. Additionally, the distance between
ach of the centers of clover diet material and the fecal samples

rom alfalfa was 18 units. This supports the visual interpretation
rom Fig. 6 which suggests the clustering of the same species
ogether for both diet and and fecal materials, independent of
he animal involved.
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Fig. 6. Three-dimensional MPCA scores plot for a model generated by spectra
from diet samples of Medicago sativa (alfalfa) hay (1–10) and Trifolium spp.
(clover) hay (11–14) (�) and the application of that same model to spectra from
fecal samples (�) collected from individual goats (letter code) fed those same
diets.

Fig. 7. Loadings from the PARAFAC model (excitation spectra) applied to fecal
samples corresponding to diets consisting of (a) Medicago sativa (alfalfa) hay
and (b) Trifolium spp. (clover) hay.
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To further investigate the source of variance among these
amples, and to investigate the possible number of fluorophores
esponsible for the spectral feature of each species in this
esearch PARAFAC was applied to spectra derived from the
eces of only animals fed each of these materials (i.e., alfalfa
nd clover hay). Comparison of the resulting PARAFAC profiles
excitation, Fig. 7 and emission, Fig. 8) for the pre- (Figs. 4 and 5)
nd the post-digested (Figs. 7 and 8) forms of alfalfa and clover
ay reveal good consistency.

Fig. 7a, shows that only one PARAFAC factor is responsible
or the spectrum in the post-digested form of alfalfa. The excita-
ion profile for the alfalfa fecal samples indicated a maximum at
50 nm (Fig. 7a) while that from the pre-digested form displayed
maximum at 465 nm (Fig. 4a). In contrast, the corresponding

mission profiles for both forms of alfalfa diet samples were
ery similar with maxima at 520 and 610 nm (Figs. 6e and 8b).

PARAFAC revealed each of two factors for the clover hay

blue and green curves) in the spectra for both pre- and post-
igested samples. The excitation profile for the fecal samples of
he clover hay (Fig. 8a) displayed a maximum at 445 nm com-
ared to 450 nm arising from a similar analysis of pre-digested

ig. 8. Loadings from the PARAFAC model (emission spectra) applied to fecal
amples corresponding to diets consisting of (a) Medicago sativa (alfalfa) hay
nd (b) Trifolium spp. (clover) hay.
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iet samples (Fig. 4e). The emission profile for the same factor
blue) indicated maxima at 480 and 610 nm (Fig. 8b) compared
o 490 and 610 nm (Fig. 5e). The second factor (green) revealed
peak at 490 nm in the excitation profile for the fecal extract

ample (Fig. 8a) with a maxima in the corresponding emission
rofiles at 550 and 610 nm (Fig. 8b). This is in comparison with
he corresponding excitation (Fig. 4e) and emission (Fig. 5e)
rofiles for the pre-digested diet samples that exhibited maxima
t 490 or 530 and 610 nm, respectively. The similarity and dif-
erences in these extracted spectra for the respective diet and
ecal samples may contribute to the observed projections of the
uminescence spectra using MPCA.

. Conclusion

Three-dimensional luminescence spectra from PBS extracts
f alfalfa and clover hay, and browse samples from the plants P.
entiscus, P. latifolia and P. brutia have been shown to enable

aterial identification. The application of MPCA enables a
ualitative identification of animal diet materials. Although the
olecular species responsible for the observed spectral signa-

ures is currently unknown, statistical models using PARAFAC
uggest the number of a possible fluorophores to vary between
alfalfa hay, P. lentiscus and P. brutia) and (P. latifolia, clover
ay). The excitation and emission profiles for the suggested flu-
rophres detected by PARAFAC are unique. This indicates that
he chemical source behind the observed fluorescence is not
he same among the current samples. However, in this research
uggests that digestion may not affect the fluorescence spec-
ral signatures significantly. This is clear after applying both

PCA and PARAFAC. The fecal samples continued to cluster
ery close to the diet material samples in the MPCA model that
as constructed from the diet materials only. This supports the
ypothesis that the spectral signatures for pre- and post-digested
amples (used in this study) were similar. The application of
hese spectroscopic and statistical tools to fecal samples suggests
he possible use of model learning sets derived from mixtures
f plant or diet materials for the identification of botanical com-
arition of animal diets. This aspect of the work is the focus of
ngoing research.
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bstract

This work reports, for the first time, a complete analysis of the binding of Pb(II) ions to mammalian Zn-metallothionein (MT) and its individual
omains (� and �) by means of ESI TOF MS. The use of highly pure recombinant Zn-MT and high resolution MS allowed the identification of
he different heteronuclear Pb,Zn-MT and homonuclear Pb-MT complexes formed by Zn/Pb replacement in the initial Zn-MT complexes at pH 7.
he results obtained showed, both for the whole Zn7-MT and for its individual Zn4-� and Zn3-� fragments, a partial substitution of the Zn initially
ound to give rise to the formation of both Pb,Zn-MT and Pb-MT species. In the case of the whole Zn7-MT, the addition of seven equivalents of
b(II) give rise to the formation of several PbxZny-MT species (x + y = 7 or 8) as well as Pb8-MT and Pb9-MT coexisting with the initial Zn7-MT
pecies. The addition of a five-fold excess of Pb(II) showed the formation of species containing a higher amount of lead(II), PbxZny-MT species
x = 8–12, y = 0–1). In both cases, the evolution with time showed the disappearance of the species containing lead and concomitantly only detection
f the initial Zn-MT clusters within 48 h. This behaviour was also observed for the Zn4-� and Zn3-� aggregates, confirming the reversibility of
he Pb2+ displacement of Zn2+ ions in the three forms of MT. A similar result was obtained at acidic pH, when the apo-form was the major species
n solution, this therefore confirming the low affinity of MT for Pb(II), even in the absence of zinc. The results obtained were consistent with

he increase of MT synthesis in response to Pb2+ administered to rats reported in the literature, since the initial release of Zn(II) would promote
he biosynthesis of MT, in agreement with the function of this ion as primary activator of the MTF-1 transcription factor; and could explain the
ifficulty of recovering homonuclear Pb-MT species from lead-treated organisms.

2006 Published by Elsevier B.V.
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. Introduction

Lead has been widely used for the production of ammuni-
ion, printing, batteries, glasses, pigments and fuel, and thus, its
oncentration in the environment has lately increased dramati-
ally. Lead is a toxic element. It interferes with several natural
rocesses, provokes inhibition of protein synthesis and hinders
he formation of essential complexes, such as hemoglobin, and
dditionally damages the central nervous system [1]. Living

rganisms have developed various mechanisms to reduce the
oxicity of heavy metals which are also effective against lead
ntoxication. In the case of eukaryotes, metal detoxification is
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ainly carried out by glutathione, phytochelatins and metalloth-
oneins [2].

Metallothioneins (MT) are low-molecular-weight proteins
6000–7000 Da), rich in cysteine (ca. 30% of all the amino acids)
hich confers them with a high capacity to bind heavy metal

ons (Zn, Cd, Cu, Ag, Hg, etc.) in biological systems [3,4]. The
ole of MT in the detoxification of lead has been demonstrated
5,6] but the bibliographic data concerning the interaction of
b2+ with MT are confusing and difficult to systematise. Most
f the papers published are based on spectroscopic data [7–15]
nd many authors point to the formation of Pb7-MT by mam-
alian MT. However, the use of low-purity protein preparations
n these studies and the heterogeneity of results obtained by
ifferent authors require a deeper consideration of this subject.

Electrospray mass spectrometry offers the possibility to
etermine the molecular distribution of various metal–MT
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pecies in the same sample. This technique was first used
or rabbit liver MT [16] and since then applied to the anal-
sis of the metal binding properties of mammalian MT [17].
e reported the binding of silver(I) to mammalian MT1 [18]
here the use of ESI MS was the key to the understand-

ng of the Ag–MT interaction beyond the level possible with
ther spectroscopic data. Recently two Pb-containing (in addi-
ion to Cd, Zn and Cu) MT species have been detected by
SI MS, both in carp liver MT after exposure to cadmium

19].
The aim of this work is to study the Pb2+ binding to recom-

inant mouse Zn7-MT1 and its Zn4-� and Zn3-� domains by
he titration of these aggregates with lead salts, and to identify
he complexes formed by electrospray-ionisation time-of-flight

ass spectrometry (ESI TOF MS). The use of a TOF analyzer
rovides a higher resolution than the quadrupole analyzers, thus,
llowing a higher accuracy in assignment of the metal composi-
ion to the mixed–metal complexes formed, even at low protein
oncentrations.

. Materials and methods

.1. Protein preparation and characterization

Expression assays, fermentator-scale cultures, purification of
he fusion protein and recovery and analysis of the recombinant

ouse Zn7-MT, Zn4-�MT and Zn3-�MT fragments were per-
ormed as previously described [20,21]. Polypeptide solutions
ere obtained in the Tris–HClO4 buffer at pH 7 [22] and had a
nal concentration of 31.1 �M Zn7-MT, 106 �M Zn4-�MT and
87 �M Zn3-�MT.

.2. Buffer exchange

Buffer exchange (the initial 50 mM Tris buffer against a
5 mM ammonium acetate, both at pH 7) was performed
sing a 5 mL “HiTrap Desalting” column (Amersham Phar-
acia Biotech) connected to an AKTA Prime LC system

Amersham Biosciences, Uppsala, Sweden) equipped with UV
nd conductivity detectors. An aliquot of 200 �L of protein
olution was injected and eluted at 1 mL min−1. The pep-
ide containing fraction eluted between 2 and 5.4 min. The
nal polypeptide concentration was measured by ICP MS. 34S
nd 66Zn isotopes were determined and quantification was
arried out by the method of standard additions. The recov-
ry of the procedure was ca. 85% of the total polypeptide
oaded.

.3. Lead-binding reactions

Metal-binding experiments were carried out by adding molar
atio aliquots of a 5.46 mM Pb(ClO4)2 aqueous solution to
00 �L of the protein solutions. For each addition, the protein

as allowed to react, under argon at room temperature, with the
etal ion, and an aliquot of each sample was analyzed at certain

imes. The addition of “x molar equivalents of lead” is denoted
elow as “x Pb(II) eq”.

o
h
P
a
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.4. ESI TOF experiments

An 20-�L aliquot of each sample was analyzed by infusion
sing a QStar XL spectrometer (Applied Biosystems) equipped
ith an ESI source. Spectra were recorded at 5 �L min−1 flow

ate, between 850 and 2500 m/z units, at 4500 V of ionspray
oltage and 60 V of declustering potential.

When Pb(II) was added to a protein solution, a 20-�L aliquot
f each sample was analyzed under the same conditions at dif-
erent times: immediately after the addition (T0), and after 2, 6,
4 and 48 h.

. Results

.1. MS spectra of the initial species

The spectra recorded for the original MT samples showed
learly peaks corresponding to the Zn7-MT, Zn4-�MT and Zn3-
MT species (Fig. 1). These results confirmed the integrity of

he Zn-MT clusters as indicated elsewhere [20,21]. The insets
n Fig. 1 demonstrate the isotopic resolution at low protein con-
entration (down to 1 �M) possible owing to the use of TOF
S.

.2. Addition of the stoichiometric amounts of lead to the
ull-length MT and its α and β fragments

An amount of lead corresponding stoichiometrically to that
f Zn present was added to each Zn-MT solution: 7 Pb(II) eq
o Zn7-MT; 4 Pb(II) eq to Zn4-�MT; and 3 Pb(II) eq to Zn3-
MT. The mass spectra recorded immediately after the addition
f lead (time 0) (Fig. 2) already show the formation of sev-
ral Pb-containing species, but different behaviour was observed
epending on the MT peptide. In the case of the full-length MT
Fig. 2A), the addition of lead promoted the formation of several
eteronuclear PbxZny-MT species (x + y = 7, 8) where Pb4Zn4-
T was the main species. Two homonuclear species, Pb8-MT

nd Pb9-MT, were also formed. A considerable amount of the
nitial Zn7-MT remained unaffected. Note that peaks of MT
dducts with ammonium cations and/or perchlorate anions were
resent in many spectra, due to the high concentration of these
ons in the solution. Consequently, in the samples with highest
oncentration of the protein, the high resolution of the spectra
ecorded allowed us to observe several peaks due to adducts with
mmonium cations (+18 and +36 Da) as well as with perchlorate
nions (+100 Da).

In the case of the individual MT domains, the behaviour was
uite different. In both cases the addition of Pb2+ promoted
he formation of small amounts of several species containing
ead while the initial Zn complexes remained the major species
n solution. Most of the species observed after the addition of
ead to the Zn4-�MT solution were matching the PbxZny-�MT
ormula where x + y = 4. Pb4Zn1-�MT and Pb5-�MT were also

bserved. The titration of the Zn3-�MT solution produced both
eteronuclear (Pb1Zn1-�MT, Pb1Zn2-�MT, Pb2Zn1-�MT and
b3Zn1-�MT) and homonuclear species (Pb2-�MT, Pb3-�MT
nd Pb4-�MT).
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ig. 1. ESI TOF spectra of (A) Zn7-MT (1.5 �M), (B) Zn4-�MT (4.8 �M) and
btained for each species.

In order to study the evolution of the species formed as a
unction of time, several aliquots from each sample were ana-
yzed by ESI TOF at 2, 6, 24 and 48 h after the addition of lead.

urprisingly, the spectra recorded after the addition of lead to

he full-length MT (Fig. 3) showed the disappearance of the ini-
ial Pb-containing species formed, with concomitant detection
f mainly Zn7-MT. After 2 h, all the species with lead content

Z
t
s

n3-�MT (19.4 �M). The insets show the isotopic peaks of the highest intensity

igher than Pb4Zn4-MT virtually disappeared. After 24 and 48 h,
he main Zn7-MT species coexisted only with a small amount
f Pb1Zn6-MT.
The data recorded after addition of 4 Pb(II) eq to a
n4-�MT solution (Fig. 4) showed a behaviour similar

o that of the entire MT: Zn4-�MT remained the major
pecies and the lead-containing species observed at time
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metric amount) was added to the different MT solutions and the
evolution with time was monitored as above.

The addition of ca. 35 Pb(II) eq to the Zn7-MT solution
revealed (Fig. 6) the initial formation of mainly homometallic
ig. 2. ESI TOF spectra at “time 0” after addition of stoichiometric amounts
f lead(II): (A) Zn7-MT + 7 Pb2+, (B) Zn4-�MT + 4 Pb2+ and (C) Zn3-�MT + 3
b2+.

gradually disappeared. At the end of the experiment, at
4 and 48 h, the only Pb-containing species detected was
b1Zn3-�MT.

The evolution of the spectra recorded after addition of 3 Pb2+

q to the Zn3-�MT solution (Fig. 5) as a function of time was
lightly different from that of the � fragment or of the full-length
T. The species observed at time 0 were also observed unaltered

fter 2 h. After 24 h the number of the remaining Pb-containing
pecies was higher than that observed for the other peptides
nder study (Pb1Zn1-�MT, Pb1Zn2-�MT, Pb2Zn1-�MT and
b2-�MT). This indicates not only a higher capacity of lead

o exchange the initial zinc, but also a higher stability of the
b-MT species formed.

.3. Addition of lead in molar excess to the whole MT and

ts α and β fragments

In order to promote an increased replacement of the zinc ions
nitially present, an excess of lead (in relation to the stoichio-

F
E
T
a

ig. 3. Effect of the addition of 7 Pb eq to a 1.5 �M Zn7-MT solution. Evolu-
ion with time: (a) time 0, (b) 2 h, (c) 6 h and (d) 24 h after lead(II) addition. The
pectrum recorded at 48 h after the injection was identical to the one recorded
t 24 h.
ig. 4. Effect of the addition of 4 Pb2+ eq to a 4.8 �M Zn4-�MT solution.
volution with time: (a) time 0, (b) 2 h, (c) 6 h and (d) 24 h after lead(II) addition.
he spectrum recorded at 48 h after the injection was identical to the one recorded
t 24 h.
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Fig. 5. Effect of the addition of 3 Pb2+ eq to a 19.4 �M Zn3-�MT solution.
Evolution with time: (a) time 0, (b) 2 h, (c) 6 h and (d) 24 h after lead(II) addition.
The spectrum recorded at 48 h after the injection was identical to the one recorded
at 24 h.

Fig. 6. Effect of the addition of 35 Pb2+ eq to a 1.5 �M Zn7-MT solution.
Evolution with time: (a) time 0, (b) 2 h, (c) 6 h, (d) 24 h and (e) 48 h after lead(II)
addition.
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pecies (Pb8-MT, Pb9-MT and Pb10-MT) which after 2 h evolved
owards new species with higher amounts of lead (Pb11-MT
nd Pb12-MT). Some heterometallic species (Pb8Zn1-MT and
b9Zn1-MT) were also observed. Six hours after the addition
f lead, the situation was quite similar to that at time 0, but
igher amounts of the previously detected heterometallic species
ere observed. After 24 h, the number of heterometallic species

ncreased, Pb4Zn4-MT being the most abundant species in solu-
ion. Finally, after 48 h, the spectra showed only the presence of
he initial Zn7-MT while very small amounts of several Pb(II)-
ontaining species were detected.

When Pb(II) was added in excess to the �MT solution
Fig. 7), several species containing only Pb(II) (Pb4-�MT,
b5-�MT, Pb6-�MT and Pb7-�MT), small amounts of some het-
rometallic species (Pb1Zn3-�MT, Pb3Zn1-�MT, Pb3Zn2-�MT
nd Pb4Zn1-�MT) and a significant amount of the initial zinc
pecies were observed. After 2 and 6 h the amount of homometal-
ic Pb2+ species increased, species with higher nuclearity
ere detected (Pb8-�MT), and the Zn-containing heterometallic

pecies almost disappeared. But 24 h after the addition of lead,
he homometallic Pb species became the minority and the major
pecies was again Zn4-�MT, together with small amounts of
everal heterometallic species. After 48 h, only Zn4-�MT and
b1Zn3-�MT were present in solution.
The addition of excess Pb2+ (9 eq) to the Zn3-�MT solution
Fig. 8) showed initially only the formation of homometallic
bx-�MT complexes for x = 2–7, Pb5-�MT being the major
pecies. After 2 h, the species distribution changed, Pb4-�MT

ig. 7. Effect of the addition of 20 Pb2+ eq to a 4.8 �M Zn4-�MT solution.
volution with time: (a) time 0, (b) 2 h, (c) 6 h, (d) 24 h and (e) 48 h after lead(II)
ddition.
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Fig. 9. Effect of the addition of 3 Pb2+ eq to a 15.8 �M Zn3-�MT solution at
pH 4.5. Evolution with time: (a) before the addition of Pb(II), (b) time 0, (c) 2 h,
(d) 6 h and (e) 24 h after lead(II) addition.
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ig. 8. Effect of the addition of 9 Pb2+ eq to a 19.4 �M Zn3-�MT solution.
volution with time: (a) time 0, (b) 2 h, (c) 6 h, (d) 24 h and (e) 48 h after lead(II)
ddition.

ppearing as the major species, while small amounts of some
eterometallic species were observed. Spectra recorded after 6 h
howed an increase in the intensity of the peaks related to Zn(II)-
ontaining species and the appearance of a peak corresponding
o the initial Zn3-�MT species. After 24 and 48 h, the amount
f Pb(II) complexes was decreasing while that of Zn(II) com-
lexes was increasing. The last spectrum recorded showed the
resence of mainly Zn3-�MT with small peaks corresponding
o Pb1Zn1-�MT and Pb1Zn2-�MT.

.4. Addition of lead to the β fragment at acidic pH

Because the protonation of the cysteine residue (pKa 8.33) at
cidic pH may cause partial release of the Zn(II) ions, the titra-
ion of the �MT domain with lead was repeated at pH 4.5. This
eptide was chosen because its higher concentration allowed
ntense signals to be obtained. The spectrum revealed the apo-
orm as the major species in solution while less than 50% of
he initial amount of zinc remained bound to the protein (Fig. 9)
nder the forms of Zn1-�MT, Zn2-�MT and Zn3-�MT. When an
quimolar amount of lead (3 Pb(II) eq) was added, the spectra
t time 0 showed several species (Pb1-�MT, Pb2-�MT, Pb3-

MT, Pb4-�MT, Pb1Zn1-�MT and Pb2Zn1-�MT) coexisting
ith apo-�MT (Fig. 9). But again, evolution with time showed

he consecutive loss of lead from the complexes, to return, after
4 h, to the initial situation: the apo-form present with small
mounts of Zn species.

4

M
c

ig. 10. Effect of the addition of 10 Pb2+ eq to a 15.8 �M Zn3-�MT solution at
H 4.5. Evolution with time: (a) time 0 and (b) 24 h after lead(II) addition.

The experiment was repeated by adding an excess of lead
o the �MT peptide at pH 4.5. When 10 and 20 Pb(II) eq were
dded (Fig. 10, only the addition of 10 Pb2+ eq is shown), the
ormation of mainly Pb3-�MT was observed in both cases at
= 0. It coexisted with minor amounts of other homometallic
bx-�MT species (x = 1–6). After 24 h only Pb2-�MT, Pb1-�MT
nd apo-�MT (in decreasing intensity order) were observed.

. Discussion
The data recorded by titration of the recombinant mouse Zn7-
T1 and its Zn4-� and Zn3-� fragments with Pb(II) allowed

ommon trends for the results of all the experiments performed
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Table 1
Identification of the metal aggregates formed during the addition of Pb2+ to the whole Zn7-MT

Metal complex m/z (for +4 charged ion) MW calculated MW theoretical Detectiona

Stoichiometric Excess

Zn7-MT 1652.54 6606.2 ± 0.4 6605.86
√ √

Pb1Zn6-MT 1688.07 6748.3 ± 3.6 6747.67
√ √

Pb2Zn5-MT 1723.62 6890.5 ± 0.5 6889.48
√ √

Pb3Zn4-MT 1759.01 7032.0 ± 1.6 7031.29
√ √

Pb3Zn5-MT 1774.64 7094.5 ± 3.4 7094.68
√

Pb4Zn4-MT 1809.22 7233.9 ± 3.1 7236.49
√ √

Pb5Zn2-MT 1829.46 7313.8 ± 1.2 7314.91
√

Pb5Zn3-MT 1845.83 7379.3 ± 0.5 7378.30
√ √

Pb6Zn1-MT 1864.73 7454.9 ± 1.5 7456.72
√

Pb6Zn2-MT 1880.82 7519.3 ± 4.2 7520.11
√ √

Pb7-MT 1900.95 7599.8 ± 3.7 7598,53
√

Pb7Zn1-MT 1916.35 7661.4 ± 0.0 7661.92
√ √

Pb7Zn2-MT 1931.98 7723.9 ± 1.1 7725.31
√

Pb8-MT 1952.09 7804.4 ± 0.2 7803.73
√ √

Pb8Zn1-MT 1968.11 7868.4 ± 2.1 7867.12
√

Pb9-MT 2003.31 8009.2 ± 0.3 8008.93
√ √

Pb9Zn1-MT 2019.57 8074.3 ± 2.1 8072.32
√

Pb10-MT 2054.40 8213.6 ± 0.6 8214.13
√

P .5
√

P .9
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b11-MT 2105.36 8417.4 ± 2
b12-MT 2156.41 8621.6 ± 3

a Detection of the complex for the stoichiometric addition of lead and for the

o be observed: (a) a low efficiency of lead to replace the ini-
ial zinc, it was at least lower than other metal ions as Cd2+

r Cu+ [22,23], although it depended on the peptide consid-
red; (b) the formation and coexistence of several homometallic
b-MT, as well as heterometallic Pb,Zn-MT species, the lead
ontent of these species being proportional to the amount of
dded lead; (c) disappearance with time of the Pb(II) species
ormed to return mainly to the initial Zn-MT species, with small
mounts of some heterometallic species with low Pb2+ content

emaining in solution.

All the mass spectrometric data obtained for the addition of
ead(II) are summarized in Table 1 for the whole MT, in Table 2
or the �MT fragment and in Table 3 for the �MT fragment.

i
b
a
i

able 2
dentification of the metal aggregates formed during the addition of Pb2+ to the Zn4-�

etal complex m/z (for +3 charged ion) MW calculated

n4-MT 1184.30 3551.2 ± 1.1
b1Zn3-�MT 1231.70 3692.1 ± 0.4
b2Zn2-�MT 1279.38 3835.1 ± 1.2

b3Zn1-�MT 1326.41 3976.2 ± 0.3
b3Zn2-�MT 1348.05 4041.2 ± 2.3
b4-�MT 1373.42 4117.3 ± 1.0

b4Zn1-�MT 1394.72 4181.2
b5-�MT 1442.09 4323.3 ± 0.6
b6-�MT 1510.78 4529.3 ± 0.8

b7-�MT 1578.78 4733.3 ± 0.2
b8-�MT 1646.77 4937.3 ± 3.1

a Detection of the complex for the stoichiometric addition of lead and for the mola
8419.33
8624.53

√

r excess of lead. See text for additional information.

As it happened in the case of Cd [24] and Ag [18], where
he first publications proposed the formation of single metal-MT
pecies, but further and more accurate experiments demonstrated
he formation of several homo- and heterometallic species, the
ormation of a single metal-MT species for the addition of Pb(II)
o the whole MT, proposed in the bibliography [7–11], has to be
uestioned. The relationship observed in vivo between lead(II)
dministration to rats and MT production [25,26] is consistent
ith our data: the initial release of Zn(II), which depends on the
nitial concentration of Pb(II) present in solution, promotes the
iosynthesis of MT, in agreement with the function of Zn(II)
s primary activator of the MTF-1 transcription factor, which
nduces the synthesis of MT [27]. Thus, when the concentration

MT aggregate

MW theoretical Detectiona

Stoichiometric Excess

3550.49
√ √

3692.30
√ √

3834.11
√

3975.92
√ √

4039.01
√

4117.73
√ √

4181.12
√ √

4322.93
√ √

4528.13
√

4733.33
√

4938.53
√

r excess of lead. See text for additional information.
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Table 3
Identification of the metal aggregates formed during the addition of Pb2+ to the Zn3-�MT aggregate

Metal complex m/z (for +3 charged ion) MW calculated MW theoretical Distrib. pH 7a Distrib. pH 4.5b

Stoichiometric Excess Stoichiometric Excess

Apo-�MT 1053.09 3156.3 ± 2.1 3158.54
√ √

Zn1-�MT 1074.36 3220.1 ± 1.7 3221.93
√

Zn2-�MT 1096.37 3286.1 ± 1.1 3285.32
√

Zn3-�MT 1117.10 3350.3 ± 2.0 3348.71
√ √ √

Pb1-�MT 1122.00 3363.1 ± 1.3 3363.74
√ √

Pb1Zn1-�MT 1142.48 3424.4 ± 3.2 3427.13
√ √ √

Pb1Zn2-�MT 1164.78 3491.3 ± 1.1 3490.52
√ √

Pb2-�MT 1189.81 3566.4 ± 3.0 3568.94
√ √ √ √

Pb2Zn1-�MT 1211.47 3631.4 ± 0.9 3632.33
√ √ √

Pb3-�MT 1258.48 3772.4 ± 1.9 3774.14
√ √ √ √

Pb3Zn1-�MT 1280.12 3837.4 ± 0.5 3837.53
√ √

Pb4-�MT 1327.84 3980.5 ± 0.7 3979.34
√ √ √ √

Pb5-�MT 1395.64 4183.9 ± 1.4 4184.54
√ √

Pb6-�MT 1463.96 4388.9 ± 2.2 4389.74
√ √

Pb7-�MT 1531.62 4591.9 ± 3.1 4594.94
√

mola
mola

o
s
h
h
m

a
F
f
o
m
c

s
h
i
h
t
o
f
t
m
c

o
l
o
b
o
i
a
s
P
s

c
n
w
w

o
t
r
f
t
e
p
c

5

P
�
m
M

o
o
P
f
p
a
w
c

a Detection of the complex for the stoichiometric addition of lead and for the
b Detection of the complex for the stoichiometric addition of lead and for the

f Pb(II) is high, the release of Zn(II) and the subsequent synthe-
is of MT will be also high and vice versa. The results presented
ere can also explain why it was not possible [26] to isolate any
omometallic Pb-MT species 1 day after the injection of this
etal to animals.
When comparing the individual behaviour of the entire MT

nd of its � and � fragments some differences are observed.
irst, the capacity to substitute the zinc is higher for Zn-MT than
or the individual fragments when the stoichiometric amounts
f Pb are added. In this case, for both individual domains, the
ain complex observed in solution was the initial Zn(II) species

oexisting with some hetero- and homometallic species.
However, when an excess of Pb(II) was added to the MT

olutions, an opposite behaviour was observed. Whereas several
eterometallic species were observed for MT at time 0 coex-
sting with homometallic Pbx-MT species (x = 7–12), mainly
omometallic species were observed at the initial stages after
he addition of lead to the � and � fragments. Thus, the release
f zinc in the presence of excess Pb(II) seems easier for the
ragments than for the whole MT. The binding of Pb(II) and
he release of Zn(II) for the individual �MT and �MT frag-

ents is different than for the whole MT, suggesting possibly a
ooperation effect or some folding restrictions.

The results at neutral pH suggested the existence of a sec-
ndary reaction which could be responsible for the release of the
ead after a certain time. Taking into account the low solubility
f lead hydroxides (pKs = 4.92), this behaviour can be explained
y a slow precipitation of Pb(OH)2 at pH 7 [28] or the formation
f another complex, e.g. [Pb4(OH)4]4+ which is known to form
n aqueous solutions containing Pb(II) [29,30]. When lead was

dded at pH 4.5 to the � fragment, the behaviour observed was
imilar to that observed at neutral pH. So, the initial formation of
b(II) species coexisting with the initial apo-form and the sub-
equent release of it were observed. Even after an addition of a

w
t
a
P

r excess of lead at neutral pH. See text for additional information.
r excess of lead at acidic pH. See text for additional information.

onsiderable excess of lead at acidic pH, the species formed did
ot reach a high content of Pb(II), Pb6-�MT being the species
ith the highest lead content detected. A loss of lead with time
as observed.
A second hypothesis to explain the constant disappearance

f the lead bound to the protein was a possible precipitation of
he Pb-MT species over time. Hence, only the Zn-MT species
emaining in the solution could be observed. However, some
acts contradict this hypothesis: (1) the near disappearance of
he initial Zn-MT species and its restitution at the end of the
xperiment and (2) the maintenance of the intensity of the MS
eaks for all the titrations as a function of time, suggesting a
onstant concentration of all the species.

. Conclusions

The use of ESI TOF MS to monitor the reaction between
b(ClO4)2 and the recombinant mouse Zn7-MT1 (and its Zn4-
and Zn3-� fragments) allowed to obtain for the first time in
ammalian MT an accurate and precise determination of the Pb-
T species formed, even at low protein concentration (1.5 �M).
The data obtained lead to the conclusion that the substitution

f Zn2+ by Pb2+ in MT is not favoured, due to the difficulty
f releasing Zn2+, despite the theoretically higher affinity of
b2+ for the cysteine residues than that of Zn2+. As a result, the
ormation of several heterometallic Pb,Zn-MT species and the
reservation of the initial Zn-MT species were observed under
ll conditions studied. The addition of a high excess of Pb(II)
as necessary to achieve the formation of species with a high

ontent of Pb2+, but even then, the mixed Pb,Zn-MT species

ere omnipresent. Also, with a lower presence of zinc bound to

he protein (acidic pH), the behaviour was similar to that shown
t neutral pH, confirming thus the low ability of MT to bind
b(II).
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The Pb(II) species formed in solution tend to dissociate as
function of time until they were nearly absent within 48 h of

orming. This is the first metal for which such a MT binding
ehaviour is described.
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bstract

A self-assembled multilayer (SAMu) including the alginate layer was prepared for detecting Pseudomonas aeruginosa cells in a solution and
ts potential was evaluated with a BIAcore system. After layer-by-layer formation, the refractive units (RU) values monitored with the biosensor
ncreased by the interaction between the layers. The responses by the binding of P. aeruginosa cells to the alginate-immobilized SAMu were

isualized immediately upon injection of the cell suspension. The RU values after injection of the cells were measured with approximately 1152,
56 and 173 for 1 × 109, 1 × 108 and 1 × 107 CFU/ml. This result suggests that the alginate-immobilized SAMu will have useful application for
etecting P. aeruginosa cells in a biosensor analysis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Rapid detection of Pseudomonas aeruginosa emerged as one
f the most problematic Gram-negative pathogenic bacteria is
n essential mission due to their clinical importance [1,2]. P.
eruginosa is the major causative bacteria in food putrefac-
ion and leads cause of pseudomonal infections to burn patients,

echanically ventilated patients, cystic fibrosis patients, etc.
Recently, to analyze the pathogen several detectable meth-

ds including polymerase chain reaction (PCR), enzyme linked
mmunosorbent assay (ELISA), bioluminescence and florescent
abeling analytic techniques have been employed [3]. However,

he detection techniques may require relatively long time and

any process including isolation, biochemical testing and mor-
hological examination. In some other way, a technology based

∗ Corresponding author. Fax: +82 62 530 1849.
E-mail address: kilee@chonnam.ac.kr (K.-Y. Lee).
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multilayers; Pathogen detection

n surface plasmon resonance (SPR) offers rapid and real-time
easurement for monitoring antigen–antibody interactions. Its

ood points is also label-free and a specific analysis.
In the present study, the potential of a self-assembled mul-

ilayer (SAMu) applied to a SPR sensor for detecting P.
eruginosa was investigated. The SAMu was constructed using
olyelectrolytes formed between positively-charged chitosan
nd alginate bearing negatively-charged sites. Alginate immobi-
ized on the end of the SAMu is an exopolysaccharide produced
y P. aeruginosa that has repeating units of mannuronic acid
nd glucuronic acid. Alginate acts as an adhesion molecule to
nchor P. aeruginosa to the surface of the colonized respiratory
pithelium [4,5] and P. aeruginosa increases alginate synthe-
is to protect oneself from phagocytosis, antibiotics and even
ttenuates the host response [6,7]. Alginate layer attached on
he surface of a sensor chip may show strong interaction with

. aeruginosa and the SAMu bearing alginate layer can used as
he sensor chip to detect P. aeruginosa.

The aim of this study was to prepare the SAMu immobiliz-
ng alginate on the end of the sensor chip, which is applied as



8 lanta 72 (2007) 859–862

b
t
b

2

2

l
a
b

2

t
S
w
C
r

2
m

d
s
s
0
g
g
s
(
d
o
A
t
i
r

t
p
t
(

2
s

i
o
a
i
r
P
d

Table 1
The changes of RU and mass value after the ligand immobilization

Type �RU

Cysteamine 1367
Glutaraldehyde 245
Chitosan 307
Alginate 280
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an assay using a piezoelectric quartz crystal (PQC) sensor. From
their results, it is confirmed that chitosan layer can be formed
by interaction with glutaraldehyde/cysteamine layers (Fig. 1).
60 J.-S. Park et al. / Ta

iosensor for detecting P. aeruginosa. The interactions between
he SAMu bearing alginate and P. aeruginosa were monitored
y SPR based estimation using a BIAcore instrument.

. Materials and methods

.1. Microorganism

P. aeruginosa (KCTC No. 1928) obtained from Korean Col-
ection for Type Cultures (KCTC) was used in this study. P.
eruginosa was grown for 18 h at 37 ◦C in Luria-Bertani (LB)
roth.

.2. Reagents

Alginate (Medium viscosity, 3500 cps at 2% concentra-
ion), glutaraldehyde and cysteamine were purchased from
igma–Aldrich (St. Louis, MO, USA). Chitosan (Mw 50–80 K)
ith degree of 85% deacetylation was obtained from Chitoful
o. (Yeosu, Republic of Korea). All other chemicals were of

egent grade and used without further purification.

.3. Preparation of self-assembled chitosan-alginate
ultilayer

Alginate-attached SAMu was prepared with the method
escribed by Deng et al. [8]. In brief, the gold surface of the
ensor chip was treated with ‘piranha’ solution, which is con-
isted of sulfuric acid and NaOH solution and then immersed in
.2% (w/v) aqueous solution of cysteamine for 2 h. The resultant
old surface was rinsed with distilled water and dried with nitro-
en. After immersing the gold surface in 2.5% of glutaraldehyde
olution for 1 h, the modified surface was then treated with 0.4%
w/v) of chitosan dissolved in 2% acetic acid for 1 h, washed with
istilled water to remove the adhesive chitosan on the surface
f chip, and then dried with nitrogen at the room temperature.
lginate solution (1% (w/v) in distilled water) was dropped on

he chitosan layer to form the alginate-chitosan multilayer by
onic interaction, rinsed with distilled water and then dried at
oom temperature.

The SAMu formed on the gold surface was characterized
hrough measurement of SPR responses at interval of each
reparation steps. After each procedure, the changed refrac-
ive units (RU) values were investigated with BIAcore®J system
BIAcore® AB, Uppsala, Sweden).

.4. Evaluation of P. aeruginosa binding to the SAMu of the
ensor chip surface

P. aeruginosa cells were harvested by centrifugation after
ncubation in LB medium for 18 h. The cells were washed
nce and re-suspended to ∼1 × 109 CFU/ml with 0.5 M sodium
cetate buffer. The prepared whole cells suspension was injected

n the BIAcore system fitted with the SAMu chip at a flow
ate of 17 �l/min for 7 min. The specific interaction between
. aeruginosa cell and the SAMu of the sensor chip surface was
etermined by monitoring changes of RU values using. To inves-

F
t
t
w
b

RU is individual differences of RU values between the former step and the
atter step.

igate specific interaction of P. aeruginosa cell on the SAMu of
he sensor chip, P. fluorescens cell and Seratia marcenscens cell
ere employed as contrast groups. The signal changes produced
y the interaction of the cells on the SAMu of the sensor chip
ere monitored by measuring the shift of resonance angle in
PREETATM system (Texas Instruments Inc., USA).

. Results and discussion

The SAMu on the surface of sensor chip for detecting P.
eruginosa was prepared by modifying a gold chip and the inter-
ction between the SAMu and P. aeruginosa was monitored with
BIAcore system. The modification of a chip surface by ligand

mmobilization was characterized by measuring the changed RU
alues after the immobilization steps [9,10]. Table 1 shows the
U and mass values measured by a BIAcore system after layer-
y-layer formation. After cysteamine binding to the chip surface,
he RU value increased about 1367 and then individual differ-
nces of RU values between the former step and the latter step
as about 250–300 after subsequent events. The increment of
U and mass values in the steps means that the SAMu by the

ayer-by-layer formation was prepared on the chip surface. It is
oncluded that alginate as a ligand to detect P. aeruginosa could
e immobilized on the chip surface by ionic interaction with
hitosan layer. Liu et al. [11] proposed the self-assembly chi-
osan/glutaraldehyde/cysteamine (CGC) on the gold surface for
ig. 1. Illustration of the self-assembled chitosan-alginate multilayers. Cys-
eamine molecules were conjugated by multipoint electrostatic bonding between
heir sulfur groups and gold surface. To cross-link chitosan layer glutaraldehyde
as bonded to the cysteamine layer. Alginate layer formed with ionic interaction
etween chitosan layer can interact with P. aeruginosa cells.
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Fig. 2. Binding sensorgram of P. aeruginosa to the alginate-immobilized SAMu. After injection of a suspension of P. aeruginosa cells (∼1 × 109 CFU/ml), the
responses were typically showed by the interaction of the SAMu and the cells.
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ig. 3. Refractive index change by the interaction of (A) P. aeruginosa, (B) P.
he cells was 1 × 108 CFU/ml for all the groups.

The binding of P. aeruginosa cells using the SAMu based
n alginate was evaluated with a BIAcore system. The sen-
ogram showing the binding of P. aeruginosa on the SAMu
f the chip surface was presented in Fig. 2. The responses by
he binding of the cells were rapid and visualized immediately
pon injection of the P. aeruginosa suspension. In the bind-
ng analyzes of the cells, the RU values reached approximately
152, 656 and 173 for 1 × 109, 1 × 108 and 1 × 107 CFU/ml.
he responses were dependent on the concentration of the cells
dministered for detecting. P. aeruginosa produces a polysac-
haride, alginate, to anchor on the surface of the colonized
espiratory epithelium. It may be concluded that an interaction
etween P. aeruginosa and alginate exists and the SAMu includ-
ng alginate can be used to detect P. aeruginosa cells. As shown
n Fig. 3, it was confirmed that P. aeruginosa could be specif-

cally interacted with the SAMu on the sensor chip compared
ith P. fluorescens and S. marcenscens. In the interaction test
etween P. aeruginosa and the SAMu, the index of refraction
as clearly changed by the specific binding to the surface of the

t
C

scens and (C) S. marcenscens to the SAMu on the sensor chip. The number of

ensor chip. On the other hand, the change of the index of refrac-
ion weakly happened in the interaction test with P. fluorescens
nd the refractive index change did not happen in the test with
. marcenscens.

In summary, the SAMu immobilizing alginate to analyze P.
eruginosa cells in a solution showed the useful results in this
tudy. The formation of the alginate-immobilized SAMu was
onfirmed by measuring the changed RU in the BIAcore system.
n the study for the detecting P. aeruginosa cells, the RU values
y the specific interaction with the SAMu increased, depending
n the concentration of P. aeruginosa cells. Therefore, it is con-
luded that the alginate-immobilized SAMu may has potential
pplications for detecting P. aeruginosa cells in a solution.
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bstract

The DGT technique has potential as a tool for monitoring reactive phosphorus in freshwater aquaculture effluents. Because those waters have high
oncentrations of suspended matter and nutrients, biofilms may form on the surface of the DGT devices. Those biofilms may hinder the movement
f reactive phosphorus and hence interfere with the DGT measurements. We tested two antibiotics, glutaraldehyde and chloramphenicol, two
etal-iodides, copper and silver and also two alternative filter types, nucleopore membrane and silver-based filters, to evaluate their respective

otential to prevent the formation of algae. The treatment with silver iodide seems to affect the properties of the diffusive gel and changes the
ux measurements of the DGT device. The DGT response observed using the copper iodide and chloramphenicol treatments was not significantly
ifferent from the control. Glutaraldehyde changed the macroproperties of the diffusive gel and interfered with the phosphorus detection using
pectrophotometric determinations. The effect of the anti-biofilm treatments on the DGT measurements was independent of pH and ionic strength of
he water. For the field deployment in fish farms, copper and silver were the best anti-biofilm agents. Copper prevented algal colonisation for 14-days
ost-deployment and the response was unaffected by the anti-biofilm agent throughout this period. Silver was even better and prevented biofilm
ormation up to a 21-days post-deployment. Conversely, chloramphenicol did not prevent algal colonisation for the 14- and 21-days deployments.
owever, for deployments longer than 14 days, it was difficult to obtain consistently good results for all of anti-biofilm agents tested, due to the

igh concentration of suspended matter in the freshwater effluents of the fish farms tested. This approach suggests a metal pre-treatment of the
embrane filters is useful to prevent biofilm formation for DGT deployments aimed at P measurements. DGT deployments for metal measurements
ould likely require a different approach.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The DGT technique is an in situ method for measuring labile
pecies in water, soils and sediments [1–5]. It directly integrates
ctual concentrations in the field, and with built-in preconcentra-
ion there is a reduced risk of contaminating the samples before
heir analysis in the laboratory. The DGT device consists of
wo gel layers, the diffusive polyacrylamide gel and the bind-
ng layer, which is made using a gel impregnated with Chelex

or metals or with Fe-oxide for phosphorus [5]. On the top of
hose two gel layers, there is a polysulfone membrane to mini-

ize particles sticking to the surface. The labile species, reactive

∗ Corresponding author. Tel.: +1 514 343 6749; fax: +1 514 343 7586.
E-mail address: sebastien.sauve@umontreal.ca (S. Sauvé).
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; Anti-biofilm agent; Filters

hosphate in this case, passes through the filter and the diffusive
el and is then bound by the binding layer (Fe-oxide). The mass
f the phosphorus collected by the Fe-oxide-gel can be related
o the solution concentration of phosphorus according to Eq. (1).

= M �g

DtA
(1)

All symbols are described in Table 1. The mass of phosphorus
s calculated after elution of the Fe-oxide-gel according to Eq.
2).
= Ce(Vg + Ve)

fe
(2)

It is important that the diffusion of reactive phosphorus is
ot impeded by fouling films. For long deployment periods in
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Table 1
Parameters for the equations of the DGT techniques [3]

Parameters Units Description

C �g P L−1 Concentration of the reactive phosphorus
species in the bulk solution

M ng Mass of P in the resin
�g cm Diffusion layer thickness
D cm2 s−1 Diffusion coefficient in diffusion gel
T s Deployment time
A cm2 Surface area of binding layer
Ce �g P L−1 Concentration of P in the elution solution
Vg mL Volume of the binding gel
Ve mL Volume of H2SO4 added to the binding
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diffusive gel was used. The thickness of the hydrated oxide-gel
gel for the extraction

e Dimensionless Elution factor

aters containing high concentrations of phosphorus and sus-
ended matter, a surface film is likely to appear on the DGT
lter and potentially affect the diffusion pathway. This surface
lm can be formed by algae growing on the filter, thus gener-
ting a biofilm, or it can result from the adhesion of suspended
ediment particles onto the filter. As the sediment particles con-
ain micro-organisms, they can encourage the growth of algae
n the surface of the filter. The aim of this study was to reduce
he growth of algae to enable deployment of DGT devices for
onger periods.

Most exposed surfaces in natural water are colonized by
icro-organisms in biofilms, including DGT device surfaces.
he characteristics of biofilms vary widely and depend on their
nvironment. Several studies have shown that biofilm growth
oes not afford any additional bacterial resistance against metal
oxicity [6–8]. Biofilm formation can be a nuisance in many
iverse applications and several approaches have been inves-
igated to eliminate them. Trace metals have also been shown
o be useful as antimicrobials and disinfectants in recent med-
cal and industrial anti-biofilm applications [8]. Harrison et al.
6] compared the effects of pharmaceutical antibiotics and var-
ous metals on biofilm formation. According to these studies,
he trace metals most effective at preventing biofilm forma-
ion are silver, mercury and copper. The effectiveness of the

etal depends on the tolerance of the bacterial community in
he biofilm. Biofilm bacteria have also be shown to have a 10- to
00-fold increased tolerance to antibiotics relative to their toler-
nce to trace metals [7,9]. Several antibiotics have been tried for
arious types of microbial communities that form biofilms; their
ffectiveness varies according to the tolerance of the biofilm
o the antibiotic. Microbial populations in drinking water are
ommonly controlled by chlorination, using free chlorine or
onochloramines [10,11]. Alternatively, bismuth thiols have

een suggested for the elimination of biofilms in drinking water
12,13]. Similarly to copper and silver ions, the bismuth thi-
ls show more persistent residual effects on biofilm control than
hlorine and hyper heating. Many of those approaches introduce
ompounds into the water that would potentially be toxic and

ifficult to apply within the context of freshwater aquaculture.

In this work, concerned with the prevention of algal growth
n DGT devices, the algaecide potential of silver and copper and

w

f
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wo antibiotics, chloramphenicol and glutaraldehyde was inves-
igated. Two alternative types of filter, a nucleopore membrane
nd a silver membrane (SKC, Eighty Four, PA, USA), were also
ested for their potential to prevent the formation of biofilms. The
otential interference of these reagents on the phosphorus deter-
inations was investigated, and DGT performance was tested

n natural water, i.e., directly in fish farms ponds. The addition
f high concentrations of metals on the filter surfaces has a sig-
ificant potential to interact with P, which could lead to sorption
r precipitation of metal-phosphate mineral phases. Our objec-
ives are to evaluate the efficiency of the various agents tested
o prevent biofilm development and to determine whether the
nti-biofilm agents interfere with the diffusion properties of the
els.

. Experimental

.1. Antibiotic solutions

Chloramphenicol (Sigma) solutions were prepared in double-
istilled water at concentrations of 10, 5, 2 and 0.5 mM and
lutaraldehyde (Sigma) solutions were prepared at concentra-
ions of 5, 3, 1 and 0.5 M. They were stored in polyethylene (PE)
ottles at 4 ◦C. The filters and diffusive gel discs were soaked in
he solutions for a minimum of 24 h.

.2. Metal solutions

Silver nitrate (AgNO3), copper nitrate (CuNO3) and potas-
ium iodide (KI) were obtained from Fisher Scientific (UK and
anada). All metal solutions were made up in double-distilled
ater and stored in PE bottles at 20 ◦C. Filters were immersed

n 0.01 M solutions of silver nitrate and copper nitrate for a
inimum of 24 h, with shaking throughout this period. Filters
ere then transferred into a 0.1 M potassium iodide solution and

haken for a minimum of 24 h. Cu2+ and Ag+ ions react with
odide to form solid phase AgI and CuI2 in the filter.

.3. Preparation of DGT devices

The diffusive gel and oxide-gel were made identically to the
GT Research Ltd. method (Zhang et al. [1]). Briefly, the diffu-

ive gel was made with a polyacrylamide gel solution comprising
5% (v/v) acrylamide and 0.3% (v/v) cross-linker. To initiate
olymerisation, 10% (w/v) ammonium persulfate (70 �L) and
0 �L of TEMED catalyst were added to 10 mL of the poly-
crylamide gel solution. The solution was immediately pipetted
etween two glass plates separated by plastic spacers and then
ncubated at 42 ± 2 ◦C for 45 min. After hydration and copious
ashing, the thickness of the diffusive gel discs was 0.80 mm.
The oxide-gel is a binding layer of gel impregnated with

ron oxide. It was formed with 3 g of ferrihydrite slurried into
0 mL of gel solution. Then the same casting procedure as for the
as 0.60 mm.
The standard piston-type DGT devices were used. The flat

ace of the piston receives in sequence, a disc of oxide-gel, a
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Fig. 1. DG

isc of diffusive gel and a polysulfone filter membrane (0.45 �m
ore size). The tightly fitting plastic cap had an exposure win-
ow of 3.14 cm2 that allowed contact of the membrane with the
olution. The filter membranes, treated with the various anti-
iofilm agents, and the antibiotics in the diffusive gel, were tested
longside normal filters (controls with no agent).

.4. Tests on the DGT response

DGT measurements in the laboratory were made in well-
tirred KH2PO4 (200 �g P L−1) solutions (2 L) at constant
emperature (20 ± 1 ◦C). For all tests, each type of DGT device
as deployed in triplicate and a minimum of two DGT con-

rol devices without any anti-biofilm agent were deployed in the
ame solution as the other DGT devices.

The reactive phosphorus collected by the oxide-gel resin was
luted with 0.25 M H2SO4 acid and measured spectrophotomet-
ically (Cecil CE 1011) using the phosphomolybdenum blue
ethod. The detection limit is around 0.002 mg P L−1 and we

sed a 100% elution efficiency [1].
In the initial tests, the DGT devices were deployed for 4 h in

H2PO4 solution (200 �g P L−1) at pH 6. To study the effect of
H variations, the immersion solution was adjusted with dilute
∼0.01 M) NaOH or HCl in the pH range 3–7.5. The effect
f ionic strength was investigated by adjusting the KH2PO4
200 �g P L−1) solutions with either NaNO3 or NaCl, with final
a concentrations ranging from 1 × 10−4 to 0.5 M. All deploy-
ents for a given solution were analysed within a single batch.

.5. Deployment in spiked water

We obtained a nutrient-rich water by increasing P to about
00 �g L−1 in an aquarium by adding KH2PO4 to 10 L of nat-
ral water collected from Lake Carter (Lancaster University,
ancaster, UK). Triplicate DGT devices with different types of
nti-biofilm agents were deployed in the aquarium for 20 days;
1) CuI2, (2) AgI, (3) nucleopore membranes and (4) controls
ith normal polysulfone filter membranes.
.6. Deployment in fish farm waters

Deployments lasting up to 21 days were made in ponds oper-
ted as freshwater fish farms in Lancashire, UK. Triplicate DGT

p
t
t
N

ion set-up.

evices, comprising controls and devices treated with silver, cop-
er and chloramphenicol were used. The DGT station set-up is
llustrated in Fig. 1. DGT devices were attached with a fishing
ine to a buoy that maintained them all at a depth of 0.1–0.2 m.
o record the temperature, a data logger (StowAway Tidbit) was
ttached to the buoy for the duration of the deployment. Dur-
ng the 21-days assay, the four types of DGT devices were also
eployed in triplicate for 4, 7 and 14 days. At each deployment
nd retrieval of the DGT devices, water samples were collected
nto 100-mL PE bottles and the temperature was recorded. The

ass of biofilm material that collected on the membranes was
stimated by weighing unused membranes and those from the
eployments (all dried at 85 ◦C).

. Results and discussion

.1. Test in synthetic solutions

To maintain the measurement capabilities of DGT, the anti-
iofilm agent must not modify the properties of the binding gel
r affect the transport of phosphate across the cellulose nitrate
embrane and the diffusive gel. DGT measurements in a solu-

ion of 200 �g P L−1 showed that one of the two antibiotics,
lutaraldehyde, changed the properties of the diffusive gel by
educing its thickness by 14 ± 2%. Furthermore, glutaraldehyde
nterferes with the colorimetric determination of phosphorus by
ntroducing an absorbance at a wavelength of 882 nm, prevent-
ng us from quantifying the response. As it was not possible
o measure phosphorus correctly with the phosphomolybdene
lue method in the presence of this antibiotic, it was not used in
urther trials.

The response of DGT devices impregnated with the anti-
iofilm agents were tested for a range of pH and ionic strengths
Fig. 2). Statistical treatment of the results was undertaken using
he software SPSS 11.5. for Windows. The variance analysis
sed the Hukey post hoc test. Only devices containing the sil-
er salt showed any effects associated with the concentration of
ons in solution. All other measurements were unaffected by pH
nd ionic strength. For the control devices this agrees with the

revious findings of Zhang et al. [1]. For devices with the silver
reatment, we measured a smaller concentration than in the con-
rol DGT device at pH 3, 6 and 7.5 and for all the solutions where
aCl was added. In all these solutions, the DGT measurement
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ig. 2. The mass of P accumulated by the DGT devices when exposed to phos
olutions at different pH (c). Bars represent the mean and standard deviation
Tukey’s B post hoc test p > 0.05).

as suppressed to a similar extent (14 ± 3%). For the pH 4 and
solutions, the measurements were not significantly different

rom the response of the control DGT devices. Moreover, when
aNO3 was added, there was no apparent effect attributable to

he presence of the silver salt. These results suggest that the inter-
ction of Ag and chloride ions may affect the DGT response. We
ould speculate that a mineral form or ternary precipitate com-
ines Ag, Cl and P thus retaining P and hindering its diffusion
ut, there is no mechanistic evidence for this. As the introduc-
ion of copper and chloramphenicol did not adversely affect the
GT performance, it is reasonable to deploy DGT devices with

hese anti-biofilm agents in both acid and circumneutral natural
aters. Moreover, even the devices containing silver would not
e expected to have large errors.

.2. Tests in natural water spiked with phosphate

An algal layer developed on the control polysulfone mem-
ranes as well as on the nucleopore membranes of the DGT

evices deployed in the aquarium for 20 days (Fig. 3). The
ucleopore membrane is a smooth sheet of polycarbonate with
egular holes while the polysulfone membrane consists of a mat
f fibres. This textural difference between the membranes does

T
t
S
f

solutions containing different concentrations of NaNO3 (a) and NaCl (b) and
ee replicates; means followed by the same letter are not statistically different

ot prevent the formation of algae on their surfaces. No algal
rowth was observed on the polysulfone membranes containing
opper or silver iodide. The toxicity of these two metals seems
o prevent the growth of the algae on the surface of the filters.

.3. In situ DGT measurements in fish farms

To evaluate the performance of the anti-biofilm agents in the
eld, DGT devices were deployed in situ in the ponds of two
sh farms in Lancashire (UK): Bentham Trout Farm and Bank
ouse. They contained high concentrations of suspended matter

nd between 10 and 40 �g P L−1 of reactive phosphorus. The
uspended matter, which was higher in Bentham Trout Farm,
as composed of excess fish food, feces and other particles

oming from resuspended sediments.
Two distinct types of deposits developed, representing algal

rowth and adhesion of suspended material. The algal biofilms
ere visible on devices deployed for 14 and 21 days and were
ore pronounced on the DGT devices deployed in the Bentham

rout farm (Fig. 4). Table 2 shows the mass of algal growth on

he surface of cellulose nitrate membranes illustrated in Fig. 4.
ilver iodide appeared to be most effective at preventing biofilm
ormation, as the mass that accumulated is least in this case. It
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Fig. 3. DGT devices deployed for 20 days in the aquarium with 100 �g P L−1.
DGT devices with (a) normal cellulose nitrate membranes, (b) nucleopore mem-
b
n
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t
p
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d
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Table 2
Mass (mg) of algae accumulated on the filter membranes after deployment in
the two fish farms tested.

Deployment
time (days)

DGT
control

DGT AgI DGT CuI2 DGT
chloramphenicol

Bentham Trout Farm
4 0.0 0.6 0.3 1.2
7 0.9 0.1 1.4 0.0

14 28.8 1.1 8.8 15.8
21 39.1 8.2 29.6 30.4

Bank House
4 1.6 1.8 0.6 1.4
7 1.8 1.6 0.3 1.5

f
m

f
f
g
4
c
i
t
7
t
t
o
1
r
o
p

f

ranes, (c) cellulose nitrate membranes containing silver iodide and (d) cellulose
itrate membranes containing copper iodide.

learly suppressed the growth of algae for up to 21 days. While
here was some evidence that both copper iodide and chloram-
henicol limited the growth of algae on the surface of filters
p to 14 days, there were minimal effects after 21 days. For
eployment times less than 7 days in these fish farm waters

here appears to be no problem due to algal growth, even for
GT devices without biocides. The deposits on the filter mem-
ranes due to the adhesion of suspended material are illustrated
n Fig. 5 for devices retrieved after 14 and 21 days, particularly

w
b
s
fi

Fig. 4. Growth of algae on filter membrane after deployment in fish farms. (a
14 24.5 1.4 15.9 8.6
21 28.3 8.5 27.9 26.5

or the Bentham Trout Farm where these deposits were much
ore pronounced after 21 days of deployment.
The concentrations of phosphorus measured by the four dif-

erent types of DGT devices, CDGT, were compared for each fish
arm and are shown in Fig. 6. For the two fisheries, we obtain a
enerally higher concentrations measured by DGT for the first
days, because we directly measured concentrations in water

hange with the time. Indeed, the concentrations of phosphorus
n water were higher at the beginning of the deployment and
hey decreased after 4 days of the deployment. Deployments of

and 14 days in both fish farms showed similar CDGT for all
he DGT devices. After 21 days CDGT was higher for devices
reated with AgI than the other devices. Thus the incorporation
f a biocide does not appear to have affected the results until
4 days, but for 21 days the silver iodide biocide increased the
esponse. It appears that the biofilm that grows on the surface
f the filter membrane in both fish farms prevents the reactive
hosphorus from passing through the filter at 21 days.

A silver membrane filter was investigated to prevent biofilm
ormation. This filter is made of pure metallic silver (99.97%)

ith 0.45-�m pore size and used to replace the usual mem-
rane filter of the DGT device. Three DGT devices with the
ilver membrane were deployed in Chartierville and Artabaska
shfarms (Québec, Canada) along with three DGT devices con-

) Deployment in Bentham Trout Farm. (b) Deployment in Bank House.
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Fig. 5. Adhesion of suspended materials on DGT devices after deployment in fish farms. Deployments were: (a) 14 days in Bentham Trout Farm, (b) 21 days in
Bentham Trout Farm, (c) 14 days in Bank House and (d) 21 days in Bank House. For all pictures, the top left device of the picture is the DGT control, the right top
device is the DGT with copper iodide, the bottom left device is the DGT with silver iodide and the bottom right device is the DGT with chloramphenicol.

Fig. 6. Concentration of phosphorus measured by DGT devices, CDGT, for each deployment (a) Bentham Trout farm and (b) Bank House farm. Bars represent the
mean response of three replicates; means followed by the same letter are not statistically different (Tukey’s B post hoc test p > 0.05).
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Table 3
Concentration of reactive phosphorus (�g P L−1) measured with three different
types of DGT devices in two fisheries at Québec, Canada

Deployment time (h) CDGT control CDGT Ag CDGT CuI2

Chartierville
12 40 ± 3 88 ± 1 41 ± 1
24 38 ± 3 58 ± 10 36 ± 2
48 38 ± 1 36 ± 4 42 ± 8

Artabaska
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12 116 ± 2 175 ± 74 115 ± 1
24 108 ± 1 98 ± 8 102 ± 9
48 94 ± 2 79 ± 8 91 ± 1

aining a control treatment (standard DGT) and a CuI2-treated
olysulfone membrane. Table 3 shows the result obtained dur-
ng a 48-h deployment in the two fisheries. We observed that
he responses of the devices treated with CuI2 were close to the
ontrol devices. However, the responses obtained by the DGT
ith the silver membrane were variable. Indeed, it seems that

here is a phosphorus contamination originating from the silver
embrane filter and for short deployment times (less than 24 h),

he values were higher than the control. This problem does not
ppear for 48 h deployments, but this is probably due to a conter-
cting artefact reducing diffusion across the gel, i.e., following
he deployment of the DGT devices, the silver membrane fil-
er tarnished and the diffusive and binding gels became red and

ore elastic. Given those difficulties, no further tests were made
sing the silver membrane filters.

. Conclusion

This study has demonstrated that it is possible to prevent
lgal biofilm formation on the surfaces of DGT devices using
ifferent anti-biofilm agents. Laboratory tests on solutions span-
ing a range of pH and ionic strengths showed that the mass of P
ccumulated by DGT devices containing copper iodide and chlo-
amphenicol was similar to that accumulated by control DGT
evices in all solutions. It might still be pertinent to test for pH
ffects for applications in alkaline waters above pH 7.5. The
resence of silver iodide in the diffusive gel and filter mem-
rane reduced the amount of phosphorus accumulated by up to
4% in some solutions, particularly those containing chloride
ons. Variations in pH (3–7.5) and ionic strength did not affect

he response of the DGT devices with the different anti-biofilm
gents.

Deployments in the laboratory in a natural water spiked with
hosphate and in situ in fish farms showed that silver iodide was

[
[

[
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ost effective at preventing algal growth. Both copper iodide
nd chloramphenicol were partially effective in preventing the
ormation of algae. For deployments longer than 14 days in
he fish farm waters, the major problem was the adherence of
uspended material to the membrane surface.

For the long deployment periods of DGT devices in fresh-
ater containing a high concentration of nutrients that promote

lgal growth, the addition of copper or silver iodide to the mem-
rane filters will help to prevent the formation of algae on the
urface of polysulfone membrane. These two metals appear to
e more effective than antibiotics in limiting algal growth in this
nvironment. While silver iodide seems to be more effective
han copper iodide, there is some evidence that it may affect the
GT measurement, whereas copper iodide does not appear to

nterfere with the DGT measurements. Unfortunately, a copper
reatment is very likely to interfere with metal measurements
nd deployments of DGT units for metal measurements would
equire a different approach.
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bstract

Hanging copper amalgam drop electrode has been applied for trace determination of arsenic by cathodic stripping analysis. Detection limit for
s(III) as low as 0.33 nM (0.02 �g/L) at deposition time (240 s) could be obtained. For seven successive determinations of As(III) at concentration

f 5 nM relative standard deviation was 2.5% (n = 7). Interferences from selected metals and surfactant substances were examined. Absence of
opper ions in sample solution causes easier optimization and makes method less vulnerable on contamination. The developed method was validated
y analysis of certified reference materials (CRMs) and applied to arsenic determinations in natural water samples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The most of arsenic forms and compounds are very toxic
nd cancerogenic. Arsenic toxicity depends on its speciation,
.e. compounds of As(III) are much more toxic than compounds
f As(V). Inorganic compounds of arsenic are more toxic than
rganic. Considering the very low concentration limits of arsenic
cceptable in the environment, drinking water, food and simi-
ar products. The ultra trace analytical methods which allow
peciation are required. Unfortunately, most of analytical meth-
ds for determination of arsenic are troublesome, unsensitive
nd their detection limits are not satisfactory. Methods such as
nductively coupled plasma-mass spectrometry (ICP-MS) and
raphite furnace atomic absorption spectrometry (GFAAS) give
avorable detection limits for elemental analysis but fail in spe-
iation. Cathodic stripping voltammetric method of arsenic(III)
etermination in presence of copper which has been introduced
y Henze et al. [1] seems to be suitable for this task. Other

oltammetric methods for arsenic determination and speciation
ave been also applied [2–7]. Recently Piech and Kubiak [8]
escribed variation of Henze method in which ligand sodium

∗ Corresponding authors. Tel.: +48 12 6172473; fax: +48 12 6341201.
E-mail addresses: rpiech@agh.edu.pl (R. Piech), kubiak@agh.edu.pl

W.W. Kubiak). b

039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.12.008
ectrode; Differential pulse cathodic stripping voltammetry

iethyldithiocarbamate is added to supporting electrolyte. It
llows to lower detection limit approximately one order of mag-
itude.

Determination of arsenic(III) by cathodic stripping voltam-
etry (CSV) in presence of copper allows reaching level of

oncentration even below 1 nM. Arsenic determination in these
onditions depends on the several factors such as: copper
oncentration, time, deposition potential, concentration of sup-
orting electrolyte and its pH. They were studied by Kowalska
nd Golimowski [9,10]. The transport conditions during the
eposition step on determination of trace arsenic by CSV have
lso very strong influence. This aspect had been studied by Piech
t al. [11]. Electrochemistry of the system has been studied by
i and Smart [12]. They showed mechanism of reaction tak-

ng place at the mercury electrode in 2 M hydrochloric acid
ontaining copper(II) ions:

Deposition:

As0 + 3CuCl3
2− + 3e− → Cu3As + 9Cl− (1)

Stripping:
Cu3As + 3H+ + Hg + 3e− → Cu(Hg) + AsH3 (2)

The use of voltammetry for arsenic determination seems to
e very promising because of its ability to perform speciation
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nalysis. Arsenic(V) is considered to be electrochemically
nactive. In order to determine arsenic(V) the chemical reduc-
ion to As(III) must be performed. Several substances may be
sed as arsenic(V) reducing agents. Among them are ascorbic
cid and potassium iodide [13], sodium thiosulfate [14],
odium sulfite [15,16], hydrazine [12], aqueous sulfur dioxide
17], sodium bisulfite [18] and sodium meta-bisulfite/sodium
hiosulfate stabilized with ascorbic acid [19]. Other voltam-

etric methods of arsenic(V) determination utilize d-mannitol
20,21].

In CSV arsenic determination the most promising support-
ng electrolyte is HCl in the concentration range from 0.1 to
M. Good results were obtained using H2SO4 alone [13,22] or

n the presence of d-mannitol [21]. Other possibility includes
ixture of NaClO4–NaCl and d-mannitol for the determi-

ation of As(V) [20]. Profumo et al. [23] applied HBr as
n alternative to HCl as a supporting electrolyte. Determina-
ion of arsenic is usually preformed at hanging mercury drop
lectrodes and their variations such as static mercury drop elec-
rode (SMDE) [24], controlled growth mercury drop electrode
CGMDE) [25]. Generally in stripping voltammetry besides
ercury drop electrodes are applied film electrodes and some-

imes amalgam electrodes. As yet such electrodes were not
pplied for arsenic determination. General characteristics of
he copper-based mercury film electrode were described by
onten and Kublik [26]. They showed optimal conditions for
reparation, storage, conditioning and renewal of copper-based
ercury film electrode (CBMFEs). In next work [27], they

escribed application of such mercury film electrode in cathodic
tripping voltammetry for the determination of thiocyanate,
ryptophane, cysteine and benzotriazole. Glodowski et al. [28]
escribed the determination of traces of purine by cathodic
tripping voltammetry at the hanging copper amalgam drop
lectrode.

In this work, the determination of trace arsenic(III) was car-
ied out using differential pulse cathodic stripping voltammetry
DPCSV) at the hanging copper amalgam electrode. The pro-
osed method is easily optimized due to the absence of copper
ons in the supporting electrolyte. This method may be used
or determination of As(V) after chemical reduction to As(III).
hus, speciation of arsenic may be performed. Method was

ested with CRM’s obtaining good agreement with the certified
alues.

. Experimental

.1. Apparatus

Multipurpose Electrochemical Analyzer EA9 (model M161)
ith the electrode stand M164 (both MTM-ANKO, Poland)
ere used for all voltammetric measurements. The standard

hree-electrode cell consisted of a hanging copper amalgam drop
lectrode (HCADE) as working, Ag/AgCl in 3 M KCl with addi-

ional electrolytic key filled with 3 M KCl (Mineral, Poland) as
eference and platinum wire as an auxiliary electrodes.

Voltammograms were recorded, interpreted and stored by
AGRAPH (MTM-ANKO, Poland) software.

o
t
v
p
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.2. Reagents

Sodium arsenide (Merck CAS: 7784-46-5) was of analytical
rade, HCl used was selected from several high purity products
nd production series to have extremely low arsenic and sele-
ium contents (below 0.15 and 0.1 nM, respectively). The best
elected for this was HCl produced by Cheman, Poland (serial
umber 18/05/05 CAS: 7647-01-0). Certified Reference Mate-
ials (tobacco leaves (CTA-OTL-1) from Institute of Nuclear
hemistry and Technology, Poland; and river sediment (CRM
20) from Commission of the European Communities, Commu-
ity Bureau of References) were used as delivered.

Copper of high purity was obtained from faculty of Non-
errous Metals, AGH. Content of selenium, arsenic, lead and
admium was checked by stripping voltammetry method to be
elow detection limit.

All solutions were prepared with double-distilled water.

.3. Copper amalgam preparation

The copper amalgam was prepared by sinking three copper
ires (size: 1 mm diameter, 10 mm long) in 1 mL of mercury (for

nalysis, Merck CAS: 7-45-60-61) for at least 1 month. In that
ime amalgam was often mixed (several times each day). Before
reparation copper wires were carefully cleaned and activated
ith HNO3 1:1 and next rinsed with double-distilled water and
ried. The wires were transferred into eppendorf vessel. Next
mL of mercury was added and vessel was hermetically closed.
he wires were immerse completely in mercury for whole time
ecessary to obtain the copper amalgam. The process was carried
ut at room temperature. Next the copper amalgam was filtered,
ransferred to glass vessel, hermetically closed and stored at
oom temperature for further work.

.4. Sample preparation

For determination of arsenic in references materials the
icrowave digestion was carried out. About 250 mg of sam-

les (river sediment, CRM 320; Tobacco leaves, CTA-OTL-1)
as weighted into Teflon vessel and 4 mL of HNO3 was added.
ext vessel was placed in microwave oven. Digestion of the

amples was carried out under following program: 15 min 90%
icrowave power, 10 min cooling time, 5 waiting time (repeated

wice). After digestion samples were heated to evaporate and to
emove nitrate. Next samples were quantitatively transferred into
olumetric flask (10 mL) and diluted to the mark with double-
istilled water.

For determination of arsenic in water from Dunajec River
100 mL of the sample was taken directly into especially pre-
ared polyethylene bottle (volume 100 mL). Before sampling
olyethylene bottle was cleaned with concentrated hydrochloric
cid, next conditioned during 1 week with 1:100 hydrochloric
cid and finally rinsed with double-distilled water. To the 8 mL

f the sample taken from the bottle was added 2 mL of concen-
rated hydrochloric acid to obtain final concentration of 2 M and
olume 10 mL. Next measurements were performed according
rocedure described in next section.
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Determination of arsenic in the presence of copper ions by
CSV method requires acidic medium. As has been shown previ-
ously [8] the best results are obtained using hydrochloric acid.
64 R. Piech et al. / Tal

.5. Procedure

The day before measurements the electrodes and voltammet-
ic cell were conditioned in double-distilled water. Immediately
efore measurements electrodes and voltammetric cell were
insed with distilled water. The voltammetric cell was filled with
0 mL of 2 M hydrochloric acid. The solution was stirred for
0 min. Next solution was removed from the cell and new solu-
ion of the same composition was introduced and purged with
rgon gas for at least 15 min. Finally 5 �L of 10 �M As(III) was
dded (final concentration 5 nM) for optimization study.

All measurements were made using cathodic stripping
oltammetry in differential pulse mode during the stripping
tep. The following parameters were adjusted: pulse amplitude
50 mV; step height 4 mV; probing and waiting time 20 ms; rest-

ng time 5 s; drop size 0.7 mm2; stirring rate 640 rpm; stirring
ar, fleamicro (Aldrich). The deposition potential and deposi-
ion time have been varied depending on the experiment. The
oltammograms were recorded in the potential range of −0.500
o −0.860 V.

. Results and discussion

.1. Hanging copper amalgam drop electrode

The determination of arsenic(III) by CSV method usually
nvolves presence of copper ions in supporting electrolyte which
n deposition step are reduced on working electrode. Copper is
ecessary to form copper arsenide which is the base of arsenic
etermination. Presence of copper ions in supporting electrolyte
auses troublesome optimization of the method. Thus, elim-
nation of copper from the supporting electrolyte should be
ttractive variation of this method. The alternative source of cop-
er may be electrode itself. However, usage of copper wire or
opper deposited at solid electrodes in anodic stripping voltam-
etry (ASV) gives no satisfactory signal from arsenic. The best

ossibility is application of copper amalgam which may be used
n hanging mercury drop electrode assembly. Such hanging cop-
er amalgam drop electrode may be used to obtain signal from
opper arsenide reduction (Fig. 1). The obtained arsenic(III)
eaks are shift to the more positive potential about 0.04 V
peak potential −0.69 V) in comparison with Henze method as
ecently described [11]. Very good reproducibility for this elec-
rode (each measurement performed at fresh copper amalgam
rop) R.S.D. = 2.5% (for n = 7) were obtained. Other parameters
f method such as sensitivity, detection limit are very similar as
n Henze method [11,12]. Influence of hydrodynamics condi-
ions on determination at HCADE is similar to other stripping
ystems, i.e. peak current is linearly dependent on square root of
tirring rate. There is no such maximum as observed in Henze
ethod [11].

.2. Influence of the deposition potential on arsenic(III)

eak

Optimal potential for arsenic(III) determination is in range
rom −0.375 to −0.425 V (Fig. 2A). Outside that range peak

F
o
t

ig. 1. Background current (a) and DPCSV voltammograms of 5 nM arsenic(III)
b) in 2 M HCl in the potential range from −0.5 to −0.86 V. Stirring rate 640 rpm,
eposition potential −0.4 V and deposition time 60 s. Flea micro stirring bar.

rops almost completely. In the same time arsenic peak poten-
ial is strongly dependent on deposition potential. It changes

onotonically from −0.645 V (at deposition potential −0.3 V)
o −0.724 V (at deposition potential −0.5 V) (Fig. 2B). If depo-
ition potential is low (from −0.3 to −0.375 V) and As(III)
oncentration higher than 3 nM smaller peak at lower potential
ppears. Probably due to underpotential deposition phenom-
na or different stoichiometry of electrode reaction [12]. That
maller peak is not utilized analytically in this work. To avoid
ts presence deposition should be held at potential lower than

0.38 V.

.3. Influence of HCl concentration on DPCSV arsenic(III)
ignal
ig. 2. Dependence of 5 nM arsenic(III) peak current (A) and its potential (B)
n deposition potential in the range from −0.3 to −0.5 V in 2 M HCl, deposition
ime 60 s.
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stripping signal is showed in Fig. 5A. It was observed that for
concentration of selenium ions below 0.5 nM the peak current
for arsenic(III) increase. Larger concentrations of selenium ions
ig. 3. Dependence of 5 nM arsenic(III) peak current (A) and its potential (B) on
oncentration of HCl in the range from 0.5 to 3 M. Deposition potential −0.4 V,
eposition time 60 s.

he arsenic peak current and potential depend strongly on HCl
oncentrations. Fig. 3A presented dependence of peak current
n HCl concentration. For 0.5 M HCl practically no arsenic
eak was observed. For higher hydrochloric acid concentrations
ignal growths reaching maximal value for 2–2.5 M HCl. Fur-
her increase of acid concentration cause decrease of arsenic
eak and formation of second peak at more negative potential.
he second peak current increase with increasing of the HCl
oncentration. Concentrations of HCl also influence the peak
otential which changed monotonically to the more positive
alues (Fig. 3B). The best results are obtained for 2 M HCl.
he peak potential is then −0.680 V (versus Ag/AgCl/3 M KCl

eference).

.4. Influence of deposition time

The deposition time is always important factor in stripping
oltammetric analysis because of its prevailing influence on sen-
itivity and detection limit of the method. In case of cathodic
tripping voltammetry of arsenic in the presence of copper ions
he deposition time is even more important because of decrease
he arsenic peak for long deposition time [8,12]. The changes
f magnitude of arsenic peak current and peak potential versus
eposition time are presented in Fig. 4A and B, respectively.
eak current increase with growth deposition time from 0 �A
deposition time 0 s) to −0.8 �A (for deposition time 16 min).
or long deposition time (i.e. above 6 min) growth of the peak
urrent is insignificant. Thus, application of deposition time
onger than 5 min is purposeless. Increase of deposition time
hifts peak potential to the more negative values. For deposition
ime of 15 s peak potential was −0.672 V and for 16 min peak
otential was −0.704 V. Dependence of peak current on deposi-
ion time on amalgam electrode is more similar to other stripping
ethod, not like determination of As(III) on mercury electrode
n presence of copper ions in solution [11,12]. In the latter case
bserved is maximum which cause necessity of optimization of
he deposition time. Unfortunately, even in this case described

F
o
H

ig. 4. Dependence of 5 nM arsenic(III) peak current (A) and its potential (B) on
eposition time in the range from 0 to 1000 s in 2 M HCl. Deposition potential
0.4 V.

n this paper usage of long deposition time is restricted because
f increase of background current and distortion of arsenic(III)
eak.

.5. Interferences

As was shown elsewhere [8] strong interferences for arsenic
etermination originates from selenium(IV), tellurium(IV) and
urface-active substances. Selenium(IV) is known [11,12] as a
trong interferent in arsenic determinations by CSV method in
he presence of copper ions. Selenium(IV) may be determined
n similar conditions using CSV method in presence of cop-
er. The dependence of selenium ions concentration on arsenic
ig. 5. Dependence of 5 nM arsenic(III) peak current (A) and its potential (B)
n Se(IV) (a) and Te(IV) (b) concentration in the range from 0 to 25 nM in 2 M
Cl. Deposition potential −0.4 V, deposition time 60 s.
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Fig. 6. Dependence of 5 nM arsenic(III) peak current in 2 M HCl for Triton
X
0
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Fig. 7. The changes of DPCSV arsenic(III) peak current in concentration range
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-100 (a) and SDS (b) concentrations respectively, equal: 0; 0.15; 0.30; 0.45;
.60; 0.75; 0.90; 1.05; 1.20 mg/L. Deposition potential −0.4 V, deposition time
0 s.

ause decrease of arsenic(III) signal. For three-fold excess of
elenium arsenic signal decrease 30%. Higher concentration of
elenium ions have no further influence on As(III) peak cur-
ent. Selenium ions also influenced arsenic peak potential. When
he concentration of selenium(IV) is below 6 nM arsenic peak
hifts to the positive values from −0.688 V (for Se(IV) = 0 nM)
o −0.672 V (for Se(IV) = 6 nM). For higher selenium concen-
rations arsenic peak shifts to the more negative potentials (for
e(IV) = 25 nM observed arsenic peak potential was −0.684 V).
nfluence of selenium(IV) in case of copper amalgam electrode
s much smaller than in case of mercury electrode with copper
n solution [11].

Presence of tellurium(IV) ions cause decrease of arsenic peak
urrent and shift of peak potential to the more negative values.
or 20 nM Te(IV) a 2.3-fold decrease peak current was observed.
eak potential changed from −0.688 V (for Te(IV) = 0 nM) to
0.748 V (for Te(IV) = 20 nM). Additionally, the presence of

ellurium ions causes a significant background current increase.
he changes of arsenic signal versus concentrations of Te(IV)

ons are showed in Fig. 5.
The surface-active compounds usually give interferences in

athodic stripping voltammetric methods. In the work non-ionic
urface-active compound (Triton X-100) and anionic surface-

ctive compound (sodium dodecyl sulfate (SDS)) were checked.
he results show that the stripping peaks of arsenic would sig-
ificantly decrease in the addition of both Triton X-100 and SDS
nto the supporting electrolytes (Fig. 6). For concentration Triton

O
[
d
r

able 1
etermination of arsenic in several samples (procedure described in Section 2)

ample As(III) As(V)

iver sediment: CRM 320 (n = 6) <0.04 �g/L 76 ± 3 mg/L

obacco leaves: CTA-OTL-1 (n = 6) <0.04 �g/L 0.6 ± 0.1 mg/

unajec River 0.63 ± 0.03 �g/L 0.10 ± 0.04 �

dded As(III): 0.37 �g/L
.5–20 nM in 2 M HCl for deposition time: (a) 60 s (deposition potential−0.4 V),
b) 120 s (deposition potential −0.4 V) and (c) 240 s (deposition potential
0.425 V).

-100 and SDS on the level 1.2 mg/L observed arsenic signals
re almost completely suppressed.

.6. Analytical performance

Dependences of the peak current as a function arsenic(III)
oncentration at different deposition potentials are shown in
ig. 7. Obtained calibration curves consist of two parts with
ifferent slopes. Concentration at which slope changes depends
n deposition time. At short deposition time (60 s) obtained
etection limit is 0.45 nM and linearity is up to 15 nM.
onger deposition time causes shorter linearity range but better
etection limit. For example, for deposition time 120 s lin-
arity was up to 6 nM and detection limit 0.4 nM. Increasing
eposition time above 120 s cause distortion of arsenic sig-
al. However, distortions may be reduced by usage of lower
eposition potential, i.e. −0.4 V. In each case correlation coeffi-
ients are very good, i.e. 0.999. Slope for low concentrations
re −0.0315 ± 0.0004 [�A/nM]; −0.0458 ± 0.0008 [�A/nM];
0.0575 ± 0.0007 [�A/nM] for deposition time 60 s; 120 and

40 s, respectively.
Analysis of Certified Reference Materials river sediment,

RM 320 and tobacco leaves CTA-OTL-1 were performed.

btained results are in very good agreement with certified values

Table 1]. Very low detection limit makes possible the arsenic
etermination in natural water. Arsenic(V) was determined after
eduction to arsenic(III) using sodium thiosulfate [14].

Astot Remarks

76 ± 3 mg/L Certified value: 77 ± 3 mg/L

L 0.6 ± 0.1 mg/L Certified value: 0.5 ± 0.1 mg/L

g/L 0.73 ± 0.02 �g/L –
1.07 ± 0.06 �g/L (Found) Recovery: 97 ± 6%
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. Conclusion

Described method allows to determine arsenic at trace level
s low as 0.33 nM (0.02 �g/L) for deposition time 240 s. Repro-
ucibility of the method is very good, i.e. measured as relative
tandard deviation is 2.5% (each measurement performed at
resh copper amalgam drop). In comparison to Henze method
etermination of As(III) by the proposed method is easier to
ptimize due to absence of copper ions in supporting electrolyte.
ethod was validated with certified reference materials and may

e used for determination and speciation of arsenic in natural
aters.
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bstract

We demonstrate that the selectivity of microchip electrophoresis separations is greatly improved by the presence of organically modified silica
Ormosil) sols in the run buffer. A negatively-charged N-(trimethoxysilylpropyl)ethylenediamine triacetic-acid (TETT)-based sol is used for
mproving the selectivity between nitroaromatic explosives and a methyltrimethoxysilane (MTMOS)-based sol is employed for enhancing the
icrochip separation of environmental pollutants, aminophenols. These sols are added to the run buffer and act as pseudostationary phases. Their
resence in the run buffer changes the apparent mobility of studied solutes, and leads to a higher resolution. The observed mobilities changes reflect
he interactions between the Ormosil sols and the solutes. Relevant experimental variables have been characterized and optimized. The diverse
hemistry of Ormosil sols should be extremely useful for tailoring the selectivity of a wide range of electrophoresis microchip separations.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lab-on-a-chip devices have experienced an explosive growth
ince their introduction [1–3]. Such microscale devices repre-
ent the ability to shrink the conventional analytical systems
ith major advantages of high-throughput, portability, automa-

ion, solvent/reagent economy, integration and cost. Particular
ttention has been given to microchip-based capillary elec-
rophoresis [4]. While offering remarkable separation efficiency
with up to a million theoretical plates) [5], there are major
eeds for controlling and manipulating the separation selectivity
f electrophoresis microchips. Such tailoring of the separa-
ion selectivity has been accomplished through control of the
icrochannel surface chemistry or by the presence of additives
n the run buffer [6]. The affinity of sample solutes to a micellar
seudostationary phase [7], to gold nanoparticle additives [8] or

∗ Corresponding author. Tel.: +81 29 851 3354/8816; fax: +81 29 860 4706.
∗∗ Corresponding authors.

E-mail addresses: pumera.martin@nims.go.jp (M. Pumera),
oseph.wang@asu.edu (J. Wang), eliga@chem.ch.huji.ac.il (E. Grushka).
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; Environmental pollutants

o n-octyl [9] or octadecyl [10] surface coatings has thus been
xploited for tuning the separation selectivity.

This paper reports on the use of organically modified
Ormosil) sols for manipulating the separation selectivity in
lectrophoresis microchips. The use of silica sol as run buffer
dditives is analogous to the use of sol–gel derived materials
n conventional packed-capillary electrokinetic chromatography
PCEC) [11–13] and of micelles in micellar electrokinetic chro-
atography (MEKC) [14]. Fujimoto and Muranaka employed

ommercially available silica gel nanoparticles as run buffer
dditives in conventional CE systems [15]. Silica-based polymer
articles [16] and polymeric surfactants based on linear-chain
ilicone (polydimethylsiloxane) backbones [17,18] were used
s pseudostationary phases in conventional electrokinetic chro-
atography. Collins and co-workers recently prepared CEC

olumn using sol–gels prepared from methyltrimethoxysilane
or separation of explosives [19]. Neiman et al. [20] reported on
he use of several Ormosil sols for enhancing the separation of

romatic acids and nitrobenzenes in conventional CE systems.

To the best of our knowledge, sols have not been used as run
uffer additives in microchip electrophoresis systems. The rich
nd diverse chemistry of Ormosil sols opens the door for a wide
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ange of sol–solute interactions and hence selectivity manipula-
ions in electrophoresis microchips. Such tailoring is illustrated
n following sections in connection to TETT and MTMOS-
ased separations of neutral nitroaromatic explosives [21] and
ositively charged aminophenols [22], respectively.

. Experimental

.1. Reagents

Stock solutions (1000 ppm) of 2,4,6-trinitrotoluene (TNT)
nd 1,3-dinitrobenzene (DNB) were received from Cerilliant
Austin, TX). Sodium phosphate monobasic, sodium phos-
hate dibasic and phosphoric acid and o- and p-aminophenols
ere purchased from Aldrich. The sol precursors, methyltri-
ethoxysilane (MTMOS) and N-(trimethoxysilylpropyl)ethyl-

nediamine triacetic-acid, trisodium salt (TETT) were obtained
rom Gelest (Tullytown, PA). Sodium hydroxide was obtained
rom Sigma. The gold atomic absorption standard solution
1000 mg/L Au(III)/0.1 M HCl) was received from Aldrich. All
hemicals were used without any further purification. The phos-
hate run buffer was prepared by adjusting the pH of the 40 mM
odium phosphate monobasic solution to 3.5 with concentrated
15 M) phosphoric acid. The phosphate run buffer (pH 10.1)
olution was prepared by titrating 40 mM sodium phosphate
ibasic with 1 M sodium hydroxide. Both phosphate buffers
ontained 13% (v/v) of methanol.

.2. Apparatus

Details of the integrated electrophoresis glass chip/detection
icrosystem were described previously [23]. A Plexiglas holder
as fabricated for holding the separation chip and housing the
etector and reservoirs. The microchip received from Micra-
yne (model MC-BF4-SC, Edmonton, Canada), consisted of
wo crossed channels with a half-circle cross section and three
eservoirs, including four-way injection cross. The separation
hannel was 80 mm long, 20 �m deep and 50 �m wide. The
hick-film working electrode [23] was placed opposite to the
hannel outlet, at 60 �m distance (controlled by a plastic screw
nd a thin-layer spacer). The thick-film carbon electrodes were
rinted with a semi-automatic printer (model TF 100, MPM,
ranklin, MA) using the Acheson ink (Electrodag 440B; Ache-
on Colloids, Ontario, CA). Gold plated thick-film electrodes
ere prepared according to previously described procedure

24,25].

.3. Preparation of organically modified sols

Silica sols were prepared by mixing different concentrations
f silane precursors with 40 mM phosphate buffer (initial pH
f 3.5), containing 13% (v/v) methanol. (The latter served as
omogenization agent; it should be noted that the actual percent-

ge of methanol in the run buffer containing silanes exceeded
3% (v/v) since methanol was generated during sol formation).
he solutions were sonicated for 5 min and refrigerated for 1
eek, during which the polymerization process proceeded. At

s
a
o
i

72 (2007) 711–715

he end of this period the solutions were ready for use as run
uffers. The concentrations of silane precursors were relatively
ow (up to about 1.4 M), hence the polymerization process was
ompleted at the stage of the sol formation [20]. After mixing
ith the silane precursor the pH of TETT solutions increased

o 8.0 or 10.1 (in connection with TETT concentrations of 35
r 175–350 mM) due to the presence of sodium salt of weak
arboxyl functionality. The pH of the MTMOS solution did not
hange and remained at 3.5.

The different sol solutions used in this study were obtained
y appropriate dilutions of the sol reaction solutions. Due to the
olydispersity of the sols, their actual solution concentrations
annot be determined accurately. The concentration values given
hroughout this paper are thus based on the original monomeric
oncentrations. The buffers used for sample preparation did not
ontain the sols, and their pH was identical to that of the run
uffer.

.4. Electrophoresis procedure

The channels of the glass chip were treated before use by
insing with 0.1 M NaOH and deionized water for 10 and 5 min,
espectively. The run buffer and unused reservoirs were filled
ith the electrophoresis run buffer solution, while the sample

eservoir was filled with a mixture of nitroaromatic explosives
r aminophenols (in the 40 mM phosphate buffer, pH 10.1 or 3.5,
espectively). After an initial loading of the sample in the injec-
ion channel, the sample was injected by applying a potential
1500 V between the sample reservoir and the grounded detec-

ion reservoir. This drove the sample “plug” into the separation
hannel through the intersection. By switching the high-voltage
ontacts, the separation potential was subsequently applied to
he run buffer reservoir with the detection reservoir grounded
nd all other reservoirs floating for the separation of the ana-
ytes. Catechol was used as an electroosmotic flow marker in
he MTMOS sol modified run buffer.

.5. Amperometric detection

The electropherograms were recorded with a time resolution
f 0.1 s while the detection potential (usually +0.8 and –0.5 V
ersus Ag/AgCl wire for the aminophenols and nitroaromatic
xplosives, respectively) was applied. Sample injections were
erformed after stabilization of the baseline. All experiments
ere performed at room temperature.

. Results and discussion

The addition of organically modified silica (Ormosil) sols
o the CE run buffer provides interaction sites for solutes
nd hence adds another separation vector to the orthogonal
lectrophoretic vector. The coexistence of these two vectors
esults in selectivity changes that are highly beneficial to the

eparation process. Changes in the sol chemistry can have
profound effect upon the sol–solute interactions and hence

n the resulting selectivity. Such selectivity improvements are
llustrated here using sols based on the negatively-charged N-
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Fig. 1. Electrophoregrams showing the separation of 15 ppm TNT (a) and DNB
(b) in the presence of different concentrations of the TETT sol in the phosphate
run buffer (40 mM, pH 10.1): 0 (A), 35 (B), 175 (C) and 350 (D) mM TETT. The
i
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r
r
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A similar control of the migration properties is illustrated in
Fig. 2 in connection to the presence of MTMOS and the sepa-
cheme 1. Structural formulas of Ormosil sol precursors used in present study.

trimethoxysilylpropyl)ethylenediamine triacetic-acid (TETT)
r neutral methyltrimethoxysilane (Scheme 1) in connec-
ion to microchip separations of nitroaromatic explosives and
minophenols, respectively. Proposed separation mechanism is
escribed in Scheme 2.

For example, Fig. 1 shows electrophoregrams for a mixture
f the nitroaromatic explosives TNT (a) and DNB (b) in the
bsence (trace A) and presence (traces B–D) of a negatively-
harged TETT sol. As expected, no resolution of the neutral

xplosives is observed in the untreated buffer (40 mM phosphate
uffer, 13% (v/v) methanol, pH 10.1). In contrast, well-defined,
aseline-resolved peaks are observed with the sol-containing

cheme 2. Schematics of Ormosil sol–solute interactions in microfluidic chan-
el. The neutral explosives interact with negatively-charged TETT sol and are
hey are separated based on their different partitioning between the TETT sol
nd running buffer. The positively charged aminophenols interact with neutral
TMOS sol and they are separated based on their different partitioning between

he MTMOS sol and running buffer. Unlike micellar additives that require a min-
mum surfactant concentration, such concentration limitation does not exist for
rmosil sol running buffer additives. The diverse chemistry of Ormosil sols

s extremely useful for tailoring the selectivity of a range of electrophoresis
icrochip separations.

r
f

F
a
t
(
c
i
u

nset shows the influence of TETT sol concentration upon the resolution of TNT
nd DNB. Conditions: sample injection at +1500 V for 3 s; separation voltage,
1500 V; detection at −0.5 V using a screen-printed bare carbon electrode.

un buffers. Increasing the TETT concentration in the run buffer
esults in increased observed selectivity (αobs) between DNB
nd TNT (from 1.08 to 1.38 between 35 and 350 mM TETT).
he resolution between the two explosives changes from 0 to
.01 upon raising the TETT concentration from 0 to 175 mM,
nd decreased slightly at higher TETT levels (Fig. 1, inset).
ation of aminophenols. This figure displays electropherograms
or a mixture of aminophenols obtained with an unmodified run

ig. 2. Electrophoregrams showing the separations of 1 mM p-aminophenol (a)
nd o-aminophenol (b) in the presence of different concentrations of MTMOS in
he phosphate (40 mM, pH 3.5) run buffer: 0 (A), 70 (B), 350 (C), 700 (D), 1050
E) and 1400 (F) mM MTMOS. The inset shows the influence of the MTMOS sol
oncentration upon the resolution of p- and o-aminophenol. Conditions: sample
njection at +1500 V for 3 s; separation voltage, +1500 V; detection at +0.8 V
sing a gold-coated screen-printed carbon electrode.
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uffer (trace A) and using the MTMOS sol-modified run buffer
traces B–F), in connection to a separation voltage +1500 V. A
ramatic increase in the selectivity, and therefore in the res-
lution, is observed in the presence of the sol additive. The
esolution between p- and o-aminophenols in the untreated run
uffer is 0.8. The resolution increases to a maximum value 4.81
pon raising the MTMOS concentration to 70 mM and decreases
radually (to 2.48) between 70 and 1400 mM MTMOS (see
nset). However, the higher resolution is achieved at the cost
f a longer (3.5 min) analysis time, as compared to 2.5 min with
he untreated run buffer.

The data of Fig. 2 indicate that the combination of changes
n the electroosmotic mobility and the apparent mobilities
f the solutes results in a greatly improved resolution. Such
hanges in the mobilities in the presence of the Ormosil reflect
he effective interaction of the solutes with the surface of
he sol additive. Fig. 3 shows the effect of the concentration
f the MTMOS sol additive upon the apparent mobilities of
- and o-aminophenol. The μapp of p-aminophenol (trace a)
ecreases gradually (from 2.38 × 10−4 to 0.40 × 10−4 cm2/V s)
pon raising the MTMOS concentration from 0 to 1400 mM;
he μapp of o-aminophenol (trace b) decreases initially rapidly
from 2.13 × 10−4 to 1.28 × 10−4 cm2/V s) upon increasing the

TMOS concentration from 0 to 23 mM and more slowly (from
.28 × 10−4 to 0.07 × 10−4 cm2/V s) at higher MTMOS con-
entrations. These data indicate that the ortho isomer has a
arger partition coefficient and ‘spend’ more time in the neutral

TMOS sol than the para isomer. Apparently, aromatic solutes

ith two functional groups, in ortho position, form hydrogen
onds with the MTMOS sol and interact stronger with the sol
hen para isomer. A similar effect was observed by Neiman et

a
t
c

ig. 4. Influence of the separation voltage on the resolution of p- and o-aminopheno
hosphate run buffer (40 mM; pH 3.5) without (a) and with (b) MTMOS sol (70 mM
ig. 3. Influence of the MTMOS sol concentration upon the apparent mobilities
f p-aminophenol (a) and o-aminophenol (b). Other conditions, as in Fig. 2.

l. [20] and Wang et al. [12]. The formation of hydrogen bonds
as suggested as a partial explanation of the observed migration
attern. Overall, the different profiles (of Fig. 3) allow the selec-
ion of the optimal sol concentration for a given pair of solutes.
heir different solute interactions with the sol additive thus form

he basis for the enhanced selectivity reported in this study.
The voltage applied to the separation channels affects

he performance of the Ormosil sol-enhanced electrophoresis
icrochip. Fig. 4 shows the influence of the separation voltage

n the resolution between para and ortho aminophenols (panel
nd presence (b) of MTMOS sol. Both profiles clearly indicate
hat the MTMOS-based buffer leads to improved performance
ompared to the unmodified phosphate buffer (a versus b). The

l (A) and upon the number of theoretical plates for o-aminophenol (B), using
). Other conditions, as in Fig. 2.
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esolution and the plate number in the sol-treated run buffer are
igher than those observed with the untreated buffer. For exam-
le, Rs values ranging from 4.3 to 6.3 are observed with the
ol-containing buffer, as compared to 0.2–1.6 in the absence of
he sol. In both media, the plate number varies slightly with the
pplied potential until +1500 V and decreases thereafter. While
ne would expect increased number of plates at higher voltages,
ther factors (such as end-column broadening and incomplete
solation of detection system and Joule heating) apparently dom-
nate the efficiency at voltages higher than +1500 V.

The influence of the sol additive upon the detection pro-
ess should be also considered. We compared hydrodynamic
oltammograms (HDV) at the carbon thick-film detector for
he reduction of TNT using unmodified and TETT-modified
175 mM) phosphate run buffers (pH 10.1). The curves were
ecorded pointwise by making 100 mV changes in the applied
otential over the 0.0 to −0.8 V range using the separation volt-
ge +1500 V. Both buffers display similar sigmoidal profiles,
ith the TNT wave starting at −0.1 V and leveling off at −0.4 V.
he half-wave potentials are −0.12 and −0.08 V. It is important

o note that there is 60% decrease of the maximum current in
he presence of TETT sol. Such decrease indicates a slower rate
f mass transport associated with a smaller diffusion coefficient
n the sol-modified buffer and can poses drawback in applica-
ions where the low detection limits are crucial; however, it is
lso important to underline that separation selectivity strongly
mproves in presence of Ormosil sol. Subsequent amperometric
etection work on explosives employed a detection potential of
0.5 V that offered the most favorable signal-to-noise charac-

eristics. Limit of detection (LOD) of TNT was found to be about
0 ppb in Ormosil sol-free buffer, which is coherent with previ-
usly published study [26] and LOD of TNT was found to be
bout 120 ppb in TETT sol-modified running buffer. Microchip
ssays based on sol-containing run buffers are characterized with
inear calibration curves. For example, using the MTMOS sys-
em, p- and o-aminophnenol yielded linear calibration plots over
he 50–300 �M concentration range with sensitivities of 35.9
nd 30.3 nA/mM, respectively (correlation coefficients, 0.9993
nd 0.9995). This demonstrates that even thought our microflu-
dic device uses electrochemical detector, which is in contact
ith the solution, the addition of Ormosil sols does not have neg-

tive effect on linearity of response of the detector. Furthermore,
uch good linearity is coupled to good reproducibility. A series
f six repetitive injections of a mixture containing 200 �M p- and
-aminophenol resulted in reproducible peak currents, with rel-
tive standard deviations of 2.72 and 3.16%, respectively. Good
ay-to-day reproducibility was also obtained (e.g., R.S.D. of
.51 and 6.00% for p- and o-aminophenol; n = 3). Moreover, the
ols were found to be quite stable upon storage at +4 ◦C with run
uffer lifetimes of more than 6 months. In contrast, the stability
f micellar phases is limited.

. Conclusions
In conclusion, we have demonstrated that the selectiv-
ty of electrophoresis microchips can be enhanced by the
resence of Ormosil sols in the run buffer. Such selectivity

[
[

[
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mprovements reflect changes in the observed mobility due to
nteractions of solutes with the Ormosil sol surface. While the
oncept of Ormosil sol-enhanced electrophoresis microchips has
een illustrated in connection to electrochemical detection of
itroaromatic explosives and aminophenols, it could be readily
xtended to other classes of analytes and detection modes. The
ich Ormosil sol chemistry allows tailoring the selectivities of
ifferent solutes for specific separations. Unlike micellar addi-
ives that require a minimum surfactant concentration (≥CMC)
uch concentration limitation does not exist for sol additives.
ther additives (separation vectors) that may manipulate the

electivity of electrophoresis microchips are currently under
nvestigation.
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bstract

The multielement determination of trace metals in seawater was carried out by inductively coupled plasma mass spectrometry (ICP-MS) with
id of a down-sized chelating resin-packed minicolumn for preconcentration. The down-sized chelating resin-packed minicolumn was constructed
ith two syringe filters (DISMIC 13HP and Millex-LH) and an iminodiacetate chelating resin (Chelex 100, 200–400 mesh), with which trace
etals in 50 mL of original seawater sample were concentrated into 0.50 mL of 2 M nitric acid, and then 100-fold preconcentration of trace metals
as achieved. Then, 0.50 mL analysis solution was subjected to the multielement determination by ICP-MS equipped with a MicroMist nebulizer

or micro-sampling introduction. The preconcentration and elution parameters such as the sample-loading flow rate, the amount of 1 M ammonium
cetate for elimination of matrix elements, and the amount of 2 M nitric acid for eluting trace metals were optimized to obtain good recoveries and

nalytical detection limits for trace metals. The analytical results for V, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb, and U in three kinds of seawater certified
eference materials (CRMs; CASS-3, NASS-4, and NASS-5) agreed well with their certified values. The observed values of rare earth elements
REEs) in the above seawater CRMs were also consistent with the reference values. Therefore, the compiled reference values for the concentrations
f REEs in CASS-3, NASS-4, and NASS-5 were proposed based on the observed values and reference data for REEs in these CRMs.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, inductively coupled plasma mass spectrometry
ICP-MS) has become one of the most powerful analytical tech-
iques for trace element analysis with high sensitivity as well as
ith wide linear dynamic range and simultaneous multielement
etection capability [1,2]. However, weak tolerance to dissolved
alts and polyatomic interferences is the principal disadvantage
f ICP-MS, and makes it difficult to perform direct injection
nalysis of seawater containing ca. 3% of dissolved salts. Fur-
hermore, the concentrations of most trace metals in seawater are
xtremely low at pg mL−1 levels [1]. In order to overcome these

ifficulties, various methods such as solvent extraction [3,4],
oprecipitation [5–8], and chelating resin adsorption [9–21] have
een developed for preconcentration of trace metals in seawa-

∗ Corresponding author. Tel.: +81 52 789 4603; fax: +81 52 789 5290.
E-mail address: haraguch@apchem.nagoya-u.ac.jp (H. Haraguchi).
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rence material; ICP-MS; Micro-sampling introduction

er. Among them, the chelating resin adsorption technique is the
ost promising approach because of no use of harmful organic

olvent and low risk of contamination.
Recently, the present authors have reported a chelating resin-

acked minicolumn for preconcentration of trace metals in
eawater [22], where trace metals in 50 mL of original seawater
ample were concentrated into 2.5 mL of 2 M nitric acid (final
olution). It has been proved that the minicolumn is a conve-
ient preconcentration device for trace metals in seawater as well
s in mineral waters prior to the determination by the ICP-MS
nstrument equipped with a conventional concentric nebulizer
22,23].

A MicroMist nebulizer is now commercially available as a
icro-sampling device, which can be operated efficiently at

ery low solution uptake rates (down to sub-mL min−1) [24].

hen, the simultaneous multielement determination may be
erformed using only 0.1–0.2 mL of sample solution with the
icroMist nebulizer. Thus, the combined system of ICP-MS
ith a MicroMist nebulizer is expected to be a next generation
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Table 1
Operating conditions with micro-sampling and concentric nebulization for ICP-MS instrument

Operating parameters Operating conditions

Micro-sample nebulization Conventional concentric nebulization

Plasma conditions
Incident power (kW) 1.3 1.3
Coolant gas flow rate (L min−1) Ar 15.0 Ar 15.0
Auxiliary gas flow rate (L min−1) Ar 1.0 Ar 1.0
Carrier gas flow rate (L min−1) Ar 1.0 Ar 1.0
Sampling depth (mm from load coil) 5.5 9

Nebulizer MicroMist Conikal
Sample uptake rate (mL min−1) 0.1 1

Data acquisition
Measurement mode Peak hopping Peak hopping
Dwell time (ms/point) 50 50
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Prefecture, Japan) was used for optimizing the experimental con-
ditions of the present preconcentration method. It was filtered
with a membrane filter (pore size 0.45 �m) and acidified to pH
1 with concentrated nitric acid.

Table 2
Multielement standard solutions for calibrationa

Group Element Concentration (ng mL−1)

Group I V, Co, Pb 50
Dy, Ho, Er, Tm, Lu 5

Group II Cu, Zn, Cd 50
La, Ce, Pr, Nd, Yb 5
Data point (points/peak) 3
Number of scans 100

nalytical method for the multielement determination of trace
etals in seawater, if a proper preconcentration technique is

stablished.
In the present paper, hence, a downsized syringe-driven

helating resin-packed minicolumn was developed to obtain the
arge preconcentration factors for trace metals in seawater, i.e.,
rom 50 mL of original seawater to 0.5 mL of analysis solution.
hen, the experimental parameters were optimized for the multi-
lement determination by micro-sampling ICP-MS. The present
nalytical method was validated by analyzing seawater certified
eference materials (CRMs; CASS-3, NASS-4, and NASS-5)
ssued by the National Research Council of Canada (NRCC).

. Experimental

.1. Instrumentation

An ICP-MS instrument (Agilent HP 4500, Yokogawa, Tokyo,
apan) was used for the multielement determination of trace met-
ls in seawater, which was equipped with a MicroMist nebulizer
AR35-1-FM01E, Glass Expansion Pty Ltd., West Melbourne,
ustralia). This micro-sampling ICP-MS system allowed us to
etermine 40 trace metals with less than 0.5 mL of analysis
olution. The operating conditions for micro-sampling ICP-MS
re summarized in Table 1, all of which were optimized for
ach instrumental parameter. For comparison, the operating con-
itions for conventional ICP-MS with a concentric nebulizer
Conikal, AR35-1-FC1E, Glass Expansion Pty Ltd.) are also
iven in Table 1. A syringe pump (KDS200, KD Scientific, MA,
SA), which could flow the solution at the adjustable flow rate

utomatically, was used for on-line monitoring of the signal pro-
les for trace metals and matrix elements with ICP-MS as well
s for passing the rinsing solutions through the column.
.2. Chemicals and samples

Nitric acid, acetic acid and aqueous ammonia solutions of
lectronics industry grade were purchased from Kanto Chem-

G

(

3
100

cals (Tokyo, Japan). The multielement standard solutions for
aking the working calibration curves were prepared by dilut-

ng the single-element standard stock solutions (1000 �g mL−1)
or atomic absorption spectrometry (Wako Pure Chemicals,
saka, Japan). The multielement standard solutions were pre-
ared in three groups, as is shown in Table 2, in which
e, In, Re, and Tl were added as the internal standard

lements to be 10 ng mL−1 each. The Chelex 100 resin in
00–400 mesh was purchased from Bio-Rad Laboratories (Rich-
ond, CA, USA). Before packing the chelating resin into

he minicolumn, the resin was cleaned by soaking in fresh
M HCl, which was changed daily for 5 days. The resin
as collected on a G4 glass filter, and after rinsing with
M nitric acid and pure water, it was kept in a 0.1 M of
mmonium acetate at pH 6.0. Pure water used throughout
he present experiment was prepared by a Milli-Q purifica-
ion system (Element A-10, Nihon Millipore Kogyo, Tokyo,
apan).

Three kinds of seawater CRMs (CASS-3, NASS-4, and
ASS-5) were purchased from NRCC. Coastal seawater sample
ollected from the shore near the Take Island (Gamagori, Aichi
roup III Mn, Ni, Mo 50
Y, Sm, Eu, Gd, Tb, U 5

a Each of the multielement standard solutions contains Ge, In, Re, and Tl
10 ng mL−1 each) as internal standard elements.
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Fig. 1. A schematic structure of the chelating resin-packed minicolumn (a) pre-
filter tube (DISMIC-13HP, ADVANTEC); (a’) prefilter tube (DISMIC-25HP,
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DVANTEC); (b) prefilter tube (Millex-LH, Nihon Millipore Kogyo); (c)
helex 100 resin, 200–400 mesh, 0.088 g; (c’) Chelex 100 resin, 100–200 mesh,
.40 g; (d) built-in membrane filter (pore size 0.45 �m).

.3. Design of a down-sized chelating resin-packed
inicolumn

The structure of the down-sized chelating resin-packed mini-
olumn is shown in Fig. 1, where the previous minicolumn
22] is also shown for comparison of size. The minicolumn
as constructed with three components, i.e., two syringe filters

a: DISMIC-13HP, ADVANTEC, Tokyo, Japan and b: Millex-
H; Nihon Millipore Kogyo, Tokyo, Japan) and a Chelex 100

esin (c: 200–400 mesh, Bio-Rad Laboratories, Richmond, CA,
SA). As is shown in Fig. 1, the size of the minicolumn was
4 mm × 17 mm, while that of the old one was 39 mm × 29 mm,
s a result, the bed volume (c) for packing the chelating resin
ould be reduced from 0.08 mL in the previous minicolumn to
.01 mL in the present one. The pore sizes of built-in mem-
rane filters (d) in both syringe filters were 0.45 �m. After the
helex 100 resin was soaked in 0.1 M of ammonium acetate
uffer (pH 6.0) overnight, the slurry of Chelex 100 resin was
acked into the space from the outlet of the syringe filter (a),
nd then a smaller syringe filter (b) was capped to construct
he minicolumn. The amount of Chelex 100 resin in the column
as (0.088 ± 0.004) g (n = 10) in wet weight. All the sample,

insing, and eluent solutions were loaded automatically, using
he KDS200 syringe pump, into the minicolumn with different
ingle-use plastic syringes of Terumo series (Terumo Corpora-
ion, Tokyo, Japan).

.4. Preconcentration procedure for trace metals in
eawater

The procedure for preconcentration of trace metals in seawa-
er was almost similar to that in previous work [22]. First, the
eawater sample was adjusted to pH 6.0 with ammonia solution
nd acetic acid, and 50 mL of pH-adjusted seawater sample was

oaded into the minicolumn at the flow rate of 1.0 mL min−1

ith a 50 mL volume syringe. Second, 3 mL of 1 M ammonium
cetate buffer (pH 6.0) was passed into the minicolumn at the
ow rate of 1 mL min−1 to rinse matrix elements, such as Mg and

t
w
a
o
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a, which were partly adsorbed on the resin. Then, trace met-
ls adsorbed on the chelating resin were eluted with 0.45 mL of
M HNO3 into a test tube, in which 0.05 mL of internal standard

olution (Ge, In, Re, and Tl; 100 ng mL−1 each) was added for
orrection of matrix effects. The final analysis solution was sub-
ected to the determination of trace metals by ICP-MS equipped
ith the MicroMist nebulizer.
In the recovery test, trace metals were spiked in the coastal

eawater sample, taking into consideration their concentrations
n seawater. The same preconcentration procedure as described
bove was carried out to estimate the concentration recoveries
or trace metals by the calibration method.

. Results and discussion

.1. Optimization of sample-loading flow rate

Since the present down-sized chelating resin-packed minicol-
mn was packed with less amount of chelating resins, compared
o the previous one [22], the operating parameters such as
ample-loading flow rate, matrix element elimination, and trace
etal elution were carefully optimized for the present minicol-

mn. The pH dependence of the recoveries for trace metals in
eawater obtained with the Chelex 100 resin was almost the
ame as that reported in detail in the previous paper [22], in
hich pH 6.0 was recommended as the compromised pH con-
ition to obtain the better recoveries for most elements. In the
resent experiment, thus, the preconcentration was carried out
t pH 6.0.

Using the coastal seawater sample adjusted to pH 6.0, the
ample-loading flow rate was optimized in the range from 0.2
o 1.4 mL min−1 at the interval of 0.2 mL min−1, where the
yringe pump (KDS200) was used for loading the seawater
amples into the column. When the flow rate was larger than
.0 mL min−1, the recoveries for analyte elements decreased
ignificantly, where the recoveries were estimated in a simi-
ar manner to the procedure described in Section 2. Then, the
ample-loading flow rate of 1.0 mL min−1 was chosen as the
ptimum condition to obtain the better recovery.

.2. Elution profile of matrix elements from the minicolumn

Matrix elements such as Na, K, Mg, and Ca in seawater
ften cause instrumental drift, isobaric polyatomic interfer-
nces, and signal suppression in the determination of trace
etals by ICP-MS. In order to reduce such interferences, matrix

lements adsorbed on the resin are usually eliminated by rins-
ng the chelating resin with ammonium acetate buffer solution
9–11,15,22]. However, the use of excessive amount of rins-
ng solution often results in losses of analyte metals. Therefore,
he optimization for the amount of ammonium acetate buffer
olution (1 M, pH 6.0) should be carefully performed in the
ample pretreatment. In the present experiment, thus, the elu-

ion signal profiles for matrix elements after the sample loading
ere on-line monitored by ICP-MS with passing ammonium

cetate buffer solution through the minicolumn at the flow rate
f 0.9 mL min−1 with the KDS200 syringe pump. The elution
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ig. 2. Elution signal profile of Ca2+ from the minicolumn with 1 M ammonium
cetate (pH 6.0).

ignal profile of Ca is shown in Fig. 2, as a typical example. It is
een from Fig. 2 that more than 95% of Ca was eluted from the
inicolumn when 3 mL of ammonium acetate was passed. After

his rinsing process, the concentrations of Na, K, Mg, and Ca in
he residual solution were 20, 3, 39, and 37 �g mL−1, respec-

ively. As a result, the total concentration of Na, K, Mg, and Ca
n the analysis solution was less than 100 �g mL−1, which was
ow enough to correct matrix effects by the internal standard cor-
ection method [11]. Consequently, 3 mL of ammonium acetate

t
t
e

able 3
ecoveries and analytical detection limits for trace metals

lement m/z Spike (ng mL−1) R

o 59 1.00 9
i 60 1.00 9
u 65 1.00 9
n 68 1.00 8

89 0.100
d 111 1.00
a 139 0.100 8
e 140 0.100 8
r 141 0.100 8
d 143 0.100
m 147 0.100 8
u 153 0.100 8
d 157 0.100 8
b 159 0.100 8
y 163 0.100 8
o 165 0.100 8
r 166 0.100
m 169 0.100 8
b 172 0.100
u 175 0.100 8
b 207 1.00 8

238 10.0 9
51 10.0 3

n 55 10.0 4
o 98 10.0

a Mean ± standard deviation, n = 3.
b Analytical detection limit, calculated from instrumental detection limits, taking in
c Cited from Ref. [22].
72 (2007) 600–606 603

uffer solution was chosen as the optimum volume for rinsing
he chelating resin-packed minicolumn.

.3. Elution profiles of trace metals from the minicolumn

In the present experiment, trace metals adsorbed on the
helating resin were eluted with 2 M nitric acid. It is apparent that
he larger concentration factor can be obtained when the eluent
f 2 M nitric acid is used as less as possible. Then, after loading
he sample, the elution signal profiles of trace metals were on-
ine monitored by ICP-MS, with flowing 2 M nitric acid solution
nto the minicolumn at the flow rate of 0.9 mL min−1 with the
DS200 syringe pump. The signal profiles for Zn, Cu, and Y are

hown in Fig. 3, as the representatives. When 0.45 mL of 2 M
itric acid was passed through the minicolumn, all of these trace
etals were eluted almost completely. Therefore, 0.45 mL of

itric acid was found to be enough to elute trace metals from the
inicolumn. It was also enough for the determination of more

han 40 trace metals by the ICP-MS equipped with a MicroMist
ebulizer.

.4. Analytical figures of merit
First, the recoveries for trace metals in the present preconcen-
ration procedure were evaluated by spiking certain amounts of
race metals in the seawater samples. The results for the recov-
ries of 24 trace metals are summarized in Table 3, although

ecovery (%)a ADL (ng mL−1)

Present workb Previous workc

6.3 ± 0.4 0.00003 0.0004
5.2 ± 0.2 0.001 0.002
5.4 ± 0.9 0.0003 0.001
9.9 ± 0.8 0.0007 0.009
85 ± 1 0.000008 0.0001
89 ± 1 0.0006 0.003

5.9 ± 0.5 0.00001 0.0001
6.8 ± 0.7 0.00001 0.0001
6.7 ± 0.6 0.000006 0.00007
92 ± 2 0.00006 0.0003

5.3 ± 0.9 0.00003 0.0005
5.3 ± 0.2 0.00001 0.0001
6.4 ± 0.4 0.00005 0.0004
5.9 ± 0.7 0.000006 0.00008
7.2 ± 0.3 0.00002 0.0003
5.6 ± 0.1 0.00001 0.00007
87 ± 1 0.00003 0.0002

7.1 ± 0.5 0.000008 0.00008
86 ± 1 0.00003 0.0003

7.5 ± 0.4 0.000006 0.00006
9.3 ± 0.4 0.0001 0.001
7.6 ± 0.5 0.00002 0.00008
9.5 ± 0.4 0.0001 0.0007
0.3 ± 0.5 0.0006 0.02
28 ± 1 0.0005 0.001

to account the concentration factor (1 0 0) and recovery values.
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ig. 3. Elution signal profiles of trace metals from the minicolumn with 2 M
itric acid (a) Zn; (b) Cu; (c) Y.

5 elements were examined in total. They were selected as
he elements whose certified, information or reference values
ere available. The recoveries for Co, Ni, Cu, Zn, Y, Cd, rare

arth elements (REEs), Pb, and U were better than 85% with
ood reproducibility less than 2% (R.S.D.). The recoveries for
, Mn, and Mo were smaller than 50% with their R.S.D.s

ess than 2%, which indicate that the analytical results for
hese elements should be treated carefully because of their poor
ecoveries.

The analytical detection limits obtained by the present
ethod are summarized in Table 3, along with those obtained

sing the old-type chelating resin-packed minicolumn. They
ere calculated from the instrumental detection limits, taking

nto account the concentration factor (1 0 0) and the recovery
alues for trace metals. The instrumental detection limits were
efined as the concentrations corresponding to three-fold the
tandard deviation of the background signal intensities, which
ere estimated from the 10-times duplicated measurements of

he blank solution (2 M nitric acid solution) containing internal
tandard elements (Ge, In, Re, and Tl; 10 ng mL−1 each). The
nalytical detection limits for 24 elements were in the range
rom 0.001 ng mL−1 of Ni to 0.000006 ng mL−1 of Pr, Tb, and
u. The present analytical detection limits were significantly
etter than the previous ones, because the concentration factors
or trace metals in the present method was five-fold larger than
hose obtained in the previous work [22].

The blank values were also estimated using 50 mL of 0.1 M
itric acid as a test solution, for which the same preconcentra-
ion and measurement procedures as those for seawater samples
ere performed. The blank values for Pb and Zn were observed

−1
o be 0.0080 and 0.06 ng mL , respectively, which might be
riginated from the impurities in the reagents. They were not
egligible compared to the concentrations in seawater samples,
nd then the analytical results for Pb and Zn were obtained by

C

p
r
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ubtracting the blank values. The blank values for V, Co, Ni,
u, La, and Ce were observed, but they were negligibly small
ompared to the concentrations of these elements in seawater.

In the ICP-MS measurements, major and trace elements in
he sample solution often cause polyatomic interferences [24].
n the present experiment, the polyatomic interferences due to
3Ca16O, 43Ca16O1H+, 48Ca16O1H+, and 141Pr16O with 59Co,
0Ni, 65Cu, and 157Gd, respectively, were observed and corrected
y the interference correction coefficient method reported by
abutani et al. [11]. In the present experiment, however, the
olyatomic interferences were less than 5% of the observed
alues.

.5. Analytical results for trace metals in seawater CRMs
CASS-3, NASS-4, and NASS-5)

Trace metals in one coastal seawater CRM (CASS-3) and two
pen seawater CRMs (NASS-4 and NASS-5) were determined
y the analytical method proposed in the present experiment.
he analytical results for V, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb,
nd U, whose certified or information values have been issued
y NRCC, are summarized in Table 4. It is seen in Table 3
hat all the observed values for trace metals examined agreed
uite well with the certified values. This agreement indicates
hat the present method is accurate enough for the determination
f trace metals in seawater. It should be noted here that large
elative standard deviations (R.S.D. > 25%) were found for the
bserved values of Pb in all the three seawater CRMs and those
f Zn in NASS-4 and NASS-5. Such large R.S.D.s for Pb and Zn
ay be attributed to their low concentrations close to the blank

alues.
The analytical results for REEs are summarized in Table 5.

lthough all of REEs in seawater CRMs examined were
xtremely low, they were determined with fairly good repro-
ucibility in the present experiment. However, the certified or
nformation values for REEs have not been issued by NRCC
et.

As stated above, the certified or information values for REEs
n seawater CRMs are not available even now. However, REEs
n seawater have been widely investigated as the tracers of
ater masses and ocean circulation as well as a valuable probe

or investigating the scavenging processes of particulate matter
n the ocean [25–30]. Therefore, the reliable reference values
or REE concentrations in seawater CRMs are necessary to
romote further development of marine chemistry. Then, the
ompiled data for REEs in seawater CRMs were proposed in
he present paper. Such compiled data were estimated as the

ean values of their reference values [11,16,21,31,32] includ-
ng the data obtained in the present work. The results are shown
n Table 6. As is seen in Table 6, the compiled data for all sea-
ater CRMs were within fairly small standard deviations. Thus,

he compiled data summarized in Table 6 may be available as
he tentatively certified reference values for REEs in seawater

RMs.

In addition, the shale-normalized REE distribution patterns
lotted against atomic number, which are usually shown as the
elative concentrations of REEs normalized to their concentra-
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Table 4
Analytical results for trace metals in seawater CRMs

Element m/z Observed value
(ng mL−1)a

Certified value
(ng mL−1)

CASS-3
(V)b 51 (1.4 ± 0.2) 1.43 ± 0.04c

(Mn)b 55 (2.8 ± 0.3) 2.51 ± 0.36
Co 59 0.038 ± 0.002 0.041 ± 0.009
Ni 60 0.38 ± 0.03 0.39 ± 0.06
Cu 65 0.48 ± 0.03 0.52 ± 0.06
Zn 68 1.4 ± 0.2 1.24 ± 0.25
(Mo)b 98 (9.0 ± 0.5) 8.95 ± 0.26
Cd 111 0.031 ± 0.003 0.030 ± 0.005
Pb 207 0.010 ± 0.005 0.012 ± 0.004
U 238 3.0 ± 0.2 2.84d

NASS-4
(V)b 51 (1.3 ± 0.3) 1.18 ± 0.16
(Mn)b 55 (3.0 ± 0.3) 2.78 ± 0.19
Co 59 0.010 ± 0.002 0.009 ± 0.001
Ni 60 0.22 ± 0.02 0.228 ± 0.009
Cu 65 0.21 ± 0.01 0.228 ± 0.011
Zn 68 0.12 ± 0.03 0.12 ± 0.02
(Mo)b 98 (8.5 ± 0.6) 8.78 ± 0.86
Cd 111 0.018 ± 0.001 0.016 ± 0.003
Pb 207 0.012 ± 0.004 0.013 ± 0.005
U 238 3.0 ± 0.2 2.68 ± 0.12

NASS-5
(V)b 51 (1.0 ± 0.3) 1.2d

(Mn)b 55 (0.88 ± 0.6) 0.919 ± 0.057
Co 59 0.011 ± 0.001 0.011 ± 0.003
Ni 60 0.24 ± 0.00 0.25 ± 0.03
Cu 65 0.27 ± 0.01 0.30 ± 0.05
Zn 68 0.07 ± 0.04 0.10 ± 0.04
(Mo)b 98 (9.3 ± 0.7) 9.6 ± 1.0
Cd 111 0.024 ± 0.001 0.023 ± 0.003
Pb 207 0.006 ± 0.003 0.008 ± 0.005
U 238 2.8 ± 0.1 2.60d

a Mean ± standard deviation, n = 5.
b Recovery values were less than 85%.
c Reference value, cited from Ref. [11].
d Information value issued by NRCC.

Table 5
Analytical results for REEs in seawater CRMs

Element m/z Concentration (pg mL−1)a

CASS-3 NASS-4 NASS-5

Y 89 23.3 ± 0.9 18 ± 1 20.7 ± 0.7
La 139 13.9 ± 0.6 9.9 ± 0.6 11.8 ± 0.4
Ce 140 5.6 ± 0.2 3.9 ± 0.2 5.23 ± 0.05
Pr 141 1.9 ± 0.1 1.5 ± 0.1 1.84 ± 0.06
Nd 143 7.8 ± 0.4 7.2 ± 0.3 7.5 ± 0.1
Sm 147 6.6 ± 0.4 3.0 ± 0.1 4.5 ± 0.3
Eu 153 0.33 ± 0.03 0.24 ± 0.02 0.29 ± 0.02
Gd 157 1.7 ± 0.1 1.4 ± 0.1 1.59 ± 0.08
Tb 159 0.27 ± 0.03 0.21 ± 0.03 0.24 ± 0.02
Dy 163 1.8 ± 0.1 1.6 ± 0.1 1.8 ± 0.2
Ho 165 0.48 ± 0.04 0.39 ± 0.02 0.43 ± 0.02
Er 166 1.4 ± 0.1 1.2 ± 0.2 1.36 ± 0.08
Tm 169 0.22 ± 0.02 0.18 ± 0.02 0.18 ± 0.01
Yb 172 1.3 ± 0.1 1.1 ± 0.1 1.13 ± 0.07
Lu 175 0.23 ± 0.02 0.17 ± 0.01 0.20 ± 0.02

a Mean ± standard deviation, n = 5.

Table 6
Compiled data for the concentrations of REEs in seawater CRMs

Element m/z Concentration (pg mL−1)

CASS-3a NASS-4b NASS-5c

Y 89 23.6d 18.7e 20.7f

La 139 13 ± 2 9 ± 1 12.2 ± 0.5
Ce 140 5.4 ± 0.9 3.9 ± 0.4 4.6 ± 0.6
Pr 141 1.9 ± 0.2 1.54 ± 0.07 1.8 ± 0.3
Nd 143 8.3 ± 0.5 7.4 ± 0.2 9 ± 1
Sm 147 6.7 ± 0.1 3.2 ± 0.3 4.3 ± 0.3
Eu 153 0.36 ± 0.03 0.26 ± 0.03 0.27 ± 0.02
Gd 157 2.3 ± 0.7 1.7 ± 0.7 1.57 ± 0.04
Tb 159 0.32 ± 0.06 0.24 ± 0.05 0.25 ± 0.04
Dy 163 2.0 ± 0.1 1.63 ± 0.06 1.71 ± 0.09
Ho 165 0.50 ± 0.02 0.40 ± 0.03 0.39 ± 0.04
Er 166 1.6 ± 0.2 1.4 ± 0.1 1.35 ± 0.03
Tm 169 0.23 ± 0.02 0.18 ± 0.01 0.16 ± 0.02
Yb 172 1.5 ± 0.2 1.2 ± 0.1 1.14 ± 0.05
Lu 175 0.25 ± 0.02 0.18 ± 0.02 0.19 ± 0.01

a Mean ± standard deviation, n = 3, calculated from the data in the present
work, Refs. [11] and [21].

b Mean ± standard deviation, n = 4, calculated from the data in the present
work, Refs. [21,31] and [32].

c Mean ± standard deviation, n = 3, calculated from the data in the present
work, Refs. [16] and [32].

d
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Mean, n = 2, calculated from the data in the present work and Ref. [11].
e Mean, n = 2, calculated from the data in the present work and Ref. [31].
f Single data, cited from the present work.

ions in shale, were examined in order to evaluate the reliability
f the compiled data for REEs in seawater CRMs. The REE
istribution patterns for seawater CRMs are shown in Fig. 4,
n which the compiled data for the concentrations of REEs
ere normalized to those in post-Archean average Australian

hale (PAAS) [33]. It is seen in Fig. 4 that the REE distribu-
ion patterns show the typical characteristic pattern for seawater
10], i.e., smooth curves as well as slight enrichment of heavy
EEs and clear negative anomalies of Ce in all seawater CRMs.
owever, it should be noted here that the significantly higher
oncentrations of Sm were observed for all seawater CRMs,
hich were seemingly due to the possible contamination caused
uring preparation process of these CRMs.

ig. 4. Shale-normalized REE distribution patterns for seawater CRMs, based
n their compiled data (©) CASS-3; (�), NASS-4; (�) NASS-5.
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. Conclusion

A down-sized chelating resin-packed minicolumn was devel-
ped as the efficient preconcentration tool for trace metals in
eawater. The optimized preconcentration procedure was pro-
osed for 100-fold preconcentration of trace metals using only
0 mL of seawater. The recoveries for most trace metals were
arger than 85% with good reproducibility (standard deviation
2%). The analytical results for V, Mn, Co, Ni, Cu, Zn, Mo,
d, Pb, and U in seawater CRMs were consistent with their
ertified or information values from NRCC. In addition, based
n the observed and reference values for REEs in these CRMs,
he compiled data for the concentrations of REEs in CASS-3,
ASS-4, and NASS-5 were estimated which may be available
s the information values of REEs in seawater CRMs.
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bstract

Although it is relatively easy to find chemiluminescent (CL) molecules working on the field of direct liquid phase (especially employing strong
xidants), the molecules found as chemiluminescent are normally very weak CL compounds for developing suitable analytical CL-procedures.
herefore, it is mandatory to develop new strategies to enhance in a simple way the native chemiluminescence of such a compounds, and even to

ncrease the number of compounds to be determined by direct chemiluminescence. Photoinduced chemiluminescence (Ph-CL) results in a simple
nd easily on-line accessible strategy to solve these disadvantages. In the present paper, molecular connectivity, a topological method which allows
n unique mathematical characterization of molecular structures by the so-named topological descriptors and their correlation with physical, chem-
cal and biological properties of molecules was applied to predict the Ph-CL in liquid phase. Molecular connectivity calculations and discriminant
nalysis was applied to 72 pesticides for which either a Ph-CL or non Ph-CL behaviour was observed in an experimental screening. The screening
est is based on the on-line photodegradation of pesticides by using an automated multicommutation based flow asssembly provided with a pho-
oreactor consisting of 150 cm × 0.8 mm PTFE tubing helically coiled around a 20 W low-pressure mercury lamp. Photodegraded pesticides are
etected by direct chemiluminescence of the resulting photo-fragments and their subsequent reaction with potassium permanganate in sulfuric acid
edium as oxidant. The screening comprised pesticides with different molecular structures and relevant members of the most important families
f pesticides were tested (oxime carbamates, sulfonylcarbamates, thiocarbamates, 1,3,5-triazines, organophosphorous, hydroxybenzonitrile, sul-
onylureas, phosphonic acid derivatives, imidazolinones, carboxamides, aryloxyalkanoic acids, 1,2,4-triazinones, etc.). The theoretical predictions
gree with the empirical results obtained by means of the screening test performed in the multicommutation flow-assembly.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chemiluminescence research is in continuous expansion by
irtue of the search on new processes allowing the direct

hemiluminescence-based determination of substances of phar-
aceutical, clinical or environmental interest [1,2]. In this sense,

irect chemiluminescence methods based on strong oxidant such
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s potassium permanganate have found a wide range of analyt-
cal applications [3,4].

Luminescence techniques for organic pesticides residue anal-
sis have been limited by the fact that, relatively few of these
ompounds are strongly luminescent. This can be overcome
onverting the weakly luminescent pesticide into a lumines-
ent compound by means of a chemical derivatization using
uorogenic labeling [5–7]. A more recent and relatively widely

mployed approach based on UV irradiation of non-fluorescent
nalytes into strongly fluorescent photoproducts has demon-
trated the viability of photochemically induced fluorimetry
n pesticide quantitative analysis [8]. On the other hand, it



lanta

h
l
b
t
o
o
d
o
d
[

m
a
t
c
v
f
c
v
t
g
t
h
[
e
c
d
c

t
p
c
h
m
s
i
A
o
c
[

i
a
r
d
a
i
d
d
n
s
a
p
c
d
a
p

2

2

w
a
P
G
i
F
(

2

o
p
1
w
m
a
t
i
t
i
b
0
p
w
total diameter backed by a mirror for maximum light collec-
tion. The photodetector package was a P30CWAD5F-29 Type
9125 photomultiplier tube (PMT) supplied by Electron Tubes
operating at 1280 V and was located in a laboratory-made light-

Fig. 1. Solenoid valve flow-assembly. Q1: pesticide aqueous solution; Q2:
medium of photodegradation; Q3:oxidant (KMnO4 7 × 10−4 M in H2SO4 2 M);
Q4: H2O. V1, V2 and V3: solenoid valves; PR: photoreactor; PP: peristaltic
I.S. Ricart et al. / Ta

as been established that the irradiation of photoreactive ana-
ytes leads to the formation of species that can be detected
y CL providing very sensitive procedures [9–11]. Between
he luminescent techniques it is remarkable the scarcely use
f the chemiluminescent (CL) detection in the determination
f pesticides. It is also to emphasize that in spite of the well
emonstrated approach UV irradiation-photochemical reaction
f pesticides [12], only a few works dealing with photodegra-
ation and chemiluminescent detection have been published
13–16].

On the other hand, molecular topology and particularly
olecular connectivity has widely demonstrated its ability for

n easy and efficient characterization of molecular structure
hrough the so-called topological indices. In this mathemati-
al formalism a molecule is assimilated to a graph, where each
ertex represents one atom and each axis one bond. Starting
rom the interconnections among the different vertexes, an adja-
ency topological matrix can be built whose elements ij take the
alues 1 or 0, depending whether the vertex i is connected to
he vertex j or not, respectively. The manipulation of this matrix
ives origin to a set of topological indices or topological descrip-
ors. When these indices are selected adequately, it is possible to
ave a very specific characterization of each chemical compound
17–21]. Molecular connectivity has been tested on several prop-
rties of different classes of organic, bioorganic and inorganic
ompounds. This topological method has been applied to the
etermination of biological activities [22] and physical [23] and
hemical properties [24].

Molecular connectivity has been successfully employed in
he design of drugs, bronchodilator [25] and antimalarial com-
ounds [26], hypoglycaemic agents [27], anti-neoplastics [28],
ytostatic agents [29], antibacterial agents [30] and new anti-
istaminic compounds [31,32] have been found by means of
olecular connectivity. Physico-chemical properties such as

oil adsorption coefficients [33], water solubility and boil-
ng points [34] have been tested by molecular connectivity.
lso, molecular connectivity has been applied to the prediction
f analytical properties, basically to chromatographic pro-
esses [35–38] and recently to liquid-phase chemiluminescence
39–41].

The work presented in this paper was mainly focused to put
nto the analytical chemistry fields the molecular connectivity
s a new and useful tool to enhance the yield of the analytical
esearch. The immediate purpose of the present work was to
evelop a simpler assay for determination of pesticides using
multicommutation flow system coupled to photochemically

nduced CL. The method allows on the basis of the UV irra-
iation and chemiluminometric detection of photoproducts the
etermination of pesticides which present very weak or null
ative chemiluminescence. The viability of this purpose was
upported by molecular connectivity calculations. The appropri-
ted selection of topological descriptors allows the prediction of
esticides properties, namely, tendency to photodegradation and

hemiluminescent behaviour of photofragments. A theoretical
iscrimination of the Ph-CL activity of a pesticide is possible,
nd consequently, to develop new and suitable Ph-CL analytical
rocedures.

p
i
(
fl
b

72 (2007) 378–386 379

. Experimental

.1. Reagents

All reagents were analytically pure unless stated other-
ise and prepared in deionized water (18 M� cm) using
Sybron/Barnstead Nanopure II water purification system.

esticides were obtained from Dr. Ehrenstorfer (Augsburg,
ermany). Mineral acids and alkalis, KMnO4, H2O2, tested

n preliminary assays (all from Panreac, Barcelona, Spain),
e(NO3)3·9H2O (Probus, Barcelona, Spain), FeSO4·7H2O
Fluka, Buchs, Switzerland).

.2. Apparatus

The flow manifold used (see Fig. 1) comprised a PTFE coil
f 0.8 mm i.d. and a Gilson Minipuls 2 (Worthington, OH, USA)
eristaltic pump. For the fully automated manifolds three Model
61T031 solenoid valves (NResearch, Northboro, MA, USA)
ere used. The solenoid valves were connected to a laboratory-
ade interface type KSP. Its actuation was programmed using
home made Solenoid Valves software running on a Pentium-

ype computer in Microsoft Windows 98. The programme and
nterface allow an independent control of the solenoid valve,
he sequence of insertions and the number of cycles accord-
ng to the number of samples, reagent solutions or standards to
e inserted. The photoreactor consisted of a 150 cm length and
.8 mm i.d. PTFE tubing helically coiled around a 20 W low-
ressure mercury lamp (Zalux) for germicidal use. The flow cell
as a flat-spiral quartz tube of 1 mm inner diameter and 3 cm
ump (flow-rate 10 mL min−1); PR: photoreactor (150 cm length and 0.8 mm
.d. PTFE tubing helically coiled around a 20 W low-pressure mercury lamp
Zalux) for germicidal use); PMT: photomultiplier tube (1280 V); FC: spiral
ow-cell (flat-spiral quartz tube of 1 mm inner diameter and 3 cm total diameter
acked by a mirror for maximum light collection); B: light-tight box.
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ight box. The output was fed to a computer equipped with a
ounter-timer, also supplied by Electron Tubes.

.3. Procedures

.3.1. Stock solution preparation
Stock standard solutions of pesticide (50 �g mL−1) were

repared by exactly weighing and dissolving the pesticide in
eionized water. The working standard solutions were freshly
repared by diluting the stock standard solution in the appropri-
te volume of deionized water. All solutions of pesticides were
rotected against light.

.3.2. Analytical measurements and solenoid valve
ow-assembly

The peristaltic pump was placed after the detector and the
ample and reagent streams were driven to the detector flow-
ell by aspiration at a flow-rate of 10 mL min−1. The manifold is
onstituted of a set of three solenoid valves, each one acting as an
ndependent commutator (see Fig. 1). The way of work of a valve
an be described as follows: N(t1, t2), where t1 is the time of valve
n ON, t2 the time of valve in OFF, and N is the number of cycles
N/OFF. Changes in the manifold configuration affected only

he number and length of pulses (time ON/time OFF) applied
o each solenid valve. The reconfiguration of the flow system
as thus a logical reconfiguration via software. The insertion
rofile for obtaining a typical transient analytical signal in the
creening procedure is depicted in Fig. 2. First, 50 alternated
icroinsertions of pesticide and medium of photodegradation
ere performed. During each microinsertion V1 remains acti-
ated during 0.4 s (valve ON, the pesticide Q1 is aspirated), and
eactivated during 0.2 s (valve OFF, medium of photodegrada-

ion Q2 is aspirated). During the 30 s that the sample insertion
akes place, V2 remains in ON, allowing that the photoreactor
lls of the mixture pesticide-medium of photodegradation. This

oading time also is used for washing the inner walls of the pho-

ig. 2. Schematic profile of a multi-insertion cycle. N(t1,t2). N: number of inser-
ions. In each insertion the solenoid valve is t1 seconds ON and t2 seconds
FF. [V1 = 50(0.4,0.2); V2 = 30(ON), 165(OFF), 30(0.6,0.2); V3 = 165(OFF),
9(ON)].
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oreactor avoiding contamination between samples. Then V1 and
2 are switched simultaneously and remained OFF during 150s
f stopped-flow (time of UV photoirradiation). Previously to the
hemiluminescent reaction (t = 165 s, see Fig. 2), chemilumines-
ent reagent (KMnO4 (Q3)) is flowing by switching ON valve
3. After the stopped flow, V2 is activated and 30 alternated
icrosegments of photodegradated pesticide and chemilumi-

escent reagent are inserted. A chemiliminometric response is
btained and the transient analytical signal returns to the base
ine ready for a new cycle.

.3.3. Molecular connectivity and topological descriptors
Molecular connectivity has demonstrated to be an excellent

ool for a quick and accurate prediction of many analytical,
hysicochemical and biological properties. One of the most
nteresting advantages of molecular connectivity is the straight-
orward calculation of molecular descriptors to work with.

In this mathematical formalism a molecule is assimilated to a
raph, where each vertex represents one atom and each axis one
ond. Starting from the interconnections among the different
ertexes, an adjacency topological matrix can be built up, which
lements ij, take the values either 1 or 0, depending upon the
ertex i is connected to the vertex j or not, respectively. The
anipulation of this matrix gives origin to a set of topological

ndices or topological descriptors, which characterize each graph
nd they can be used to perform QSAR studies as well.

In this work we use several graph-theoretical descriptors like
he connectivity indices χ up to the order 10—including descrip-
ors type path, cluster, path-cluster and chain [42], topological
harge indices Gi, Ji until order 5 [43] tom type electrotopolog-
cal state indices 49 [44,45] other simple descriptors such as the
umber of atoms and ramifications, the Wiener index, etc. All
hese descriptors, more than 140, were obtained for each com-
ound, using the programs Molconn [46] and Desmol11 [47].

Table 1 depicts the indices used in this work, definition and the
eferences describing their calculation in detail. All descriptors
ere computed from the adjacency topological matrix obtained

rom the hydrogen depleted graph.

.3.4. Linear discriminant analysis
Stepwise linear discriminant analysis, SLDA, is a useful

echnique for finding discriminant functions. It is a pattern-
ecognition method, which permits (facilitates), by combining
ariables, the evaluation of the ability to distinguish among two
r more groups of populations. In our work the independent
ariables were the topological indices and the discrimination
roperty was the chemiluminescent activity. The SLDA study is
erformed with two groups of compounds, the training group,
hich includes compounds with photoinduced chemilumines-

ence (active), and not chemiluminescent compounds even by
n-line UV-photoirradiation (inactive), facilitating the discov-
ry of the discriminant function, and the test group (also with
ctive and inactive structures, randomly chosen from the training

roup), which facilitates the evaluation of the quality of the dis-
riminant function obtained. Election of connectivity functions
as performed with the BMDP Biomedical package [50]. The
ethod used for selection of the descriptors was the F-Snedecor
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Table 1
Symbols and definitions of topological indices used in this work

Symbol Name Definition References

κχτ (k = 0–4; t = p, c, pc) Randić-like indices of order k and type
path (p), cluster (c) and path-cluster
(pc)

kχt =
knt∑

j=1

⎛

⎝
∏

i ∈ Sj

δi

⎞

⎠

−1/2

δI, number of bonds, σ or π of the atom i to

non-hydrogen atoms. Sj, jth sub-structure of order k and type t

[42]

kχv
t (k = 0–4; t = p, c, pc) Kier–Hall indices of order k and type

path (p), cluster (c) and path-cluster
(pc)

kχv
t =

knt∑

j=1

⎛

⎝
∏

i ∈ Sj

δv
i

⎞

⎠

−1/2

δv
i , Kier–Hall valence of the atom i. Sj, jth

sub-structure of order k and type t

[42]

kDt (k = 0–4; t = p, c, pc) Connectivity differences of order k and
type path (p), cluster (c) and
path-cluster (pc)

kDt = kχt − kχv
t [42]

Gk (k = 1–5) Topological charge indices of order k Gk =
N−1∑

i=1

N∑

j=i+1

|Mij − Mji|δ(k, Dij) M = AQ, product of the adjacency

and inverse squared distance matrices for the hydrogen-depleted
molecular graph. D, distance matrix; δ, Kronecker delta

[43]

Gv
k

(k = 1–5) Valence topological charge indices of
order k

Gv
k

=
N−1∑

i=1

N∑

j=i+1

|Mv
ijMv

ji|δ(k, Dij) Mv = AvQ, product of the

electronegativity-modified adjacency and inverse squared distance
matrices for the hydrogen-depleted molecular graph. D, distance
matrix; δ, Kronecker delta

[43]

Jk, Jv
k

(k = 1–5) Pondered topological charge indices of
order k

Jk = Gk

N − 1
, Jv

k = Gv
k

N − 1
[43]

mκ Kappa index mκ = m
mPmax

mPmin
(mP)2 , defined in terms of the number of graph vertices A

and the number of paths mP with length m = 1, 2 and 3

[48]

Si Sum-electrotopological indexes type Si = Ii + 	Ii [44,45]

V ber o

T Z [46
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i V3 and V4 Num

opological descriptors were calculated for each compound by using Molconn-

arameter, and the classification criterion used was the min-
mum value of the Mahalanobis distance. The quality of the
iscriminant function is evaluated through Wilk’s U-statistical
arameter.

By applying the topological pattern to the whole group, a
istribution pattern [51] can be constructed to represent the
xpectancy for each classification group in each function inter-
al. In general, the expectancy for a group A over an interval x
s defined mathematically as:

a = percentage of A in x

percentage if non-A in x + 100

Ea and Ei denoting activity expectancy and inactivity
xpectancy, respectively, in our case.

. Results and discussion

.1. Experimental screening in a multicommutation
ow-assembly

Aldicarb13 was employed as a test substance and prior to

new screening session the system was checked with the aid

f a 50 �g mL−1 aqueous solution of aldicarb and NaOH as
edium of photodegradation. First, the homogeneous-phase

hotodegradation of pesticides in different media and combined

s
a
t
o

f graph vertices with topological valence 3 or 4 [49]

] and DESMOL11 [47] programs.

ith chemiluminescence detection of the photoirradiated ana-
yte was studied. The study of media was focused on chemical
pecies forming after UV irradiation hydroxyl radicals, which
eact with organic pollutants in a non selective manner and
ead to an efficient photocatalyst for pesticide degradation [52].
aOH, Fe(II) and H2O2 employed in the photo-Fenton reaction,

nd Fe(III) aquacomplexes described as an efficient photocat-
lytic system for the mineralisation of pesticides by sunlight
rradiation [12,53] were tested.

The tandem-flow assembly used is depicted in Fig. 2.
he sample solution Q1 (blank or pesticide aqueous solu-

ion, 50 �g mL−1) was mixed with the photodegradation
edium solution Q2 (H2O, 10−3 NaOH, 0.05% H2O2, Fe(III)
× 10−5 M or Fe(II) 6 × 10−5 M). The mixture was obtained
y means of V1 (50(0.4, 0.2)). After the alternated microinser-
ions of pesticide and medium, V1 switched OFF and the flow
as stopped 150 s. Then, V2 was activated (30(0.6, 0.2)) and 30

lternated insertions of photoirradiated pesticide (V2 ON, 0.6 s)
nd oxidant solution Q4 (KMnO4 5 × 10−4 M + H2SO4 2 M, V2
FF, 0.2 s) were performed. V3 worked as follows: (165,39).
ater (Q3) was aspirated the first 165 s of the cycle, then V3
witched ON and the last 39 s of the cycle (Q4) was aspirated
ccording to V2 configuration. All pesticides were tested with
he lamp OFF and ON. All solution were aspirated at a flow rate
f 10 mL min−1.
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The criteria for selecting the suitable chemical and physico-
hemical variables for the screening were established employing
ldicarb13 as test substance.

The effect of the time of exposure to UV light was studied
y changing the time of stopped-flow (time of V2 in OFF). The
nalytical signal was found to increase with increasing irradi-
tion time as a result of an increased photodegradation yield.
he increase in irradiation time resulted in an increase in the
utput up to around 120 s; then, the increase was small tending
o a plateau. The signal was found to level off after 180 s. A
rradiation time of 150 s was chosen for the screening.

The selected insertion profile was: V1 = 50(0.4,0.2);
2 = 30(ON),165(OFF), 30(0.6,0.2); V3 = 165(OFF), 39(ON)

see symbols in Section 2.3.2). The insertion of a large sequence
f sample–medium segments (N) was essential due to the large
ength of the photo-reactor (150 cm) and to ensure an effective

ixture of the photo-reactor effluent with the mixture of the oxi-
ant for the chemiluminometric process. Values of t1/t2 > 1 in
1 and V2 avoided the excessive dilution of the pesticide in the
ow system. Excellent reproducibility was obtained for times of

nsertion as short as 0.2 s, equivalent to the insertion of 32 �L
f solution.

Flow rates lower than 6 mL min−1 were discarded due to the
ast kinetic of the chemiluminescent reaction. The increase in
ow rate resulted in an increase in the output up to around
.5 mL min−1; then, a plateau was obtained. The selected
ow rate for aspirating sample and reagent solutions was
0 mL min−1.

Acidic permanganate system gives rise to light emission for
any compounds and was selected for the present screening.

n fact, it is presented as the most efficient oxidant for direct
iquid phase chemiluminescent processes. A search employ-
ng the analytical abstract data base (1980–2005) and the key
ords chemiluminescence and the oxidants KMnO4, Ce(IV),
e(CN)6

3, N-bromosuccinimide yielded as conclusions that
2% of the published papers used potassium permanganate
s strong oxidant. The reason of this behaviour is associated
o the mechanism of chemiluminescence generation by potas-
ium permanganate. Several authors [4] have contributed to
xplain it. According to Barnett, it seems the emitter respon-
ible for acidic potassium permanganate chemiluminescence
s an excited manganese (II) species of unknown constitution.
his hypothesis seems to be verified by enhancing effect of
olyphosphates on the chemiluminescent emission using KMO4
s oxidant. The excellent behaviour of potassium permanganate
ssociated to direct chemiluminescence procedures should be
ue to an unusual case of phosphorescence at room tempera-
ure.

On the other hand, the behaviour of permanganate requires
pecial care in selecting its concentration. The signal shows a
arabolic profile increasing sharply with concentration up to a
aximum value beyond which it decreases abruptly. Attending

o the robustness of the procedure, 7 × 10−4 mol L−1 KMnO4

n 2 M H2SO4 was selected for the screening.

Attending to the observed Ph-CL response, pesticides can be
ivided into two groups: (a) compounds which do not present
hemiluminescence with lamp OFF and ON; (b) CL-pesticides

i
t
i
T
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hich either increased dramatically the CL-response with lamp
N, or turns into chemiluminescent ones after irradiation.
From an analytical point of view the most interesting Ph-CL

ffects are included in group (b) (see Tables 1 and 2) and they
re suitable for developing new and sensitive chemiluminescent
nalytical procedures. Following comments are focused on this
roup.

In general, a significant increase in the chemiluminescent
mission intensity was observed with lamp ON [I(ON)/I(OFF)
atios] for reference compounds in different media were: asu-
am (46.7), ethoprophos (43.4), imazamethabenz-methyl (45),
ll in 10−3 M NaOH medium; aldicarb (87.5), ethoprophos
500), MCPA (125) and propoxur (150), all in 6 × 10−5 M
e(III); azamathiphos (50), bromoxymil (300), monolinuron
117), imazamethabenz-methyl and imazapyr (60), in 0.05%

2O2; aldicarb (58), ethoprophos (300) and ametryn (36) in
queous solution; aldicarb (70), EPTC (57), ethoprophos (40),
CPA (125) and oxadixyl (45), all 6 × 10−5 M in Fe(II). Only

ldicarb in H2O2, methomyl in NaOH and H2O2 media, and
hlorpropham in H2O2 and aqueous media yielded negative
esults with lamp ON and OFF. The only pesticide for which a
iminution of the chemiluminescence behaviour was observed
fter irradiation was azamethiphos in NaOH medium. Ame-
ryn, aminocarb, carbetamide, chlorfenac, dichloprop, endothal,
ymexazole, imazapyr, isocarbamide, metalaxyl, metazachlor,
onolinuron, nicotine, phosphamidon, 2,4,5-T, thiofanox and

ribenuron did not presented native chemiluminescence in at
east four of the tested media, but turned into strong chemilumi-
escent compounds in all media after irradiation (Table 3).

Attending the media of photodegradation, H2O2 provided
he best analytical signals (number of counts) after irradiation
ith the low-pressure mercury lamp. Nevertheless, the effec-

iveness of this medium on the chemiluminescent response was
lso confirmed with lamp OFF; only 25% of the pesticides
ested with H2O2 did not present chemiluminescence with lamp
FF and they did with lamp ON. This percentage increased

emarkably in the rest of media. About 65, 68, 75 and 57% of pes-
icides which did not present chemiluminescence or very weak
hemiluminescence behaviour (close to zero) with lamp OFF,
ere clearly chemiluminescent after UV-irradiation in NaOH,
e(III), aqueous solution and Fe(II) medium, respectively. The
est results (compromise between chemiluminescence intensity
nd effective conversion of non-chemiluminescent pesticides
nto chemiluminescent ones) were obtained employing Fe(III)
s photocatalyst.

Although the Ph-CL study was applied to a hetereogeneous
roup of pesticides, some families of pesticides are widely rep-
esented, so that the influence of the chemical structure on the
h-CL behaviour of pesticides can be studied by comparing

he analytical signal for structurally related compounds (e.g.
arbamates, ureas, organophosphorus, 1,3,5-triazines and imida-
olinones). Imidazolinone pesticides imazapyr, imazaquin and
mazamethabenz presented good Ph-CL behaviour; nevertheless

mazethapyr, differing from imazapyr in a ethyl radical bonded to
he N-heterocyclic ring, yielded a negative response against UV-
rradiation. Opposite to this behaviour are the 1,3,5-triazines.
he non-chemiluminescent character of atraton, prometon
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Table 2
Results obtained in the LDA study and classification of the compounds from
pattern of induced chemiluminescence activity proposed

Compound DFa Probabilityb Classc

Training group—active
Aminocarb 5.77 0.997 +
Benzatone 7.35 0.999 +
Carbetamide 8.03 1.000 +
Cinosulfuron 3.26 0.963 +
Dichlorprop 4.71 0.991 +
Endothall 2.00 0.881 +
2,5,4-T 3.18 0.962 +
Hymexazol −0.40 0.400 −
Imazapyr 2.10 0.891 +
Isocarbamide −4.15 0.016 −
MCPB 3.33 0.965 +
Metalaxyl 6.72 0.999 +
Metsulfuron methyl 3.45 0.969 +
Nicotine 4.67 0.991 +
Phosphamidon −0.82 0.306 −
Azamethiphos 2.72 0.938 +
Bromoxynyl 4.01 0.982 +
Chlorpropham 5.20 0.995 +
Cloprop 6.26 0.998 +
Dioxacarb 4.60 0.990 +
Ethoprophos 9.28 1.000 +
Fenuron 8.21 1.000 +
Imazamethabenz A 4.24 0.986 +
Imazaquin 2.66 0.934 +
MCPA 4.49 0.989 +
Mecoprop 5.09 0.994 +
Metamitron 9.75 1.000 +
Monolinuron 6.15 0.998 +
Oxadixyl 5.00 0.993 +
Thiofanox 1.85 0.864 +

Training group—inactive
Aldisuf −5.37 0.995 −
Amitrole −1.60 0.831 −
Chloralose alphe −7.59 0.999 −
Cyromazine −3.53 0.972 −
DNOC −0.01 0.503 −
Ethylene thiourea −8.92 1.000 −
Glufosinate ammoniun −6.25 0.988 −
Monocrotophos −3.61 0.974 −
Propanocarb −5.52 0.996 −
Secbumeton −2.81 0.943 −
Trichlorfon −7.61 1.000 −
Allidochlor −4.15 0.984 −
Butoxycarboxim −3.45 0.969 −
Crimidine −1.02 0.736 −
Dichlorvos −4.66 0.991 −
Ethephon −9.88 1.000 −
Fosetyl Al −8.42 1.000 −
Imazethapyr −0.17 0.543 −
Prometon −3.09 0.957 −
Propiconazole 0.79 0.312 +
Terbacil −2.44 0.920 −
Triflumizole −2.72 0.938 −

Test group—active
Aldicarb 0.36 0.589 +
Ametryn 3.66 0.975 +
Asulam 4.00 0.982 +
Chlorfenac 4.07 0.983 +
EPTC 1.77 0.854 +
Imazamethabenz B 3.79 0.978 +
Metazachlor 6.65 0.999 +

Table 2 (Continued )

Compound DFa Probabilityb Classc

Methomyl 2.46 0.921 +
Propoxur 6.01 0.998 +
Tribenuron 4.63 0.990 +

Test group—inactive
Bronopol −8.24 1.000 −
Daminozide −4.84 0.922 −
Dikegulac −13.20 1.000 −
Ethidimuron −0.40 0.598 −
2,4-D 4.10 0.016 +
Flupropanate −8.12 1.000 −
Methyl isothiocyanate −8.10 1.000 −
Pirimicarb −1.28 0.783 −
TCA −8.38 1.000 −
Thiazafluron −4.07 0.983 −

Training active and inactive group and test active and inactive group.
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a Value of the DF (discriminant function) for each compound.
b Probability of activity.
c The compounds are classified either as active (+) or inactive (−) according

o the value of column DF.

nd cyromazine was not affected by UV-irradiation; however,
metryn, containing a sulfur group (easily oxidisable under
xperimental conditions) bonded to the monocyclic heterocycle,
s a Ph-CL active compound. In general, carbamate pesticides
an be included in the active group presenting Ph-CL. This
as the case for aldicarb, asulam, carbetamide, chlorpropham,
ioxicarb, methomyl, propoxur and thiofanox. Butoxycarboxim
nd propanocarb were exceptions to the observed tendency.
rganophosphorus and urea pesticides are not clearly classi-
ed. Ureas are not significantly represented in the screening test
nd organophosphorus were found to be non-chemiluminescent
nd Ph-CL compounds in similar proportion.

The Ph-CL of pesticides is strongly dependent on the
hemical structure. Structurally related compounds presenting
carcely differences in their structure show very often different
hemiluminometric behaviour.

In order to check the present strategy as an effective way
or increasing and improving the number of substances and
uitable analytical procedures based on direct chemilumines-
ence detection, a search employing the analytical abstract
ata base (1980–2005) and the key words chemilumines-
ence and the name of pesticide included in group (b) was
erformed. The search yielded negative results (no previ-
us reported works related to the direct chemiluminescence
ehaviour of these compounds were published) for aminocarb,
zamethiphos, bentazone, carbetamide, chlorfenac, cloprop,
ichlorprop, dioxicarb, endothall, EPTC, ethoprophos, fenuron,
ymexazol, imazamethabenz-methyl, imazapyr, imazaquin, iso-
arbamid, MCPA, metalaxyl, metazachlor, metsulfuron-methyl,
onolinuron, oxadixyl, phosphamidon, 2,4,5-T, thiofanox and

ribenuron. Nevertheless, the positive response with lamp ON
as confirmed by the screening test.
.2. Molecular connectivity calculations

In this work, a set of 72 structurally heterogeneous pesticides
as analyzed. These comprise an inactive group (pesticides,
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Table 3
Theoretical classification and experimental results for tested compounds

Compound DFa Probabilityb Theoretical classc Experimental result Mediumd

Clopyralid 1.48 0.805 + + All tested media
Cycluron −5.43 0.995 − + Fe(III)/Fe(II)/H2O2

Cymoxanil −2.47 0.920 − − H2O2
e

Dimethenamid 3.40 0.968 + + All media
Fosamine −6.12 0.986 − − Fe(II)
Glyphosate −8.07 1.000 − + All media
Mecoprop 5.09 0.993 + + Fe(III)/Fe(II)/H2O/H2O2

Mepiquat −1.28 0.783 − + NaOH/Fe(III)/Fe(II)/H2O2

Metolcarb 6.25 0.998 + + All media
Picloram 0.21 0.541 + + Fe(III)/Fe(II)/H2O/H2O2

Trinexapac-ethyl 2.77 0.940 + + All media

a Value of the DF (discriminant function) for each compound.
b Probability of activity.
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fied as active compounds, the first one in the training group
and the other one in the test group, with a probability higher
than 0.97. In the 1,3,5-triazine family cyromazine and prome-
ton were inactive but ametryn was correctly included in the
c The compounds are classified either as active (+) or inactive (−) according
d Media with chemiluminescent response after UV-irradiation.
e Very weak chemiluminescent behaviour.

hich do not present chemiluminescence with lamp OFF and
N, and an active group (CL-pesticides, which either increased
ramatically the CL-response with lamp ON, or turns into
hemiluminescent ones after irradiation). From an analytical
oint of view the most interesting Ph-CL effects are included
n group (b) and these pesticides are suitable for developing
ew and sensitive chemiluminescent analytical procedures. Each
roup was separated in two groups, the training and the test
roup. Based on this, the obtained discriminant functions were
alidated.The discriminant function (DF) chosen was:

F = 1.061 ST (aCHa) + 3.374 SS + 7.867J2 − 15.01410χP

+1.3461χv − 9.6044χC + 102.626χv
CH − 12.740

= 72, F = 18.37, U-statistics (Wilks’ λ) = 0.238

Charge indices Ji, mχt connectivity indices and elec-
rotopological indices used as topological descriptors in
he discriminant function are related to the distribution of
ntramolecular charge and pure structural features, respectively.

Table 2 shows the classification of the results obtained with
he DF for each group. A pesticide will be considered active
f DFi > 0, or inactive if DFi < 0. In the training group (active
nd inactive group) an accuracy of 90 and 95.5%, respectively
as observed. Moreover, a success of probability of 100% and
0% was obtained respectively with the test groups (active and
nactive).

Distribution diagrams can be constructed representing the
xpectancy for each classification group in any range of DF. The
verlapping region of the graphs is related to the discriminant
ower of the DF function. The discriminant ability of the DF
unction is associated to a small or nonexistent (in the limit)
verlapping region. Distribution diagrams for training and test
roups are depicted in Fig. 3.
The discriminant power of the proposed DF was con-
rmed by the correct classification of closed structurally
elated compounds. Imidazolinone pesticides imazapyr, imaza-
uin (training active group) DFi > 0 and a probability higher than

F
W
t
g

value of column DF.

.89. Imazamethabenz (actually a mixture of imazamethabenz
(2-(4-isopropyl-4-methyl-5-oxo-4,5-dihydro-1H-imidazol-2-

l)-5-methyl-benzoic acid methyl ester) and imazamethabenz
(2-(4-isopropyl-4-methyl-5-oxo-4,5-dihydro-1H-imidazol-2-

l)-4-methyl-benzoic acid methyl ester) could be emphasized.
oth of the them (imazamethabenz A and B) were classi-
ig. 3. Distribution diagrams for photoinduced chemiluminescence activity.
hite line: non-photoinduced chemiluminescence pesticides. Black line: pho-

oinduced chemiluminescence pesticides. Upper: training group. Lower: testing
roup.
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ctive group. In general, carbamate pesticides presented DFi > 0.
his was the case of aldicarb, aminocarb, asulam, carbetamide,
hlorpropham, EPTC, methomyl, propoxur and thiofanox. Nev-
rtheless, propamocarb, pirimicarb and butoxycarboxim were
lassified as inactive compounds.

Finally, the discriminant function was applied to structures
ot employed in the development and validation of the DF
unction. The criterion DF > 0 was chosen for selecting new
esticides as potential Ph-CL compounds. The viability of the
heoretical prediction of the Ph-CL of pesticides was experi-

entally confirmed by testing the theoretically active pesticides
n the multicommutation flow assembly. Good correlation was
ound for the tested compounds (see Table 3).

. Conclusions

An automated procedure based on the multicommutation
pproach for the on-line photodegradation-direct chemilumines-
ent determination of pesticides is presented.

The photolysis provided by low-pressure mercury lamps of
ermicidal use permits to increase the number of compounds of
nvironmental interest to be determined by direct chemilumines-
ence (even compounds without or very weak chemiluminescent
ehaviour) thanks to the chemiluminescence properties of the
esulting photofragments. Although the short time of photoir-
adiation (150 s), dramatic differences were observed for many
esticides.

The use of low pressure mercury lamps in photodegrada-
ion processes allows the determination of compounds which
o not present “native” chemiluminescence by using the
ppropriated medium of photodegradation (e.g. chlorpropham,
ichloprop, endothall, hymexazol, methomyl, nicotine, phos-
hamidon, etc.).

The proposed systems led to strong chemiluminescence
or aldicarb, aminocarb, bromoxymil, ethoprophos, imazapyr,
mazaquin, imazamethabenz methyl, monolinuron, propoxur,
tc. In general, a great improvement of the sensitivity was
btained.

Molecular connectivity is a effective molecular topological
ool for the prediction of photoinduced chemiluminescence. It
s possible to predict the Ph-CL tendency for a pesticide and,
herefore, to develop suitable direct chemiluminescent analytical

ethods. From six compounds whose Ph-CL behaviour was pre-
icted, six were found experimentally as chemiluminescent after
V-irradiation with a low-pressure mercury lamp. The obtained

esults corroborate the goodness of the selected descriptors for
topological characterization of pesticides.

LDA provides a pattern for the classification of pesticides
active and inactive against Ph-CL) attending their topological
imilarity.

Moreover, Ph-CL behaviour was found for pesticides (e.g.
minocarb, bentazone, carbetamide, chlorfenac, dichloprop,
PTC, hymexazol, imazamethabenz-methyl, imazaquin, iso-

arbamid, MCPA, metazachlor, metsulfuron-methyl, oxadixyl,
,4,5-T, etc.) for which no previous reported works related to the
irect chemiluminescence behaviour of these compounds were
ublished.
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bstract

An amperometric biosensor for sensitive and selective detection of glucose has been constructed by using highly dispersed Pt nanoparti-
les supported on carbon nanotubes (Pt-MWCNTs) as sensing interface. The Pt-MWCNTs were synthesized by using the two-step pyrolysis
ethod. This composite shows good electrocatalytic activity towards the oxidation of glucose in alkaline and thus can be used to selectively

etect glucose. We found that detection potential and Nafion amount covered on the Pt-MWCNTs modified glassy carbon electrode had con-
iderable influence on the selectivity for amperometric detection of glucose. Under optimal detection conditions (detection potential of 0.0 V

ersus SCE and 10 �L 1.5% Nafion), selective detection of glucose in the glucose concentration range of 1.0–26.5 mM (correlation coeffi-
ient, >0.999) can be performed. The results demonstrate that the Pt-MWCNTs composite is promising for the fabrication of nonenzymatic
lucose sensors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Determination of dissolved glucose is of great importance in
arious areas [1–4]. Many previous studies on glucose detec-
ion included the use of enzyme glucose oxidase [2,5], which
atalyzes the oxidation of glucose in the presence of oxygen to
ydrogen peroxide that can be amperometric detected. However,
ue to the intrinsic nature of enzymes, such enzyme-based sen-
ors suffer from the instability problem [6–8]. Studies have been
ttempted to detect glucose based on its direct electrochemical
xidation. However, conventional platinum or gold electrodes
ave the shortcoming of low electrocatalytic activity towards the
xidation of glucose due to the poisoning effect of reaction inter-
ediates (e.g., adsorbed CO) [6,9], resulting in low sensibility,
oor selectivity. On the other hand, the electrochemical detection
f glucose with conventional electrodes was influenced heavily
y the interfering electroactive species such as ascorbic acid

∗ Corresponding author. Tel.: +86 25 83597436; fax: +86 25 83597436.
E-mail address: xhxia@nju.edu.cn (X.-H. Xia).

i
h

m
t
i
e

039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.12.037
nalysis

AA), uric acid (UA), and p-acetamidophenol (PP) under physi-
logical conditions [10,11]. Since the electrocatalytic oxidation
f glucose on platinum electrodes is a kinetic controlled reaction,
ts oxidation rate can be enhanced by increasing the real surface
rea. While the electrochemical responses of the common inter-
ering species of ascorbic acid, uric acid and p-acetamedophenol
ill not be changed significantly since their electrochemical
xidation are diffusion controlled. Therefore, porous platinum
lectrodes with high roughness factors can be used to sensi-
ively and selectively detect glucose without interference from
he common interfering electroactive species. We and others
eported that mesoporous platinum [12], three-dimensionally
rdered macroporous platinum [9], and highly ordered platinum-
anotubes arrays [11,13,14] could be the potential catalytic
nterfaces for construction of nonenzymatic glucose sensors with
igh selectivity and sensitivity.

Carbon nanotube (CNT) has been proven to be one of the

ost functional nanomaterials because of its remarkable elec-

ronic and mechanical properties [15]. Explorations of the CNTs
n biological and medical applications have become a rapidly
xpanding research field [16,17], especially in electrochemistry.



8 lanta

Y
o
E
m
e
p
c
t
m
i
p
c

m
a
I
a
t
o
A
t
p
t
a
a
e
a
A
s
s
a
o
w
o
c
d
n

z
p
o
a
m
w
M
o
p

2

2

b
m
t
t

w
t
f
w
a
w
7
M
b
r

2
c

P
t
M
s
P
u
a
d

o
(
e
t
M
s
r

2

d
p
e
o
u
(
p

m
t
e
c
t
t
s
c
c

20 L.-Q. Rong et al. / Ta

e et al. [2] for the first time reported the nonenzymatic detection
f glucose using a CNTs modified Glass Carbon (GC) electrode.
lectrochemical detection of carbohydrates at carbon nanotube
odified glassy carbon electrodes was also reported [3]. How-

ver, Compton and his coworkers recently reported that the
reviously reported electrocatalytic activity of carbon nanotubes
ame from the metal impurities [18]. They also demonstrated
hat the electrocatalytic reduction of hydrogen peroxide at a

ulti-walled carbon nanotube modified electrode is due to the
ron oxide particles arising from the chemical vapor deposition
rocess rather than due to the intrinsic catalytic activity of the
arbon nanotubes [19].

We recently reported a method for the fabrication of noble
etallic nanoparticles supported on carbon nanotubes by using
two-step approach including adsorption and pyrolysis [20,21].

n this method, the functional groups of the carbon nanotubes
ct as nucleation sites for the growth of platinum particles, thus,
he platinum nanoparticles are highly dispersed on the side wall
f the carbon nanotubes (Pt-MWCNTs) and have good stability.
s mentioned above, glucose can be electrochemically oxidized

o gluconic acid at a platinum electrode. Parallel to this reaction,
oisoning intermediate (adsorbed CO) is formed, which poisons
he electrode surface. The total oxidation mechanism of glucose
t platinum electrode is similar to that of ethanol. The generally
ccepted dual-pathway mechanism of the electrooxidation of
thanol has been demonstrated [22–25]. The ethanol molecules
dsorb on a site which is initially covered by a water molecule.
dsorbed ethanol can dissociate to produce adsorbed CO and

ome other H-containing adsorbed residues. Platinum electrode
urface will be rapidly poisoned by the strongly adsorbed CO
nd ethanol electrooxidation is thus prevented before CO being
xidized at much higher overpotentials. In another oxidation
ay, ethanol is directly oxidized to form solvable intermediates
f acetaldehyde or acetic acid. We believe that the Pt-MWCNTs
omposite could be an active electrocatalyst towards the oxi-
ation of glucose and is promising for the fabrication of a
onenzymatic glucose sensor.

In this communication, we report the fabrication of a nonen-
ymatic biosensor for selective detection of glucose by using
latinum nanoparticles supported on multi-walled carbon nan-
tubes as the catalyst. The Pt-MWCNTs composite was prepared
s we reported previously [20,26] and characterized by Trans-
ission Electron Microscope (TEM). Electrochemical methods
ere used to characterize the electrocatalytic activity of the Pt-
WCNTs towards the oxidation of glucose. Selective detection

f glucose using the present catalyst was optimized by choosing
roper experimental conditions.

. Materials and methods

.1. Functionalization of multi-walled carbon nanotubes

Carbon nanotube is very hydrophobic and cannot be wetted

y aqueous solution for its high surface tension [27]. Surface
odification is of importance to improve metal ions adhesion to

he carbon nanotube. According to our previous report [20,21],
he multi-walled carbon nanotube (Shenzhen Nanotech Co. Ltd.)

p
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as purified by refluxing in a 5 M HNO3 aqueous solution for 5 h
o remove the metallic nickel particles that served as a catalyst
or the growth of MWCNTs, and then washed with deionized
ater for several times. The purified MWCNTs were refluxed in
mixture of HNO3 and H2SO4 (1:1) for 2 h and then filtrated and
ashed with deionized water until the solution pH approached
.0. FTIR analysis of the resulting MWCNTs shows that the
WCNTs surface has functional groups such as phenol, car-

onyl and carboxyl groups located at ca. 1720 and 3440 cm−1,
espectively [20].

.2. Deposition of Pt nanoparticles on the multi-walled
arbon nanotubes

The functional MWCNTs were stirred in 0.04 M
tCl4–C2H5OH solution for ca. 2 h. Then, they were fil-

rated and dried at room temperature. Pyrolysis of the pretreated
WCNTs adsorbed with platinum salts was carried out in a

elf-made furnace at 500 ◦C for 1 h to form black powder of
t-MWCNTs composite. The whole process was carried out
nder N2 atmosphere for avoiding the incursion of oxygen
nd at the meantime removing the gaseous byproducts formed
uring the pyrolysis process.

Infrared spectroscopic analysis of the functional carbon nan-
tube was carried out on a Tensor-27 Fourier IR spectrometer
Bruker, USA) equipped with a MCT detector. Transmission
lectron microscopic (TEM) images and X-ray diffraction pat-
erns were measured on JEM 200CX (JEOL, Japan), ESCALAB

KII (VG company, United Kingdom) using an Mg K� X-ray
ource, X’Pert X-ray diffraction spectrometer (Philips, USA),
espectively.

.3. Preparation of Pt-MWCNTs electrode

1.2 mg Pt-MWCNTs powder was dispersed in 300 �L
imethylformamide (DMF). Nafion solution (1.5%) was
repared by diluting 5% Nafion solution (Aldrich) with
thanol. 2.5 �L Pt-MWCNTs composite in DMF was cast
n a well-polished glassy carbon electrode (φ = 3 mm) twice
nder atmosphere. After the film was dried, Nafion solution
1.5% in ethanol) was pipetted on the catalyst surface for
rotection.

Electrochemical characterization of the Pt-MWCNTs-Nafion
odified GC electrode was performed on a CHI 800 Elec-

rochemical Station (CH Instrument, USA) with a modified
lectrode as the working electrode, a platinum sheet as the
ounter electrode and a Saturated Calomel Electrode (SCE) as
he reference, respectively. All potentials in this work refer to
he SCE. Amperometric measurements were carried out under
tirred condition, and the response currents were marked with the
hange value between the steady-state current and background
urrent.

All chemicals were of analytical grade and solutions were

repared with deionized water from a pure system (>18 M�,
urelab Classic Corp., USA). All the electrochemical experi-
ents were carried out in nitrogen saturated solutions and at

oom temperature.
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glucose in solution, the CV shows a very complicated electro-
chemical behavior. In the positive potential scan, three anodic
current peaks appear at −0.73, −0.25 and +0.11 V, respectively.
Fig. 1. (a) TEM image of the functional MWCNTs; (b) TEM

. Results and discussion

.1. Characterization of the Pt-MWCNTs composite

Fig. 1 shows the TEM images of the functional multi-walled
arbon nanotube (a) and the Pt nanoparticles supported on the
WCNTs (b), respectively. As shown in Fig. 1a, the functional
WCNTs has an outer diameter of ca. 40 nm and inner diameter

f ca. 5 nm. After deposition of Pt, the TEM image shows that
ighly dispersed Pt nanoparticles evenly distributed on the side-
all of the MWCNTs. The highly dispersed Pt nanoparticles
n the sidewall of the MWCNTs may provide large available
urface and enhance the electrocatalytic activity towards the
xidation of glucose.

Fig. 1c shows the X-ray diffraction pattern of the Pt nanopar-
icles supported on carbon nanotubes. The diffraction peaks
t around 2θ of 39.7◦ (1 1 1), 46.2◦ (2 0 0), 67.4◦ (2 2 0), and
1.2◦ (3 1 1) can be assigned to the Pt face-centered cubic (fcc)
tructure. The diffraction peak at 26.5◦ can be attributed to the
exagonal graphite structures (0 0 2). The average particle size
f the deposited Pt-catalysts was calculated to be ca. 9 nm from
he (1 1 1), (2 0 0) and (2 2 0) X-ray diffraction peaks of the Pt
ubic (fcc) lattice in terms of the Scherrer’s equation [28].

.2. Electrocatalysis of glucose at a Pt-MWCNTs

omposite modified electrode

The electrocatalytic activity of the Pt-MWCNTs composite
owards the oxidation of glucose in an alkaline solution was first

F
e
(

e of the Pt-MWCNTs; (c) XRD pattern of the Pt-MWCNTs.

emonstrated. Fig. 2 shows the cyclic voltammograms of the
t-MWCNTs-Nafion modified GC electrode in a 0.1 M NaOH
olution with (solid curve) and without (dashed curve) 5 mM glu-
ose at a scan rate of 100 mV s−1. In the alkaline solution, the CV
hows the characteristics of a platinum electrode including the
ydrogen region (−1.0 to −0.6 V), double layer region (−0.6 to
0.3 V) and the oxide formation region (−0.4 to +0.6 V). With
ig. 2. Cyclic voltammograms (CVs) of a Pt-MWCNTs-Nafion modified GC
lectrode in a 0.1 M NaOH solution in the presence (solid curve) and absence
dotted curve) of 5 mM glucose at a scan rate of 100 mV s−1.
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Fig. 3. Effect of the volume of 1.5 wt% Nafion solution on the amperometric
r
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of the Pt-MWCNTs-Nafion modified GC electrode for glucose
oxidation, CVs of glucose on MWCNTs that experienced the
same pyrolysis conditions as the Pt-MWCNTs was also car-
ried out. In this experiment, cyclic voltammograms (CVs) of
esponse of the Pt-MWCNTs modified GC electrode at 0.0 V in a solution of
.1 M NaOH containing 0.1 mM ascorbic acid (solid triangles) or 1 mM glucose
empty circle).

he first current peak should be due to the electrochemical
dsorption of glucose to form an adsorbed intermediate. At
otentials positive with respect to this peak, accumulation of
he intermediates (e.g., adsorbed CO) on the electrode surface
nhibits the further adsorption of glucose, resulting in a decrease
n current. At a potential of about −0.53 V, Pt–OH surface
pecies start to form in the NaOH solution (compare with the
V in alkaline solution without glucose). The Pt–OH species
an then oxidize the poisoning intermediates derived from the
lectrochemical adsorption of glucose to form the anodic cur-
ent peak at −0.25 V. This process releases free platinum active
ites for the direct oxidation of glucose, resulting in the third

nodic current peak at +0.11 V. The decrease in current after the
hird current peak could be due to the formation of thick plat-
num oxide which in turn inhibits the oxidation of glucose as
ell. In the negative potential scan, two cathodic current peaks

ig. 4. Amperometric responses of the Pt-MWCNTs-Nafion modified GC elec-
rode at different detection potential upon successive additions of 80 �L solution
ontaining 0.5 M glucose into 40 mL 0.1 M NaOH. The detection solution was
ontinuously stirred. Detection potential: −0.2 V (a), −0.1 V (b), 0.0 V (c),
0.1 V (d) and +0.2 V (e).
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ppear. The cathodic current peak at −0.40 V should be due
o the reduction of platinum oxide that is formed in the posi-
ive potential scan. The peak at −0.82 V could be due to the
eduction of the oxidized products of glucose or desorption of
he oxidation products (gluconic acid and any derivatives), since
his peak is only apparent in the presence of glucose.

In order to understand the observed electrochemical behavior
ig. 5. Selectivity of the modified electrode at 0.0 V (a), 0.1 V (b) and 0.2 V
c) in a solution of 0.1 M NaOH + 1.0 mM glucose upon continuous addition of
.02 mM UA, 0.10 mM AP, and 0.10 mM AA in 0.1 M NaOH. The current for
lucose on the modified electrode was taken as 100%, and the currents for the
nterfering electroactive species were normalized to the current for glucose.
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he MWCNTs-Nafion modified GC electrode in a 0.1 M NaOH
olution with and without glucose are almost the same, only
howing a peak pair located at around −0.4 V which is due to the
edox behavior of the carboxylic acid groups on the functional

WCNTs surface [29]. Obviously, the functional MWCNTs do
ot show obvious electrocatalytic activity towards the oxidation
f glucose in alkaline solution. Therefore, the observed electro-
atalytic oxidation of glucose on the Pt-MWCNTs composite
odified electrode is due to the presence of platinum nanopar-

icles, but not the MWCNTs itself or impurities such as iron
xide, which is in good agreement with that reported recently
18,19].

.3. Effect of Nafion on the electrochemical response of the
odified electrode

Curulli et al. [30] reported a glucose biosensor based on PB
upported on non-conventional conducting polymer nanotubes.
t had high selectivity for H2O2 and high rejection towards
he common interferences. Alternatively, we used Prussian
lue as electrocatalyst for the reduction of hydrogen perox-
de generated from an enzymatic reaction [31]. In addition,
e suggested a dual-electrode pair system with diffusion layer
istance gap to completely deplete interfering species, thus,
elective and sensitive detection of glucose can be realized
32,33]. In addition, Tang et al. [14] reported that Nafion film
as good anti-interferent ability to ascorbic acid during glucose
etection.

Fig. 3 indicates that the anodic response of the Pt-MWCNTs
odified GC electrode at 0.0 V in a solution of 0.1 M NaOH

ontaining 0.1 mM ascorbic acid or 1 mM glucose decreases
ith the increase of Nafion amount covered on the electrode

urface. As the Nafion volume increased from 0 to 10 �L, the
mperometric response of AA significantly decreased from 2.44
o 0.06 �A; while for glucose, it decreases slightly from 0.99 to
.43 �A. It is clear that the decrease in amperometric response

or ascorbic acid upon increase of Nafion is much faster than
or glucose. Therefore, we can selectively detect glucose simply
y increasing the Nafion amount. In the following experiments,
0 �L 1.5% Nafion solution was cast on the modified electrodes.

m

c
s

ig. 6. Hydrodynamic response (a) of the Pt-MWCNTs-Nafion modified gold elect
0 mL 0.1 M NaOH (volume correction considered) for each current step and the cor
72 (2007) 819–824 823

.4. Amperometric response to glucose and interfering
lectroactive species

In this section, the effect of detection potential on
he amperometric detection of glucose was investigated. In
he measurements, the amperometric responses of the Pt-

WCNTs-Nafion modified GC electrode at different detection
otential in a solution of 0.1 M NaOH upon addition of glu-
ose were recorded. The results are shown in Fig. 4. Addition
f glucose was marked with arrows to the concentrations men-
ioned. It is clear that the response current of the modified
lectrode abruptly increases to steady-state values upon addi-
ion of glucose. The response time is only about 10 s. In addition,
he response sensitivity of glucose increases significantly with
he potential increasing from −0.1 to 0.0 V. At more positive
etection potentials (0.0 to +0.2 V), it changes slightly.

The normal physiological level of glucose is 3–8 mM, which
s much higher than that of the interfering species, AA, UA and
P, ∼0.1 mM. Since the interfering species have higher electron

ransfer rates than glucose, their oxidation currents are compa-
able to that from highly concentrated glucose. Therefore, the
mperometric responses of the modified electrode at 0.0, 0.1 and
.2 V in solutions of 0.1 M NaOH + 1 mM glucose and 0.1 M
aOH with continuous addition of 0.02 mM UA, 0.10 mM AP,

nd 0.10 mM AA were evaluated, respectively. For a better com-
arison, the response current of 1 mM glucose is set as 100%,
nd the responses of the interfering species are normalized by
his value. The results are shown in Fig. 5. For all these three
etection potentials, the interference from UA is neglectable;
hile interferences from the AP and AA are significant and

hey increase with the increase of the detection potential. At the
etection potential of 0.0 V (Fig. 5a), the interferences from UA,
P and AA are only 0.72%, and 2.14% and 24.5%, respectively.
his indicates that at the detection potential of 0.0 V, the present
ensor has good anti-interfere ability towards the three interfer-
nts and the selective and sensitive detection of glucose on the
odified electrode can be achieved.

Based on the above measurements, the optimal detection

onditions of the modified electrode towards glucose can be
ummarized as: the volume of 1.5% Nafion is 10 �L and the

rode at 0.0 V upon addition of 80 �L solution containing 0.5 M glucose into
responding calibration curve (b).
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etection potential is 0.0 V. Under these optimal conditions,
mperometric determination of glucose was carried out. As
hown in Fig. 6a, the amperometric response of glucose on
his modified electrode shows good stability over long term
erformance. The corresponding calibration curve (Fig. 6b)
hows two linear regions of glucose concentration, respec-
ively, in 1.0–11.7 mM (correlation coefficient, 0.9993) and
1.7–26.5 mM (correlation coefficient, 0.9995).

. Conclusions

We have synthesized Pt-catalysts supported on carbon nan-
tubes by using the two-step process including adsorption and
yrolysis. The Pt nanoparticles disperse uniformly on the side-
alls of the carbon nanotubes. The resulting Pt-MWCNTs

atalyst shows high electrocatalytic activity towards the oxida-
ion of glucose in alkaline solution, and thus can be successfully
sed to selectively detect glucose. Results showed that the
t-MWCNTs catalyst modified electrode covered with 10 �L
.5% Nafion at a detection potential of 0.0 V versus SCE had
ood anti-interfere ability towards UA, AP and AA. Good
inear dependence of the amperometric response of the mod-
fied electrode on the glucose concentration range from 1 to
6.5 mM was achieved. The present communication shows that
he Pt-MWCNTs composite is promising for the fabrication of
onenzymatic glucose sensors.
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19] B. Šljukić, C.E. Banks, R.G. Compton, Nano Lett. 6 (2006) 1556.
20] Y.L. Yao, D. Zhang, X.H. Xia, Chin. J. Inorg. Chem. 20 (2004) 531.
21] Y.L. Yao, Y. Ding, L.S. Ye, X.H. Xia, Carbon 44 (2006) 61.
22] J. Willsau, J. Heitbaum, J. Electroanal. Chem. 194 (1985) 27.
23] T. Iwasita, B. Rasch, E. Cattaneo, W. Vielstich, Electrochim. Acta 34 (1989)

1073.
24] S.C. Chang, L.W.H. Leung, M.J. Weaver, J. Phys. Chem. 94 (1990)

6013.
25] J. Shin, W.J. Tornquist, C. Korzeniewski, C.S. Hoaglund, Surf. Sci. 364

(1996) 122.
26] J. Li, Y.B. Wang, J.D. Qiu, D.C. Sun, X.H. Xia, Anal. Bioanal. Chem. 383

(2005) 918.
27] E. Dujardin, T.W. Ebbesen, H. Hiura, K. Tanigaki, Science 265 (1994)

1850.
28] J.Z. Wang, H.Z. Huang, X.A. Mao, in: L. Fei, J.M. Hu, G.S. Pan (Eds.),

Nanoparticle Analyse, vol. 1, Chemical Engineering Press, Beijing, 2003
(Chapter 9).

29] H.X. Luo, Z.J. Shi, N.Q. Li, Z.N. Gu, Q.K. Zhuang, Anal. Chem. 73 (2001)
915.

30] A. Curulli, F. Valentini, S. Orlanduci, M.L. Terranova, G. Palleschi,
Biosens. Bioelectron. 20 (2004) 1223.
31] D. Zhang, K. Zhang, Y.L. Yao, X.H. Xia, H.Y. Chen, Langmuir 20 (2004)
7303.

32] K. Wang, D. Zhang, T. Zhou, X.H. Xia, Chem. Eur. J. 11 (2005) 1341.
33] K. Wang, J.J. Xu, D.C. Sun, H. Wei, X.H. Xia, Biosens. Bioelectron. 20

(2005) 1366.



A

v
m
�
S
v
i
p
f
a
©

K

1

t
s
t
e
t
s
I
a
s
o

l
o
t

0
d

Talanta 72 (2007) 497–505

Multisensor system for determination of polyoxometalates
containing vanadium at its different oxidation states

Alisa Rudnitskaya a,∗, Dmitry V. Evtuguin b, Jose A.F. Gamelas b, Andrey Legin a

a Department of Chemistry, St. Petersburg University, Russia
b Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal

Received 6 June 2006; received in revised form 23 October 2006; accepted 8 November 2006
Available online 12 December 2006

bstract

The electronic tongue (ET) multisensor system has been employed for the detection of metal-oxygen cluster anions (polyoxometalates) containing
anadium (IV/V) atoms. Sensitivity of a variety of potentiometric chemical sensors with plasticized polyvinyl chloride and chalcogenide glass
embranes was evaluated with respect to vanadyl/vanadate ions, decavanadate and a series of Keggin-type polyoxometalates (POM) such as
-[SiW11VIVO40]6−, �-[SiW11VVO40]5−, �-[BW11VIVO40]7−, �-[BW11VVO40]6−, �-[PW11VIVO40]5− and �-[PW12−nVn

VO40](3+n)− (n = 1, 2, 3).
ensor’s responses to vanadium complexes were evaluated in the pH range of 2.4–6.5 and a set of sensors appropriate for detecting a variety of
anadium species was selected. Such sensor array was able to distinguish different vanadium complexes allowing their simultaneous quantification

V 5−
n binary (V(IV)/V(V)) mixtures. The vanillyl alcohol oxidation with �-[SiW11V O40] was monitored using ET to evaluate the capacity of
roposed analytic system to detect simultaneously V(IV)/V(V) in POM under dynamic equilibrium. ET was demonstrated to be a promising tool
or the discrimination and quantification of vanadium-containing POMs at different oxidation states. In particular, such a system could represent
significant interest for the mechanistic studies of redox reactions with POMs.
2006 Elsevier B.V. All rights reserved.
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eywords: Electronic tongue multisensor system; Keggin-type polyoxometalat

. Introduction

Polyoxometalates (abbreviated as POM) [1,2] have been a
opic of interest among researchers due to their high potential in
everal fields that range from classical coordination chemistry
o homogeneous and heterogeneous catalysis [3,4], material sci-
nce [5], medicine [6], etc. One topic of special interest from
he point of view of polyoxometalate science and catalysis is the
peciation of polyoxometalates in aqueous or organic solutions.
n homogeneous catalytic systems, where POMs are used as cat-
lysts, several species of a POM may co-exist simultaneously in
olution during catalysis experiments that depends on the POM
rigin and its stability under particular experimental conditions.

Phosphovanadomolybdates of the Keggin-type and formu-

ae [PMoxV12−xO40](3+x)−, such as [PMo10V2O40]5− among
thers, have been extensively studied as catalysts for the oxida-
ion of several types of organic substrates with oxygen in liquid

∗ Corresponding author. Tel.: +7 812 3282835; fax: +7 812 3282835.
E-mail address: alisa.rudnitskaya@gmail.com (A. Rudnitskaya).
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tentiometric chemical sensors; Vanadium detection

hase systems [7–9], including delignification of lignocellulosic
aterials [10–12]. In the catalytic process it is assumed that the

ubstrate is oxidized while the vanadium (V) atoms of poly-
xometalates are reduced to V(IV). The cycle is completed by
e-oxidation of vanadium centres in polyoxometalate by O2. It is
f some controversy if vanadium redox processes occur inside
he Keggin-type structure of POM or outside. Whether or not
anadium leaves the POM in the form of “VO2

+” (or perhaps
ore probable in the form of the more labile “VO2+” after reduc-

ion step) remains to be solved. In such case, a mixture of POM
n oxidized and reduced forms and of vanadium outside POM,
s VO2

+ and VO2+, respectively, or other species is possible.
herefore, a rapid analytical technique capable of distinguishing
ll these forms of vanadium species in solution is of significant
nterest.

Several analytical methods can be used for measuring and
peciating vanadium and vanadium-containing POM in solu-

ions. 17O, 183W (1D and 2D), 51V and 31P NMR have been used
or the characterization of POM (mostly diamagnetic species)
n both aqueous and non-aqueous systems. 183W NMR, in par-
icular, was used to determine the structures of POM in solution
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�-K7[BW11V O40]·7H2O (6) and �-K6[BW11V O40]·8H2O
(7) were prepared according to the previously described proce-
dures [14,17]. The purity of these compounds was confirmed
using UV–vis spectroscopy for vanadium (IV) compounds

Table 1
The studied vanadium-containing compounds

Compound pH stability range Concentration
range (mM)

1 VIVOSO4 0.001–10
2 KVVO3, NaVVO3 0.001–10
3 Na6[V10

VO28] 0.001–10
4 �-K6[SiW11VIVO40] 2–8 0.001–1
5 �-K5[SiW11VVO40] 2–8 0.001–1
6 �-K7[BW11VIVO40] 2–8 0.001–1
7 �-K6[BW11VVO40] 2–8 0.001–1
98 A. Rudnitskaya et al. /

.g. [13–16]. This is, however, a difficult nucleus due to its com-
aratively low natural abundance and low inherent sensitivity
13,17], and satisfactory NMR spectra require the use of con-
entrated solutions and long accumulation times: typically, good
D 183W NMR requires the use of concentrations higher than
.1 M and total time of acquisition of several days (about 3 days).

In contrast, 51V and 31P NMR provide relatively rapid iden-
ification because of their inherently higher sensitivity and
bundance [17]. Solutions with concentrations of POM in the
illimole range may be enough for a relatively fast acquisition

f spectrum. Several works concerning the speciation of vana-
ium by using 51V NMR in aqueous solutions at different pH
nd in the presence of several types of ligands such as amino
cids, and hydrogen peroxide were reported [18,19]. The major
imitation of 51V and 31P NMR is the analyses of solutions of
OM that have paramagnetic ions such as vanadium (IV), man-
anese (II, III) or iron (III) in their (primary) structure. Most of
he signals are broad or even unobservable by NMR.

EPR spectroscopy was used for characterization of vana-
ium (IV)-containing POM. Information regarding the g and
parameters and delocalization of electrons among the vana-

ium centres in vanadium-substituted Keggin-type anions has
een provided [20,21]. Due to the hyperfine coupling with the
anadium nucleus and the usual delocalization of the unpaired
lectron in more than one vanadium centre for those multi-
ubstituted vanadium anions the spectra are usually complex.
n the case of solutions, where more than one species including
ifferent isomers are present, the spectra of the several para-
agnetic components will overlap, which will make difficult

r even impossible the quantification of the different vanadium
IV) species by EPR. It is worth noting that in the case of vana-
ium (V) species, EPR cannot be applied due to the d0 electronic
onfiguration of vanadium (V). Simultaneous and instantaneous
etection of V(IV) and V(V) containing species in solution using
MR and EPR techniques is impossible.
One of the emerging analytical techniques promising for

peciation of vanadium-containing species is the application of
ultisensor systems or electronic tongues (ET). ET comprises an

rray of cross-sensitive (partially selective) chemical sensors and
attern recognition and multivariate calibration methods for the
rocessing of their complex output [22,23]. The concept of the
lectronic tongue is based on organisation principles of human
ensory systems such as taste and olfaction, hence the name
f the device. However, actual design and sensing materials of
he electronic tongues have nothing in common with biologi-
al counterparts, thus, the performance also differs drastically.
n particular, the electronic tongues can be used for analysis
f poisonous and inedible media and also for multicomponent
uantitative analysis. This approach became popular during the
ast decade and several applications of multisensor systems for
uantitative and qualitative analysis of various liquids were
eported. These included analysis of foodstuffs (both recogni-
ion and detection of nutrients’ content), analysis of wastewaters,

atural waters, biotechnological growth media, etc. [20,21 and
eferences therein].

Electronic tongue based on potentiometric chemical sensors
as been developed in the ET group of St. Petersburg Univer-

1
1

ta 72 (2007) 497–505

ity. Chemical sensors with chalcogenide glass, crystalline and
lasticized polyvinyl chloride based membranes are employed.

wide range of sensor compositions is necessary to achieve
ensitivity to a big number of inorganic and organic ions as
ell as to certain red-ox substances. Applications of the ET to

he quantitative analysis and recognition or classification of a
umber of various media including foodstuffs and industrial
olutions were reported [22]. Simultaneous determination of
oncentrations of transition metals in industrial streams [24],
atural waters [25] and at low ppb levels in artificial seawater
26] using the ET system was performed. The results particularly
elevant to the present study include simultaneous determination
f metals in different oxidation states, namely Fe(III), Fe(II),
(IV) and U(VI) in mixed solutions [27]. This became possible

argely due to the use of the sensors displaying redox cross-
ensitivity in the array of ET. Thus, potentiometric electronic
ongue appears to be a promising tool for solving such problem
s detection and speciation of vanadium-containing species at
he different oxidation states.

The main goal of the present study was the development of
potentiometric multisensor system (ET) for fast measuring

f concentrations and discrimination of vanadium at different
xidation states in polyoxometalates.

. Experimental

.1. Preparation of polyoxometalate compounds

All studied compounds are listed in Table 1. Vanadyl sul-
hate (1) and sodium or potassium metavanadates (2) were from
erck Chem. Co. (Madrid). All POMs were synthesized in lab-

ratory at the Department of Chemistry of the University of
veiro.

Sodium decavanadate Na6[V10O28]·18H2O (3) was prepared
ollowing known procedure [28]. Compounds �-K6[�-
iW11VIVO40]·7H2O (4), �-K5[�-SiW11VVO40]·10H2O (5),

IV V
8 �-K5[PW11VIVO40] Up to 5 0.001–1
9 �-K4[PW11VVO40] Up to 3 0.001–0.5
0 �1,2-K5[PW10V2

VO40] Up to 3 0.001–0.5
1 �1,2,3-K6[PW9V3

VO40] Up to 5 0.001–0.5
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4 and 6) and 51V NMR for vanadium (V) compounds (5 and
). Compound �-K5[PW11VIVO40]·10H2O (8) was prepared
ccording to the procedure described in [14]. The purity of this
ompound was confirmed by UV–vis spectroscopy.

Compound �-K4[PW11VVO40]·4H2O (9) was prepared
ccording to the procedure described in [14,29]. Elemental anal-
ses, infrared spectroscopy data and 51V NMR confirmed the
solation of the vanadium mono-substituted � anion. Analyses
%), found (calcd.): P, 0.94 (1.04); W, 69.2 (68.0); V, 1.58 (1.71);
, 5.06 (5.26). FTIR (cm−1)—νas(P–O): 1999, 1077; 1065 (sh);

as(W–Od): 982; νas(W–Ob–W): 884; νas(W–Oc–W): 788.
Compound �-1,2-K5[PW10V2

VO40]·11H2O (10) was pre-
ared by reaction of �-A-[PW9O34]9− with VOSO4 followed
y oxidation with Br2 and re-crystallization in acidified water
t pH 2 [14]. Elemental analyses, infrared spectroscopy data
nd 51V NMR confirmed the isolation of the pure isomeric
orm of the vanadium di-substituted anion. Analysis: P, 0.91
1.03); W, 61.7 (61.2); V, 3.41 (3.39); K, 6.95 (6.50); W/V = 5.0.
TIR (cm−1)—νas(P–O): 1095, 1077, 1059; νas(W–Od): 963;
as(W–Ob–W): 893; νas(W–Oc–W): 788. 51V: −546.0 ppm
versus VOCl3), �ν1/2 = 150 Hz.

Compound �-1,2,3-K6[PW9V3
VO40]·13H2O (11) was pre-

ared by reaction of �-A-[PW9O34]9− with NaVO3 in sodium
cetate buffered solution at pH of 4.8 [14]. Chemical analysis,
nfrared data and 51V NMR confirmed the isolation of the pure
someric form of the vanadium tri-substituted anion. Analysis:
, 1.00 (1.05); W, 55.6 (56.1); V, 5.08 (5.19); K, 7.66 (7.96);
/V = 3.0. FTIR (cm−1): νas(P–O): 1086, 1055; νas(W–Od):

61; νas(W–Ob–W): 875; νas(W–Oc–W): 797. 51V: −558.8 ppm
versus VOCl3, pH 2.5), �ν1/2 = 332 Hz.

.2. Measurement procedures

Individual solutions of vanadyl sulphate, sodium and potas-
ium metavanadates and decavanadate and potassium salts of
he various heteropolyanions were measured using the sensor
rray. In particular, sensors’ sensitivity to POMs, containing sil-
con, boron or phosphorus and vanadium at oxidation states IV

nd V as well as to vanadium salts was evaluated. The list of
he studied substances together with ranges of their pH stabil-
ty and concentrations are shown in Table 1. Stock solutions
ere prepared by dissolving weighed amount of correspond-

c
m
p

able 2
ompositions of mixed solutions

Compounds Concentration (mM)

1 2 3

VIVOSO4 0.02 0.2 2
Na6V10

VO28 0.02 0.02 0.02

K6[SiW11VIVO40] 0.1 0.4 1.3
K5[SiW11VVO40] 0.1 0.1 0.1

K5[SiW11VVO40] 0.1 0.1 0.1
Na6V10

VO28 0.01 0.1 1

K5[SiW11VVO40] 0.01 0.1 1
VIVOSO4 0.1 0.1 0.1
ta 72 (2007) 497–505 499

ng dry salt in the distilled water acidified to pH 2 by sulphuric
cid.

Calibration solutions were prepared by diluting the stock
olutions with buffers. The following buffers were used as back-
round solutions for calibration measurements: sulphate with
H 2.4 and 3.2; acetate with pH 4.2 and 5.1 and phosphate with
H 6.5. All buffers were prepared from corresponding acids, pH
eing adjusted by addition of NaOH solutions. Concentration of
ll buffers was 0.1 mol L−1. At least three replicated calibration
easurements in solutions of each substance were run.
Measurements with the sensor system were carried out

n mixed solutions containing two substances simultaneously.
ompositions of these solutions are shown in Table 2. Mixed

olutions were prepared on the acetate buffer with pH 4.2, which
as found to be an optimal pH for measuring different species
f interest. Solutions were run in random order. At least three
eplicated measurements were made.

The oxidation of 4-hydroxy-3-methoxybenzyl (vanillyl)
lcohol with K5[SiW11VVO40] was monitored using the sensor
rray. Sensors were chosen based on the results of the previous
xperiments. This reaction was carried out at room temperature
n the acetate buffer at pH 4.2, where 1 mM of POM reacted
ith 1 mM of alcohol. The reaction was monitored employing
T and UV–vis spectroscopy. Concentrations of oxidized and

educed forms of vanadium were calculated using molar absorp-
ivities at 490 nm of 641 mol−1 l cm−1 for [SiW11VIVO40]6−
nd 35 mol−1 l cm−1 for [SiW11VVO40]5−. Sample for spectro-
copic measurements were taken 5 min, 10 min, 15 min, 20 min,
0 min, 61 min, 93 min, 120 min, 180 min, 241 min, 24 h 53 min
nd 52 h 13 min after the start of the reaction. It was found
hat full reduction of K5[SiW11VVO40] takes about 24 h. Mea-
urements with ET were carried out during only first 2 h after
he reaction start due to the limited time. Sensors’ potentials
ere registered every 20 s during this period, thus producing
16 points.

.3. Sensor array
The sensor array comprised 23 potentiometric cross-sensitive
hemical sensors, of which 6 were with chalcogenide glass
embranes (G series), 16 with polymer membranes based on

lasticized polyvinyl chloride (C series) and glass pH electrode.

4 5 6 7 8 9

0.02 0.2 2 0.02 0.06 0.2
0.2 0.2 0.2 2 2 2

0.1 0.4 1.3 0.1 0.4 1
0.3 0.3 0.3 1 1 1

0.3 0.3 0.3 1 1 1
0.01 0.1 1 0.01 0.1 1

0.01 0.1 1 0.01 0.1 1
0.3 0.3 0.3 1 1 1
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decavanadate. The aim of this experiment was to evaluate influ-
ence of different cations (sodium or potassium) and different
anion forms in salts (metavanadate or decavanadate) on the
sensor’s responses. Though metavanadate is supposed to form
00 A. Rudnitskaya et al. /

he sensors for the present study were chosen according to the
ollowing considerations: (i) sensors with chalcogenide glass
embranes, usually displaying red-ox sensitivity, were sup-

osed to be sensitive to vanadium at different oxidation states,
amely in POMs; (ii) sensors with plasticized polyvinyl chloride
embranes were expected to display sensitivity to vanadyl ions

this was confirmed in preliminary experiments) and, possibly,
o vanadates and decavanadates. All sensors were developed
nd produced in the Laboratory of Chemical Sensors of St.
etersburg University. Compositions of sensor membranes and
reparation details were published elsewhere [30,31].

Potentiometric measurements were carried out using
custom-made multichannel voltmeter with high input

mpedance. Sensors’ potentials were measured versus conven-
ional Ag/AgCl reference electrode. The sensors were washed
ith distilled water till they reached stable potential before and
etween measurements.

.4. Data processing

Parameters of sensor response in individual solutions of mea-
ured substances such as the slope of the electrode function
sensitivity) and the standard potential were calculated accord-
ng to the Nernst equation. The detection limit was estimated
s an interception of two linear parts of the sensor response
urve corresponding to presence and absence of response to the
rimary ion.

Processing of the data from the sensor array was done using
rincipal component analysis (PCA) and partial least square
egression (PLS). Both PCA and PLS are so-called projection
ethods that efficiently reduce number of original variables and

eject noise at the same [32]. Recognition of samples that is
olutions of different POMs was performed using principal com-
onent analysis (PCA). PCA is unsupervised method where only
atrix of independent X-variables is employed and no additional

nformation is necessary to perform analysis (data decomposi-
ion). This is a powerful tool for the data exploration since it
llows to represent output of in 2D form and give an impression
bout similarity and difference between samples, clustering, etc.
n the present work results of measurements using ET in the
olutions of different POMs were shown as plots of PCA scores
values of new, calculated variables).

Multivariate calibration models for concentration prediction
n mixed solutions were made using PLS. Separate calibration

odels were made for each compound. Test set validation was
sed in all cases. Test set comprised one-third of all data. Com-
ercial software the Unscrambler v. 7.8 by CAMO, Norway
as used for running PCA and PLS [32].

. Results and discussion

.1. Evaluation of sensor’s sensitivity in individual
olutions of vanadium-containing compounds
Sensitivity of potentiometric chemical sensors to vanadium
t different oxidation states (Table 1) was evaluated in the indi-
idual solutions. The measurements were carried out at different

F
b
f

ig. 1. Typical responses of two chemical sensors in the individual solutions
f vanadyl sulphate at pH 4.2. Mean of three replicated measurements together
ith standard deviations of sensor potential are shown.

H in the range from 2.4 to 6. As an example, typical responses
f potentiometric chemical sensors in the individual solutions
f vanadyl sulphate at the pH 4.2 are shown in Fig. 1.

Slopes of electrode functions of the sensors in solutions of
anadyl and vanadates at different pH are shown in Fig. 2. The
ensors with plasticized polymer membranes (series C) dis-
layed sensitivity to vanadyl ions, whereas the sensors with
halcogenide glass membranes (series G) displayed sensitivity
o “vanadate” ion. Solutions of three vanadium (V) salts were

easured: potassium and sodium metavanadate, and sodium
ig. 2. Slopes of sensor’s responses in the solutions of vanadyl sulphate (grey
ars with patterns) and sodium decavanadate (white bars with patterns) at dif-
erent pH.
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ig. 3. Slopes of sensor’s response in the solutions of �-K7[BW11VIVO40] (grey
ars with patterns) and �-K6[BW11VVO40] (white bars with patterns) at different
H.

ecavanadate anion in solutions at the studied pH range, it was
ot known if this equilibrium had been rapidly established. No
ifference between sensors’ responses in solutions of these three
ompounds was observed. Thus, sodium decavanadate was used
or all further experiments.

Responses of the sensors with chalcogenide glass mem-
ranes to all studied heteropolyanions at different pH are shown
n Figs. 3–5a and b. The sensors displayed sensitivity toward
ll studied substances. Only three chalcogenide glass sen-
ors responded in the solutions of the boron-containing POMs
Fig. 3), while all six glass sensors responded in the solutions of
he phosphorus or silicon-containing POM (e.g. Figs. 4 and 5).
ll studied compounds of POMs dissociate in aqueous solutions
iving rise to a polyanion, containing vanadium, and a counter-
ation (sodium or potassium). Though the observed responses
f chalcogenide sensors were cationic i.e. potential of the sen-

or increases with the increase of the analyte concentrations, we
ssume that they are related to the change of polyanion’s con-
entrations. This statement may be supported by the following

ig. 4. Slopes of sensor’s response in the solutions of �-K6[SiW11VIVO40]
grey bars with patterns) and �-K5[SiW11VVO40] (white bars with patterns) at
ifferent pH.
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ig. 5. Slopes of sensor’s response in the solutions of: (a) �-K5[PW11VIVO40]
t different pH and (b) �-K4[PW11VVO40] (grey bars), �1,2-K5[PW10V2

VO40]
white bars) and �1,2,3-K6[PW9V3

VO40] (dark grey bars) at different pH.

onsiderations. It is well known [33] that chalcogenide glass
ensors are not sensitive at all to alkali cations, such as sodium
r potassium. Moreover, all measurements were made on the
ackground of 0.1 mol L−1 buffer, containing 0.2–0.3 mol L−1

f sodium, while maximum concentration of cation coming from
OM dissociation was about 0.06 mol L−1. Thus, the response

o sodium or potassium cations as potential generating process
an be excluded. Cationic response of some chalcogenide glass
ensors to anions was observed in the solutions of chromium
VI) or, in fact, of chromate at pH 2 [33]. It is assumed that

mechanism of sensor response in this case is redox based
nd the same consideration may be likely assigned to the sen-
or’s response regarding vanadium-containing polyanions. It is
lso interesting to note that there is a correlation between redox
otential of the compound and the sensor sensitivity. Thus, the
igher was the redox potential the higher sensors’ responses with
ower detection limits were observed. However, further investi-
ations are necessary for the elucidation of precise mechanism

f chalcogenide glass sensors’ response in solutions of redox
ubstances.

The response of sensors depended on pH of solutions in the
tudied pH range. There are several reasons for this including
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Fig. 6. PCA score plot of measurements using sensor array in the individual
solutions at pH 3.2 of (a) all studied compounds and (b) all studied compounds
except vanadyl sulphate. (1) VOSO4, (2) Na6V10O28, (3) �-K6[SiW11VIVO40],
(4) �-K5[SiW11VVO40], (5) �-K7[BW11VIVO40], (6) �-K6[BW11VVO40], (7)
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he presence of different ionic forms of measured compounds at
ifferent pH and the influence of protons on the potential gen-
ration process of sensors. Polymeric sensors displayed high
ensitivity to vanadyl ions only at pH 4.2 or higher (Fig. 2),
robably due to the interference from protons at lower pH.
ome phosphorus-containing POMs (�-PW11VVO40 and �-1,2-
W10V2

VO40) are not stable at pH higher than 3 [17,29]. After
nalysing sensors’ responses to other compounds (Figs. 2–5), it
as concluded that pH 4.2 is an optimal one for the determi-
ation of most of them. Good sensitivity to all compounds and
igh potential reproducibility of the sensors was observed at this
H. Thus, the acetate buffer with pH 4.2 was chosen for further
xperiments involving all studied substances but phosphorus-
ontaining POMs.

It also follows from the experimental data that it is possible
o manipulate the sensitivity of the sensor array by chang-
ng pH of solutions. For example, it is possible to measure
oth reduced and oxidized forms of silicon-containing POMs
K6[SiW11VIVO40] and K5[SiW11VVO40], respectively) at pH
.2, while only oxidized form can be detected at pH 3.2 (Fig. 3).
his feature might be used in the measurements of mixed solu-

ions for improving response of the sensor array to a particular
ubstance.

It was found that 13 sensors of initially chosen 23 displayed
ensitivity to at least one of the studied substances. Importantly,
ot all sensors were sensitive to all compounds and also sensi-
ivity of the same sensor to different compounds was different.
hus, it was expected that combination of these sensors, i.e.

he sensor array, should allow discrimination and quantitative
etermination of substances of interest. Therefore, those 13 sen-
ors were used for sample recognition and quantitative analysis
eported below.

.2. Discrimination of individual solutions of
anadium-containing compounds

Recognition of individual solutions of all studied substances
as performed. PCA score plot of individual solutions of com-
ounds at pH 3.2 is shown in Fig. 6a and b. This pH (3.2) was
hosen to make comparison of compounds, including those of
hosphorus-containing POMs that are not stable at higher pH.
he most significant separation was observed between vanadyl

ons and all other compounds (Fig. 6a). Distances between sam-
le points on the score plot roughly correspond to the differences
etween the samples. The bigger distance between the samples
orresponds to the bigger difference in the sensor array response
o the compound(s) in question. In the same way the bigger is
he distance between points corresponding to different concen-
ration levels for the same compounds, the higher is sensor array
ensitivity to this compound. Thus, PCA was run on the data
xcluding measurements in solutions of vanadyl ions, which
llowed improving visual separation between other compounds
Fig. 6b). It became clear after making a PCA model without

anadyls that all compounds could be discriminated using the
T. It is important noting that though different concentration

evels for each compound were plotted, it was still possible to
iscriminate among all substances.

p
h
i
t

-K5[PW11VIVO40], (8) �-K4[PW11VVO40], (9) �-1,2-K5[PW10V2
VO40], and

10) �-1,2,3-K6[PW9V3
VO40].

.3. Recognition and quantitative determination of
anadium-containing compounds in mixed solutions

The sensor system was demonstrated to be capable of mea-
uring quantitatively different vanadium-containing compounds
nd of discriminating them in individual solutions. This is a
romising result, which should be confirmed, however, in the
ixed solutions, containing simultaneously both compounds of

nterest. The measurements with sensor array were made in
inary mixed solutions containing two compounds simultane-
usly. Compositions of these solutions are shown in Table 2.

Results of prediction on the concentration of components for
he test set are shown in Table 3. Calibration models were calcu-
ated using PLS regression for each compound separately. It was
ossible to quantify all compounds with good precision. The

ighest error was obtained for determination of decavanadate
n the presence of K5[SiW11VVO40]. Though individual solu-
ions of these compounds were easily distinguished by the sensor
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Table 3
Root mean square error of prediction (RMSEP) and parameters of predicted vs. measured curves for the prediction of the concentrations of vanadium-containing
compounds in the binary mixed solutions using ET

Compound RMSEP Bias SEP Slope Offset Correlation

1
VIVOSO4 0.06 0.003 0.06 1 0.01 0.99
Na6V10

VO28 0.1 −0.05 0.09 0.96 −0.2 0.99

2
�-K6[SiW11VIVO40] 0.1 −0.02 0.1 0.95 −0.2 0.97
�-K5[SiW11VVO40] 0.07 −0.01 0.07 0.91 −0.3 0.99

3
�-K5[SiW11VVO40] 0.06 0.001 0.06 0.98 −0.08 0.99
Na6V10

VO28 0.18 −0.02 0.18 0.96 −0.18 0.97

4
�-K5[SiW11VVO40] 0.07 0.001 0.07 0.90 −0.35 0.98
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VIVOSO4 0.05 −0.006

ote: Results are shown only for the test samples.

rray (Fig. 6b), when present simultaneously K5[SiW11VVO40]
nterferes with determination of decavanadate. PCA score plot
f the measurements in these solutions is shown in Fig. 7. The
amples form three well-separated groups on the score plot cor-
esponding to three concentration levels of K5[SiW11VVO40].
he separation between samples within each group, i.e. the sep-
ration between different concentration levels of decavanadate
s much smaller. As a consequence, decavanadate concentration
as determined with higher error.
In contrast, vanadyl and decavanadate species were easily

istinguished by the sensor array both in the individual and
ixed solutions. A PCA score plot of the measurements in

olutions containing simultaneously vanadyl and decavanadate
pecies is shown in Fig. 8. All nine solutions of different com-
ositions form well-separated clusters on this plot. Direction of

C1 roughly corresponds to the change of vanadyl ions concen-

ration, while direction of PC2—to the change of decavanadate
oncentration. Both compounds could be determined by the
ensor array with a good precision.

ig. 7. PCA score plot of measurements using sensor array in the solutions con-
aining simultaneously �-K5[SiW11VVO40] and decavanadate. Compositions of
he solutions are shown in Table 2 (mixture 3). Measurements were made on the
cetate buffer with pH 4.2.

h
o
c
a
r

F
t
a
w

0.05 1 0.07 0.99

Thus, sensor array demonstrated the capability to quantify
anadium-containing compounds in the mixed solutions. How-
ver, further development of the sensor array to improve its
electivity towards some compounds e.g. to decavanadate in the
resence of K5[SiW11VVO40], is highly desirable.

.4. Monitoring of K5[SiW11VVO40] reduction with
rganic substrate using the sensor array

An attempt to monitor the reaction of K5[SiW11VVO40]
eduction with vanillyl alcohol using the sensor array
as performed. Vanillyl alcohol was supposed to reduce

SiW11VVO40]5− to [SiW11VIVO40]6−, i.e. to reduce V(V) to
(IV) in the polyanion. Unfortunately, this reaction appeared
eing slow and it was not accomplished even after more than two
ours. According to visible spectroscopy data, concentrations of

xidized form of POM decreased from 1 to 0.23 mM, while con-
entration of reduced form changed from 0 to 0.69 mM. Thus,
bout 75% of the POM got reduced during the first 2 h of the
eaction.

ig. 8. PCA score plot of measurements using sensor array in the solutions con-
aining simultaneously vanadyl and decavanadate. Compositions of the solutions
re shown in Table 2 (mixture 1). Measurements were made in the acetate buffer
ith pH 4.2.
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ig. 9. PC1 score vs. time dependence for the sensor array measurements during
eaction of K5[SiW11VVO40] with vanillyl alcohol: (1) addition of 1 mM POM
o the buffer; (2) addition of 1 mM vanillyl alcohol.

Several sensors of the array responded during this reaction.
CA was run based on these experimental data for the visual
epresentation. The first PC plotted versus time is shown in
ig. 9. Additions of POM and of vanillyl alcohol are shown
ith the arrows. It was possible to follow the course of this

eaction using the sensor array. Furthermore, an attempt to quan-
ify both reduced and oxidized forms of POM was entertained.
irstly, a calibration model was made using the measurements

n binary solutions of silicon-containing POM (Table 2, mix-
ure 2). Cross-validation was used in this case (model I). Further
n, calibration models were made using the measurements with
T in solutions during reduction and the values of component
oncentrations from the reference analysis, i.e. UV–vis spec-

roscopy (model II). In this case the test set validation was used,
he first run being used for calibration and the second one solely
s tests. In both cases models were made separately for each
ompound. Afterwards, these two types of the calibration mod-

able 4
oncentrations of �-K6[SiW11VIVO40] and �-K5[SiW11VVO40] during reduc-

ion of the latter by vanillic alcohol as predicted using ET

-K6[SiW11VIVO40] �-K5[SiW11VVO40]

eference
mM)

Predicted (mM) Reference
(mM)

Predicted (mM)

I II I II

.22 0.39 0.20 0.94 0.55 0.95

.28 0.35 0.27 0.72 0.68 0.73

.34 0.34 0.32 0.65 0.64 0.66

.38 0.34 0.42 0.60 0.59 0.61

.44 0.32 0.56 0.54 0.51

.56 0.47 0.49 0.47

.64 0.64 0.38 0.26

.69 0.86 0.30 0.15

ote: (I) Calibration models were made using ET measurements in binary mixed
olutions of these compounds; (II) calibration models were made using ET mea-
urements during reaction and concentration data from the reference analysis
spectroscopy).
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ls were used for predicting the concentration of two compounds
uring the reaction with vanillyl alcohol. Predicted concentra-
ions in the test data set together with reference data are shown
n Table 4. It was found that employing the reference data for the
alibration results gives higher accuracy of the prediction when
ompared to the use of mixed binary solutions. It is important
o note that in the latter case calibration measurements were

ade some time earlier due to the experimental circumstances
nd the compositions of calibration solutions (mixed model) and
nalysed solutions (during the reaction) were slightly different.
espite this, the prediction results obtained using calibration
odel I were reasonably good. Therefore, it is advisable to use

olutions with very close or, ideally, the same compositions as
he solutions to be analysed for the calibration of ET.

. Conclusions

An electronic tongue (ET) multisensor system based on
otentiometric chemical sensors for the determination of
anadium-containing polyoxometalates (POMs) at different
xidation states was developed. Sensitivity of sensors to
anadyl/vanadate ions, decavanadate and to Keggin-type POMs
ontaining silicon, boron or phosphorus and vanadium at the
xidation state IV or V was evaluated at different pH. Sensi-
ivity to all studied compounds was observed for the studied
ensors. The measurements with the ET were made in the
ixed solutions containing two compounds at different oxida-

ion state (V(IV)/V(V)) simultaneously. It was found that the ET
llows the determination of concentrations of both compounds
n mixtures with reasonable precision. Furthermore, an attempt
as made to monitor the reduction of �-[SiW11VVO40]5− by
henolic substrate using the ET. Good agreement between the
oncentrations of components predicted by ET and by refer-
nce method (spectrophotometry) was obtained. Thus, the ET
as demonstrated to be a promising tool for the discrimination

nd quantification of vanadium-containing POMs at different
xidation state.
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bstract

Fourier transform Raman spectra of eight mixtures of four organic solids, namely dicyandiamide, melamine, acetamide and urea were measured.
atrices formed from these spectra were first subjected to singular value decomposition to obtain the right singular vectors. The right singular

ectors were then subjected to blind source separation using band-target entropy minimization (BTEM), thus no a priori information (i.e. involving
he nature of the components present, their spectra, nor their concentrations) was included in the analysis. The recovered pure component spectra

re of exceptionally high quality and are consistent with pure reference spectra. Various empirical and statistical tests, such as the Euclidean norm
nd target transform factor analysis, were employed to assess the quality of the recovered spectra. The present results indicate the applicability of
ombined Raman and BTEM analysis for solid mixtures.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Various techniques have been proposed in the past few
ecades for resolving spectral data into pure component spectra
nd their concentration profiles. In general they can be divided
nto two categories: one is based on the use of principle com-
onent analysis or singular value decomposition in order to
educe the dimensionality of the observations, and another one

irectly utilizes the measured spectra without factor analysis.
elf-modeling curve resolution (SMCR) was first proposed for
stimating the pure component spectra using principle com-
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onent analysis for a two component system by Lawton and
ylvestre [1]. Since the 1980s, various SMCR techniques have
een developed and most of these methods are based on the
dentification of pure variables, local rank map, and iterative
east-squares. Pure variable approaches can be found in key
et factor analysis (KSFA) [2], simple-to-use interactive self
odeling mixture analysis (SIMPLISMA) [3], and interactive

rincipal component analysis (IPCA) [4] methods, whereas local
ank map approaches can be found in evolving factor analy-
is (EFA) [5], window factor analysis (WFA) [6], heuristics
volving latent projections (HELP) [7], orthogonal projection
esolution (OPR) [8], etc. Iterative least-squares methods are
sed in iterative target-testing factor analysis (ITFFA) [9], mul-
ivariate curve resolution-alternating least squares (MCR-ALS)
10], and positive matrix factorization (PMF) [11] techniques.
Recently, a different kind of algorithm based on informa-
ion entropy minimization was introduced [12,13]. The program,
and-target entropy minimization, does not require any a pri-
ri chemical or spectral information what-so-ever. Furthermore,
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Table 1
Compositions of urea, dicyandiamide, acetamide and melamine mixtures (wt.%)

Mixture no. Urea Dicyandiamide Acetamide Melamine

1 10 20 30 40
2 20 30 40 10
3 30 40 10 20
4 40 10 20 30
5 12 22 30 36
6 34 16 22 28
7
8
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Fig. 1. Structures of the organic compounds used in this study.

t does not rely on any tests for statistical significance, which
s difficult to address in the context of non-linear and non-
tationary chemical spectra. This easy to use algorithm has now
een used on a large variety liquid phase multi-component prob-
ems, particular in the areas of chemical synthesis and catalysis
12,14–19]. Some of BTEM’s most advantageous properties
nclude its one-at-a-time spectral recovery procedure and its
bility to deconvolute signals from trace components, whose
ignal contribution may be 10−4 or less [15]. Quite favourable
ne-to-one comparisons between BTEM and more conventional
MCR techniques have appeared [18].

Recently, BTEM has begun to be applied to solid state chem-
cal problems, notably mixtures of inorganics using Raman [20],

ixtures of polyaromatic hydrocarbons using Raman [21], and
ixtures of crystalline inorganics using XRD [22]. The present

tudy extends these solid state studies by demonstrating the
tility of BTEM to mixtures of highly-functionalized organics.

Melamine (C3H6N6) is an industrially important monomer
or polymerization. It is the trimer of cyanamide (CH2N2); the
imer of which is dicyandiamide (C2H4N4). Urea (CH4N2O) is
sed as an initial starting material for the synthesis of these com-
ounds and is also formed during their hydrolysis. Acetamide
C2H5NO) is also formed during hydrolysis. All of these com-
ounds form (stable) solids. As they are related chemically they
ften occur together as mixtures. Further, there are many struc-
ural similarities within this group (Fig. 1). They are all either
mides or amines. Two contain a carbonyl moiety. Two contain
ither C N and/or cyano groups. All of these substituents give
ise to characteristic features in vibrational spectra. Hence mix-
ures of these chemicals were chosen as an appropriate system
or this study. As cyanamide melts at only 4 ◦C it was excluded.

. Experimental

.1. Apparatus

Fourier transform laser Raman spectroscopic measurements
ere carried out using a Bruker RFS 100/S spectrometer

quipped with a near infrared Nd:YAG laser (1.064 �m) and
n InGaAs detector. A laser power of 100 mW was employed.
he aperture was 10 mm and the scanner velocity was main-

ained at 5.0 kHz. Spectra were measured by analyzing the 180◦
ackscattered light between 0 and 4000 cm−1 at 4 cm−1 reso-
ution. A 256 scans were coadded in order to obtain good S/N
atios for each experimental spectrum.

.2. Reagents
Dicyandiamide, melamine, acetamide and urea were pur-
hased from Aldrich (99.9%) and used without further
urification.

3

p

22 28 26 24
25 25 25 25

.3. Procedure

A set of eight quaternary mixtures of dicyandiamide,
elamine, acetamide and urea were prepared according to the

roportions given in Table 1. The compounds were mixed and
round to a finer powder to ensure greater homogeneity. Each
nely powdered mixture was compressed into a stainless steel
ample holder. All spectra were measured at room temperature
nd atmospheric pressure. Replicate measurements were made;
he experimental Raman spectra were measured eight times for
ach quaternary mixture resulting in a total of 64 spectra.

In addition, the spectra of the four pure compounds were
easured for reference purposes and the entire spectra (from 0 to

000 cm−1) are displayed in Fig. 2. The spectra were consistent
ith those previously reported in the literature [23–29].
As shown in Fig. 2 most of the bands below 2500 cm−1 are

elatively sharp and symmetrical. However, there is considerable
verlap between the bands of different compounds, i.e. several
ompounds have bands at or very close to the same frequency.
TEM analyses were performed on spectral data in the full

egion (0–4000 cm−1). The region 0–1100 cm−1 has most of the
haracteristic vibrations in these compounds The region 2800–
500 cm−1 is specific for the stretching modes of NH2 and CH3
oieties and shows overlap of all components. Of course this is

ot surprising as each of the four compounds contains either an
mine or an amide functionality. In addition many of the bands
n this region are broad and asymmetrical due to hydrogen bond-
ng. Extraction of pure component spectra of these amines and
mides from their mixtures is potentially difficult. The spectrum
f dicyandiamide contains a very distinct peak at 2157 cm−1.
his band is due to the stretching mode of the cyano moi-
ty. Actually, dicyandiamide has two tautomeric forms (imino
nd amino); the former, theoretically more stable form, being
uch more abundant in the solid state at room temperature. The

tretching vibration of the cyano moiety of the amino tautomer
ccurs at 2186 cm−1 [23]. A very weak, band at 2186 cm−1was
bserved in this study. Therefore, the dicyandiamide is predo-
inantly the imino form with trace amounts of the amino form.

. Computational aspects
.1. Band-target entropy minimization (BTEM)

As mentioned, the primary use of BTEM is to extract the
ure component spectra from a set of multi-component mixture



C. Srilakshmi et al. / Talanta 72 (2007) 847–853 849

ectra

s
c
s

s
t
w
h
o
t
(
m
b

I

i
(
a
p

I

d
o

u
(
d
s
d
n
t
E

J

i
t
s
f
v
i
redundancies. This results in an enumeration of all observable
pure component spectra. For a detailed description of the associ-
Fig. 2. FT-Raman sp

pectra. Afterwards, the contributions of each individual pure
omponent spectrum to the sum-total measured experimental
pectrum can be back-calculated.

Let Ik×ν represent the Raman intensity in the consolidated
pectroscopic data matrix where k denotes the number of spectra
aken, and ν denotes the number of data channels associated
ith the spectroscopic range. The experimental intensities Ik×ν

as a bilinear data structure and can be described as a product
f two submatrices, namely, the concentration matrix Ck×s and
he Raman pure component scattering coefficient matrix Js×�

where s denotes number of observable species in the chemical
ixture). Accordingly, the associated error matrix εk×ν contains

oth experimental error and model error (non-linearities) [30].

k×ν = Ck×sJ s×ν + εk×ν (1)

The BTEM algorithm proceeds by first decomposing Ik×ν

nto its singular vectors using singular value decomposition
SVD) as shown in Eq. (2) [31]. This is then followed by the
ppropriate transformation of right singular vectors, V T

z×ν, into
hysically meaningful pure component spectra.

T

k×ν = Uk×kΣk×νV ν×ν (2)

In contrast to other SMCR methods, BTEM was uniquely
eveloped to resolve one pure spectrum at a time. The number
f eigenvectors, z, taken for inclusion in the transformation, is

a
o
F
a

Fig. 3. Flow diagram of the BTEM a
of pure compounds.

sually much larger than s due to the non-linearities present
non-stationary spectral characteristics). The number z is usually
etermined by identifying the vectors which possess localized
ignals of clear physical significance and retaining these, while
iscarding the vectors that are more-or-less randomly distributed
oise. The principle equation representing the transformation of
he right singular vectors into each spectral estimate is given by
q. (3).

�

1×ν = T 1×zV
T
z×ν (3)

To extract a pure scattering coefficient,
�
J1×ν, a selected band

n the first few VT vectors is targeted. The BTEM algorithm
hen retains this feature, and at the same time, returns an entire
pectrum which has minimum entropy. This routine is repeated
or all important observable physical features in the selected VT

ectors. A superset of reconstructed pure component scatter-
ng coefficients are obtained and this set is reduced to eliminate
ted scaling procedure, and estimates of the signal contribution
f each component, readers are referred to Refs. [12,14,18,19].
ig. 3 indicates the number of steps involved in the BTEM
lgorithm.

nalysis of the Raman data set.
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. Results and discussion

The analyses are structured into the full-spectral regions
nd partial-spectral regions. These different analyses permit an
verview of the characteristics of BTEM deconvolution in the
resence of a very large number of spectral channels versus a
ore limited number of spectral channels. The raw spectral data
as not pre-processed in any manner what-so-ever, e.g. base line

orrected, smoothed, etc.

.1. BTEM analysis

.1.1. Singular value decomposition
The 64 raw FT-Raman mixture spectra I64×2075 were sub-

ected to a vector-space decomposition using singular value
ecomposition, yielding two orthonormal matrices U64×64 and
T
2075×2075 and the diagonal singular value matrix �64×2075. The

ow vectors of the VT matrix (normally called the right singular
ectors) represent a set of basis vectors which contain abstract
nformation on the pure component spectra of the observable
omponents present in the system. These basis vectors are
rdered according to their contribution to the total variance
n the observations. Hence, the first few vectors are associated
ith the chemically significant information in the system, and

he remaining vectors are primarily associated with the random
nstrumental and experimental error. In addition, it should be
oted that although after decomposition, there are a total of 2075
asis vectors in VT, only 64 vectors are physically meaningful
either chemical signals or random error signals). This is due to
he fact that there are only 64 spectra in the original data set.
Since not all 64 right singular vectors are needed in further
nalysis, the set of vectors can be truncated, and only a sub-set
sed in the BTEM spectral reconstructions. Fig. 4, presents the
rst 16 right singular vectors. The first eight have clear local-

a
f
E
s

ig. 4. The first 16 of 64 right singular vectors from the matrix VT. The first eight righ
ave a clear and visually apparent decrease in signal to noise.
a 72 (2007) 847–853

zed signals and little noise. The next four vectors still possess
ocalized signals but considerably more noise. Vectors 13–16
re primarily noise, but it is structured (there is a wavy baseline)
nd heteroscedasticly distributed. The remaining vectors were
ssentially white noise. Accordingly, 16 right singular vectors
ere used in the subsequent BTEM spectral reconstructions.

.1.2. Full-scale spectral reconstruction
It is known that if one targets all the extrema (minima and

axima) in the primary right singular vectors, then a super-set
f observable pure component spectra are obtained, where many
eplicates appear [12]. This is the approach that has been taken
ith FTIR for new chemically reactive liquid phase systems with

n unknown number of new and previously un-observed species
15]. In the present test case for Raman analysis of organic
olids, the situation is more straight forward. Accordingly, from
he first eight VT vectors four significant spectral features were
elected as band-targets in the spectral reconstructions. These
our band regions were selected: 98–102 (melamine), 117–122
acetamide), 1008–1012 (Urea) and 2154–2160 cm−1 (dicyan-
iamide). These bands correspond to the following vibrational
odes: external modes of (melamine); �s (C–N) (acetamide); υs

C–N) (urea) and υ (C N) (dicyandiamide).
The resulting BTEM results for the pure component spec-

ra over the full-spectral range are shown in Fig. 5. It is clear,
rom visual inspection, that there is considerable correspondence
etween the reconstructed spectra and the measured pure spec-
ra. The relative intensities of the bands and their positions are
uite similar in all cases. Moreover, the difference spectra con-
rm that the discrepancies for individual bands are small. In

ddition, it can be seen in the difference spectra that there are
ew signals (artifacts) remaining from other components. The
uclidean inner products between the reference experimental
pectra and BTEM estimates were (a) dicyandiamide (0.9917),

t singular vectors have significant signal to noise ratios. The remaining vectors
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all SSEs are quite small and hence it can be concluded that
the multi-component FT-Raman data exhibits a high degree of
additivity. As an extra comparison, the Euclidean inner products
between the reference experimental spectra and TTFA estimates
ig. 5. Raman spectra of each pure component. Left-hand figures are measured sp
gures are the difference spectra (measured − reconstructed): (a) dicyandiamid

b) acetamide (0.9447), (c) urea (0.9696), and (d) melamine
0.9876). The fact that the inner products are close to unity con-
rms that there is very high statistical correspondence between
xperimental and estimated spectra.

.2. Target transformation factor analysis

Target transformation factor analysis (TTFA) can be used
o confirm the presence of a particular component in a set of

ixture spectra. This approach works by checking if a sus-
ected/target pure component spectrum, i.e. a pure experimental
eference spectrum, is present in an experimental data set. The
rojection of a target pure spectrum, atar

1×ν, onto the right sin-
ular vectors, V T

z×ν, is performed according to Eq. (4). If the
arget and the projected pure component spectrum are similar
identical), then this implies that the component is present in the
ixture [32].

proj
1×ν = atar

1×ν[V T
z×ν]

+
V T

z×ν (4)

Since four components (acetamide, urea, dicyandiamide, and
elamine) are present in the mixture data, we can use TTFA
ethod as a tool to check the quality (linearity) of FT-Raman

ata. Twelve right singular vectors were used for TTFA, and the
esulting projected spectra are compared to the reference spectra
n Fig. 6. There is a very high degree of similarity. The sum of

quare errors (SSE) between target and projected pure compo-
ent spectra for dicyandiamide, acetamide, urea, and melamine
ere calculated. The results were 4.0773E-003, 2.8383E-001,
.1403E-002, and 3.0538E-002 respectively. As can be seen,

F
t
s
t

and centre figures are spectra reconstructed using BTEM algorithm. Right-hand
acetamide, (c) urea and (d) melamine using the same scale.
ig. 6. Target and projected pure component spectra via TTFA; solid lines are
arget pure component spectra, and dashed line are projected pure component
pectra: (a) dicyandiamide, (b) acetamide, (c) urea and (d) melamine. Note that
he two curves in each figure are almost identical.



852 C. Srilakshmi et al. / Talanta 72 (2007) 847–853

Fig. 7. Raman spectra of each pure component in the sub-region 2800–3500 cm−1. Lefthand figures are measured spectra, centre figures are spectra reconstructed
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sing BTEM algorithm. Right-hand figures are the difference spectra (measure
he same scale.

ere calculated as (a) dicyandiamide (0.9999), (b) acetamide
0.9943), (c) urea (0.9986) and (d) melamine (0.9994). A figure
f the almost-identical target and projected spectra is provided
n Fig. 6.

.3. Partial-scale spectral reconstruction

SVD was performed on a sub-region of spectra. Results of
he BTEM analysis in the sub-region 2800 and 3500 cm−1 are
hown in Fig. 7; pure component spectra on the left, BTEM
econstructed spectra in the centre and their difference spectra
re shown on the right. The deviations between reference spec-
ra and BTEM estimated spectra are quite large for some of the
omponent. The Euclidean inner products between the refer-
nce experimental spectra and BTEM estimates were calculated
s (a) dicyandiamide (0.9144), (b) acetamide (0.9709) (c) urea
0.9957), (d) melamine (0.9851). In general, more information
vailable leads to better spectral reconstruction. Indeed, BTEM
s a blind source separation technique [33] and as such it is totally
ependent on the quality and quantity of information provided
s input.

. Conclusions

Multi-component solid state FT-Raman intensity data,
btained from a four component system of similar organic com-

onents, has been successfully deconvoluted using the blind
ource separation algorithm BTEM. Comparison of pure refer-
nces with the spectral reconstructions shows that very accurate
stimates were obtained when the full-spectral region was used.

[
[

[

econstructed): (a) dicyandiamide, (b) acetamide, (c) urea, (d) melamine using

nalyses of sub-regions confirmed that the quality of spectral
econstructions decreases when more limited data sets are used.
he present results hold promise for the analysis of more com-
lex multi-component organic powders.
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bstract

In this contribution, a novel method is described for the determination of platinum metals. The procedure developed employs a carbon paste
lectrode modified in situ with cationic surfactants of the quaternary ammonium salt type. The pre-concentration step is based on a specific
ccumulation mechanism involving ion-pair formation; the detection being performed by cathodic scanning in the differential pulse voltammetric
ode. Regarding the individual forms of platinum metals, the method has been found convenient for the determination of three heavy platinum
etals in the form of Pt(IV), Ir(III) and Os(IV), whereas for the remaining elements (Ru, Rh, and Pd) was almost inapplicable. Platinum metals of

he former group can be pre-concentrated in chloride-containing supporting media via PtCl6
2−, IrCl6

3− and OsCl6
2− complex anions, the central

tom of each species being fairly reducible during the voltammetric scan. Stripping signals for both platinum and iridium were proportional to the
oncentration in a range of 1–10 × 10−6 M Pt(IV) and Ir(III); the response for osmium being linear within 0.1–6 × 10−7 M Os(IV) with a detection

−9 −1
imit of about 5 × 10 mol l . During optimisation, special attention was paid to the accumulation mechanism, choice of key experimental
onditions, and to interference effects from foreign ions with potentially ion-pairing capabilities (AuCl4

−, TlCl4
−, CrO4

2−, MnO4
−, SCN−, and

−). The method elaborated has been tested on both model solutions and real samples of industrial waste water, showing in both cases satisfactory
nalytical performance.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Platinum metals represent a sextet of the elements with
elated properties occasionally divided into two sub-classes [1]
s light platinum metals (Ru, Rh, Pd) and heavy platinum met-
ls (Os, Ir, Pt). Among their specific characteristics, one should
ot omit a high chemical stability in the elemental state, dis-
inct catalytic properties, and capabilities to form stable complex
tructures.

Such features are more or less reflected in analytical proce-
ures employing modern instrumental techniques: for example,
tomic absorption spectrometry (AAS), ion-coupled plasma

ass spectrometry (ICP-MS) or neutron activation analysis

NAA)—see e.g. [2] and references therein. Platinum met-
ls are also determinable via electrochemical principles. In

∗ Corresponding author. Tel.: +420 466 037 031; fax: +420 466 037 068.
E-mail address: Ivan.Svancara@upce.cz (I. Švancara).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.014
onic surfactants; Heavy platinum metals (Pt, Ir, Os)

his respect, electrochemical stripping analysis (ESA [3]) is
specially suitable, offering a high analytical performance at rel-
tively low expenses. The respective procedures usually involve
he above-mentioned catalytic effect making such measurements
xtremely sensitive [4]. This is also the case of classical for-
azone method, being able of achieving down to 1 × 10−13 M
t(IV), thus allowing one to determine platinum in sea water at

he base level [5,6]. Similar extraordinary detection capabilities
ave been reported again for determinations in the presence of
hiosemicarbazon [7] or formaldoxim [8]; both methods quoted
aving also profited from unique properties of mercury drop
lectrodes.

Determination of platinum metals can, however, be accom-
lished with the aid of carbon paste electrodes (CPEs) and
heir chemically modified variants (CMCPEs) [9,10], offering

n interesting alternative of how to omit the use of momentarily
ontroversial mercury-based electrodes [11,12]. Most meth-
ds developed for the determination of platinum metals have
ealt with palladium as documented in a freshly compiled
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omprehensive survey [13]. Hitherto the only report has con-
erned the platinum itself and its adsorptive pre-concentration
ia the [(Pt–Sn)Cl5]2− adduct [14]. Finally, iridium has been
f interest in a couple of studies that utilised either accu-
ulation of Ir(III)–[4-phenyl-8-thioquinolinate] complex onto
carbon paste containing 1,4-dichlorobenzene [15] or the

on-pair formation at CPEs bulk modified with Amberlite
A-2 or tricaprylmethylammonium chloride [16]. As shown

ecently, highly effective and selective ion-pairing mechanism
an be utilised in a simple arrangement of in situ modifica-
ion when a cationic surfactant of the quaternary ammonium
alt type is added into the sample. Such an approach has suc-
essfully been used to accumulate and determine iodide, I−
17], or hydrogenchromate, HCrO4

− [18], in selected food
amples.

In this paper, another possible application of a CPE modified
n situ with cationic surfactants is reported as a novel method for
he determination of platinum metals via suitable complex ions.
nitial investigations on this topic have already been presented
n two conference contributions [19,20] and the text given below
s the resultant publication form, summarising all the important
esults and observations.

. Experimental

.1. Chemicals, reagents, stock and standard solutions

All chemicals used to prepare stock and standard solu-
ions were of analytical reagent grade and purchased from
achema, Aldrich, Fluka or Merck unless stated otherwise.
tock solutions of the supporting electrolytes were made 1 M

n concentration. The Pt(IV), Ir(III), and Os(IV) standards were
repared as 0.01 M solutions when using solid compounds
Na2PtCl6·6H2O, IrCl3·3H2O, and (NH4)2OsCl6) dissolved in
n 100 ml redistilled water, always in the presence of 5 ml
0% HCl. In the same way, standards of Ru(III), Rh(III),
nd Pd(II) were also made (from RuCl3, RhCl3, and PdCl2
alts) and used for some comparative studies. Hydrochlo-
ic acid was also used to stabilise the individual standard
olutions with concentrations lower than 1 × 10−3 mol l−1.
on-pairing agents prepared as 0.001 M stock solutions con-
ained 1-(ethoxycarbonyl)pentadecyltrimethylammonium bro-

ide (Septonex®), cetyltrimethylammonium bromide (CTAB),
r cetylpyridinium bromide (CPB).

Water used throughout the experimental work was obtained
y passing deionised water through a laboratory-made distilla-
ion unit. All solutions analysed were deoxygenated by bubbling
ith argon (purity: 99.99%; Linde Technoplyn, Prague).

.2. Instrumentation

A portable electrochemical analyser PalmSens (Palm Instru-
ents BV, The Netherlands) incorporated the three-electrode
ystem (see below) and the stirring was devised with a magnetic
ar agitated by electromotor at ca. 300 rpm.

The pH values were measured on a portable pH-meter (model
PH 52; Elteca, Turnov, Czech Republic) equipped with a com-

p
o

t
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ined glass sensor (OP-0808P; Radelkis, Budapest, Hungary)
nd calibrated using commercially marketed standard buffers.

.3. Electrodes

.3.1. Carbon paste electrode
The paste mixture was prepared by intimately homogenising

.50 g spectroscopic graphite powder (RW-B type; Ringsdorff
erke, Germany) with 0.20 ml silicone oil (LUKOIL MV

5500; Lucebni zavody Kolin, Czech Republic) using a rec-
mmended procedure [21]. The ready-made paste was packed
nto a piston-driven carbon paste holder of own construction
ith the surface diameter of 3 mm [22]. The electrode surface
as renewed by extrusion of ca. 0.5 mm carbon paste from the
older and smoothing with a wet filter paper. Typically, this
echanical renewal of the carbon paste surface was made when

tarting a new series of measurements (e.g. prior to analysis of
ach sample).

.3.2. Other electrodes
A self-made Ag/AgCl/3 M KCl reference electrode was used,

ogether with the glassy carbon electrode (GCE, Ø = 3 mm;
etrohm) employed either as the counter or the working elec-

rode for some comparative voltammetric studies.

.4. Procedures and methods

.4.1. Stripping voltammetry
After preparing the solution to be analysed and its purging

ith inert gas for ca. 5 min, the measurements were carried
ut in the differential pulse cathodic stripping voltammetric
ode (DPCSV). A typical experiment consisted of three con-

ecutive steps with the following experimental conditions: the
re-concentration at +0.8 V versus Ag/AgCl for 30 s, the rest
eriod for 15 s, and a polarisation (stripping step) run from +0.8
o −0.4 V by applying a scan rate, v = 10 mV s−1, and the pulse
eight, �E = −25 mV.

.4.2. Analysis of model solutions and real sample
Typical model solution contained a mixture of 0.10 M acetate

uffer + 0.15 M NaCl + 1 × 10−5 M Septonex® spiked with the
espective platinum metal standard at two different concentra-
ions. Real samples represented a set of heavily polluted waters
ollected inside the area of a factory refining some heavy and
oble metals from the industrial waste material. Specification
f the individual samples was provided, declaring the approxi-
ate content of numerous metal ions, including three platinum
etals ([23], see also discussion in Section 3.4). The specimens

elected had contained a considerable amount of the CN− ions in
ighly alkaline matrix (pH ≈ 13), thus requiring pre-treatment
nd additional buffering before analysis. This was accomplished
ith a few drops of 30% HCl at carefully adjusted pH, followed
y short heating for 5 min. It should be emphasised that the whole

rocedure must be performed under well aerated conditions in
rder to avoid a possible intoxication by HCN vapours.

The proper solutions to be analysed were prepared by pipet-
ing the chosen volume of pre-treated waste water together with
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mixture of stock solutions of both main constituents of the
upporting electrolyte and the modifying agent. When making
he final volume up to 20 ml, sample solutions obtained were
hen subjected to voltammetric analysis as described above.

.5. Evaluation and calculation of the results

Model solutions or real samples spiked with Os(IV) were
nalysed by the standard addition method with two or three
liquots when each DPCSV measurement had always been
epeated in order to check the reproducibility; in the case of
ne analysis using the same carbon paste surface (see Sec-
ion 2.3). The individual voltammetric signals were evaluated
s the peak areas by manual base-line setting enabled by the
oftware.

. Results and discussion

.1. Principles of the pre-concentration and detection step

Analogously to the previous methods [17,18], the determi-
ation of platinum metals benefits from a “double” effect of
he modifiers chosen. First, cationic surfactants of the R′R3N+

ype (i.e. CTAB and Septonex®) or related compounds (CPB)
xhibit a strong ion-pairing affinity and secondly, they are highly
ipophilic in nature, thus enabling to be anchored firmly onto
he hydrophobic carbon paste surface. Both phenomena result
n a very efficient pre-concentration of the respective anion with
ither tetravalent or trivalent platinum metal complexes. Then,
or a counterpart of the quaternary ammonium cation, one has:

R′R3N+ + PtCl6
2− → {[R′R3N]2, PtCl6} (1a)

R′R3N+ + IrCl6
3− → {[R′R3N]3, IrCl6} (1b)

R′R3N+ + OsCl6
2− → {[R′R3N]2, OsCl6} (1c)

s can be seen, both schemes also reflect the different stoi-
hiometry between the surfactant moiety and the corresponding
omplex anion.

Whereas the already published results from potentiometric
on-pair formation-based titrations could be used to postulate the
tructure of ion-associates for both PtCl62− and IrCl63− anions
24–26], the relevant data for Os(IV) species were not available
nd the reaction ratio had to be defined newly [20]; again, using
otentiometric titration combined with a special carbon paste-
ased indicator electrode [27]. In connection with the above-
iven pre-concentration schemes, it should be noted that both
1a) and (1b) can be written in an alternate way since both PtIV-
nd IrIII-anions tend to form mixed hydroxo/chloro complexes
f the Pt(OH)mCln2− or Ir(OH)mCln3− general structure [28]
where the sum m + n = 6).

In the detection step, all three ion-associates formed
(1a)–(1c)) are reduced during cathodic voltammetric scan in

onsequence of electrochemical transformation of the central
tom down to the elemental state:

[R′R3N]2, PtCl6} + 4e− → 2R′R3N+ + Pt + 6Cl− (2a)

a
e
o
r

72 (2007) 512–518

[R′R3N]3, IrCl6} + 3e− → 3R′R3N+ + Ir + 6Cl− (2b)

[R′R3N]2, OsCl6} + 4e− → 2R′R3N+ + Os + 6Cl− (2c)

Regarding tetravalent central atoms in both PtCl62− and
sCl62− anions and trivalent iridium in the IrCl63− complex,

he different number of electrons involved in the reduction path-
ay could be observed via the overall character and shape of the

espective peaks. Namely, voltammetric reduction according to
chemes (2a) and (2c) had resulted in higher and sharper signals
ompared to that in (2b), which was attributed to a lesser number
f electrons for the IrIII → Ir0 reduction.

In order to further explore the faradaic process taking place
t the CPE in the presence/absence of ion-pairing agent of the
′R3N+ type, the behaviour of platinum metal complexes was
dditionally studied by cyclic voltammetry (CV). In case of the
sCl62− anion, these experiments can be surveyed as follows:

i) electrochemical transformation of Os(IV) in both regimes
ested (with or without modifying agent) has been found prac-
ically reversible in acidic media tested. (ii) In solutions with
H > 7, CV-studies revealed a decrease of the peaks of interest
nd a quasi-reversible behaviour, typical for moderated reaction
inetics at carbon paste-based electrodes [13,29]. (iii) Repetitive
ycling gave stable and reproducible peaks, implying almost no
ontribution of adsorption into the accumulation process. Also
hese results have suggested us that the ion-pairing with R′R3N+

ations would be dominating in the pre-concentration mech-
nism of a procedure adapted for the determination of heavy
latinum metals in the form of PtCl62−, IrCl63− and OsCl62−
nions.

In another study, it was examined how the type of work-
ng electrode and the character of its surface contribute to the
fficiency of the accumulation mechanism and, eventually, the
ollowing electrochemical detection. A typical result of such
tudies is depicted in Fig. 1, making comparison of the reduc-
ion responses for iridium obtained at either CPE or GCE; both
aving been modified in situ with Septonex®. The correspond-
ng voltammograms document clearly that the accumulation of
exachloroiridate(III) and its subsequent reduction at the GCE
ave rise to a very poor analytical signal compared to that
btained with CPE under otherwise identical conditions. Yet
ore pronounced differences in both peaks at the two electrodes

onfronted were noticed for responses of Pt and Os (not shown).
hese observations seem to indicate a significant benefit of the
ydrophobic carbon paste surface facilitating a very intimate
nchoring of the ion-pairing agent through its lipophilic chain.

Finally, in some measurements, especially those performed
ith analytes at lower concentrations, voltammograms obtained

t in situ modified CPE had exhibited notably increased back-
round currents in the potential range of interest. This could
e due to mutual interaction between the lipophilic chain of
he surfactant used and the carbon paste itself. For electroanal-
sis with CPEs, this phenomenon has already been postulated

s the so-called “erosion effect” [30,31] and – when consid-
ring the method discussed herein – studied in detail during
ur previous investigations [18]. Similarly with experiments
eported, both CPE and GCE (as in situ modified) were able
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Fig. 1. Comparison of the reduction response for iridium at two different work-
ing electrodes. (A) Carbon paste electrode of the C/SO type; (B) glassy carbon
e
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lectrode; (1) base-line, (2) c(IrIII) = 9 × 10−6 mol l−1. Experimental conditions:
PCSV; 0.10 M acetate buffer + 0.15 M KCl + 1 × 10−5 M CTAB (pH 4.4);

ACC = +0.8 V. For other conditions and parameters, see the figure.

f accumulating the individual platinum metals in the form
f MeCl62/3− anions under open-circuit conditions; neverthe-
ess, with markedly lower intensity compared to analogous tests
arried out with HCrO4

−.
The whole study on the accumulation mechanism of a method

ased on in situ modification with cationic surfactants of the
uaternary ammonium salt type was completed by experiments
nvolving all three light platinum metals and their Ru(III),
h(III) and Pd(II) compounds. Regarding the latter, modifica-

ion with both CTAB and Septonex® has been shown completely
neffective with no evidence to accumulate palladium(II) in a
orm of its anionic complexes such as PdCl42− and related
tructures of the PdX4

2− or Pd2X6
2− type [24,34]. This rather

urprising finding could perhaps be due to complicated inter-
ctions between these complex halide anions and quaternary
mmonium or arsonium salts [32–34] and the determination of
d(II) at cationic surfactant modified CPE would require further

nvestigations, including tests with some alternate supporting
edia. When analysing model solutions containing Ru(III) and

h(III), the resultant responses were small, badly developed,
nd practically irreproducible.

In both cases, however, it was expected because these met-
ls occurring usually as complex cations would require an

i
s
c
m
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nverse approach—an ion-pairing with suitable anionic moi-
ties such as water-soluble alkyl sulphonates, R–SO3

−, that
ave already been shown highly effective in binding and accu-
ulating the Ag+ ions (down to the picomolar concentration

evel [35]). Or, better, both Ru(III) and Rh(III) could be con-
erted into voluminous complex cations with some neutral
igands (e.g. 1,10-phenanthroline or its derivatives [36]) that
orm structures with a lipophilic skeleton, thus offering par-
icularly high ion-pairing affinity towards a suitable counter
on.

.2. Method development and optimisation of key
xperimental parameters

.2.1. Choice of ion-pairing agents and of modification
egime

By following the original procedures [17,18], three related
uaternary ammonium salts were selected, cetyltrimethyla-
onium bromide (CTAB), cetylpyridium bromide (CPB),

nd 1-(ethoxycarbonyl)pentadecyltrimethylammonium bro-
ide (Septonex®). All of them exhibited the best performance

t concentrations of about 1 × 10−5 mol l−1. With respect to
heir selectivity towards the individual anions, Septonex® and
TAB were effective for PtCl62− as well as for IrCl63−, whereas
sCl62− interacted predominantly with Septonex®. The third

gent examined, CPB, had showed rather unsatisfactory perfor-
ance in a majority of measurements; apparently, due to some

teric effect of the pyridinium structure.

.2.2. Supporting electrolyte composition
Already initial studies established the suitability of mixed

edia of the acetate buffer/chloride type. Concerning Cl− ions,
heir increasing content was found to affect mainly the over-
ll signal-to-noise characteristics and, in a series of supporting
lectrolytes tested, a mixture of 0.1 M CH3COONa + 0.1 M
H3COOH + 0.15 M KCl was found optimal for all Pt(IV),

r(III) and Os(IV).

.2.3. Effect of pH
Stripping voltammetric behaviour of heavy platinum

etal anions was investigated in mixed media containing
ritton–Robinson buffers. For PtCl62−, such a study is depicted

n Fig. 2, showing a set of the corresponding voltammograms
ith responses for Pt varying widely in dependence of pH. As

an be seen, the highest signals at a potential of ca. +0.30 V ver-
us Ag/AgCl were obtained in mild acidic media (pH 3.0–5.5),
hereas the decreasing acidity had led to a diminishing or even
isappearance of the response of interest.

At pH < 3, a plateau-like peak at +0.45 V was also observed;
eing attributed – according to previous reports [17,18] – to
n electroactivity or interaction of Septonex® under strongly
cidic conditions. Similarly, weekly acidic solutions were found
uitable also for IrCl63− and OsCl62−; the corresponding max-

mum being at a pH of 4.0–5.5 for Ir and 4.2–6.0 for Os (not
hown). In case of iridium, however, small reduction responses
ould also be registered in neutral, basic or even slightly alkaline
edia.
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Fig. 2. Voltammetric stripping response for platinum at a carbon paste electrode
modified in situ with cationic surfactant in dependence of pH. Experimental con-
ditions: differential pulse cathodic stripping voltammetry; Britton–Robinson
buffer (with actual pH) + 0.15 M KCl + 1 × 10−5 M Septonex® + 1 × 10−6 M
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Fig. 3. Calibration of Pt(IV) at the micromolar concentration level at a CPE
modified in situ with quarternary ammonium salts. (A) Voltammograms for
concentration range of 1–10 × 10−6 mol l−1: (1) base-line, (2–5) addition of 1, 3,
6, and 9 �M Pt(IV), four aliquots; (B) calibration plots for measurements with the
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t(IV); accumulation potential, EACC = +0.9 V vs. Ag/AgCl; potential range,

R = +0.9 to −0.3 V; accumulation time, tACC = 30 s; the rest period, tR = 15 s;
can rate, v = 10 mV s−1; pulse height, �E = −25 mV.

.2.4. Accumulation potential (EACC) and accumulation
ime (tACC)

Anions of PtCl62−, IrCl63− and OsCl62− were subjected
o a series of measurements to set up optimum conditions for
ach one. After varying the EACC potential from +0.3 to +1.3 V,
tCl62− and IrCl63− anions exhibited a very similar behaviour

owards the modified CPE. In both cases, the IP(Me) versus
ACC plots resulted in a parabolic curve with a sharp maxi-
um at about +0.8 V. The IP(Me) versus tACC dependence was

xamined next. Lengthy accumulation periods had often been
ccompanied by saturation effects, which was characteristic for
mechanism involving the ion-pair formation and subsequent

ccumulation onto the carbon paste [9,10,13,21]. Thus, optimal
pproach required shorter pre-concentrations, typically from 30
o 60 s. The values of EACC = +0.8 V and tACC = 30 s were found
o be convenient also for OsCl62−.

.3. Analytical performance of the method for Pt(IV),
r(II), and Os(IV)

.3.1. Calibration plots
The IP(Me) versus c(Me) dependence was investigated for

ll three heavy platinum metals. Calibration for Pt(IV) is shown
n Fig. 3, depicting typical voltammograms over the linear
ange (A) and the corresponding plots obtained in the presence
f all ion-pairing agents tested (B); the latter demonstrat-
ng clearly that the method performance significantly depends
pon the surfactant used (see a decrease in sensitivity for the
equence Septonex® → CTAB → CPB). As can be seen, the
esponses of interest proportional to the Pt(IV) concentration

ould be plotted up to 1.5 × 10−5 mol l−1, but calibration at
igher concentrations had already exhibited slight deviations
rom linearity; again, due to saturation of the CPE surface.
imilar observations were made with Ir(III), only the effective-

3

I

ndividual modifiers (see inscriptions) for the whole linear range. Experimental
onditions: DPCSV; 0.10 M acetate buffer + 0.15 M KCl; c(Septonex®, CTAB,
PB) = 1 × 10−5 mol l−1. For other conditions, see Fig. 1.

ess of the individual ion-pairing agents decreased in the order
TAB → Septonex® → CPB. Quite attractive analytical perfor-
ance of the method was achieved when calibrating the response

or osmium since the concentration of OsCl62− complex could
e detected down to the nanomolar level; i.e. at considerably
ower concentrations compared to those sufficient for the deter-

ination of PtCl62− or IrCl63−.
Such remarkable detection characteristics for Os could

erhaps be due to a higher lipophilicity of the hexachloroosmi-
te(IV) compared to related Pt(IV) and Ir(III) complex anions
r, eventually, because of abnormal stability of the respective
on-associate. But, in order to support such hypotheses, there
re no relevant data available [28].

.3.2. Limits of detection (LODs)
These parameters were evaluated for all three metals when

sing model solutions containing the single element at a con-
entration of 2.5 × 10−6 mol l−1 for both PtIV and IrIII, and
× 10−9 mol l−1 for OsIV (all with tACC for 60 s). By means of

he 3:1 signal-to-noise ratio criterion, the corresponding LODs
ere estimated to be 9 × 10−7 M Ir(III) (with CTAB),
× 10−7 M Pt(IV) and 5 × 10−9 M Os(IV) (both with
eptonex®).
.3.3. Reproducibility
Also this parameter was examined for all three PtCl62−,

rCl63−, and OsCl62− complexes with the ion-pairing agent
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elected using a series of voltammograms recorded in 10 repli-
ates in samples with 2.0 × 10−6 M Pt(IV), 7.5 × 10−6 M Ir(III)
r 2.5 × 10−7 M Os(IV). The resultant reproducibility was cal-
ulated to be within ±8–15% for responses of Pt or Ir, and about
5% for signal of Os, respectively. Even such values could be

egarded as satisfactory for a method combining the ion-pair
ormation with subsequent accumulation.

.3.4. Interference studies
Attention was paid to such anionic species that might affect

he determination of platinum metals as possible competitors in
he ion-pairing processes. Important results of this study com-
rising a sextet of analytes (AuCl4−, TlCl4−, MnO4

−, CrO4
2−,

CN−, and I−) can be summarised in this way: as anticipated,
eriously interfering were chloroaurate [27] and chlorothallates
37]; both being able to form stable ion-pairs with R′R3N+

ations over a wide pH-interval. On the contrary, only minor
nterference was from chromate and iodide, exhibiting strong
on-pairing affinity in highly acidic solutions [17,18], which is
ot the case of acetate buffer-based media used in this method
ariant.

Definitely the most valuable finding to be emphasised within
nterference studies is the fact that the method has been able
o discriminate between all three heavy platinum metals, which
s illustrated in Fig. 4. To the authors’ knowledge, there is no
omparable experiment ever reported in an electrochemical or
lectroanalytical journal, featuring simultaneous determination
f platinum, iridium, and osmium with such successful separa-
ion of all the corresponding peaks in the single voltammetric
can.

.4. Analysis of model solutions and real samples
First, the method is characterised with the aid of recovery
ates by analysing model solutions containing 0.10 M acetate
uffer + 0.15 M KCl + 1 × 10−5 M modifier (see below) plus

ig. 4. Voltammetric analysis of a mixture of Pt(IV), Ir(III), and Os(IV) at
carbon paste electrode modified with Septonex®. (1) Base-line (support-

ng electrolyte, see below), (2) addition of 5 × 10−7 M Pt(IV) + 3.5 × 10−6 M
r(III) + 5 × 10−8 M Os(IV). Experimental conditions: DPCSV; 0.10 M acetate
uffer + 0.15 M KCl + 1 × 10−5 M Septonex® (pH 4.5); accumulation potential,

ACC = +0.8 V. For other conditions and parameters, see Fig. 1.
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spike of either 1 × 10−6 or 5 × 10−6 M Pt(IV), the same
oncentrations of Ir(III), and 1 × 10−7 or 5 × 10−7 M Os(IV),
espectively. The individual analyses, performed always in repli-
ate measurements for the respective model solution as well as
ach standard addition, yielded the recovery rates within an inter-
al of 90–115% for Pt(IV) or Ir(III) and of 97–99% for Os(IV);
specially the latter being surprisingly good results for a method
ased on non-faradaic accumulation. All these results were
btained with either CTAB or Septonex® as modifiers of choice,
nalyses with CPB had not been successful (when the recovery
eached up to 150% because of poorly reproducible signals).

As stated in Section 2, real samples selected to test practical
pplicability of the method were three specimens of heavily
olluted water collected at various sampling sites inside a factory
rocessing and separating some precious and heavy metals from
ndustrial waste waters. According to the specification given
23], the individual samples contained a number of heavy or
oble metals; namely: Zn, Cd, Pb, Cu, and Ag (at concentrations
f 1–20 mg l−1), traces of Cr, Fe, Ni, Hg, and Au (<1 mg l−1)
lus three platinum metals: Rh, Pd, and Pt; the content of the
atter being declared to be 2.7–3.0 mg l−1 in specimens supplied.

Platinum was also the element of interest in order to test the
ethod. Typical voltammograms obtained by analysing sample

o. 1 are shown in Fig. 5, with peaks for Pt at a peak potential
f ca. +0.2 V versus ref. The concentration found in this sam-
le was 1.56 × 10−5 mol l−1 (≈3.04 mg l−1); the remaining two
amples containing 1.25 × 10−5 and 1.34 × 10−5 mol l−1 (2.44
nd 2.61 mg l−1), respectively. All these results agreed well to
he contents declared, showing a satisfactory performance of the

ethod for the determination of Pt(IV).
In case of industrial waste water, the integral part of the pro-

edure was also a pre-treatment, comprising the acidification of
riginally highly alkaline matrices and the removal of cyanides.

hereas the first operation was necessary in order to ensure the

ptimal pH, the presence of CN− ions was evaluated as unde-
irable due to their capabilities to form highly stable complexes
ith metallic elements, including platinum metals [28,38] that

ig. 5. Determination of Pt(IV) in real sample of industrial waste water. (1)
ample solution [2 ml 1 M CH3COOH/CH3COONa + 3 ml 1 M KCl + 200 �l
.001 M Septonex® + 9.8 ml distilled water + 5 ml pre-treated waste water];
2–4) +2, 4, 6 �M Pt(IV). For experimental conditions, see Fig. 1.
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ight affect the complexing function of chlorides—one of the
wo main constituents in the supporting electrolyte. The results
f analyses suggest one that the whole pre-treatment has been
hosen properly and did not lead to any losses of the analyte.

. Conclusions

Results and observations summarised above have shown that
simple method based on in situ modification of CPE with

ationic surfactants of the R′R3N+ type, originally invented for
he determination of iodide, I− [17], later adapted for hydro-
enchromate, HCrO4

− [18], can also be maintained for the
etermination of all three heavy platinum metals—platinum,
ridium, and osmium. This documents clearly a flexibility of the
espective procedure, having offered attractive analytical perfor-
ance in each hitherto tested application. In case of platinum
etals, such a characterisation can also be made if one takes into

ccount, for instance, remarkable feature to determine simulta-
eously Pt, Ir, and Os. Although the method developed does
ot offer detection capabilities comparable to those reported for
lassical procedures utilising electrocatalytic principles (see e.g.
39] and references therein), it can be recommended – thanks
o a sufficient selectivity – for the determination of platinum or
ridium in heavily polluted water and similar samples.

Regarding osmium, the approach presented here is so far
he only attempt to determine this platinum metal using carbon
aste-based electrode or related sensors [9,10,13]. This prior-
ty in the determination of Os at a CPE and, in particular, rather
stonishing finding that there is a nearly 30 years gap in database
ith contributions falling into the electrochemistry of osmium

40] have motivated our research group to continue in investi-
ations with this interesting chemical element. In this respect,
ome new studies have already been started and other valuable
esults obtained.
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bstract

A capillary zone electrophoresis method using only 1-alkyl-3-methylimidazolium-based ionic liquids as background electrolyte for the simulta-
eous determination of five anthraquinone derivatives including aloe-emodin, emodin, chrysophanol, physcion and rhein in Rhubarb species was
escribed. Ion association constants, Kass, between anthraquinone anions and imidazolium cations were determined by analyzing the electrophoretic
obility change of anthraquinone anions using a non-linear least-squares method and factors contributing to ion associability were systematically

larified. For method optimization, several parameters such as ionic liquids concentration, background electrolyte pH and applied voltage, on

he separation were evaluated and the optimum conditions were obtained as follows: 90 mM 1-butyl-3-methylimidazolium tetrafluoroborate (pH
1.0) with an applied voltage of 20 kV. Under these conditions, the method has been successfully applied to the determination of anthraquinones
n extracts of two kinds of Rhubarb plants (R. palmatum and R. hotaoense) within 12 min. The method proposed herein was shown to be much
impler than the previously reported methods.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Rhubarb, one of the oldest and best-known herbal medicines,
as been used for thousands of years. It is officially listed in the
harmacopoeias of many countries [1,2]. Rhubarb has the effect
f purgation, antibacterial, curing mental and renal disorders,
ntitumor and antimutagenicity [3,4]. Some related investiga-
ions show that the pharmaceutically relevant biologically active
omponents in Rhubarb are hydroxyanthraquinoids including
hrysophanol, emodin, physcion, aloe-emodin and rhein [5].
tructures of these five anthraquinons are presented in Fig. 1.

The methods commonly used for the determination of

nthraquinone derivatives in Rhubarb are thin layer chromatog-
aphy (TLC) [6] and high performance liquid chromatography
HPLC) [7]. Recently, various capillary electrophoresis (CE)

∗ Corresponding author. Tel.: +86 931 8912763; fax: +86 931 8912582.
E-mail address: chenxg@lzu.edu.cn (X. Chen).

h
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.027
nthraquinones; Rhubarb

ethods have also been proposed for the determination of these
nthraquinones, such as micellar electrokinetic chromatography
MEKC) [8,9], microemulsion electrokinetic chromatography
MEEKC) [10,11], capillary electrochromatography (CEC)
12], and capillary zone electrophoresis (CZE) [13–17]. In all
f these studies on CZE mode, the analysis time was too long
n some literature [15]. Moreover, such approaches were par-
icularly through the addition of modifiers to the background
lectrolyte (BGE) [13-17]. In contrast, the present study demon-
trated that such modifiers were unnecessary, requiring only a
elective interaction of anthraquinones anions with the counte-
ion provided by the BGE, and thereby the method proposed
erein was shown to be much simpler than the previously
eported methods [15,16].

Room temperature ionic liquids (RTILs) are those com-

ounds which are liquids at room temperature or whose melting
oints are slightly higher than ambient temperature. Generally,
he ILs present a variety of desirable properties, such as conduc-
ivity, nonflammability, air and water stable, thermal stability,
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Fig. 1. Structures of the five anthraquinones.

nd can be easily and economically prepared. Moreover, ILs are
ess volatile and are referred to as “green solvents”. In the past
everal years, many scientific investigations have focused on ILs
or their potential in different chemical processes [18–20], the
pplication of ILs for the separation of various classes of com-
ounds in CE has also been recognized [21–23]. However, to
he best of our knowledge, no study on the using of ILs as BGE
n CZE for the separation of these five anthraquinone deriva-
ives has been reported until now. Apart from its high resolving
ower, CE has also proved to be most suitable for the study of
olecular association [24–26], which is usually weak (particu-

arly in water) and therefore difficult to study by other analytical
echniques. Although several studies have reported the use of
Ls as BGE in CZE, very little attention has been paid to the use
f CE as a tool for studying ion association involving ILs cations
nd organic anions and was now a goal of the present study.

The aims of the present study were: (i) to investigate the
otential of ILs as BGE in CZE for the simultaneous deter-
ination of the five anthraquinones in non-pretreated rhubarb

xtracts; (ii) to explore the possibility of CE for studying ion
ssociation between imidazolium cations and anthraquinone
nions. It was hoped that the phenomena implied in the selec-
ivity modification and factors contributing to ion associability
ould be clarified.

. Experimental

.1. Apparatus and procedures

A Waters Quanta 4000 capillary electrophoresis system (Mil-
ord, MA, USA), equipped with a UV detector, was used. Data
ere processed by a Maxima 820 chromatography workstation.
he temperature was maintained at 25.0 ± 0.5 ◦C with a forced-

ir cooling system. A fused-silica capillary of 60.0 cm (52.5 cm
ffective length, 50 �m i.d. and 365 �m o.d.) was purchased
rom Yongnian Photoconductive Fiber Factory (Hebei, China).

hydrodynamic injection was made with a 5 s injection time
R

2 (2007) 587–593

t 10 cm height difference (anodic injection) and the detection
avelength was operated at 254 nm. A PHS-10A acidity meter

Xiaoshan Science Instrumentation Factory, Zhejiang, China)
as used for the pH measurement. The pH was adjusted with
.5 M NaOH or HCl. The viscosity of the different composition
f buffers was determinated by an Ostwald viscosity meter. Ace-
onitrile (ACN) was the marker of electroosmotic flow (EOF).
he measurements were run at least in triplicate for each dif-

erent composition of the running buffer to ensure repeatability.
efore its first use, the capillary was washed successively with
M NaOH for 5 min, water for 3 min, 0.1 M NaOH for 5 min
nd water for 3 min. The capillary rinsed between the runs as
ollows: 2 min with water, 3 min with 0.1 M NaOH, 2 min with
ater and 5 min with BGE.

.2. Materials

Rhubarb plants (R. palmatum and R. hotaoense) were pur-
hased from Tongji drugstore (Lanzhou, China). Standards
f anthraquinone derivatives aloe-emodin, emodin, chryso-
hanol, physcion and rhein were purchased from the National
nstitute for the Control of Pharmaceutical and Biological
roducts (Beijing, China). Phosphate, borate, sodium chloride,
odium hydroxide and hydrochloric acid were purchased from
ianjin Chemical Reagent Factory (Tianjin, China). The ILs 1-
utyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4) and
-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4)
ere synthesized according to literatures [21,27]. All chemicals

nd solvents were of analytical regent grade and were used with-
ut further purification. Distilled water was used throughout.

.3. Solutions and sample preparation

All analytes were dissolved separately in ACN for identi-
cation purposes and as a mixture for selectivity studies. The
unning buffers were prepared daily by direct addition of ILs in
ater to give a concentration of 200 mM and further diluted to

he desired concentration with water.
A 0.04 g sample of R. palmatum powder (100 mesh) was

mmersed in 10.0 mL ethanol at room temperature for 12 h,
fter that, it was extracted for 20 min in an ultrasonic bath and
ollowed by centrifugation at 1500 × g for 5 min. This proce-
ure was repeated three times, then the extracts were combined,
vaporated to near-dryness on a water bath and the residue was
issolved in 1.0 mL ACN as the stock solution. A 0.04 g pow-
er of R. hotaoense was extracted, respectively, using the same
rocedure as mentioned above. Before injection into the CE sys-
em, the solutions were appropriately diluted. All solutions were
ltered through a 0.45 �m membrane filter (Shanghai Xinya
urification Apparatus Factory, Shanghai, China) prior to use.

.4. Calculations
The resolution Rs was calculated by

s = 2(t2 − t1)

W1 + W2
(1)
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Fig. 2. Effect of ILs concentration on the resolution of chrysophanol and
aloe-emodin. Conditions: 30–105 mM EMIM-BF4 or BMIM-BF4 at pH
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of each analyte. In this study, alkaline conditions were found
to favor the separation due to the phenolic (and acidic) nature
of these anthraquinones. Therefore, separations were performed
with pH ranging from 9.5 to 11.5 and 90 mM BMIM-BF4. Other

Table 1
The values of pKa and hydrophobic parameter (log Pow) of the studied
anthraquinones

Compound

1 2 3 4 5
K. Tian et al. / Tala

here t1 and t2 are the respective migration times of each analyte;
1 and W2 are the peak widths at the baseline.The mobility of

he analyte was calculated from the observed migration times
ith the equation:

μeff = Ll

V

(
1

tm
− 1

teo

)

(2)

here μeff is the electrophoretic mobility of the analyte tested, tm
nd teo are the measured migration times of the analyte and EOF
arker (ACN) measured directly from the electropherogram,

espectively. L is the total length of capillary, l is the length of
apillary between injection and detection, and V is the applied
oltage.

. Results and discussion

.1. Separation of anthraquinones derivatives using
MIM-BF4 or EMIM-BF4 as BGE

In previous studies, it has proved that complete separa-
ion of the studied anthraquinones could not be achieved by
rdinary CZE without modifiers addition due to the little dif-
erences in pKa values between chrysophanol and aloe-emodin
15,16]. In the work of Wilkes and Zaworotko, they con-
luded that 1-ethyl-3-methylimidazolium was a general useful
ation [28]. In our laboratory, Qi et al. reported the deter-
ination of four anthraquinones in Chinese herb Paedicalyx

ttopevensis Pierre ex Pitard by CZE using BMIM-BF4 with
-cyclodextrin as modifier [29]. On the basis of these pre-

iminary results, our attention was focused on the use of
-alkyl-3-methylimidazolium-based ILs as BGE in CZE for
he separation of anthraquinones in Rhubarb. It was expected
hat hydrophobic imidazolium cations could interact with
ydrophobic anthraquinone anions to improve the separation.
he miscibility of 1-alkyl-3-methylimidazolium-based ILs in
ater, to a great extent, was dictated by the inorganic anion

nd alkyl chain lengths, the tetrafluoroborate anion and the
alt with short alkyl chain lengths (n < 6) were shown to
rovide high miscibility of ILs in water [30,31]. Therefore,
he ILs BMIM-BF4 and EMIM-BF4 were chosen in this
xperiment.

With the aim of evaluating the effect of ILs concentration
n the separation, a series of buffers (pH 11.0) containing only
Ls, ranging from 30 to 105 mM, were investigated. It was found
hat the proposed method provided a different separation profile
ompared to that obtained by ordinary CZE using borate or phos-
hate buffers. The two analytes chrysophanol and aloe-emodin,
hich were difficult to separate by ordinary CZE, could be well

eparated by using ILs as BGE. Fig. 2 shows the effect of ILs con-
entration on the resolution of chrysophanol and aloe-emodin. It
learly illustrated that the resolution increased dramatically with
ncreasing ILs concentration, especially in the range 30–60 mM
or BMIM-BF4 and 45–75 mM for EMIM-BF4. Complete sep-

ration of these two analytes was achieved with the addition
f 60 mM BMIM-BF4. It also can be seen that the resolution
bserved using BMIM-BF4 was higher than that obtained using
qual concentration of EMIM-BF4. In terms of the separation, it

p
L

1.0; uncoated fused-silica capillary, total length 60.0 cm (52.5 cm effective
ength) × 50 �m i.d.; applied voltage, 20 kV; temperature, 25.0 ± 0.5 ◦C; detec-
ion, 254 nm.

as apparent that BMIM-BF4 provided better resolution. There-
ore, 90 mM BMIM-BF4 was selected in the subsequent work.

The mobilities of five anthraquinones were found to increase
ith increasing amounts of ILs added to the separation buffers.
his was explained by ion association between imidazolium
ations and anthraquinone anions. In this experiment, all sep-
rations were performed under conditions in which only the
egatively charged forms of the analytes were present and
igrated opposite to the direction of EOF. The pKa values

f these anthraquinones are shown in Table 1 [32]. After for-
ation of the associated complexes with imidazolium cations,

he charges on these negatively charged anthraquinones were
ecreased. This effect was expected to accelerate the migration
f negatively charged anthraquinones to the detector, resulting
n increased mobilities.

.2. Selection of other conditions for optimization

The pH of the BGE plays an important role in the separation
f ionizable analytes because it determines the ionization extent
Ka
a 8.49 8.51 8.49 5.70, 7.94 4.51, 8.41

og Pow
b 3.85 3.63 2.68 2.91 2.42

a Ref. [32].
b Ref. [8].
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Fig. 3. The typical electropherograms of the standard mixture and the real sam-
ples under the optimum conditions. (A) The standard mixture; (B) R. hotaoense;
(C) R. palmatum; the concentrations of the standards were 50 �g mL−1 for
chrysophanol, physcion, emodin and aloe-emodin, 40 �g mL−1 for rhein,
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espectively. Conditions: 90 mM BMIM-BF4 at pH 11.0. The peaks were num-
ered according to the analytes number in Fig. 1. Other conditions are as in
ig. 2.

onditions were the same as in Fig. 2. It was found that the ana-
ytes chrysophanol and aloe-emodin were comigrated or poorly
eparated when the pH was lower than 10.0. With the increase of
H above 10.0, the resolution between chrysophanol and aloe-
modin increased for pH up to 11.0, and then decreased. At pH
1.0, the five anthraquinones could be well separated within a
elatively short time and thus it was chosen as the optimum.

The high voltage was necessary for rapid CE analysis. Within
he applied voltage ranging from 15 to 30 kV, it was found that
igher separation voltages were not beneficial to the resolution
f the real samples. However, lower separation voltages would
ncrease the analysis time considerably. Based on experiments,
0 kV was selected to accomplish a good compromise.

From the above results, the optimum conditions were
btained as follows: 90 mM BMIM-BF4 (pH 11.0) with an
pplied voltage of 20 kV. Under these conditions, all the five
nthraquinones were well separated in less than 12 min with
ymmetrical peaks. Fig. 3A demonstrates the typical electro-
herogram for a standard mixture of the five anthraquinones.

.3. Determination of ion association constants
To clarify the mobility change in the presence of imidazolium
ations, ion association constants between imidazolium cations
nd anthraquinone anions were examined. Since the ion asso-

(
r
I
t

able 2
on association constants (M−1) obtained by the non-linear least-squares method (at

Compounds

1 2

MIM-BF4 5.7 ± 0.8 (0.9990)a 3.1 ± 0.7 (0.9990)
MIM-BF4 11.9 ± 1.4 (0.9982) 7.2 ± 0.9 (0.9987)

a Error 1.96σ.
2 (2007) 587–593

iate was not so stable, only 1:1 ion association was assumed
o take place. An imidazolium cation, C+ and an anthraquinone
nion, Am− can form an ion associate according to the following
quilibrium [24]:

+ + Am−KassCA(m−1)− (3)

The corresponding ion association constant, Kass, was
btained by:

ass = [CA(m−1)−]

[C+][Am−]
(4)

here [CA(m−1)−] represented the concentration of the associa-
ion complex between anthraquinone anions and imidazolium
ations. [C+] and [Am−] were the equilibrium concentration
f imidazolium cations and anthraquinone anions, respectively.
ecause in this case the imidazolium cations were present in
xcess over the anthraquinone anions, the equilibrium concen-
ration [C+] can be considered as equal to the total concentration
f the ILs. Under fast exchange conditions, the electrophoretic
obility of a certain anthraquinone anion, μeff was a weighted

verage of the mobilities of its free and complexed forms (μA
nd μCA, respectively) [24–27], which can be represented as
ollows:

eff = [Am−]μA + [CA(m−1)−]μCA

[Am−] + [CA(m−1)−]
(5)

here μA and μCA were the mobility of the analyte anions
nd that of the 1:1 ion associate, respectively. Combining Eqs.
4) and (5) show that mobility was related to the association
onstants through the general binding isotherm relationship
24–27], which can be expressed as

eff = μA + Kass[C+]μCA

1 + Kass[C+]
(6)

In this study, the ion association constants of Kass was deter-
ined by using buffers containing 10 mM disodium hydrogen

hosphate (pH 11.0) and 0–90 mM BMIM-BF4 or EMIM-BF4.
ther conditions were the same as in Fig. 2. In previous studies,

t has been reported that the mobility of species was affected by
uffer concentration (ionic strength) and viscosity when high
oncentration of additives were added during the association
rocess [33,34]. In order to eliminate these influences, sodium
hloride was used as electrolyte for adjusting the ionic strength

at a constant of 0.12 M) of the BGE on account of sodium ions
eported low ability to associate with most of the anions [35,36].
n this experiment, it was found that the viscosity changes due
o the addition of ILs were small and could be neglected. The

25.0 ◦C)

3 4 5

2.6 ± 0.8 (0.9987) 7.5 ± 0.9 (0.9990) 4.5 ± 1.1 (0.9980)
6.2 ± 0.5 (0.9959) 15.2 ± 1.4 (0.9985) 9.5 ± 1.3 (0.9979)
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ig. 4. Effect of ILs concentration on the effective mobility of anthraquinone
erivatives with the ionic strength correction. (A) EMIM-BF4; (B) BMIM-BF4.
he number of each curve was corresponding to the analytes number in Fig. 1.
ther conditions are as in Fig. 2.

on association constants were next determined from the anion
obility μeff as a function of [C+] by a non-linear least-squares
ethod. The mobility of anthraquinone anions with increasing
oncentration of ILs in the BGE is shown in Fig. 4A and B. The
ass values obtained are summarized in Table 2.

The association constants (Kass) derived from this method
rovided fundamental information on the interaction between

3

s

able 3
he results of regression analysis on calibration curves and the detection limits

ompound Calibration curve (y = a + bx)a,b Correlation co

a b

242.1 ± 161.5 89.4 ± 1.7 0.9993
368.7 ± 154.4 123.5 ± 1.6 0.9997
409.8 ± 143.3 78.5 ± 1.5 0.9993
157.2 ± 108.7 66.6 ± 1.2 0.9994
287.4 ± 221.8 118.7 ± 2.4 0.9992

a y and x stand for the peak area and the concentration (�g mL−1) of the analytes, r
b Error 1.96σ.
c The detection limits (LOD) corresponding to concentrations giving signal-to-nois
2 (2007) 587–593 591

he anthraquinone anions and the imidazolium cations. In
his study, all the experiments were performed at pH 11.0.
nder such high alkaline condition, the anthraquinones were

ompletely ionized, which eliminated alternative explanations
or our results due to variability in dissociation constants of
nthraquinones. In previous papers, ion associability was dis-
ussed from the viewpoint of the hydrophobicity of pairing ions
26,37]. In the ion associability examined in this work, the ion
ssociability also appeared to be correlated to the hydrophobic-
ty and/or polarizability of the pairing cations and anions. As can
e seen from Table 2, the ion associability order was found to
e physcion > chrysophanol > aloe-emodin, emodin > rhein for
oth kinds of ILs. Accordingly, it was the order of the decreasing
ydrophobicity of analytes introduced by different substituent
roup(s) in the R position(s) of aromatic ring. The values of
ydrophobic parameter, log Pow are shown in Table 1. Moreover,
he results in Table 2 showed that the Kass values were higher
or the butylimidazolium cations than for the ethyl analogue,
uch observations further supported the view that a hydropho-
icity mechanism located in the BGE was operating in both
ases. Interestingly, Kass values consistently showed that emodin
nd rhein interacted extensively with the imidazolium cations,
espite these two compounds were relatively less hydrophobic
ompared to other three analytes. Hence the hydrophobicity
oncept could not be applied simply to the ion associability.
n view of the structures of the anthraquinones, it was found
hat these two analytes possessed higher charges (trivalence)
han the other three analytes (bivalence) and therefore possessed
igher charge density. Certainly, the negatively charged anions
ere able to interact electrostatically with the positively charged

ations, which meant that the high ion associability was con-
idered by means of increased electrostatic interactions. From
he above discussion, we may conclude that the separation of
nthraquinones was achieved by differing affinities or associa-
ion interactions of anthraquinones for the imidazolium cations.
n Fig. 2, the higher Rs observed with BMIM-BF4 compared to
hat obtained with equal concentrations of EMIM-BF4 may be
ttributable to the fact the interactions of anthraquinones with
MIM-BF4 were stronger than those with EMIM-BF4.
.4. Method validation

Under the optimum conditions, a series of standard mixture
olutions of these five analytes were tested to determine the lin-

efficient Linear range (�g mL−1) Detection limit (�g mL−1)c

2.8–90 0.46
1.4–90 0.33
1.9–120 0.53
4.2–135 0.62
1.9–120 0.35

espectively.

e ratio of 3.
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Table 4
Recoveries of five anthraquinones in sample analysis (n = 4)

Sample Component Amount (�g mL−1) Recovery (%) R.S.D. (%)
Original Added Found

R. hotaoens 1 12.84 9.00 22.16 104 3.4
2 58.20 9.00 67.46 103 2.7
3 2.72 12.00 14.78 101 1.2
4 25.31 13.50 38.59 98.4 2.9
5 8.96 12.00 20.79 98.6 3.3

R. palmatum 1 24.46 9.00 33.96 106 5.2
2 64.47 9.00 73.87 104 3.7
3 5.66 12.00 17.91 102 2.6
4 22.80 13.50 37.02 105 4.7
5 5.24 12.00 17.89 105 4.9

The conditions are the same as in Fig. 3.

Table 5
Contents of the five anthraquinones in real samples and R.S.D.s (n = 5)

Samples

1 2 3 4 5

R. hotaoensa 0.16 (1.04)b 0.73 (1.52) 0.034 (1.25) 0.32 (1.43) 0.11 (1.58)
R. palmatum 0.31 (1.19) 0.81 (1.21) 0.071 (1.47) 0.29 (2.27) 0.066 (1.71)
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a % of dry mass.
b The data in parentheses refer to the R.S.D.

arity between the analyte concentration and the corresponding
eak areas [38]. The results of regression analysis on calibra-
ion curves and the detection limits are summarized in Table 3.
he correlation coefficients calculated were between 0.9992
nd 0.9997 over the concentration range (2.8–90 �g mL−1

or 1, 1.4–90 �g mL−1 for 2, 1.9–120 �g mL−1 for 3,
.2–135 �g mL−1 for 4, 1.9–120 �g mL−1 for 5). The limits of
etection (S/N = 3) were below 0.7 �g mL−1. These results were
imilar to those obtained in previous studies [15,16] and were
ower than those obtained in Ref. [17].

The precision of CE depends on the repeatability of migra-
ion times and peak areas. The repeatability of the method was
etermined by repeated (n = 6) injection of the standard mixture
olutions at the concentration levels of 25, 50, 75 �g mL−1 for
ll analytes. The R.S.D.s of the migration times and peak areas
ere 0.43–0.79, 0.98–1.87% (intra-day, n = 6), and 0.74–1.53,
.18–2.39% (inter-day, n = 5), respectively.

Ensure accuracy of the method, the recoveries of the
ethod were determined by standard addition method, and

he results are listed in Table 4. It was shown that the recov-
ries of the five anthraquinones were ranged from 98.4 to
06%.

.5. Application

Two kinds of Rhubarb plants, R. palmatum and R. hotaoen
ere assayed by the proposed method. The typical electro-

herograms are shown in Fig. 3B and C. Peaks were identified
y spiking five anthraquinones individually into the sample
olutions. The contents of the five anthraquinones together
ith R.S.D.s (n = 5) are listed in Table 5. Just as our previ-

A

F

us study [16], the contents of anthraquinones were different
n two kinds of Rhubarb plants, which proved that the con-
ents of anthraquinone derivatives were related to the species
o a great extent. It was instructive for the selection of medic-
nal plants in clinic treatment. The contents of anthraquinones
n the extracts determined by this method were in good agree-

ent with those obtained by our previous study except the
ontent of emodin in R. palmatum [16]. The reason for this
as most probably the different collection time and cultivation

egion.

. Conclusions

The effective separation of five anthraquinone derivatives in
hubarb species was achieved by CZE using only ILs as BGE.
he ion association reaction between anthraquinone anions and

midazolium cations were studied. From the ion association con-
tants obtained, factors contributing to ion associability were
ystematically clarified. The technique proposed in this paper
ffered merits of simplicity, rapidity and high selectivity. It pro-
ided a complementary method to CZE for the quality control of
hubarb. This study also highlighted that ion association reac-

ion was one of the most promising methods for improving the
eparability of various analyte ions that have very similar or
dentical migration behavior in CZE.
cknowledgement
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bstract

The effect of axial temperature gradient (ATG) along a microcolumn on the separation performance at both isocratic and gradient elution mode
as investigated. A thermostat system was designed to form an ATG along the packed column. Polycyclic aromatic hydrocarbons (PAHs) were

eparated on a 0.53 mm × 150 mm i.d. 5 �m C18 microcolumn, with water and acetonitrile as mobile phase. The separation results obtained at
obile phase gradient (MPG) and ATG in microcolumn HPLC were compared with the results performed at ambient conditions. Extrapolated
urves of peak width at half height (wh) versus lnk showed that wh is narrower at the same retention time when ATG was applied in addition
o MPG. The column efficiency was enhanced 20–30% and the resolution was slightly reduced because of reduction of selectivity at elevated
emperature at ATG condition. The RSD of retention time in ATG mode was less than 2.5%.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Historically, the effect of temperature on retention was first
eported half a century ago [1]. From then on, more researchers
nvestigated the effect of temperature on retention factors, peaks
ymmetry, and separation efficiency in liquid chromatography
2,3].

Recently, more attention was focused on the high-speed
hromatographic separation at elevated temperature [4]. Carr
nd coworkers [5] studied the theoretical benefits of temper-
ture on speed in liquid chromatography. Their work showed
hat the elution speed of LC could be improved at elevated
emperature.

In reversed phase HPLC, an increase of column tempera-
ure leads to either a decrease in retention (negative temperature

ependence) [6] or an increase in solute-stationary phase interac-
ion with temperature (positive temperature dependence) [7–9]
ccording to the difference of analytes and stationary phase.

∗ Corresponding author. Tel.: +86 411 84379590; fax: +86 411 84379570.
E-mail addresses: kfguan@mail.dlptt.ln.cn,

uan yafeng@yahoo.com.cn (Y. Guan).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.12.018
icro-HPLC; Polycyclic aromatic hydrocarbons

early all of the physical parameters that play a role in LC
eparation are a function of temperature. It is, therefore, very
omplicated to optimize the operational temperature.

Optimization of mobile phase composition [10,11] is a
ommon approach for optimization of separation in HPLC. Tem-
erature plays a relatively minor role on retention and selectivity
n LC than in GC. Furthermore, it is easier to manipulate the

obile phase composition (solvent strength programming) than
o adjust oven temperature with conventional size LC columns.

For capillary column HPLC, solvent gradient suffers from
reat technical difficulties such as precise low flow rate con-
rol (microlitre or nanolitre per minute), stability of micropump,
nd slow column equilibration. In microcolumn and capillary
olumn liquid chromatography, it is not essential to preheat the
obile phase since the radial temperature gradient inside the

acked bed is very small because of their low heat capacities and
mall radius of the columns compared to conventional columns.
he small volumes of both mobile and stationary phases in these
olumns facilitate rapid heating and cooling across the narrow

olumn bed without creating large radial temperature profiles
12]. Therefore, it is more convenient to manipulate the col-
mn temperature in capillary column LC than in conventional
olumn LC.
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The first attempt to study the effects of temperature on
arrow-bore columns was performed in 1981 by Ishii and co-
orkers [13]. Later, McNair and Bowermaster [14] evaluated

he potential of temperature programming in conjunction with
icrobore column LC and concluded that it produced faster anal-

sis and increased efficiency. Sheng et al. [15] also investigated
he separation efficiency of capillary column LC at different
olumn temperatures and found that temperature could have a
etter or worse effect on selectivity, depending on the retention
actors, enthalpies, and entropies of the compounds analyzed.
oudiere et al. [16] assessed the combination of temperature

nd flow gradient in microcolumn and capillary column liquid
hromatography separation. They found that simultaneous tem-
erature and flow rate programming is a promising means of
educing the total analysis time.

The application of an axial temperature gradient, which com-
ined flow and temperature programming, has been previously
eported [17]. In their work the axial temperature gradient was
enerated by pre-heating the mobile phase higher than the aver-
ge column temperature, and the report claimed good separation
fficiency with reduced analysis time.

Instead of temperature programming [14], this paper reports
study on ATG along the column in RPLC. The effect on chro-
atographic bandwidth, column efficiency and resolution by

he ATG were investigated. The instrumentation set-up and the
esults of comparative study are also described.

. Experimental

.1. Instrumentation

An Ultra-Plus II model liquid chromatograph, consisting of
uaternary pumps, a pump controller, two mixers, a 10-port
alve and a six-port valve, was from Micro-Tech Scientific
Vista, CA, USA). The chromatograph is equipped with a UVIS
00 detector (Linear, CA, USA).

A homemade column thermostat is illustrated in Fig. 1. A
tainless steel union (Valco) on head of the column is placed
nside a hole in the center of the heating block (made from alu-
inum). The inner diameter of the hole is identical as the outside
iameter of the union to have a good thermal conductance. A
opper tube of 3 mm o.d. and 2 mm i.d. is fixed between the heat-
ng block and another aluminum block, which is kept at room

ig. 1. Schematic illustration of the concept and device for ATG along a col-
mn. (1) heating block; (2) temperature controller; (3) heat insulating material;
4) copper tube; (5) aluminum block; (6) fan; (7) epoxy adhesive; (8) fused
ilica capillary for connecting; (9) frit; (10) stainless steel union; (11) packed
icrocolumn.
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emperature by a fan. The separation column is placed inside the
opper tube. The outside wall of the copper tube is covered with
thermal insulating material to maintain the temperature gradi-
nt along the copper tube. A negative temperature gradient was
enerated along the copper tube. Thin film miniature Pt resistors
Juchheim, GmbH, Germany) were used to measure the temper-
tures of the heating block, copper tube at different locations
nd cooling block. Fused-silica capillary tubing of 50 �m i.d.
s used as connection tubing of the packed column to injection
alve and detector, respectively.

Chrom Perfect for Windows software, from Justice Innova-
ions (Mountain View, CA, USA), was used for data acquisition
nd processing. Temperature was controlled and monitored by
Model REX-C100 controller (RKC Instrument Inc., Japan).

.2. Reagents

All solvents are of HPLC grade from Fluka (Buchs, Switzer-
and). The test compounds are analytical grade and obtained
rom the domestic company. The primary standards are dis-
olved in acetonitrile. Working standards are diluted with the
obile phase from the primary standard solutions and are filtered
ith a syringe filter before analysis.

.3. Column condition

A microcolumn of 150 mm × 0.53 mm i.d. packed with 5 �m,
00 Å C18 (Varian, USA) was prepared in the laboratory accord-
ng to a procedure described by Guan et al. [18]. The inlet of
olumn was connected to a stainless steel union (Valco) using
olyetheretherketone (PEEK) sleeve and a stainless steel fer-
ule. The inner diameter of the PEEK sleeve was drilled to
atch closely the outer diameter of the column i.e., 700 �m.
(1/16) in. porous TFL filter was placed in the connect-

ng union for holding the stationary phase in the column. A
50 mm × 25 �m i.d. bare fused-silica capillary was attached to
he end of the detector cell to generate backpressure to prevent
ubble formation.

All experiments were carried out at injection volume of
.24 �L, column flow rate of 6 �L/min and detection wavelength
f 254 nm. Mobile phase was 30/70 (v/v) water/acetonitrile for
socratic experiments, and was water and acetonitrile for gra-
ient elution. The composition of mobile phase was changed
rom 70% to 80% (v/v) within 20 min. Uracil was used as dead
ime marker. The resolution (RS) is estimated on the basis of the
quation for RS in a literature [19].

. Results and discussion

Previous report [20] on ATG was concerned with the tem-
erature difference between the entrance of the column and the
olumn outlet originating from cold mobile phase entering the
eated column. The ATG along the column was increasing (pos-

tive temperature gradient) towards the outlet of the column in
heir experiment.

In our study, the radial temperature gradient inside the sep-
ration column was negligible due to the fast heat equilibrium
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Table 1
The comparison of the peak symmetry under different separation conditions

Peak no. Peak symmetry (at 10%)

A-I A-G H-I H-G

1 1.06 1.10 1.14 1.17
2 1.13 1.12 1.16 1.12
3 1.56 1.74 1.70 1.70
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ig. 2. The temperature gradient profile as a function of column length using
he ATG device.

nd low heat capacity of microcolumn. The study focused on the
TG along the packed column that was generated deliberately by
sing the device shown in Fig. 1. The temperature of the column
nlet was the same as the set temperature of the heating block
Ti), while the temperature of the column outlet was the same
s room temperature (T0 = 20 ◦C). The system was stabilized to
each thermal equilibrium within 15 min. At equilibrium, the
emperature at certain point of the column is constant with time
dT/dt = 0, dT/dL < 0).

In our experiment, the temperature of the heating block was
et at Ti = 80 ◦C considering the temperature limit of the column.
ig. 2 showed the temperature profile along the copper tube

hat surrounded the separation column. Although only the head
f the column was heated, the heat transfer along the copper
ube is sufficient to form a temperature gradient that is not too
harp since the heat loss due to the convective heat transfer from
he tube to ambient air is reduced by using thermal insulating
aterial outside the copper tube. The negative ATG along the

olumn can reduce the chromatographic band broadening (see
ig. 3).
The mass transfer rates of compounds and the viscosity of
obile phase along the column are different at given location.
hile the temperature and mass transfer rates in isothermal col-

mn are constant along the axial direction of a column (dT/dt = 0,

ig. 3. Schematic description of the distribution of axial temperature and mass
ransfer rates along the separation column at ATG condition.

i
s
t
i
t
i
c
s
t
T
t

3

c
c
u

1.10 1.12 1.07 1.12
1.12 1.03 1.11 1.07

T/dL = 0). Therefore, the column efficiency and selectivity at
TG condition should be different from that at isothermal con-
ition.

The effects of negative ATG along the column on reten-
ion factor, column efficiency, resolution and peak symmetry
ere investigated. The results were described and discussed
elow.

.1. The effect of ATG on peak symmetry and column
fficiency

Previous study showed that the positive ATG along column
t elevated temperature had detrimental effect on the peak shape
20]. Table 1 illustrated the separation results about peak symme-
ry at different separation condition, including ambient–isocratic
lution (A-I), ambient–MPG elution (A-G), ATG–isocratic elu-
ion (H-I), ATG–MPG elution (H-G). The peak symmetry under
ifferent separation conditions was between 1.0 and 1.5 except
eak 3. The results indicated that the ATG along the column had
ittle adverse effect on the peak shape.

Figs. 4a–c showed the separation of PAHs mixture utilizing
microcolumn under A-I, H-I and A-G, respectively. Com-

lete separation of the test mixtures was achieved at isocratic
ACN/H2O, 70:30, v/v) and isothermal (20 ◦C) condition. When
he column inlet temperature was increased to 80 ◦C to form

negative ATG on the column while keeping other operation
arameters constant (Fig. 4b), the analysis time was reduced
rom 22 min down to less than 19 min with a little decrease
n resolution. The MPG elution reduced the analysis time but
acrificed resolution (Fig. 4c), between anthracene and phenan-
hrene peaks, in particular. The increase of the organic content
n mobile phase will reduce the selectivity for structural isomers
hat have the same molecular volume and similar hydrophobic-
ty. Gradient elution will reduce the resolution of homologue as
ompared with isocratic elution when higher content of organic
olvent is used in mobile phase. For ATG and isocratic elution,
here was only slightly decrease on resolution (refer to Table 2).
he results showed that the loss of resolution at ATG was less

han that of gradient elution.

.2. The effect of ATG on retention factors
Retention time was responsive to temperature change in
hromatographic separation. Since the chromatographic pro-
ess was under ATG rather than isothermal condition, we
sed apparent retention factor to evaluate the effect of ATG
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ATG plays a role in tuning selectivity by changing the separa-
tion temperature of the solutes on the eluting direction along the
whole column length. High temperature operation increases the
diffusion rate of both solutes and mobile phase, and improves
ig. 4. The chromatograms of five PAHs at different separation conditions.
henanthrene, 4.8 �g/mL; 5-anthracene, 4.5 �g/mL. (a) Isocratic elution at amb

n chromatographic retention. Fig. 5 depicted retention fac-
ors of five PAHs at different separation conditions. The
esults illustrated that the retention factors of the compounds
ecreased as the temperature of column raised or under gradient
lution.

The integrated effect of both MPG and negative ATG at inlet
emperature of 80 ◦C (H-G) on retention factors was also studied,
nd demonstrated in Fig. 5. Inspection of the results indicated
hat there was a relative large change in k of the all solutes
etween A-I and H-G (the difference is 1.03–2.43) while a rel-

tive small change in k of the all solutes was observed between
-G and H-G (the difference is 0.25–0.5). Gradient elution had
more pronounced effect on retention factors of PAHs than

emperature.

able 2
he comparison of the peak resolution under different separation conditions

eparation mode Peak resolution

1–2 2–3 3–4 4–5

-I 4.65 2.61 2.33 1.56
-G 3.53 2.29 2.02 1.32
-I 4.40 2.47 2.28 1.50
-G 3.50 2.33 2.12 1.34 F

e

phthalene, 20.5 �g/mL; 2-biphenyl, 15.1 �g/mL; 3-fluorene, 22.3 �g/mL; 4-
(b) isocratic elution at ATG; (c) gradient elution at ambient.

.3. The effect of ATG on peak width
ig. 5. The comparison of retention factors under different temperature and
luting conditions.
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Table 3
The linearity studies of the dependence of wh on ln k

Separation mode Calibration curve Slope Intercept

A-I y = −0.09 + 0.50x 0.50 −0.09
A-G y = 0.23 + 0.15x 0.15 0.23
H
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ig. 6. The chromatogram of separation of five PAHs at ATG mode and MPG
lution. The peaks were the same as in Fig. 4.

olumn efficiency to certain extent. Fig. 6 showed the separa-
ion of a mixture of PAHs using simultaneous ATG and MPG.
he integrated effect produced more than a 30–45% reduction in
h as compared with that of isocratic run at room temperature.
h versus ln k at different separation conditions was shown in
ig. 7. The slope of each plot was given by the Eq (1):

lope = ∂wh

∂ln k
(1)

he slope was applied to evaluate the effect of ATG and MPG on
he relation between wh and retention factor. It can be concluded
hat the smaller the slope, the better the column efficiency, and
he narrower wh at the same retention factor. Therefore, the peak
andwidth is narrower in ATG or MPG mode than in isothermal
nd isocratic elution. Recently Neue et al. [21] reaffirmed peak
ompression effects in RPLC gradient elution. The results from
ig. 7 showed also that a trap effect originating from a steep
TG might compress the sample bandwidth and improve the

ensitivity of detection. The negative ATG can generate peak
ocusing effect (refer to Table 3), which could partly counteract
he normal band broadening and negative impacts on efficiency
n isocratic elution.

ig. 7. wh as a function of retention factor under different separation conditions.
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[

-I y = 0.03 + 0.32x 0.32 0.03
-G y = 0.23 + 0.13x 0.13 0.23

.4. The reproducibility of ATG operation

The temperature along the column operated at ATG mode
ecreased from 80 ◦C at inlet down to room temperature at the
utlet. The average temperature of the column was only about
5–38 ◦C. The viscosity of the mobile phase on average is almost
quivalent to the value at 35–38 ◦C of isothermal condition. The
ressure drop across the column was only slightly lower than that
t room temperature, but higher than that at isothermal condition
f 80 ◦C. The insulating material covered on the copper tube
educed the temperature fluctuation in ATG mode in a degree
hat is less than ±0.3 ◦C.

The reproducibility of retention times under ATG mode plus
PG condition was evaluated using PAHs as test sample, and
as found that the relative standard deviation (RSD) was less

han 2.5% for the solute in five consecutive runs. The RSD value
s comparable to conventional HPLC operated at MPG condi-
ion. It clearly indicated that the reproducibility of the ATG mode
s sufficient for routine analysis.

. Conclusions

The study showed that the ATG in microcolumn LC could
mprove column efficiency and compress peak bandwidth. Sta-
ionary phases of HPLC that can withstand high temperature
hall benefit from the ATG mode operation since the absolute
alue of ATG can be increased further. The instrumentation and
peration of the ATG system is relatively simple, and can be
sed in routine analysis. Additional applications include the
eparation of ionic compounds or macromolecules in complex
iological samples since these compounds are more sensitive to
he change of column temperature.
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[9] C.H. Lohmüler, M.A. Moebus, Q. Liu, C. Jiang, J. Chromatogr. Sci. 34

(1996) 69.

10] S. Mas, G. Fonrodona, R. Tauler, J. Barbosa, Talanta 71 (2007) 1455.
11] A.T.K. Tran, R.V. Hyne, F. Pablo, W.R. Day, P. Doble, Talanta 71 (2007)

1268.
12] H. Poppe, J.C. Kraak, J.F.K. Huber, J.H.M. van den Berg, Chromatographia

14 (1981) 515.



8 nta 7

[

[

[
[
[

[

18 H. Tian et al. / Tala

13] T. Takeuchi, Y. Watanabe, D. Ishii, J. High Resol. Chromatogr. 4 (1981)
300.
14] H.M. McNair, J. Bowermaster, J. High Resolut. Chromatogr. Chromatogr.
Commun. 10 (1987) 27.

15] G.C. Sheng, Y.F. Shen, M.L. Lee, J. Microcol. Sep. 9 (1997) 63.
16] F. Houdiere, P.W.J. Fowler, N.M. Djordjevic, Anal. Chem. 69 (1997) 2589.
17] L.K. Moore, R.E. Synovec, Anal. Chem. 65 (1993) 2663.

[
[

[

2 (2007) 813–818

18] Y.F. Guan, L.M. Zhou, Z.H. Shang, J. High. Resolut. Chromatogr. 15 (1992)
434.
19] A. Brandt, G. Mann, W. Arlt, J. Chromatogr. A 769 (1997) 109.
20] N.M. Djordjevic, P.W.J. Fowler, F. Houdiere, J. Microcol. Sep. 11 (1999)

403.
21] U.D. Neue, D.H. Marchand, L.R. Snyder, J. Chromatogr. A 1111 (2006)

32.



A

c
l
1
(
5
a
©

K

1

t
t
n
d
e
u
v
s
l
p
n
s
w
u
a
t

0
d

Talanta 72 (2007) 368–372
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bstract

A capillary electrophoresis Raman spectroscopy (CE-RS) method based on the stacking and sweeping modes are described. A non-fluorescent
ompound (malachite green, MG; crystal violet, CV) and a doubled Nd:YAG laser (532 nm, 300 mW) were selected as the model compound and
ight source, respectively. In order to carry out a quantitative and analysis of MG, a monochromator was used to collect the specific Raman line at
616 cm−1 (the N-ϕ and C–C stretching, corresponding to 582 nm when the wavelength of the exciting source is 532 nm). The limit of detection

LOD) for MG was 1.6 × 10−5 and 1.1 × 10−5 M, respectively, based on the CZE and MEKC modes. This could be improved to 3.4 × 10−7 and
.3 × 10−9 M, respectively, when the stacking and sweeping modes were applied. The method was also extended to the determination of MG in an
ctual sample.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Laser induced fluorescence and optical UV absorbance are
he most common detection methods used in CE. However, if
he analyte does not emit or absorb UV/visible radiation, alter-
ate types of detection, such as indirect fluorescence/absorbance
etection, refractive index, light scattering, chemiluminescence,
lectrochemistry, even mass spectrometric detection, etc. can be
sed. Although each method has unique advantages and disad-
antages with respect to selectivity, sensitivity, precision and
implicity of use, the typical optical detections used in CE show
ess of selectivity, since the spectra obtained at ambient tem-
erature are broad, and this limits the spectral characteristics
eeded for analyte identification. In contrast to this, Raman
pectroscopy (RS) provides a unique spectrum of an analyte
ith a very high spectral resolution. Thus far, it is a very

seful method, but is seldom used for detection in CE [1–7],
lthough the first demonstration of Raman spectroscopic detec-
or for CE has been reported by Morris and co-workers [8,9].

∗ Corresponding author. Tel.: +886 2 8931 6955; fax: +886 2 2932 4249.
E-mail address: chenglin@ntnu.edu.tw (C.-H. Lin).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.10.037
violet; Stacking; Sweeping

his is because Raman emission is a very inefficient process,
esulting in poor sensitivity in detection, compared to fluores-
ence/absorbance methods. In this study, we selected malachite
reen (MG) oxalate and crystal violet (CV), two compounds
ith similar chemical structures, as model samples to determine

he extent to which the selectivity can be improved when the
apillary electrophoresis Raman spectroscopy (CE-RS) method
s used. In order to improve the sensitivity when RS is used,
e introduced on-line sample concentration techniques to the
E-RS detection method, including the stacking and sweeping
odes [10–18]. The method was also extended to the deter-
ination of MG in an actual sample. Several experimental

arameters were optimized and the data for these are reported
erein.

. Materials and methods

.1. Chemicals
Malachite green oxalate and crystal violet ([4-[4,4′-bis(di-
ethylamino)benzhydrylidene]cyclohexa-2,5-dien-1-ylidene]-

imethylammonium chloride) were obtained from Acros (NJ,
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in Fig. 1A and B). A doubled Nd:YAG laser (532 nm, 300 mW)
was used for excitation. The separation mode used was the CZE
mode. Two peaks were observed, corresponding to MG and CV,
C.-H. Tsai et al. / Ta

SA). Sodium dodecyl sulfate (SDS) was obtained from Sigma
St. Louis, MO, USA). Citric acid was purchased from Yakuri
ure Chemical Co., Ltd. (Osaka, Japan), respectively. All other
hemicals were of analytical grade and were commercially
vailable.

.2. CE apparatus

The CE set-up and data acquisition system used were sim-
lar to a previously described set-up [19], but the light source
as changed to a doubled Nd:YAG laser (532 nm, 300 mW).
he laser beam was focused on the CE capillary (fused silica
apillary, i.d., 75 �m; J&W Scientific, CA, USA) by means
f a lens (focus length, 3 cm). The Raman emission was col-
ected at a right angle to the light source by means of a

icroscope eyepiece (10×), passed through a long-pass filter,
ispersed by a monochromator (Acton Research Corporation,
odel SP-300i; detection window was set at 582 ± 0.2 nm),

ollowed by detection using a photomultiplier tube. A com-

ercial Raman instrument (Dilor XY800 Triple-grating spec-

rometer; resolution, 0.1 cm−1) equipped with a charge coupled
etector was also used to assist in the identification of Raman
hifts.

ig. 1. Raman spectra of: (A) malachite green (1.6 × 10−4 M) and (B) crystal
iolet (1.2 × 10−4 M); the insets show their chemical structures.
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. Results and discussion

.1. Improvement in selectivity between malachite green
nd crystal violet

Conventional Raman spectra of malachite green and crystal
iolet are shown in Fig. 1A and B, respectively; the numbers
bove the peaks indicate the Raman shifts, in wavenumbers
cm−1) and are in reasonable agreement with published liter-
ture values; the strongest Raman bands at 1616 cm−1 of MG
nd 1620 cm−1 of CV were assigned to the ring breathing and
-ϕ stretching modes [20]. A further detailed discussion of these

ssignments can be found in the literature [20]. Fig. 2A shows
typical electropherogram of a mixture of MG and CV; the

etection window was set at 582 ± 0.2 nm, corresponding to the
trongest Raman line (1616 ± 7 cm−1; indicated as arrow-marks
ig. 2. Typical electropherogram of a mixture of CV and MG; the detection
indow was set at specific frequencies: (A) 1616 cm−1; (B) 1535 cm−1; (C)
218 cm−1 (indicated as arrow-marks in Fig. 1). CE conditions used are the same
s described in Fig. 3A. Sample concentrations of CV and MG used in frames
A–C): (A) 1.6 × 10−3 and 2.7 × 10−4 M; (B) 6.1 × 10−3 and 2.4 × 10−4 M; (C)
.5 × 10−3 and 1.1 × 10−3 M, respectively. CE conditions: CZE, an aqueous
itric acid (50 mM) buffer (pH 2.2; 512 �S/cm) and the applied voltage was
20 kV.
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espectively. However, when the detection frequency was set at
536 cm−1, only CV was observed (as shown in Fig. 2B). In con-
rast to this, when the detection frequency was set at 1218 cm−1,
nly MG was observed (as shown in Fig. 2C). The concentra-
ions of MG used in Figs. 1A and 2A were different, resulting
n an inconsistent peak height. In principle, the separation effi-
iency is not dependent on the detection frequency. However,
hen the detection frequency is set to a specific Raman line, it

an be used to select a specific analyte from a mixture, and this
s achieved only with difficulty when regular optical methods
re used if the analytes provide similar fluorescence/absorbance
pectra.

.2. Improvement on sensitivity of malachite green

Malachite green, a synthetic dye that is potentially danger-
us to human health, is used to color fabrics and paper, and
as been used illegally in the treatment of certain fish dis-
ases, mainly, against parasites in freshwater and marine fishes.

hus far, the current detection methods for MG include HPLC

21–23], LC–MS [24–26], UV/CE-stacking [27] methods, etc.
n this study, we selected MG as model compound, and inves-
igated its separation and on-line sample concentration condi-

g
c
p
t

ig. 3. Typical electropherograms of MG obtained by the CZE (A), stacking (B), M
escribed as in Fig. 2A; stacking, buffer was the same as that used in the CZE mode b
uffer, with pH and conductivity values of 2.56 and 4.16 �S/cm, respectively. MEK
weeping-MEKC, the same running buffer system as described for the MEKC mode
ithout SDS). The applied voltages used were +20 kV in the CZE and stacking mode
72 (2007) 368–372

ions under the CZE, stacking, MEKC and sweeping-MEKC
odes, respectively. The detection window was also set and
atched with the strongest Raman line (1616 ± 7 cm−1). In

he case of the CZE and stacking modes, optimal conditions
nvolved the use of an aqueous citric acid (50 mM) buffer (pH
.2; conductivity = 512 �S/cm). When the stacking technique
as introduced, the running buffer was the same as that used

n the CZE mode. The sample was prepared in a matrix solu-
ion, obtained by diluting the aqueous citric acid (50 mM) buffer
o 1/100, which lowered the conductivity of the solution (pH
.6; conductivity = 4.16 �S/cm), for use in the stacking mode.
ig. 3A and B show typical electropherograms of MG (sam-
le concentrations used in the CZE mode, 2.2 × 10−4 M; in the
tacking mode, 1.1 × 10−6 M). The buffer conditions were as
escribed in Fig. 2A. Since the detection window was extremely
arrow, the limit of detection (LOD) for MG was 1.6 × 10−5

nd 3.4 × 10−7 M, respectively, based on the CZE and stacking
sample injection length, 16 cm; effective/total length, 61/70 cm)
odes. The linearity of these methods for MG was also fairly
ood and these data (including the calibration curve, coeffi-
ient of correlation, limit of detection values and theoretical
late numbers) are summarized in Table 1. Fig. 3C shows a
ypical electropherogram of MG (5.4 × 10−5 M) based on the

EKC (C) and sweeping-MEKC (D) modes, respectively. CE conditions are
ut the samples were prepared in the matrix solution (diluted aqueous citric acid
C, an aqueous citric acid (50 mM) containing SDS (50 mM) buffer (pH, 2.1);
, but the sample was dissolved in the matrix (50 mM citric acid aqueous buffer
s; −16 and −8 kV in the MEKC and sweeping-MEKC modes, respectively.
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EKC mode. The detection limit for MG was determined to be
.1 × 10−5 M (S/N = 3). Fig. 3D shows a typical electrophero-
ram of MG (2.7 × 10−7 M) obtained by the sweeping-MEKC
ode. The CE buffer system was basically identical to that

sed for the MEKC mode. The sample was dissolved in the
atrix (50 mM citric acid aqueous buffer without SDS) and

n injection length of 22 cm was used (effective/total length,
1/70 cm). When the sweeping-MEKC mode was applied, a dra-
atic improvement in detection sensitivity was obtained, and the

imit of detection was improved to 5.3 × 10−9 M (at S/N = 3).
asically the signal intensity increased with increasing injec-

ion length. However, an optimal sample injection length should
e determined because if a longer capillary column is used for
ample concentration strategies, the subsequent CE separation
ecomes insufficient. The linearity of these methods for MG was
lso fairly good and these data are also summarized in Table 1.

.3. Application to a real-life sample

The sample, water in which marketed fish are kept, was

btained from a supermarket near the campus in Taipei. The
ample was filtered, and a 20 �L aliquot was placed in a vacuum
hamber for drying. The residue was acidified by the addition of
0 �L of citric acid (50 mM) and was used in the subsequent CE

able 1
alibration curve, coefficient of correlation, limit of detection values (S/N = 3)
nd theoretical plate numbers (N) for malachite green by CZE/Raman, stacking-
ZE/Raman, MEKC/Raman, sweeping-MEKC/Raman methods, respectively,
y using a green diode laser

A) CZE/Raman
Equation of the line y = 5.27 × 107x + 9.08 × 102

Coefficient of correlation R2 = 0.9978
Detection range (M) 5.4 × 10−4 to 5.4 × 10−5

Sample injection length (cm) 0.4
LOD (M) 1.6 × 10−5

Theoretical plate number 8.4 × 103 to 3.5 × 104

B) Stacking-CZE/Raman
Equation of the line y = 1.08 × 104x + 1.53 × 104

Coefficient of correlation R2 = 0.9917
Detection range (M) 2.2 × 10−6 to 5.4 × 10−7

Sample injection length (cm) 16
LOD (M) 3.4 × 10−7

Theoretical plate number 6.6 × 103 to 1.8 × 104

C) MEKC/Raman
Equation of the line y = 3.6 × 105 + 1.8 × 106

Coefficient of correlation R2 = 0.9911
Detection range (M) 1.1 × 10−4 to 1.3 × 10−5

Sample injection length (cm) 0.4
LOD (M) 1.1 × 10−5

Theoretical plate number 2.2 × 104 to 4.2 × 104

D) Sweeping-MEKC/Raman
Equation of the line y = 1.5 × 107 + 1.9 × 105

Coefficient of correlation R2 = 0.9905
Detection range (M) 5.4 × 10−6 to 5.4 × 10−9

Sample injection length (cm) 22
LOD (M) 5.3 × 10−9

Theoretical plate number 2.3 × 105 to 3.0 × 105

ight source: doubled Nd:YAG laser (532 nm, 300 mW); detection frequency
as set at 1616 ± 7 cm−1.

Fig. 4. Typical CE electropherograms obtained from an actual water sample, in
which fish were kept in a commercial supermarket, by applying the sweeping-
MEKC mode (conditions, as described in Fig. 3D). Electropherograms a and
b
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show the results obtained before and after spiking with an MG standard
1.1 × 10−7 M), respectively. Electropherograms c and d in the inset show results
btained before and after spiking with an MG standard (2.1 × 10−8 M) by record-
ng all emissions.

eparation. Fig. 4 shows typical CE electropherograms obtained
or an actual sample, obtained from a fish market, by applying
he sweeping-MEKC/Raman mode. The CE conditions are as
escribed above in Fig. 3D. Electropherograms a and b show the
esults obtained before and after spiking with an MG standard
1.1 × 10−7 M), respectively. Herein, the sample was directly
sed without any pretreatment procedures. All of these peaks
ere detected at an emission of 1616 ± 7 cm−1, either native
uorescence or Raman lines. When a single-wavelength set-up
as performed upon Raman emission, it can exclude specific

missions from a number of unknown compounds. Electro-
herograms a and b in the inset also show the results obtained
efore and after spiking with an MG standard (1.1 × 10−7 M).
he entire range of emissions was detected, and, as a result,
broad background was detected in electropherograms c and

. For a comparison of the separation efficiency, an indicated
eak (marked as “*” in electropherograms a–d) was selected for
valuation. In electropherograms a and c, the broken arrow indi-
ates the expected migration time for MG, but it did not show up
n the sample. This indicates that, if it exists, its concentration
s below a certain LOD. Using the standard addition method,
he results were compared and the findings show that the peaks

marked spiking peaks in electropherograms b and d) clearly
ppeared. If it were possible to arrange a CCD detector to record
he entire range of emission, further accuracy in identification
ould be achieved, since characteristic Raman shifts (spectral
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ngerprinting) can be used for the unambiguous identification
f a compound.

. Conclusions

This work successfully demonstrates a new approach for
etecting a non-fluorescent compound by a capillary elec-
rophoresis Raman spectroscopy method combined with an
n-line sample concentration technique. This proposed method
ay solve problems that are frequently encountered for non-
uorescent analytes, even when they are present at low levels.
hus, a combination of a compact high power laser, interference
lters, a PMT detector based on either a CE or microchip sys-

em, would be useful as a rapid-screening tool, in which only a
iniaturized system would be needed. Further applications of

his technique are currently under investigation.
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bstract

Singlet oxygen was generated by reaction of sodium hypochlorite and hydrogen peroxide in a micro-channel. The two reagent solutions
ere delivered into the micro-channel by a syringe pump, providing a laminar flow liquid–liquid interface. The chemiluminescence from the

inglet oxygen was emitted in the collapse of the interface due to molecular diffusion under laminar flow conditions. The chemiluminescence
ntensity was observed continuously and stably for each combination of reagents fed into the micro-channel; while, in the normal batch-type
eactor the chemiluminescence peaks from singlet oxygen were observed within ca. 5 s. The features of the chemiluminescence emitted under
aminar flow conditions were examined by changing the concentrations of sodium hypochlorite and hydrogen peroxide; the concentrations of
.5 mM sodium hypochlorite and 7.5 mM hydrogen peroxide provided highest chemiluminescence intensities without bubble formation. Also,
he effects of beverages, such as green tea, coffee, white wine, red wine, and sake (rice wine), on the chemiluminescence intensity as well as
he concentrations of sodium hypochlorite and hydrogen peroxide were examined. The chemiluminescence intensities observed with addition of

he beverages to the reagents decreased in the following orders; green tea > coffee > red wine > rice wine > white wine (being added to sodium
ypochlorite); coffee > white wine > green tea > red wine > rice wine (being added to hydrogen peroxide). It was found that coffee decreased the
hemiluminescence intensity (ca. 33% chemiluminescence decrease) without altering the concentrations of sodium hypochlorite or hydrogen
eroxide. The cause of the decrease in chemiluminescence with coffee is discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Active oxygen has attracted a great deal of attention
rom the viewpoint of not only specific chemical species
n chemical reactions but also medical science with regard
o disease factors, health maintenance, and aging [1–3].

ctive oxygen species generally include singlet oxygen

1O2), hydroxyl radicals (•OH), and superoxide radical anions
O2

−•), sometimes adding hydrogen peroxide (H2O2) and
ypochlorite ion (OCl−). Singlet oxygen is generated by
he reaction of sodium hypochlorite and hydrogen peroxide,

∗ Corresponding author. Tel.: +81 774 65 6595; fax: +81 774 65 6803.
E-mail address: ktsukago@mail.doshisha.ac.jp (K. Tsukagoshi).

C
a
t

t
(
r
u
a

039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.022
annel; Quenching with beverages

nd emits chemiluminescence (CL) (630–650 nm) [4] as fol-
ows: H2O2 + NaClO → 1O2 + H2O + NaCl; 21O2 → 23O2 +
ν (630–650 nm). The half-life of singlet oxygen is short and is
ependent on the solvent [5,6], e.g., 3.3 �s in water and 68.0 �s
n heavy water. In a normal batch-type CL detector, with mixing
f reagent solutions in volumes of the order of several milliliters,
L from singlet oxygen is observed with a very sharp CL peak
nd poor reproducibility (data shown in Fig. 2 and explained in
he text).

Over the past decade, miniaturized chemical analysis sys-
ems, commonly referred to as micro-total analysis systems

�-TAS) [7,8], have been reported in various fields. A micro-
eactor consisting of a micro-channel [9,10] has several features
seful for chemical reactions, including: rapid heat exchange
nd mass transfer that cannot be achieved using a conventional
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atch-wise system; laminar flow, which can be obtained in a
icro-fluidic system; and large specific surface area to vol-

me ratio. In our previous work, a CL detection system in a
icro-reactor was developed, taking advantage of the laminar
ow liquid-liquid interface in a micro-channel [11,12]. The two
eagent solutions were delivered into the micro-channel, provid-
ng a laminar flow liquid–liquid interface. The previous work,
ainly summarizing initial data, is regarded as the first report

escribing the CL from singlet oxygen under laminar flow in a
icro-channel and the effect of antioxidants on the CL.
In the present study, in order to provide more detail infor-

ation concerning the CL from singlet oxygen and the effects
f antioxidants, first, we compared the CL profiles between the
ormal batch-type reactor and the present micro-reactor. Also,
he effects of reagent concentrations, sodium hypochlorite and
ydrogen peroxide, on the CL intensities were examined to
ecide their optimum analytical conditions. After the optimiza-
ion, the calibration curves of sodium hypochlorite and hydrogen
eroxide were constructed. On the basis of the above results,
he influences of the beverages on not only CL intensity but
lso hydrogen peroxide and sodium hypochlorite concentra-
ions were examined. The data obtained in the present study
rovide unique information for analyzing the effects of bev-
rages containing antioxidants against active oxygen, such as
ingle oxygen, hydrogen peroxide, and hypochlorite ions, taking
dvantage of the specific “micro-environment area” for reac-
ion/detection in a micro-channel.

. Experimental

.1. Reagents and beverages

All reagents used were commercially available and of analyt-
cal grade. Ion-exchanged water was distilled for use. Sodium
ypochlorite, hydrogen peroxide solution (30 wt%), and heavy
ater were purchased from Nacalai Tesque (Kyoto, Japan). The

ollowing beverages were used: green tea (Iemon, Suntory), cof-
ee (no sugar, UCC), white wine and red wine (Cuvee Select 500
eries, Lawson), and rice wine (sake) (Gekkeikan).

.2. Analysis of sodium hypochlorite and hydrogen
eroxide

We used an SBT Kit (ZK01-50; Dojindo), which uses
colorimetric method developed to determine chloride rad-

cal concentration, to examine the concentration of sodium
ypochlorite in Reagent 1 in accordance with the manufacturer’s
nstructions. The concentration of hydrogen peroxide in Reagent
was determined by a normal titration method using potassium
ermanganate.

.3. Batch-type reactor and analytical procedure
The CL profile in a batch-type reactor was obtained using
CL detector (Chemiluminescence Analyzer System; Model
LD-100FC; Tohoku Electronic Industrial Co., Ltd.) under the

ollowing analytical conditions. Sodium hypochlorite solution

3
a
i
u

ig. 1. An illustration of the micro-reactor consisting of a micro-channel. Top
iew.

5 ml, 1 mM; pH 6.8 and pH 8.5 (100 mM phosphate buffer),
H 10.8 (100 mM carbonate buffer)) was put in a laboratory
ish. Then, 1 ml of hydrogen peroxide solution (1 mM; pH corre-
ponding to that of the sodium hypochlorite solution) was added
o the dish with a micro-syringe, and the solution was stirred.

.4. Micro-reactor and analytical procedure

Fig. 1 shows an illustration of the micro-reactor used in
he present study, incorporating a micro-channel (300 �m in
idth × 200 �m in depth) made of polymethylmethacrylate

13,14]. The CL was detected at the detection window (10 mm
ength along each channel). The detection windows were named
oints 1–9 along the channel from the junction point on the
icro-reactor. In this study, we used Points 1 and 2.
Although experiments were carried out using various

eagent concentrations, the following analytical conditions were
ainly used through optimization. Reagent 1 was 2.5 mM

odium hypochlorite in 100 mM carbonate buffer (pH 10.8,
2O/D2O = 1/1 (v/v)). Reagent 2 was 7.5 mM hydrogen perox-

de in 100 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)).
hen examining the effects of beverages on the CL intensity,

eagent 1 or 2 included a given amount of beverage.
The two reagent solutions were delivered with a syringe pump

MF-9090; Bioanalytical Systems Inc.). They were joined at the
unction point and subsequently fed to the micro-channel. The
esulting CL in the micro-channel was detected at the detection
indow with a photomultiplier tube (H5783; Hamamatsu Pho-

onics Co. Ltd.) located under the micro-reactor, measured with
CL detector (Model EN-21; Kimoto Electric Inc.), and treated
ith an integrator (Chromatopac C-R6A; Shimadzu Co.).

. Results and discussion

.1. CL from singlet oxygen in a batch reactor

The CL profile obtained with the batch-type reactor under
lkaline conditions (pH 10.8) is shown in Fig. 2. As described
n the Introduction, singlet oxygen is generated by the reac-
ion of sodium hypochlorite and hydrogen peroxide and emits
L [4]. The half-life of singlet oxygen is very short [5,6], e.g.,

.3 �s in water. As shown in Fig. 2, the CL from singlet oxygen
ppeared quickly and decreased within several seconds, mak-
ng a very sharp CL profile. Similar CL profiles were observed
nder conditions of pH 6.5 and 8.5, although the CL heights
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Fig. 2. CL response from singlet oxygen in a batch-reactor. Conditions: 1 mM
hydrogen peroxide (1 ml; pH 10.8 (100 mM carbonate buffer)) was added to
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Fig. 3. CL response from singlet oxygen in a micro-channel. Conditions: (a)
Reagent 1, 2.5 mM sodium hypochlorite in 100 mM carbonate buffer (pH 10.8,
H2O/D2O = 1/1 (v/v)); Reagent 2, 7.5 mM hydrogen peroxide in 100 mM car-
bonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)). (b) Reagent 1, 10 mM sodium
hypochlorite in 100 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v));
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mM sodium hypochlorite (5 ml; pH 10.8 (100 mM carbonate buffer)) in a
aboratory dish. The CL detector measured CL counts every one seconds and
ndicated the values with the closed diamond plots in the figure.

ere different. The CL heights at pH 6.5, 8.5, and 10.8 were ca.
900, 100,000, and 160,000 counts, respectively. The relative
tandard deviations of CL heights increased with increases in
H value; generally, batch-reactors lack reproducibility in their
ata. Although the analytical conditions in the batch-type reac-
or have not been examined in detail, even at the low pH of 6.5
he relative standard deviations were > ca. 20% (n = 10).

.2. CL from singlet oxygen in a micro-reactor

The two reagents, sodium hypochlorite and hydrogen per-
xide, were delivered into the micro-channel to form a laminar
ow liquid–liquid interface; the Reynolds number was calcu-

ated as ca. 18 at 100 �l min−1. Such a laminar flow forms a
iquid–liquid interface instantly in the micro-channel, and then
he interface collapses gradually through molecular diffusion
ith the residence times [1,14]. The CL from the singlet oxygen
as emitted in the course of the collapse of the interface under

aminar flow conditions. The CL intensity was observed contin-
ously and stably in the micro-channel as long as the reagents
ere fed into the channel. Good reproducibility and stabilization
f the CL was caused by the formation of liquid–liquid interface
nder a laminar flow condition in a micro-channel. The normal
IA systems comprise mostly ca. 1 mm inner diameter tube and
a. 1 ml min−1 flow rate, leading to a turbulent flow condition.
e do not have any data about any FIA systems, but the FIA

ystems, not including micro-channels, would never provide the
ame performance concerning reproducibility and stabilization
or CL of singlet oxygen as the micro-channel in a micro-reactor,
lthough comparatively constant CL may be observed just only
t the junction point in the flow lines by any chance.

When the reagent flow into the micro-channel was turned
on” and “off” by operating the syringe pump controller [11,12],
L from singlet oxygen in the micro-channel responded rapidly
o the changes. The CL profile obtained with reagent concen-
rations of 2.5 mM sodium hypochlorite and 7.5 mM hydrogen
eroxide is shown in Fig. 3(a). The time of 2.5 min between
ON” and “OFF” in Fig. 3 means the pump-operating time, not

m
2
p
s

eagent 2, 10 mM hydrogen peroxide in 100 mM carbonate buffer (pH 10.8,

2O/D2O = 1/1 (v/v)). Flow rate, 100 �l min−1; detection point, Point 1 (Chan-
el 1). “ON” and “OFF” indicate the times when the syringe pump was turned
n and off, respectively.

he reaction time. The rapid response suggested that CL from
inglet oxygen was generated through the rapid reaction rate and
he short lifetime in the course of collapse of the liquid–liquid
nterface formed under the conditions of laminar flow. The
ollapse of the interface is caused mainly by molecular dif-
usion. Tentatively, the diffusion length of the molecules was
stimated using the following equation: T = L2/D (T = residence
ime, L = diffusion length, and D = diffusion coefficient; ca.
× 10−5 cm2 s−1). The diffusion length of the molecules was
stimated to be ca. 20 �m at a residence time of 0.4 s under the
nalytical conditions shown in Fig. 3(a).

On the other hand, at higher reagent concentrations of 10 mM
ydrogen peroxide and 10 mM sodium hypochlorite, the CL
rofile had a sawtooth shape (Fig. 3(b)). Some bubbles in the
icro-channel were observed, which were probably responsible

or the turbulence of CL. In addition, the solubility of oxygen
n water is known to be ca. 10−4 M. The solubility value does
ot seem to contradict the reagent concentrations and bubble
ormation in the micro-channel.

.3. Effects of reagent concentrations on the CL intensities
n the micro-channel

CL intensities in the micro-channel were examined by
hanging the reagent concentrations; sodium hypochlorite, and
ydrogen peroxide concentrations were changed 1.0–10 mM.
he obtained CL intensities are summarized in Table 1. At high

eagent concentrations, bubble formation disturbed the constant
L, as shown in Fig. 3(b). The highest CL intensity was observed
t 2.5 mM sodium hypochlorite and 7.5 mM hydrogen perox-
de without bubble formation. The following experiments were
ainly carried out under these reagent concentrations. Point
(Channel 2) was used in the following experiments, as our

revious study indicated the benefits of Point 2 with regard to
ensitivity for CL measurement [12].
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Table 1
Effects of reagent concentrations on the CL intensities

NaClO/mM CL intensity (mV)

1.0 mM-H2O2 2.5 mM-H2O2 5.0 mM-H2O2 7.5 mM-H2O2 10.0 mM-H2O2

1.0 2.2 3.8 5.8 6.7 7.0
2.5 2.4 5.9 6.9 9.5 (Bubbles)
5.0 3.1 7.5 (Bubbles) (Bubbles) (Bubbles)
7.5 3.6 8.2 (Bubbles) (Bubbles) (Bubbles)

10.0 5.1 (Bubbles) (Bubbles) (Bubbles) (Bubbles)
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Bubbles): bubble formation in the micro-channel leading to unstable CL, as sh
arbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)); Reagent 2, 1–10 mM hydrog
00 �l min−1; and detection point, Point 1 (Channel 1).

Next, the relationships between reagent concentrations and
L intensities were examined, changing the concentration of one

eagent and keeping that of the other constant. Sodium hypochlo-
ite was determined linearly over the range of 0.25–2.5 mM at
.5 mM hydrogen peroxide. Hydrogen peroxide was also deter-
ined linearly over the range of 0.1–7.5 mM at 2.5 mM sodium

ypochlorite. The relationships are represented with coefficient
alues of 0.999 and relative standard deviations of < 5% (n = 8).

.4. Effects of beverages on the CL intensities in the
icro-channel and reagent concentrations

The effects of beverages, such as green tea, coffee, white
ine, red wine, and sake (rice wine), on the CL intensities in the
icro-channel, as well as the reagent concentrations in Reagents
and 2 were examined. Each beverage diluted 50-fold was

dded to Reagent 1 or Reagent 2. After 1 h, the CL intensities in
he micro-channel were determined, and also sodium hypochlo-
ite concentration in Reagent 1 was determined with an SBT
it and the hydrogen peroxide concentration in Reagent 2 was
etermined by the standard titration method using potassium
ermanganate. Table 2 shows the obtained CL intensities and
he reagent concentrations of sodium hypochlorite and hydrogen
eroxide.

All CL intensities observed with addition of the beverages to
eagents 1 and 2 decreased in the following orders: Reagent 1,

reen tea > coffee > red wine > rice wine > white wine; Reagent
, coffee > white wine > green tea > red wine > rice wine.
odium hypochlorite concentration in Reagent 1 decreased in

he presence of white wine, red wine, and rice wine, while there

h
a
g
o

able 2
ffects of beverages on the CL intensities and reagent concentrations

everages NaClO + beverage (Reagent 1)

CL intensity (mV) NaOCl concentration (m

lank 18.0 2.5
reen tea 13.3 2.5
offee 12.4 2.5
hite wine 4.5 1.6

ed wine 8.3 2.3
ice wine 5.1 1.9

onditions: Reagent 1, 2.5 mM sodium hypochlorite (+ 50-fold diluted beverage) in
ydrogen peroxide (+ 50-fold diluted beverage) in 100 mM carbonate buffer (pH 10.
Channel 2).
n Fig. 3(b). Conditions: Reagent 1, 1–10 mM sodium hypochlorite in 100 mM
roxide in 100 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)); flow rate,

ere no changes in the presence of green tea or coffee. Hydrogen
eroxide concentration in Reagent 2 decreased in the presence of
reen tea, red wine, and rice wine, while there were no changes
n the presence of coffee or white wine.

The above results indicated that red wine and rice wine
nteracted with both sodium hypochlorite and hydrogen per-
xide; green tea reacted only with hydrogen peroxide; white
ine reacted only with sodium hypochlorite. These interac-

ions decreased the CL intensities, although the reactions of the
everages with singlet oxygen in the micro-channel cannot be
xcluded. On the other hand, coffee did not interact with either
ydrogen peroxide or sodium hypochlorite under the present
onditions, but the CL intensity in the channel decreased; ca. 33

CL decrease was observed. That is, coffee decreased the CL
ntensity in the micro-channel without decreasing the reagent
oncentrations in Reagents 1 and 2.

These observations raise questions regarding the nature of
he contents in coffee that decreased the CL intensity in the

icro-channel. Tentatively, we considered chlorogenic acid
C16H18O9; MW, 354.3) as the cause of the decrease in CL,
ecause chlorogenic acid is included in coffee at concentra-
ions higher than caffeine. Coffee beans contain ca. 5–8 wt%
hlorogenic acid. Although chlorogenic acid decomposes during
oasting, commercial coffee is usually thought to include chloro-
enic acid at 10−4–10−3 M. Chlorogenic acid has attracted
nterest as an antioxidant. Generally, chlorogenic acid, which

as a polyphenol structure, is thought to act as an antioxidant
gainst hydroxyl radicals. However, as the structure of chloro-
enic acid also has an ethylenic linkage, it may react with singlet
xygen.

H2O2 + beverage (Reagent 2)

M) CL intensity (mV) H2O2 concentration (mM)

18.0 7.5
5.0 1.7

11.8 7.5
5.9 7.5
4.0 1.3
2.0 2.3

100 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)); Reagent 2, 7.5 mM
8, H2O/D2O = 1/1 (v/v)); flow rate, 100 �l min−1; and detection point, Point 2
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ig. 4. Effects of coffee on the CL profiles obtained in the micro-channel. Con
00 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)); Reagent 2, 7.5 mM h
ate, 100 �l min−1; and detection point, Point 2 (Channel 2).

When we diluted coffee 10- and 100-fold, the CL in the
icro-channel decreased gradually, as shown in Fig. 4. It is
ell known that the reactions concerning superoxide radical

nions and hydroxyl radicals are radical reactions and proceed
ia chain reactions in a non-quantitative manner, while reac-
ions concerning singlet oxygen are quantitative with no chain
eaction. As little information is available concerning the man-
er of mixing among sodium hypochlorite, hydrogen peroxide,
nd chlorogenic acid in micro-channels, as well as the reaction
ates regarding the generation of singlet oxygen and the extinc-
ion of singlet oxygen with antioxidant, such as chlorogenic acid,
etailed discussion of the data is very difficult. However, chloro-
enic acid and singlet oxygen concentrations may be of similar
rders, 10−4–10−3 M, as described above. Therefore, the data
hown in Fig. 5 support the quantitative reaction between sin-
let oxygen and antioxidant species, such as chlorogenic acid,
n coffee.

. Conclusions

After optimizing the reagent concentrations, the CL from the
inglet oxygen could be observed constantly and stably for each
ombination of reagents fed into the system with high CL inten-
ity and no bubble formation. Such CL observation was brought
bout by the formation of liquid–liquid interface under a lam-
nar flow condition in a micro-channel. Although the diffusion
ength of the molecules was briefly discussed with the resi-
ence time (reaction time) in this study, the CL observed through
he collapse of the liquid–liquid interface in a micro-channel is
nteresting for not only analytical chemistry but also chemical
ngineering, including diffusion engineering and transport phe-

omena. We also examined the effects of several beverages on
he CL intensity, as well as the changes in the reagent concentra-
ions with beverages. Our results indicated that coffee decreased
he CL intensity without affecting the concentrations of sodium

[

[
[

s: Reagent 1, 2.5 mM sodium hypochlorite + 10 or 100-fold diluted coffee in
en peroxide in 100 mM carbonate buffer (pH 10.8, H2O/D2O = 1/1 (v/v)); flow

ypochlorite or hydrogen peroxide. That supported the singlet
xygen reacted antioxidant species, such as chlorogenic acid,
n coffee. The data obtained here provided unique information
or analyzing beverages containing antioxidants using a micro-
eactor comprising a micro-channel.
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bstract

The separation of streptomycin and its derivative dihydrostreptomycin using ion-pair liquid chromatography is proposed. The method is based
n the use of a new stationary phase based on a ligand with amide groups and the endcapping of trimethylsilyl which avoids the appearance of tailed
eaks. The isocratic mobile phase consisted of a 6:94 (v/v) acetonitrile/10 mM pentanesulfonic acid (pH 3.3) mixture at a flow-rate of 1 mL min−1

nd fluorescence detection involved a post-column derivatization reaction using �-naphthoquinone-4-sulfonate. Linearity, precision, recovery and

ensitivity were satisfactory. The procedure was applied to the analysis of the aminoglycoside antibiotics in different types of foods, as honey,
ilk, egg and liver. Extraction was carried out by acidic hydrolysis to release protein-bound antibiotics. Detection limits in the food samples are

.5 and 15 �g kg−1 for streptomycin and dihydrostreptomycin, respectively.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Streptomycin (STR) and dihydrostreptomycin (DHSTR) are
minoglycoside antibiotics which show activity against aero-
ic gram-negative bacteria. STR is produced by Streptomyces
riseus. All aminoglycoside contained aminosugars bonded to
n aminocyclitol ring by glycoside links [1]. Both drugs have
een widely used for the treatment of infectious diseases in
ood-producing animals. However, they are potentially toxic by
ausing damage in vestibular and auditory functions.

The European Union (EU) has limited residues of veteri-
ary drugs in foodstuffs of animal origin because the use of
ntibiotics may increase the resistance of target pathogens and
ust therefore be subject to strict control. Thus, the EU Maxi-
um Residue Limits (MRLs) for STR and DHSTR established
n Regulation 2377/90/EEC (1990) for food-producing animals
ere 500 �g kg−1 in muscle, skin, fat and liver, 1000 �g kg−1

n kidney and 200 �g kg−1 in milk [2]. In other type of food as

∗ Corresponding author. Fax: +34 96 836 4148.
E-mail address: hcordoba@um.es (M. Hernández-Córdoba).

a
c
s
d
a
n
L
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romatography

oney, contamination by STR was also found after the direct
reatment of infectious problems with this antibiotic. However,
o MRLs have been fixed for use with bee products in the EU.
n the other hand, the antibiotic was also used for the con-

rol of bacterial infections caused by Erwina amylovora which
ffected to fruit trees during flowering. Treatment of the trees
ith high concentrations of STR could produce a contamination

hain from pollen to nectar, bees and honey.
Different chemical and physical methods for the determina-

ion of STR and DHSTR have been developed. Official methods
f analysis are turbidimetric microbiological procedures USP
nd Eur. Ph. and the photometric method Eur. Ph. [3,4]. The
uorescence derivatization of STR could be performed using
ifferent reagents [5]. Thus, STR and DHSTR have a guani-
ino group which reacts with 1,2-naphthoquinone-4-sulfonic
cid (NQS) under alkaline conditions to give highly fluores-
ent derivatives. However, the methods which provided higher
peed, specificity and precision are chromatographic proce-

ures. Liquid chromatography (LC) is the most useful technique
nd different procedures have been proposed for the determi-
ation of residues of STR and DHSTR in foods [6–22] using
C with ion-pairing and spectrophotometric detection [6–8],
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vaporative light scattering detection [9], fluorescent derivati-
ation [10–19] or mass spectrometry (MS) [20–24]. Sample
reparation procedures involve different extraction processes
ith solvent mixtures including tedious solid phase extraction

teps. Reversed phase chromatography using a common C18
olumn provided non-reproducible results due to the interac-
ion of the basic nature streptomycins with the silanol groups of
he silica-based columns. The RP-AmideC16 column is an ideal
hoice for basic compounds because avoids the interaction of
hese compounds with the silanol groups due to the endcapping
f trimethylsilyl which permitted the residual silanol groups to
eact more strongly.

As the instrumentation required for the LC–MS coupling has
high cost and it is not accessible for laboratory control, in the
resent study the determination of STR and DHSTR was opti-
ized using LC with the ion-pairing technique and fluorescence

etection using a post-column derivatization reaction with �-
aphthoquinone-4-sulfonate. Isocratic elution and a stationary
hase involving a ligand with amide groups (RP-AmideC16) and
he endcapping of trimethylsilyl were used. The extraction pro-
edure included a simple acid hydrolysis to release antibiotics
rom the proteins, avoiding the need of solid-phase extraction
teps. As the sample treatment is very simple, the procedure
as applied to the analysis of residues of these aminoglycosides

n different types of foods, including beef liver, egg, milk and
oney.

. Experimental

.1. Apparatus

The LC system consisted of a Shimadzu FCV-10ALvp (Shi-
adzu, Kyoto, Japan) liquid chromatograph operating at room

emperature with a flow-rate of 1 mL min−1. The solvents were
egassed using a membrane system Shimadzu DGU-14A. The
uorescence detector was an Agilent FLD 1100 (Agilent Tech-
ologies, Waldbronn, Germany) operating at wavelengths of
56/439 nm (excitation and emission). Aliquots of 100 �L were
njected manually using a Model 7125-075 Rheodyne injec-
ion valve (Rheodyne, Berkeley, CA, USA). The analytical
olumn (150 mm × 4.6 mm) used for the reversed-phase tech-
ique was packed with Discovery RP-AmideC16 with a particle
ize of 5 �m (Supelco, Bellefonte, PA, USA). A guard col-
mn packed with the same stationary phase was also used.
he post-column flow injection system consisted of a Gilson
inipuls HP4 peristaltic pump (Gilson, Villiers-Bel, France),

.3 mm i.d. PTFE tubing and various end fittings and connectors
Omnifit, Cambridge, UK). An IKA KS 130 basic vibratory stir-
er (IKA, Germany), a centrifuge EBA 20 (Hettich, Germany)
nd a P-Selecta ultrasonic bath of variable power were used for
xtracting the analytes from samples.

.2. Reagents
Acetonitrile (ACN, Romil, Loughborough, UK) was of liq-
id chromatographic grade. Doubly distilled water was purified
sing a Milli-Q system (Millipore, Bedford, MA, USA). Stock

p
h
R
w
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olutions (1000 �g mL−1) of STR and DHSTR were prepared
y dissolving 10 mg of the commercial products (Sigma, St.
ouis, MO, U.S.A.), without previous purification, in 10 mL
f water. They were kept in dark bottles at 4 ◦C. Working
tandard solutions were prepared by dilution with the mobile
hase on the same day of use. The derivatization solution
as 0.4 mM 1,2-naphthoquinone-4-sulfonic acid (NQS, Sigma)
issolved in water. Other reagents used were sodium pentanesul-
onate (Sigma), perchloric acid and sodium hydroxide (Panreac,
arcelona, Spain).

.3. Samples

The samples of different type of honey (eucalyptus, acacia,
itrus and rosemary) were obtained commercially and from sev-
ral beekeepers. Other food samples were beef liver, egg and
ilk obtained commercially. Recovery experiments were car-

ied out using food samples which were finely ground and spiked
ith a standard mixture of STR and DHSTR. Next, the samples
ere left to equilibrate at room temperature for at least half an
our before proceeding with the extraction procedure.

.4. Analytical procedure

To carry out the acid hydrolysis, amounts of 2 g of the sam-
les were weighed into polypropylene tubes and 2 mL of 0.5 M
erchloric acid was added. The sample was homogenized by
sing a magnetic stirrer for 10 min at 800 rpm and after cen-
rifuged at 6000 rpm for 10 min. The supernatant was recovered
nd adjusted to pH 7 with saturated sodium hydroxide, 500 �L
f 0.1 M sodium pentanesulfonate solution were added and
he extract was diluted to 5 mL in a calibrated flask. Aliquots
ere filtered through 0.45 �m nylon Millipore chromatographic
lters and injected into the chromatograph. Separation was car-
ied out with an isocratic mobile phase of 94:6 (v/v) 10 mM
odium pentanesulfonate (pH 3.3):acetonitrile. The flow-rate
as 1 mL min−1. The post-column flow manifold consisted of a
-piece in which the separated drugs are mixed with the deriva-
ization reagent, 0.4 mM NQS, and a second T-piece in which
erged with a 0.3 M sodium hydroxide solution. The resulting

olution was then passed through a reaction coil (5 m × 0.3 mm
.d.) at a temperature of 70 ◦C, into the flow cell for fluorescence
ecording at wavelengths of 356/439 nm (excitation and emis-
ion). The NQS and sodium hydroxide solutions were pumped
t 0.2 mL min−1 with a peristaltic pump.

. Results and discussion

.1. Optimization of the chromatographic conditions

The aminoglycoside are strongly polar cations and, for this
eason, STR and DHSTR were separated using ion-pair reversed

hase chromatography (IPC), which is adequate for analytes
aving high ionic character in aqueous solution. A Discovery
P-AmideC16 endcapped with trimethylsilyl stationary phase
as appropriate for the separation of these basic compounds
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The length of the reactor was varied in the 0.5–10 m range
(Fig. 1A) and the fluorescence strongly increased up to 4.5 m.
Reactor lengths between 4.5 and 6 m slightly increased the sig-
nal, which was maintained constant for higher lengths. Thus,
10 P. Viñas et al. / Tala

ecause the endcapping process permits the residual silanol
roups to react more strongly and prevents the interaction of
nalytes with the silanol groups. Most organic solvents used for
eversed phase could also be used in IPC. For this separation,
cetonitrile (ACN) was selected due to its adequate transmit-
ance in the UV and its low viscosity. Consequently, mobile
hase optimization was carried out using mixtures of ACN and
n aqueous solution containing an ion-pair reagent at a flow-
ate of 1 mL min−1. A detailed study on the influence of the
CN percentage, pH and the ion-pair reagent concentration was
erformed.

The influence of the organic solvent was studied using
ixtures of 10 mM pentanesulfonic acid (pH 3) with ACN

t percentages between 5 and 20% (v/v). As expected, both
etention and peak widths decreased when the proportion of
rganic solvent was increased, while a 20% (v/v) mixture pro-
uced elution of the two compounds at the dead time. With
he aim of separating the peaks from the void time, thus avoid-
ng matrix interferences, a mobile phase having 6% (v/v) ACN
as selected. For basic samples, most ion-pairing reagents are

lkylsulfonates which increased retention for cations. Similar
eparations could be achieved with reagents differing in their
hain length, by varying the reagent concentration to provide
he same charge of the stationary phase. The selection of the
eagent is also conditioned by the proportion of the organic
olvent in the mobile phase. Thus, a study was carried out
sing different ion-pairing reagents such as pentanesulfonate,
eptanesulfonate and octanesulfonate, and best separation was
btained using pentanesulfonate. The retention process can
e modified by varying the concentration of the ion-pairing
eagent. The increase of the concentration in the mobile phase
ed to a higher charge in the column, up to reach saturation.
hus, the influence of the pentanesulfonate concentration in

he mobile phase was studied between 2 and 30 mM at pH 3,
n the presence of 6% (v/v) ACN. For basic analytes as STR
nd DHSTR, retention increases with the column charge up
o a 30 mM concentration and, once the column was saturated
ith the reagent, retention of the sample decreases because

he sodium ions compete with the ion analytes by retention
n the column. Consequently, a 10 mM pentanesulfonate con-
entration was selected as optimal to obtain good separation
f the antibiotic peaks. Higher concentrations led to very large
nalysis times. The variation of the mobile phase pH produces
n important effect on retention and peaks overlapping. This
nfluence was studied using several pentanesulfonate solutions
t different pH values in the 3–5 range. For low pH values
he basic analytes are completely ionized and best separation
etween STR and DHSTR was achieved at pH 3.3, which was
elected. Higher values of pH led to increased retention of the
nalytes.

The chromatographic profile obtained by isocratic elution
ith the Discovery RP-AmideC16 column and a mobile phase
f 6:94 (v/v) acetonitrile:10 mM pentanesulfonate (pH 3.3) at

flow-rate of 1 mL min−1 shows that the elution order and the

etention characteristics for the antibiotics, expressed as reten-
ion time (tR) and retention factor (k), were: 1, STR (tR = 16.4;
= 5.6) and 2, DHSTR (tR = 18.2; k = 6.4). Values for the separa-

F
a
c

2 (2007) 808–812

ion factor (α) and resolution (RS) were 1.1 and 1.5, respectively.
he peaks are sharp and non-tailed when using the AmideC16
olumn endcapped with trimethylsilyl.

.2. Optimization of the post-column fluorescence
erivatization

Derivatization of streptomycins was carried out by a post-
olumn reaction using NQS in alkaline conditions to give
erivatives, which have high fluorescent yields. The experimen-
al parameters were optimized to obtain maximum fluorescence
ntensity when injecting 100 ng mL−1 of STR and DHSTR,
nsuring at the same time that the separation of the compounds
as not modified. Fig. 1 shows the results obtained. When
arying the flow-rate of the peristaltic pump between 0.1 and
.5 mL min−1, fluorescence increased up to 0.2 mL min−1 and
hen remained constant, this value being chosen as optimal.
ig. 1. Influence of the post-column derivatization conditions (reactor length
nd temperature (A), derivatizing reagent concentration and sodium hydroxide
oncentration (B)) on the fluorescence signal. STR injected, 100 ng mL−1.
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Table 2
Recovery of streptomycins from food samples

Food sample STR DHSTR

Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)

Milk 97.1 1.8 92.5 2.1
Egg 101.4 2.9 99.4 3.2
Beef liver 95.7 4.4 90.1 5.7
Eucalyptus honey 98.2 0.9 98.3 2.0
Acacia honey 97.8 1.1 95.7 1.6
C
R

c
p
t
f
i
d
d
a
food samples analyzed (n = 7) were: STR, 98 ± 1.8 and DHSTR,
96 ± 3.7. These results demonstrate that recovery values were
satisfactory.
P. Viñas et al. / Tala

5 m reactor length was selected as a compromise between
ensitivity and good resolution of the chromatographic peaks.
imilar results were obtained for DHSTR. The influence of the
eactor temperature was studied in the 25–90 ◦C range, using
thermostated water bath, and Fig. 1A shows as fluorescence

ncreased for higher temperatures up to 70 ◦C and then slowly
ecreased, because of the fluorescent derivative decomposition.
onsequently, an optimal temperature of 70 ◦C was selected.
ig. 1B shows the influence of the derivatizing reagent (NQS)
oncentration between 0.05 and 1 mM. Maximum sensitivity
as obtained at a 0.4 mM concentration, which was therefore

elected. The influence of the sodium hydroxide concentration in
he 0.025–0.6 M range is shown in Fig. 1B and demonstrated that

aximum fluorescence was obtained for a 0.3 M concentration.
gain, similar results were obtained for DHSTR.

.3. Calibration, detection limits and repeatability

Calibration graphs were performed by the external stan-
ard technique following linear regression analysis by plotting
oncentration (ng mL−1) against peak area. Table 1 shows the
quations obtained for the calibration graphs and the regres-
ion coefficients. The repeatability of the method was calculated
sing the average relative standard deviation (R.S.D.) for 10
eplicate injections of the same sample at 100 ng mL−1 level.
he detection limits were calculated on the basis of 3σ (σ being

he residual standard deviation of the intercept) and the quanti-
ation limits on the basis of 10σ, using the regression lines for
he standards. Values are also given in Table 1.

.4. Analysis of food samples: recovery studies

The extraction of STR and DHSTR from foods involved acid
ydrolysis to release the protein-bound antibiotics. To precipi-
ate proteins, perchloric acid and trichloroacetic acid are usually
sed, and when we tested different concentrations of both acids,
he best results were obtained using 0.5 M perchloric acid. The
ptimal sample homogenization procedure was then checked
sing an ultrasonic bath, an ultrasonic processor, an automatic
ibratory stirrer and manual stirring. The results obtained show
hat recovery percentages were similar for the different homoge-

ization techniques tested. Consequently, the automatic stirring
ethod was chosen as it was easy to use. The efficiency of

he extraction method was confirmed by performing recovery
tudies. First, the stability of the drugs was studied under these

able 1
alibration characteristics of streptomycins

arameter STR DHSTR

ntercept 2.7 ± 0.7 1.5 ± 0.3
lope (mL ng−1) 0.73 ± 0.01 0.19 ± 0.02
orrelation coefficient 0.9997 0.9993
inearity (ng mL−1) 10–200 25–275
etection limit (ng mL−1) 3 6
uantitation limit (ng mL−1) 9 19
epeatability, R.S.D. (%) 2.8 3.7

F
p
i

itrus honey 96.9 2.5 100.2 4.8
osemary honey 98.8 1.3 95.1 4.1

onditions and no degradation occurred during the extraction
rocess. The samples were spiked with the two streptomycins at
he beginning of the extraction procedure at 100 �g kg−1 for the
ood samples (these values being below the maximum limits,
n each type of sample). Then, spiked samples were treated as
escribed in the experimental procedure and analyzed. Recovery
ata and repeatability results are shown in Table 2. The aver-
ge values (mean ± S.D.) for the recovery percentages in the
ig. 2. Elution profiles obtained for milk (A), beef liver (B) and honey (C) sam-
les spiked with 100 ng g−1 of both STR and DHSTR. Flow-rate, 1 mL min−1;
njected sample, 100 �L. Peaks correspond to: (1) STR and (2) DHSTR.
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Fig. 2 shows typical chromatographic profiles obtained by
piking milk (A), beef liver (B) and honey (C) samples. Sim-
lar chromatograms were obtained for the other samples. The
rofiles demonstrated the absence of interfering peaks for strep-
omycin quantitation. The standard additions method was used
o investigate the possibility of matrix interference. Slopes of
he standard additions calibration graphs for the food samples
ere similar to those of aqueous standards, confirming that the
atrix did not interfere and that calibration can be carried out

sing aqueous standards. The antibiotics STR and DHSTR were
ot present above their respective detection limits in any milk,
gg, beef liver or honey analyzed sample. Detection limits in
he food samples were 7.5 and 15 ng g−1 for STR and DHSTR,
espectively.

The chromatographic peaks were first identified by com-
aring the retention data obtained for the STR and DHSTR
tandards and the different food samples spiked with the
tandards under identical conditions. The average values
mean ± S.D.) for the retention times in the different samples
n = 8) were: STR, 16.4 ± 0.23 and DHSTR, 18.2 ± 0.19. These
alues indicate very good agreement between the retention data
f streptomycins in the different samples. The peaks were iden-
ified again using the fluorescence detector to continuously

easure the spectrum while the solute passed through the flow-
ell, thus confirming the identity and the purity of the peaks.
ood agreement was found between the fluorescence spectra
f the different peaks obtained for the standards and the spiked
amples.

. Conclusion

A rapid method for the analysis of residual streptomycin
nd dihydrostreptomycin is proposed. The use of a fluores-
ence detector avoids the need for a mass spectrometer which is
xpensive and beyond the means of many laboratories. The pro-
edure used ion-pairing reversed phase liquid chromatography
ith isocratic elution and a Discovery Amide-C16 column with

he endcapping of trimethylsilyl to prevent the appearance of
ailing peaks. Sample preparation involved acid hydrolysis and
as very simple, satisfactory recovery results being achieved
ith no need for solid-phase extraction steps. Detection lim-
ts were in the low ng g−1 range. The method could be applied
o residue controls and screening tests as it satisfies the max-
mum limits for the concentration of streptomycin drugs in
oods.
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bstract

This paper reports the synthesis and liquid petroleum gas (LPG) sensing properties of nano-sized cadmium oxide (CdO). The nano-sized CdO
owder was successfully synthesized by using a chemical co-precipitation method using cadmium acetate and the ammonium hydroxide, as starting
aterials and water as a carrier. The resulting nano-sized powder was characterized by X-ray diffraction (XRD) measurements and the transmission

lectron microscopy (TEM). The LPG sensing properties of the synthesized nano-sized CdO were investigated at different operating temperatures
nd LPG concentrations. It was found that the calcination temperature and the operating temperature significantly affect the sensitivity of the
ano-sized CdO powder to the LPG. The sensitivity is found to be maximum when the calcination temperature was 400 ◦C. The sensitivity to
5 ppm of LPG is maximum at an operating temperature 450 ◦C and it was found to be ∼341%. The response and recovery times were found to be
early 3–5 s and 8–10 s, respectively. The synthesized nano-sized CdO powder is able to detect up to 25 ppm for LPG with reasonable sensitivity

t an operating temperature 450 ◦C and it can be reliably used to monitor the concentration of LPG over the range (25–75 ppm). The experimental
esults of the LPG sensing studies reveal that the nano-sized CdO powder synthesized by a simple co-precipitation method is a suitable material
or the fabrication of the LPG sensor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the synthesis of nano-crystalline oxide mate-
ials has been a focal point of research and developmental
ctivities in the area of nano-materials owing to the quest for
heir various technological applications [1–10]. Semiconduct-
ng metal oxides such as SnO2 [11], ZnO [12], WO3 [13] and
e2O3 [14] have been widely used as gas sensing materials for

he detection of inflammable and toxic gases. The sensor perfor-
ance is strongly dependent on the microstructural features such

s crystallite size, grain boundary characteristics and thermal sta-
ility [15]. Several approaches have been explored to fabricate
he sensors with an improved performance, which include nano-
ized crystallites [16,17], solid solution [18,19] and additives or

urface functionalization [20,21].

Out of these approaches, the successful synthesis of nano-
rystalline semiconducting oxides with high surface area for

∗ Corresponding author. Tel.: +91 257 2258411; fax: +91 257 2258403.
E-mail address: pnmu@yahoo.co.in (P.P. Patil).

s

d
e
d
a
t

039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.024
as adsorption opens up a new paradigm for sensor materials.
everal research groups have systematically studied the synthe-
is of nano-crystalline metal oxides and their nanocomposites
nd investigated their gas sensing properties [1–10]. For exam-
le, more recently, Aifan et al. [4] prepared the nano-crystalline
nO2–In2O3 composites using a chemically controlled co-
recipitation method and studied their sensing properties for
he detection of CO and NO2. They observed that the prepa-
ation parameters are crucial in controlling the grain size and
rystallinity of the nano-crystalline SnO2–In2O3 composites.
hese nanocomposites exhibit high sensitivity and selectivity

or the detection of CO and NO2. Further, it was found that
he nanocomposite composition, calcination temperature and
perating temperature significantly affects the sensitivity and
electivity.

LPG is a combustible gas and it is widely used as a fuel for
omestic heating and industrial use. Although it is one of the

xtensively used gases, it is hazardous. Hence, it is crucial to
etect it in its early stages of the leakage and to perform the
ctive suppression [22]. In order to accomplish this, more atten-
ion has been paid to develop the gas sensors for the detection
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f LPG, using several sensing materials such as Ag2O doped �-
e2O3, Pt modified Al2O3 [23], ZnGa2O4 [24], Sb doped SnO2
25], MgFe2O4, CdFe2O4 [26] etc. Recently, the thick films of
he mixed oxide of WO3, TiO2, In2O3 and SnO2 and doped
ith nobel metals Au, Pd and Pt were investigated as sensing
aterials by Chaudhari et al. [3] for the detection of LPG. Srivas-

ava et al. [2] studied the influence of microwave irradiation on
nO2 powder prepared by precipitation method using water as
medium. They observed that the microwave irradiation results

nto the increase in LPG sensitivity.
CdO is degenerate, n-type semiconductor and it has interest-

ng properties like large band gap, low electrical resistivity, high
ransmission in the visible region etc; which make it useful for a
ide range of applications such as photodiodes [27], phototran-

istors [28], photovoltaic cell [29], transparent electrodes [30],
iquid crystal displays, IR reflectors and anti-reflection coatings
31]. To the best of our knowledge, there are no reports in the
iterature dealing with the use of CdO as sensing material for
he fabrication of the gas sensors. However, it was reported that
he CdO can be used as the dopant to improve the sensor per-
ormance. Xiangfeng et al. [32] studied the influence of CdO
opant on the gas sensing properties of zinc ferrite (ZnFe2O4)
o C2H2OH. It was shown that the CdO improves the sensitivity,
electivity, response and recovery times of ZnFe2O4.

With the objective to search for new sensing materials for the
etection of LPG, we have made an attempt to synthesize nano-
ized CdO by a simple chemical co-precipitation method and to
nvestigate the LPG response of the resultant nano-sized CdO.

. Experimental

The nano-sized powder of CdO was prepared by a simple
o-precipitation method. In this method, a diluted ammonium
ydroxide solution was used to hydrolyze the metal salt pre-
ursors at a certain solution pH value. Fig. 1 is a schematic
epresentation of the synthesis procedure. In this work, the aque-
us solution of 0.5 M cadmium acetate was prepared in double
istilled water. To this solution the ammonium hydroxide was
dded drop-wise under stirring until the final solution pH value
f about 8 was achieved. The resulting precipitate was filtered
nd washed three to four times using double distilled water to
emove impurities. The hydroxide, thus formed was dried at
00 ◦C and grinded into a powder, which is the precursor. The
recursor was calcined in air at different temperatures of 300 ◦C,
00 ◦C, 500 ◦C and 600 ◦C for 2 h to produce nanocrystalline
owders with different grain size. During the calcinations, the
s-prepared powder was decomposed as follows:

CH3COO)2Cd·H2O + 2NH4OH

→ Cd(OH)2 + 2H2O + 2CH3COONH4

d(OH)2
400◦C−→CdO + H2O
The structure of the calcined powder was investigated by
sing X-ray diffraction (XRD) technique. The X-ray diffraction
atterns were recorded with a Rigaku diffractometer (Miniflex
odel, Rigaku, Japan) having Cu K� (λ = 0.1542 nm). The crys-

S

w
i

Fig. 1. Schematic diagram of the synthesis procedure for nano-sized CdO.

alline size was estimated from the broadening of CdO (111)
iffraction peak (2θ = 32.2◦) using Debye-Scherrer’s formula.
he transmission electron microscopy (TEM) was used to deter-
ine the particle size and the morphology of the nano-sized

owder with JEOL 1200 EX.
The nanocrystalline CdO powder was pressed into pellets

nder a pressure of 15 MPa and the ohmic contacts were made
ith the help of silver paste to form the sensing element. The
as sensing studies were carried out on these sensing elements
n a static gas chamber to sense LPG in air ambient. The sensing
lement was kept directly on a heater in the gas chamber and
he temperature was varied from 150 to 500 ◦C. The temperature
f the sensing element was monitored by chromel-alumel ther-
ocouple placed in contact with the sensor. The known volume

f the LPG was introduced into the gas chamber pre-filled with
ir and it was maintained at atmospheric pressure. The elec-
rical resistance of the sensing element was measured before
nd after exposure to LPG using a sensitive digital multi meter
METRAVI 603). The sensitivity (S) of the sensing element is
efined as:
(%) = Rg − Ra

Ra

× 100

here Ra and Rg are the resistance values of the sensor element
n air and in the presence of LPG.
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Fig. 3. TEM micrograph with electron diffraction pattern of nano-sized CdO
calcined at 400 ◦C for 2 h.
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. Results and discussion

.1. Synthesis of nano-sized CdO

The XRD pattern of the calcinied powder at 400 ◦C for 2 h is
hown in Fig. 2. It indicates the diffraction peaks at 2θ values of
2.2◦, 37.4◦ and 54.2◦, which are attributed to the formation of
dO. The crystal structure is cubic face centered cubic and all

he d-line patterns match with reported values. The crystallite
ize was calculated by using the Scherrer formula:

= kλ

B cos θ

here t is the average size of the crystallite, assuming that the
rains are spherical, k is 0.9, λ is the wavelength of X-ray radi-
tion, B is the peak full width at half maximum (FWHM) and
is the angle of diffraction. The crystalline size of the powder

alcinied at 400 ◦C is found to be ∼11.20 nm.
The TEM micrograph of the powder calcinied at 400 ◦C along

ith the electron diffraction pattern is shown in Fig. 3. The
EM micrograph shows clearly that the particle size of powder
alcinied at 400 ◦C is ∼12 nm. This result is in well agreement
ith the crystallite size calculated using the XRD data. The ED
attern gives the d spacing consistent with those obtained from
RD data.
In order to study the effect of the calcination temperature

n the crystallite size, the as-prepared powder was calcinied
t 300, 400, 500 and 600 ◦C for 2 h in air. The variation of the
rystallite size on the calcinations temperature is shown in Fig. 4.
he crystallite size is found to be smallest when the as-prepared
owder was calcinied at 400 ◦C for 2 h. However, the crystallite
ize increases with the increase in the calcinations temperature
fter 400 ◦C. This observation is consistent with crystallite sizes
btained from XRD patterns (not shown here). This observation
ay be attributed to the particles growth and a lot small particles

ggregation after being calcinied at higher temperatures. Indeed,
he TEM micrograph of the powder calcinied at 600 ◦C [Fig. 5]
learly shows the aggregation of small particles.

.2. LPG sensing properties of synthesized nano-sized CdO

In this study, the LPG sensing properties of the nano-sized
dO synthesized by chemical co-precipitation method were
nvestigated. For comparison, the LPG sensing properties of the
ommercially available CdO were also studied under identical
xperimental conditions. The appropriate calcination tempera-
ure is an important parameter for gas sensing materials and in

Fig. 2. XRD pattern of nano-sized CdO calcined at 400 ◦C for 2 h.

Fig. 4. Variation of the crystallite size of nano-sized CdO on calcination tem-
perature.
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Fig. 5. TEM micrograph of nano-sized CdO calcined at 600 ◦C for 2 h.

esigning of sensors. The sensing materials have to be calcinied
t appropriate temperatures to achieve crystallization and struc-
ural evolution. A sufficient degree of crystallinity is required to
ttain the desired electronic properties necessary for gas sensor
pplication. The dependence of the sensitivity of the synthesized
ano-sized CdO to 75 ppm of LPG at operating temperature of
50 ◦C on the calcination temperature is shown in Fig. 6. It
s observed that first the sensitivity increases from 164.58% to
41% as the calcination temperature is raised from 300 to 400 ◦C
nd then decreases with the further increase in the calcination
emperature. The sensitivity is found to be maximum when the
alcination temperature was 400 ◦C, which is the optimal calci-
ation temperature. The calcination in air renders more oxygen
acancy generation, which enhances the gas sensitivity. How-
ver, after the calcination temperature of 400 ◦C, the crystallite

ize of the calcinied powders becomes larger due to agglomera-
ion and therefore the specific surface area decreased. This leads
o the decrease of gas sensitivity and as a result 400 ◦C is found
o be the optimal calcination temperature.

ig. 6. Dependence of sensitivity on the calcination temperature of the nano-
ized CdO to 75 ppm of LPG at operating temperature of 450 ◦C.
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vailable CdO and (b) nano-sized CdO to 75 ppm of LPG. Inset presents the
eplicates of the measurements for the sensitivity as a function of operating
emperature.

It is quite apparent that the operating temperature plays a vital
ole in determining the sensitivity of the CdO. Fig. 7 shows the
ffect of the operating temperature on the sensitivity of nano-
ized CdO powder and the commercially available CdO towards
PG. It is obvious from Fig. 7 that the nano-sized CdO powder
xhibits an excellent sensitivity to LPG than a commercially
vailable CdO. When the commercially available CdO powder
as used, the maximum sensitivity to 75 ppm of LPG occurs

t 350 ◦C and it remains fairly constant at ∼154% between the
perating temperatures 350 to 450 ◦C.

It is clearly observed that the sensitivity of the synthesized
ano-sized CdO powder to 75 ppm of LPG is considerably lower
or the operating temperature less than 400 ◦C. The sensitivity
ncreases from 14.8% to 341% as the operating temperature is
aised from 400 to 450 ◦C and then decreases to 48.29% when
he temperature is further raised to 500 ◦C. Thus, the sensitiv-
ty to 75 ppm of LPG is maximum at an operating temperature
f 450 ◦C and it is found to be ∼341%. The response time of
he nano-sized CdO powder to LPG was nearly 3–5 s and the
ecovery time was found to be 8–10 s. These results indicate
hat the nano-sized CdO powder synthesized by a simple co-
recipitation method is a suitable material for the fabrication
f the LPG sensor. A number of experiments have been car-
ied out to measure the sensitivity as a function of the operating
emperature. All the time the sensitivity of the sensor element
as approximately constant (standard deviation ∼0.022) values,
ndicating the repeatability of the sensor.

The LPG sensing mechanism is a complex process and it
s believed that it proceeds through several intermediate steps
hich are not yet understood. It is based on the changes in the

esistance of the CdO which is controlled by the LPG species and
he amount of the chemisorbed oxygen on the surface [33–40]. It

s known that a certain amount of oxygen from air is adsorbed on
he surface of the CdO. The CdO interacts with the oxygen, by
ransferring the electrons from the conduction band to adsorbed
xygen atoms, resulting into the formation of ionic species such
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s O2
− or O−. The reaction kinematics may be explained by the

ollowing reactions [33–40]:

2(gas) ⇔ O2(absorbed)

2(absorbed) + e− ⇔ O2
−

2
− + e− ⇔ 2O−

The electron transfer from the conduction band to the
hemisorbed oxygen results into the decrease in the electron
oncentration. As a consequence, an increase in the resistance
f the CdO is observed.

It is well known that the LPG consists of CH4, C3H8 and
4H10 etc. In these molecules the reducing hydrogen species are
ound to carbon therefore the LPG dissociates less easily into
he reactive reducing components on the CdO surface. When the
ano-sized CdO is exposed to reducing gas like LPG, the LPG
eacts with the chemisorbed oxygen thereby releasing an elec-
ron back to the conduction band which decreases the resistance
f the CdO [33–40]. The overall reaction of the LPG with the
hemisorbed oxygen can be explained as follows:

nH2n+2 + 2O− → H2O + CnH2nO− + e−

hen the nano-sized CdO is heated at a temperature of
50–400 ◦C, the reaction products do not desorb from the film
urface. Nevertheless, they cover the sensing sites on the surface
f the film which prevents the further reaction of the LPG with
hemisorbed oxygen. Subsequently, no appreciable change in
he resistance of the film is observed.

At temperature 450 ◦C, the reaction products may get
esorbed immediately after their formation providing the oppor-
unity for new gas species to react with the sensing sites
n the film surface. Thus, the LPG reacts most effectively
ith chemisorbed oxygen at such particular temperature, which

esults in the significant decrease in the resistance of the film.
herefore, the maximum sensitivity of the nano-sized CdO

owards LPG is expected at such particular temperature.
At higher temperatures (>450 ◦C), the amount of the adsorbed

xygen is less and therefore, a lesser amount of ionic species is
ormed. Therefore, in presence of the LPG, the probability of the
eduction reaction of the gas with chemisorbed oxygen is less,
hich results into a very small change in resistance of the film at
igher temperatures. Therefore, the nano-sized CdO operates as
sensing element to the LPG only within a specific temperature
indow. In the present case, the optimum operating temperature

or the nano-sized CdO is 450 ◦C at which the sensor sensitivity
ttains its maximum value.

The dependence of the sensitivity of the synthesized nano-
ized CdO powder on the LPG concentration at an operating
emperature 450 ◦C is shown in Fig. 8. It is observed that the
ensitivity increases linearly as the LPG concentration increases
rom 25 to 75 ppm and then decreases with further increase in

he LPG concentration. The linear relationship between the sen-
itivity and the LPG concentration at low concentrations may
e attributed to the availability of sufficient number of sensing
ites on the film to act upon the LPG. The low gas concentra-

•

ig. 8. Dependence of sensitivity of nano-sized CdO on the LPG concentration
t operating temperature of 450 ◦C.

ion implies a lower surface coverage of gas molecules, resulting
nto lower surface reaction between the surface adsorbed oxygen
pecies and the gas molecules. The increase in the gas con-
entration increases the surface reaction due to a large surface
overage. Further increase in the surface reaction will be grad-
al when saturation of the surface coverage of gas molecules is
eached. Thus, the maximum sensitivity was obtained at an oper-
ting temperature of 450 ◦C for the exposure of 75 ppm of LPG.
he nanosized CdO is able to detect up to 25 ppm for LPG with

easonable sensitivity at an operating temperature 450 ◦C. The
inearity of the sensitivity in the low LPG concentration range
25–75 ppm) suggests that the nano-sized CdO can be reliably
sed to monitor the concentration of LPG over this range.

. Conclusions

The nano-sized CdO powder was synthesized by a simple
hemical co-precipitation method and the LPG sensing proper-
ies of the synthesized nano-sized CdO were investigated. The
ollowing main findings resulted from the present investigation:

We have successfully synthesized the nano-sized CdO powder
at low cost by using a chemical co-precipitation method using
cadmium acetate and the ammonium hydroxide, as starting
materials and water as a carrier. The resulting powder was
characterized by XRD measurements and TEM.
The crystallite size is found to be smallest when the as-
prepared powder was calcinied at 400 ◦C for 2 h. However, the
crystallite size increases with the increase in the calcination
temperatures above 400 ◦C.
The calcination temperature and the operating temperature
sized CdO powder to the LPG.
The sensitivity is found to be maximum when the calcina-
tion temperature was 400 ◦C, which is the optimal calcination
temperature.
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The synthesized nano-sized CdO powder is able to detect up
to 25 ppm for LPG with reasonable sensitivity at an operating
temperature 450 ◦C. Further, it was shown that the nano-sized
CdO can be reliably used to monitor the concentration of LPG
over the range (25–75 ppm).
The sensitivity to 75 ppm of LPG is maximum at an operating
temperature 450 ◦C and it is found to be ∼341%. The response
time was nearly 3–5 s and the recovery time was found to be
8–10 s.
The results of the LPG sensing studies reveal that the nano-
sized CdO powder synthesized by a simple co-precipitation
method is a suitable material for the fabrication of the LPG
sensor.
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bstract

High-performance liquid chromatography (HPLC) was employed in the fingerprint analysis of Angelica sinensis (Oliv.) Diels. A chromatographic

rofile of A. sinensis (Oliv.) Diels from the Dingxi District of Gansu province, China, was established as the characteristic fingerprint. The
easibility and advantages of employing chromatographic fingerprint combined with discriminant analysis were investigated and demonstrated for
he evaluation of A. sinensis (Oliv.) Diels for the first time. Our results showed that the chromatographic fingerprint combining with discriminant
nalysis can efficiently distinguish A. sinensis (Oliv.) Diels from various areas.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Angelica sinensis (Oliv.) Diels is one of the main traditional
hinese medicines (TCM), which has been used for more than
000 years. It has been used generally as one of the herbal
ngredients in prescriptions of TCM to treat gynecological dis-
ases. Traditionally, only a few markers or pharmacologically
ctive constituents are employed to assess the authenticity and
uality of the herb [1]. But because herbal medicines are of
atural products with complex matrixes, which are different
rom western synthetic medicines, the curative effects of herbal
edicines principally are based on the synergic effect of their
ass constituents [2–4]. So the traditional quality control of

erbal medicines encounters severe challenges and to find a more

fficient and accurate method is desirable.

Fingerprint analysis has been introduced and accepted by
any countries and organizations [5–11]. Among the quality

∗ Corresponding author. Tel.: +86 931 4968266; fax: +86 931 8277088.
E-mail address: ws777879@163.com (S.-X. Jiang).
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ontrol systems, fingerprint has gained much attention [12–17]
ecause by using the fingerprint analysis, a particular herb can
e identified and, moreover, this herb can be distinguished from
ome closely related species. Since HPLC is a widely used
ethodology and can easily be adapted to the quantification

f individual compounds, it has the advantage of generating a
hemical fingerprint, which is useful in defining the identity and
he quality of a given species.

Although some studies on the fingerprints of A. sinensis
Oliv.) Diels using HPLC have been published [18–19], none of
hem involved in the comparison among the A. sinensis (Oliv.)
iels from the main planting areas in China. More than 70.0%
f A. sinensis (Oliv.) Diels are planted in the Dingxi District
f Gansu province, so it is urgent for us to set up a reliable and
ccurate methodology based on the samples collected from these
reas to substitute the traditional ones and to differentiate them.
n the present study, with reference to the method of [18], which

as the earlier work in our laboratory, we used high-performance

iquid chromatography-diode array detection (HPLC-DAD) to
stablish a valid chromatographic fingerprint method. Combin-
ng with discriminant analysis, we efficiently differentiated the
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Eighteen peaks were marked as the common peaks in the
chromatograms of total the 30 raw herbs. The established chro-
matogram of A. sinensis (Oliv.) Diels is as follows (Fig. 1), where
S denotes the internal substance (biphenyl).
S. Wang et al. / Tala

. sinensis (Oliv.) Diels from three main planting areas of the
ingxi District of Gansu province, China.
Usually some other statistic analyses such as principal com-

onent analysis, etc. were also used to deal with the data [20–22].
owever, they were not appropriate to distinguish the three A.

inensis (Oliv.) Diels from different main planting areas because
he chromatograms of these samples were generally identical.

. Experimental

.1. Instrumentation and reagents

An Agilent 1100 series HPLC system (USA) including a
uaternary pump, a diode array detector, a vacuum degasser,
manual injector, a column oven, and a data system (Agilent
hem Station) was used. Methanol and acetonitrile was of chro-
atographic grade and acetic acid was of analytical grade. They
ere all purchased from the Tianjing Chemical Reagent Co.

China). Distilled and deionized water was used for the prepa-
ation of all the samples and solutions.

.2. Reference compound

Biphenyl was purchased from Aldrich.

.3. Materials

Thirty raw herbs of A. sinensis (Oliv.) Diels were investigated
nd collected from three main planting areas of the Dingxi Dis-
rict of Gansu province, China. Ten of them were from the Min
ounty, another 10 of them were from the Wei-Yuan County
nd the remains were from the Zhang County. Voucher speci-
ens are stored in the Research Center of Natural Products of

ur institute.

.4. Sample preparation

An accurately weighed dried sample powder (2.00 g)
as ultrasonically extracted with 40 mL of methanol–water

1/1, v/v) solution for 45 min, and then centrifuged for
5 min under 600 rpm. The supernatant was filtered through a
.46 �m membrane filter before injection. Before the extrac-
ion, 3.6 �g of biphenyl was added the solution as an internal
tandard.

.5. HPLC procedure

The chromatographic separation was performed on an ODS
olumn (5 �m, 250 mm × 4.6 mm i.d.) (Lanzhou Institute of
hemical Physics, Chinese Academy of Sciences; Lanzhou,
hina) using a gradient of water/acetic acid (200/1, v/v; A) and

ethanol (B). The gradient condition was as follows: 0 min,

0% B; 20 min, 70% B; 70 min, 100% B. The detection wave-
ength, reference wavelength and column temperature were set
t 275 nm, 400 nm and 25 ◦C, respectively. The flow rate was
.6 mL/min and the loading volume was 20 �L.
2 (2007) 434–436 435

.6. Data analysis

The discriminant analysis was calculated using the SPSS 11.5
oftware.

. Results and discussion

.1. Optimization of extraction conditions

To obtain a stable and reproducible fingerprint, a suffi-
ient extraction of the main components should be guaranteed.
ne sample was subjected to a set of nine extraction condi-

ions, using different extraction times, volumes of solvent and
xtraction methods. The results (data and chromatograms not
hown) revealed that the ultrasonic extraction of the samples in
ethanol/water (1:1, v/v) gave the best stable and reproducible

esults.

.2. Optimization of HPLC conditions

To develop an accurate and reproducible fingerprint of
. sinensis (Oliv.) Diels, the optimization of the conditions
f separation is a must. We tried different elution condi-
ions with methanol–water, acetonitrile–water and different
oncentrations of acid in water. Through trial and error, the
ethanol–water/acetic acid (200/1, v/v) system was chosen for

he separation. The selection of the detection wavelength was
ne of the key factors contributing to a reliable and reproducible
PLC fingerprint of A. sinensis (Oliv.) Diels. In the present

tudy, analyzing the 3D-plots of chromatograms acquired from
he HPLC-DAD system showed that the maximal absorbances
f the main peaks were not at the same wavelength. The spectra
f all the main peaks were investigated and 275 nm was chosen
s the detection wavelength.

.3. Standardization of fingerprint

In order to develop characteristic fingerprints, the exper-
mental process must be standardized. Under the optimized
onditions of extraction and chromatographic separation, a
ell-separated and reproducible chromatogram was achieved.
Fig. 1. Chromatogram of A. sinensis (Oliv.) Diels.
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Table 1
The results of discriminant analysis

Discriminant grouping Original grouping Accuracy (%)
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[20] C. Sârbua, H.F. Pop, Talanta 65 (2005) 1215.
9 10 0 0 90.0
9 0 10 0 90.0
9 0 0 10 90.0

.4. Discriminant analysis

Discriminant analysis can be used to build a predictive model
f the group membership based on observed characteristics of
ach case. This procedure generates a discriminant function (or,
or more than two groups, a set of discriminant functions) based
n linear combinations of the predictor variables that provide the
est discrimination among the groups. The functions are gener-
ted from the samples with known membership; the functions
an then be applied to new cases with measurements for the
redictor variables but with unknown group membership.

Here, we collected 30 samples from three different areas, so
hey could be classified into three groups. When we established
he fingerprint, we selected 18 peaks as their common peaks, so
ach case would have 18 variables. However, not all the variables
re of value to the establishment of discriminant function. The
rocedure will generate discriminant functions only by use of
aluable predictor variables. The three discriminant functions
f A. sinensis (Oliv.) Diels generated from three different areas
ere as follows:

= 165.546 × Var006 − 4.940 × Var009 − 35.146

×Var012 + 88.586 × Var013 − 9.794 (1)

= 81.015 × Var006 − 0.842 × Var009 − 32.969

×Var012 + 92.302 × Var013 − 6.283 (2)

= 150.459 × Var006 + 19.250 × Var009 + 1.127

×Var012 − 64.155 × Var013 − 10.816 (3)

here A denotes samples from the Min County, B denotes sam-
les from the Wei-Yuan County, C denotes samples from the
hang County, and Var denotes the variables.

From the discriminant functions, we can see that only four
ariables were used to generate the functions. These four vari-
bles denoted the areas of the peaks of No. 6, No. 9, No. 12
nd No. 13, respectively. When we want to know which group
n unknown sample is classified into, we put the values of the

our variables into the three functions, respectively. The sample
elongs to the group where the calculated value of the function
s the highest. The result of discriminant analysis is shown in
able 1.

[
[

2 (2007) 434–436

. Conclusion

The studies on the fingerprints of the herbs and the data
nalysis have largely been published. However, none of them
ave involved in the analysis of the herbs using discriminant
nalysis. In the present study, we selected the samples of A.
inensis (Oliv.) Diels from three main planting areas as the study
bjects. By introducing a novel method “discriminant analysis”,
e have established a criterion for distinguishing A. sinensis

Oliv.) Diels from the three areas. Because the chromatograms
f these samples were generally identical, some other analytical
ethods are of no effect to deal with the data obtained from these

hromatograms. But our results showed that the model we estab-
ished can efficiently distinguish A. sinensis (Oliv.) Diels from
he three areas and the accuracy of the model is as high as 90.0%,
hich is much better than guessing or traditional methods.
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bstract

Multilayer thin films composed of poly(allylamine hydrochloride) (PAH) and carboxymethyl cellulose (CMC) have been prepared on the surface
f a gold (Au) disk electrode by a layer-by-layer deposition of PAH and CMC and ferricyanide ions ([Fe(CN)6]3−) were confined in the film.

3− 3− 3−
Fe(CN)6] ions can be successfully confined in the films from weakly acidic or neutral [Fe(CN)6] solutions, while, in basic solution, [Fe(CN)6]
on was not confined. The [Fe(CN)6]3− ion-confined Au electrode showed clear redox peaks in the cyclic voltammogram around 0.35 V versus
g/AgCl. The amounts of [Fe(CN)6]3− ions confined in the films depended on the thickness of the films or the number of layers in the LbL films.
he [Fe(CN)6]3− ion-confined Au electrode was used for electrocatalytic determination of ascorbic acid in the concentration range of 1–50 mM.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The development of electrochemical biosensors has been a
ocal subject in biosciences and biotechnologies [1,2]. For exam-
le, biosensors for determining ascorbic acid have been studied
or its usefulness in the process control in food and pharmaceu-
ical industries [3–8]. The ascorbic acid sensors can be divided
nto two classes depending on the catalytic elements employed
or constructing sensors. The first type of ascorbic acid sen-
ors uses enzyme (i.e., ascorbate oxidase) to effect the selective
etermination of ascorbic acid while the second type of sen-
ors employ synthetic catalysts such as metal complexes [3–7].

drawback of former sensors is a short life and high cost,
hich stems from the use of enzyme though a high selectiv-

ty to ascorbic acid is a merit [3,4]. On the other hand, use of
ynthetic catalysts may enable us to develop durable and low-
ost sensors at the expense of high selectivity toward ascorbic
cid [5,6]. In this context, we have recently reported a prelimi-
ary result that ferricyanide ion, [Fe(CN)6]3−, can be confined

o the surface of thin film-modified electrodes and the modi-
ed electrodes are used as sensor for the catalytic determination
f ascorbic acid in solution [7]. In fact, we prepared a thin

∗ Corresponding author. Tel: +81 22 795 6841; fax: +81 22 795 6840.
E-mail address: junanzai@mail.pharm.tohoku.ac.jp (J.-i. Anzai).
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lm on the surface of a gold (Au) electrode by a layer-by-
ayer (LbL) deposition of poly(allylamine hydrochloride) (PAH)
nd polysaccharides and [Fe(CN)6]3− ions were successfully
onfined in the PAH/polysaccharide films by immersing the
lm-coated electrode in a solution of [Fe(CN)6]3− ion for a
hort time (15 min) [9]. Thus, we have succeeded in the prepa-
ation of [Fe(CN)6]3− ion-confined electrodes which can be used
or the electrochemical determination of ascorbic acid in solu-
ion. During the course of the study, we have found that LbL
hin films composed of polysaccharides are effective to con-
ne higher amounts of [Fe(CN)6]3− ion as compared to LbL
lms prepared using conventional synthetic polymers such as
oly(vinyl sulfate) and poly(styrene sulfonate) probably due to
high swelling ability of polysaccharide films [10]. This is the

eason why we use polysaccharide LbL films in this study. The
resent paper reports preparation of the [Fe(CN)6]3−-confined
lectrodes and electrocatalytic properties of the sensors in the
etermination of ascorbic acid in detail.

. Experimental
.1. Materials

An aqueous solution (20%) of poly(allylamine) hydrochlo-
ide [PAH; average molecular weight (MW), ∼10,000] was
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were very small when the [Fe(CN)6] ions were confined from
pH 9.2 solution. Fig. 3 plots the anodic peak current (ip) of
the [Fe(CN)6]3− ion-confined electrode recorded in the buffer
solutions, as a function of pH of the [Fe(CN)6]3− solution from
Fig. 1. The chemical structures of polymers used.

urchased from Nittobo Co. (Tokyo, Japan). Sodium car-
oxymethylcellulose (CMC; MW, ∼245,000) was obtained
rom Tokyo Kasei Co. (Tokyo, Japan). The chemical structures
f the polymeric materials are shown in Fig. 1. Sodium 3-
ercapto-1-propanesulfonate (MPS) was purchased from Tokyo
asei Co. All other reagents were of the highest grade available

nd were used without further purification. All solutions were
repared in Milli-Q water.

.2. Apparatus

All electrochemical measurements were carried out using an
lectrochemical analyzer (ALS, model 660B).

.3. Preparation of LbL film-coated electrodes

The layer-by-layer (LbL) films were prepared on the sur-
ace of a gold (Au) disk electrode (3-mm diameter), according
o the reported procedure [7]. The surface of the Au electrode
as polished thoroughly using an aqueous alumina slurry and

insed in distilled water before use. The polished Au electrode
as further treated electrochemically in a 0.5 M H2SO4 solution
y scanning the potential from −0.2 to 1.5 V versus Ag/AgCl
t scan rate of 0.1 V s−1 for 15 min. The Au electrode thus
leaned was first treated in a freshly prepared MPS solution
n water (5 mM) overnight to form a self-assembled monolayer
f MPS on the Au surface through thiol-Au bonding. After this
reatment, the surface of the Au electrode should be negatively
harged due to –SO3

− residues on the MPS monolayer. The
egatively charged surface of the electrode was further modi-
ed with LbL film by dipping it alternately in a 0.5 mg ml−1

AH and a 0.5 mg ml−1 CMC solution (10 mM Tris–HCl buffer
ontaining 150 mM NaCl, pH 7.4) for 30 min with an intermedi-
te 5 min-rinse in the buffer. The multilayer films were prepared
y repeating above procedure.

.4. Electrochemical measurements
[Fe(CN)6]3− ion-confined electrodes were prepared by
mmersing the LbL film-coated electrodes in 1 mM [Fe(CN)6]3−
olution for 15 min. The electrochemical response of the elec-

F
i
T
C
0

2 (2007) 415–418

rodes was measured in a glass cell using the LbL film-modified
lectrode as working electrode, a platinum wire as a counter
lectrode, and a Ag/AgCl electrode (3.3 M KCl) as a reference
lectrode. All measurements were performed under air at room
emperature (∼20 ◦C).

. Results and discussion

We have recently reported that nano-meter-sized thin films
omposed of PAH and CMC can be prepared on the surface of a
old (Au) disk electrode by a layer-by-layer (LbL) deposition of
AH and CMC from the aqueous solutions [9]. The formation of
he PAH/CMC LbL film was characterized using a quartz crystal

icrobalance (QCM) and an electrochemistry. The QCM study
evealed that the thickness of the films thus prepared is typically
50 ± 20 nm for the five-bilayer (PAH/CMC)5 film [9]. Another
haracteristic feature was that [Fe(CN)6]3− ion can be confined
n the LbL films prepared on the surface of Au electrode by
mmersing the LbL film-coated electrode in an aqueous solution
f [Fe(CN)6]3− for a short time (∼15 min) [9].

In the present study, we have used aqueous [Fe(CN)6]3− solu-
ions with different pH and ionic strength to evaluate the effects
f these variables on the amounts of [Fe(CN)6]3− ions confined
n the (PAH/CMC)5PAH film-coated electrode. Fig. 2 shows
yclic voltammograms (CV) of the Au electrodes coated with
he (PAH/CMC)5PAH film in which [Fe(CN)6]3− ions were con-
ned from the 1 mM [Fe(CN)6]3 solutions at pH 7.4 and 9.2. The
Fe(CN)6]3− ion-confined electrodes were rinsed in the working
uffer overnight to eliminate weakly bound [Fe(CN)6]3− ions
rom the film, and then CV was recorded in the fresh buffer
olution containing no [Fe(CN)6]3− ion. The electrode exhib-
ted redox peaks around 0.35 V originating from [Fe(CN)6]3−
on when the ion was confined at pH 7.4, while the redox peaks

3−
ig. 2. Cyclic voltammograms of the Au electrode coated with the Fe(CN)6
3−

on-confined (PAH–CMC)5PAH film. The Fe(CN)6
3− ion was confined in

ris–HCl buffer containing 150 mM NaCl at pH 7.4 (a) and at pH 9.2 (b). The
Vs were recorded in the buffers of pH 7.4 (a) and pH 9.2 (b). Scan rate was
.05 V s−1.
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Fig. 3. The effects of pH on the peak currents of the Fe(CN)6
3− ion-confined

(PAH–CMC) PAH film-coated electrodes. A 10 mM acetate buffer containing
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Fig. 4. Cyclic voltammograms of ascorbic acid on the Fe(CN)6
3− ion-confined
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acid, and hydrogen peroxide are still oxidized by [Fe(CN)6]3−
ion-mediated electrodes [3,13,14].

Fig. 5 plots ip values in CV recorded in the presence of
5 mM ascorbic acid as a function of the number of layers in
5

50 mM NaCl was used for pH 3.9 and 5.6 solutions, while the solutions of pH
.4, 8.1, and 9.2 were prepared by 10 mM Tris–HCl buffer containing 150 mM
aCl. Scan rate was 0.05 V s−1.

hich [Fe(CN)6]3− ions were immobilized. The ip values are
igher when [Fe(CN)6]3− ions were confined at pH 3.9, 5.6,
nd 7.4 than those for pH 8.1 and 9.2. These results suggest that
Fe(CN)6]3− ions are electrostatically bound to the positively
harged binding sites in the (PAH/CMC)5PAH film originating
rom protonated amino groups in PAH. It has been reported
hat the fraction of protonated amino groups in PAH is pH-
ependent and ∼20% of amino groups are protonated at pH 6
hile only ∼3% are charged at pH 10 [11,12]. It is thus clear that
neutral or weakly acidic solution of [Fe(CN)6]3− ion should
e used to confine [Fe(CN)6]3− ions in the (PAH/CMC)5PAH
lm.

The effects of ionic strength of the [Fe(CN)6]3− solutions
ere evaluated by using the [Fe(CN)6]3− solutions containing
arying amounts of NaCl. The [Fe(CN)6]3− ions were confined
o the (PAH/CMC)5PAH film-coated electrode from the solu-
ions of [Fe(CN)6]3− ion containing 10, 50, 100, and 150 mM
aCl (pH 7.4) and CV of the electrode was recorded in the
uffer solution at pH 7.4. The effects of the ionic strength
ere found to be unexpectedly small; the ip values in CV were

1.6 ± 0.2) × 10−5 A, regardless of the ionic strength. This is
robably due to the fact that binding of monovalent anion such
s Cl− to the film is very weak as compared to the multivalent
Fe(CN)6]3− ion.

The catalytic oxidation of ascorbic acid by the [Fe(CN)6]3−
on-confined electrodes was electrochemically evaluated. The
V of the [Fe(CN)6]3− ion-confined electrode was recorded in

he absence and presence of ascorbic acid. Fig. 4 depicts typical
Vs of the [Fe(CN)6]3− ion-confined (PAH/CMC)5PAH film-
oated electrode. The oxidation peak was highly enhanced and
he reduction peak disappeared in the presence of ascorbic acid
n solution, suggesting ascorbic acid was electrocatalytically
xidized by the [Fe(CN)6]3− ion-confined electrode. In other
ords, ascorbic acid was chemically oxidized by [Fe(CN)6]3−
on in the (PAH/CMC)5PAH film into dehydroascorbic acid
Eq. (1)) and the resulting [Fe(CN)6]4− ion was electrochemi-
ally reoxidized to [Fe(CN)6]3− ion (Eq. (2)). Thus, in the CV
n Fig. 4, the anodic current of the [Fe(CN)6]3−/[Fe(CN)6]4−

F
i
1

PAH–CMC)5PAH film-coated electrode. The sample solutions were 0 mM (a),
mM (b), 10 mM (c), and 15 mM ascorbic acid (d) in 10 mM Tris–HCl buffer
ontaining 150 mM NaCl. Scan rate was 0.05 V s−1.

ouple was enhanced in the presence of ascorbic acid:

scorbic acid + 2[Fe(CN)6]3−

→ dehydroascorbic acid + 2[Fe(CN)6]4− (1)

Fe(CN)6]3− → [Fe(CN)6]3− + e− (2)

merit of the electrocatalytic system for the oxidation of ascor-
ic acid is that the detection potential is sufficiently lower as
ompared to the direct electrochemical oxidation. In fact, with-
ut using [Fe(CN)6]3− ion or other catalysts, ascorbic acid can
e oxidized electrochemically at higher electrode potential (typ-
cally at 0.5 V or higher). At the higher electrode potential,
ide-reactions originating from other oxidizable contaminants
ay be accompanied. Thus, the use of [Fe(CN)6]3− ion-confined

lectrodes may enable us to circumvent interferences from oxi-
izable contaminants to some extent. In this context, it should be
oted that some oxidizable compounds such as dopamine, uric
ig. 5. Anodic peak current of the (PAH–CMC)nPAH film-coated electrodes
n the presence of 5 mM ascorbic acid in 10 mM Tris–HCl buffer containing
50 mM NaCl, as a function of the number of layers (n). Scan rate was 0.05 V s−1.
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ig. 6. A calibration graph of the Fe(CN)6
3− ion-confined (PAH–CMC)5PAH

lm-coated electrodes to ascorbic acid at pH 7.4. Scan rate was 0.05 V s−1. The
verage values of peak current for three independent measurements are plotted.

he (PAH/CMC)nPAH films (n = 3–10). The data for the thinner
lms (n = 1 and 2) are omitted because the response was some-
hat unstable probably due to a rapid leaching of [Fe(CN)6]3−

ons out of the films. The catalytic current to 5 mM ascorbic
cid increased up to 6 layers and leveled off for thicker films
n = 7–10). This is probably because the diffusion of ascorbic
cid through the thicker films determines the rate of the whole
eaction process. Thus, the thicker films (n = 7 or higher) as

ell as thinner films (n = 1 and 2) are not suitable for effecting
aximum performance of the (PAH/CMC)nPAH film-coated

lectrode in the determination of ascorbic acid.

ig. 7. The anodic peak currents of the Fe(CN)6
3− ion-confined

PAH–CMC)5PAH film-coated electrode to 5 mM (a) and 10 mM ascor-
ic acid (b) during 30 successive measurements in 10 mM Tris–HCl buffer
ontaining 150 mM NaCl. Scan rate was 0.05 V s−1.
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Fig. 6 shows a typical calibration graph of the [Fe(CN)6]3−
on-confined (PAH/CMC)5PAH film-coated electrode to ascor-
ic acid. The ip linearly increased with increasing the
oncentration of ascorbic acid up to 50 mM. The lower detection
imit was ca. 1 mM.

Fig. 7 illustrates ip values of the [Fe(CN)6]3− ion-confined
PAH/CMC)5PAH film-coated electrode to 5 and 10 mM ascor-
ic acid for successive 30 measurements. The ip values slightly
ecreased after 30 measurements because [Fe(CN)6]3− ions
radually leached out of the film. However, it is possible
o recover the original value in ip by treating the electrode
n the [Fe(CN)6]3− solution again. It might be possible to
mprove the stability by changing the nano-structure of the LbL
lm or using other polymeric materials for constructing the
lm.

. Conclusions

We have demonstrated that the [Fe(CN)6]3− ion-confined
PAH/CMC)5PAH film-coated electrode can be successfully
sed for electrocatalytic determination of ascorbic acid. The
Fe(CN)6]3− ions are confined effectively from aqueous solu-
ions of [Fe(CN)6]3− ion at a neutral or weakly acidic solution.
he effects of ionic strength of the solution of [Fe(CN)6]3−

on are small. The maximum performance of the [Fe(CN)6]3−
on-confined electrode can be obtained for six-bilayer film
ather than the thinner or thicker films. Thus, ascorbic acid
ver the concentration range of 1–50 mM can be successfully
etermined.
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bstract

A column chromatography procedure was developed for the clean-up of solvent-extracted sediment samples for the fractionation of polybromi-
ated diphenyl ethers (PBDEs) and polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs). The procedure included multiple column
hromatography steps for clean-up for the separation of PBDEs from PBDD/Fs. The separation of the two chemical groups overcame the mutual
nterfering problem during the GC–ion trap MS analysis. The method was validated with the analysis of quality control samples. The method
ccuracy represented with relative error was less than 16% for all targeted PBDEs and PBDD/Fs congeners. Recoveries of the 13C-labeled stan-

ards ranged from 64% to 117% with relative standard deviation from 7.3% to 15%. Results from the analysis of environmental sediment samples
ollected in the vicinity of a recycling site for electronic wastes showed high levels of PBDEs (1.5–12 ng/g, dry weight), trace levels of PBDFs
0.025–0.92 ng/g, dry weight) and non-detectable PBDDs.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polybrominated diphenyl ethers (PBDEs) are extensively
sed as flame-retardants in many electronic products. In the
rocess of manufacturing PBDEs, polybrominated dibenzo-p-
ioxins and dibenzofurans (PBDD/Fs) (Fig. 1) are often formed
1–10]. Furthermore, the combustion of polyvinyl chloride and
rominated flame retardants may generate PBDD/Fs and mixed
rominated/chlorinated dibenzo-p-dioxns and dibenzofurans, in
ddition to polychlorinated biphenyls (PCBs), polychlorinated
ibenzo-p-dioxins and dibenzofurans (PCDD/Fs) [10–13].

PBDEs are released into the environment from the products

ecause they are not chemically bound to materials. PBDEs
ave been detected in environmental matrices at high levels
uch as air, sediment and sewage sludge as well as biologi-

∗ Corresponding author at: Department of Chemistry, Hong Kong Baptist Uni-
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ax: +852 34117348.
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al samples such as biota, human blood, adipose tissues and
reast milk [14–17]. Recent studies showed higher concentra-
ion of PBDEs were found in sediments around an electronic
aste processing site in Gui Yu, Guangdong Province, China

18]. PBDD/Fs are often formed in the process of manufacturing
rominated flame retardants and from the combustion of e-
aste products containing flame retardants BFR [5]. Congeners
f PBDD/F have been found in ambient air, flue gas, fly ash
rom municipal solid waste incinerators and in vehicle exhaust
5,19–21]. However, there is only limited information on the
nvironmental concentrations and human exposure of PBDD/Fs.
eBDD/Fs–HxBDD/Fs were below the detection limits in carp
Cyprinus carpio) collected from the Buffalo River in New
ork [22]. Three PBDD/F congeners, namely 2,3,7,8-TeBDD,
,3,7,8-TeBDF and 2,3,4,7,8-PeBDF were found in Japanese
uman adipose tissue and sediments samples taken from indus-
rialized areas [23–25]. Ambient concentrations of PBDD/Fs in

ew York Harbor are similar to those of PCDD/Fs, suggest-

ng that it is important to investigate PBDD/Fs with respect to
oxicity, sources, and fate in the environment [26]. However,
urrently there are no standard analytical methodologies for
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Fig. 1. Chemical structures of PBDEs, PBDDs and PBDFs.

BDD/Fs. Moreover, most of the methods reported in literature
nvolve two individual sample preparation procedures followed
y instrument analysis, which is time, solvent and labor con-
uming. Thus, a rapid and reliable procedure for simultaneous
ample preparation for PBDEs and PBD/Fs is needed.

Separation of PBDEs and PBDD/Fs during simultaneous
ample preparation procedure is vital in trace analysis because
he two groups of compounds often interfere with each other
uring the instrumental analysis due to the co-elution problem
n GC-column with the same fragment ions [27,28]. Although
olumn chromatographic separation of PBDEs and PBDD/Fs
s feasible due to the polarity difference, the method develop-

ent with good performance is a challenge because data on the
hysical and chemical properties of PBDD/Fs are sparse and
BDD/F congeners have not been completely identified in envi-
onmental matrices. Choi et al. reported a procedure using active
arbon column for the separation of PBDEs and PBDD/Fs [25].
hile active carbon column chromatography has been employed

or the clean-up purpose for dioxins and PCBs analysis, the
eproducibility and recovery are sometimes variable. Moreover,
he preparation of carbon column and its solvent elution proce-
ure are not as simple as those of Florisil column. This paper
escribes method development for the separation of PBDD/Fs
nd PBDEs from one single sample extraction by using Florisil
olumn chromatography. The method was validated and applied
or the analysis of sediment samples collected from a river near
n electronic waste recycling site.

. Experimental

.1. Chemical reagents and standard solutions

Dichloromethane, hexane and toluene of Absolve grade were
urchased from Tedia Company Inc. (Fairfield, OH, USA).
ranular anhydrous sodium sulfate (Tedia, Fairfield, USA), sil-

ca gel 60 (0.063–0.200 mm, Merck, Whitehouse Station, USA)
nd neutral alumina (Brockmann I, Standard Grade, ∼150 mesh,
ldrich Chemical Co., Milwaukee, USA) were heated at 170 ◦C

or more than 24 h. Copper powder was supplied from UniChem
Surrey, UK). Concentrated sulfuric acid was purchased from
DH Laboratory Supplies (Dorset, UK). Silica gel with 30%

ulfuric acid-impregnated (w/w) was prepared by combining
oncentrated sulfuric acid with activated neutral silica gel.
lorisil (60–100 mesh, Supelco, US) was heated at 170 ◦C for
3 h and deactivated with 1% water.

Native PBDD/F standard solution was purchased from

ambridge Isotope Laboratory (Andover, MA, USA) with indi-
idual concentration of 1000 pg/�L containing 2,3,7,8-tetra-
rominated dibenzo-p-dioxins (2,3,7,8-TeBDD), 1,2,3,7,8-pen-
abrominated dibenzo-p-dioxins (1,2,3,7,8-PeBDD), 1,2,3,4,-

T
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,8-hexabrominated dibenzo-p-dioxins (1,2,3,4,7,8-HxBDD),
,2,3,6,7,8-hexabrominated dibenzo-p-dioxins (1,2,3,6,7,8-Hx-
DD), 1,2,3,7,8,9-hexabrominated dibenzo-p-dioxins (1,2,3,7,-
,9-HxBDD), 2,3,7,8-tetrabrominated dibenzofuran (2,3,7,-
-TeBDF), 1,2,3,7,8-pentabrominated dibenzofuran (1,2,-
,7,8-PeBDF), 2,3,4,7,8-pentabrominated dibenzofuran (2,3,4,-
,8-PeBDF), and 1,2,3,4,7,8-hexabrominated dibenzofuran
1,2,3,4,7,8-HxBDF). A mixed native standard solution
f PBDEs containing 2,2′,4,4′-tetrabromodiphenyl ether
BDE-47), 2,3′,4,4′-tetrabromodiphenyl ether (BDE-99),
,2′,4,4′,6-pentabromodiphenyl ether (BDE-100), 2,2′,4,-
′,5,5′-hexabromodiphenyl ether (BDE-153), 2,2′,3,4,4′,5′,6-
eptabromodiphenyl ether (BDE-183) at 5 �g/mL and deca-
romodiphenyl ether (BDE-209) at 10 �g/mL was purchased
rom Wellington Laboratories (Ontario, Canada). 13C12-
abelled PBDEs (BDE-3, BDE-15, BDE-28 BDE-27, BDE-99,
DE-139, BDE-153, BDE-154 and BDE-183), 13C12-1,2,3,4-

etrachlorodibenzo-p-dioxin (TeCDD) and 13C12-1,2,3,7,-
,9-hexachlorodibenzo-p-dioxin (HxCDD) (Wellington Lab-
ratories) were used as internal standards for the analyses of
BDEs and PBDD/Fs, respectively. 13C12-BDE-139 (Welling-

on Laboratories) was used as recovery standard. The response
actors for PBDD/F congeners (based on native PBDD/F
tandards) determined by injecting same amounts of selected
BDD/F and PCDD/F congeners ranged from 0.55 to 1.2.

.2. Sample collection and preparation

Eight field sediment samples were collected from an area of
bout 6 m2 along the Lianjiang River that flows through the town
f Guiyu (Guangdong Province, China) where an open e-waste
ecycling site is located. The samples were placed in glass bottles
nd frozen at −20 ◦C until the analysis. Blank sediment samples
ere obtained from the Environmental Protection Department of
ong Kong SAR. The sample preparation procedure is presented

n Fig. 2. After being air-dried at ambient temperature, samples
ere thoroughly mixed and ground with a mortar and pestle
efore being passed through a 250 �m sieve to obtain a homoge-
eous matrix. Ten grams of each sample were precisely weighed,
ixed with approximately 20 g anhydrous sodium sulphate and

5 g of acid activated copper powder for removing sulfur in the
amples, and spiked with 10 ng of 13C12-labelled PBDEs, 2 ng of
3C12-1,2,3,4-TeCDD and 13C12-1,2,3,7,8,9-HxCDD. The pre-
ared samples were extracted for 18 h in Soxhlet extractor with
00 mL of toluene. The extract was concentrated to near dry-
ess by rotary evaporation and a gentle stream of nitrogen, and
iluted to 1 mL in hexane. One mililiter of sample extract was
ransferred to a glass column packed with 6 g of acidic silica
el (30%, w/w). PBDEs and PBDD/Fs were directly eluted with
0 mL of hexane to another glass column packed with 6 g of neu-
ral alumina. Then acid silica column was removed, and neutral
lumina column was eluted with 10 mL of hexane and 20 mL of
mixed solvent of hexane and dichloromethane (60/40, v/v).

he mixed solvent fraction containing PBDE and PBDD/Fs
ongeners was concentrated to 1 mL under a gentle stream of
itrogen and transferred to a glass column packed with 5 g of
eactivated Florisil. This column was eluted with 100 mL of hex-
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Fig. 2. Scheme of sample preparation procedure including colum

ne and 200 mL of dichloromethane. The former fraction was
oncentrated to 100 �L for analyzing PBDEs, and 10 ng 13C12-
DE-139 was added before the GC–MS/MS analysis. The latter

raction was concentrated to 20 �L for analyzing PBDD/Fs, and
ng of 13C12-BDE-139 were added to determine recoveries of

3C12-1,2,3,4-TeCDD and 13C12-1,2,3,6,7,8-HxCDD.

.3. GC–MS/MS analysis

The sample extracts were analyzed by GC–MS/MS using a
hermoQuest Trace GC-PolarisQ ion trap mass spectrometer

Austin, TX, USA). The GC system was operated in splitless
njection mode, and the purge valve was activated for 2 min
fter sample injection. A DB-5 column (30 m × 0.25 mm i.d.,
.25 �m film thickness) was used with the following temper-
ture program for the analysis of PBDD/Fs: 150 ◦C for 2 min,
0 ◦C/min to 250 ◦C and hold for 5 min, 2 ◦C/min to 290 ◦C and
eld for 15 min. Helium was used as the carrier gas at a con-
tant flow rate of 1.2 mL/min with vacuum compensation. The
njector port, the MS ion source and transfer line were kept at
90 ◦C, 250 ◦C and 300 ◦C, respectively. A different tempera-
ure program was applied for PBDEs analysis: 110 ◦C for 2 min,
◦C/min to 180 ◦C and hold for 1 min, 4 ◦C/min to 240 ◦C and
old for 5 min, 4 ◦C/min to 280 ◦C and hold for 6 min. One
icroliter of the sample extract or standard solution was injected
ith a solvent delay set for 8 min for the analysis of PBDD/Fs

nd 6 min for PBDEs. The mass spectrometer was operated with

lectron impact ionization (EI) mode with the electron energy
f 70 eV. Details of the ion trap MS method development for the
etection of PBDEs and PCDD/Fs will be reported elsewhere.
nder the EI-MS conditions, the molecular ions were observed

a
P
1

m

omatography clean-up and separation of PBDD/Fs and PBDEs.

s the most intensive peaks for PBDD/Fs and thus selected as
he precursor ions for the subsequent tandem mass spectromet-
ic analysis, while for PBDEs, molecular ions or [M − Br2]+

on (for all ortho-substituted tetra- through hepta-PBDEs) were
elected as the precursor ions. The selected precursor ions were
ragmented by using collision-induced dissociation (CID) mass
pectrometry with argon as the CID gas. The main fragments are
M − COBr]+, [M − 2(COBr)]+, [M − Br]+ and [M − Br2]+ for
BDEs and PBDD/Fs, depending on the congeners. The quan-

itative ions were selected based on the criteria including peak
ntensity and ion specificity as well as potential interference from
ther compounds.

Base-line separation was achieved for the PBDE congeners
xcept BDE-209 that was not measured under the present gas
hromatography conditions. The analysis of BDE-209 usually
nvolves a special GC approach such as pressure program-
ing or a short chromatography column due to its higher

oiling point. Identification of the analytes in the sediment
amples was performed with the following criteria: retention
ime matching with the corresponding authentic standards,
ignal-to-noise of greater than 3 for the selected ions, bromine
sotope ratio of at least two characteristic ions matching the
heoretical values within 20% deviation. Quantification of the
BDD/Fs and PBDEs was performed by using internal standard
ethod. 13C12-labelled PBDEs were used for the determina-

ion of PBDEs by using isotope dilution technique. Due to lack
f 13C12-labellled PBDD/Fs, 13C12-1,2,3,4-TeCDD was used

s the internal standard for the quantification of TeBDD/F and
eBDD/F, and 13C12-1,2,3,6,7,8-HxCDD for HxBDD/F. The
3C12-labelled internal standards were spiked into the environ-
ental samples prior to the sample preparation and GC–MS/MS
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Table 1
QA/QC data from three replicate analyses of 10 g spiked sediment samples

Native standards Added (ng) Found (ng) R.S.D.a (%)

BDE-17 10 8.4 6.9
40 49 4.0

BDE-47 10 11 15
40 43 6.6

BDE-99 10 12 22
40 50 5.5

BDE-100 10 14 17
40 50 21

BDE-153 10 14 20
40 41 10

BDE-183 10 11 14
40 37 1.9

2,3,78-TeBDD 4.0 5.0 5.0
20 25 18

1,2,3,7,8-PtBDD 4.0 3.8 14
20 19 21

1,2,3,4,7,8-/1,2,3,6,7,8-
HxBDD

4.0 3.3 5.6

20 15 20
1,2,3,7,8,9-HxBDD 4.0 3.0 40

20 17 24
2,3,7,8-TeBDF 4.0 3.5 8.6

20 17 8.2
1,2,3,7,8-PtBDF 4.0 5.1 15

20 27 28
2,3,4,7,8-PtBDF 4.0 3.9 11

20 26 21
1,2,3,4,7,8-HxBDF 4.0 5.2 32

20 17 17

Labeled standards Added (ng) Recovery (%) R.S.D. (%)

13C-BDE28 10 66 7.8
13C-BDE47 10 98 7.3
13C-BDE99 10 91 13
13C-BDE154 10 101 14
13C-BDE153 10 101 9.9
13C-BDE183 10 117 14
13C-1234-TeCDD 2.0 110 17
13C-123678-HxBDD 2.0 112 10
13C-1234-TeCDD 2.0 64 15
1

v
b
d
s
P
F
o
C
a
v
h
8
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nalysis. 13C12-BDE-139 was used to determine the recoveries
f the internal standards. Linear calibration with r2 better than
.985 for PBDD/Fs was performed from analysis of the mix-
ures of 11 native PBDD/Fs with concentrations ranged from
5 pg/�L to 1000 pg/�L, together with 13C12-1,2,3,4-TeCDD
nd 13C12-1,2,3,7,8,9-HxCDD with a constant concentration of
00 pg/�L. Calibration for PBDEs with r2 better than 0.996 was
erformed from the analysis of the mixtures of 19 native PBDEs
ith the concentration ranged from 1 pg/�L to 400 pg/�L,

ogether with 10 13C12-labeled PBDEs with a concentration of
00 pg/�L. Relative response factors (RRFs) of the native ana-
ytes to the corresponding 13C12-labeled internal standards were
etermined.

.4. Quality assurance and quality control

The quality assurance and quality control (QA/QC) samples
ncluded solvent blank, matrix blank and spiked matrix, all of
hich were analyzed together with the real sediment samples.
atrix-spiked samples at two concentrations were also analyzed

n triplicate during the method development. The blank sedi-
ent sample that was tested and demonstrated to be free of

he PBDD/Fs and PBDEs was used for the matrix blank and
atrix-spiked samples. Exact amounts of 4 ng and 20 ng of the

1 individual native PBDD/Fs standards, 10 ng and 40 ng of the
ine individual native PBDE standards were spiked into 10 g
f the blank sediment to prepare the matrix-spiked samples to
valuate the method performance, respectively. Relative error
nd relative standard deviation obtained from triplicate analysis
f matrix-spiked samples were used to evaluate the accuracy and
recision of the analytical method.

. Results and discussion

.1. Separation of PBDD/Fs and PBDEs in sediment
ample extract

Sample preparation procedure for PBDD/Fs and PBDEs
n sediment samples was performed by using Soxhlet extrac-
ion followed by column chromatographic clean-up. Soxhlet
xtraction provided good efficiency for extracting brominated
ame-retardants from environmental sediment and biota sam-
les [24]. Elimination of interferences was achieved by applying
he chromatographic clean-up steps with acid silica gel, alumina
nd Florisil. The separation of PBDEs and PBDFs is particularly
mportant because the two groups of chemical may interfere dur-
ng the instrument analysis. The fragment ions of PBDE resulted
rom losing HBr or Br2, for example, cannot be distinguished
rom those fragment ions formed by the corresponding PBDF.
bert et al. [28] also reported that fragment ions of PBDF cannot
e separated from those of PBDE during the GC–MS analysis.

Because PBDEs have different chemical structures from

BDD/Fs and thus different polarities, it is possible to separate

he two groups of chemicals by using column chromatogra-
hy. Separation of PBDEs from PBDD/Fs was investigated
y using different chromatography columns with various sol-

d
9
P
u

3C-123678-HxBDD 2.0 109 13

a R.S.D. = relative standard deviation (n = 3).

ent mixtures. It was found that Florisil column suited the
est for the separation purpose with good recovery and repro-
ucibility (Table 1). With the optimized column and elution
olvent conditions, PBDEs could be separated completely from
BDD/Fs. The PBDEs fraction was eluted and colleted from the
lorisil column with 100 mL of hexane, followed by the elution
f PBDD/F congeners by using 200 mL of dichloromethane.
ompared to the use of a solvent mixture of dichloromethane
nd hexane [24,25], dichloromethane elution consistently pro-
ided better recovery of PBDD/Fs. GC–MS analysis of the
exane fraction showed that PBDEs were recovered more than
5%, while no PBDD/Fs were detected. The analysis of the

ichloromethane fraction gave the result of recovery better than
0% for PBDD/Fs. The obtained data indicated that PBDEs and
BDD/Fs could be quantitatively separated from each other by
sing the Florisil column chromatography procedure. No other
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ignificant interferences were observed when the procedure was
pplied for the field sediment sample analysis.

.2. Method validation

Method performance was evaluated not only with the analysis
f standard compounds, but also with quality insurance and qual-
ty control (QA/QC) samples. The above procedure was applied
n the analysis of blank and spiked sediment samples. The results
howed no severe matrix effect on the separation efficiency. It
hould be noted, however, that the clean-up using acidic silica
el and neutral alumina prior to the Florisil step was crucial for
emoving interference in order to ensure the good separation
fficiency on the Florisil column. This is especially true when
nalyzing the real sediment samples.

The QA/QC sample analysis showed no detectable levels
f PBDD/Fs and PBDEs in matrix and method blanks. The
ccuracy and precision of the method were evaluated by ana-
yzing the spiked sediment samples with PBDEs at levels of
ng/g and 4 ng/g and PBDD/Fs at levels of 0.4 ng/g and 2 ng/g.

3C12-PBDEs was spiked at the level of 1 ng/g, and 13C12-
,2,3,4-TeCDD and 13C12-1,2,3,6,7,8-HxCDD were spiked at
.2 ng/g. The prepared standard sediment samples were ana-
yzed with the sample preparation procedure and GC–MS/MS
etermination. Data of accuracy, recovery and precision were
resented in Table 1. The analysis of the spiked matrix sam-
les with 1 ng/g of PBDEs gave results of concentration ranges
rom 0.84 ng/g to 1.4 ng/g, with relative standard deviation
arying from 5.5 to 22% (n = 3). Levels of the PBDEs in the
piked matrix samples with 4 ng/g of PBDEs were 3.7 ng/g to
.0 ng/g, with relative standard deviation varying from 1.9 to

1% (n = 3). Quantitative recoveries of 81–121% were achieved
or the extraction and clean-up procedures for the 13C12-labeled
nternal standards. The PBDD/Fs levels were found in the range
f 3.0–5.2 ng/g in the spiked samples at 4 ng/g, with relative

w
o
s
r

able 2
verage levels of PBDD/Fs and PBDEs from eight sediment samples and the data fro

ompounds DLa (ng/g) A

,3,7,8-TeBDD 0.02 n
,2,3,7,8-PtBDD 0.02 n
,2,3,4,7,8-/1,2,3,6,7,8-HxBDD 0.40 n
,2,3,7,8,9-HxBDD 0.40 n

,3,7,8-TeBDF 0.02 0
,2,3,7,8-PtBDF 0.02 0
,3,4,7,8-PtBDF 0.02 0
,2,3,4,7,8-HxBDF 0.40 0
,2,3,4,6,7,8-HpBDF 0.40 n

DE-17 0.013 1
DE-47 0.013 1
DE-99 0.013 1
DE-100 0.050 2
DE-153 0.25 7
DE-183 0.25 9

a DL = detection limit.
b Ave ± S.D. = averaged ± standard deviation (from eight sediment samples).
c Duplicated data from the sediment sample #3.
d nd = not detected.
2 (2007) 668–674

tandard deviation from 5.0% to 40%. When the PBDE/Fs
piked level was 20 ng/g, the detected concentrations were in
he range of 15–27 ng/g, with relative standard deviation from
.2% to 32%. Generally, higher analytical error and relative stan-
ard deviation were obtained for the determination of PBDD/Fs
ecause 13C12-1,2,3,4-TeCDD and 13C12-1,2,3,6,7,8-HxCDD
ere used as the internal standards that were not the corre-

ponding isotope-labeled compounds of the analytes. The use
f labeled chlorinated dioxin congeners as internal standards for
BD/Fs determination led to high R.S.D. For the determination
f PBDEs, a true isotope dilution technique was applied because
he 13C12-labelled PBDEs were used as the internal standards.
he isotopic dilution MS method provides better accuracy and
recision for the quantification of the analytes at ultra-trace lev-
ls in complex matrices. Method detection limits (define as when
chieving signal-to-noise better than 3) for the developed sam-
le preparation procedure and with the GC–ion trap MS analysis
ere obtained from the analysis of spiked matrix samples. The
ethod detection limits ranged from 0.013 ng/g to 0.25 ng/g

or the PBDEs and from 0.02 ng/g to 0.4 ng/g for analysis of
BDD/Fs.

.3. Analysis of PBDD/F and PBDEs in environmental
ediment samples

The developed sample preparation procedure including the
ultiple steps of column chromatography was applied for ana-

yzing PBDD/Fs and PBDEs in the sediment samples collected
rom a river located in the vicinity of an open e-waste treat-
ent sites in Guiyu, Guangdong, China. Several congeners of
BDF and PBDE were detected in the sediment. Identification

as performed based on the following criteria: retention time
f the analytes were less than 2 s compared with that of the
tandard; selected product ions are detected and their isotopic
atios must be within the range of 20% of the theoretical values;

m duplicated analysis of the sediment sample #3 (ng/g, dried weight)

ve ± S.D.b (ng/g) Duplicatedc (ng/g)

dd nd nd
d nd nd
d nd nd
d nd nd

.025 ± 0.004 0.020 0.022

.037 ± 0.006 0.035 0.039

.15 ± 0.012 0.14 0.15

.92 ± 0.13 0.89 0.99
d nd nd

.5 ± 0.20 1.6 1.8
1 ± 0.8 9.5 10.2
2 ± 0.6 9.9 10.1
.0 ± 0.2 2.1 2.0
.4 ± 0.7 7.0 7.8
.5 ± 0.6 9.3 9.6
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ig. 3. Typical mass chromatograms and mass spectra of 2,3,7,8-TeBDF and B
f the 2,3,7,8-TeBDF peak was not good due to the low levels (0.021 ng/g) dete

nd signal-to noise ratio of the all detected peaks must be more
han 3. PBDDs were not detected in all eight sediment sam-
les, but several peaks of PBDFs were observed in the extracted
S/MS chromatograms of PBDFs. The toxic 2,3,7,8-TeBDF,

,2,3,7,8-PeBDF, 2,3,4,7,8–2,3,4,7,8-PeBDF, and 1,2,3,4,7,8-
xBDF were identified, while other peaks cannot be assigned
ue to the lack of authentic standards. Table 2 lists the PBDE
ongeners with the mono- to hepta-brominated substitutions
hat were detected in the chromatographic windows. Typical

ass chromatograms and mass spectra of 2,3,7,8-TeBDF and
DE-153 obtained from the analysis of one sediment sample
re shown in Fig. 3. No cross interference was observed during
he analyses of PBDEs and PBDD/Fs, indicating the separation
ased on the Florisil column chromatography was efficient.

Table 2 also presents the quantitative results of those iden-
ified PBDF and PBDE congeners whose standards were
vailable. The recoveries of 13C12-1,2,3,4-TeCDD and 13C12-
,2,3,6,7,8-HxCDD were 64–112%. 2,3,7,8-TeBDD was not
etected, while 2,3,7,8-TeBDF was identified in the sediment

amples with averaged concentration of 0.025 ng/g. The con-
entration of 2,3,7,8-substituted PtBDF ranged from 0.037 ng/g
o 0.15 ng/g. Higher level was found for 2,3,7,8-substituted
xBDF congeners. PBDEs existed in the sediment samples

a
s
r
r

3 obtained from the analysis of one sediment sample (#3). The signal to noise
n the sediment sample.

t relatively high levels. The recoveries of the 13C12-labeled
BDE internal standards averaged from 66% to 117%. The
ajor PBDE congeners detected were BDE-17, BDE-47, BDE-

9, BDE-100, BDE-153, BDE-154 and BDE-183, which were
omparable to those reported in Swedish river sediments [29]
n the upper layer of a sediment core collected in the Baltic Sea
30] and in Portugal river and coastal sediments [31].

. Conclusion

Column chromatography with Florisil was successfully used
or the separation of PBDEs and PBDD/Fs, which enabled the
etermination of the two groups of chemicals from one single
ample extraction procedure. Florisil column chromatography,
ollowed after the clean-up with individual acidic silica and neu-
ral alumina columns, was successfully used to separate PBDEs
rom PBDD/Fs. The developed sample preparation procedure,
long with gas chromatography–ion trap mass spectrometry

nalysis, was applied to the analysis of PBDD/Fs and PBDEs in
ediment samples collected from a river in the vicinity of e-waste
ecycling sites. The data indicated that uncontrolled e-waste
ecycling may have caused the environmental contamination
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y PBDFs, along with PBDEs. The application of GC–ion trap
S/MS enhanced detection specificity and sensitivity compared

o low resolution GC–MS method. The specificity of ion trap
S/MS has permitted the determination of PBDEs and PBDFs

n environmental sediment samples.
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bstract

Poly(3,4-ethylenedioxythiophene) (PEDOT), a conducting polymer, was electrochemically synthesized with p-toluenesulfonate (TSNa) as a
opant on gold surface. The electrochemical properties of the polymer were studied by impedance spectroscopy and cyclic voltammetry (CV).
t was found that the impedance magnitude of the electrode significantly decreased over a wide range of frequency from 100 to 104 Hz after
he polymer deposition. The CV demonstrated enhanced reversibility of the PEDOT film. The surface morphology was investigated by scanning
lectronic microscope (SEM) and atomic force microscope (AFM). Due to the effect of TSNa structure, nano-fungus was observed. Polymerization
ime was optimized and 30 min deposition resulted in the highest charge capacity, showing the highest electroactive surface area, possibly due to its

orous structured polymer. Moreover, the high specific surface area could be favorable for cell attachment. The stability of PEDOT in glutathione
GSH), a common biologically relevant reducing agent, was studied with polypyrrole (PPy) as a baseline. It showed that the former had much
etter stability than the latter and it could be an excellent candidate for potential applications of in vivo neural devices.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the highly conductive polyacetylene was discovered
n the late 1970s [1], conducting polymers have been inten-
ively studied and successfully used in various areas such as
ensors and actuators [2–4], batteries [5], antistatic coatings
or photographic films [6], processing of electronic circuit
oards [7]. Conducting polymers show interesting chemical
nd physical properties derived from their unique conjugated
-electron system [8]. Amongst these polymers, polypyrrole

PPy) is often chosen for biological applications due to its ease

f preparation, good conductivity and biocompatibility [9–11].
Py was applied to modify implantable devices for neural
ecording and drug delivery [12,13]. However, applications of

∗ Corresponding author. Tel.: +65 67904485; fax: +65 67911761.
E-mail address: ecmli@ntu.edu.sg (C.M. Li).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.017
st reducing agents

Py suffer from its instability in biological environment due
o its structural disorder. Oxidized PPy is particularly unstable
n biologically relevant reducing agents such as dithiothreitol
DTT) and glutathione (GSH). It is apparently disadvantageous
o PPy modified electrodes which are implanted in brain
issues for long term use. Thiophene is difficult to polymerize
lectrochemically due to its high oxidation potential in aqueous
edia [14]. Recently a derivative of polythiophene, poly(3,4-

thylenedioxythiophene) (PEDOT), which could be easily
lectrochemically synthesized has aroused great interest of
aterial scientists. PEDOT has been classified as a low band gap

onducting polymer. The 3,4-dioxy substitution pattern blocks
he possibility of �-�(�′) coupling normally presented in PPy
Scheme 1, left), which can result in a more regiochemically

efined material (Scheme 1, right), adds electron density to
he aromatic heterocycle, and reduces the monomer oxidation
otential. Its high thermal stability has been reported [15]. Addi-
ionally, the decrease of the polymer reduction potential would
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cheme 1. Chemical structures of EDOT monomer (left) and PEDOT polymer
right).

ield an increased stability in the oxidized conducting form
16]. The superior properties of PEDOT discussed above render
t favorable as an electrode material in implantable devices.

Implantable electronic systems in the brain tissues partic-
larly require low impedance of the electrode, high charge
apacity, high surface area and stability to the reducing agents
n the brain tissue environment. There is a great need to provide
stable electrode material that can not only facilitate electron

ransfer between the neurons and electrode, but can also attach
eural cells onto the electrode sites.

In our study, PEDOT was electrosynthesized with p-
oluenesulfonate (TSNa) as the dopant onto the gold electrode.
SNa was selected since its molecules are large enough to
ccupy free spaces in the polymer while small enough to dedope
rom the polymer matrix. The feature provides the possibility to
ncorporate bulky negatively charged biomolecules by subse-
uent ion exchange [17] for implantable devices. TSNa could
e replaced by the biomolecules in the ion exchange process to
liminate the cytotoxicity of the devices. Thus, the synthesized
EDOT/TSNa films in this work were optimized and character-

zed for such a potential application. Thomas et al. reported that
,4-dioxy substituted PPy showed better stability against reduc-
ng agents than PPy in DTT solution [16]. For the first time
e studied the stability of PEDOT against a typical biological

educing species, GSH, and proposed its stability enhancement
echanisms.

. Experimental

.1. Instrumentation

All controlled-potential electrochemical syntheses were per-
ormed with CHI 760B Electrochemical Station (USA). A
hree-electrode cell was set up for all electrochemical exper-
ments, in which a gold disk electrode, a platinum wire,
g/AgCl (saturated KCl) were used as working, counter and

eference electrode, respectively. Electrochemical impedance
pectroscopy and cyclic voltammetry (CV) were performed
sing the same instrument as for the electrosynthesis and the
ame cell set-up was employed. 0.01 M PBS (pH 7.4) was used
s the electrolyte. During impedance measurements, 5.0 mV ac
inusoid signal was applied as the input perturbation and dc

ias potential was set at 0.0 V. The impedance measurements
ere carried out over 100–104 Hz. The CV was conducted with
scan rate of 100 mV/s and scan potential range over −0.8 to
.4 V.

t
d

a

2 (2007) 532–538 533

SEM (JEOL JSM-6700F FEG, USA) was used to study the
urface morphology of the resultant PEDOT/TSNa film with a
oltage of 5.0 kV and spot size of 4 (arbitrary units).

Surface topography of the PEDOT/TSNa film was investi-
ated with AFM (Dimension 3100 SPM, Veeco, USA) and high
esolution surface images were produced. In AFM characteri-
ation, the tapping mode with a silicon probe (RTESP, Veeco,
SA) over scan sizes of 15 �m and the scan rate of 0.20 Hz was
sed.

.2. Materials

EDOT monomer was purchased from Aldrich, purified via
acuum distillation and kept refrigerated at 4 ◦C under nitrogen
efore use. TSNa (95%) from Sigma–Aldrich was of analyt-
cal grade and was used as received. l-Glutathione (reduced,
8%) was purchased from Aldrich. Deionized Milli-Q water
18.2 M� cm, Millipore Inc.) was used in all experiments. The
old electrodes (2 mm in diameter) were sequentially polished
ith 1.0, 0.3 and 0.05 �m Al2O3 slurry, then washed with ace-

one and isopropyl alcohol followed by thorough rinsing with
eionized water. All experiments were performed at room tem-
erature, unless otherwise stated.

.3. Electrosynthesis and stability test

Different electrosynthesis methods were discussed in [18].
reparation of PEDOT in this report was carried out by the
otentiostatic method in 0.01 M EDOT + 0.1 M TSNa solution.
efore polymerization, the electrochemical cell was ultrason-

cally cleaned in water and the monomer solution was purged
ith N2 for 20 min. All electrochemical polymerizations were
erformed with CHI 760B potentiostat (USA).

The polymer stability against the reducing agent was stud-
ed by immersing the PEDOT coated electrode in 10 mM GSH
queous solution. The samples were removed from the solution
ollowed by CV measurements at 1-day intervals.

. Results and discussion

.1. Electrodeposition of PEDOT

EDOT monomer has poor solubility (0.01 M at room tem-
erature) in water. The solubility can be increased by mixtures
f water and some organic solvents [19]. However, water is
referred in our study due to the potential bio-applications of
he polymer film. We found that TSNa, as a surfactant, could
ot cause significant increase of EDOT solubility in water as
odium dodecylsulfate (SDS) or sodium dodecylbenzenesul-
onate (SDBS) did [20].

A suitable potential for the potentiostatic synthesis of PEDOT
s critical, since the conducting polymers can be over-oxidized at
igher potentials, leading to its deterioration and even destruc-

ion. The linear sweep voltammetry (LSV) was conducted to
etermine the suitable polymerization potential.

Results in Fig. 1 show two oxidation peaks of PEDOT in
potential range from 0.2 to 1.6 V. As discussed in [21], the
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Fig. 1. LSV of 0.01 M EDOT in 0.1 M TSNa aqueous solution.

rst poorly defined peak at about 0.96 V corresponded to the
xidation of the monomer whereas the second one at 1.47 V
as attributed to the over-oxidation of the deposited polymer.
pparently, the suitable potential for PEDOT synthesis should
e higher than 0.96 V and lower than 1.47 V. In our work, 1.0 V
as chosen as the deposition potential.

.2. Electrochemical behavior of PEDOT/TSNa

PEDOT was potentiostatically synthesized with different
olymerization times. It was clearly observed that a sky-blue thin
lm formed on the gold electrode surface within several seconds.
mpedance magnitude was measured on both bare and PEDOT
oated electrodes. As shown in Fig. 2, the impedance magnitude
f all PEDOT-coated electrodes was significantly reduced over
00–104 Hz in comparison to that of the bare gold. At lower fre-
uency range (1–10 Hz) capacitance was the prime component
or the impedance while at frequencies above 30 Hz, includ-

ng the frequencies of most neural activity (300–1000 Hz), the
ominant impedance changed from capacitive to resistive. Since
he resistance reduction of the electrode is essential to produce
igh-quality signals including high S/N and superior sensitivity

ig. 2. Impedance spectroscopy of bare gold (a) and PEDOT coated electrodes
b–f). Deposition time was 5 min (b), 10 min (c), 20 min (d), 30 min (e) and
0 min (f).
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Fig. 3. Relationship between magnitude at 1 kHz and deposition time.

22] for in vivo measurements of neuron activity, apparently,
he PEDOT electrode could be potentially used in miniaturized
mplantable devices.

Since 1 kHz is the frequency often used for measurements of
he biologically relevant activity, relationship of the impedance

agnitude at 1 kHz versus PEDOT deposited time was stud-
ed. The results are shown in Fig. 3. It was observed that the
mpedance magnitude had a relatively sharp decrease initially
ith the deposition time, indicating a thin layer formation on

he gold surface increased greatly the true electrode surface area
ue to the porous and very conductive polymer. However, with
he further increment of deposition time, the film impedance

agnitude became relatively stable even with slight increase.
hen the deposition time was increased to more than 60 min,

he impedance sharply increased even worse than that of the bare
old.

CV characteristics of a conducting polymer could show its
eversibility, which directly affect its switching ability in elec-
ronic measurements. CVs of PEDOT films prepared by using
ifferent deposition times were measured in PBS (Fig. 4). Up
o 30 min of deposition time, the enclosed area of CV curves
ncreased with the deposition time, and the CV curves showed
etter reversible, symmetric redox waves (Fig. 4A). The shape
f the curve became more symmetric and the redox waves
ere getting better defined, indicating the doping redox reac-

ion was more reversible for electron or charge transfer in
he film. However, when the time was more than 30 min, the
rea sharply became smaller (Fig. 4B) and the redox waves
ecame less prominent. In order to show the reversibility and
tability of the film, multiple CV measurements were con-
ucted on the 30 min deposited film. The results are shown in
ig. 4C. It was observed that the enclosed area was reduced
or the first three cycles and then became stabilized up to
00th cycles. The reduction of the enclosed area during the
rst few cycles of reversible reactions is common for electrodes

ven inert ones such as Au and Pt due to surface stabilization.
owever, all CV curves for the PEDOT showed well defined,

eversible redox waves, demonstrating good reversibility. The
nclosed area of CV is proportional to the charge capacity of
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ig. 4. Cyclic voltammograms of PEDOT films, which were prepared with diffe
n the figure as a negative control. Electrochemical reversibility of the 30 min d

he electrode, which was determined by electrochemical dop-
ng/dedoping process + double layer capacitance of the PEDOT
lm. Fig. 5 shows the change of charge capacity versus the depo-
ition time. Clearly, within 30 min, the charge capacity increased
ecause both electrochemically active doping sites and true sur-
ace area increased with the film growth. Fig. 3 shows that the
esistance did not increase significantly for the 40 and 60 min
eposited PEDOT, but their charge capacity sharply dropped

nd no doping/dedoping redox waves were observed. The results
ight indicate that further deposited polymer changed the film
orphology and porous structure, leading to decrease of real

urface area and deactivation of doping sites. The explana-

ig. 5. Relationship between the film charge capacity and deposition time.
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ynthesis times as indicated in the figure (A and B). CV of bare gold was plotted
ed film was demonstrated by multiple CV sweeping (C).

ion is discussed in more detail later by the SEM and AFM
esults.

.3. Morphologies of PEDOT/TSNa films

SEM characterization was conducted on different time-
eposited PEDOT films. As shown in Fig. 6, the morphology
f the films exhibited a nano-fungus-like structure, which has
ot been reported up to date. A possible mechanism for the
ormation of such morphology is that the dopant of TSNa is
surfactant and existed in the form of lamella at the concen-

ration of 0.1 M applied in our experiments [23]. The polymer
ould grow with the pseudo-molecular template and thus to form
he fungus-like shapes. The rough surface shown in Fig. 6 will
vidently provide more sites for attachment of neural cells and
nhance adhesion between PEDOT and neurons. From image
a) to (f) we clearly observed that the density of the nano-
ungus was getting higher and higher and finally the adjacent
ungi merged together. The surface roughness, i.e. the specific
urface area increased until the maximum (d) followed by a
ecrease with deposition time (from (e) to (f)). The large fungus
n (e) and (f) looked like a sintered, melted material and lost
ts porous structure shown in (d). This might indicate that the
eposition for more than 30 min not only grew the film thickness,

ut also filled the pores. A typical nano-fungus structure can be
learly observed from the lower high magnification SEM image.
t is known that the high specific area is mainly contributed
y the micropore but not macropore structure. Obviously, the
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ig. 6. SEM images of PEDOT film with different deposition time. (a) 5 min, (b)
mage of (d).

tructure in (e) and (f) significantly reduced the specific sur-
ace area. This is one of the main reasons to cause the dramatic
ecrease of the charge capacity in Fig. 5. It demonstrates that
he deposition time is very critical to obtain a superior PEDOT
lm.

Three PEDOT samples with different deposition times which
howed typical different morphology were characterized by
FM. The results are shown in Fig. 7. It could be seen that the
opographies in (b)–(d) had very notable variations from that of
he smooth bare gold (a). From (b) to (c), the surface became
ougher and size of the clusters was getting more uniform as the
lm grew thicker. The clusters coalesced as the film continued to

b

d

in, (c) 20 min, (d) 30 min, (e) 60 min and (f) 120 min. Lower: high magnification

row (d). The lower 3D images clearly show that the roughness
ncreased with deposition time until its maximum (c) followed
y a decrease when some micropores were filled with the mate-
ial. This might not only decrease the specific surface area, but
lso could block the doping site. The results are in agreement
ith the SEM images.

.4. Stability of PEDOT compared with PPy against

iological reducing agent

It is well known that lower reduction potential of a con-
ucting oxidized polymer (p-type polymer) can give higher
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Fig. 7. AFM images of PEDOT coated electrode with deposition time of (a

tability against biological reducing agents. Lower reduction
otential of the p-type polymer can eliminate reactions of

he reducing agents and oxidized form which would result
n loss of conductivity of the polymer. The result of PEDOT
tability in reducing agent solutions is shown in Fig. 8. As

ig. 8. Comparison of the stability of PPy (a) and PEDOT (b) against GSH.
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in, (b) 15 min, (c) 30 min and (d) 60 min. Lower: three-dimension images.

ontrol, a film of PPy/TSNa was potentiostatically electrosyn-
hesized at 0.8 V and exposed to the same reducing agent. In
omparison of the reduction potential for PPy (reduction poten-
ial = −0.32 V), PEDOT had a much lower reduction potential
−0.56 V), indicating that the latter had better stability against
he reducing agents than the former. The reduction potentials of
oth PPy (a) and PEDOT (b) positively shifted with immers-
ng in GSH, a common reducing agent in biological system.
owever, the deteriorate rate of the reduction potential for
EDOT was only about 5 mV/day (about 50 mV shift for 10
ays), whereas the deteriorate rate of reduction potential for
Py was about 20 mV/day. This showed that the positive shift
ate of the reduction potential for PEDOT was much lower
han that for PPy. The results indicate that PEDOT coated elec-
rode is favorable for long-term applications as an implantable
evice.

. Conclusion
Electrosynthesis and characterization of PEDOT on gold
as conducted. The suitable potential for the polymeriza-

ion was experimentally determined to be 1.0 V to prevent
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he polymer from over-oxidation. The PEDOT film greatly
ecreased the impedance of the electrode, which is favor-
ble for obtaining high-quality signals in an electronic device
n a biological system. At the characteristic frequencies of
eural biological activity (300–1000 Hz), the dominant fac-
or of the PEDOT impedance changed from capacitive to

ore resistive. The PEDOT electrode was most reversible
nd had highest charge capacity when it was formed with
0 min deposition time. The electrochemical properties cor-
elated well with the surface morphology variation during
he polymerization process observed by SEM and AFM. The
hange of the surface area and morphology plays a critical role
n the electrochemical and electronic properties of the film.
he results demonstrated that there was an optimized depo-
ition time to prepare the superior PEDOT electrode. With
he potentiostatic deposition method, our experimental results
emonstrated that the 30 min deposited polymer had the best
lectrochemical reversibility, highest charge capacity and low-
st resistance. This work also demonstrated that the PEDOT
tability against reducing agents was significantly better than
hat of PPy. Thus, PEDOT could be a good candidate to
pply in the implantable neural devices for long-term operation.
he cell attachment and the biocompatibility of PEDOT/TSNa
lectrode are under investigation in our lab for potential appli-
ations.
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bstract

In this paper, it was found that the hydrophobic ion-associated complex of the molybdophosphoric heteropoly acid with protonated butyl-
hodamine B (BRhB) could be formed and was further selectively extracted into the bulk of the paraffin oil-based carbon paste electrode (CPE). At
he same time, compared with other modifiers, the benzene-modified CPE created a suitable electrochemiluminescence (ECL) reaction microenvi-
onment for electro-oxidation BRhB to produce the stronger ECL signal when a 1.30 V electrolytic potential was applied to the CPE in the alkaline

edium. Based on these findings, a selective and sensitive ECL method for indirectly detecting phosphate was developed. Under the optimum

xperimental conditions, the ECL intensity was linear with the concentration of phosphate in the range of 2.0 × 10−10 to 1.0 × 10−8 g mL−1. The
etection limit was 8.0 × 10−11 g mL−1. The proposed method has been applied successfully to the analysis of phosphate in the water samples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Phosphorus plays an important role in biochemical processes
1]. Phosphate concentration in a body of water is commonly
sed as an index for the estimation of its degree of eutrophi-
ation. Therefore, sensitive analytical techniques are needed to
etermine phosphate. For this purpose, the spectrophotometric
ethods, based on the formation of the phosphomolybdate blue,

re the most frequently used for inorganic phosphorus deter-
inations [2,3]. However, this kind of method suffered from

ime consuming and poor sensitivity. Several alternative meth-
ds have also been developed for measuring low concentrations
f phosphate, including ion exchange chromatography [4], gas
hromatography [5], fluorometry [6] and chemiluminescence
7,8]. But, due to requirement well-controlled experimental con-

itions, the requirement of the tedious sample pretreatment
rocedures and the poor selectivity, a simple, sensitive and selec-
ive method for phosphate is still desirable.

∗ Corresponding author. Tel.: +86 29 85308184.
E-mail address: zhengxw@snnu.edu.cn (X. Zheng).
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039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2006.11.003
dified carbon paste electrode; Liquid–liquid extraction; Water

In recent years, as a powerful luminescence technique, elec-
rochemiluminescence (ECL) analysis has been received much
ttention in analytical science since this analytical technique
ot only offers the advantages of the conventional chemilumi-
escence (CL) (such as the higher sensitivity and rapid response
ime), but also offers some additional advantages [9]. For exam-
le, in ECL analysis, the ECL reaction can be controlled and
anipulated by the applied potential, and the ECL emission is

oncentrated close to the electrode surface, which can be chem-
cal modified and accurately positioned in relation to both the

odification of the special ECL reaction step and the optical
easurement system for excellent sensitivity. Based on these

dvantages mentioned above, many applications with ECL tech-
ique, such as chemical sensor [10], imaging [11], optical studies
12] and the detector for chromatography [13], etc., have been
idely reported.
However, as reviewing the analytical applications of the ECL

ethods for the real samples, it is easily found that the selectiv-

ty of ECL methods is poor due to the use of high electrolytic
otential. In addition, compared with other analytical methods
uch as electroanalytical methods or the CL methods, the analyt-
cal application fields of the ECL analysis are narrow since the
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seful ECL reagents are limited. To overcome these drawbacks,
he combination of the ECL analysis with different separation
echniques, such as capillary electrophoresis (CE) [14] and high
erformance liquid chromatogram (HPLC) [15], the introduc-
ion of the chemically modified electrode (CME) technique [16]
n the ECL analysis, synthesis of new ECL reagents [17], etc.,
ere developed to improve performances of the ECL analysis.
nfortunately, these analytical schemes suffered from compli-

ated operation, the use of expensive apparatus and requirement
f complicated samples pretreatment procedure. Thus, develop-
ng the simple, cheap and highly selective ECL detecting scheme
as more desirable.
On the one hand, as another powerful separation technique,

iquid–liquid extraction (LLE) can be used to move species dis-
olved in an aqueous phase into an organic phase. In analytical
pplications, LLE may serve the following three purposes: to
reconcentrate the analyte, to eliminate interferences and to
ncrease the selectivity. LLE has still been paid much atten-
ion by the analyst due to cheap experimental set-up and simple
peration in contrast with that of the CE or HPLC. Thus, the
ombination of LLE with ECL analysis offers more potential.
or example, based on extraction pretreatment of ion-associated
omplex and ECL analysis, Xu and co-workers [18] proposed
new investigative idea to determine non-electroactive species

perchlorate). And it was also a new idea to broaden the ana-
ytical application fields of the ECL analysis and improve the
CL analytical selectivity. However, analytical performance was

nfluenced since the whole analytical process relating to multi-
teps, such as extracting preconcentration, back-extraction, ECL
nalysis and so on. Furthermore, because the introduction of
ack-extraction induced dilution effect of sample solution, sen-
itivity of that method was seriously influenced. Thus, the new
cheme to achieve the effective combination of the ECL analysis
ith LLE was still more desirable.
In this paper, it was found that, while the paraffin oil-based

arbon paste electrode (CPE) was modified with benzene, this
hemically modified carbon paste electrode (CMCPE) could not
nly effectively extract a hydrophobic ion-associated complex,
ormed by the electrostatic interaction of the molybdophospho-
ic heteropoly acid with protonated BRhB, but also create a
uitable ECL reaction microenvironment for electro-oxidation
RhB to produce a strong ECL emission signal for indirectly
etecting phosphate. Based on these findings, a novel and sensi-
ive ECL technique for the determination of phosphate in water
as developed. At the same time, a new idea, the in situ combi-
ation of the LLE (decreasing sample and reagent consumption,
nd reducing analysis time) with the CME technique to improve
he ECL analytical performances by modifying the ECL reac-
ion microenvironment and to broaden the analytical application
elds of the ECL analysis, was also proposed.

. Experimental
.1. Reagents

All chemicals were of analytical reagent grade and deion-
zed water was used for the preparation of solutions. Phosphate

(
1
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tock solution (1.0 × 10−3 g P mL−1) was prepared by dis-
olving 0.4395 g of potassium dihydrogenphosphate (dried at
10 ◦C for 1 h) in 100 mL of deionized water; working solu-
ions of different concentrations were obtained by step-wise
ilution of the stock solution. Ammonium molybdate stock solu-
ion (1.0 × 10−2 mol L−1) was prepared by dissolving 1.24 g of
mmonium molybdate(VI) tetrahydrate in 100 mL of deionized
ater. A working solution (1.0 × 10−3 mol L−1) was prepared
y diluting 10.0 mL of the stock solution in 100 mL of water.
RhB stock solution (3.0 × 10−4 mol L−1) was prepared by dis-

olving 0.1606 g BRhB in deionized water and further diluted
o 1 L.

.2. Apparatus

The electrolytic cell utilizes a conventional three-electrode
et-up. The ECL cell was made of a micro weighing bot-
le (height: 3.5 cm, diameter: 2.5 cm). A benzene-modified
PE, coiled platinum wire and Ag wire were used as work-

ng electrode, counter electrode and pseudo-reference electrode,
espectively. All potentials were measured and reported with
espect to the silver pseudo-reference electrode.

The applied potential for single-step potential electrolysis
as achieved by the combination of the DJS-292 potentiostat
ith the XFD-8B ultra-low frequency signal generator. The
CL intensity was transformed into an electrical signal by a
456 photomultiplier (PMT) (Hamamatsu), which was biased
t 800 V, and the ECL cell was placed in front of the PMT. The
ignal was recorded with a MCDR-A ECL analytical system
Xi’an Remax Electronic Science Tech. Co. Ltd., Xi’an, China).
yclic voltammetric measurements were achieved by a CHI660
lectrochemistry working station (CH Instruments Inc.). Pre-
oncentration procedure of the sample or standard phosphate
olutions was carried out in 50 mL solution stirred by a magnetic
tirrer.

.3. Preparation of benzene-modified CPE

The modified electrode was fabricated as the following steps:
rst, the paraffin oil and benzene were mixed to form a uni-
orm mixture; second, the graphite powder was then added into
he paraffin oil–benzene mixture in 2:1 proportion (weight to
ulk ratio). The constituents were thoroughly hand-mixed to
roduce a homogeneous paste in a mortar and pestle for 30 min,
ollowed by packing the resulting paste firmly into the cavity
5-mm diameter, 3-mm depth) of graphite electrode tip and a
opper wire was inserted through the opposite end to produce
he electrical contact. The surface of the CPE was smoothed on
weighing paper and rinsed with deionized water prior to each

xperiment.

.4. Procedure
For the preconcentration step, 2.5 mL 1.0 × 10−3 mol L−1

NH4)2MoO4, 4.8 mL 0.06 mol L−1 HCl and 5.0 mL 3.0 ×
0−5 mol L−1 BRhB were added into a 50 mL calibrated flask
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modified CPE and bare CPE were investigated, respectively. As
shown in Fig. 1, these results showed that, compared with the
bare CPE, although the ECL performances of electro-oxidation
BRhB were obviously different (S/N in bare CPE is 2.1, S/N in

Fig. 1. The cyclic voltammograms of the bare and the benzene-modified CPE in
0.1 mol L−1 NaOH solution. Curve 1 represents the voltammogram of the bare
52 Y. Xue et al. / Tala

nd the solution was diluted to volume with water, and mixed
ell. The freshly polished CPE was immersed into this stirred
lank solution and an appropriate interfacial potential was
pplied to the electrode for a given time period. Afterward, the
lectrode was removed, rinsed with deionized water, and placed
n the ECL cell containing 0.06 mol L−1 NaOH. A stable blank
CL signal was recorded when 1.30 V electrolytic potential was
pplied to the working electrode. The sample or standard phos-
hate solution, which contained not only reagents of the blank
olution but also appropriate concentration of phosphate, was
lso measured in similar way using the same electrode. The
oncentration of phosphate was quantified via the peak height
f the relative ECL emission intensity that was obtained by
ubtracting the blank ECL emission intensity from that of the
ample or standard phosphate solution. Finally, the CPE was
eld at +1.40 V for 100 s to clean the remaining accumulated
pecies.

. Results and discussions

.1. The choice of the ECL indicator

Based on the ion association reaction of phosphomolybdate
ith a cationic dye, spectrophotometry and spectrofluorime-

ry for measuring phosphate have been proposed [6,19]. In this
tudy, we tried to develop an ECL method for measuring phos-
hate in the same way. Thus, suitable cationic dyes should be
hosen for their ability to form a hydrophobic ion-associated
omplex with the molybdophosphoric heteropoly acid as well
s excellent stability and ability to offer the better ECL per-
ormance for indirect determination phosphate in the alkaline
edium.
Based on this consideration, a series of cationic dyes,

ncluding malachite green, rhodamine B, butyl-rhodamine B,
ethylene blue and crystal violet, were investigated. The exper-

mental results showed that by employing a fixed concentration
f dyes, ECL reaction medium of 0.1 mol L−1 NaOH and final
otential of 1.2 V, BRhB presented the strongest ECL signal
ompared with that of other cationic dyes and was most suit-
ble for this purpose. Therefore, BRhB was selected for the
ubsequent experiments.

.2. The fabrication of the CMCPE

The properties of the binder used to fabricate the CPE
trongly affected extraction performances of the resulting CPE
or the target analyte [20,21]. Based on this consideration,
ome binders, such as nujol oil, mineral oil, paraffin oil and
ilicone oil, were investigated for effective extracting the ion-
ssociated complex into the bulk of the resulting CPE. The
xperimental results showed that the obvious ECL signal could
e observed at the CPE with the paraffin oil as the binder. At
he same time, to demonstrate the extracting behavior of the

araffin oil for this hydrophobic ion-associated complex, the
xtraction experiment was done in test tube. About 100 �L
.0 × 10−3 mol L−1 (NH4)2MoO4, 200 �L 0.06 mol L−1 HCl
nd 200 �L 3.0 × 10−5 mol L−1BRhB solutions were mixed and

C
t
m
4
i
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iluted to 2 mL with water, then 2 mL paraffin oil was added
nd it was shaken slightly for 5 min. After the solution was
llowed to stand for 20 min, the color of the paraffin oil layer
lmost did not change. But while the standard phosphate solu-
ion was added into the tube, the red color of BRhB in the
araffin oil phase was presented. These results indicated that the
ydrophobic ion-associated complex of the BRhB with molyb-
ophosphoric heteropoly acid was effectively extracted into the
araffin oil phase. So the paraffin oil was selected as the binder
or CPE.

On the other hand, it was also found that although the
CL signal of electro-oxidation BRhB extracted into the pro-
osed CPE was obvious, this ECL signal cannot be used to
evelop a sensitive ECL method for indirectly detecting phos-
hate. Considering that the microenvironment or the structure
f the electrode surface often strongly affected the properties
f the ECL reaction, the relating research work was focused on
odifying a suitable modifier in the CPE to create a suitable
CL reaction microenvironment for improving the analytical
erformances. To the best of our knowledge, the hydrophobic
rganic solvents had been used as the hydrophobic medium in
he ECL reactions and presented the better ECL performances
22,23]. Based on these considerations, some hydrophobic
rganic solvents such as benzene, toluene, dimethylbenzene,
itrobenzene, etc., were investigated as the modifiers, respec-
ively. The experimental results showed that the strongest
CL signal was obtained by using the benzene-modified
PE.

At the same time, the cyclic voltammetric experiment
f electro-oxidation BRhB preconcentrated into the benzene-
PE preconcentrated in blank solution; curve 2 represents the voltammogram of
he bare CPE preconcentrated in sample solution; curve 3 represents the voltam-

ogram of the benzene-modified CPE preconcentrated in blank solution; curve
represents the voltammogram of the benzene-modified CPE preconcentrated

n sample solution; scan rate: 0.1 V s−1; initiative E: 0 V; high E: 1.50 V.
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Fig. 2. Effect of amount of benzene in CPE on the relative ECL intensity.
Ammonium molybdate: 5.0 × 10−4 mol L−1; hydrochloric acid: 0.1 mol L−1;
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NaHCO3, Na2CO3 and NaOH, was investigated in a suitable
concentration range. The results showed that the strongest ECL
signal could be detected in NaOH solution. Considering the
ECL signal-to-noise ratio and the stability of the ECL signal in
hosphate: 1.0 × 10−9 g mL−1; BRhB: 1.0 × 10−5 mol L−1; preconcentration
ime: 1 min; ECL reaction medium: 0.1 mol L−1 NaOH; electrolytic potential:
.0 V.

enzene-modified CPE is 4.5), the peak potential and the peak
urrent of electro-oxidation BRhB at these two electrodes did
ot presented the obvious changes. Thus, these results strongly
ndicated that the role of the benzene in the CPE did not
resent co-extracting ability for that ion-associated complex,
ut mainly created a suitable ECL reaction microenvironment
or the electro-oxidation of BRhB. So the benzene was selected
o modify CPE.

For obtaining the optimum ECL reaction conditions, the
mount of the benzene in the CPE was also investigated. As
hown in Fig. 2, while the volume ratio (benzene/paraffin oil,
/v) of the benzene in the CPE was increased to 20%, the max-
mum ECL signal was obtained. But the continuous increase of
he volume ratio of the benzene caused a decrease of the ECL
ignal. Thus, 20% was selected as the volume ratio of benzene
n the CPE.

.3. Choice of experimental conditions for the
reconcentration stage

.3.1. Effect of preconcentration potential
Considering that the blank ECL signal mainly resulted from

he unselective adsorption of the BRhB on the benzene modify-
ng CPE, we found that while an appropriate positive potential
as applied to the CPE in the preconcentration step, the blank
CL signal was greatly decreased due to the electrostatic inter-
ction between the protonated BRhB and working electrode. The
xperimental results showed that while potential was increased
rom 0 to 0.20 V, the ECL signal-to-noise ratio was obviously
ncreased, above 0.20 V the ratio was decreased. Thus, 0.2 V was
elected as preconcentration potential for further investigations.
.3.2. Effect of ammonium molybdate concentrations and
H on preconcentration

The influence of ammonium molybdate concentration on
he formation of the molybdophosphoric heteropoly acid was

F
m
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c
e
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tudied over the range of 2.5 × 10−4 to 5.0 × 10−3 mol L−1.
he ECL response reached a maximum at 1.0 × 10−3 mol L−1

nd showed a slight decline with further increase of the concen-
ration, probably due to a low acid/molybdate ratio. Therefore,
mmonium molybdate concentration of 1.0 × 10−3 mol L−1

as used for all subsequent experiments.
The pH of the solution in the preconcentration step has a

ery significant effect on the ion-associated complex forma-
ion. The experimental results showed that maximum relative
CL intensity could be obtained by using 6.0 × 10−2 mol L−1

f hydrochloric acid, but a sharp decrease of the rela-
ive ECL intensity was observed with further increase this
oncentration. Therefore, hydrochloric acid concentration of
.0 × 10−2 mol L−1 was used in further experiments.

.3.3. Effect of preconcentration time on the relative ECL
ntensity

The time required for the preconcentration process was
n important parameter to be investigated. The amount of
xtractable ion-associated complex into the benzene-modified
PE increased by increasing the preconcentration period as

hown in Fig. 3. The results showed that a 3 min or longer was
est to get the strongest ECL signal. Taking account of the effi-
iency of the analytical process, we selected 3 min as a period
f optimal preconcentration time for this experiment.

.4. The other experiment conditions

.4.1. Effect of ECL reaction medium
The medium usually has significant effect on the ECL reac-

ion. This is also hold true for the present case. Therefore, the
CL signal of BRhB in different mediums, such as borax buffer,
ig. 3. Effect of preconcentration time on the relative ECL intensity. Ammonium
olybdate: 5.0 × 10−4 mol L−1; hydrochloric acid: 0.1 mol L−1; phosphate:

.0 × 10−9 g mL−1; BRhB: 1.0 × 10−5 mol L−1; amount of benzene: 20%; pre-
oncentration potential: 0.20 V; ECL reaction medium: 0.1 mol L−1 NaOH;
lectrolytic potential: 1.0 V.
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Fig. 4. Effect of BRhB concentration on the relative ECL intensity. Ammonium
molybdate: 1.0 × 10−3 mol L−1; hydrochloric acid: 6.0 × 10−2 mol L−1; phos-
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hate: 1.0 × 10−9 g mL−1; amount of benzene: 20%; preconcentration potential:
.20 V; preconcentration time: 3 min; ECL reaction medium: 0.06 mol L−1

aOH; electrolytic potential: 1.0 V.

ifferent concentration of NaOH solution, 0.06 mol L−1 NaOH
olution was chosen for detecting phosphate in this ECL system.

.4.2. Effect of BRhB concentration
The concentration of BRhB has significant effect on the

elative ECL intensity for indirectly detecting phosphate in
he proposed method. Therefore, the concentration of BRhB
as investigated from 8.0 × 10−6 to 5.0 × 10−5 mol L−1, as

llustrated in Fig. 4. When the concentration of BRhB was
.0 × 10−5 mol L−1, the relative ECL intensity was strongest.
ence, 3.0 × 10−5 mol L−1 BRhB was selected as optimum for

he following experiments.

.4.3. Effect of electrochemical parameters
The electrochemical parameter plays an important role on

he properties of the relating ECL reactions. For obtaining
he higher ECL signal of electro-oxidation BRhB, different
lectrolytic ways, such as linear sweep, square-wave, single-
otential-steps and cyclic sweep, were investigated, respectively.
he results showed that the single-potential-steps offered best
CL performances for BRhB. Therefore, the single-potential-

teps electrolytic method was chosen.

The effect of the final potential on the enhancing ECL signal
as also investigated over the range 0.90–1.40 V. The investiga-

ions showed that an increase of the ECL signal of was recorded

A
i
t
m

able 1
nalysis of water samples with the proposed method

amples Detected (�g L−1)a R

A

ap water 0.78 2.
iver water 1.85 2.
ommercialized mineral water 0.53 2.

a Average of three determinations.
(2007) 450–456

ith increase of final potential up to 1.30 V, while afterwards a
emarkable decline of the signal was observed when exceeding
his potential. For the ensuing studies, a final potential of 1.30 V
as selected.

.5. Analytical performance for phosphor measurements

Under the aforementioned optimal conditions, relative ECL
ntensity (�IECL) was proportional to the concentration of phos-
hor (c) in the range of 2.0 × 10−10 to 1.0 × 10−8 g mL−1.
he regression equation was �IECL = −19.6 + 14.3c (r = 0.9954,
= 10), where c was measured in 10−10 g mL−1. According to

uggestion of IUPAC, the detection limit of the system for phos-
hate was 8.0 × 10−11 g mL−1 (equal to 0.8 nM). The relative
tandard deviation for 2.0 × 10−9 g mL−1 of phosphate solu-
ion was 2.4% (n = 11). A satisfactory precision of the proposed

ethod was observed.

.6. Interference study

According to the property and pretreatment of samples, the
ffect of foreign substances was tested by analyzing a standard
olution of phosphate (1.0 × 10−9 g mL−1) to which increasing
mounts of interfering substances was added, and the relative
rror was not larger than 5%. With regard to anions, sul-
ate, bicarbonate, nitrate and fluoride had no significant effect.
o interferences could be observed when including the up to
000-fold weight of concentration of Cu2+, Mg2+, Zn2+, Ca2+,
00-fold weight of concentration of Fe3+, Al3+, BO3

3−, As(III),
0-fold weight of concentration of Si(IV), 0.5-fold weight of
oncentration of As(V). It is obvious that As(V) is potentially
nterferent for the determination of phosphate, and its removal
rom the sample solution is highly required. The elimination of
s(V) was demonstrated in Section 3.7.

.7. Applications

In order to demonstrate potential analytical application abil-
ty, the proposed method was applied to the analysis of three
ifferent water samples including tap water, river water and
ommercialized mineral water. Considering that arsenate can
ositively interfere the measurement of phosphate, the reducing

s(V) to As(III) prior to measurement was employed to elim-

nate the interfere [24]. As a pretreatment, 0.5 mL of sodium
hiosulfate (0.1 mol L−1) was employed as reducing agent to
ask the interfering effect from As(V) in 25 mL of water sample.

ecovery results

dded (�g L−1) Found (�g L−1)a Recovery (%)

0 2.83 102.5
0 3.82 98.5
0 2.55 101
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Fig. 5. Possible ECL reaction sche

ach sample was treated according to the procedure described
bove, and the analyte concentration was calculated by interpo-
ating on the calibration curve. The obtained results were listed
n Table 1. As shown in Table 1, the proposed method presented
etter accurate ability and was suitable for practical applications.

.8. Possible ECL reaction mechanism

The molecular construction of BRhB shows a compound of
ultiple aromatic rings in which there are a rigid plane structure

nd a rotatable benzene ring directly linking to the bridge car-
on atom (C1). The spectral characteristics of BRhB dye depend
o great extent on the molecular state of a portion of the rigid
lane structure. The CL characteristics based on oxidation of
ome xanthene dyes have been studied by Chen and co-workers
25–27]. Several works consider that the introduction of a car-
oxy group at C16 atom could decrease the �-electron density
t C1 atom and increase greatly the chemiluminescent intensity.
his conclusion indicates that there is a reaction route by means
f breaking the chemical bond of xanthene molecule between
he C1 and C15 atoms.

The ECL behaviors of some dyes, which owned the sim-
lar structure to that of BRhB, such as methyl violet, crystal
iolet, light green, basic fuchsin, fluorescein, etc., have been
nvestigated. The results showed that: fluorescein could be elec-
rochemically oxidized accompanying by the weak ECL signals
t the nearly the same electrode potential (1.30 V) to that of the
RhB; methyl violet produced the weak ECL signal above the
.50 V electrolytic potential; light green, basic fuchsin and crys-
al violet did not offer any ECL signal in a widely potential range
t the same experimental conditions with that of BRhB.

Therefore, in the proposed ECL reaction system, BRhB as
he analogue of xanthene molecule, the reactive site of BRhB
olecule would be on C1. We presumed while appropriate elec-
rolytic potential was applied to the benzene-modified CPE, the
xtracted-state BRhB itself could be electro-oxidized to emit
ight in the alkaline medium. The possible ECL reaction scheme

[

[

r the CPE in phosphate detection.

ight be the following chemical reaction steps (as shown in
ig. 5).

. Conclusions

In this work, a new ECL technique was established to deter-
ine phosphate in water samples. By means of the CME

echnique, the ECL reaction microenvironment was improved
reatly and the in situ combination of the LLE technique with the
CL analysis was achieved successfully. This proposed method
ffered excellent sensitivity and it had been used to determine
hosphate in water successfully. The further research works on
his aspect are still under study in our lab.
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bstract

Polycyclic aromatic hydrocarbon (PAH) compounds and amino acids (AAs) are both ubiquitous throughout the universe and can be co-located
n mineral matrices (e.g., meteorites); therefore, co-detection of PAHs and AAs associated with terrestrial and extra-terrestrial minerals is of
nterest. Nine PAH compounds representing four chemical classes of PAH (unsubstituted, acetyl-, amino-, and nitro-substituted) were applied onto
he surface of quartz, plagioclase, olivine, and ilmenite mineral standards and analyzed using laser desorption/ionization Fourier transform mass
pectrometry (LD-FTMS). Mass-to-charge peaks derived from PAH compounds were detected from the surfaces of all minerals evaluated. All PAH
ompounds were detected in the positive ion mode, whereas only nitro-substituted PAH compounds were detected in negative ion mode. In this

nd earlier studies, the ability to directly detect mineral-associated AAs by LD-FTMS was dependent on the mineral geomatrix. On iron-bearing
inerals AAs appeared as highly fragmented ions in the spectra or were not detectable; however, the addition of the PAH chrysene enabled the

onization and detection of AAs threonine and histidine by LD-FTMS. Thus, for mineral systems such as meteorites, interstellar dust particles,
oils, and sediments, the co-detection of AAs associated with PAHs by LD-FTMS is feasible.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polycyclic aromatic hydrocarbon (PAH) compounds and
mino acids (AAs) are ubiquitous in both extraterrestrial [1] and
errestrial [2] environments and both have been detected in a vari-
ty of meteorites [3]. Additionally, the co-existance of PAHs and
As are of interest because AAs can be synthesized by aque-
us alteration of PAHs in carbonaceous meteorites [4]. PAHs
ave been detected in dense interstellar clouds [5], cometary
ces [6], interplanetary dust particles [7], carbonaceous chon-
rites (meteorites) [8,9], and are abundant in natural sources

f terrestrial fossil fuels [2]. PAHs are also common environ-
ental pollutants on earth and have two major anthropogenic

ources: petrogenic (oil or coal dust releases) and pyrogenic
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incomplete combustion of fossil fuels) [10]. PAHs, especially
igh molecular weight (HMW) compounds, are carcinogens and
utagens [2]. In natural environments, PAHs tend to adsorb onto
ne particles, mainly minerals, making them difficult to detect
2]; therefore, direct identification of PAHs associated with par-
icles is vital for their detection in natural environments [2] and
xtra-terrestrial materials [8,11].

Amino acids (AAs) are widespread in terrestrial and extrater-
estrial systems and have been detected in terrestrial soils and
ediments [12–15], lunar soils [16], meteorites [3,17], and inter-
lanetary dust particles [18]. AAs are one of the building blocks
or life and their distribution in the environmental and geologi-
al record is being studied to examine biogeochemical cycling,
e-mineralization of carbon and nitrogen in the environment,
13,15,19] and the impact of hydrothermal conditions on the
ransformation of amino acids [14]. Amino acids may be formed
y abiotic as well as biotic processes. Unknown and rare amino

cids, along with those that are commonly found on Earth, have
een detected in meteorites [17].

In the past two decades, laser desorption/ionization mass
pectrometry (LDMS), which circumvents time- and solvent-
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onsuming sample preparation procedures, has developed into
powerful method for direct analysis of PAHs [20–22] and

iologically-derived molecules associated with solid mineral
hases [23–25]. LDMS and microprobe laser desorption/laser
onization mass spectrometry (�L2MS) have been utilized to
nalyze PAHs in various geomatrix samples, such as dust, soil,
ediments, and air filter samples [20,22,26–28]. In LDMS, the
onization process occurs at the same time as the desorption
vent. In contrast, �L2MS uses a two-step process; desorption
f the constituent molecules as intact neutral species using a
ulsed infra-red laser beam followed by photo-ionization of the
esorbed neutral molecules with a pulsed ultraviolet laser [22].

In this study, the impact of mineral type on the detection
f PAHs and AAs was examined and the effect that the pres-
nce of PAH on the co-detection of AAs was explored using an
maging LD-FTMS [24,29]. PAHs and AAs are often studied
s individual classes (e.g., PAH versus AA) or subclasses (e.g.,
nsubstituted versus alkylated PAH) of compounds. In terres-
rial environments and extraterrestrial materials, PAHs and AAs

ay co-exist and should be analyzed as such to discern any
ossible relationships or interactions among these compounds
6,30]. Furthermore, in natural environments, PAHs and AA may
e preferentially associated with specific mineral phases within
eomatrices (e.g., the clay in soils and sediments) and chemi-
al imaging over the surface of the mineral substrate would be
eeded to identify these associations.

. Experimental

.1. Materials

PAH compounds (2,7-dinitrofluorene, pyrene, chrysene, 6-
minochrysene, coronene, 9-nitroanthracene, 2-nitrofluorene, 1-
minoanthracene, 2,3-benzanthracene, and 9-acetylanthracene)
ere purchased from Sigma–Aldrich (St. Louis, MO). l-
hreonine and l-histidine were purchased from Kodak

Rochester, NY) and Sigma–Aldrich (St. Louis, MO), respec-
ively. All chemicals were used as received. Quartz (SiO2)
nd plagioclase ((Na, K, Ca)Al(Al, Si)Si2O8) were acquired
rom the mineral inventory at Rensselaer Polytechnic Institute
Troy, NY), while ilmenite (FeTiO3) and olivine ((Fe, Mg, Ni,

n)2SiO4) were purchased from Ward’s Natural Science Estab-
ishment, Inc. (St. Urbain, Quebec, Canada).

.2. Sample preparation

Relatively flat areas of the mineral samples were selected
nd cut into ∼0.3-in × 0.3-in pieces using a slow-rate saw
Lu6x-130, Lonnie Inc., Phoenix, AZ) using deionized water
s lubricant. The average sample roughness of cut pieces was
�m as characterized using a profilometer (Wyko NT1100,
eeco, Woodbury, NY). Cut pieces were washed with deion-

zed water and methanol to eliminate inorganic and organic

ontamination introduced during sample preparation. A lab-
uilt aerospray apparatus [31] was used to spray approximately
–7 nmol of analyte dissolved in a solvent mixture consist-
ng of methanol:acetonitrile:acetone (2:1:1) onto the surface

3

o
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∼0.2-in2) of minerals or standard stainless steel disc (SSD)
sing a nitrogen pressure of 80 psi for 1 min. Concentrations of
AH compounds, alone or mixed, ranged from 0.3 to 1.5 mM.
or studying PAH assisted amino acid identification, chrysene
0.5 mM) was mixed with either threonine (0.5 mM) or histidine
0.5 mM). Approximately 20% of the sprayed volume is lost
o overspray that missed the rotating target. After air-drying,
repared analyte-mineral samples were mounted on a 19 mm
iameter stainless steel probe tip using double-sided sticky tape
3 M, St. Paul, MN).

.3. FTMS instrumentation and parameters

Mass spectra were obtained using a custom-built imaging
ourier transform mass spectrometer [29] equipped with a 7 T
xford (Oxford, England) superconducting magnet, 2-in cubic

ell, and Odyssey control and data acquisition system (Finnigan
T/MS, Bremen, Germany). The imaging LD-FTMS has high
ass accuracy (error ±0.003 amu), high resolution (typically
10,000), high sensitivity (∼200 ions for peaks with S/N ∼3),
nd high spatial resolution (∼6 �m) [32]. A Nd:YAG laser (Con-
inuum, Santa Clara, CA) operating at 355 nm with a 6 ns pulse
idth was used for desorption/ionization using a laser fluence
f 1 × 108 W/cm2 for ∼6 �m diameter. The sample was located
0.5 cm from the front trap plate. During the ionization event,

he potential on the front and rear trap plates was maintained at
V. After ionization, a trapping potential of 2 V was applied to
oth trap plates and maintained until the quench event at the end
f the sequence. A delay of 0.5 s was imposed prior to applica-
ion of a chirp excitation over the range of 50 Hz to 4 MHz with a
weep rate of 3600 Hz/�s. The ions were detected in direct mode
sing 64 K data points. Raw data were baseline corrected, Ham-
ing apodized, zero filled, and Fourier transformed to produce

he mass spectra. Pressure during analysis was ∼2 × 10−9 Torr.
Each spectrum was collected from a single laser shot. The

mount of analyte present in the area illuminated by one laser
hot was approximately 10−16 mol based on the laser desorption
pot size (6 �m) and the amount of analyte applied to the surface.
ingle shot detection was employed rather than averaging over
0–100 shots as reported by others for using time-of-flight MS
33,34] or FTMS [27] as our ultimate goal is to chemical image
atural samples where organics are expected to be distributed
nevenly upon or within a rock matrix [24]. Chemical imaging
equires many analyses of spatially discrete areas; thus, making
cquisition of multiple pulses at all sampled areas excessively
ime consuming. Additionally, signal averaging, while improv-
ng the S/N of spectra of prepared samples, may obscure or
ecrease signals of organics present at extremely low concen-
rations or occurring at only a few locations in a natural sample.

. Results and discussion
.1. Impact of volatility on analysis

The volatility of analytes under the evacuated conditions
f the LD-FTMS must be considered when interpreting data.
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ig. 1. Comparison of mass spectra of PAH mixture applied to stainless steel
urface (A) 10 min and (B) 2 h after the sample was loaded into LD-FTMS. See
able 1 for PAH abbreviations.

enerally, water soluble analytes, such as amino acids, are non-
olatile and will remain in vacuum for hours or even days.
owever, compounds such as PAHs have higher vapor pres-

ures than do the AAs; therefore, their relative abundances can
hange within the vacuum environment. Fig. 1A and B show the
ass spectra of positive ions 10 min and 2 h, respectively, after
PAH mixture sample was introduced into the sample chamber

see Table 1 for PAH abbreviations). Most of the parent- and
mino-PAHs, which produced only positive ion species, virtu-
lly disappeared within 2 h as shown by comparing the peak

bundance for pyrene (Py+) to iron (Fe+) in Fig. 1. Further inves-
igation found that nitro-PAHs were detectable in the negative
on mode with a S/N >5 after remaining in the sample chamber
vernight (data not shown). The lower vapor pressure of nitro-

F
m
c

able 1
elative peak intensities of PAHs in positive ion detection mode

AH compounds Abbreviations Monoisotopic
molecular weight

Amount spray

,7-Dinitrofluorene 27diNF 256.048 0.725
yrene Py 202.078 1.175
-Aminochrysene 6AChy 243.105 0.725
oronene Cor 300.094 0.7
-Nitroanthracene 9NA 223.063 0.65
-Nitrofluorene 2NF 211.063 1.525
-Aminoanthracene 1AA 193.089 0.775
,3-Benzanthracene 23BenzA 228.094 0.75
-Acetylanthracene 9AceA 220.089 0.4

a Relative intensities of various ion species are compared to the peak abundance of
ith ∼.
(2007) 634–641

AHs relative to other PAH compounds may account for the
ifferences in evaporation rates.

.2. Detection of PAH compounds on SSD standard

LD-FTMS spectra for a PAH mixture were obtained by single
aser-shots in both positive (Fig. 2A) and negative (Fig. 2B) ion
etection modes. The relative intensities of mass ions generated
y PAH compounds in positive and negative ion detection modes
re tabulated in Tables 1 and 2, respectively. Spectra for the indi-
ig. 2. LD-FTMS mass spectra of PAH mixture in (A) positive ion detection
ode and (B) negative ion detection mode. See Table 1 for abbreviations of PAH

ompounds and relative PAH amounts.

ed (�g) Relative intensities of positive ionsa

[M − 2H]+ [M − H]+ M+ [M + 1]+ [M + 2H]+

16.2 2.6 4.8 9.8 43.2
∼ ∼ 100.0 20.5 2.7
∼ ∼ 15.0 2.9 ∼
∼ ∼ 7.5 ∼ ∼
∼ ∼ 3.5 ∼ ∼
∼ ∼ 2.2 ∼ ∼
∼ 11.5 22.0 3.5 ∼
∼ ∼ 2.4 ∼ ∼
∼ ∼ 4.9 2.4 ∼

molecular ion (M+) of pyrene. Signal abundances below S/N 3 are designated
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Table 2
Relative peak intensity of PAHs in negative ion detection mode

PAH compounds Relative intensities of negative ionsa

[M − NO] [M − 2H] [M − H]− M− [M + 1]−

2,7-Dinitrofluorene 44.58 ∼ 23.763 10.756 ∼
9-Nitroanthracene 10.653 ∼ ∼ 100 12.738
2-Nitrofluorene 8 46.198 94.528 84.72 12.73
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Relative intensities of various negative ion species are compared to the
eak abundance of molecular ion of 9-nitroanthracene (M−). Signal abundances
elow S/N 3 are designated with ∼.

n most cases, the [M + 1]+ peak, which is one mass unit higher
han M+, was approximately 20% of the major peak M+, con-
istent with the 13C isotopic contribution to monoisotopic M+.
his indicated that the protonated ion species [M + H]+, which
as the same mass-to-charge (m/z) ratio as [M + 1]+, was neg-
igible. The oxygen-containing PAH acetylanthracene was also
bserved in positive ion mode, but with lower abundance than the
n-substituted PAHs having similar applied concentrations. In
ddition to the molecular ion M+, 1-aminoanthracene produced
he [M − H]+ ion. The types of positive ion species generated
y the three nitro-PAHs were different from each other. The two
itro-PAH compounds, 9-nitroanthracene and 2-nitrofluorene,
enerated signals from positive molecular ions (M+) at m/z 223
nd 211, respectively. The nitro-PAH 2,7-dinitrofluorene gen-
rated abundant positive signals not only from M+, but also
rom [M − H]+, [M − 2H]+, [M + 1]+, and [M + 2H]+ observed
t m/z 255, 254, 257, and 258, respectively (Fig. 2A and Table 1).
or 2,7-dinitrofluorene, the ratio of [M + 1]+ to M+ was about
00%, much higher than the expected ∼20% for 13C carbon
sotope distribution of M+. Abundance of the 13C species at
/z 257 ([M + 1]+) should be 20% of the peak at m/z 256 (M+),
hich translates into 10% of the total peak at m/z 257. Therefore
90% of the peak was thought to be derived from [M + H]+ ion,

he protonated ion species of M+. Because plagioclase contains
lkali metals (e.g., Na and/or K), which are easily ionized at
55 nm [35], abundant alkali ions are generated [24,36]. There-
ore, cationization, such as [M + Na]+, may be expected due to
he aromaticity of PAHs (i.e., �-cation interactions) [37], but
as not observed.
Negative ion species were generated only by nitro-PAHs

Fig. 2B and Table 2). All three nitro-PAH compounds produced
−, [M − H]−, and [M + 1]− ions. Similar to the positive ion
ode, the ratio of [M + 1]− to M− produced from the three

ompounds is ∼20%, indicating that the [M + 1]− species was
ainly the 13C isotopic distribution from M−. [M − NO]− ions
ere produced by all of three nitro-PAH compounds with much
ore abundant signal from 2,7-dinitrofluorene being observed

elative to those from 9-nitroanthracene and 2-nitrofluorene.
The PAH detection results were different than those reported

y others [38]. Variations in PAH constituents, ionization
ethod, and/or laser wavelength may account for the dif-
erences. For example, Balasanmugam et al. [39] observed
oth positive and negative ion species from unsubstituted-PAH
ompounds. However, only positive ions from parent-PAH com-
ounds were observed in LD-FTMS spectra in this study. While

h

p
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alasanmugam et al. used a zinc foil substrate as opposed the
urfaces used in this study, it is unlikely that the dissimilarity of
he substrates can account for the observed differences because
o significant variation in PAH distribution was observed in the
urrent study for any of the surfaces used (i.e., SSD standard or
inerals). The differences are probably caused by variations in

AH constituents used in the two studies. In the study of Bal-
sanmugam et al. [39], parental and alkylated PAHs, which have
imilar electron affinities, were used, but in the current inves-
igation a mixture of four PAH groups with large difference in
lectron affinities was chosen. Nitro-PAHs have higher electron
ffinities than other PAHs; therefore, in the gas phase they can
asily “steal” electrons from themselves (i.e., self-ionization)
r other PAH compounds to produce negative molecular ion
pecies. Another example also demonstrates the importance of
AH components for ion production. While Dotter et al. [40]
bserved abundant positive nitro-PAH ion species using LDMS,
n this study, nitro-PAHs were mainly observed in negative ion
etection mode of the LD-FTMS analyses. Again, because of
he larger difference in electron affinities between nitro-PAH
ompounds and parent-PAH compounds, nitro-PAHs are prone
o be electron acceptors and generate negative ion species. The
omposition of the PAH mixture for this study appears closer
o the real condition in outer space, because parent- and nitro-
AHs have both been identified in interplanetary dust particles
7,30].

The difference in laser wavelength is also thought to be
nother reason leading to the observed variations. Muller
t al. [41] observed ion species of [M + O − H]− from 9-
itroanthracene in addition to the other peaks ([M − H]−,
M − 2H]−, and [M − NO]−) observed in this study. Their
esearch also found that the distribution of negative ion species
ere largely affected by the laser wavelengths (225.7 and
86.5 nm) used [41]. A laser radiation at 355 nm was used for the
D-FTMS analyses in this work; hence, it is not surprising that

he ion production was different than that observed by Muller et
l. [41].

The ionization method may also influence the type of ion
pecies being produced. The �L2MS technique can result
n fragmentation, such as [M − C2H2]+, [M − C2H3]+, and
M − C2H5]+ [26]. However, in this study the fragmentation
f positive ions was rarely observed using a single laser shot
t 355 nm. Fragmentation may interfere with the analysis of
ther PAH compounds. For instance, a peak in m/z 152 was
bserved and assigned to [M178 − C2H2]+ by Hankins and John
26]; however, in natural samples acenaphthene, a major PAH
onstituent in the crude oil and combustion particles, has the
dentical monoisotopic weight of 152.078 amu. Therefore, for
etecting organics in natural samples that generally contain
omplicated organic compositions [2], fragmentation should be
voided.

.3. LD-FTMS detection of polycyclic aromatic

ydrocarbons on mineral surfaces

PAH were detected on the surface of ilmenite (Fig. 3A),
lagioclase (Fig. 3B), quartz, and olivine (data not shown).
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Table 3
Mineral-surface dependence of LD-FTMS detection of amino acids and protein

Threonine Histidine Cysteine Gramicidin-S

Halite (NaCl) + + + +
Hematite (Fe2O3) – – – –
Ilmenite (FeTiO3) – – – –

P
c

3
s

(
l
c
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t
m
[
(
t
S
a
h
F
d

p
iron-bearing minerals may not be appropriate materials for the
laser desorption and/or ionization of biomolecules. Fragmenta-
tion of the organic molecules may be one possible explanation
that contributed to the inability to detect molecular ions of amino
ig. 3. LD-FTMS mass spectra of PAH mixture applied to the surface of (A)
lmenite and (B) plagioclase. See Table 1 for PAH abbreviations.

D-FTMS spectral results of the minerals have been previ-
usly reported [24,36,42]. Quantitative variations among the
pectra were observed for each of the samples that were
nalyzed. This slight variation may be attributed to the dif-
erences in vacuum pressures when samples were analyzed
nd/or the variations of interactions between analyte species
ith the different minerals. PAH evaporation in a vacuum

hamber of an instrument may be decreased when PAHs are
ssociated with minerals. Rodgers et al. [28] detected soil
urface-bound PAHs in petroleum-contaminated soils, which
ncluded naphthalene that has the lowest molecular weight and
owest vapor pressure of the PAHs. Abundant low molecular
eight (LMW) PAH compounds, including naphthalene, were

lso identified in interplanetary dust particles by �L2MS [7]
hat were subject to low pressure conditions in space. Neverthe-
ess, when analyzing PAHs adsorbed to mineral samples using
he FTMS, some evaporation is inevitable, which limits PAH
uantification.

Signals from underlying minerals were observed in the mass
pectra along with those derived from the PAH. For exam-
le, peaks for the ion species Ti+ and Fe+ from ilmenite were
etected in spectra (Fig. 3A). The co-detection of PAH and the
nderlying minerals by LDMS has application to the study of
rganic-mineral and contaminant-mineral associations in ter-
estrial and extra-terrestrial materials [21,22,43]. For instance,

he detection of PAH on the surface of quartz has positive
mplications for PAH detection in cometary materials where
hemically-similar amorphous silica is a major solid phase
6].

F
h

ositive detection of molecular related species is designated as “+”, while unsuc-
essful detection is designated as “–”.

.4. LD-FTMS detection of amino acids on mineral
urfaces

The LD-FTMS detection of amino acids and a small protein
i.e., gramicidin S) varied depending on the nature of the under-
ying mineral surface. The amino acids histidine, threonine, and
ysteine and gramicidin S were detected on the surface of halite
NaCl) (Table 3). A common peak in these spectra was related
o a positive ion species, [NaClNa]+, which corresponded to a
ass-to-charge ratio (m/z) of 81. Two sodium-adducted ions,

M + Na]+ and [M − H + 2Na]+, where M represents the analyte
in this case, histidine) were observed at m/z 178 and 200, respec-
ively (Fig. 4A). However, on the surface of the iron-bearing
SD, hematite (Fe2O3), or ilmenite (FeTiO3) samples the amino
cids and gramicidin S were not detected or were present as
ighly fragmented ions instead of the parent ions (Table 3).
or example, the spectra for histidine on Fe2O3 (Fig. 4B) were
ominated by iron-derived signals.

The absence of biomolecular ion species from samples pre-
ared with hematite, ilmenite, or SSD (Table 3) suggests that
ig. 4. LD-FTMS mass spectra of histidine applied to the pellet surface of (A)
alite (NaCl) and (B) hematite (Fe2O3).
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ig. 5. Mass spectra of negative ion species of (A) threonine (Thr) alone on SS
His) alone on ilmenite surface, and (D) 1:1 mixture of chrysene and histidine o

cids in the gas phase. Transition metals are known to insert
etween C–C bonds, leading to fragmentation of biomolecules,
44] which suggests that Fe from the mineral matrix may be
ausing fragmentation of the amino acids.

The sharp detection contrast of PAHs and AAs on the Fe-
earing surfaces is presumably due to the difference in their
olecular structure. The stability of the �-ring [45] of the PAHs
ay render the PAHs less prone to Fe+ insertion and fragmen-

ation. In addition, PAHs are more easily ionized by electron
apture or loss as opposed to AAs that are ionized predominantly
y protonation, cationization, or proton abstraction [39,40,46].

Currently, detection of AAs in mineral samples is usually
ccomplished by time-consuming extraction methods followed
y derivitization for analysis via gas chromatography [3]. A
omewhat less complicated method might be to overspray the
ample with a thin layer of matrix (i.e., aromatic carboxylic acid)
o perform a type of matrix-assisted laser desorption/ionization
MALDI) experiment similar to the preparation used for imag-
ng biological tissues [47]. However, such an approach would
till require sample preparation and would not be useful if depth
rofiling of a sample were necessary or desired [24]. For detec-
ion of amino acids in situ within a mineral sample, it may be
ossible for other organics naturally present, such as PAHs, to
ssist the ionization/desorption process.

.5. PAH assistance for LD-FTMS detection amino acids
PAH compounds have the ability to undergo self-ionization
eactions, so they do not need assistance from other organic
ompounds (i.e., matrices) [27]. However, most biomolecules
e.g., amino acids, proteins, and DNA) do not self-ionize

t
s
(
a

face, (B) 1:1 mixture of chrysene and threonine on SSD surface, (C) histidine
enite surface.

33]. The well-developed technique MALDI enables detection
f biomolecules, typically using aromatic carboxylic acids as
atrices [48]. In traditional MALDI sample preparation, the

nalyte and an excess amount of matrix (molar ratios of 1000:1
r higher of matrix-to-analyte) are dissolved in an organic sol-
ent and then deposited and dried onto a sample holder [49]. The
xcess amount of matrix molecules is thought to isolate ana-
yte molecules from each other, protect the analyte molecules
rom the damaging laser radiation, assist desorption, and ionize
he analyte, usually by acting as a protonation or deprotona-
ion agent [48]. Some PAH compounds (e.g., pyrene) have been
uccessfully utilized as matrices for the analysis of polybuta-
iene and polystyrene samples [50]. A compound with three
romatic rings, 9-aminoacridine, was also successfully intro-
uced by Vermillion-Salsbury and Hercules [51] to desorb and
onize LMW compounds, such as amines and phenols, HMW
roteins, and small peptides.

Because PAHs and AAs are both commonly found in natural
amples, the possibility exists that PAHs could act as matrices to
ssist the detection of the AAs. Although relative concentration
f PAHs and AAs in natural samples is variable, in meteorites
he concentration of PAHs has been reported to be much greater
han that for AAs [3]. Therefore, a less than optimal scenario
as chosen for testing, where the PAH and AA exist in equal

mounts. Chrysene, a principal PAH compound in terrestrial
nd extraterrestrial environments [7,10], was chosen to mix in
simple 1:1 molar ratio with either threonine or histidine prior
o sample application on a iron-bearing surface. Without chry-
ene, threonine was not detected on the surface of the SSD
Fig. 5A). However, in the presence of chrysene the [M − H]−
nd [M − N2H]− ions of threonine were detected on the sur-
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ace of the SSD (Fig. 5B). This suggested that chrysene assisted
n the ionization of threonine or protected threonine from iron-
nduced fragmentation in the gas phase. Similar results were
btained for the detection of histidine on the surface of ilmenite,
n iron-bearing mineral. Small fragment ions for histidine were
bserved in the absence of chrysene (Fig. 5C), while the molecu-
ar ion of histidine minus two hydrogens (m/z 153) was detected
n the presence of chrysene (Fig. 5D). LDMS detection of AAs
s highly mineral-dependent (Table 3), which complicates the
pplication of this approach to explore biosignatures in outer
pace [25]. The successful assistance of the ionization of AAs
y a small amount of chrysene is encouraging for applying LD-
TMS to detect amino acids in extraterrestrial materials because
oth AAs and PAHs are common and abundant compounds
n outer space [6,8,30]. PAH and amino acids also co-exist in
atural sediment samples; therefore, PAHs may be helpful for
ssisting detection of AAs in mineral samples.

. Conclusion

PAH compounds were successfully detected on the surface
f all tested minerals, demonstrating the high probability of
he direct detection of PAHs associated with terrestrial and
xtraterrestrial minerals with direct LDMS. In a mixture where
itro-PAHs and nonpolar PAH compounds (i.e., parent- and
mino-PAHs) co-exist, nitro-PAHs can be easily detected in neg-
tive ion mode, but the rest of the PAHs were mainly detected as
ositive ions. Unlike the PAH compounds, amino acid detection
sing LDMS is mineral dependent, with detection on Fe-bearing
inerals being the most difficult. However, the presence of a

o-existing PAH assisted the ionization of amino acids on Fe-
earing surfaces, which demonstrated LDMS as a promising
ethod for the co-detection of PAHs and amino acids or other

iomolecules in extraterrestrial and terrestrial materials.
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bstract

This work described methodology of Sn, Pb, Cd and Zn impurities determination in high-purity graphite at direct atomic absorption spectrometry
AAS) with flame furnace (FF) atomizer. It was evidence that quality of AAS measurements are depended from sample amount, its homogeneity,
article size, as well as calibration procedure and operation parameters of FF atomizer. Prior to analysis the method has been developed and optimized
ith respect to the furnace heating temperature and flame composition of FF atomizer. Conditions of absorption peak areas (QA) formation to each

lement were studied on the basis of contribution into its value some of individual parameters of analytes, including mass-transporting process
rom increasing mass of graphite samples into gas phase. Because particle size and homogeneous distribution of analyte in powdered materials has

n enormous influence on accuracy and precision of measurement results, graphite as well as appropriate series of powdered reference standards
as previously ground and investigated. Graphite samples to be analyzed and standard reference materials with mass from 0.025 to 0.200 g was
reviously briquetted as pellet and insert on corresponding hole in furnace. The characteristic mass (g0) of Sn, Pb, Cd and Zn were 0.35, 0.1, 0.008
nd 0.025 ng, respectively, and relative standard deviation (Sr) not more than 20%.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Graphite, carbon and some of their compounds are one of
he important materials for modern technology. Their applica-
ion in various fields of high-technology and industry required

owerful, rapid and reliable methods for determination of trace
omponents. The direct analysis of solid and powdered mate-
ials including graphite and corresponding materials (various

Abbreviations: FF, flame furnace atomizer; QA, peak area; g0, characteristic
ass; AAS, atomic absorption spectrometry; ESA, emission spectral analysis

� The aim of this work therefore was to investigate analytical possibility of
F AAS technique for direct determination of Sn, Pb, Cd and Zn impurities

n increasing mass (0.025–0.200 g) of high-purity graphite. The investigation is
aking into account questions of sample amount, its homogeneity, particle size,
s well as calibration procedure.
∗ Corresponding author. Tel.: +380 8048 7253976.
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arbides, natural coals, etc.) by so-called solid sampling tech-
ique (SoS) atomic absorption spectrometry is now one of the
ost promising analytical methods. The advantages of the SoS

echnique have been reviewed and compared to conventional
rocedures with regard to aspects of risk of contamination, min-
mization of losses in the pre-treatment operation steps and
ncomplete atomization of elements to be determined from solid

atrix [1–4]. But the main drawbacks of SoS can be given as
ollows: (i) unrepresentative mass (<10 mg) of solids to be ana-
yzed, (ii) non-homogenous distribution of analytes in the whole
ample, (iii) high background level and (iv) calibration prob-
ems. Slurry sampling (SlS) was considered by some to have
ertain advantages over SoS that are summarized in review [4],
here has been noted that slurry analysis of solids samples does
ot have advantages over direct solid sampling and the that most

robable critical factor is the need for maintaining the stability of
he slurry until sample injection. Only few authors report about
irect SoS AAS for graphite, coal and similar materials analysis
5–12]. It has been noted [9] that determination of Cd in coal
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sing SoS graphite furnace AAS with conventional equipment
urned out to be difficult, particularly as calibration against aque-
us standards was not possible, necessitating the use of certified
eference materials (CRM) for that purpose.

So, to find the simplest and most reliable calibration tech-
ique for coal analysis by SlS-ET-AAS the authors [10]
roposed to use as chemical modifier Ru or Pd/Mg to Cd and Pb
etermination. In this work they noted that when coal samples
ere analyzed the excessively high background absorption at

ow pyrolysis temperature only allowed reliable measurements
b analyte signal above 650 ◦C, where the background signal
as low. When Pb is determined in solid coal samples with-
ut a modifier, losses start to become significant at pyrolysis
emperature >750 ◦C. In this procedure aqueous and solid coal
tandards were used and in the case of Cd and Pb determination
olid standards were chosen.

In [11], at the SoS AAS determination of 14 common impu-
ities, including Pb and Zn, in graphite and silicon carbide, the
uthors used platform-technique and a sample portion between
.1 and 8.0 mg. No-significant gas-phase matrix interferences,
ackground signals for any elements or memory effects were
bserved. When silicon carbide was analyzed by heating about
mg of this material at 2400, 2500, 2600 and 2700 ◦C for
0 s and weighing the residue, mass losses of 13, 26, 60 and
8%, respectively, were found. When applying a temperature of
600 ◦C the matrix remains quantitatively on the platform were
hysically and chemically unchanged. For elements atomized
t temperature lower than 2400 ◦C no significant background
ignals were observed. Authors of this work point out that with
raphite analysis small differences between the transient behav-
ors in atomization from the graphite sample and compared to
queous solutions were not significant and no background sig-
als or memory effects were observed. For calibration 10 �l
liquots of aqueous standard solution were used.

Baxter and Frech [11] examined different SlS AAS cali-
ration techniques with respect to accuracy and found that a
ecessary condition for the calibration is that the matrix be
dentical as far as possible in both the solid samples and the
alibration standard.

To improve SlS AAS analysis construction of several corre-
ponding laboratory manufacturing devices were proposed and
uccessfully used at the analytical practice [13–15] and only one
ype of special commercial instrument for solid—SM 30 Zee-

an GF AAS (Grün Analysengerate, Wetzlar, FRG). As was
oted [10], one of the major reasons why direct SoS has been
bandoned in favor of SlS was the availability of commercial
ccessories for the latter technique, whereas the former tech-
ique was not support by any major instrument manufacturer.

Several authors [16–19] pointed out some of advantages of
he flame furnace (FF) atomizer over conventional atomizers
uch as: (i) simplicity of construction and exploitation; (ii) sat-
sfactory sensitivity determination of high and medium volatility
lements; (iii) not so significant differences in comparison with

ommercial variants of HGA-type atomizers exposed to differ-
nt sorts of interferences; (iv) possibility of AAS analysis of a
epresentative mass of solid and powdered materials; (v) sim-
licity of reproduction (without losses) when inserting solid or

i
r

o
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owdered samples into the furnace and removing them from the
urnace (without remains).

Unfortunately, till now FF atomizer is not widely used in
irect AAS analysis because it is not constructed commercially.

The aim of this work was to investigate analytical possibility
nd peculiarity of the FF AAS technique for direct solid sam-
ling technique at determination of Sn, Pb, Cd and Zn impurities
≥0.005 ppm) in representative mass (≥0.100 g) of high-purity
raphite.

The investigation takes into account questions of sample
ass, its homogeneity, particle size, and the character of cal-

bration procedure.

. Experimental

.1. Instruments, FF AAS system and sample preparation

An ATI-Unicam 929 Model AAS equipped with deuterium
ackground correction was used in the absorption mode with
he parameters of air-acetylene flame and graphite furnace men-
ioned below. Hollow cathode lamps were used as radiation
ources for Sn, Pb, Cd and Zn determinations. The general
cheme of the FF atomizer was adapted from L’vov design [16].

Graphite furnaces were prepared from high-purity carbon
od and before analysis was heated up to 600 ◦C for 1.0–1.5 h,
mpregnated for 3 h by 30% (v/v) zirconium oxychloride solu-
ion and then dried and purified by electrically heating at 2500 ◦C
or 20–25 s in an argon atmosphere with the FF atomizer.

.2. Analytical procedure

Graphite samples to be analyzed as well as standard refer-
nce materials with mass from 0.025 to 0.200 g were previously
riquetted as pellet (diameter 6.0 mm) and inserted into the cor-
esponding hole in graphite furnace. This technique allows with
ery simple tools the sampling of solid and powdered materials
ithout losses and removing their remains from furnace after

he operation cycle. Emission spectral analysis (ESA) was addi-
ionally used at pre-investigations at condition that have been
etailed before [19].

All graphite samples were previously ground and powdered
or 60–90 min with agate mortar and particle size distribution
as obtained by photo sedimentation analysis.
The appropriate aqueous calibration standards were prepared

y dilutions of stock solution in 0.01 mol l−1 nitric acid and
eries of calibration graphite standards samples – by mechanical
ilutions (at 5–10 times) from sample to sample with high-purity
raphite its general certificate reference material (CRM) with
ontent of Sn, Pb, Cd, Zn – 250 ppm. High-purity grade materials
ere used for this investigation.
Peak areas of absorption values (QA) were used throughout.
In order to optimize and develop the FF AAS method, the

eneral operation parameters of graphite temperature, its tim-

ng and air-acetylene flame composition (last characterized by
elative contents of oxidizer) were investigated.

The conditions of QA formation of each element were studied
n the basis of contribution to its value some of individual param-
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ig. 1. Effect of linear speed flame gas particles (V) on peak area absorbance
alues (QA) of Cd (1), Pb (2), Zn (3) and Sn (4) at FF AAS analysis of graphite.

ters of mass-transporting process from the increasing mass of
raphite into the gas phase (flame). It must be noted that in the FF
tomizer the areas of elements evaporation and formation of ana-
ytical signal are separated. That is why some sorts of interfer-
nce in AAS with the FF atomizer are less compared to with the
GA-type furnace. We think that distribution of atoms and their
umber density (nh) in any points of flame on its height (h) above
he furnace surface can be approximated by the equation [17]:

h = 0.280n0(DVh)−1/2 (1)

here n0 is the total number of atoms of the element that enters
rom graphite furnace surface or solid sample into flame at the
nit of time, D the coefficient of atoms diffusion, V the linear
peed of flame gas particles (calculated by formula: V = v/S,
here v is the total flow rate of gases components at the unit
f time and S is the total area of holes on head of the Mekker
urner (at this work, −0.251 sm2).

Operation parameters of the FF atomizer: flame composition,
urnace temperature, as well as mass of graphite to be analyzed,
ere investigated and it was decided that the following criteria
ust be provided:
(a) the stability of evaporation process of analytes, that ensured
preservation of the solids in an uncaked state (at this position
it seems that graphite is an ideal material to direct AAS
analysis);

(

t
t

Fig. 2. Effect of furnace temperature (T, ◦C) on peak area absorbance v
72 (2007) 825–830 827

b) the high value of coefficient extraction (q) of elements (mass
transporting parameters from solids to flame); q = Q/100,
where Q is the yield of element from analyte (mass%) into
gaseous phase;

(c) the minimum time of elements evaporation (t), the value of
which is conditioned by corresponding its high-temperature
chemical transformations in the ondensing phase with
matrix components of solids;

d) impossibility to form elements into new stable chemi-
cal compounds with air-acetylene flame components (high
probability of these processes are well known [18]).

. Results and discussion

Peak area values of elements absorption (QA) were con-
idered when choosing proper furnace and operation flame
arameters. It can be easily noted (Figs. 1 and 2) that the varia-
ion of V parameter means in Eq. (1) lead to increasing the range
f elements concentration can be determined with the FF.

At operation parameters of FF AAS determination of Sn,
b, Cd and Zn (Table 1) in graphite samples (mass 0.100 g) the
elative standard deviation values (Sr) does not exceed 25%.
ife time of one furnace under these parameters was 35–40
easurements.
It has been established that evaporation and atomization

f elements microquantities from increasing mass of graphite
0.020–0.200 g) produced essential differences compared to
hose of dry residues of solutions not only on peak (A) but
rea (QA) atomic absorption values as well as on corresponding
alibration curves positions (Figs. 3 and 4).

In this connection quantification was performed using cal-
bration curves measured with powdered graphite standard
amples.

The results of EAS of graphite residues in the furnace, which
ere collected after 25–30 replicates in operation conditions

Table 1) at investigation from 0.025 to 0.200 g of CRM (con-
entration of Sn, Pb, Cd and Zn—250 ppm) are clearly show that
t an increasing mass of graphite the rates of elements evapora-
ion and mass-transporting (q) change significantly only for Sn

Table 2).

Because the particle size and homogeneous distribution of
he analyte in powdered samples have an enormous influence on
he accuracy and precision of analytical results especially with

alues (QA) of Sn, Pb, Cd and Zn at FF AAS analysis of graphite.
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Table 1
Operation parameters for FF AAS determination of Sn, Pb, Cd and Zn in high-purity graphite

Element h (mm) Analytical line (nm) Gas flow rate (l min−1) Furnace temperature on atomization step g0 (ng)

C2H2 Oxidizera

Sn 1.0–1.5 286.3 2.0 3.5 2400 0.35
Pb 2.0 283.3 0.7 2.3 2200 0.10
Cd 2.0 228.8 0.7 2.3 2000 0.008
Zn 2.0 213.9 0.7 2.3 2100 0.025

h: high of zone photometry above furnace surface; g0: characteristic mass of elements.
a For Sn: N2O; for Pb, Cd and Zd: air.

Fig. 3. Absorption signals of Sn, Pb, Cd and Zn at evaporation from aqueous standard solutions (1) and graphite standard samples (2) (mass 0.100 g).

Fig. 4. Calibration curves of FF AAS Zn, Cd, Pb and Sn determination at evaporation from aqueous calibration standard solutions (1) and calibration graphite
standard samples with mass: 0.050 (2) and 0.200 g (3).
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Table 2
Values of q and t (s) at Sn, Pb, Cd and Zn evaporation creasing mass of graphite at its direct AAS determination with FF atomizer

Graphite mass (g) Parameters of Sn, Pb, Cd and Zn evaporation from graphite at its FF AAS determination

Sn Pb Cd Zn

q t q t q t q t

0.025 0.96 6.7 0.98 3.9 1.0 3.3 1.0 3.6
0.050 0.91 7.0 0.98 4.4 1.0 3.5 1.0 3.9
0 5.1 0.93 4.0 0.94 4.2
0 5.5 0.92 4.4 0.90 4.7

q e; t: time (s) of full evaporation of elements.
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.100 0.84 7.3 0.92

.200 0.76 7.9 0.90

: coefficient extraction of elements transporting from mass of analyte into flam

he SlS AAS [12], when graphite samples to be analyzed as well
s appropriate series of calibration standards were previously
round for 60 min.

The particle size distribution of samples obtained by this pro-
edure by photosedimentation analysis is illustrated in Table 3.
fter grinding approximately 90% of graphite samples consisted
f particle size <12 �m compared before grinding—40%. These
amples (m = 0.100 g) were analyzed and the results obtained
ermit us to state that using SoS technique with FF AAS analy-
is and increasing mass of graphite, the influences of particle size
n accuracy and reproducibility of measurements are negligible.

Simultaneously it was assumed that not only the mass of the
ample introduced into FF atomizer but also graphite homogene-
ty could be a reason for some of the interference effects.For the
alculation of homogeneity of a small sample mass Kurfürst et al.
20] proposed the HE factor because its quadratic relation, rather
han the linear sampling constant of Ingmells, is more suitable.
o quantify the homogeneity of an element when increasing

he mass (0.025–0.200 g) of graphite samples, we used a disper-
ion analysis [21,22]. At the total mass of 20–30 g after grinding
nd mixing (60 min) the graphite samples were separate approx-
mately into seven equal parts. Each of them was additionally

ixed for 20 min and analyzed with five replicates. On all results
he mean of standard deviations (Sr), average Si mean of SI and
II, that characterized dispersion of all average results of analy-
is (xi) concerning their total average mean (X̄), and FI-factor,

ere calculate:

I = S2
II

S2
I

(2)

able 3
he results of Sn, Pb, Cd and Zn determination in graphite samples with FF
AS and emission spectral analysis (ESA), n = 5; p = 0.95

ample no. Element Mean value of element (C ± �c) (ppm)

FF AAS Sr1 ESA Sr2

-02

Sn 0.17 ± 0.02 0.12 0.21 ± 0.05 0.19
Pb 0.028 ± 0.004 0.12 0.023 ± 0.007 0.25
Cd 0.011 ± 0.002 0.14 0.014 ± 0.004 0.21
Zn 0.25 ± 0.05 0.16 0.30 ± 0.09 0.23

G-4
Pb 0.016 ± 0.003 0.17 0.013 ± 0.004 0.24
Cd 0.0055 ± 0.0010 0.15 0.0045 ± 0.0015 0.25

G-5
Sn 0.037 ± 0.006 0.14 0.042 ± 0.011 0.21
Pb 0.054 ± 0.008 0.12 0.050 ± 0.014 0.22
Cd 0.014 ± 0.002 0.13 0.011 ± 0.003 0.24

t
m
s
p

n
s
n
e

4

g
o
a
a
q

ig. 5. Relations of F′-values for Sn, Pb, Cd, Zn and its concentrations at the
elution-technique of graphite CRM preparation.

I was compared with F* (at f1 = m − 1 and f2 = mn − m
* = 2.9). Accordingly this solid powdered materials can be
onsidered homogenous when F1 ≤ F* and no-homogenous at
1 > F*.

Unfortunately, the conditions of operations in our laboratory
id not permit us to prepare a series graphite standard to Zn,
e, Cu, Si, Mg, Al, Ca, Na and K on ppb level because of the
bsence of appropriate high-purity graphite matrix, and the very
igh probability of contamination during this procedure. The
esults obtained (Fig. 5) very clearly illustrated this for Zn and
or other elements at high rates of dilutions the initial CRM of
raphite when FI means are drawn near to F*.

On this evidence, for the direct FF AAS analysis represen-
ative analytes (≥0.100 g) of powdered graphite and similar

aterials, it is necessary to use as calibration samples the compo-
ition on the corresponding matrix as well as integral absorption
rofile (QA) registration.

The results obtained were used at direct FF AAS determi-
ation 0.005–0.25 ppm Sn, Pb, Cd and Zn in some of graphite
amples and compared with ESA data (Table 3). Statistically sig-
ificant differences between the values received have not been
stablished.

. Conclusion

SoS AAS using a FF atomizer was applied to direct analysis of
raphite for Sn, Pb, Cd and Zn impurities. The major advantage

f this proposed technique, which includes pressing material for
nalysis into pellets, is that it is possible with simple means to
nalyze the representative mass (≥0.100 g) of solids. However,
uantification performed using calibration curves measurements
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equired use of powdered graphite standard samples. The accu-
acy of this method was checked by comparison of its results
ith those obtained by ESA. The characteristic mass (g0) of Sn,
b, Cd and Zn were 0.35, 0.1, 0.008 and 0.025 ng, respectively,
nd relative standard deviation (Sr) not more then 20%.
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bstract

This paper describes an efficient and sensitive method for determining five energetic compounds at trace levels (ng/mL) in blood by gas chro-
atography with electron capture detection (GC/ECD). For seven test concentrations (1–1250 ng/mL), the average recoveries (%) were 104 ± 16,

08 ± 22, 105 ± 14, 100 ± 22 and 108 ± 16 for hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine
DNX), hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) and 2,4,6-trinitrotoluene
TNT) (n = 84), respectively. Analysis of DNX and RDX produced lower precision than other energetic compounds. Acetonitrile extracts of blood
amples should be analyzed immediately as the test compounds can transform into unknown compounds, which lowered the recovery by 0–45%
ithin 10 days at room temperature (∼20 ◦C). Maintaining sample extracts at 4 ◦C decreased loss of test compounds. The method described herein

as validated by different analysis teams on different days. Two-way ANOVA indicated that there was no significant difference between analysis

eams or days of analysis. The method was successfully employed in the analysis of blood samples from a mouse dosing study involving TNX and
DX.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the past century, energetic compounds, such as
,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-
riazacyclohexane (RDX), and octahydro-1,3,5,7-tetranitro-
,3,5,7-tetraazacyclooctane (HMX), were produced as
xplosives and widely used for military and civil purposes
round the world [1,2]. In some instances, these activities
eleased energetic compounds into the environment, contami-
ating water and soil [1,3]. An estimated 12,000 sites across
he U.S. are contaminated by energetic compounds; TNT,
DX and HMX are the most prevalent of these contaminants

2,4,5]. Laboratory and field studies indicate that these ener-

etic compounds are toxic at relatively low concentrations to
icroorganisms [6–8], plants [9,10], invertebrates [4,5,11–14],

irds [15], rats [16], and humans [17,18]. Energetic compounds

∗ Corresponding author. Tel.: +1 806 885 4567; fax: +1 806 885 4577.
E-mail address: baohong.zhang@tiehh.ttu.edu (B. Zhang).

1 Co-first authors.
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apture detection

nhibit growth and development of organisms [19], cause
eizures in humans [20–23] and rats [24], and may cause
enotoxicity, cancer, or death [17,25].

To better understand the environmental and biological fate
f energetic compounds and to better understand the potential
ealth risks, sensitive analytical methods must be available to
easure these compounds and their biotransformation products

1,3,26]. Although some methods have been developed for the
etermination of energetic compounds using HPLC [27] and
C, the majority of these methods were developed for analyzing

xplosive residues in water [28–36], soil [1,31,36–41] and plant
amples [1]. Little information exists in the literature describing
ethods that can be used on animal tissues and biological flu-

ds. This could hamper investigations on the effect of energetic
ompounds on animals [42,43].

Biological tissues and fluids are complex mixtures that con-
ain many endogenous compounds (such as proteins, lipids)

hat can interfere with analyte determination and obstruct the
eparation and analysis of energetic compounds. Animals are
sually indirectly exposed by drinking contaminated water or
y eating contaminated food, so provided the contaminants
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B. Zhang et al. / Tal

re usually not biomagnified, concentrations of energetic com-
ounds and their biotransformation products should be lower
han in the primary contamination source. Thus, more effi-
ient methods are needed to detect energetic compounds and
heir biotransformation products in animal tissues and fluids
or risk assessment. Unfortunately, analytical methods specif-
cally developed for detecting energetic compounds and their
iotransformation products in animal tissues are limited [44].

In this study, we describe a rapid and sensitive method
o determine RDX, TNT, and three transformation products
f RDX [45–47] in blood samples using gas chromatography
ith electron capture detection (GC/ECD). This method should

acilitate risk assessments of explosives by allowing for the
etermination of exposure and distribution of explosive residues
n humans and wildlife.

. Experimental

.1. Chemicals and reagents

TNT (CAS: 118-96-7), RDX (CAS: 121-82-4), MNX
CAS: 5755-27-1), DNX (CAS: 80251-29-2), and TNX
CAS: 13980-04-6) (Fig. 1) were analyzed in this study.
DX (purity > 99%) was purchased from Supelco (Bella-

onte, PA). TNT (purity > 99.9%), MNX (purity = 98.4%), DNX
purity = 67%), and TNX (purity > 99.9%) were obtained from
RI International (Menlo Park, CA). HPLC-grade acetone and
cetonitrile were purchased from Fisher Scientific (Pittsburg,
A). Ultra-pure water (>18 M�) was prepared by a Barn-
tead NANOpure infinity ultrapure water system (Dubuque, IA).
lassware was washed with phosphate-free detergent and rinsed
ith deionized water, acetone, and acetonitrile.

.2. Standard solution, calibration curve, and method
etection limits
A stock standard solution for each of the test compounds
as prepared in acetonitrile at a concentration of 1000 mg/L.
orking standard solutions of each energetic compound (0, 1,

, 5, 10, 20, 50, 100, 200, 500, 1000 and 1250 ng/mL) were made

ig. 1. Structures of energetic compounds and their biotransformation products.
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y dilution of the stock standard solution with acetonitrile. All
tock and working standard solutions were stored at 4 ◦C prior
o analysis.

Working standard solutions were individually analyzed
described below) from low concentration to high. Each stan-
ard was analyzed three times and the average peak area was
omputed. A graph of analyte concentration versus GC–ECD
esponse was constructed.

The method detection limits (MDLs) of the analytes were
etermined in the test blood matrix described below, and calcu-
ated according to EPA guidelines using a 2 ng/mL standard of
ach analyte [48] and the following equation:

DL = standard deviation of seven replicates

× Student’s t-value at 99% confidence level

(t = 3.14 for n = 7).

.3. Blood sample treatment and extraction procedure

The blood used for method development and validation was
orcine blood, which was collected during ongoing slaughter
perations that were unrelated to our study. Collected pig blood
amples were placed into 50 mL centrifuge tubes containing
eparin and stored at 4 ◦C prior to treatment and analysis.

A 1 mL aliquot of blood was placed into a 15 mL glass cen-
rifuge tube and spiked with a standard solution of the test
ompound to final concentrations of 1, 5, 10, 20, 50, 250, and
250 ng/mL. Spiked samples were mixed with a vortex-mixer
or 1 min. Blank (untreated) blood samples were similarly pre-
ared by amendment with the same volume of acetonitrile. Blank
nd spiked blood samples were stored overnight at 4 ◦C before
xtraction and GC–ECD analysis.

Liquid extraction coupled with sonication was employed for
xtracting explosives from blood samples. Briefly, 7 mL of ace-
onitrile was added to the 1 mL blood sample, followed by

ixing with a vortex-mixer for 1 min. Samples were sonicated
sing an ultrasonic water bath (Branson, Danbury, CT) at 50 ◦C.
uring sonication, the samples were mixed periodically with
vortex-mixer for 1 min. After liquid extraction for 2–3 h, the
lood samples were centrifuged (3500 rpm) using a Beckman
llegra 6R centrifuge (Palo Alto, CA) for 10 min. The super-
atants were collected and cleaned using Florisil solid-phase
xtraction (SPE) cartridges according to the following proce-
ure: Florisil SPE cartridges were first placed on a 24-port
anifold (Supelco, Bellafonte, PA) and were conditioned with

cetonitrile (3 × 10 mL). Samples were then loaded, and elu-
tes were collected. The Florisil cartridges were rinsed three
imes with acetonitrile (3 × 1 mL). The collected samples from
PE cartridges were concentrated to 1 mL under nitrogen using
-EVAPTM 111 nitrogen evaporator (Organomation Associates

nc., Berlin, MA), and filtered (0.2 �m) prior to GC analysis.
.4. Sample analysis by GC–ECD

Analyses were performed using an HP 6890 gas chromato-
raph equipped with an HP 6890 autosampler and an electron
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cal analyses indicated that there was no significant difference
among recoveries. This suggests that the method for extracting
and analyzing explosive residues from blood was not analyte-
or concentration-dependent.

Table 1
Parameters of the standard calibration curves for five analytes

Analytes a b c r2 Concentration
range (ng/mL)

TNX 0.2134 33.3 −2.78 0.9987 1–1250
DNX 0.0064 17.5 −16.56 0.9989 1–1250
TNT 0.1081 12.8 −11.25 0.9921 1–1250
14 B. Zhang et al. / Tal

apture detector (Agilent, Palo Alto, CA). Separation was per-
ormed with a 30 m × 0.25 mm i.d. × 0.25 �m film thickness
P-5 column from Hewlett-Packard (Wilmington, DE). Helium

99.999% purity) served as carrier gas at a constant linear veloc-
ty of 80 cm/s. Argon:methane served as make-up gas for the
etector.

The oven temperature program began at 90 ◦C, held for 2 min,
ncreased to 130 ◦C at a rate of 25 ◦C/min, then made a 10 ◦C/min
amp to 200 ◦C, finally increased to 250 ◦C at a rate of 25 ◦C/min.
he injection port temperature was 170 ◦C, while the detector
as 270 ◦C. A 2 �L standard or sample was injected in split-

ess EPC mode. A splitless inlet liner (4.0 mm i.d.) with glass
ool was used in this analysis. The septum and inlet liner were

eplaced after every 60 injections. The ECD was operated in
onstant current mode.

A set of working standards was used to construct a calibra-
ion curve based on average peak area. One calibration standard
100 ng/mL) was also injected after every 10 samples to insure
hat the calibration was maintained; the response of that check
tandard was incorporated into the existing calibration curve. If
he calibration check failed, a new calibration curve was con-
tructed prior to any further analyses. Typically, more than 100
amples could be run (for all analytes except RDX) before a
alibration failure occurred. This frequency of standard analysis
nsured that analyte and detector stability were maintained dur-
ng instrumental analysis. In each sample batch (n = 60), three
lank (untreated blood) samples were also analyzed.

The measurement of intra- and inter-day variability was used
o determine the precision of the developed method. Precision
stimates were based on relative standard deviation (R.S.D.) of
he analyses.

.5. Method validation, reproducibility, and stability test

Two research teams were employed to validate and test the
tability and reproducibility of the method during seven consec-
tive days. These tests were performed with pig blood samples
piked with RDX, MNX, TNX, DNX, or TNT (12 replicate
amples at 50, 250, and 1250 ng/mL.

.6. Application of the developed method

The developed method was used to analyze blood samples
rom deer mice (Peromyscus maniculatus) obtained from an
ngoing toxicity study with TNX and RDX. In the toxicity study,
eer mice were dosed daily with 10 or 100 ng/mL TNX- or RDX-
ontaining water for more than 1 month. Deer mice blood sample
xtraction and analysis followed the protocol described above.

.7. Statistical analysis

Recovery data were processed using standard statistical soft-

are (SigmaPlot, Version 8.0, SPSS, Chicago, Illinois, USA).
wo-way ANOVA was employed to compare potential differ-
nces among days and teams. A significance level of α = 0.05
as used in all comparative statistics.

M
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.8. Safety consideration

RDX and TNT are explosives and can only be received in mil-
igram quantities without permit. Thus, RDX, TNT, and their
iotransformation products must be carefully handled. RDX,
NT, and RDX biotransformation products are also potentially

oxic and carcinogenic compounds [42,43]. Personnel involved
n work with explosives residues should wear protective gloves
nd goggles (ANSI Z 87.1-2003), especially when handling neat
xplosives. All waste solutions containing these energetic mate-
ials and their biotransformation products should be collected
nd discarded appropriately.

. Results

.1. Method development

Each test compound was efficiently separated (baseline res-
lution) from endogenous compounds in hog blood and from
ach other (Fig. 2). The GC–ECD response versus concentration
as best fitted to a quadratic model (y = ax2 + bx + c) with excel-

ent correlation coefficients (>0.99) for each of the energetic
ompounds over the tested concentration range (1–1250 ng/mL)
Table 1). We also attempted to analyze HMX (another impor-
ant explosive) using this method, however, the detector response
as low. In addition, the low volatility of HMX precluded elu-

ion in a reasonable time without thermal degradation. Although
everal modifications to the method were attempted (inlet tem-
erature, shorter column), significant progress was not made in
MX analysis by GC/ECD.
The GC/ECD method was sensitive to TNX, DNX, TNT,

NX, and RDX; method detection limits (MDLs) in pig blood
amples were 0.05, 0.10, 0.20, 0.25, and 0.50 ng/mL for TNX,
NX, TNT, MNX, and RDX, respectively. In addition, high

ecoveries of the analytes of interest were achieved at all of
he concentrations tested (Table 2). However, different energetic
ompounds gave slightly different recoveries; the recovery range
or DNX and RDX was wider than the other test compounds. At
ll tested concentrations, the recovery for MNX was 99–111%,
hile it was 97–114%, 97–125%, 98–130%, and 84–129% for
NX, TNT, DNX, and RDX, respectively. However, statisti-
NX 0.0056 8.41 −8.79 0.9985 1–1250
DX 0.0062 2.72 −1.67 0.9998 1–1250

he GC–ECD response versus concentration was best fit to a quadratic model
y = ax2 + bx + c) with excellent correlation coefficients.
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F L) o
w

a
c
f

ig. 2. Representative GC/ECD chromatograms. (A) Standard solution (10 ng/m
ith a mixture (30 ng/mL) of explosives.
The precision ranged from 2.5 to 27% for all the analytes
t all tested concentrations (1–1250 ng/mL). At relatively high
oncentrations (1250, 250, and 50 ng/mL), the precision ranged
rom 2.5 to 5.1, 3.8 to 7.7, 6.2 to 11.7, and 4.0 to 13.0 for TNX,

D
(
c
−

f a mixture of explosives; (B) blank blood sample; (C) pig blood sample spiked
NX, TNT, and MNX, respectively; the accuracy [accuracy
%) = (observed concentration−spiked concentration)/(spiked
oncentration) × 100] ranged from −2.7 to 2.2, −1.7 to 1.5,
2.9 to 6.4, −0.1 to 6.0, and −4.4 to 0.1 for TNX, DNX,
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Table 2
Recovery and precision for energetic compounds in pig blood by GC–ECD (%)

Compound n Recovery Precision

Level: 1250 ng/mL
TNX 12 99 ± 2.5 2.48
DNX 12 102 ± 4.4 4.31
TNT 12 106 ± 8.7 8.15
MNX 12 100 ± 4.0 4.04
RDX 12 100 ± 3.0 3.30

Level: 250 ng/mL
TNX 12 102 ± 3.3 3.26
DNX 12 100 ± 3.8 3.82
TNT 12 97 ± 11 11.75
MNX 12 106 ± 6.6 6.25
RDX 12 97 ± 7.8 8.05

Level: 50 ng/mL
TNX 12 97 ± 5.0 5.14
DNX 12 98 ± 7.6 7.69
TNT 12 98 ± 6.1 6.16
MNX 12 105 ± 14 13.02
RDX 12 96 ± 23 23.98

Level: 20 ng/mL
TNX 12 114 ± 19 16.45
DNX 12 118 ± 27 22.99
TNT 12 125 ± 8.1 6.49
MNX 12 99 ± 15 14.69
RDX 12 84 ± 14 17.28

Level: 10 ng/mL
TNX 12 110 ± 19 17.20
DNX 12 115 ± 34 29.34
TNT 12 113 ± 14 12.03
MNX 12 102 ± 14 13.22
RDX 12 96 ± 19 19.89

Level: 5 ng/mL
TNX 12 108 ± 29 26.68
DNX 12 113 ± 30 26.99
TNT 12 116 ± 7.6 6.54
MNX 12 111 ± 22 19.47
RDX 12 123 ± 33 26.68

Level: 1 ng/mL
TNX 12 106 ± 26 24.88
DNX 12 130 ± 29 22.17
TNT 12 114 ± 31 26.69
MNX 12 107 ± 17 15.93
RDX 12 129 ± 35 27.02

Average
TNX 84 104 ± 16 15.14
DNX 84 108 ± 22 20.07
TNT 84 108 ± 16 14.87
MNX 84 105 ± 14 13.10
RDX 84 100 ± 22 21.69

P
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Table 3
Method validation by different research teams on different days using pig
blood samples spiked with 50, 250, and 1250 ng/mL of each test compound
(recovery %)

Compound Day I Day II

Team I Team II Team I Team II

Level: 1250 ng/mL
TNX 102 ± 4.9 105 ± 6.4 98 ± 4.1 96 ± 0.9
DNX 104 ± 9.2 98 ± 19 105 ± 0.7 101 ± 3.2
TNT 104 ± 9.3 112 ± 14 114 ± 2.0 106 ± 5.0
MNX 103 ± 9.8 108 ± 13 105 ± 3.7 103 ± 4.5
RDX 98 ± 3.7 105 ± 8.4 97 ± 12 96 ± 7.0

Level: 250 ng/mL
TNX 100 ± 2.6 104 ± 15 106 ± 0.8 107 ± 9.5
DNX 100 ± 19 101 ± 4.4 102 ± 4.2 101 ± 2.6
TNT 95 ± 23 93 ± 9.7 100 ± 13 96 ± 13
MNX 110 ± 13 106 ± 19 109 ± 5.8 110 ± 3.9
RDX 101 ± 22 90 ± 15 106 ± 13 94 ± 8.0

Level: 50 ng/mL
TNX 95 ± 5.7 94 ± 9.1 99 ± 2.4 101 ± 15
DNX 96 ± 12 105 ± 16 95 ± 14 99 ± 16
TNT 96 ± 3.5 100 ± 14 97 ± 2.8 99 ± 6.6
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detected in the low dose group (n = 9). Relatively high concen-
trations of TNX (0.63–43 ng/mL) were detected in the high dose
group (n = 5) (Table 4). Similar results were obtained from blood
samples collected in the RDX-dosing study (Fig. 3C). These

Table 4
Measured TNX concentrations in blood samples obtained from deer mice
exposed to 0, 10, and 100 ng/mL TNX for 30 days

Dose (ng/mL) Number of
deer mice

TNX concentration in
blood (mean) (ng/mL)
recision was expressed by relative standard deviation (R.S.D.) (%). R.S.D.
%) = (S.D./mean) × 100%.

NT, MNX, and RDX, respectively. Precision and accuracy
ncreased slightly as concentration increased for most energetic
ompounds. Precision and accuracy for DNX and RDX were the

owest of the tested compounds possibly due to the instability of
NX and the relatively high detection limit for RDX. However,
e considered both the precision and accuracy for this type of

nalysis in a blood matrix to be acceptable.

1

N

MNX 106 ± 21 101 ± 24 100 ± 17 108 ± 9.6
RDX 96 ± 19 91 ± 32 97 ± 29 96 ± 16

ix replicates for each data group.

.2. Method validation

An interlaboratory study was employed to determine the
tability and reproducibility of the developed extraction and
nalysis method using pig blood samples spiked with RDX,
NX, DNX, MNX, and TNT at three concentrations (50,
50, and 1250 ng/mL). Each treatment had high recovery
91–114%) (Table 3). Two way ANOVA indicated no signif-
cant difference between analysis teams or days of analysis
p < 0.001).

.3. Application of the developed extraction and analysis
ethod

The developed method was employed to analyze blood sam-
les obtained from TNX or RDX-exposed deer mice. We did
ot detect TNX in blood samples from the control group (n = 4)
Fig. 3A). Trace amounts of TNX (0.14–0.53 ng/mL) were
0 4 N.D.
10 9 0.14–0.53 (0.29)
00 5 0.63–42.99 (13.35)

.D.: not detected.
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ig. 3. Representative chromatograms of blood samples obtained from TNX or
etention time shift compared to the previous figure was due to the use of a diff

ata indicate that this method can be used in basic toxicology
nd toxiokinetic studies.

.4. Stability of energetic compounds in extracted solution
The stability of each energetic compound (RDX and TNT)
nd RDX biotransformation products (MNX, DNX, and TNX)
n acetonitrile extracts (n = 3) was monitored for 10 days using

(
A
s
g

-dosed deer mice. (A) Control; (B) TNX-treated; (C) RDX-treated. The slight
analytical column. The peak tailing was caused by the overused column.

C/ECD analysis. All energetic compounds and RDX biotrans-
ormation products were unstable in the acetonitrile extracts at
oom temperature. After 10 days, 15–40% of the extracted com-
ounds were lost (transformed into other unknown compounds)

Fig. 4). RDX and MNX easily degraded into other compounds.
fter 10 days in the extract, 64 and 60% of RDX and MNX were

till present. TNT and TNX were more stable than other ener-
etic compounds tested; only 16 and 22% of parent compound
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ig. 4. Stability of energetic compounds and their transformation products in ac
f energetic compounds to the concentration at time 0. Error bars indicate the s

as lost in extracts after 10 days. Analyte concentrations only
lightly affected the degradation rate of energetic compounds
n acetonitrile extracts. Low temperature, such as maintaining
xtracts in a refrigerator (4 ◦C), slowed the transformations (data
ot shown).

RDX can be biotransformed to MNX, DNX, and TNX by
ome bacteria under anaerobic conditions [45–47]. However, no
tudies have found that RDX can be transformed to TNX under
erobic conditions. TNX, DNX, MNX or any other identifiable
ompound was not observed in extracts of RDX-spiked blood
amples stored at room temperature for 10 days, although 45%
f RDX was lost (degraded) during that time; the transformation
athway(s) remains unclear.

. Discussion

Several laboratory and field studies have indicated that RDX
an be biotransformed into a series of N-nitroso metabolites
MNX, DNX, and TNX), which have also been detected in
roundwater [28]. To better understand the potential health
ffects and environmental fate of these energetic compounds,
ensitive analytical methods must be available to measure these
ompounds and their biotransformation products [1,3,26].
ased on our best knowledge, there has been only one report
n analytical methods for detecting explosive residues in blood

amples. Ozhan et al. (2004) developed an HPLC–UV method
or detecting RDX in human blood. However, the method was
nly capable of detecting 5 ng/mL RDX in human plasma based
n 3:1 signal-to-noise ratio [44]. GC–ECD is a common instru-

A
k
t

rile extracts of blood. The Y-axis was calculated as the ratio of the concentration
d deviation for triplicate samples.

ent in environmental laboratories. Determination of explosive
esidues using GC–ECD is advantageous due to the lower detec-
ion limits and improved chromatographic resolution. Because
f its low vapor pressure and thermal lability, RDX is difficult
o quantify by gas chromatography. Thus, HPLC is used in
he majority of methods for detecting RDX. Our study showed
hat injection port temperature is important for determining
DX and its biotransformation products using GC–ECD. The
ptimal injection port temperature was 160–170 ◦C. Higher
r lower inlet temperatures significantly reduced GC–ECD
esponse to RDX and its N-nitroso-metabolites [49].

. Conclusions

A simple, efficient, and sensitive GC–ECD method for deter-
ination of explosives or their biotransformation products in

lood samples was developed with detection limits <0.5 ng/mL.
his method gave high recovery, precision, and accuracy within
concentration range of 1–1250 ng/mL. This method was

alidated by different analysis teams on different days and
uccessfully employed to monitor explosive residues in blood
amples from TNX- and RDX-exposed deer mice.
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bstract

The paper presents a procedure for the multi-element inorganic speciation of As(III, V), Se(IV, VI) and Sb(III, V) in natural water with GF-AAS
sing solid phase extraction technology. Total As(III, V), Se(IV, VI) and Sb(III, V) were determined according to the following procedure: titanium
ioxide (TiO2) was used to adsorb inorganic species of As, Se and Sb in sample solution; after filtration, the solid phase was prepared to be slurry
or determination. For As(III), Se(IV) and Sb(III), their inorganic species were coprecipitated with Pb-PDC, dissolved in dilute nitric acid, and
hen determined. The concentrations of As(V), Se(VI) and Sb(V) can be calculated by the difference of the concentrations obtained by the above

◦
eterminations. For the determination of As(III), Se(IV) and Sb(III), palladium was chosen as a modifier and pyrolysis temperature was 800 C.
ptimum conditions for the coprecipitation were listed for 100 ml of sample solution: pH 3.0, 15 min of stirring time, 40.0 �g l−1 Pb(NO3)2 and
50.0 �g l−1 APDC. The proposed method was applied to the determination of trace amounts of As(III, V), Se(IV, VI) and Sb(III, V) in river water
nd seawater.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, speciation analysis of As, Se and Sb is very
ttractive due to the toxicity of their combinations. The toxic-
ty of the different species for the same element is different, in
hich the inorganic compounds are more toxic than the organic

ompounds and the toxicity of As(III), Se(IV) and Sb(III) is
tronger than that of As(V), Se(VI) and Sb(V) [1–3]. In addi-
ion, selenium has been also reported as an essential element for
uman body at low concentration [2]. Therefore, a high sensitive
nd simple method is necessary for determining the concentra-

ion of the different oxidation state of the inorganic compounds
or these elements present in environment. With volatilization
or their hydrides, hydride generation (HG) as a sampling tech-

∗ Corresponding author at: Department of Materials and Applied Chemistry,
ollege of Science and Technology, Nihon University, 1-8 Kanda-Surugadai,
hiyoda-ku, Tokyo 101-8308, Japan. Tel.: +81 3 3259 0820;
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enium; Antimony

ology, which is coupled with the detected systems, such as
tomic absorption spectrometry (AAS) [4], inductively coupled
lasma atomic emission spectrometry (ICP-AES) [5] and induc-
ively coupled plasma mass spectrometry (ICP-MS) [6,7], has
een applied in analytical field. Though requirement for the
etermination of trace level elements is met for HG, specia-
ion analysis for these elements is difficult because the sampling
echnology has trouble separating the different oxidation state
or a single element in complicated matrix. With introduction of
eparation technique, chromatography coupled with the above
nstruments, the hyphenated systems, has been utilized to per-
orm speciation analysis. Because of high performance liquid
hromatograph (HPLC) with excellent separation for species in
queous samples, there are a great many reports [1,8–14] on
hese elements with HPLC-AAS, HPLC-ICP-AES and HPLC-
CP-MS. However, HPLC are suitable for separating species

n aqueous sample, but it cannot perform enrichment for the
etected element. Therefore, for ultratrace As, Se and Sb in nat-
ral waters, the coupled detectors except for ICP-MS, are poor in
ensitivity; ICP-MS with high sensitivity is too expensive for the
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ost researchers to be equipped. Furthermore, the combination
f instruments makes the determined procedure more complex
nd the continuous determining mode is also not suitable for
F-AAS.
With development of filtration technology, some macro-

olecule compounds can be collected on filtration membrane
ith the precipitation of the similar structure compound [15–17].
wing to the selectivity of macromolecule for the specific oxida-

ion state of some elements, the species of the different oxidation
tate can be separated during the stage of pretreatment. APDC as
typical macromolecule has been utilized to selectively collect

hese inorganic ions of As(III), Se(IV) and Sb(III). In the method,
s(III), Se(IV) and Sb(III) are determined by using APDC;

otal concentration for each element is determined according
o the same method after As(V), Se(VI) and Sb(V) are reduced
o As(III), Se(IV) and Sb(III) [15,16,18]. The speciation pro-
edure for multi-element is mainly used for neutron activation
nalysis, but for GF-AAS, there are only a few available for
ingle element [15]. Different from the detector and determina-
ion of total concentration in the above multi-element analysis,
method has been proposed on simultaneous determination of

otal As, Se and Sb with GF-AAS by TiO2-slurry sampling in
revious paper [19]. In the study, speciation of these elements in
queous samples was performed by simultaneously determining
otal concentration for each element [19] and the concentra-
ion of As(III), Se(IV) and Sb(III) according to the subsequent
nalytical procedure.

The aim of the study is to perform the determination of As
III, V), Se(IV, VI) and Sb(III, V) in the environmental water
amples. The optimal conditions for coprecipitation including
urnace condition, effect of modifier, pH of preconcentration,
nd coexisting ions were investigated in detail. The proposed
ethod was applied to river water and seawater.

. Experimental

.1. Instrumentation

A simultaneous multi-element graphite furnace atomic
bsorption spectrometer, SIMAA 6000, from Perkin-Elmer was
sed with a transversely heated graphite atomizer (THGA),
ongitudinal Zeeman-effect background correction and an AS-
2 autosampler. Standard THGA graphite tubes (Part no.
0504033) and Perkin-Elmer ‘EDL system 2’ electrodeless dis-
harge lamps (As: 193.7 nm, 380 mA; Se: 196.0 nm, 290 mA;
b: 223.1 nm, 380 mA) were applied. The measurements were in
eak area mode (integrated absorbance). A pH meter (HM-26S)
anufactured by DKK-TOA Corporation and an analytical bal-

nce (Sartorius model BP301S-EA BR-1010, 300 g × 0.0001 g)
ere employed. Ultrasonic (Bransonic 12, branson) was used

o dispend the slurry to improve adsorption and homogeneity of
lurry. A magnetic stirrer (ADVANTEC SR 506) was used to stir.

Milli-Q Water System, Millipore, was employed to produce

ltrapure water. In addition, before being used, all glassware,
ipette tips and storage bottles were soaked in dilute HNO3 for
4 h and rinsed at least three times according to the order of
ater, purity water and ultrapure water.

t
w
1
T

2 (2007) 723–729

.2. Reagents and materials

All the reagents were of analytical grade. The standard
olutions of As(III), Sb(III) and Sb(V) (100 �g l−1) were
repared on a daily basis by diluting appropriate aliquots
f a 1000 mg l−1 stock metal solution, respectively. The
tock solutions (1000 mg l−1) of As(V) and Se(VI) were
eparately prepared by dissolving the corresponding salts
Na2HAsO4·7H2O and Na2SeO4) and adding 0.75 ml of 60%
itric acid and 1.0 ml of 30% hydrogen peroxide. The stock
olution (1000 mg l−1) of Se(IV) was obtained by dissolving
a2SeO3. These solutions were properly diluted to use. The

wo stock solutions of Sb(V) and Sb(III) with 20% HCl was
rom SPEX CERTIPREP LTD. Ammonium pyrrolidinedithio-
arbamate (APDC, 10,000 mg l−1) solution was prepared by
eighing 1.0 g of APDC powder and dissolving in 100 ml of
ltrapure water. Pb(NO3)2 (4000 mg l−1) solution was obtained
y dissolving 0.4 g of Pb(NO3)2 in 100 ml of ultrapure water.
ydrochloric acid (35%), nitric acid (60%) for poisonous metal

nalysis and sulfuric acid were from KANTO CHEMICAL
O. ING. Titanium(IV) dioxide (anatase form, 99%, −0.5 �m)
as utilized as a sorbent. ZrO(NO3)2·2H2O was employed

o coat the graphite tube. A river water sample was col-
ected in the Edokawa river in Tokyo and a seawater sample
as obtained from Inage coast in Chiba in Japan. The sam-
les were filtrated with a 0.45 �m pore size cellulose acetate
embrane filter (Advantec, Tokyo) and treated for determi-

ation in 24 h. The above reagents without the source and
he other reagents used in this work were from Wako Co. in
apan.

.3. Analytical procedure

.3.1. Determination of total As, Se and Sb [19]
The enrichment ratio of 20 was used in the study. Hundred-

illiliter of sample solution with less than 5.0 �g l−1 of As, Se
nd Sb was placed in a beaker; pH was adjusted to 2.0 with 2.0 M
NO3. The sample solution added 20.0 mg of TiO2 was stirred
y a magnetic stirrer about 10 min, and immerged in a sonication
ath about 10 min. After the solution was filtrated with a 0.45 �m
embrane filter, the remained solid phase was transferred to a

5.0 ml centrifugal tube, and then 5.0 ml ultrapure water was
dded to form 5.0 ml of the slurry sample. Then, 20 �l of the
lurry was injected into a graphite tube by an autosampler for
ach cycle.

.3.2. Determination of As(III), Se(IV) and Sb(III)
The enrichment ratio of 20 was used for investigating the

nfluential factors for coprecipitation. Hundred-milliliter of sam-
le solution with less than 5.0 �g l−1 of As(III), Se(IV) and
b(III) was placed in a beaker; pH was adjusted to 3.0 with 1.0 M
Cl. 1.5 ml of 10,000 mg l−1 APDC and 1.0 ml of 4000 mg l−1

b(NO3)2 solution was added and stirred for 15 min. After filtra-

ion with a 0.45 �m membrane filter, the remained solid phase
as transferred to a 15.0 ml centrifugal tube and dissolved in
.0 ml HNO3 (1:1) solution; the solution was diluted to 5.0 ml.
hen 20 �l of sample solution was injected into a graphite tube,
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Table 1
Furnace conditions

Steps Temp. (◦C) Time (s) Ar gas (ml/min)

Ramp Hold

1 Dry1 130 1 30 250
2 Dry2 150 15 30 250
3a Pyrolysis 800 10 20 250
4 Atomization 2300 0 5 0
5
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addition, the background absorbance of three elements kept at
a stable and low constant when temperature was over 800 ◦C.
For the matrices containing lot of organic compounds could not
be eliminated at low temperature (<650 ◦C), the interference
Clean up 2450 1 3 250

a Step 3 is only used for determination of As(III), Se(IV) and Sb(III) on
oprecipitation.

nd accompanied with 10 �l of 1000 mg l−1 Pd2+ (Pd(NO3) 2)
or each cycle.

.3.3. Estimation of As(V), Se(VI) and Sb(V)
As(V), Se(VI) and Sb(V) could not be determined directly

ccording to the above analytical procedure, but their con-
entrations were given by the difference between the two
eterminations.

.3.4. Analysis of real samples
The water samples were filtrated with a 0.45 �m membrane

lter and then the suitable amount of APDC was added for
00 ml sample before adjusting pH. Subsequently, according to
he above analytical procedure, these elements were determined
t a 20 of enrichment rate. In the determination of total As, Se
nd Sb, the samples were firstly diluted two-fold to minimize
he interferences from SO4

2− and PO4
3−.

.4. Furnace condition for determination of As, Se and Sb

Graphite tube for determination of total arsenic, selenium and
ntimony was coated with zirconium nitrate [19]. The conditions
f temperature in pyrolysis stage and atomization stage for the
etermination of total concentration of these elements had been
ptimized with the standard solution in previous paper [19].
he optimal operating conditions for SIMAA6000 are listed in
able 1. Compared with furnace conditions for the determination
f total concentration, except for an optimal pyrolysis tempera-
ure, others were same for the determination of As(III), Se(IV)
nd Sb(III). In addition, a THGA tube was utilized for the deter-
ination of As(III), Se(IV) and Sb(III) rather than a Zr-coating
HGA tube.

. Results and discussion

.1. Optimization of coprecipitation system for As(III),
e(IV) and Sb(III)

.1.1. Selection of solvents for coprecipitate
In order to select a suitable solvent for coprecipitate, nitric
cid, sulfuric acid and N,N-Dimethylformamide (DMF) were
nvestigated in this work. As described in the analytical pro-
edure, the obtained coprecipitate was separately dissolved in
itric acid, sulfuric acid and DMF. The availability of the three

F
t

2 (2007) 723–729 725

olvents was evaluated by their solubility for the coprecipi-
ate and influence on the detected elements in pyrolysis and
tomization stage. We observed that membrane was dissolved
ompletely in DMF, but coprecipitate was dissolved partly to
orm slurry. In addition, background absorbance was very high
n the determination of these elements so that the reliable and sta-
le results could not be obtained. When sulfuric acid was chosen,
omogeneous solution was formed, but the similar high back-
round absorbance was found. As dilute sulfuric acid (2.0 M)
as in place of sulfuric acid, the same phenomenon of high back-
round absorbance was found. While nitric acid (1.0, 2.0 and
.0 M) was used, precipitate was dissolved, but membrane could
ot dissolve to avoid the influence resulted by it. Furthermore,
ow background absorption was suitable for the determination
f these elements. We also observed that with increasing the
oncentration of nitric acid, the time of dissolution became fast.
n order to fast dissolve coprecipitate and avoid the interference
esulted nitric acid, 1.0 ml nitric acid solution (1:1) was added,
nd then diluted to 5.0 ml for determination.

.1.2. Optimization of furnace conditions
An important parameter of GF-AAS is the optimization of

yrolysis temperature. Generally, without the use of modifiers,
yrolysis temperature are in the range from 200 (Se) to 500 ◦C
As) [20]. Because APDC as a coprecipant was much used, the
wo elements could not be detected without modifier. Hence, the
nvestigations with the use of a modifier were presented in this
ork. According to the above analytical procedure, the influence
f pyrolysis temperature was studied in the range 400–1200 ◦C,
ith atomization temperature for 2300 ◦C. In order to find out
suitable pyrolysis temperature, in the presence of 10 �g of

he Pd2+, the behavior of these elements was considered. Fig. 1
ndicates that with increasing pyrolysis temperature, integrated
bsorbance of As(III) and Sb(III) kept basically the constant
rom 400 to 1200 ◦C, but that of Se decreased over 900 ◦C. In
ig. 1. Pyrolysis curves for 5.0 �g l−1 of As(III), Se(IV) and Sb(III). Atomiza-
ion temperature: 2300 ◦C; enrichment rate: 20; injected volume: 20 �l.
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In our research, APDC did not only impact on background
absorbance and sensitivity for these elements but on dispersing
of Pd2+ in sample solution owing to the form of the indissoluble
Pd(PDC)2 as well. The optimization of the amount of APDC is
ig. 2. Atomic profiles for 5.0 �g l−1 of As(III), Se(IV) and Sb(III) in pyrolys
0 �l.

f background absorbance from them made the results unsta-
le. However, when temperature was up to 800 ◦C, organic
ompounds were removed in pyrolysis stage to minimize the
nterference. The phenomenon can also be found from the atomic
rofiles for these elements in Fig. 2. Background absorbance at
00 ◦C is obviously higher than that of these elements at 800 ◦C.
s a result, pyrolysis temperature was chosen at 800 ◦C in the

ubsequent studies for As(III), Se(IV) and Sb(III). Atomiza-
ion temperature had a little effect on integrated absorbance and
he shape of atomic profiles for these elements when exceeding
100 ◦C. The compromise temperature of 2300 ◦C, hence, were
hosen in the following experiments.

.1.3. Effect of modifier
As the amount of the modifier introduced on the surface of

raphite tube had an effect on the determination of these ele-
ents, the dependence of integrated absorbance on the amount

f modifier was also investigated. In order to correlate the
ata, in all cases pyrolysis temperature as well as atomiza-
ion temperatures in Table 1 were used. The sample solutions
btained according to the analytical procedure were used to per-
orm the study. The amount of Pd2+ was added in the range
–15 �g/cycle. Fig. 3 shows that for multi-element determi-
ation, Pd2+ in the amount of 10 �g was sufficient to get a
ood sensitivity. When the amount of Pd2+ was over 10 �g,
he sensitivity of these elements did not have the correspondent
ncreasing.

.1.4. Effect of pH
The effect of pH was investigated by the experiments carried

ut using 100 ml ultrapure water spiked with 4.0 �g l−1 levels
f As(III), Se(IV) and Sb(III), respectively. The similar experi-
ents spiked with As(V), Se(VI) and Sb(V) were also performed

n the same way. As descried in the analytical procedure, the
nvestigation for the spiked solutions was performed at the dif-
erent pH. The results are presented in Fig. 4. The curves display
hat in the pH range 2–4, the separation of the inorganic species

etween the low and high oxidation state was very complete with
b-PDC copreciptant. The inorganic species of As(III), Se(IV)
nd Sb(III) reacted with APDC to form stable complexes in the
queous solution, and were quantitatively coprecipitated with

F
S
8

ge. Atomization temperature: 2300 ◦C; enrichment rate: 20; injected volume:

b-PDC in the pH range 2–4. At pH <2, some coprecipitate
ere dissolved, so the recoveries were lower than those in pH
–4. The general trend observed on As(V) indicates when pH
as changed from 6 to 11, the recoveries increased slightly. As
iscussed by Sun and Yang [16], it is attributed to the precipitate
f Pb3(AsO4)2. However, the inorganic species of As(V), Se(VI)
nd Sb(V) cannot react with APDC to form any complexes with
PDC under the investigated conditions. Therefore, the selec-

ive separation of As(III), Se(IV) and Sb(III) in the presence of
s(V), Se(VI) and Sb(V) is possible at pH 2–4. The results are

imilar to those in Sun and Yang [16]. The rest of investigations
ere at pH 3.0.

.1.5. Effect of coprecipitants
APDC system can perform a selective extraction of As(III),

e(IV) and Sb(III) in presence of As(V), Se(VI) and Sb(V),
hich has been reported by Y.C. Sun et al., and the separation
f single element with the system was also reported [15,18].
ig. 3. Effect of amount of paladium on determination for 5.0 �g l−1 of As(III),
e(IV) and Sb(III). Atomization temperature: 2300 ◦C; pyrolysis temperature:
00 ◦C; enrichment rate: 20; injected volume: 20 �l.
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Fig. 4. Effect of pH on the recoveries of 4.0 �g l−1 of As(III), S

ecessary for the experiments carried out according to the rec-
mmended analytical procedure. The curves in Fig. 5 indicate
hen APDC concentration was raised up to 150 mg l−1 in the

olution, the recoveries kept 95% stably; after that no obvious
hange on recoveries was observed. However, as discussed in
ection 3.1.2, the concentration of APDC had directly effect
n the reproducibility of results. In addition, with increasing
oncentration, the dispersing of Pd2+ in sample became more
ifficult so that the function of modifier was minimized. Con-
idering the factors, a suited concentration was 150.0 mg l−1 for
PDC.
The optimization of the amount of Pb(NO3)2 was similar to

he above investigation for APDC. The results in Fig. 6 display
hat without Pb(NO3)2, there was some detected compounds
ormed by APDC and these detected elements. The general
rends for these element show that the recoveries of As and
b were independent on the amount of Pb(NO3)2 when up to
7.5 mg l−1; while the concentration of Pb(NO3)2 was more
han 50.0 mg l−1, the recoveries of Se were found to decrease
ith increasing concentration of Pb(NO3)2. The phenomenon

or minimizing of Se is possible in the case that with increas-
ng concentration of Pb(NO3)2, APDC was much precipitated,

nd the remained APDC was provided to As and Sb prior
o Se. Finally, a 40.0 mg l−1 concentration of Pb(NO3)2 was
pplied.

ig. 5. Effect of concentration of APDC on the recoveries of 4.0 �g l−1 of
s(III), Se(IV) and Sb(III) coprecipitated with Pb-APDC; enrichment rate: 20.

S
t
a
S

F
A

and Sb(III) coprecipitated with Pb-APDC; enrichment rate: 20.

.1.6. Effect of stirring time
To understand the effect of stirring time on the recover-

es, 4.0 �g l−1 of sample solutions (As(III), Se(IV) and Sb(III))
ere investigated under the above optimal coprecipitation condi-

ions. Stirring time of 0–30 min was performed. The recoveries
or these elements exceeded 95% up to 10 min; with increas-
ng stirring time, the recoveries for these elements were kept.
herefore, 10 min of stirring time was chosen for the subsequent
xperiment.

.1.7. Effect of sample volumes
In order to explore the possibility of enriching trace amounts

f elements from large volumes, the maximum applicable sam-
le volumes must be determined. For this purpose 50, 100, 200,
00, 400 and 500 ml of sample solutions (containing 400 ng
f As(III), Se(IV) and Sb(III), respectively) were used under
he optimal coprecipitation conditions. As shown in Fig. 7, the
ecoveries of As, Se and Sb are quantitative (>95%) up to 300 ml
f sample volume. It makes rate of enrichment be increased from
0 to 60, enlarges the detecting range for these trace elements.

.1.8. Effect of coexisting ions
The effect of the coexisting ions on the recovery of As(III),
e(IV) and Sb(III) was investigated under the optimal condi-
ions. The coexisting ions and their concentrations in this study
re listed in Table 2. The sample solutions of 4.0 �g l−1 (As(III),
e(IV) and Sb(III)) containing a different foreign ion were sep-

ig. 6. Effect of concentration of Pb(NO3)2 on the recoveries of 4.0 �g l−1 of
s(III), Se(IV) and Sb(III) coprecipitated with Pb-APDC; enrichment rate: 20.
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ig. 7. Effect of sample volume. The amount of As(III), Se(IV) and Sb(III) is
00 ng, respectively; enrichment rate: 20.

rately pretreated according to the analytical procedure. The
esults obtained in Table 2 suggest that the presence of the
nions had no obvious influence on the determination under
he selected conditions; Co2+, Ni2+ and Cu2+ had the posi-
ive effect on determination owing to acting as modifiers on
he atomization of analyte ions. However, the positive effect
an be neglected because the several ions in actual samples are
n low content. The other cations did not obviously impact on
etermination.

.2. Calibration and precision

For the determination of total As, Se and Sb in solution sam-
les, as described in previous paper [19], a linear relationship
etween the intensity of the integrated absorbance (measured as
eak area) and the concentration for each element was obtained
y using a 5.0 �g l−1 of mixed standard solution according to
he recommended analytical procedure. The precision of this
ethod was studied for reproducibility and expressed as the rel-
tive standard deviation for a mixed solution of standards of As,
e and Sb. R.S.D. (%) (n = 5) values for peak area were 2.4, 3.3
nd 6.8%, respectively.

able 2
ffect of foreign ions on the recoveries of 4.0 �g l−1 of As(III), Se(IV) and
b(III) coprecipitated with Pb-PDC

on Concentration Recovery (%)

Added (mg l−1) As(III) Se(IV) Sb(III)

a+ 10,000 97 104 94
+ 100 100 95 97
a2+ 100 98 97 96
g2+ 100 91 97 101
u2+ 1.0 109 110 109
o2+ 1.0 113 95 107
i2+ 1.0 123 101 107
e3+ 1.0 98 96 99
l3+ 1.0 96 98 101
O4

2− 100 100 95 97
O4

3− 100 103 91 101
l− 15,000 97 104 94
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A 5.0 �g l−1 of mixed standard solution was used to obtain
he calibration curves of As(III), Se(IV) and Sb(III) by using
he optimum conditions described above. The calibration curves
ere linear in concentration range from determination limit

ten times the signal-to-noise ratio (S/N)) to 5.0 �g l−1 for
ach element (R = 0.9997 for As(III), 0.9999 for Se(IV), and
.9978 for Sb(III)). Detection limits, defined as three times the
ignal-to-noise ratio, were found to 0.10, 0.06, and 0.14 �g l−1,
espectively (C = 2.5 �g l−1, n = 5).

.3. Applications of analysis

The evaluation of the validation of analytical method for
imultaneous speciation of As, Se and Sb is difficult owing to
he absence of certified reference material for these species of
he three elements. In addition, the lack of the stability of com-
ounds of these elements through analytical process results in
he difficulty of speciation of these elements. To date, no reliable
tudies on the stability of these elements species in river water
nd seawater have been published. Therefore, a study on the
oexistence of As(III)/As(V), Se(IV)/Se(VI) and Sb(III)/Sb(V)
as achieved for ultrapure water and tap water for the ana-

ytical process. The ultrapure water spiked with As(III)/As(V),
e(IV)/Se(VI), Sb(III)/Sb(V) separately were used to carry out

he investigation as described in the analytical procedure. The
esults obtained in Table 3 indicate that the spiked As(III) and
e(IV) were almost completely recovered, but recoveries of
b(III) were up to 120%. For these species of Sb spiked in ultra-
ure water, the conversion of the different oxidation states of the
ame element occurred due to the difference of preserved con-
ition for the low/high oxidation states; consequently, some of
pecies of Sb(V) was converted to those of Sb(III). The similar
nvestigations were carried out with tap water instead of ultra-
ure water. The results show that As(III), Se(IV) and Sb(III)
ere not found in tap water without addition for these ele-
ents, but 10% As(III), 20% Se(IV) and 100% Sb(III) were

ound for the tap water spiked with these elements. Obviously,
he matrices in tap water are more complex than that in ultra-
ure water. Therefore, the species of As(III) and Se(IV) are
nstable, compared with those of Sb(III) in tap water. Further-
ore, it also indicates that matrices in samples have impact on

he species of these elements. In order to gain more accurate
esults for speciation, the stable species of As(III) and Se(IV)
re necessary for speciation analysis. Therefore, for the above
nvestigations on tap water spiked with these elements, APDC
as added prior to the adjustment of pH. The subsequent proce-
ure was same as listed in the analytical procedure. The results
in Table 3) obtained according to the adjusted analytical pro-
edure indicate that the spiked As(III), Se(IV) and Sb(III) in
ap water were almost recovered up to 95%. Clearly, APDC
cts as a stable reagent for As(III), Se(IV) and Sb(III) in tap
ater.
The research [1,11] shows that As(III) and Sb(III) are eas-
ly converted to As(V) and Sb(V) in river water or seawater
ithout interference; As(V) and Sb(V) become main species

n the two samples after sampling. Therefore, these elements
n the samples should be determined as soon as possible to
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Table 3
Recovery test for inorganic As(III, V), Se(IV, IV) and Sb(III, V) in a mixed solution for pure water and tap water

Samples Added (�g l−1) Found ± � (�g l−1)

As(III) As(V) Se(IV) Se(VI) Sb(III) Sb(V) As(III) As(V)a Se(IV) Se(VI)a Sb(III) Sb(V)a

Pure water 2.0 3.0 2.0 3.0 2.0 3.0 1.9 ± 0.2 2.8 1.8 ± 0.2 3.0 2.4 ± 0.2 2.6
– – – – – – N.D. N.D. N.D. N.D. N.D. N.D.

Tap waterb 3.0 3.0 3.0 3.0 3.0 3.0 3.1 ± 0.2 2.9 2.9 ± 0.1 3.0 3.1 ± 0.2 2.8

N.D.: not detected; mean ± range, n = 3.
a The calculated value for As(V), Se(VI) and Sb(V).
b In Tokyo (07.15, 2006); enrichment rate: 20.

Table 4
Analytical results for water samples and several literature values

Samples Concentration (�g l−1)

As(III) As(V)a Total As Se(IV) Se(VI)a Total Se Sb(III) Sb(V)a Total Sb

River waterb 0.54 ± 0.03 1.02 1.56 ± 0.05 N.D. N.D. N.D. 0.42 ± 0.03 0.44 0.86 ± 0.05
Sea waterc 0.40 ± 0.01 0.66 1.06 ± 0.06 N.D. N.D. N.D. 0.60 ± 0.04 0.37 0.97 ± 0.06
[16] 0.027 1.061 – 0.053 0.062 – 0.025 0.126 –
[7] 1.209 0.265
[14] 0.20 0. 23

N.D.: not detected; mean ± range, n = 3.
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a The calculated value for As(V), Se(VI) and Sb(V).
b Edogawa, Tokyo (07. 28, 2006).
c Pacific in Inage coast in Chibaken (08.04, 2006); enrichment rate: 20.

et a good data after sampling. According to analytical pro-
edure for real sample, the obtained results for determination
f As, Se, and Sb in surface seawater and river water samples
re shown in Table 4. These values for total As are compa-
able to those reported in the literature for seawater and river
ater.

. Conclusions

A simple and rapid analytical method for the determination
f inorganic As(III)/As(V), Se(IV)/Se(VI) and Sb(III)/Sb(V) in
nvironmental water samples with GF-AAS was described. Spe-
iation analysis was carried out by the two analytical procedures.
he determination of total As, Se and Sb was studied in our pre-
ious work; the determination of As(III), Se(IV) and Sb(III) was
nvestigated in detail. The concentrations of As(V), Se(VI) and
b(V) in sample solution could be calculated by the difference
etween the two determinations. The proposed method has been
pplied to the determination of trace amounts of As(III)/As(V),
e(IV)/Se(VI) and Sb(III)/Sb(V) in river water and seawater.
cknowledgements
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ure, Sports, Science and Technology (MEXT) in Japan.

[

[
[
[

eferences

[1] K.A. Francesconi, D. Kuehnelt, Analyst 129 (2004) 373.
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bstract

In the present study, the interactions between actinomycin D (ActD) and single stranded DNA (ssDNA) 5′-CGTAACCAACTGCAACGT-3′

nd a duplex stranded DNA (dsDNA) with this sequence were investigated by microchip-based non-gel sieving electrophoresis and electrospray
onization mass spectrometry (ESI-MS). The ssDNA was designed according to the conserved regions of open reading frame 1b (replicase 1B)
ollowing the Tor 2 SARS genome sequence of 15611-15593. The binding constants of the interactions between ActD and ssDNA/dsDNA were
8.3 ± 0.32) × 106 M−1 (ssDNA) and (2.8 ± 0.02) × 105 M−1 (dsDNA), respectively, calculated from microchip electrophoresis via Scatchard plot.
he binding stoichiometries were 1:1 (single/1ActD molecule) and 1:2 (duplex/2ActD molecules) calculated from microchip electrophoresis, and
he results were further verified by ESI-MS. The results obtained by these two methods indicated that ActD bound much more tightly to ssDNA
sed in this work than dsDNA. Furthermore, this is shown that the microchip-based non-gel sieving electrophoresis method is a rapid, highly
ensitive and convenient method for the studies of interactions between DNA and small molecule drugs.

2006 Published by Elsevier B.V.
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. Introduction

A wide variety of physical and chemical techniques have
een used to study ligand–DNA binding, from the simple mea-

urement of UV absorption and melting temperature to highly
nformative methods including nuclear magnetic resonance
pectrometry (NMR) [1–3], X-ray [4,5], mass spectrometry

Abbreviations: ActD, actinomycin D; CD, circular dichroism; dsDNA,
ouble-stranded DNA; ESI-MS, electrospray ionization mass spectrometry;
IV, human immunodeficiency virus; HPMC, hydroxyprolymethyl cellu-

ose; NMR, nuclear magnetic resonance spectrometry; PMMA, poly(methyl
ethacrylate); ssDNA, single-stranded DNA
∗ Corresponding author at: Department of Laboratory Medicine, Guangzhou
irst Municipal People’s Hospital, Affiliated of Guangzhou Medical College,
10180 Guangzhou, PR China. Tel.: +86 2 81048082; fax: +86 20 81045258.
∗∗ Corresponding author. Fax: +86 411 84379059.

E-mail addresses: zhouximi@yahoo.com (X. Zhou), bclin@dicp.ac.cn
B. Lin).
1 Now is working at the Department of Chemistry, Colorado State University,
ort Collins, CO 80523, USA.
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ction; Electrospray ionization mass spectrometry

MS) [6], circular dichroism (CD) [7], gel footprinting [8,9],
uorescence [3], equilibrium dialysis [10], and capillary elec-

rophoresis (CE) [11–13]. However, NMR, X-ray, MS, CD and
uorescence not only require expensive equipments and elab-
rate procedures for sample purification prior to analysis, but
lso are tedious, time-consuming, and requiring a large sample
ize. Among the above-mentioned methods, CE is a powerful
ethod with low sample consumption and short analysis time for

tudying the interactions of DNA-drugs [11]. Many biomolecule
nteracting systems such as protein–DNA, DNA–peptide,
rotein–protein, protein–drug, antibody–antigen, peptide–drug,
eptide–carbohydrate, peptide–dye and carbohydrate–drug
ave been studied using CE techniques [14]. As a new method
ombining the CE technology and the microfluidic platform,
icrochip electrophoresis has the potential to study molecu-

ar interactions [15]. There are few reports on characterization

r quantification determination of the binding constants by
icrochip-based electrophoresis [16,17], and there is no report

or the study of the interactions between DNA and small
olecules by microchip electrophoresis.
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Microchip electrophoresis has being studied as a highly
romising method for rapid and sensitive analysis, and is widely
pplied to genetic analysis [18,19], drug discovery [20], clinical
iagnostic [21–23], proteomics [24,25] and so on [26–28]. The
anipulation and transportation of analytes in microchip devices

s based on electrokinetic phenomena, e.g., electrophoretic and
lectroosmotic effects. Buffer and sample flow within the chan-
el network can be precisely controlled through high voltages
pplied on the buffer/sample reservoirs. The technique allows
he manipulation of picoliter volumes with high precision that
ltimately leads to performance equivalent to or exceeding cur-
ent techniques. In contrast to conventional CE, the higher
urface-to-volume ratio in microchip devices results in better
eat dissipation, therefore, allows separations at higher field
trengths. In a word, compared with conventional bench-scale
ystems, the advantages of microchip electrophoresis are numer-
us, such as less reagent consumption, low manufacturing costs,
ncreased performance, faster analysis, high sample throughput,
ntegration and automation possibility, and disposability [29,30].

ActD’s biological activity has been attributed to binding
bility with the double-stranded DNA (dsDNA) through the
ntercalation onto the planar phenoxazone ring into the dou-
le helix and then forming a stable complex with DNA and
locking the movement of RNA polymerase that interferes with
NA-dependent RNA synthesis [31,32]. However, recent dis-

overy showed that the sequence-specific ActD binding to single
trand DNA (ssDNA) could inhibit human immunodeficiency
irus (HIV) reverse transcriptase and other polymerase [33].
rugs with high selection for single-stranded forms of the HIV
enome should cause minimal damage to the host genome DNA.
ctD could inhibit HIV reverse transcriptase and other poly-
erase. This result provides useful information for the treatment

f new disease caused by some new viruses. The severe acute
espiratory syndrome-associated coronavirus (SARS-CoV) is a
ew viral RNA coronavirus with single-stranded forms of SARS
enome that causes an acute respiratory illness in this century
21]. It is worth studying whether or not ActD also play a role
n inhibiting SARS-CoV.

To our knowledge, no article concerning the research of
ctD–oligonucleotides interactions and even quantitative deter-
ination of the binding constants and stoichiometries was

eported using microchip electrophoresis. In the present work,
e explored the interactions between 18-mer ssDNA with a

equence of 5′-CGTAACCAACTGCAACGT-3′, or the 18-mer
sDNA and ActD by microchip electrophoresis. The peak height
f DNA was monitored to get practical data. The binding
onstants and stoichiometries were obtained using Scatchard
nalysis. To validate the results provided by microchip elec-
rophoresis, the stoichiometries of ActD and oligonucleotides
ere compared with ESI-MS data.

. Materials and methods
.1. Materials

ActD was purchased from AMRESCO Inc. (30175
olon Industrial, Parkway, Solon, OH, USA). The single-

b
c
d
h

2 (2007) 561–567

tranded DNAs of 3′-GCATTGGTTGACGTTGCA-5′ and
′-CGTAACCAACTGCAACGT-3′, whose sequence were
esigned according to the conserved regions of open reading
rame 1b (replicase 1B) following the Tor 2 severe acute res-
iratory syndrome (SARS) genome sequence of 15611-15593
23], were purchased from the TaKaRa Biotechnology Co.,
td. (Dalian, China). A 100 mM Tris (tris(hydroxymethyl)-
ethylamine, Sigma)/100 mM boric acid/2 mM EDTA buffer

TBE)/2.0% hydroxyprolymethyl cellulose (HPMC) (HPMC,
0 cps. Sigma Chemical Co., St. Louis, MO)/with a pH 8.5 was
sed as running buffer in the experiment. A 1 �mol/L SYTOX
range nucleic acid stain (Molecular Probes, Eugene, OR) solu-
ion was prepared in 2.0% HPMC TBE buffer in order to label
NA on-line. All buffer solutions were prepared in doubly dis-

illed water.

.2. Sample preparation

For microchip electrophoresis analysis, each of the ssDNAs
as dissolved in 10 mM Tris/50 mM NaCl/1 mM EDTA buffer

pH 8.5) to prepare the 18-mer dsDNA by the annealing test.
qual aliquots of the equimolar ssDNAs (50 �L) were mixed,
nd then was annealed by heating to 96 ◦C for 6 min to obtain the
sDNA and cooled to room temperature slowly (about 2–3 h).
he 20 �L of the solution containing the annealed dsDNA

0.1 �M) or the ssDNA was incubated with a 20 �L of ActD with
ifferent concentration (in water) in a 37 ◦C water bath for 2 h
rior to analysis. For ESI-MS analysis, sample preparation was
erformed as follows: the 16.7 ng non-self-complementary 18
ases single strands were separately diluted into 100 �M stock
olutions with 1 M ammonium acetate. After a 50 �L of each
on-self-complementary stock solution was mixed, the solution
f 100 �L was annealed by heating to 85 ◦C for 10 min and cool-
ng to room temperature slowly (over 3 h). Then 20 �L of the
olution containing the annealed duplex DNA was interacted
ith 30 �L of the different �M ActD (in water) to make the

omplex in a 37 ◦C water bath for 2 h. Each 50-�L solution
ontaining the complex was diluted with spray solvent (50/50,
/v, MeOH/100 mM aqueous ammonium acetate) to 100 �L for
ass spectrometry analysis.

.3. Microchip electrophoresis analyzer

The homemade microchip analytical apparatus with a 532 nm
avelength laser used in this study was illustrated in our lit-

ratures [21,34]. In brief, the output radiation (532 nm) from
n air-cooled LD-pumped solid-state laser (20 mW) (Mektec
eiwa Corporation, Beijing, China) passes through a 532 nm fil-

er (Omega Optical, Brattleboro, VT). The beam is reflected by
dichroic beamsplitter tube (Omega Optical) and focused into

he channel through a 20× microscope objective (0.4 N.A). The
mission signal is collected by the same objective and trans-
itted back through the dichroic beamsplitter. The emission
eam passes through a 570 nm bandpass filter (Omega Opti-
al), which may be alternated easily to fit a wide selection of
yes, and is focused by a focusing lens through a 400 �m pin-
ole. The photomultiplier tuber (R212, Japan) is mounted in
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n integrated detection module including high voltage power
upply, voltage divider, and amplifier. The focus was finished
y a charge coupled device (CCD) camera. The whole optical
ystem was installed on the X–Y–Z translational stage (3D micro-
anipulator, which adjusting precision is 1 �m) and the focus

an be controlled via picture displayed on the screen.

.4. Microchip

The homemade poly(methyl methacrylate) (PMMA)
icrochips used in this study were depicted in our former

ublications [35,36]. In brief, there are three suits of capillary
hannels on one microchip chip. Each reservoir volume is
3 �L.

.5. Microchip electrophoresis

Separations were carried out using a homemade microchip
lectrophoresis analyzer described above. A PMMA microchip
as used with an effective length of 4 cm and a total length of
.5 cm. Buffer and separation media were pipetted into reser-
oirs, and the microchannels were filled by applying vacuum
n one of the reservoirs. Sample was pipetted into the sample
eservoir, and, the platinum electrodes were dipped into all reser-
oirs. After the run was finished, the microchannels were rinsed
ith distilled water. The pretreatment of the channel walls did
ot need before separation. The conditions for each run were as
ollows: the injection voltage and time were 400 V/cm and 30 s,
espectively. The separation voltage and time were 130 V/cm
nd 220 s, respectively.

.6. Quantitative model of the binding assay

Regarding molecular interactions, the binding constant is an
mportant parameter. Scatchard analysis is a common way to
inearize the binding data, and the model can be expressed as
quation:

r

Cf
= −Kr + nK

here r is the ratio of concentrations of the bound ligand (or
eceptor) to total receptor (or ligand) and Cf is the unbound
igand (or receptor) concentration. K is the apparent binding con-
tant and n is the number of binding sites [37]. In the microchip
lectrophoresis section of this work, r is the ratio of concentra-
ion of the bound DNA to total ActD in the reacting solution.

.7. ESI-MS with an ion-trap mass spectrometer

Mass spectrometric measurements were carried out with a
innigan LCQ ion trap instrument (Thermo Finnigan, San Jose,
A) equipped with a standard heated capillary electrospray

ource. Since DNA is a kind of negatively charged polyelec-

rolyte at neutral pH, the electrospray source was operated in
he negative mode, with a needle voltage of −4 kV. To obtain

good spray, it was necessary to add 25% methanol to the
njected solution. Methanol was added just before injection, after

r
c
g
a

2 (2007) 561–567 563

he complexation equilibrium in NH4OAc was established. The
olutions containing noncovalent complexes, single-stranded
NA or double-stranded DNA were infused at 3 �L/min directly

nto the mass spectrometer. The spray voltage was 4.0 kV. The
apillary temperature was 175 ◦C. Sheath gas flow rate was
0 arb. Auxiliary gas flow rate was 5 arb. Tube lens offset voltage
as 55 V. Lens voltage was 50 V. Multipole 1 offset voltage was
V. Multipole 2 offset voltage was 10.5 V. Entrance lens was
0 V. The N2 bath gas flow was increased by approximately 1.5
imes volume more than that normally used for electrospray at
00 ◦C to ensure efficient desolvation. The analyzer was oper-
ted at a background pressure of 1.79 × 10−5 Torr, as measured
y a remote ion gauge. In all experiments, helium was intro-
uced to an estimated pressure of 1 mTorr for improving the
rapping efficiency. Data were collected for approximately 10
cans and analyzed with both the instrument software and the
CIS software developed by the manufacturer.

. Results and discussion

The experimental results showed that the relative standard
eviations (R.S.D.) of the migration time and peak height for
8-mer ssDNA peak and dsDNA are 1.29% and 4.22%, 1.31%
nd 4.75%, respectively. They show that the run-to-run repro-
ucibility is good.

In general, the LIF method may cause disturbances at the
inding sites of the biomolecules because it is necessary to use
fluorigenic labeling or to need a derivatization reaction. If the

nteractions of ligand–DNA were completed before DNA was
abeled by the fluorescence dye, disturbance at the binding sites
f the biomolecules might be avoided. Therefore, separation and
nalysis with on-line labeling DNA on microchips were carried
ut after the interactions of ActD and 18-mer dsDNA happened.
eanwhile, many marcobiomolecules are prone to be adsorbed

lectrostatically on the surface of plastic channel and, in general,
his phenomenon is unfavorable, or even fatal for the analysis of
acrobiomolecules. In our experiments, the use of hydroxypro-

ymethyl cellulose as an additive that gave a dynamical coating in
he running buffer could suppress the electroosmotic flow (EOF)
s well as the adsorption of DNA to the PMMA channel wall, the
hannel was dynamically coated with hydroxyprolymethyl cel-
ulose; on the other hand, hydroxyprolymethyl cellulose worked
s a sieving matrix of DNA fragments separation.

.1. The interaction between ActD and ssDNA or dsDNA

Standard samples containing 0.0127–1.27 �M of the 18-mer
sDNA or 0.005–0.3 �M of the 18-mer dsDNA were analyzed
y microchip electrophoresis. The peak height of each sample
as proportional to the concentration of ssDNA or dsDNA. The

elationships between peak height and ssDNA or dsDNA con-
entration could be expressed as y = 252.59x − 1.73 (r = 0.998)
nd y = 1151.7x + 0.55 (r = 0.997), respectively. Then the cor-

esponding concentrations of ssDNA in the binding assay were
alculated from this calibration curve. Fig. 1 shows electrophoer-
raphs of interaction between 0.127 �M 18-mer ssDNA (5′–3′)
nd various concentrations of ActD. Fig. 2 shows electro-
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ig. 1. Electrophoergraphs of interaction between 0.127 �M 18-mer ssDNA
5′–3′) and various concentrations of ActD. (a) 0 �M ActD; (b) 0.1 �M ActD;
c) 0.3 �M ActD; (d) 0.8 �M ActD; (e) 1.25 �M ActD.

herograms of 0.05 �M 18-mer dsDNA mixed with various
oncentrations of ActD. When a mixture of ssDNA or dsDNA
nd ActD was injected into the channel of microchip, SYTOX
range dye in the buffer intercalated the 18-mer ssDNA or
sDNA, and thus the ssDNA or dsDNA could be detected.
hen the dye could not intercalate ActD, which could not be
etected in the assay. With increasing the concentrations of
ctD, the peak heights of ssDNA or dsDNA fall as shown in
igs. 1 and 2. Since the fluorescent dye reacted with free DNA,

he observed signals represent the fraction which did not bind
o ActD. When the concentration of ActD was excessive, the
eaks of ssDNA and dsDNA could be not detected. This is a
asic for the quantitative determination. The ActD contributed
ositive charges to DNA, therefore, the complex became neu-
ral or near-neutral. As a result, through an electro-migration

njection mode, the complex might not be loaded into separa-
ion channel or, although there were a few complexes injected,
eparation time was too short to detect them in the separation
onditions using the dynamoelectric injection mode.

ig. 2. Electropherograms of 0.05 �M 18-mer dsDNA mixed with various con-
entrations of ActD. (a) 0 �M ActD; (b) 0.25 �M ActD; (c) 0.5 �M ActD; (d)
.75 �M ActD; (e) 1.0 �M ActD.
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To quantitatively characterize the interaction between ActD
nd the 18-mer ssDNA or dsDNA, the concentrations of free
sDNA and free dsDNA were calculated from the calibration
urves, and thus the r-values were obtained. Two K were cal-
ulated to be (8.3 ± 0.32) × 106 M−1, (2.8 ± 0.02) × 105 M−1

rom the slope, respectively. When the intercept was divided by
he slope, a value of 1.22 ± 0.11 or 1.96 ± 0.1 for n was obtained.
hese results indicated the binding stoichiometries for ssDNA
nd dsDNA were 1:1 and 1:2, respectively. The results were in
ood agreement with the data obtained using the spectropho-
ometer by Wadkins and Jovin [38] and Sha [11]. Compared
ith the above two binding constants, the results indicated that
ctD bound much more tightly to the single strand than DNA
elix with a specific sequence in SARS genome sequence.

.2. Electrospray of single and duplex
ligodeoxynucleotides

To easily understand the ESI spectra of oligonucleotides
nd their complex (oligonucleotide–ActD), ssDNA and dsDNA
ere analyzed by ESI-MS. The oligonucleotides concentration
as optimized as 10 �M. Fig. 3 shows the ESI/spectra of 10 �M

olutions of 18-mer single-stranded oligonucleotides (A and B)
nd annealed 18-mer dsDNA (C). Figs. 3A or 4B shows that the
ingle-stranded DNA with four negatively charged is dominat-
ng, and then the duplex DNA with six negatively charged is in
he majority, a small quantity of single-stranded DNAs with four
egatively charged, which are 3′-GCATTGGTTGACGTTGCA-
′ and 5′-CGTAACCAACTGCAACGT-3′, appeared in Fig. 3C.
hese results are in favor of estimating the noncovalent complex
f ActD and 18-mer dsDNA.

To detect the noncovalent duplex in the gas phase using
SI-MS, we referenced the reported method [40]. In brief,

he non-self-complementary strands in 1 M ammonium acetate
ere annealed and the annealed sample in 100 mM ammonium

cetate was sprayed. The molar numbers of the ssDNAs added
ere equal, and the duplex DNA was inspected by microchip

lectrophoresis. Distinctly, the annealing process insures duplex
ormation for non-self-complementary oligodeoxynucleotides.
SI/MS spectra of two complementary ssDNA and dsDNA in
ig. 3 show that the single or duplex stranded oligonucleotides
o not form any nonspecific aggregation of duplex. These results
avor the subsequently observation of dsDNA and its nonco-
alent complexes between drug and duplex oligonucleotides.
SI-MS can reveal binding stoichiometry for relatively small
mounts of material and study the noncovalent complexes
f small organic molecules to single-[6] and double-stranded
39–41] oligonucleotides.

.3. Observation of noncovalent complexes between ActD
nd 18-mer ssDNA or 18-mer dsDNA

The solution was injected to ESI-MS and the binding sto-

chiometry was measured by mixing ssDNA or dsDNA with
ctD in a 1:1 molar ratio. Fig. 4A shows a 1:1 ssDNA/ActD

omplex is mostly product. Therefore, ActD has 1:1 binding
toichiometry. Because the ion-trap instrument here we used
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Fig. 3. ESI/MS spectra of single and duplex oligodeoxynucleotides: (A) 5′-CGTAACCAACTGCAACGT-3′; (B) 3′-GCATTGGTTGACGTTGCA-5′; (C)
d(CGTAACCAACTGCAACGT)2. The designation ss and ds are single-stranded and double-stranded.
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Fig. 4. Product-ion mass spectra (MS/MS) of 5′-CGTAACCAACTG

as an upper mass limit of m/z 2000, we could not get the
hole charge distribution for each species. So, the ration of

he abundance of the even-charge complex to that of the even-
harge free single or duplex was used to evaluate the binding
ffinity. The result in Fig. 4A shows that the ration of the even-
harge ssDNA–ActD complex/the even-charge free ssDNA is
pproximately 3, which indicates that there is stronger binding
ffinity between ActD and 18-mer single-stranded DNA (5′–3′).

hen, the results in Fig. 4B show that the ration of the even-
harge dsDNA–ActD complex/the even-charge free dsDNA is
nly nearly one fourth, which is significantly less than the for-
er, and there are formation of 1:2 oligonucleotide duplex/ActD

s
r

CGT-3′ (A) and d(CGTAACCAACTGCAACGT)2 (B) with ActD.

omplexes and 1:1 oligonucleotide single/ActD complexes. The
bove demonstrated results showed that ActD bound much more
ightly to the single strand used here than double-stranded DNA,
nd ActD has 1:2 binding stoichiometry (18-mer dsDNA/ActD).
his result is in good agreement with that obtained by microchip
lectrophoresis.

. Conclusion
The microchip electrophoresis has been proved to be a
uccessful method for studying ligand–DNA interactions. The
esults from both microchip electrophoresis and ESI-MS showed
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bstract

A Prussian Blue (PB)/polyaniline (PANI)/multi-walled carbon nanotubes (MWNTs) composite film was fabricated by step-by-step electrode-
osition on glassy carbon electrode (GCE). The electrode prepared exhibits enhanced electrocatalytic behavior and good stability for detection of
2O2 at an applied potential of 0.0 V. The effects of MWNTs thickness, electrodeposition time of PANI and rotating rate on the current response of

he composite modified electrode toward H2O2 were optimized to obtain the maximal sensitivity. A linear range from 8 × 10−9 to 5 × 10−6 M for

2O2 detection has been observed at the PB/PANI/MWNTs modified GCE with a correlation coefficient of 0.997. The detection limit is 5 × 10−9 M
n signal-to-noise ratio of 3. To the best of our knowledge, this is the lowest detection limit for H2O2 detection. The electrode also shows high
ensitivity (526.43 �A �M−1 cm−2) for H2O2 detection which is more than three orders of magnitude higher than the reported.

2006 Elsevier B.V. All rights reserved.
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. Introduction

With their unique electronic and mechanical properties, car-
on nanotubes (either multi-walled or single-walled carbon
anotubes) are of great interest for the fabrication of new classes
f advanced materials [1]. In addition, the ability of carbon
anotubes (CNTs) to promote the electron-transfer reactions of
mportant molecules, such as cytochrome c [2], ascorbic acid
3], neurotransmitters [4], NADH [5] and H2O2 [6,7], have made
hem attractive for the construction of various electrochemical
ensors. Recently, conducting polymer/CNTs composites have
eceived significant interest because the incorporation of CNTs
n conducting polymers can lead to new composite materials
ossessing the properties of each component with a synergis-
ic effect that would be useful in particular applications [8].

mong the various conducting polymers, polyaniline, a partic-
lar conducting polymer with a high application potential, has
ecome the most attractive one because of its facile preparation,

∗ Corresponding author at: Materials & Thermochemistry Laboratory, Dalian
nstitute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023,
hina. Tel.: +86 411 84379213; fax: +86 411 84379213.
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osite; H2O2

igh conductivity and good environmental stability. PANI/CNTs
omposites have been prepared by electropolymerization of ani-
ine [9] or in situation chemical polymerization [10] which have
mproved the electrical conductivity, electrochemical capaci-
ance and electrocatalytic properties of the polymers [11].

On the other hand, Prussian Blue, known as an “artificial
eroxidase” [12], has high electrocatalytic activity, stability and
electivity for H2O2 electroreduction. It has been extensively
tudied and used for H2O2 detection [13,14]. It is superior to
oble metal such as platinum or platinised electrodes which
etect H2O2 through its oxidation at anodic potential (>+0.6 V,
g/AgCl) [15]. Many substances, such as uric acid and ascorbic

cid, normally present in biologic samples, can also be elec-
rochemically oxidized at such a potential, which may cause
n interfering response in the quantization of substrate con-
entration. Low-potential detection of H2O2 is also possible
ith peroxidase modified electrodes [16–19]. Despite the low
etection limits achieved, peroxidase electrodes demonstrate
aturation with the H2O2, which affects linear calibration range.

n addition, peroxidase electrodes are usually less selective rel-
tive to oxygen. Moreover, the use of the enzyme obviously
eteriorates transducer properties because of its instability and
igh cost.
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Monitoring of low levels of H2O2 is of great importance for
odern medicine, environmental control, and various branches

f industry [20,21]. Many of the sensors so far developed show
satisfactory sensitivity for the detection relatively lower con-

entration of H2O2 and the possibility to detect H2O2 down to
0−8 M is achieved. But monitoring of lower H2O2 levels is sig-
ificance both in clinical diagnostics and environmental control
13].

Prussian Blue films have been deposited on a variety of sur-
aces, the most common being glassy carbon [12–14], graphite
22], Pt [23] and carbon fiber [24]. To our knowledge, there is
o literature which electrodeposits PB on MWNTs substrate for
2O2 detection. The authors of the present paper have studied
lucose biosensor based on platinum catalyst and porphine [25].
n this work, a PB/PANI/MWNTs composites modified elec-
rode has been fabricated by step-by-step electrodeposition on
CE. Cyclic voltammetry (CV) was used to investigate the elec-

rochemical behavior to the reduction of H2O2 of the modified
lectrode. Effects of electrodeposition time of PANI, MWNTs
hickness and rotating rate on amperometric response of the
B/PANI/MWNTs composite modified electrode to H2O2 have
een investigated and discussed.

. Experimental

.1. Reagents

All chemicals from commercial source were of analytical
rade. Aniline (≥99.5%, Shenyang Lianbang Reagent Factory,
hengyang, China) was distilled before experiments. Multi-
alled carbon nanotubes (95% 20–60 nm) purchased from
henzhen Nanotech. Port. Co., Ltd. (Shenzhen, China) were

reated with nitric acid during purification process and then
ltered, rinsed with double-distilled water and dried. Double-
istilled water was used throughout the experiments. A fresh
2O2 aqueous solution was prepared prior to use. 0.1 M phos-
hate buffer solution (PBS, pH 6.5), which was made from
a2HPO4 and NaH2PO4, was always employed as supporting

lectrolyte.

.2. Instruments

Scanning electron microscopy (SEM) images were obtained
y using JSM-6360LV SEM (JEOL, Japan). Electrodeposi-
ion and electrochemical characterization experiments were
erformed with an IM6e electrochemical workstation (Zahner-
lektrik, Kronach, Germany). All electrochemical experiments
ere carried out with a conventional three-electrode system. The
orking electrode was the Bioanalytical Systems (BAS) cav-

ty glassy carbon electrode (3-mm diameter). The rotating disk
lectrode experiments were performed by BAS rotator system in
onjunction with an IM6e. The rotating rate is 3000 rpm when
etect H2O2 unless stated otherwise. An Ag/AgCl (saturated

ith NaCl) reference electrode was used for all measurements,

nd all the potentials were reported in this paper versus this refer-
nce electrode. A platinum wire was used as a counter electrode.
efore all batch amperometric experiments, the potential of each

c
a
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lectrode was held at the operating value, allowing the back-
round current to decay to a steady state value. All experiments
ere performed at room temperature.

.3. Fabrication of the modified electrode

The fabrication of the PB/PANI/MWNTs glassy carbon elec-
rode was summarized as follows. One milligram of purified

WNTs was dispersed in 5 ml dimethylformamide (DMF) with
he aid of ultrasonic agitation to give a 0.2 mg ml−1 black sus-
ension. The GCE was carefully polished with 1.0 and 0.3 �m
-Al2O3 powders successively according to the literature [18],
nd then cleaned ultrasonically in the double distill water and
thanol for a few minutes, respectively. The well-polished GCE
ith a fresh surface was preheated at about 80 ◦C for 30 min.
he GCE was treated by dropping a suspension (15 �l) of the
WNTs in DMF and then dried under an infrared lamp. The
WNT/GCE obtained was thoroughly rinsed with water.
PANI was electrochemically prepared via cyclic voltamme-

ry in a three-electrode cell containing an aqueous solution of
.1 M HCl and 0.1 M aniline. The working electrode was the
WNTs/GCE. The PANI film was obtained on the working

lectrode by cycling between −0.2 and 0.7 V versus Ag/AgCl
t a sweep rate 0.1 V s−1 for 10 cycles. After electrodeposi-
ion, the electrode was rinsed with pure water, and the next
lectrochemical experiment was performed.

PB film was potentiostatically deposited at a potential value
f 0.40 V for 40 s from aqueous solutions of 2 × 10−3 M
3[Fe(CN)6] + 2 × 10−3 M FeCl3 in the supporting electrolyte
.1 M KCl + 0.01 M HCl [26]. After deposition, the modified
lectrode was rinsed with water (pH 5.3) and immersed into a
olution containing 0.1 M KCl + 0.01 M HCl, where the elec-
rode potential was cycled between −0.05 and 0.35 V at a scan
ate of 0.05 V s−1, until a stable voltammetric response was
btained.

. Results and discussion

.1. Effect of the MWNTs thickness

The amount of MWNTs modified on the glassy carbon elec-
rode was one of the important factors to be considered. The
alibration plots for H2O2 obtained at electrode by adjust-
ng thickness of the MWNTs were compared. The sensitivity
ncreased with the MWNTs loading from 5 to 20 �l. When
he magnitude of MWNTs increased, the sensitivity increased,
ut when the amount of MWNTs beyond 15 �l, the sensitivity
ecreased. This may be attributed to too much MWNTs load-
ng on the GCE so as to make the mechanical stability of the

WNTs film rather poor. As a compromise, the amount of
WNTs magnitude of 15 �l was selected in the experiments.

.2. Electropolymerization of aniline
The composites of MWNTs/PANI can be obtained from
hemical polymerization in a solution containing MWNTs and
niline. In the present paper, PANI was deposited on the surface



Y. Zou et al. / Talanta 72

Fig. 1. Cyclic voltammograms recorded during electrochemical deposition of
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olyaniline at a MWNTs/GCE in solutions containing 0.1 M aniline and 0.1 M
Cl. Potentials were swept between −0.2 and 0.7 V (vs. Ag/AgCl) with a sweep

ate of 0.1 V s−1.

f MWNTs by an electrochemical potential cycling process. It
as reported that the morphology of the polymer films depended
n the electropolymerization process [27]. To obtain a com-
act and relatively thin film, the electropolymerization of PANI
as performed in the solution of aniline scanning from −0.2 to
.7 V (versus Ag/AgCl) with a sweep rate of 0.1 V s−1 for 10
ull voltammetric cycles. From Fig. 1, it can be seen that there
re three pairs of redox peaks indicating the presence of dis-
rete electroactive regions in the film. Three reversible pairs of
eaks can be distinguished at potentials around +0.15, +0.47 and
0.65 V. The first and the third pairs have been ascribed to the
olaron and bipolaron forms of the PANI [28]. The origin of the
econd peak is much more complex and it has been attributed to
any different intermediates and degradation products (cross-

inked polymer, benzoquinone, etc.) [29]. It is similar to the
eported in the literature [30].

.3. Optimization of electropolymerization condition

The scan cycles in PANI electropolymerization was also
mportant factors to be considered. When the polymer film is
hin, the response time will be increased, whereas the modi-
ed electrode is unstable and the sensitivity is low when the
lm is thick. The sensitivity increases with the increasing of

he scan cycles. When the scan cycles are up to 10 cycles, the
est sensitivity is obtained. The aniline solution was chosen to
e electropolymerized on MWNTs/GCE with a sweep rate of
.1 V s−1 for 10 cycles when the PB/PANI/MWNTs modified
CE was prepared.

.4. Effect of rotating rate

The effect of rotating rate for H2O2 detection was also

nvestigated. Microelectrode can decrease the diffusion polar-
zation effectively, but it generates low currents, which is hardly
etectable with the conventional electrochemical technique. In
he present work, the rotating disk electrode was used for H2O2

i
p
w
g
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etection. When the rotating rate is increased, the response cur-
ent is also increased. The Levich plot (i−1

L versus ω−1/2) is linear
p to 3000 rpm, and after that it reaches the kinetic limitation.
he response current does not increase and keep steady which

s in agreement to the literature [31]. Therefore, the rotating rate
000 rpm was chose for H2O2 detection.

.5. Characterization of the PB/PANI/MWNTs modified
CE

Fig. 2 shows the SEM images of the modified glassy car-
on electrodes at the optimized condition: (a) MWNTs, (b)
ANI/MWNTs and (c) PB/PANI/MWNTs. As shown in Fig. 2a,
he porous MWNTs film has large surface area which provides
n ideal matrix for the distribution of PB. The SEM images also
eveal that the MWNTs, with a diameter ranging from 30 to
0 nm, are well distributed on the surface and that most of the
WNTs are in the form of small bundles or single tubes. Such

mall bundles and single tubes assembled homogeneously on the
ubstrate are believed to be very beneficial for the modified elec-
rode performance because most of the well-dispersed MWNTs
re electrochemically accessible. After electropolymerization
f PANI film on MWNTs modified electrode, the majority of
WNTs has been entrapped in the PANI film (Fig. 2b). From

ig. 2c, it can be seen that Prussian Blue particles are dispersed
n the surface of PANI/MWNTs.

Fig. 3 shows cyclic voltammograms of PB/PANI/MWNTs
odified GCE at various scan rates. The ratio of cathodic to

nodic peak currents is nearly unity. Peak currents vary linearly
ith the scan rates, as shown in the inset of Fig. 3. When the scan

ate is increased the Epc shifts negatively and the Epa shifts pos-
tively. When the scan rate is higher than 200 mV s−1, the wave
hape is distorted severely (�Ep > 200 mV). This indicates that
he electrode reaction becomes electrochemically irreversible
t higher scan rates. Though PB films for H2O2 detection is
ery well established, the operational stability of the PB is not
olved completely because the PB film is unstable in neutral
nd alkaline solution. The hydroxyl ions are known to be able
o break the Fe–CN–Fe bond and solve the PB [32]. Moreover,
russian-White (PW, the reduced redox state of PB at 0.0 V) is

hermodynamically unstable on electrode surfaces, and hydroxyl
ons (produced in the hydrogen peroxide reduction in neutral

edia) may solubilize the inorganic polycrystal. Polypyrrole
ave been used to protect the PB film, but the electropolymer-
zation of Polypyrrole is difficult to control. The polymer film
s usually thick and the response time will be increased [33].

In this work, the PB/PANI/MWNTs modified GCE also
hows good stability after scanned in 0.1 M PBS + 0.1 M KCl
pH 6.5) for 50 cycles with no peak current decrease. It is still
lectroactive and sufficient to catalyze the H2O2 after 300 cycles
n the PBS solution and the decrease of the signal was only 8%
f the initial value. The peak currents decrease slightly after
00 cycles in PBS solution. In our opinion, the good results

n the present paper achieved, similar to these observed in a
revious paper, are due to the proposed method of deposition,
hich involves the chemical synthesis of PB in the presence of
raphite. The treated MWNTs have carboxylic groups similar
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Fig. 2. SEM images of the modified GCEs: (a) M

o those produced with aqua regia on graphite power and the
resence of these groups seems to be good to PB films [34]. On
he other hand, MWNTs increase the surface dimension. The
orous high surface area MWNTs matrix provides a high load-
ng capacity for the deposition of PB particles while the PANI
hin film further stabilizes the PB film.
Fig. 4 shows the cyclic voltammograms obtained with the
B/PANI/MWNTs modified GCE in 0.1 M PBS + 0.1 M KCl
pH 6.5) without H2O2 and with 5 × 10−7 M H2O2, respectively.
n the absence of H2O2, the modified electrode gives no response

ig. 3. Cyclic voltammograms at the PB/PANI/MWNTs/GC electrodes in 0.1 M
BS + 0.1 M KCl (pH 6.5) at different scan rates, from inside to outside: 20, 40,
0, 80, 100 and 120 mV s−1. Insert is the plot cathodic and anodic peak current
s. scan rate.

3

H

F
s
o

s, (b) PANI/MWNTs and (c) PB/PANI/MWNTs.

nd only the electrochemical behavior of PB was observed. The
edox behavior of PB at the modified GCE shows a reversible
lectrochemical response. When added 5 × 10−7 M H2O2 in the
olution, the cyclic voltammogram changed, with a decrease in
he reduction current. It indicates that electrocatalytic reduction
f H2O2 produced is preferable for H2O2 detection.
.6. Electrochemical performance of the modified GCE

Analytical performances of the modified electrode for
2O2 detection were investigated. Fig. 5 shows amperometric

ig. 4. Cyclic voltammograms of the PB/PANI/MWNTs modified GCE at the
can rate of 0.05 V s−1 in 0.1 M PBS + 0.1 M KCl (pH 6.5): (a) in the absence
f H2O2 and (b) in the presence of 5 × 10−7 M H2O2.
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Table 1
Prussian Blue-based modified electrodes for H2O2 detection in comparison with literature

Electrode Range of linearity (M) Detection limit (M) Sensitivity (�A �M−1 cm−2) Reference

PB/PANI/MWNTs 8 × 10−9 to 2 × 10−6 5 × 10−9 526.43 This paper
PB/SPEs 10−7 to 5 × 10−5 10−7

PB nanoelectrode arrays 1 × 10−8 to 10−2 10−8

Fig. 5. Calibration curve for H O detection in pH 6.5 0.1 M PBS + 0.1 M KCl
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[14] M.P. O’Halloran, M. Pravda, G.G. Guilbault, Talanta 55 (2001) 605.
2 2

t 0.0 V, rotating rate 3000 rpm. In the lower insert, the actual response curve for
ome H2O2 additions is also shown. The addition successive is 0.02 �M l−1.

esponses of the PB/PANI/MWNTs modified GCE for H2O2
etection. The modified GCE displays rapid response and an
xpanded linear response range. The linear response range of
× 10−9 to 5 × 10−6 M with a correlation coefficient of 0.997

s achieved. The response time is 5 s when the current reach
0% of the steady state. The detection limit is 5 × 10−9 M on
ignal-to-noise ratio of 3. To our knowledge, this is the low-
st detection limit as compared with the known H2O2 sensors
13,16–19,30]. The sensitivity is 526.43 �A �M−1 cm−2 which
s more than three orders of magnitude higher than the reported
shown in Table 1). The high sensitivity and low detection limit
ay attribute the superior transducing ability of PANI [35] and

he excellent performance of the composites of PANI/MWNTs.
he synergistic effect among MWNTs, PANI and PB is prefer-
ble for the H2O2 detection and improves the performances of
he modified electrode.

The fabrication reproducibility, investigated at 5 × 10−7 M
2O2, was the relative standard deviation (R.S.D.) of 5.1% for
ve different modified electrodes. For five replicate measure-
ents at 5 × 10−7 M H2O2 using a typical modified electrode,

he R.S.D. was 2.5%. The typical interfering specie–ascorbic
cid was investigated through adding 0.2 mM ascorbic acid to
× 10−7 M H2O2 and do not produce any observable interfer-
nce in the modified electrode response. It may be attributed to
he low potential (0.0 V) employed for the electrocatalysis of

O reduction promoted by the PB layer [36].
2 2
The analytical applicability of the modified electrode was

valuated by determining the recoveries of 0.050, 0.250, 0.500
nd 1.20 �M H2O2 by standard addition method [37]. The recov-

[
[

[

0.324 [32]
0.06 [13]

ry rate of the modified electrode is 98% (0.049 ± 0.016 �M),
9.2% (0.248 ± 0.062 �M), 102% (0.511 ± 0.014 �M) and
03% (1.23 ± 0.035 �M), respectively. The average recovery is
01%.

. Conclusions

An organic/inorganic hybrid material composed of a con-
ucting polyaniline thin film and Prussian Blue in a porous
WNTs matrix was synthesized. The composite film shows

nhanced electrocatalytic activity to H2O2. The performances of
B/PANI/MWNTs modified electrode were characterized with
yclic voltammetry and scanning electron microscopy. Com-
ared with the known amperometric detection of H2O2, the
B/PANI/MWNTs modified GCE shows better stability and

ower detection limit. The modified GCE can also be used to
evelop into biosensor for detection of glucose and further work
s in progress.
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