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Fig. 5. Chromatograms of mixture of four LAS compounds obtained using 80% (v/v) methanol in water containing various concentrations of sodium acetate:
(a) 2 mM; (b) 4 mM; (c) 8 mM; (d) 10 mM. Peak identification: (1) C10 LAS; (2) C11 LAS; (3) C12 LAS; (4) C13 LAS.

Fig. 6. Chromatograms of mixture of four LAS compounds obtained using 80% (v/v) methanol in water containing various concentrations of ammonium
acetate: (a) 1 mM; (b) 1.5 mM; (c) 2 mM; (d) 4 mM; (e) 6 mM; (f) 8 mM. Peak identification: (1) C10 LAS; (2) C11 LAS; (3) C12 LAS; (4) C13 LAS.
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Table 1
Analytical merits of the proposed method (linearity, accuracy and detection limit)

Compound Concentration range (ppb) R2 Linearity cut-off (ppb) × 103 %Recovery Detection limita (ppb)

C10 LAS 6–310 0.9984 41 91–101 1.5
C11 LAS 20–1030 0.9997 137 92–99 8.0
C12 LAS 20–1070 0.9994 143 95–99 7.0
C13 LAS 20–590 0.9979 78 94–102 11.5

a Calculation based on three times the background standard deviation.

containing 80% methanol and 1.5 mM ammonium acetate in
water were selected for this study due to the results obtained
previously in compromising between resolution (Rs ≥ 1.5)
and analysis time (within 5 min). The accuracy expressed in
terms of percentage recovery was done by spiking various
amounts of LAS standard into the water samples collected
from wastewater in Chiang Mai and Utraradit, Thailand.
The percentage recoveries of this method for C10 LAS, C11
LAS, C12 LAS and C13 LAS were found to be between 91
and 101 (n= 3), 92 and 99 (n= 3), 95 and 99 (n= 3) and
94 and 102 (n= 3), respectively. Satisfactory recovery was
obtained. The limit of detection for each LAS compound was
calculated as three times the background standard deviation
[29]. The C10 LAS had the lowest detection limit of 1.5 ppb.
The C13 LAS, which is the last compound to elute under the
conditions employed, had the highest detection limit value
of 11.5 ppb. From the observation, the peak shape of C13
LAS is rather broader than that of C10 LAS.

3.4. Analysis of LAS surfactant in real water samples
using HPLC–UV

Prior to real sample analysis, results obtained with the
four LAS standards indicated that an increase of methanol
from 75 to 80% is expected to cause C10 LAS and C11
LAS to elute close to some probable interferences (Fig. 6b).
The mobile phase containing 1.5 mM ammonium acetate in
methanol/water mixture of 78:22 (v/v), instead of the ratio
of 80:20 (v/v) methanol/water, was used in order to avoid
matrix effects arising from the water extracts. These effects
cause approximately 2 min increase in the separation time of
LAS compounds. As for water extracts, the chromatograms
in Fig. 7 illustrate the separation of the four compounds for
various water samples. Under the condition, the LAS com-
pound concentrations in various water samples determined
using a Zorbax Eclipse XDB C8 column in combination with
the methanol/water mixture containing ammonium acetate,
are presented in Table 2.

3.5. Identification of LAS surfactants in water extract
using LC–ES–MS

It is well known that the identification of LAS com-
pounds using chromatographic techniques is based solely
on retention-time matching. As a consequence, errors can
result from using this approach, especially in the case of
co-eluting compounds. Also of particular interest is the

numerous unknown anionic surfactants that have been
found in environmental samples when analysing them using
HPLC–UV [17–19].

To overcome such problems, the negative-ion electrospray
(ES)–mass spectrometry was used for confirmation of LAS
compounds in water samples. The mass spectra of water ex-
tracts (Fig. 8) show the m/z 183 ion common to LAS com-
pounds. In addition, the high intensity of the molecular ions
observed at m/z 297, 311, 325 and 339 originating from the
water extracts are similar to those originating from the LAS

Fig. 7. Chromatograms of mixture of four LAS compounds in standard
solution and water extracts obtained using 78% (v/v) methanol in water
containing 1.5 mM ammonium acetate. Peak identification: (1) C10 LAS;
(2) C11 LAS; (3) C12 LAS; (4) C13 LAS.
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Fig. 8. (a–d) Negative-ion ESI mass spectra of LAS compounds originating from water extract (W10).
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Fig. 9. (a–d) Negative-ion ESI mass spectra of the molecular ion originating from the mixture of LAS standard.
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Table 2
Determination of LAS compounds in water samples (mean ± S.D.; n= 3)

Type of water Concentration (ppb)

C10 LAS C11 LAS C12 LAS C13 LAS

W1 115.3 ± 2.7 303.2 ± 7.9 184.4 ± 8.0 81.9 ± 2.2
W2 310.0 ± 0.3 1173.4 ± 4.6 1145.0 ± 12.9 424.4 ± 5.0
W3 5.0 ± 0.1a 23.4 ± 0.5 26.5 ± 1.1 21.1 ± 1.5
W4 n.d. n.d. 13.0 ± 0.9 14.8 ± 0.5
W5 n.d. n.d. n.d. n.d.
W6 3.4 ± 0.1a 12.8 ± 0.9 15.1 ± 1.3 16.7 ± 1.6
W7 54.1 ± 1.9 120.1 ± 5.5 69.1 ± 4.8 36.6 ± 5.2
W8 n.d. n.d. n.d. n.d.
W9 n.d. n.d. n.d. n.d.
W10 8.8 ± 0.3a 30.9 ± 0.7 33.5 ± 1.7 25.2 ± 1.7
W11 14.5 ± 0.8a 48.0 ± 2.4 46.9 ± 3.5 28.9 ± 2.8
W12 6.5 ± 0.4a 27.8 ± 1.9 30.3 ± 2.1 22.6 ± 1.3

n.d., not detected (less than the detection limit value); W1, drainage water from student dormitory, Chiang Mai University; W2, wastewater from Center of
Medical Sciences, Ministry of Public Health; W3, wastewater from Khuy Hospital, Utraradit Province; W4, domestic wastewater released into Thorn canal,
Utraradit Province; W5, natural water in Mae-Ping River, Chiang Mai Province; W7, wastewater in Mae-Kha canal, Chiang Mai Province; W8, natural water
in Ang-Kaew reservoir, Chiang Mai University; W9, water in Chiang Mai Moat, Chiang Mai Province; W6 and W10–W13, natural water from irrigation canal,
Chiang Mai Province.

a Preconcentration as described in Section 2.3.

standards (Fig. 9). These ions correspond to C10 LAS, C11
LAS, C12 LAS and C13 LAS, respectively.

4. Conclusion

The developed method offers superior performance char-
acteristics, i.e. a simple method, significant improvement in
resolution, short analysis time and using less amount of com-
mon salt (1.5 mM ammonium acetate) under isocratic condi-
tion. With this regard, it is easy to use this method with a mass
spectrometric detector without any blockage of MS capillary.
In addition, the use of low amounts of salt also increases the
column’s life and only requires very short re-equilibration
time between each injection. Overall, these features demon-
strate that the method is suitable to be used for routine analysis
for both the identification and quantification of individuals of
C10–C13 LAS surfactants in various water samples.
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899 (2000) 211.

[3] C. Vogt, K. Heining, Fresenius J. Anal. Chem. 363 (1999)
612.
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Abstract

A novel stopped flow injection—amperometric (sFI-Amp) procedure for determination of chlorate has been developed. The reaction of chlorate
with excess potassium iodide and hydrochloric acid, forming iodine/triiodide that is further electrochemically reduced at a glassy carbon electrode
at +200 mV versus Ag/AgCl electrode is employed. In order to increase sensitivity without using of too high acid concentration, promoting of
the reaction by increasing reaction time and temperature can be carried out. This can be done without increase of dispersion of the product zone
by stopping the flow while the injected zone is being in a mixing coil which is immersed in a water bath of 55 ± 0.5 ◦C. In a closed system
of FIA, a side reaction of oxygen with iodide is also minimized. Under a set of conditions, linear calibration graphs were in the ranges of
1.2 × 10−6–6.0 × 10−5 mol l−1and 6.0 × 10−5–6.0 × 10−4 mol l−1. A sample throughput of 25 h−1 was accomplished. Relative standard deviation
was 2% (n = 21, 1.2 × 10−4 mol l−1 chlorate). The proposed sFI-Amp procedure was successfully applied to the determination of chlorate in soil
samples from longan plantation area.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Stopped flow injection; Chlorate; Amperometry

1. Introduction

One major source of chlorate discharge to the environment is
pulp mill effluent where chlorine dioxide is used for bleaching
[1]. Minor amounts of chlorate and chlorite are also produced
when chlorine dioxide is used to disinfect supply water [2].
Potassium chlorate (KClO3) is used as an oxidant in fireworks
and matches [3]. Chlorate compounds have also been widely
applied to soil in order to stimulate flowering of longan trees
[4], especially at longan plantation in the north of Thailand [5].
Although chlorate is not very toxic to human, it has been shown
to cause haemolytic anemia [6]. Chlorate is very toxic to marine
brown algae, i.e. Macrocystis and Fucus, which are vital com-
ponents of the coastal ecosystem [2].

� Presented at the 13th International Conference on Flow Injection Analysis
(ICFIA), 24–29 April 2005, Las Vegas, NV, USA.

∗ Corresponding author. Tel.: +66 53941910; fax: +66 53222268.
E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

1 Permanent address: Department of Chemistry, Faculty of Science, Naresuan
University, Phitsanulok 65000, Thailand.

Ion chromatography (IC) has been reported for simultaneous
determination of chlorate and other species, such as, IC/mass
spectrometry for bromate, chlorate, iodate, and chlorine diox-
ide determination [7], IC/spectrophotometry using post-column
reaction with osmate-catalyzed for chlorate, chlorite, bromate,
and nitrite determination by detection the triiodide at 288 nm [8].
A high capacity anion exchange column with suppressed con-
ductivity detection was also used by the U.S. EPA in Method
300.1 for the determination of bromate, bromide, chlorite, and
chlorate by direct injection [9]. However, this technique requires
relatively expensive instrument and rather long analysis time, so
it is not suitable for determination of only one single analyte,
when only chlorate is needed.

The iodometric method employing the amplification reaction
of chlorate with iodide ion and acidic medium (ClO3

− + 6I− +
6H+ → 3I2 + Cl− + 3H2O) [10–12] has been commonly used for
chlorate determination, but the reaction of chlorate ion with
iodide ion is slow under mildly acidic condition. The rate law of
the reaction, −d[ClO3

−]/dt = k[ClO3
−][I−]1.5[H+]2 [10] indi-

cates that the reaction could be accelerated under a high acid
concentration. However, under this condition a readily oxidation

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2005.09.023
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of iodide ion by oxygen in air would occur. In a potentiometric
titration using sodium thiosulfate as titrant [13], 6 M hydrochlo-
ric acid was employed with hexane as oxygen shielding agent.
Utilizing a FI system, which prevents direct exposure to air,
12 M hydrochloric acid can be used to accelerate the reaction.
This leads to more sensitive methods based on spectrophoto-
metric detection of triiodide at 370 nm [11,12,14]. A similar FI
system has been applied to the determination of hypochlorite and
chlorate [15]. The former species can react with iodide at room
temperature while the latter requires an elevated temperature. A
potentiometric flow injection procedure for the determination of
oxychlorine species such as chlorate, chlorite and hypochlorite
using a redox electrode detection and a Fe(III)–Fe(II) potential
buffer solution containing chloride has also been reported [16].
A FI-amperometric method for the determination of chlorate
and hypochlorite based on formation of chlorine by the reaction
of the analytes with chloride in 8 mol l−1 sulfuric acid has also
been described [17].

In this work, we developed a sFI-Amp procedure based on
the reaction of chlorate with an excess iodide ion in an acidic
condition to produce triiodide which is further electrochemi-
cally reduced at a glassy carbon electrode. In order to achieve
high sensitivity without the use of too high acid concentration,

a novel sFI procedure was introduced to promote the reaction
by increasing a reaction time and a temperature. This can be
done by stopping the flow while the injected zone was being in
a mixing coil which was immersed in a water bath. In this way,
dispersion of the product zone would be minimized. A simple
homemade amperometric analyzer with a lab built flow through
electrochemical cell can be used as a detector. A closed system of
such a FI also minimizes any side reaction of oxygen with iodide.
Moreover, the amperometric detection minimizes interferences
from substances usually found in a soil sample which would
interfere seriously in a spectrophotometric detection. Applica-
tion of the proposed sFI-Amp procedure was demonstrated to the
determination of chlorate in soil samples from longan plantation
area.

2. Experimental

2.1. Apparatus

The sFI-Amp manifold for chlorate determination is illus-
trated in Fig. 1(a). It was a modified FIAstar system (5010
Analyzer, Tecator, Sweden), consisting of a peristaltic pump
(P), a 6-port injection valve (I) and timing controlled unit. A

Fig. 1. (a) The sFI-Amp manifold used for determination of chlorate: P1 and P2: peristaltic pump 1 and 2; I: injection valve; MC: mixing coil; AE: auxiliary electrode;
WE: working electrode; and RE: reference electrode. (b) A double junction design reference electrode.
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lab-made amperometric analyzer with lab built flow through
electrochemical cell (FC) was used as a detector. A personal
computer with an in-house built software with Basic Stamp 2SX
interface unit (Parallex, USA) was employed for recording data.
Temperature was controlled by using a water bath (Gallenkamp,
England).

A wall jet FC was assembled as shown in Fig. 1(a) (as
side view). A Perspex plastic block was drilled to insert elec-
trodes with o-ring sealing. Electrolyte carrier solution was
entered the cell from the bottom and passed sequentially
through a glassy carbon (MF-2012, 3.0 mm diameter, Bio-
analytical System (BAS), USA) working electrode (WE), a
platinum wire (MW-1032, BAS, USA) auxiliary electrode
(AE) and an Ag/AgCl (MF-2052, BAS, USA) reference elec-
trode (RE), respectively. A double junction design of RE
(Fig. 1(b)) was used in order to prolong the lifetime of the
MF-2052 RE.

All tubings for assembling the FI system were Teflon tube of
0.8 mm i.d., except pump tubes.

2.2. Reagents

Potassium iodide (AnalaR, BDH) and hydrochloric acid
(Reagenti, CARLO ERBA) were used to prepare reagent solu-
tions of concentration 0.07 mol l−1 and 7.0 mol l−1, respectively.
The potassium iodide solution was freshly prepared by dissolv-
ing 2.92 g KI in 250 ml water and kept in a dark bottle.

Potassium chlorate (99.5 %, w/w, AJAK), after standardiza-
tion by standard iodometric procedures [18], was used to prepare
stock standard solution of 12 × 10−3 mol l−1 chlorate. A stock
solution was stored in a cool and dark place. Working standard
solutions were daily prepared by appropriate dilution of the stock
solution with water.

All solutions were prepared using Ultrapure water (Milli-Q,
Millipore).

2.3. Collection and preparation of soil sample

Soil samples were collected from the longan plantation field
in Chiang Mai, northern of Thailand. A soil sample was taken
from 15 points at around the rim of the longan tree, at the depth
of 15 cm. The sample was dried and ground before a portion of
about 100 g was taken for further treatment.

A 25 g of dried-soil sample was extracted by shaking for 2 h
with 50 ml of water. It was filtered with filter paper (Whatman,
No. 42) and rinsed with water. The filtrate was made up to 100 ml
in a volumetric flask with water.

2.4. sFI-Amp manifold and procedure

The sFI-Amp manifold (Fig. 1(a)) was designed to inject
a standard or sample (100 �l) into a 0.07 mol l−1 potassium
iodide stream before merging with 7.0 mol l−1 hydrochloric acid
stream. This would prevent high concentration of hydrochloric
acid entering/destroying the injection valve. The closed FI sys-
tem also helps to reduce an oxidation of iodide ion by oxygen
in air which is an extremely fast reaction in high concentra-

tion of hydrochloric acid (4I− + 4H+ + O2 → 3I2 + 2H2O) [10].
A period (called “travelling time”) after injection was made until
the pump was stopped was set to be 12 s. By doing this, the
sample zone was being inside a mixing coil (MC), which was
immersed into a water bath of 55 ± 0.5 ◦C. This temperature
would promote the reaction of chlorate with iodide and acid
to form triiodide. After a period of stopping (called “stopping
time”) of 90–120 s, the sample zone was flowed further through
a FC and the reduction current of the triiodide was monitored
by applying a constant potential of +200 mV at a glassy carbon
working electrode versus Ag/AgCl reference electrode. The cur-
rent was converted to potential by the amperometric analyzer and
then recorded by the computer as a FI peak. A calibration graph
was plotted between the peak height (mV) and chlorate concen-
tration. Chlorate concentrations in sample was calculated using
the calibration equation.

3. Results and discussion

3.1. Optimization of the FI-Amp system for the
determination of chlorate

3.1.1. Amperometric instrument parameters
The sFI-Amp procedure for determination of chlorate is

based on the conversion of chlorate to triiodide by reacting with
an excess iodide and hydrochloric acid. A previous report on the
detection of triiodide by amperometry based on the reduction of
triiodide at a glassy carbon working electrode with an applied
potential of +200 mV versus Ag/AgCl reference electrode was
followed [19]. The home-made FC was designed to allow the
solution passing to WE, AE and RE, respectively, in order to
prevent the reaction product at AE to pass over the WE, so this
kind of interference could be avoided.

3.1.2. Effect of concentration of potassium iodide
Concentrations of potassium iodide were studied. From

the preliminary study, it was found that HCl concentration
of at least 7 mol l−1and a temperature of 45 ◦C should be
used in order obtained a signal of chlorate in concentra-
tion range of 6.0 × 10−5–6.0 × 10−4 mol l−1. The concentra-
tions of KI in range of 0.01–0.3 mol l−1 was investigated,
while the following conditions were selected and kept con-
stant: injection volume, 100 �l; MC length, 300 cm; flow rate
of both of potassium iodide and hydrochloric acid streams,
2.9 ml min−1; water bath temperature, 45 ◦C; travelling time,
12 s; and stopping time, 120 s. A series of chlorate standard
solutions (6.0 × 10−5–6.0 × 10−4 mol l−1) was injected into the
system. The obtained peak heights (mV) were plotted versus
chlorate concentration (mol l−1) yielding a calibration graph.
Linear calibration graph was obtained for each concentration of
KI used. A plot of the slopes of the calibration graphs versus
KI concentrations is depicted in Fig. 2. It should be noted that
at a higher concentration of KI, higher baseline signals were
obtained which might be due to air oxidation of iodide or some
iodate impurity presented in KI and this may lead to decrease of
sensitivity (slope). Too low concentration of KI is not sufficient
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Fig. 2. Effect of concentration of potassium iodide (stopping time = 120 s, tem-
perature = 45 ◦C, HCl concentration = 7 mol l−1, other conditions see text).

in the reaction with the selected concentration range of chlo-
rate and lead to a less sensitivity as well. KI of concentration
0.07 mol l−1 was chosen for further study.

3.1.3. Effect of stopping time and temperature
The stopping time in a range of 0–300 s was studied while the

above selected condition, with 0.07 mol l−1 KI and temperature
of 45 ◦C was used. The results in Fig. 3 show that the slope
of calibration graph increased linearly with the increasing of
the stopping time. The stopping time of 90–120 s was chosen
in order to compromise between sensitivity and rapidity of the
analysis.

With a 120 s stopping time, the effect of temperature was then
studied. A plot of slope of calibration graph versus temperature
is shown in Fig. 4. It can be noticed that sensitivity increased
linearly with the increase of temperature in a range of 40–60 ◦C.
The temperature of 55 ◦C was selected in order to avoid the
evolution of bubble in the line when using a higher tempera-
ture. It should be noted that although the longer stopping time
or higher temperature lead to high sensitivity, the higher peak
height of blank solution was also observed. This may be due
to the air oxidation of iodide which can be minimized by purg-
ing the reagent and sample solutions with oxygen-free nitrogen
gas.

Fig. 3. Effect of stopped time (temperature = 45 ◦C, HCl concentra-
tion = 7 mol l−1, KI concentration = 0.07 mol l−1, other conditions see text).

Fig. 4. Effect of temperature (stopping time = 120 s, HCl concentration = 7 M,
KI concentration = 0.07 mol l−1, other conditions see text).

3.1.4. Effect of HCl concentration
Attempts have been made to reduce concentration of the HCl

used. Under the above selected conditions, it was found that
sensitivity rapidly decreased when a concentration of HCl was
reduced less than 7 mol l−1. So 7 mol l−1 HCl should be recom-
mended. However, a lower acid concentration may be employed
but a longer stopping time should be applied so that a desired
sensitivity would be obtained. This would then affect the sample
throughput.

3.2. Analytical characteristics

Employing the above selected conditions as shown in
Table 1, a series of concentration of chlorate standard solution
was injected into the system. FI peaks similar to those of normal
FI were obtained as shown in Fig. 5. A calibration graph was
constructed by plotting peak height (mV) versus chlorate con-
centration (mol l−1). Calibration graphs were linear in the ranges
of 1.2 × 10−6–6.0 × 10−5 mol l−1 (y = (1.217 × 107)x + 14.3,
r2 = 0.9977) and 6.0 × 10−5–6.0 × 10−4 mol l−1 chlorate
(y = (6.421 × 106)x + 451.5, r2 = 0.9964). With a 120 s stopping
time, a detection limit of 1.2 × 10−6 mol l−1 chlorate was

Table 1
Selected conditions of the proposed sFI-Amp procedure

Parameter Analytical characteristics

Injection volume (�l) 100
Mixing coil length (cm) 300

Reagent concentration (mol l−1)
KI 0.07
HCl 7

Flow rate (ml min−1)
KI 2.9
HCl 2.9

Travelling time (s)a 12
Stopping time (s)b 90–120
Temperture of water bath (◦C) 55 ± 0.5

a Travelling time: the period between the point of injection to the point at
which the flow is stopped.

b Stopping time: the period during the flow is stopped.
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Fig. 5. FIgram obtained from sFI-Amp system for chlorate determination: peaks
from left to right were blank, 1.2, 6.0, 12, 60, 120, 240, 360 and 600 �mol l−1

of chlorate standard and sample 1, respectively. Conditions as in Table 1 were
employed, with stopping time 120 s. Signal was recorded only at the period after
the flow was restarted to push the reaction product into the detector.

obtained. A sample throughput was 25 h−1. Relative standard
deviation was 2% (1.2 × 10−4 mol l−1 chlorate, n = 21).

Another merit of sFI is the less consumption of reagent,
especially when a high concentration of reagent solution is con-
cerned. In this procedure, the consumption of about 1.5 ml each
of 7 mol l−1 HCl and 0.07 mol l−1 KI per injection should be
noted.

3.3. Interference study

The species that can react easily with iodide ion to produce
triiodide, e.g. iodate, hypochlorite, chlorite, could be seriously
interfere in this system. These ions could be determined first by
employing low acid concentration and room temperature and
chlorate concentration could be obtained later using elevated
conditions [15]. However, these ions are expected to present in
some selected soil samples with concentrations of much lower
than that of chlorate.

The common ions (CO3
2−, NO3

−, SiO3
2−, Ca2+, Cu2+, Fe3+,

Mn2+and Zn2+), which may be found in soil sample, were stud-
ied. The effects of these ions were investigated, by adding the
ions to the 1.2 × 10−4 mol l−1 chlorate standard solution. The
relative error in concentration of the standard chlorate solution
of less than 5% was obtained for the interfering ion/chlorate
mole ratios of 3 for Cu2+, 4 for Fe3+, and 50 for CO3

2−, NO3
−,

SiO3
2−, Ca2+, Mn2+ and Zn2+. Cu2+and Fe3+ exhibited pos-

itive interference because the Cu2+and Fe3+ can reduce the
iodide ion. Fortunately, copper and iron in soil-extracted solu-
tion (using water) were at very low concentrations (less than
2.4 × 10−5 mol l−1 of both ions, determined by flame-atomic
absorption spectrophotometry) and did not interfere in this sys-
tem.

3.4. Analysis of soil samples

The developed sFI-Amp procedure was applied to the
determination of chlorate in soil samples from longan
orchards in Chiang Mai, Thailand. Potassium/sodium chlo-

Table 2
Chlorate contents in soil samples from longan orchards determined by the pro-
posed sFI-Amp procedure and the iodometric titration method [18] (triplicate
results)

Sample numbera Chlorate (�g/g) of dried soil

sFI-Amp Iodometric titration

1 335 ± 3 341 ± 6
2 108 ± 6 118 ± 5
3 88 ± 5 100 ± 4
4 20 ± 4 16 ± 5
5 27 ± 1 34 ± 7
6 15.1 ± 0.4 11 ± 5
7 3.9 ± 0.4 NDb

8 28 ± 1 21 ± 4
9 15 ± 2 10 ± 4

10 5.9 ± 0.4 ND
11 140 ± 1 147 ± 6

a Dried soil samples were obtained from Assoc. Prof. Dr. Somchai Ongprasert,
Department of Soil Resource and Environment, Faculty of Agricultural Produc-
tion, Maejo University, Chiang Mai, Thailand.

b ND: not detected.

rates are applied to the soil to stimulate flowering of the
fruit. Due to a good solubility of the chlorate compounds
in water, the soil was extracted with deionized water to
have a chlorate concentration in the extract in a suitable
range of the calibration graphs (1.2 × 10−6–6.0 × 10−5 and
6.0 × 10−5–6.0 × 10−4 mol l−1 chlorate). The extracted solu-
tion was injected into the system and chlorate content was
obtained from the calibration graphs as presented in Table 2.
The iodometric titration [18] was performed for comparison.
The results of the batch titration method were slightly different
from the sFI-Amp method, which may come from interfering
of oxygen in air and slow reaction of chlorate with iodide and
hydrochloric acid, which was difficult to control in batch titra-
tion method. However, the results obtained from both methods
are in agreement (t-test, 95% confidence).

4. Conclusion

A novel stopped flow injection amperometric procedure was
developed for the determination of chlorate in soil sample. Chlo-
rate in micro-molar concentration can be easily determined with
this simple procedure even using a home-made amperometric
analyzer and a home-made flow through electrochemical cell.
High sensitivity can be obtained without conditions employing
too high acid concentration, by promoting the reaction using
longer reaction time and higher temperature by stopping the
flow while the reaction zone being in a mixing coil which is
immersed in a water bath. In a closed FI system, air oxidation
of iodide reagent is also minimized. The amperometric detec-
tion also reduced the interferences from the substances (e.g.
colored species) usually found in soil sample which may inter-
fere very much in spectrophotometric detection. The proposed
system provided a sample throughput of 25–35 h−1 with less
reagent consumption and successfully demonstrated for appli-
cation to soil samples.



464 O. Tue-Ngeun et al. / Talanta 68 (2005) 459–464

Acknowledgements

We thank the Thailand Research Fund (TRF) and the
Postgraduate Education and Research Program in Chemistry
(PERCH) for financial support. O.T. thanks the Commission on
higher Education (CHE) of Thailand and Naresurn University
for providing her scholarship. Assoc. Prof. Somchai Ongprasert
is gratefully acknowledged for providing of soil samples. Thanks
also to Dr. Ponlayuth Sooksamiti for AAS determination of cop-
per and iron contents in the samples.

References

[1] A. Rosemarin, K. Lehtinen, M. Notini, J. Mattson, Environ. Pollut. 85
(1994) 3.

[2] http://wlapwww.gov.bc.ca/wat/wq/BCguidelines/chlorate/
chlorateoverview1-04.html.

[3] See http://www.bartleby.com/65/ch/chlorate.html, Chlorate (25/07/2004).
[4] M.A. Nagao, E.B. Ho-a, J. Haw. Pac. Agric. 11 (2000) 23.

[5] http://www.mju.ac.th/fac-agr/HORT/pomo/research/e-daw.html.
[6] http://www.rse.uquebec.ca/ang/vol12/v12n3a7.htm.
[7] L. Charies, D. Pepin, Anal. Chem. 70 (1998) 353.
[8] B. Nowack, U.v Gunten, J. Chromatogr. A 849 (1) (1999) 209.
[9] U.S. EPA, Method 300.1, U.S. Environmental Protection Agency,

Cincinnati OH, 1997.
[10] Y. Ikeda, T.F. Tang, G. Gordon, Anal. Chem. 56 (1984) 71.
[11] K.G. Miller, G.E. Pacey, G. Gordon, Anal. Chem. 57 (1985) 734.
[12] G. Gordon, K. Yoshino, D.G. Themelis, D. Wood, G.E. Pacey, Anal.

Chim. Acta 224 (2) (1989) 383.
[13] Y. Ikeda, T.F. Tang, G. Gordon, Anal. Chem. 56 (1984) 71.
[14] D.G. Themelis, D.W. Wood, G. Gordon, Anal. Chim. Acta 225 (2)

(1989) 437.
[15] K. Tian, P.K. Dasgupta, Talanta 52 (2000) 623.
[16] H. Ohura, T. Imato, S. Yamasaki, Talanta 49 (5) (1999) 1003.
[17] A.A. Alwartan, M.A. Abdalla, Intern. J. Chem. 3 (3) (1992) 105.
[18] J. Bassett, R.C. Denney, G.H. Jeffery, J. Mendham, Vogel’s Textbook

of Quantitative Inorganic Analysis Including Elementary Instrumental
Analysis, Longman, New York, 1978, 901.

[19] J. Jakmunee, K. Grudpan, Anal. Chim. Acta 438 (2001) 299.



Talanta 68 (2005) 416–421

Exploiting sequential injection analysis with lab-at-valve (LAV) approach
for on-line liquid–liquid micro-extraction spectrophotometry�

Rodjana Burakham a, Somchai Lapanantnoppakhun b,c, Jaroon Jakmunee b,c, Kate Grudpan b,c,∗
a Department of Chemistry, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand

b Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
c Institute for Science and Technology Research and Development, Chiang Mai University, Chiang Mai 50200, Thailand

Available online 10 October 2005

Abstract

Sequential injection analysis (SIA) with lab-at-valve (LAV) approach for on-line liquid–liquid micro-extraction has been exploited. Sample,
reagent and organic solvent were sequentially aspirated into a coil attached to a central port of a conventional multiposition selection valve, where
the extraction process was performed. The aqueous and organic phases were separated in a conical separating chamber LAV unit attached at one
port of the valve. The organic phase containing extracted product was then monitored spectrophotometrically. The system offers a novel alternative
on-line automated extraction in a micro-scale and has been successfully demonstrated for the assays of diphenhydramine hydrochloride (DPHH)
in pharmaceutical preparations and anionic surfactant in water samples.
© 2005 Published by Elsevier B.V.

Keywords: Sequential injection analysis; Lab-at-valve; On-line liquid–liquid micro-extraction

1. Introduction

Liquid–liquid extraction is one of the most versatile tech-
niques for sample matrix separation and/or analyte preconcen-
tration. It has been applied to various analytical fields. For
pharmaceutical applications, liquid–liquid extraction involves
in the analytical processes for determination of active ingre-
dient compounds such as cinnarizine [1], diphenhydramine
hydrochloride (DPHH) [2,3] and paracetamol [4]. For envi-
ronmental applications, it also exists in the determination of
various compounds such as iron(II) and iron(III) [5], phenolic
compounds [6] and surfactant [7]. However, manual extractions
present a series of drawbacks such as high consumption of sam-
ple and toxic organic solvent, low sampling frequency, loss of
analyte through manipulation and contamination of atmosphere
by organic vapor. Many efforts have been made to overcome
these inherent drawbacks. Among them, the successful tech-
niques are probably the on-line liquid–liquid extraction using
flow systems [8–10].

� Paper presented at the 13th International Conference on Flow Injection Anal-
ysis (ICFIA), Las Vegas, USA, 24–29 April 2005.

∗ Corresponding author. Tel.: +66 5394 1910.
E-mail address: kate@chiangmai.ac.th (K. Grudpan).

A variety of flow-based systems have been reported for the
on-line liquid–liquid extraction. Flow injection liquid–liquid
extraction was proposed in 1978 by Karlberg and Thelander [11]
and Bergamin et al. [12]. Consumption of reagents and organic
solvent are lower than those in manual procedures, consequently
reducing the waste generated.

Based on this feature, different flow injection systems for
liquid–liquid extraction were developed for a large number of
analytical applications [7,13–18].

As another generation, the technique called sequential injec-
tion analysis (SIA) [19–22] has also been employed for on-line
liquid–liquid extraction by sequential aspiration of a small vol-
ume of organic solvent and aqueous sample into contact before
either resolve them using phase separator [23] or performing
back extraction [24].

In the recent years, SIA has been modified into miniatur-
ization with different concepts. Ruzicka proposed SIA with
lab-on-valve (LOV) format in which a very precisely specific
LOV module was mounted atop a selection valve to perform
chemical reaction and monitor for a change in a conduit on such
a modified multiposition valve [25]. SIA with a simple approach
called lab-at-valve (LAV), firstly introduced by our group [26],
is another approach of SIA which becomes an alternative cost
effective micro total analysis system. SIA-LAV uses a designed
LAV unit that can be fabricated using an ordinary less precise

0039-9140/$ – see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.talanta.2005.09.002
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machine tool, to have a suitable function for chemistry of interest
and can be easily attached at a port of the conventional selec-
tion valve in a usual way. This simpler approach was success-
fully demonstrated for potentiometric determination of chloride
[27].

In the present work, SIA-LAV approach was investigated
as a novel alternative for simple on-line liquid–liquid micro-
extraction. A desired component, a separating chamber, was
attached at one port of a conventional multiposition selection
valve. Sample, reagents, and organic solvent were sequentially
aspirated into an extraction coil (EC). By flow reversal, good
extraction efficiency can be achieved. After that, the aqueous and
organic phases were separated in a conical separating chamber
attached at one port of a conventional multiposition selection
valve (“Lab-at-Valve” concept). The organic phase containing
extracted product was then monitored spectrophotometrically.
Applications to the assays of diphenhydramine hydrochloride
in pharmaceutical preparations and anionic surfactant in water
samples were selected as models.

2. Experimental

2.1. Chemicals and reagents

All of reagents used were analytical reagent grade. Deionized
water was used throughout the experiments. Diphenhydramine
hydrochloride reference standard of 100% purity (Ministry of
Public Health, Thailand) was used. Stock solution (1000 mg/l) of
diphenhydramine standard was prepared by dissolving 0.1000 g
of the reference standard in water and diluting to the mark
of 100 ml volumetric flask. Working standards were freshly
prepared by diluting the stock solution with water to obtain
appropriate concentrations. A bromocresol green (BCG) solu-

tion (5 × 10−4 mol/l) was prepared by dissolving 0.0349 g BCG
powder in water with addition of 0.2 ml of 0.1 mol/l sodium
hydroxide and diluting to 100 ml with water. The solution was
filtered before use. A phthalate buffer (pH 3) was prepared
using 100 ml of 0.1 mol/l potassium hydrogenphthalate, 40.6 ml
of 0.1 mol/l hydrochloric acid and diluting to 200 ml with
water.

Stock solution (1000 mg/l) of sodium dodecylsulphate (SDS)
was prepared by dissolving 0.1087 g of the standard in water and
made up to a volume of 100.00 ml.

Stock solution (0.10%, w/v) of methylene blue was prepared
by dissolving 0.10 g of the methylene blue in 100 ml of water.

2.2. Apparatus

The SI system used is schematically depicted in Fig. 1. It
consisted of a modified autoburette Dosimat 765 (Metrohm,
Switzerland) equipped with a 10 ml exchange unit, for a pump-
ing system, and connected to a personal computer via RS232C
interface, a 10-position selection valve VICI with a microelectric
actuator (Valco Instruments, USA) and a Spectronic21 (Bausch
& Lomb, USA) detector with a flow through cell (Hellma, Ger-
many) of 1 cm light path. The autoburette was connected to the
center of the selection valve via the EC (0.79 mm i.d. × 400 cm
PTFE tubing) and a separating chamber was placed at port-
1 of the selection valve. Both instrumental control and data
acquisition were manipulated via a software using LabVIEW,
developed in house and using a CYDAS ULV interfacing board
(CyberResearch, USA). This software provided control of the
volume to be dispensed or aspirated by the autoburette, flow
rate, selection of the different valve positions and performed
data acquisition. The data processing was computed by using
Microcal Origin 6.0.

Fig. 1. Schematic diagram of SIA system.
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Fig. 2. Two types of separating chamber; I: cylindrical shape (8 mm i.d. × 5 cm
long) and (II): conical shape (8 mm i.d. of the wider end × 7 cm long, modified
from a 1 ml pipette tip (Eppendoft, Germany)).

3. Results and discussion

3.1. The assay of diphenhydramine hydrochloride

3.1.1. Optimization of the operational sequence
By using the separating chamber type I, as shown in Fig. 2,

a sequence order of aspiration was firstly optimized. Three
sequence orders (Fig. 3) were examined and a suitable one, as
demonstrated in Fig. 3(c), which provided better sensitivity, was
selected. BCG solution was firstly aspirated into the EC, then
the standard/sample solution was introduced, an ion-association
formed. A phthalate buffer (pH 3) and chloroform were then
aspirated. At pH 3, a high extraction efficiency of ion-pair com-
pound was obtained [2]. The extraction step was performed in
the EC by programming the autoburette to aspiration and dis-
pensed modes. This process determines the time and efficiency
that the two phases are in contact and is a key parameter for bet-
ter extraction efficiency. The solution was then dispensed into
the separating chamber where the aqueous and organic phases
were separated. The organic phase containing ion-association
product was transported into the EC and transported into a flow
through cell of the spectrophotometer. An absorbance at 415 nm
was followed.

It should be noted that although the exchange unit of the auto-
burette was made from glass and furnished with PTFE plunger,

Fig. 3. Sequence orders of the SIA system for the determination of diphenhy-
dramine hydrochloride.

manipulation of the organic extractant was accomplished by
filling the syringe of the exchange unit with water. Before the
detection step, the organic solvent was aspirated and stored in
EC for use. It is necessary to avoid the introducing of aqueous
into the flow cell of detector to prevent the change of baseline
signal due to aqueous droplet.

3.1.2. Influence of the separating chamber shape
Two types of the separating chambers, as shown in Fig. 2,

were examined to reach the best separation between the organic
and aqueous phases. The results show that the better separation
between two phases was obtained by using the conical shaped
separating chamber. Therefore, the separating chamber type II
was adopted.

3.1.3. Optimization of the chemical parameters
The concentration and volume of the reagents concerning in

the reaction were optimized. According to the preliminary study,
the concentration of BCG of 5 × 10−4 mol/l was excess to form
the ion-association with diphenhydramine hydrochloride in the
working range of 10–40 mg/l [2].

The selected conditions and operational sequence of the pro-
posed system were summarized in Table 1. By fixing the aque-

Table 1
Selected conditions and operational sequence of the SIA system for the deter-
mination of diphenhydramine hydrochloride

Sequence Valve posi-
tion

Modea Volume (�l) Description

1 5 PIP 170 Aspirate 5 × 10−4 mol/l
BCG into EC

2 3–4, 8–9 PIP 170 Aspirate standard/sample
into EC

3 2 PIP 150 Aspirate 5 × 10−4 mol/l
buffer (pH 3) into EC

4 10 PIP 400 Aspirate chloroform into
EC

5 1 PIP 1300 Extract
6 1 DIS C 2000 Extract
7 1 PIP 1100 Extract
8 1 DIS C 2000 Extract and propel to the

separating chamberb

9 7 DIS C 3000 Clean EC
10 10 PIP 400 Aspirate chloroform into

EC
11 1 PIP 250 Aspirate chloroform

phase containing
ion-association
compound into EC

12 6 DIS C 40 Dispense chloroform
phase containing
ion-association
compound through the
selection valve

13 7 DIS C 3000 Clean EC
14 10 PIP 2900 Aspirate chloroform into

EC
15 6 DIS C 2000 Dispense to detector with

flow rate of 10 ml/min
a PIP = pipetting/aspiration, DIS C = cumulative dispensing.
b No standing time for phase separation.
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Fig. 4. Typical SI-grams and calibration graph of diphenhydramine hydrochlo-
ride; a = blank, b = 10, c = 20, d = 30, e = 40 mg/l.

ous volume (see Table 1), the volume ratio between aqueous
to organic phases is of great importance in solvent extraction
because it determines enrichment factor in the preconcentra-
tion of the analyte. The volume of chloroform used for the
extraction was varied. The slopes of the calibration equation
indicated that the sensitivity increased with decreasing the vol-
ume of chloroform: y = 0.2248x − 0.1517, y = 0.1922x − 1.7877
and y = 0.0833x + 1.0726 for 400, 450 and 470 �l, respectively.
Using chloroform less than 400 �l, it was difficult to reach
the complete separation between the two phases, i.e. aqueous
droplets being entrapped within the organic phase. Better enrich-
ment factor may be obtained by increasing the volume of the
standard/sample solutions for a fixed volume of chloroform, but
a larger separating chamber must be used.

3.1.4. Analytical characteristics
Fig. 4 shows the calibration graph and typical SI-grams

of diphenhydramine hydrochloride. Calibration graph of
diphenhydramine hydrochloride versus peak area was found
to be linear in the range of 10–40 mg/l with the linear equation
and correlation coefficient (r2) of y = 0.2248x − 0.1517 and
0.9992, respectively. The limit of detection (LOD) calculated as
three times the standard deviation was 1.90 mg/l. The relative
standard deviation (%RSD) was less than 3.6 (n = 11, 20 mg/l
diphenhydramine hydrochloride). The recovery was found to be
102%. Sample throughput of 5 h−1 can be achieved. A higher
throughput may be possible if the modified autoburette would

be replaced by another type of syringe pump, although it could
be more expensive.

According to our previous study [2], using this reaction, the
amount of the foreign compounds commonly presented together
with diphenhydramine hydrochloride in preparations containing
single tertiary alkylamine drug would not interfere in the deter-
mination.

3.1.5. Application to samples
The proposed SI method was applied to the determination of

diphenhydramine hydrochloride in some pharmaceutical prepa-
rations (containing single tertiary alkylamine). Some locally
commercial pharmaceutical preparations were taken as samples
to be assayed. A weighed quantity of a sample was dissolved
with deionized water, shaken for 15 min and adjusted to a vol-
ume with water to obtain a solution having a concentration in
the range of a calibration graph. The solution was then filtered
before analysis. The results were compared to those obtained by
the standard method using high performance liquid chromatog-
raphy [28], as summarized in Table 2. Evaluation by t-test at 95%
confidence level indicates that there is no significant difference
in the results obtained by the proposed SIA and the standard
methods.

3.2. The assay of anionic surfactant

3.2.1. Optimization of the experimental parameters
The same SIA setup was used for the determination of anionic

surfactant in water samples. The anionic surfactant reacts with
methylene blue to form ion-association compound, which can be
extracted into chloroform. The concentration of anionic surfac-
tant can be determined by measuring the absorbance of the chlo-
roform phase at 650 nm [29]. Some experimental parameters,
i.e. operational sequence, volume and concentration of reagents
were optimized. Zone sequence was chosen: standard/sample-
methylene blue-chloroform. The aqueous sample containing
anionic surfactant was firstly aspirated into the EC. Next, the
methylene blue solution was introduced, the ion-association
compound formed. Then, chloroform was aspirated and the
extraction was done by programming the autoburette to aspi-
ration and dispensed modes. After extraction in the EC, the
solution was propelled to the separating chamber, where the sep-
aration between aqueous and chloroform phases occurred. The
chloroform phase containing ion-association compound was re-
aspirated into the EC for transportation to a detector.

The concentration of methylene blue solution was varied
from 0.0038 to 0.02%. The sensitivity increased with increasing
the methylene blue concentration and reached the maximum at

Table 2
Determination of diphenhydramine hydrochloride in pharmaceutical preparations by the proposed and standard methods

Sample Label Proposed method Standard method [28]

(mg/5 ml) Amount found (mg/5 ml) % label Amount found (mg/5 ml) % label

1 12.50 12.57 ± 0.27 101 13.55 ± 0.49 108
2 12.50 12.81 ± 0.55 102 13.91 ± 0.12 111
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Table 3
Selected conditions and operational sequence of the SIA system for the deter-
mination of anionic surfactant in water samples

Sequence Valve
position

Modea Volume (�l) Description

1 2–4, 8–9 PIP 250 Aspirate standard/sample
into EC

2 5 PIP 250 Aspirate methylene blue
into EC

3 10 PIP 400 Aspirate chloroform into
EC

4 1 PIP 1300 Extract
5 1 DIS C 2000 Extract
6 1 PIP 1100 Extract
7 1 DIS C 2000 Extract and propel to the

separating chamberb

8 7 DIS C 3000 Clean EC
9 10 PIP 400 Aspirate chloroform into

EC
10 1 PIP 250 Aspirate chloroform

phase containing
ion-association
compound into EC

11 6 DIS C 40 Dispense chloroform
phase containing
ion-association
compound through the
selection valve

12 7 DIS C 3000 Clean EC
13 10 PIP 2900 Aspirate chloroform into

EC
14 6 DIS C 2000 Dispense to detector with

flow rate of 10 ml/min
a PIP = pipetting/aspiration, DIS C = cumulative dispensing.
b No standing time for phase separation.

0.01%. Using a methylene blue solution of higher concentration
than 0.01% can cause higher background level due to methylene
blue partition into chloroform phase. Therefore, methylene blue
concentration of 0.01% was selected. The selected conditions
and operational sequence of the SIA system for the determina-
tion of anionic surfactant are summarized in Table 3.

3.2.2. Analytical characteristics
Using the SIA setup shown in Fig. 1 and under the above-

mentioned selected conditions, the linear calibration graph was
obtained for SDS in the concentration range of 1–10 mg/l with
the regression equation of y = 1.0711x − 0.1356 and the corre-
lation coefficient of 0.9995, as shown in Fig. 5. The LOD of
0.48 mg/l was obtained. The RSD was less than 5% (n = 11,
5.0 mg/l SDS). A five samples per hour assay can be obtained.
Increase of the throughput may be obtained by employing
another type of pump.

3.2.3. Application to samples
The applicability of the proposed procedure was demon-

strated for the determination of anionic surfactant in drainage
water samples. The results were compared to those obtained
by the methylene blue standard method [29], as summarized in
Table 4. There is no significant difference in the results obtained
from the proposed and the standard procedures.

Fig. 5. Typical SI-grams and calibration graph of standard SDS; a = blank, b = 1,
c = 4, d = 8, e = 10 mg/l.

Table 4
Determination of anionic surfactant in drainage water samples by the proposed
and standard methods

Sample Found (mg/l)

Proposed method Standard method [29]

1 3.38 ± 0.01 3.42
2 2.76 ± 0.02 2.77

4. Conclusion

Sequential injection analysis with lab-at-valve approach for
alternative simple on-line liquid–liquid micro-extraction was
exploited. A simple fabricated LAV unit, a separating cham-
ber, attached at a port of a conventional multiposition selection
valve offers an on-line automated extraction in a micro-scale.
Therefore, consumption of sample, reagent and organic solvent,
also waste generation, is tremendously reduced. A cost effec-
tive LAV apparatus can be easily fabricated using a less precise
machine tools. Applications for the assays of diphenhydramine
hydrochloride in pharmaceutical preparations and anionic sur-
factant in water samples have been successfully demonstrated.
Instead of using Spectronic 21 detector, investigation to plug a
fiber optic spectrophotometric detection system to the conical
separation chamber has been in progress to make such a system
become a real SIA-LAV liquid–liquid extraction.
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Abstract

Guava leaf extract is utilized as an alternative natural reagent for quantification of iron. The flow injection technique enables the use of
the extract in acetate buffer solution without the need of further purification. Some properties of the extract such as its stability and ability to
form a colored complex with iron were studied. The proposed system is an environmentally friendly method for determination of iron with
less toxic chemical wastes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Many scientific studies involve the use of chemicals that
cause contamination in the environment. For example, water
studies to determine the amount of different ions in natu-
ral water may need chemical reagents that are not normally
present in the environment. If wastes from such studies are
not properly stored or treated, these foreign substances could
contaminate soil or water sources. Gaining popularity, the
research area known as green chemistry aims to explore the
use of alternative reagents or alternative synthetic methods
that minimize the use of toxic chemicals.

In this study, a natural guava (Psidium guajava L., Myr-
taceae family) leaf extract has been investigated as an alter-
native natural indicator for iron quantification by the flow
injection technique. Reports have indicated that guava leaves
contain chemicals that are useful for whitening [1], anti-
pigmentation [2], anti-bacterial treatment [3], leather tanning
[4], and diet food and beverage components [5], and in the

∗ Corresponding author. Tel.: +66 53 941909; fax: +66 53 941910.
E-mail address: kradtas@yahoo.com (S.K. Hartwell).

prevention of diabetes. [6] In Thailand, there has been some
local usage of guava leaves as an indicator of the presence of
iron in ground water. A change in color of water to a darker
color helps local villagers in making pre-treatment decisions
such as adding alum to precipitate the iron. This use has never
been published and no scientific explanation is available.

To determine the concentration of iron by a FI system,
a water sample is introduced into a closed flow system and
mixed with reagent that can form a colored complex, which
can be detected by a colorimeter. Examples of some reagents
[7] that have been used in determination of iron include 1,10-
phenanthroline, 2,4,6-tri(2′-pyridyl)-1,3,5-triazine, azo-dye
derivatives, mercaptoquinoline, thiocyanate and salicylate.
[8] In this study, we investigate the use of guava leaf extract
as an alternative reagent for quantification of iron using a FI
system. Although the active chemical species in the extract
is unknown and the extract may not be pure, the use of this
guava leaf extract to determine the amount of iron in solution
is made possible by the FI system. One of the features of FI
systems is that they can be employed with reagents, which
are not necessarily pure. This is because in the flow injec-
tion technique, an analyte to be determined goes through the

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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system in exactly the same condition as that of the standard.
[9]

The use of a natural and easily available material in place
of a toxic and expensive reagent should be beneficial from
both environmental and economic aspects. In this report, the
authors conduct preliminary studies of the potential use of
guava leaf extract as an alternative reagent to quantify iron
using a simple FI system. Some properties of the extract,
including its stability, ability to form a complex with iron
(II) and (III), spectral properties, suitable extraction medium,
and its potential to be used for quantification of iron in water
samples have been investigated.

2. Experimental

2.1. Reagents

A 100 mL volume of 1000 ppm stock standard Fe
(II) solution was prepared by dissolving 0.7022 g of
(NH4)2Fe(SO4)2·6H2O (Carlo Erba) in water containing 1%
(v/v) concentrated H2SO4 (BDH). A 1000 ppm stock stan-
dard Fe (III) solution was prepared similarly but with 0.7240 g
of Fe(NO3)3·9H2O (Carlo Erba). A 250 mL volume of 0.2 M
sodium acetate buffer pH 4.8 solution was prepared by dis-
solving 6.87 g CH3COONa·3H2O (Merck) in water contain-
ing 1.16% (v/v) acetic acid (Carlo Erba). HCl solution of
the same pH 4.8 was prepared by diluting concentrated HCl
(Merck) with deionized water to the desired pH. Ascorbic
acid (Merck) was prepared at the concentration of 2% (w/v).
Interference studies were done by spiking some cations, Ca2+

(CaCl2, Merck), Mg2+ (Mg(NO3), Merck), Co2+ (CoCl2,
BDH), Ni2+ (NiCl2, BDH) and Cr3+ (CrCl3, BDH) into
Fe (III) 10 ppm solutions at the final concentration of 1, 5
and 10 ppm (10:1, 2:1 and 1:1 concentration ratios of Fe
(III):interference ion).

2.2. Guava leaf extraction

Fresh guava leaves of 10.0 g were ground in 150 mL water
(pH 7.0), diluted HCl (pH 4.8) or acetate buffer (pH 4.8)
with a blending machine for 5 min. Then the suspension was
filtered through filter paper no. 1 (Whatman) and the filtrate
was kept at room temperature for further use. The extract was
prepared daily.

2.3. Study of the conditions for guava leaf extract–iron
complex formation

Both Fe (II) and Fe (III) solutions were prepared in three
sets; in water, in HCl solution and in acetate buffer. Two
iron concentrations of 10 and 100 ppm were used. Guava leaf
extracts in the three media were mixed with iron solutions pre-
pared in the matching medium at the ratio of 1:1 (v/v) (10 mL
extract:10 mL Fe solution). Guava leaf extract without iron
solution was used as a blank solution. Mixtures of guava

leaf extract and iron solution were scanned for absorption
spectra, measured against each medium, in the visible region
400–700 nm using a UV–vis spectrophotometer (Lambda 25,
Perkin-Elmer).

2.4. Study of stability of guava leaf extract

After selection of the suitable medium for the extract from
the previous experiment, guava leaf extract was prepared in
that medium and allowed to stand in an uncovered beaker
for 1, 2, 3, and 4 h. Mixtures of the extract and Fe (II and
III) 10 and 100 ppm solutions were prepared as previously
described. Mixtures were then scanned for absorption spectra
to investigate absorption characteristics.

2.5. Apparatus

Peristaltic pumps (Ismatec) were used for reagent draw-
ing. Pump tubing was Tygon and all the other tubing was
PTFE (1/16 in. i.d.). Samples were introduced via a six-port
injection valve (FIAlab). A Spectronic 21 spectrophotome-
ter (Spectronic Instruments) with a flow through cell (80 �L,
Hellma, Germany) was set at 570 nm and connected to a com-
puter to record the FIA-grams using Stamp (Parallax, USA)
and Microsoft Excel (Microsoft Corp., USA) software pro-
grams.

2.6. Manifold designs

2.6.1. Normal FI system
The simple one line normal FI manifold, where a sample

is injected into the stream of reagent, is shown in Fig. 1(a).

2.6.2. Reverse FI system
In order to save reagent, the reverse FI manifold with two

lines was tried where the reagent was injected into the stream
of buffer that was later mixed with the stream of sample solu-
tion (Fig. 1(b)).

2.6.3. Column FI system
To shorten the extraction process, a column packed with

ground guava leaves was connected in-line with the FI sys-
tem, see Fig. 1(c). This column is made from a small Perspex
glass tube with 3 mm i.d. and 2.5 cm length. Both ends were
plugged with Teflon wool.

All three types of manifolds have an injection loop of
60 �L.

3. Results and discussion

3.1. Optimum condition of guava leaf extract-iron
complex formation

The aim of this study was to find a suitable acidic solu-
tion for guava leaf extract–iron complex formation. Buffers
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Fig. 1. (a) A normal FI manifold, (b) a reverse FI manifold and (c) a FI manifold with packed column.

of acidic pHs that can be prepared with easily available chem-
icals that would not interfere with the iron determination are
rare. A suitable solution was sodium acetate buffer pH 4.8.
Ammonium acetate was avoided because ammonium may
form a complex with the metal ion of interest. To ensure the
necessity of buffer solution in this study, water pH 7.0 and
HCl diluted to pH 4.8 were also used as media for extraction
to compare the results.

Fig. 2(a) and (b) represents the absorption spectra of guava
leaf extract-iron complexes in water and buffer solution,
respectively. In water (Fig. 2 (a)), no significant iron com-
plex absorption is shown in the region of 450–700 nm, and
except for high Fe (III) concentration, it is suppressed. This
is likely because water cannot extract active species from
the guava leaf. It could also be possible that there was no
formation of iron complex with the active species or the
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Fig. 2. (a) The absorbance spectra of guava leaf extract–iron complex in
water, measured against water. (b) The absorbance spectra of guava leaf
extract–iron complex in acetate buffer solution, measured against acetate
buffer: (�) guava leaf extract; (�) guava leaf extract with Fe (III) 100 ppm;
(�) guava leaf extract with Fe (III) 10 ppm; (©) guava leaf extract with Fe
(II) 100 ppm and (×) guava leaf extract with Fe (II) 10 ppm.

complex may not be stable in water. The exact cause of
the results still needs further investigation, and the reason
for the decreased absorbance is unknown. In acetate buffer
solution pH 4.8 (Fig. 2 (b), both Fe (II) and (III) can form com-
plexes with a chemical or chemicals in the guava leaf extract.
Both Fe (II) and (III) complexes show maximum absorption
at 570 ± 20 nm. The blank solution, guava leaf extract, did
not show any significant absorption in the visible region. In
a medium of diluted HCl pH 4.8, maximum absorption at
570 ± 20 nm was observed (not shown) only at high Fe (III)
concentration but at much lower value as compared to the one
in acetate buffer of the same pH. This indicates that guava leaf
extract–iron complexes can only be formed at a suitable pH
and that the use of buffer solution to control pH is necessary.

It has been observed that at low concentration of iron
(10 ppm), the absorbances of Fe (II) and Fe (III) complexes
were about the same while at high concentration of iron
(100 ppm), the absorbance of the Fe (III) complex was higher

Fig. 3. The absorbance spectra studies for the reducing effect of ascorbic
acid in. guava leaf extract: (�) acetate buffer; (×) guava leaf extract and
phenanthroline mixture; (�) Fe (III) 100 ppm with 0.3% (w/v) phenanthro-
line and (�) mixture of Fe (III) 100 ppm with 0.3% w/v phenanthroline and
guava leaf extract.

than that of the Fe (II) complex. This might be explained
as follows; at low concentration of iron, some chemicals
(e.g., tannin) naturally present in guava leaves may reduce
Fe (III) to Fe (II) and form guava leaf extract–Fe (II) com-
plex. At high concentration of iron, there may be insuf-
ficient amount of reducing agents naturally present in the
guava leaf extract to reduce all Fe (III). Therefore complexes
formed were both Fe (II) and Fe (III) complexes. To test this
hypothesis that guava leaf has a natural reducing effect, an
additional experiment was carried out. Phenanthroline does
not form a reddish complex with Fe (III) but does so with
Fe (II). [10] Therefore, no significant absorbance should
be observed at about 500 ± 20 nm when Fe (III) solution
was mixed with phenanthroline. However, if some natural
occurring substances in the guava leaf can reduce Fe (III)
to Fe (II), the Fe (II)–phenanthroline complex should be
formed when adding guava leaf extract into the mixture of Fe
(III)–phenanthroline and the reddish colored complex with
the absorption maxima at 500 ± 20 nm should appear. The
absorbance at 570 ± 20 nm from the guava leaf extract–Fe
(III) complex from excess Fe (III) that has not been reduced
should also be observed.

In this experiment 3% (w/v) 1,10-phenanthroline,
100 ppm Fe (III) solution and guava leaf extract were mixed
1:1:1 by volume. The results shown in Fig. 3, comparing
absorption spectra of 100 ppm Fe (III)–phenanthroline solu-
tion and 100 ppm Fe (III)–phenanthroline–guava leaf extract
solution, confirm that guava leaf has a natural reducing effect.
The mixture of Fe (III)–phenanthroline shows only slight
absorbance at 500 nm and lower wavelengths. Guava leaf
extract–phenanthroline mixture in the absence of Fe (III)
was slightly turbid with white precipitate and might block
the light, showing the result as if the solution had absorbed
the light at 500 nm and lower wavelengths. The increase of
absorbance at that region, when adding guava leaf extract into
the Fe (III)–phenanthroline solution, was due to the reduc-
ing effect of guava leaf extract that changed Fe (III) to Fe
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(II) which formed a reddish complex with phenanthroline
that was observed with bare eyes. The comparable graph for
100 ppm Fe (III) with guava extract in acetate buffer is shown
in Fig. 2(b) with the absorbance being about one half that
when phenanthroline is added.

The results from both experiments in this study also indi-
cate that the guava leaf extract–Fe (III) complex has higher
absorbance (higher molar absorptivity) than that of the Fe (II)
complex at 570 nm.

3.2. Stability of the guava leaf extract indicator

Guava leaf extract in acetate buffer was set-aside for 1, 2,
3, and 4 h before mixing with Fe (II) and Fe (III) solutions.
Absorbances at 570 nm were recorded every hour. It was
found that there were no significant changes in absorbance
with time. This indicates that guava leaf extract is stable for
at least 4 h, which is sufficient for a continuous experiment
using FI.

3.3. Comparison of different manifold designs

In order to reduce the consumption of guava leaf extract,
a reverse two line FI manifold was developed. Guava leaf
extract was injected into the acetate buffer stream before
merging with Fe solution.

In both the normal and reverse FI systems, purple pre-
cipitate adhering to the tubing and the detection cell was
observed. Such a precipitate can cause unreliable and faulty
results. Therefore, the procedure was modified by having a
precipitate washing step with ascorbic acid. Fig. 4 shows the
characteristics of the signals obtained from the reverse FI
system which are similar to those obtained from the normal
FI system. Signals from the Spectronic 21 are recorded as
transmittance. Peaks between each run, which are constant
throughout the experiment, are due to the Schlieren effect
that occurs from injection of ascorbic acid for line washing.

Apart from minimizing the consumption of guava leaf
extract, the reverse FI also showed better sensitivity than
the normal FI system. This is possibly due to higher amount
and less dilution of the Fe solution introduced by pumping
as compared to injection. In terms of precision, the results

obtained from the reverse FI system showed a slightly higher
relative standard deviation (3–10%) as compared to the nor-
mal FI system (1–7%), for the Fe (III) concentration range of
1–10 ppm, which could be due to the high diffusion of reagent
into the Fe solution stream thereby causing inconsistency of
the complex formation.

Another attempt was to reduce the process of guava leaf
extraction by packing the ground guava leaves in a column
and placing it in the FI manifold. It was found that the guava
leaves packed column-FI system could not be used effec-
tively. The chemical from the leaves only came out at the
edge of each piece, yielding a very small amount of color
reagent in the flow stream. In addition, the active chemical
was used up quickly, resulting in the need to change the col-
umn for every analysis, which is not practical.

3.4. Standard calibration graph and figures of merit

Calibration graphs for Fe (III) were prepared using both
normal and reverse FI systems. Only calibration graphs of Fe
(III) were constructed because species found in real samples
such as water samples should be in the form of Fe (III).

Calibration graphs were obtained from standard Fe (III)
solutions of 1, 2, 4, 6, 8 and 10 ppm. Both the nor-
mal FI and the reverse FI systems offer linear calibration
graphs, represented as Y = 11.09X + 4.06, R2 = 0.9982 and
Y = 24.93X − 20.05, R2 = 0.9997, respectively (where Y is
peak height in mV and X is concentration of iron in ppm).
The normal FI system showed higher blank signal due to the
color of the guava leaf extract in the carrier line. In the reverse
FI system, guava leaf extract was injected into the stream of
colorless Fe solution and, therefore, the blank signal was low.

Even though the relative standard deviation is higher
(3–10% R.S.D. in the Fe (III) working range of 1–10 ppm),
the reverse FI system offers much better sensitivity than the
normal FI system does. The practical lowest detectable con-
centration of Fe (III) obtained from the reverse FI system
(estimated based on 3� of blank signals [11]) was 1 ppm.
Sample throughput was 20 injections/h. A sample with sim-
ple matrices, tap water, was spiked with Fe (III) standard
solution at 2, 5, 7 and 30 ppm. Percent recoveries were found
to be 95–97%.

Fig. 4. Characteristics of the signals obtained from the reverse FIA system.
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3.5. Interferences

It was found that the proposed system for iron (III) deter-
mination could tolerate Ca2+, Mg2+, Co2+, Ni2+ and Cr3+

at least up to 1:1 concentration ratio (10 ppm Fe:10 ppm
interference ion). Additional studies are required for general
applicability.

4. Conclusion and future works

The results obtained from these preliminary studies indi-
cate the potential use of guava leaf extract as an alternative
reagent for quantification of iron in samples with simple
matrices. The detection limit may possibly be improved by
increasing the concentration of the guava leaf extract. No
sample treatment is needed for iron concentrations at or below
30 ppm since Fe (III) and Fe (II) absorbances are similar,
probably due to complete reduction of the Fe (III) by some
chemicals naturally present in the guava leaves. Higher con-
centrations might be measured by adding a reducing agent
such as hydroxylamine to convert the Fe (III) to Fe (II).
Further studies are needed. Prior to applying the guava leaf
extract in studies of samples containing complicated matri-
ces, further studies should be made. Extensive interference
studies, especially from other cations, should be evaluated.
Even if the extract proves non-selective, it would serve for
post-column detection of iron in separation or speciation
studies. Although impure reagents can be used in a FI system,
it would be interesting to find out what the exact chemi-
cal in guava leaf is that forms complexes with iron so that
leaves of other plant species with similar chemical contents
can be explored. Comparison of extracts from young and old
leaves together with an additional separation technique such

as HPLC or GC and NMR may help to identify the active
chemical species. The use of dry leaves rather than fresh ones
and the method of stabilizing the extract to be kept for future
use should also be investigated. This will extend the use of
the extract when guava leaf is not in season.
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A B S T R A C T

The release of metal ions from a coal mining tailing area, Lamphun, Northern Thailand, is

studied by leaching tests. Considerable amounts of Mn, Fe, Al, Ni and Co are dissolved in

both simulated rain water (pH 4) and 10mgL�1 humic acid (HA) solution (Aldrich humic

acid, pH 7). Due to the presence of oxidizing pyrite and sulfide minerals, the pH in both

leachates decreases down to �3 combined with high sulfate concentrations typical to acid

mine drainage (AMD) water composition. Interaction of the acidic leachates upon mixing

with ground- and surface water containing natural organic matter is simulated by

subsequent dilution (1:100; 1:200; 1:300; 1:500) with a 10mgL�1 HA solution (ionic strength:

10�3mol L�1). Combining asymmetric flow field-flow fractionation (AsFlFFF) with UV/Vis

and ICP-MS detection allows for the investigation of metal ion interaction with HA colloid

and colloid size evolution. Formation of colloid aggregates is observed by filtration and

AsFlFFF depending on the degree of the dilution. While the average HA size is initially

found to be p2nm, metal–HA complexes are always found to be larger. Such observation is

attributed to a metal induced HA agglomeration, which is found even at low coverage of HA

functional groups with metal ions. Increasing the metal ion to HA ratio, the HA bound

metal ions and the HA entities are growing in size from o3 to 4450nm. At high metal ion

to HA ratios, precipitation of FeOOH phases and HA agglomeration due to colloid charge

neutralization by complete saturation of HA complexing sites are responsible for the fact

that most of Fe and Al precipitate and are found in a size fraction 4450nm. In the more

diluted solutions, HA is more relevant as a carrier for metal ion mobilization.

& 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Approximately 20% of the total electricity in Thailand is

generated by coal burning (Arbhabhirama et al., 1987). Most of

the coal mines are the open-pit mines, where the tailings are

placed around the mining area exposed to weathering and

leaching by rain. It is well known that the tailings in mining

areas are composed of various kinds of minerals containing

high amounts of heavy metals (Kucukonder et al., 2003;

Matlock et al., 2002; Lee et al., 2002; Dang et al., 2002). Residual

waste crushed rock from mining activities represents a major

source for metal rich acid mine drainage (AMD) water. The

tailing minerals can release metal ions over long time scales

due to oxidation of sulfide minerals leading to the production

ARTICLE IN PRESS

0043-1354/$ - see front matter & 2006 Elsevier Ltd. All rights reserved.
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of sulfuric acid (e.g. Bunce et al., 2001) according to the overall

equations:

FeS2ðsÞ þ 7
2O2ðgÞ þH2O ! Fe2þðaqÞ þ 2HþðaqÞ þ 2SO2�

4 ðaqÞ;
2Fe2þðaqÞ þ 1

2O2ðgÞ þ 5H2OðlÞ ! 2FeðOHÞ3ðsÞ þ 4HþðaqÞ:

Metals in the waste rock can be released by the low pH AMD

(Kucukonder et al., 2003; Matlock et al., 2002; Lee et al., 2002;

Dang et al., 2002; Bunce et al., 2001; Vigneault et al., 2001) and

possibly be transported by rainwater and surface water away

from the source. Quite a number of studies in many countries

have been performed to study the release of metals from coal

mine spoils, but only a few in Thailand. Those reports

concerned the weathering process of the tailings using

leaching experiment and sequential extraction (Yukselen

and Alpaslan, 2001; Sun et al., 2001; Sahuquillo et al., 2002;

Badulis, 1998). They focused on only how the metals are

leached out. However, the mechanisms leading to the

possible migration of heavy metals further away downstream

from the mining site is still not clear. The geochemical

behavior of metals released from the acidic tailing minerals

depends on a number of different parameters. As soon as the

AMD is diluted and pH increases, a number of precipitating

phases have been observed: jarosite, schwertmannite, ferri-

hydrite (Hochella et al., 1999; Dinelli et al., 2001) and mixed

amorphous gel like phases with more or less variable

composition (Featherstone and O’Grady, 1997; Munka et al.,

2002). Precipitation of those phases going along with metal

adsorption and co-precipitation leads to the retention of

released metal ions. The mobility of metal ions then is often

determined by potentially forming particulate and colloidal

species being stabilized and dispersed in the water. Particu-

late and colloidal species of metals such as Fe, As, Cd, Cu, Mn,

Pb and Zn derived from tailing minerals have indeed been

observed to migrate over long distances (Featherstone and

O’Grady, 1997; Kimball et al., 1995; Zänker et al., 2002;

Schemel et al., 2000). Purely inorganic colloidal species

composed of high AlOOH and FeOOH amounts have their

isoelectric point close to the pH of natural water and thus

exhibit only low colloidal stability. Surface sorption or coating

with silicate or natural organic matter as humic or fulvic acid

is known to shift the isoelectrical point of colloidal particles

to lower pH (e.g. Kretzschmar et al. 1998), and to increase

inter-particle charge repulsion and thus colloidal stability.

Humic and fulvic acids being present in natural water in

concentrations ranging from 0.5 to 100mg/L (Frimmel, 1998)

can on the other hand form metal-complexes in certain pH

ranges (Gundersen and Steinnes, 2003) and by this way

enhance the metal mobility.

The aim of the present work is to study the colloid

formation upon AMD dilution in presence of humic acid to

simulate the interaction of acidic leachates upon mixing with

ground- and surface water containing natural organic matter.

Humic and fulvic acids are known to be major constituents of

organic matter in most soils and groundwater (see e.g.

Stevensen, 1994). Humic acid is thus taken to simulate the

influence of natural organic matter on metal ion colloid

formation. AMD is prepared by leaching of a tailing sample

taken from a disposal of the Lamphun area with simulated

rain water (RW) or humic acid containing solution. The

solution compositions of the two leachates are compared

with water samples taken from a pond fed by draining water

from the mine. The leachate obtained with the humic acid

solution (10mgL�1, pH 7) is then subsequently diluted with

10mgL�1 humic acid solution to final pH values ranging from

4.6 to 7.6 and the colloidal species formed are characterized

by using the asymmetric flow field-flow fractionation

(AsFlFFF) combined with UV/VIS absorbance and ICP-mass

spectrometric detection. Humic acid concentration and pH

values lie in the range of natural conditions.

2. Materials and methods

2.1. Analysis of the tailings and water samples

AMD water samples from a coal mine disposal area in

northern Thailand (Lamphun area) were collected from two

sites of a pond during summer season (September: BP-S; LN-

S) and rainy season (October: BP-O; LN-O). Tailing samples

were taken from the same site. Grain particles with a

sizeo1mm were separated by sieving and used for character-

ization by X-ray diffraction (XRD-3000, Seifert, Germany),

scanning electron microscopy (SEM-EDX, CamScan CS44 FE,

England), X-ray fluorescence (XRF, Siemens, SRS 3000, Ger-

many), Organic carbon analysis (TOC-5000, Shimadzu, Japan)

and trace element analysis by ICP-mass spectrometry

(ELAN6000, Perkin-Elmer, USA) after total digestion (HNO3/

HF) in a microwave oven.

2.2. Leaching of the tailing sample

Batch leaching tests with two leachants were performed to

follow the leaching behavior of somemetals in the tailings: (1)

simulated RW (2�10�5mol L�1 HNO3 (Merck, Germany),

3�10�5mol L�1 H2SO4 (Merck, Germany), 1�10�5mol L�1

HCl (Merck, Germany) and 2�10�5mol L�1 NH3 (Merck,

Germany) (recipe: Sigg and Stumm, 1989) and (2) 10mgL�1

Aldrich humic acid (pH 7, in 10�3mol L�1 NaClO4). Fifty mL

aliquots of each leachant were added to 2.5 g of ground

tailings material. Each mixture was rotated vertically at a rate

of 1 rpm for 10 days. After the leaching period, the mixture

was centrifuged and the leachate was separated and collected

into a container. Metal ions and anions in the leachates were

analyzed by ICP-MS and IC, respectively. Fe(II)/Fe(III) specia-

tion was done by application of the classical spectrophoto-

metric procedure described in American Water Works

Association and Water Pollution Control Federation (1989).

2.3. Sequential dilution of the leachate

In order to simulate the interaction of metal ions released

from the tailings to the surface- or groundwater, a sequential

dilution of the humic acid solution leachates was performed.

In experiment 1, aliquots of the leachate were diluted with a

10mgL�1 humic acid solution of an initial pH 6.7 and

containing 10�3mol L�1 NaClO4. In parallel, an analogous test

was made with a 10mgL�1 humic acid solution of higher

initial pH (pH 9; ionic strength: 10�3mol L�1 NaClO4) (experi-

ment 2). The dilution ratios studied in the present work were
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1:100, 1:200, 1:300, and 1:500. The diluted leachate solutions

were stored up to a week until the final pH established. The

colloid particleso450nm in the filtered solutions (syringe

filter with pore size: 450nm) were characterized by the

AsFlFFF-ICP-MS system. The solutions before and after

filtration were analyzed by ICP-MS in order to determine the

particulate metal ion fraction. The particulate fraction in this

case is defined as particles 4450nm.

2.4. Analysis of colloidal species

Characterization of the colloidal species in the leachates was

performed by AsFlFFF (HRFFF 10.000 Series, Postnova Analy-

tics, Germany). The carrier was degassed by a 1100 series

vacuum degasser model G1322A (Hewlett–Packard, Wald-

bronn, Germany). Buffer solutions were used as carriers for

the AsFlFFF experiments: MES (pH 5, 10�3mol L�1) (Sigma,

USA) and TRIS (pH 7, 10�3mol L�1). Samples generated in

experiment 1 (pH ranging from 4.6 to 6.1) were fractionated in

the MES buffer (pH 5), experiment 2 samples (pH ranging from

6.0 to 7.6) in the TRIS buffer (pH 7). The pH of sample solutions

and the respective carrier solution, therefore, did not vary by

more than 1 unit. We do not expect a major influence of these

pH differences in sample and carrier solutions on the HA

colloids. In-line filters (teflon membrane; pore size: 0.1 mm)

were placed in the carrier tubings before entering the channel

in order to retain particulate impurities coming from the

internal constituents of the FFF-equipment e.g. abraded

material from pumps. Thickness of the channel was 350mm.

The ultrafiltration membrane used as accumulation wall

consists of regenerated cellulose with 5kDa cutoff (Postnova

Analytics, Germany). Previous experiments proved that more

than 85% humic acid passed the channel under the fractiona-

tion conditions used here even though the average molecular

weight was clearly lower than 5kDa (Ngo Manh et al., 2001).

Major reasons for this finding are the molecular structure of

humic acid being more extended than that of globular

proteins for which the membrane cutoffs are usually defined

and the negative charge of the humic colloids leading to

repulsion from the membrane surface (Guo et al., 2000). For

each experiment, sample aliquots of 500mL were injected into

the channel via a 6-port Rheodyne injection valve. A focusing

time of 180 s was selected. Elution was carried out by applying

an axial channel flow rate of 1mLmin�1 and a cross flow rate

of 0.7mLmin�1.

From the channel the carrier solution was directed through

an UV–Vis detector (LambdaCmax 481, Waters, USA) record-

ing the signal at l ¼ 225nm. The ICP-MS (ELAN6000, Perkin

Elmer, USA) was connected to the AsFlFFF -UV–Vis flow-

through cell via a T-junction (UpChurch, USA) to analyze

metal ions continuously in a simultaneous mode. The stream

eluted from the AsFlFFF system was in-line mixed with a 6%

HNO3 solution containing Rh as an internal standard

(100mg L�1). The size calibration using latex standards (20, 50

and 100nm in diameter, Duke Scientific Corporation, Califor-

nia) is made by plotting logVR against logdh
(logVR ¼ 0:34þ 0:5log dh, R ¼ 0:9968), where VR is the reten-

tion volume and dh is the hydrodynamic diameter and R is the

correlation coefficient.

3. Results and discussion

3.1. Characterization of solids and solutions

The elemental composition of the tailing sample used for

leaching experiments is given in Table 1. Main mineral

components as derived by XRD inspection are quartz (SiO2),

jarosite (KFe3(SO4)2(OH)6) (an oxidation product of pyrite

(FeS2)), gypsum (CaSO4 �2H2O), and additionally muscovite

(KAl3Si3O10(OH)2) and kaolinite (Al2Si2O5(OH)4). Analysis of

minor components by SEM-EDX showed the presence of iron

sulfides and gypsum. The composition of the solutions

resulting from the leaching experiments with 10mgL�1 HA

solution and simulated RW is given in Table 2. As expected,

the solutions become acidic (pH 2.6–2.7) and rich in sulfate in

both leachates. These values remained more or less indepen-

dent of the solid/liquid ratio of the experiment. The same pH

values and sulfate concentrations were observed in column

leaching experiments (not described here) with the identical

solid material and solutions. Beside high Ca, Fe, Mn, Mg, Al

and Na concentrations, transition metal ions as Co, Cu, Ni

and Zn were present up to 3mgL�1. The final composition of

the leachates is primarily determined by dissolution of acidic

components from the tailings. The initial solution composi-

tion and notably the presence or absence of humic acid does

not play a significant role. Weak complexing characteristics of

the fully protonated HA functional groups and the potential

sorption to the tailings material under the acidic conditions

may explain why the HA solution does not mobilize more

metal ions than the simulated RW. The composition of the

leachates obtained in the laboratory experiments is quite

similar to that found in some water samples collected at the

mining areas (see also Table 2). Those samples were taken

from a pond at the bottom of the mining site which is fed by

drainage water from the mine in September (summer time in

Thailand, sample BP-S and LN-S) and in October (raining

season, BP-O and LN-O). The pH-values of the BP-S and LN-S

samples are considerably lower than those of the BP-O and

LN-O solutions likely due to the dilution by RW. In general, the
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Table 1 – Composition of the tailings sample as analyzed
by XRF, XRD, SEM-EDX, TOC and ICP-MS (grain fractio-
n:o1mm)

Element Content Method

Si 40.5% (w/w) XRF

Al 20.5% (w/w) XRF

Fe 12.7% (w/w) XRF

As 137.5 mg g�1 ICP-MS

TOC 6.2% (w/w) TOC-analyzer

Minerals

Quartz, Jarosite,

Gypsum,

Muscovite,

Kaolinite

N/Q XRD

Gypsum, FeS2 N/Q SEM-EDX

N/Q: Not quantified.
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concentrations of inorganic and organic components in the

water samples collected during the rainy season are lower (1)

due to the dilution effect and (2) due to oxidation of Fe(II) with

subsequent formation of Fe(III)OOH precipitates scavenging

the trace elements. The compositional similarity of natural

AMD taken from the pond at the site and the leachate

obtained from the tailing material in the laboratory demon-

strates that the leachate composition is typical for AMD in the

investigated system. The nature of the relatively high organic

carbon content in the pond water samples is not yet clear and

no attempt was made within the present study to elucidate

the nature of those compounds.

3.2. Metal ion speciation in AMD leachates

We performed simulation experiments in order to estimate

the formation of colloidal and precipitating metal species

upon dilution of the AMD in presence of humic acid. The

acidic solution extracted from the tailing soil was subse-

quently mixed with humic acid containing solutions with

initial pH values of 6.7 (experiment 1) and 9 (experiment 2),

respectively. The leachate was diluted by factors of 100, 200,

300 and 500. Resulting Fe and Al concentrations and the pH

values of the diluted solutions are given in Tables 3 and 4 and

respective data are plotted in Figs. 1 and 2 for both dilution

experiments. The pH values established in the final solutions

cover a range relevant to natural conditions. Diluted solutions

were aged for 1 week in order to reach steady-state conditions

and to avoid reaction kinetics overlaying the results. Aim of

the experiments was to provide an estimate of the conditions

where metal ions in AMD could be mobilized due to colloid

formation or could be rather retained by precipitation or co-

precipitation.

In a first step we consulted existing thermodynamic data

bases in order to estimate the speciation of metal ions in our

diluted leachate solutions under oxidizing conditions. We

used the speciation code ECOSAT (Keizer and van Riemsdijk,

1994) for all calculations. If not specified explicitly in the text,

we took the thermodynamic data summarized by Lindsay

(1979), which are implemented in the ECOSAT data base.

Solubility of Fe(III) and Al(III) is calculated as a function of pH

taking the solution composition of the 1:100 diluted leachate

(Table 3) in absence of HA as a basis. The final pH values, Fe

and Al concentrations of the diluted leachates obtained in

experiments 1 and 2 are compared with calculated solubility

curves in Fig. 1. As a result, over-saturation for Fe(III) with
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Table 2 – Composition of leachate solution (10mgL�1 HA, 1�10�3molL�1 NaClO4) and water samples collected from a
pond on site. BP-S/LN-S are taken in September (summer season), BP-O/LN-O in October (rainy season). (Analytical
uncertainties areo10%.)

Tailings leachate BP-S LN-S BP-O LN-O

HA-solution sim. rain-water solution

pH 2.6 2.7 2.43 2.41 5.88 5.22

DOC (mgL�1) N/A N/A 29.7 28.8 3.8 4.6

Trace elements (mgL�1)

Fe 84.7 119.4 331 339 1.4 2.2

(80% Fe(II)) (75% Fe(II)) (86% Fe(II)) (59% Fe(II))

Al 15.9 21.5 28.4 31.1 0.7 2.2

Mn 23.0 26.9 23.8 24.2 3.0 3.6

Ca 133 164 99.6 104.6 30.4 33.0

Mg 17.3 20.4 12.4 13.3 7.2 7.3

Na 14.9 0.1 5.5 5.9 36.8 35.2

Trace elements (mgL�1)

Co 500 517 349 373 27 28

Ni 1200 1467 1900 900 100 100

Cu 900 1069 182 172 23 16

Zn 2900 3377 1600 1700 N/A N/A

Cd 11 14 N/A N/A N/A N/A

Pb 0.74 0.5 37 34 1.3 1.3

Ce 267 320 137 148 0.5 1.3

Eu 8.5 8.6 N/A N/A N/A N/A

La 101 107 N/A N/A N/A N/A

Th 41 42 10 11 0.5 0.1

U 23 25 18 19 0.6 0.9

Anions (mgL�1)

SO4
2� 1182 1152 1487 1524 166 173

Cl� 3.8 2.7 47 57 40 37

NO3
� o 0.1 3.6 o 0.1 o 0.1 4.3 1.3

PO4
3� o 0.1 o0.1 o 0.1 o 0.1 o 0.1 o 0.1

N/A: not analysed.
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regard to ferrihydrite (log (Ksol): -38.46, Lindsay, 1979) in the pH

range of interest (pHX4) is expected for both dilution

experiments. In case of Al(III), the solubility limit with regard

to amorphous Al(OH)3 (log (Ksol): -32.34, Lindsay, 1979) is

expected to be exceeded slightly in a pH range 6.5–7.5.

However, oversaturation occurs at pHX5 when assuming

gibbsite as solubility determining solid phase (log (Ksol): -

33.96, Lindsay, 1979). The presence of humic acid is antici-

pated to prevent precipitation due to formation of humate

complexes. Using the generic parameters for humic acid and

its complex formation constants with Al(III) and Fe(III) as

published by Milne et al. (2003) and applying the Nica Donnan

model (Kinniburgh et al., 1999), results in a speciation plot as

given in Fig. 2. According to this calculation, a concentration

of 10mgL�1 HA appears to be insufficient to suppress

ferrihydrite precipitation completely. According to the calcu-

lations, precipitation of ferrihydrite is prevented by humic

acid in the higher diluted leachates. The same is true for

Al(III) if we consider gibbsite precipitating. If we, however,

assume that rather amorphous than crystalline phases are

generated under given conditions, Al(III) species should exist

as dissolved species in presence of humic acid for all

dilutions. The solution speciation of Fe(III)/Al(III) is clearly

dominated by humic acid complexes. The calculations predict

that humic acid is able to keep considerable amounts of both

metal ions via complexation in solution and thus to enhance

their mobility.

Experimental data reveal that significant fractions of Fe and

Al can be separated from all diluted solutions by filtration

through a 450nm membrane filter (see Tables 3 and 4). This is

somewhat in contradiction to the calculations saying that

even Fe(OH)3 phases should not precipitate in the higher

diluted samples. The presence of relatively high particulate Al

fractions (4450nm)-similar to what is found for Fe—is at first

glance also not compatible with the speciation calculations.

The Al behavior might be explained by formation of

amorphous Fe/Al co-precipitates in the concentrated solu-

tions (1:100 diluted leachate). Another more plausible ex-

planation is considerable flocculation of humic acid by

interaction with Fe/Al ions. A number of spectroscopic

studies verified that hard Lewis acids like Al(III) as well as

Tb(III) and Th(IV) mainly interact with humic acid carboxylate

groups (Lee and Ryan, 2004; Monsallier et al., 2003; Denecke

et al., 1999). Assuming three carboxylate ligand groups

interacting with one trivalent cation and taking the potentio-

metrically determined carboxylate concentration of the

Aldrich HA (5.3�10�3mol g�1; Rabung et al., 1998) leads to

the molar metal ion/HA ratios given in Tables 3 and 4. Note

that the experimentally determined concentration of carbox-

ylate groups (taken from Rabung et al., 1998) is quite

consistent with the generic value for functional HA-groups

assumed by Milne et al. (2003) (5.7�10�3mol g�1). The

concentration of those metal ions which are strongly inter-

acting with humic acid is dominated by Fe(III) in the leachate.

The carboxylate ligand to Fe(III) ion ratio is close to 3:1 in the

1:100 diluted solution, so that HA functional groups are

completely occupied with Fe(III), if we consider three carbox-

ylate groups interacting with one trivalent Fe(III) ion. Depro-

tonated carboxylate groups are mainly responsible for the

overall negative net charge of the humic acid macromolecule
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preventing agglomeration and precipitation. Charge neutrali-

zation of the HA by the interacting cations will certainly lead

to extensive HA flocculation. Flocculation in addition to

ferrihydrite precipitation explains the presence not only of

Fe(III) but also of Al(III) in the 4450nm fraction of the 1:100

diluted solution. The existence of Fe and Al in the size

fraction 4450nm in the higher diluted sample solutions,

where ferrihydrite precipitation becomes unlikely, must then

mainly be due to HA flocculation. The Fe or Al fraction larger

than 450nm decreases at higher dilutions and this particulate

fraction is obviously lower for Fe in experiment 2 where the

pH is higher. This pH effect may be the consequence of the

higher dissociation degree of the humic carboxylic acid

groups impeding aggregation. We should also mention that

the assumption of three carboxylate groups interacting with

one trivalent cation must not necessarily be true. Ternary

complex formation has been found for the trivalent actinide

ion Cm(III) where e.g. significant fractions of hydroxy humate

complexes may easily exist at near neutral pH (Panak et al.,

1996). More metal ions can interact with the humic acid until

full charge neutralization will be achieved in case of ternary

humate carbonate or hydroxy complex formation.

Ca(II) is also known to induce HA flocculation (Schimpf and

Petteys, 1997; Benincasa et al., 2002; Bryan et al., 2001). Wall

and Choppin (2003) found in their experiments critical

coagulation concentrations for Ca(II) of around 10�3mol L�1

before significant HA flocculation ([HA] � 100mgL�1, pH 8.3)

is observed. Ca(II) concentrations of up to 3.3�10�5mol L�1

(in the 1:100 diluted leachate) are two orders of magnitude

lower than this threshold. According to our calculations,

considerable Ca(II) complexation with HA is only expected at

pH46:2 so that due to the higher charge and the stronger

interaction with HA, the influence of the Fe(III)/Al(III) cations

has to be assessed as more relevant for charge neutralization

and the experimentally observed HA flocculation.

3.3. Colloid characterization

We studied the colloidal fraction (sizeo450nm) in the

sequentially diluted leachates by AsFlFFF combined with

UV/Vis and ICP-MS detection. The photometric detection

allows monitoring of the HA in the FFF effluent while ICP-MS

detects colloid-bound metal ions.

The fractograms (Figs. 3 and 4) clearly visualize the

existence of an agglomeration process depending on metal

ion concentration in the leachate. A clear increase of the

average HA colloid size is observed by UV/Vis absorbancewith

increasing Fe or Al to HA ratio. The peak maximum of the HA

size distribution under given conditions lies at p2nm related

to the calibration with polystyrene particles. The average HA

size increases considerably by increasing the Fe(III) to

HA(carboxylate functional group) ratio. In the fractograms

of the solution prepared in experiment.1 containing the

highest metal ion concentration (dilution: 1:100), we could

hardly find any peak for HA. Only at very large retention times

(corresponding to a size of �200nm) a small peak could be

observed at the same position as for Al and Fe. The major part

of the Fe/Al/HA species, however, is located in the 4450nm

fraction as has been mentioned already earlier (see Tables 3

and 4). In experiment 2, i.e. at higher pH, the observation is
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somewhat different. The colloid fraction passing the 450nm

filter is not such strongly agglomerated as observed at the

lower pH values of experiment 1. The average colloid size at a

Fe(III) to HA (carboxylate functional group) ratio of �1:3 is

�7nm, where the size distribution ranges from 3 to 20nm. It

appears that there are still functional groups not coordinated
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to metal ions which at the higher pH induce a sufficiently

high negative surface charge, thus leading to a stronger

stabilization of a relatively small colloid fraction in solution.

One explanation for this observation could be the formation

of hydroxy or carbonate humate ternary complexes at the

higher pH with less coordination of HA carboxylate groups to

the metal ion.

The combination of FFF with UV/Vis and ICP-MS detection

allows not only to observe the evolution of the HA size but

also of the HA-bound metal size distribution. Fractograms as

given in Figs. 3,4,5 reveal a marked feature: at low metal

loading, HA and the metal humate complexes exhibit

different size distributions with significantly different peak

maxima. Those differences are perceptible in both dilution

experiments. It is also striking that the size of colloid borne

divalent metal ions such as Cu(II) is always closer to that of

HA than that of the trivalent cations (Fe(III) and Al(III)).

Colloidal metal ion species are larger than the average HA

entities, whereby the higher metal charge seems to increase

the observed colloid size. Such behavior was already observed

in earlier studies (Hassellöv et al., 1999; Geckeis et al., 2002,

2003; Bouby et al., 2002; Lyven et al., 2003). One possible

explanation is the occurrence of metal induced agglomera-

tion of HA macromolecules. Our studies show that this effect

appears at even low metal loading. This finding points to the

interaction of polyvalent metal ions with more than one HA

entity thus acting as bridging unit. A second possibility is that

complexed metal ions effectively screen the HA surface

charge and thus favor agglomeration of those units. Such

processes are in line with the observation that for lower

charged metal ions (e.g. Cu(II)) the size increasing effect is

smaller than for metals with higher charge (e.g. Fe(III)/Al(III)).

This effect is illustrated exemplary in Fig. 5 for U, Ce, Th.

measured by ICP-MS additionally after injection of the 1:500

diluted leachate solution (experiment 2) where those metal

ions are present at trace concentrationso1 mgL�1 in the

investigated HA solution. The shifts in the observed size

distribution pattern are significant and reproducible. Under

given conditions uranium exists in the hexavalent state as

humate complex of the divalent UO2
2+ ion where cerium as a

representative of the lanthanides is trivalent and thorium

tetravalent. The observations that (1) the average size of the

metal bearing colloids is larger than the average size of the

HA entities and (2) the dependence of average metal-humate

size on the metal ion charge both suggest the existence of

metal induced agglomeration processes influenced by the

individual metal ion charge.

With increasing metal loading, HA and metal–HA entities

progressively grow in size and finally the fractograms for both

species approach to almost coincidence. The difference

between the peaks of HA (detected by UV–VIS) and the

metal–HA fractograms (detected by ICP-MS) obviously can be
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taken as ameasure for the degree of metal-loading: The larger

the difference between the peak maxima, the lower the

overall HA loading. In our experiments, the complete HA

loading with Fe(III) seems to correspond closely to the

complete occupation of three carboxylate groups with one

trivalent Fe(III) ion at pH � 6 (experiment. 2) while at pH � 5

(experiment. 1) loading is already complete if only �60% of

the functional HA groups are occupied (again assuming one

Fe ion interacting with three HA carboxylate groups). Under

those conditions about half of Fe and Al already form

agglomerates with a size 4450nm.

Size evolution of HA upon interaction with another

trivalent metal ion (Eu(III)) has been also studied earlier at

very low HA concentration (0.26mgL�1) by using the laser-

induced breakdown detection (LIBD) at pH 6.0 (Bouby et al.,

2002). A clear HA agglomeration could be established in this

experiment only at metal loading X60% (assumption: Eu(III)

interaction with three HA carboxylate groups) quite consis-

tent with our present results. Various other investigations by

using e.g. using atomic force microscopy (AFM) (Plaschke et

al., 2000) or in the frame of spectroscopic studies on actinide

complexation with HA (e.g. Czerwinski et al., 1996) show

qualitatively the same HA behavior. Precipitation of signifi-

cant HA fractions has been already stated at M(III)/HA ratios

as low as 0.05 – 0.1 if pH decreases below 4 at an ionic strength

of I ¼ 0:1molL�1 (M(III): trivalent metal ion, Eu(III) or Am(III))

(Czerwinski et al., 1996). The Fe(III) induced coagulation of

natural organic matter was investigated in a recent study by

using transmission electron spectroscopy (TEM) and electron

energy loss spectroscopy (EELS) (Jung et al., 2005). Fe ionswere

mainly found to be associated by carboxylate groups in

coagulates and, therefore, a charge neutralization/complexa-

tion mechanism was suggested to be responsible for the

aggregate formation.

4. Conclusions

The experiments indicate that metal ions dissolved in AMD

may experience either retention or mobilization when

released from the source. When diluted in near neutral

natural water, metal ions can be kept to a certain degree in

solution by humic substances through complexation. Ag-

glomeration to larger HA aggregates and thus precipitation,

sedimentation or attachment to surfaces can predominate

under conditions where polyvalent metal ions as Fe(III) and

Al(III) saturate the complexing functional HA groups. At very

high metal ion concentrations, co-precipitation of Fe-oxy-

hydroxide/humic acid may also become relevant. Such

behavior is in agreement with the outcome of earlier

investigations: Transformation of marine dissolved organic

matter into agglomerated polymer gels is known to have a

shorter oceanic residence time due to enhanced sedimenta-

tion (Chin et al., 1998). Flocculation through interaction with

polyvalent metal ions as Ca(II), Al(III) (Römkens and Dolfing,

1998) and Fe(III) (Jung et al., 2005) is reported to control the

DOC concentration in soil pore water and during drinking

water treatment processes. The complexation reaction is

responsible for charge neutralization of HA entities thus

reducing HA colloid stability (see also Jung et al., 2005). Our

studies show that even at lower loading of HAwith polyvalent

metal ions a size increase is found for the metal–HA

complexes as compared with the average HA colloid size.

We interpret this result as an indication for polyvalent metal

induced humic agglomeration taking place at even low metal

ion concentration. Those species nevertheless remain sus-

pended in solution, thus being mobile, andmay act as carriers

for metal ions.
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Abstract

Sulfonamides (SAs) were electrochemically investigated using cyclic voltammetry at a boron-doped diamond (BDD) electrode. Comparison
experiments were carried out using a glassy carbon electrode. The BDD electrode provided well-resolved oxidation, irreversible cyclic voltam-
mograms and higher current signals when compared to the glassy carbon electrode. Results obtained from using the BDD electrode in a flow
injection system coupled with amperometric detection were illustrated. The optimum potential from a hydrodynamic voltammogram was found
to be 1100 mV versus Ag/AgCl, which was chosen for the HPLC-amperometric system. Excellent results of linear range and detection limit were
obtained. This method was also used for determination of sulfonamides in egg samples. The standard solutions of 5, 10, and 15 ppm were spiked
in a real sample, and percentage of recoveries was found to be between 90.0 and 107.7.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Sulfonamides; Boron-doped diamond thin film electrode; Cyclic voltammetry; Flow injection system; HPLC; Amperometric detection

1. Introduction

Sulfonamides (SAs) have been used as antibacterial agents
for over 60 years. They are often used for prevention or treatment
of poultry leucocytozoonosis and coccidiosis, and are generally
co-administered in feed. The European Union (EU) has set a
maximum residue limit (MRL, 100 ng g−1) for SAs in foods
of animal origin such as meat, milk and eggs [1]. Therefore,
the determination of such residues in meat and other animal
by-products (milk and egg) used for human consumption has
become an important task.

� Presented at the 13th International Conference on Flow Injection Analysis,
April 24–29, 2005, Las Vegas, Nevada, and erroneously omitted from Talanta
68(2) 2005.

∗ Corresponding author. Tel.: +66 2 2187615; fax: +66 2 541309.
E-mail address: corawon@chula.ac.th (O. Chailapakul).

Owing to concern over sulfonamide residues in food prod-
ucts of animal origin, a number of techniques have been
proposed for their detection, including, immunoassay [2,3],
thin layer chromatography (TLC), gas chromatography (GC)
and gas chromatography–mass spectrometry (GC-MS) [4],
capillary electrophoresis [5], and high performance liquid
chromatography (HPLC) [6–17] and high performance liq-
uid chromatography–mass spectrometry (HPLC-MS) [18–20].
HPLC with UV and a fluorometry detector were common meth-
ods for determining these drugs [6–9]. The alternative for deter-
mination of these SAs was HPLC with an electrochemical
detector (HPLC-EC) using the amperometric technique [14].
HPLC-EC has been proved to be quite sensitive and inexpensive.

The diamond is one of nature’s best insulators, but when
doped with boron, the material can possess either semicon-
ducting or semimetallic electronic properties depending on the
doping level [21]. Therefore, the boron-doped diamond thin film
electrode has shown unique characteristics that make it partic-

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2005.08.040
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Fig. 1. Chemical structures of four SAs analyzed in this study.

ularly attractive for electrochemical applications, such as: (i)
very low and stable voltammetric background current, which
results in the improvement of signal-to-background [22,23];
(ii) long-term response stability as well as excellent activity
towards any redox species without any pre-treatment [24–27];
(iii) low sensitivity to dissolved oxygen [28]; (iv) a wide working
potential window in aqueous solution [29,30]; (v) slight adsorp-
tion of polar organic molecules [25]; and (vi) high resistance
to deactivation. These material properties are the impetus for
our interest in studying and developing diamond electrodes for
electrochemical applications. With respect to the outstanding
properties of BDD film, quite a number of applications, based
on the use of this new material for electrochemical quantitation,
have been reported [14,27,31–47]. This synthetic type of dia-
mond film has already been applied as an amperometric detector
in flow-injection (FI) analysis [27,31–37,40,42–46] and liquid
chromatography [14,37–41,47]. Furthermore, the BDD elec-
trode has been used for the treatment of wastewater [48,49].

This paper reported the use of the BDD electrode to detect
four SAs: sulfadiazine, SDZ; sulfamethazine, SMZ; sulfa-
monomethoxine, SMM; and sulfadimethoxine, SDM. The struc-
tures of these four compounds are shown in Fig. 1. Cyclic
voltammetry, flow injection analysis and HPLC with an amper-
ometric detector were used in this study. The applicability of the
method to analyze hen egg laying samples was demonstrated.

2. Experiment

2.1. Apparatus

The FIA and HPLC system used in this study consisted of
a Water Model 510 solvent delivery system (Water Associates
Inc, Milford, MA, USA), an injector system (Rheodyne no.
7125) with a 20-�L loop, Inertsil C4 column (GL Science,
150 mm × 4.6 mm i.d.; particle size, 5 �m), a thin layer
flow-cell (GL Science Inc.), and an amperometric detector
(Autolab Potentiostat 30; Metrohm, Switzerland). The follow-
ing apparatus used in the sample preparation comprised a mini
centrifuge (Cole Parmer, USA); an ultrasonic-homogenizer
(Ney Dental, USA); Mixer (National, Matsushita Electric
industrial Co. Ltd., Japan); and a micro-centrifugal ultrafilter

unit (Ultrafree-MC/PL, regenerated cellulose ultra-filtration
membrane, nominal molecular mass limit = 5000, capacity
≤0.5 mL, Millipore, Bedford, MA, USA).

2.2. Reagents

HPLC grade acetonitrile and ortho-phosphoric acid were
purchased from Merck (Darmstad, Germany). Deionized water
was from a Milli-Q-gradient system (Millipore, R ≥ 18.2 M�

cm). Sodium dihydrogen orthophosphate 1-hydrate and dis-
odium hydrogen phosphate were purchased from BDH (VWR
international Ltd., England). SMM, SDM, SMZ and SDZ stan-
dards were obtained from Sigma (St. Louis, MO, USA). Stock
standard solution (500 ppm) of each SA was prepared in ace-
tonitrile:deionized water (50:50, v/v). The stock standards were
stored at 4 ◦C. Working mixed standard solutions of these four
SAs were prepared by diluting the stock solutions with 0.1 M
phosphate solution.

2.3. Electrode

The BDD electrode grown on conductive Si (1 0 0) substrate
using the microwave plasma-assisted chemical vapor deposi-
tion (MPCVD) system was obtained from Associate Profes-
sor Yasuaki Einaga’s laboratory [23]. A mixture of acetone
and methanol at a ratio of 9:1 (v/v) was used as the carbon
source. B2O3, used as the boron source, was dissolved in the
acetone–methanol solution at a B/C atomic ratio of 1:100. The
BDD electrode was rinsed with isopropanol and then deionized
water prior to use.

The glassy carbon (GC) electrode was purchased from Bio-
analytical System Inc. (area 0.07 cm2). It was pre-treated by
sequential polishing with 1 and 0.3 �m of alumina/water slur-
ries on felt pads, followed by rinsing with deionized water prior
to use.

2.4. Electrochemical measurements

2.4.1. Cyclic voltammetry
Electrochemical measurements were carried out in a sin-

gle compartment three-electrode glass cell, with a volume of
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50 mL. The BDD electrode was pressed against a smooth
ground joint at the bottom of the cell, and isolated by an
O-ring (area 0.07 cm2). Ohmic contact was made by placing
the backside of the Si substrate onto a brass plate. The GC
electrode was also used as a working electrode in a com-
parison study with the BDD electrode. A platinum wire and
Ag/AgCl with a salt bridge were used as the counter and ref-
erence electrodes, respectively. Cyclic voltammetry was per-
formed with an Autolab Potentiostat 30. The electrochemical
equipment was housed in a faradaic cage to reduce electronic
noise.

2.4.2. Flow injection and HPLC analysis with
amperometric detection

The measurements (FIA) using the BDD electrode as an
amperometric sensor were carried out in a 0.1 M phosphate
solution (pH 3.0) at an applied potential of 1100 mV versus
Ag/AgCl. The FIA and HPLC system used in this study con-
sisted of a Water Model 510 solvent delivery system, with a flow
rate of 1.0 mL min−1; the length of the tubing connecting the
injector and the detector in the flow injection system was 20 cm,
an injector system, with a 20-�L loop; a thin layer flow-cell; and
an amperometric detector. The potential of the electrochemical
detector was set using a computer-controlled potentiostat. The
thin layer flow-cell consisted of the Ag/AgCl reference electrode
and a stainless steel counter electrode. A 1-mm thick silicon
rubber gasket was used as a spacer in the cell. The geometric
area of the electrode in the cell was estimated at 0.6 cm2. During
the measurements, the flow cell was maintained at room tem-
perature (25 ± 1 ◦C). An Intertsil C4 column was used for the
separation of the SAs. The 0.1 M sodium dihydrogen phosphate
(pH 3.0), acetonitrile (80:20; v/v), was used as the mobile phase
for FIA experiments, and eluent in the liquid chromatographic
experiments.

2.5. The preparation of egg samples

This method used less organic solvent [16]. An accurate
0.2 g of the sample was taken into a 1.5 mL micro-centrifuge
tube and homogenized in 0.4 mL of 10% (v/v) perchloric acid
solution (in water) with an ultrasonic-homogenizer for 1 min.
Next, this micro-centrifuge tube was centrifuged at 6000 rpm
for 3 min. A 0.3 mL portion of supernatant liquid was put into
an Ultrafree-MC/PL and centrifuged at 6000 rpm for 5 min. The
20 �L of solution in ultra-filtrate was injected into the HPLC
system.

2.6. Recovery test

The recoveries of SAs were determined from three egg blank
samples, accurately weighed at 1.0 g, and each spiked with mix
standards for a concentration of 5, 10, and 15 ppm, respec-
tively. Then an accurate 0.2 g homogenate was transferred into
a 1.5 mL micro-centrifuge tube and homogenized in 0.4 mL of
10% (v/v) perchloric acid solution (in water) with an ultrasonic-
homogenizer for 1 min. Preparation steps for the egg samples
followed.

3. Results and discussion

3.1. pH dependence study

In initial experiments, the electrochemical behavior of four
SAs was investigated at the BDD electrode in 0.1 M phosphate
solution from pH 2.0 to 7.0. Cyclic voltammograms of SAs at
various pH phosphate solutions were obtained. It was found
that changing pH phosphate solution effected the oxidation peak
current. The best-resolved and highest anodic signals of SAs
were obtained at pH 3. Therefore, pH 3 was chosen as the optimal
pH.

3.2. Cyclic voltammetry

Fig. 2A and B show the cyclic voltammograms for 50 �M
SDM together with the corresponding background voltammo-
gram in 0.1 M phosphate solution (pH 3.0) at the BDD and GC
electrodes. The background current for the GC electrode was
∼10 times higher than that obtained from the BDD electrode.
The BDD exhibited a well-defined irreversible oxidation peak at
∼1100 mV versus Ag/AgCl, whereas the GC electrode provided
an ill-defined irreversible oxidation peak. No cathodic peak was

Fig. 2. Cyclic voltammograms for (A) BDD and (B) GC electrodes vs. Ag/AgCl
in 50 �M SDM in 0.1 M phosphate solution pH 3.0 (a) and 0.1 M phosphate
solution pH 3.0 (b). The sweep rate was 50 mV s−1. The area of electrodes was
0.07 cm2.
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Fig. 3. Hydrodynamic voltammetric results for 10 ppm of each SA. The average
peak current obtained from injections (n = 4) of (A) background (0.1 M sodium
dihydrogen phosphate (pH 3.0):ACN (80:20; v/v), SDZ, SMZ, SMM and SDM
in 0.1 M sodium dihydrogen phosphate (pH 3.0):ACN (80:20; v/v). Phosphate
solution was used as a carrier stream. The flow rate was 1 mL min−1. (B) Hydro-
dynamic voltammogram of signal-to-background ratios.

observed at either electrode on the reverse scan within the inves-
tigated potential range (+500 to +1300 mV).

3.3. Flow injection analysis with amperometric detection

To obtain the optimal potential for amperometric detection in
flow injection analysis, the hydrodynamic behavior of SAs was
studied. Fig. 3 shows a hydrodynamic voltammetric I–E curve
obtained at the BDD electrode for 20 �L injections of 10 ppm to
each SA in 0.1 M sodium dihydrogen phosphate (pH 3.0):ACN
(80:20; v/v) as the carrier solution. Each datum represents the
average of four injections. The absolute magnitude of the back-
ground current at each potential is also shown for comparison.
The S/B ratios were calculated from Fig. 3A at each potential to
obtain the maximum potential point. The hydrodynamic voltam-
metric S/B ratios versus potential curve are shown in Fig. 3B,
with the maximum S/B ratio at 1100 V. Hence, this potential was
set for quantitative amperometric potential detection in HPLC
analysis experiments.

3.4. HPLC analysis with amperometric detection

In previous papers [7–10] on reversed-phase HPLC analy-
sis of SAs, the C18 or C8, non-polar sorbent columns were
used the most frequently. The C18 and C8 sorbents required
a large volume of strong elution solvents as the mobile phase.
The separation in this experiment was performed using a C4

Fig. 4. HPLC-EC chromatogram of a standard mixture containing 10 ppm con-
centration of (a) SDZ; (b) SMZ; (c) SMM; and (d) SDM at the BDD electrode.
The mobile phase was 0.1 M sodium dihydrogen phosphate (pH 3.0):ACN
(80:20; v/v). The injection volume was 20 �L, and the flow rate 1 mL min−1.

column, which remarkably reduced the volume of elution sol-
vents required and provided a high signal and clear separation,
as described previously [15–17].

The results were analyzed by a chromatographic technique
(HPLC), coupled with amperometric detection on the BDD elec-
trode. The pH of the mobile phase was selected at 3.0 in order
to reduce the above information. The chromatogram of standard
solution of the four SAs in 0.1 M sodium dihydrogen phosphate
(pH 3.0):ACN (80:20; v/v) solution, as the mobile phase, is pre-
sented in Fig. 4. The retention times of the four SAs; SDZ,
SMZ, SMM, and SDM, at a concentration of 10 �g mL−1, were
4.0, 5.2, 7.5, and 18.0 min, respectively. Twenty minutes were
required to complete separation of the four SAs.

3.5. Method characteristics

The calibration characteristics of the SAs at the BDD elec-
trode are shown in Table 1. The detection limit (DL) and quan-
titative limit (QL) for the four SAs under these experimental
conditions were obtained from DL = 3SB/b and QL = 10SB/b,
when SB was the standard deviation of the mean value for 10
signals of the blank and b was the slope of the straight line in
the analytical curve [50].

From the standard deviation (SB), the straight line slope of
the analytical curve (b), the calculated value of DL and the
QL is shown in Table 1. The current responses of SAs var-

Table 1
Linear range (LR), detection limit (DL), slope (b), and quantitative limit (QL)
of SDZ, SMZ, SMM, and SDM

SAs LR (ppm) Equation y = bx + a R2 DL
(ppm)

QL
(ppm)

SDZ 0.050–100 y = 0.2922x + 0.6232 0.9905 0.011 0.037
SMZ 0.050–100 y = 0.2915x + 0.1610 0.9974 0.012 0.040
SMM 0.050–100 y = 0.2939x + 0.3084 0.9959 0.011 0.037
SDM 0.100–300 y = 0.2898x + 0.6433 0.9910 0.032 0.107
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Fig. 5. HPLC-EC chromatograms obtained from egg samples: (A) blank egg
sample and (B) egg sample spiked to a 10 ppm concentration of (a) SDZ; (b)
SMZ; (c) SMM; and (d) SDM at the BDD electrode. The mobile phase was
0.1 M sodium dihydrogen phosphate (pH 3.0):ACN (80:20; v/v). The injection
volume was 20 �L, and the flow rate 1 mL min−1.

ied linearly with the standard concentrations, covering a range
of 0.05–100 ppm for SDZ, SMZ and SMM, and 0.1–300 ppm
for SDM. The results indicated that this proposed method
can be applied for the determination of four SAs in egg
samples.

3.6. Application

Egg samples were analysis by the HPLC/EC system. Fig. 5
shows clearly the chromatograms, with clear/sharp peaks and
short retention times by using a C4 column and an isocratic
mobile phase of 0.1 M sodium dihydrogen phosphate (pH
3.0):ACN (80:20; v/v). The experiment was repeated three times
in order to assess the reproducibility in real sample. The recov-
eries of four SAs were determined by injecting a blank egg
sample, spiked together with the standard samples. The recov-
eries and %R.S.D. of SDZ, SMZ, SMM, and SDM at three
different spiked levels are summarized in Table 2. This procedure
allowed rapid and efficient purification of SAs and resulted in
high recovery (Mean of percentage of recoveries was found to be
between 90.0 and 107.7) and reproducibility (%R.S.D. < 4.9%
and S.D. < ± 4.7).

Table 2
Analysis four SAs in egg samples (n = 3)

SAs Mean of percentage recovery (x ± S.D.) %R.S.D.

5 ppm 10 ppm 15 ppm 5 ppm 10 ppm 15 ppm

SDZ 103.0 ± 4.7 96.9 ± 1.9 93.3 ± 1.6 4.5 2.0 1.7
SMZ 107.7 ± 3.8 98.8 ± 2.3 95.3 ± 2.1 3.5 2.3 2.2
SMM 103.2 ± 2.9 94.9 ± 2.3 91.3 ± 1.9 2.8 2.4 2.1
SDM 94.7 ± 1.2 90.0 ± 2.5 95.0 ± 4.7 1.3 2.8 4.9

4. Conclusions

BDD electrodes exhibit excellent performance for the electro-
chemical detection of SAs (SDZ, SMZ, SMM, and SDM) in egg
samples. The optimum potential from the hydrodynamic voltam-
mogram was found to be 1100 mV versus Ag/AgCl, which was
chosen for the HPLC-amperometric system. An excellent lin-
earity, and detection and quantitation limit were obtained. This
proposed method was used for determination of SAs in egg sam-
ples. Percentage recoveries were found to be acceptable.
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Abstract

Flow injection (FI) was coupled to ion-pair reversed phase high performance liquid chromatography (IP-RPHPLC) for the simultaneous analysis
of some metal-4-(2-pyridylazo) resorcinol (PAR) chelates. A simple reverse flow injection (rFI) set-up was used for in-line complexation of
metal-PAR chelates prior to their separation by IP-RPHPLC. The rFI conditions were: injection volume of PAR 85 �L, flow rate of metal stream
4.5 mL min−1, concentration of PAR 1.8 × 10−4 mol L−1 and the mixing coil length of 150 cm. IP-RPHPLC was carried out using a C18 �Bondapak
column with the mobile phase containing 37% acetonitrile, 3.0 mmol L−1 acetate buffer pH 6.0 and 6.2 mmol L−1 tetrabutylammonium bromide
(TBABr) at a flow rate of 1.0 mL min−1 and visible detection at 530 and 440 nm. The analysis cycle including in-line complexation and separation
by IP-RPHPLC was 16 min, which able to separate Cr(VI) and the PAR chelates of Co(II), Ni(II) and Cu(II).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Flow injection; In-line complexation; Ion pair reversed phase high performance liquid chromatography; Metal-PAR chelates

1. Introduction

Liquid chromatography has been widely recognized as one
of the methods for multi-element and sensitive analysis of metal
ions. Various modes of liquid chromatography have been used,
including normal phase [1–3], reversed phase and ion exchange
chromatography (IEC) [4–10]. Since the introduction of ion-
pair reversed phase high performance liquid chromatography
(IP-RPHPLC) [11,12] for the separation of charged solutes, IP-
RPHPLC has gained wide acceptance as an alternative method
to IEC for charged analytes, including metal ions. IP-RPHPLC
offers multi-element detection capacity, selectivity and sensitiv-
ity of analysis. Moreover, the reversed-phase stationary phase
has the benefit of lower cost compared to the IEC stationary
phase.

Most of the reports on IP-RPHPLC for metal analysis [13–16]
are based on the separation as their chelates. Pre-complexation
of metal ions with appropriate ligands has many advantages such

∗ Corresponding author. Tel.: +66 43 202222/41x2243; fax: +66 43 202373.
E-mail address: supalax@kku.ac.th (S. Srijaranai).

as increasing selectivity between metal ions, the ability to deter-
mine speciation and increasing sensitivity for chelates with high
absorptivity. Among the many ligands successfully used for IP-
RPHPLC separation of metal ions, 4-(2-pyridylazo) resorcinol
(PAR) is one of the most widely used ligands. PAR is an azo
dye has been used for the spectrometric determination of over
40 different metals [17]. PAR forms ionic complexes with large
absorptivity (∼104 L cm−1 mol−1) [18] at about 500 nm. It has
been shown to be an effective reagent for the determination of
metals using HPLC with either pre-column [19] or post column
complexation techniques [20,21].

Typically, complexation of metal ions is performed by batch
or external to the chromatographic system before injection. Ex-
ternal complexation is time consuming and the large amounts of
chemicals used mean more waste to discharge. It is prone to con-
tamination, especially for trace level determinations. Nowadays,
the main consideration includes automation of the method, low
operating costs, less waste as well as high sample throughput.

Flow injection (FI) has been known with features of a simple
operational basis, using inexpensive hardware, straightforward
thus leading to convenient operation, high sample throughput,
cost effective performance and versatility. FI has been widely

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2005.03.043
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used as an analytical tool and also combined with the other
analytical techniques [22].

Flow injection coupled with HPLC systems is usually
intended to improve general features of the analytical process
such as sensitivity, precision, rapidity, cost, etc. [23]. FI
coupled with HPLC is used in two different modes, i.e., pre- or
post-column arrangements. For the pre-column arrangement,
as in the present study, the FI port is placed before the HPLC.
The specific objectives of pre-column coupling are automation
of sample clean-up and/or preconcentration steps, automatic
implementation of derivatization reactions and saving reagents.
Two methods have been used to couple FI as precolumn of
HPLC. The first method, the sample plug is injected through
the FI valve and then passed through HPLC loop. In the
second method, the sample from the FI system is retained in a
precolumn placed in HPLC loop.

Previous work in this laboratory has involved metal analysis
by IP-RPHPLC via batch complexation with PAR [24]. In the
work described here, a simple FI system was developed as the
in-line precolumn for complexation of some metal-PAR chelates
before being analysed by IP-RPHPLC. The FI part (rFI) is oper-
ated by injecting a PAR reagent solution into a metal ion solution
flowing stream. A portion of the PAR-metal mixture zone is then
sampled with the HPLC injection valve for subsequent separa-
tion and further detection.

2. Experimental

2.1. Chemicals and reagents

All the reagents used were of analytical reagent (AR)
grade, 4-(2-pyridylazo) resorcinol and tetrabutylammonium
bromide (TBABr) were purchased from Fluka (Switzerland).
2-Diethylaminoethanol was obtained from Merck (Germany).
Methanol and acetonitrile were of HPLC grade from Lab-
Scan (Thailand). The atomic absorption standard solutions
(1000 mg L−1) of Cu(II), Cd(II), Co(II), Hg(II), Zn(II), Fe(III)
and Pb(II) were obtained from Ajax Finechem (Australia)
whereas Ni(II) was purchased from BDH (England). Cr(VI)
oxide was obtained from Merck (Germany). Aqueous solutions
were prepared with deionized water obtained from RiOsTM type
I simplicity 185 (Millipore Waters, USA) throughout the exper-
iment. Standard solutions of metal ions were prepared daily
by stepwise dilution of 1000 mg L−1 stock solution with water.
Stock PAR solution (0.001 mol L−1) was prepared by dissolving
an accurately weighed amount of 4-(2-pyridylazo)resorcinol
in water and stored in a dark bottle. Working solution was
prepared daily with water and appropriate volume of 2-
diethylaminoethanol was added to make the concentration of
2.5 × 10−4 mol L−1 in such a PAR solution.

2.2. Instruments

A schematic representation of the rFI coupled with the HPLC
system is shown in Fig. 1.

The rFI system used a 505s 505LA peristaltic pump (Wat-
son Marlow, England). PFA Teflon tubes (1.5 mm i.d.) were

employed for the reaction coils and were connected to a six-
port low-pressure injection valve, four way switching valve
(Upchurch, USA) was used to allow the metal-chelates flow
to HPLC system. A manual operation using a stopwatch was for
time control.

The chromatographic set-up consisted of a Waters 6000A
Dual Pump, a Rheodyne injector with 20 �L sample loop and
a Waters 484 Tunable Absorbance Detector (Waters, USA)
equipped with Waters 740 Data Module Integrator (Waters,
USA), and the Millinium 32 Software data acquisition system
was used. A 996 photodiode array (Waters, USA) was also used
for the study of interferences. A C18-�Bondapak (3.9 mm i.d.
× 300 mm) coupled to a guard column (Waters, USA) was used
as the stationary phase.

The spectra of the metal chelates in batchwise experiments
were obtained with a Agilent 8453 (USA) UV–vis spectropho-
tometer equipped with a 1 cm quartz cell.

2.3. Procedure

Once the baseline of the HPLC was steady, a complete cycle
(4 steps) of the rFI-HPLC manifold was started. The 4 steps
include prefill, complexation, separation and washing. In the
first (prefill) step, the aqueous solution containing metal ions
was pumped through the rFI manifold for 30 s, this period was
long enough to fill the transmission line with metal solution. The
HPLC was in the load mode throughout this step to maintain a
steady baseline of mobile phase.

During the prefill step, an aliquot of PAR was filled into the
loop connected to V2 (at LOAD position).

Step 2, the complexation step, was started by switching V2
to INJECT position. The metal ions merged with PAR and com-
plexation occurred during their passage through the reaction coil
(RC). To avoid a dilution edges of the zone and to allow only the
middle zone of the PAR chelates to pass into the HPLC-loop,
the valve V3 was switched after 8 s of injection of PAR. The
subsequent time period of 2 s, was enough to rinse and fill the
HPLC-loop (20 �L).

Then, step 3 (separation step), was initiated via HPLC-valve
(V4). The PAR-chelates were introduced and then separated in
the HPLC system.

Finally, step 4 (washing step), was to wash the rFI and HPLC-
loop for the next analysis, while separation was taking place on
the HPLC column.

3. Results and discussion

3.1. Coupling of rFI to IP-RPHPLC

The rFI was chosen instead of normal FI because of its low
background noise for HPLC baseline as well as lower PAR con-
sumption. The rFI was coupled to the HPLC by switching valve
(V3) shown in the diagram (Fig. 1).

Factorial design was used to investigate the influence of
parameters of the rFI system on the peak height (absorbance).
The four variables studied were: flow rate of metal ions stream,
injection volume of PAR, length of the mixing coils and concen-



1722 S. Srijaranai et al. / Talanta 68 (2006) 1720–1725

Fig. 1. Diagram of FI-HPLC in-line derivatization system: P, peristaltic pump; RC, reaction coil; V1, three way valve; V2, low pressure injection valve; V3, switching
valve; V4, high pressure injection valve; C, analytical column; M.P., mobile phase; D, UV–vis detector/photodiode array detector; D.P., data processor; W, waste.

tration of PAR. A factorial design for four variables at two levels
(24 resolution, 16 experiments) was performed. According to the
results obtained from the factorial design, the chosen parameters
to be optimized were the concentration of PAR, injection vol-
ume of PAR solution and flow rate of metal stream. The variable
size simplex was then employed for optimization. The mixing
coil length of 150 cm was used throughout the experiment.

In-line complexation of metal-PAR chelates was performed
using the rFI which the optimum conditions were: mixing
coil length of 150 cm, injection volume of PAR 85 �L, flow
rate of metal stream 4.5 mL min−1 and concentration of PAR
1.8 × 10−4 mol L−1. The PAR chelates were then separated via
IP-RPHPLC.

Synchronization of the FI manifold and the HPLC is very
important to achieve good performance of the coupling system.
The time intervals and valve positions of the rFI-HPLC were
investigated using the results obtained from the study of the opti-
mization of the rFI. Manual operation of the rFI-HPLC system
was found to provide satisfied precision.

The complete cycle of rFI coupling to IP-RPHPLC was 120 s,
where as the analysis time of the HPLC was 14 min. Operating
periods and valve position for rFI-IPRPHPLC are summarized
in Table 1 and Fig. 2.

3.2. IP-RPHPLC of metal-PAR chelates

In IP-RPHPLC, the metal chelates, which are successfully
separated, have to be stable and kinetically inert [25]. It is known
that the retention behavior of chelates in IP-RPHPLC depends
strongly on complex composition (metal:ligand), which is gov-
erned by the nature of the central metal ion. The mobile phase
composition is also govern the separation. The principal param-
eters of interest in the mobile phase are pH, buffer (type and
concentration), organic modifier and ion pairing agent (long-
chain alkyl ions with a charge opposite that of analytes). There
are several mechanisms [26–28] explaining the retention behav-
ior of IP-RPHPLC, such as the ion-exchange mechanism, the
solvophobic theory and dynamic equilibrium.

Fig. 2. Diagram of timing control for operation of valves in the FI-HPLC system.
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Table 1
Valves positions and operating times for rFI-HPLC

Step Time (s) Valve position In-line complexation operation

V1 V2 V3 V4 Medium pump Stage of operation

Sample 1
1 30 To V2 Load To waste Load Metals Prefill
2 38 To V2 Inject To V4 Load Metals Complexation
3 40 To V2 Inject To V4 Inject Metals Separation
4 120 To V2 Load To V4 Load Water Washing

Sample 2

Typically, PAR forms anionic chelates with metals at the
metal to ligand ratio of 1:2 [29]. Thus, cationic ion pairing agent,
tetrabutyl ammonium bromide was used. The optimum mobile
phase was obtained by slightly adjusting the one obtained in our
previous work [24]. The mobile phase composition was 37%
acetonitrile, 6.2 mmol L−1 TBABr and 3.0 mmol L−1 acetate
buffer pH 6.0.

Baseline separation of three metal-PAR chelates was achi-
eved within 14 min, with the elution order of Co(II)-PAR, Ni(II)-
PAR and Cu(II)-PAR. The excess PAR was detected at the
retention time of 9.6 min. The chromatogram is shown in Fig. 3.

Using the optimum mobile phase and the detection at 440 nm,
Cr(VI) was retained shortly (4.9 min) after unretained peak (at
3.3 min), as shown in Fig. 4. The spectrochromatogram corre-
sponding to Fig. 4 is shown in Fig. 5. For the condition used,
Cr(VI) might present as its oxyanion (HCrO4

−) [30]. Thus, it
could interact with ion pairing agent in the same manner to
the anionic chelates. The peak at 4.9 min which was identified
as Cr(VI) gives the absorption spectrum (as shown in Fig. 6)
identical to the spectrum of Cr(VI) detected by UV–vis spec-
trometer. The resolutions between pairs were as follow: 1.4 for
Cr(VI) and Co(II)-PAR, 1.0 for Co(II)-PAR and Ni(II)-PAR,

Fig. 3. Chromatogram of metal-PAR chelates; condition: C18 column, mobile
phase 37% acetonitrile, 6.2 mmol L−1 TBABr and 3.0 mmol L−1 acetate buffer
pH 6.0, flow rate of mobile phase 1.0 mL min−1 visible detection at 530 nm;
peak: 0.10 �g mL−1 Co(II), 0.20 �g mL−1Ni(II), excess PAR and 0.80 �g mL−1

Cu(II).

2.4 for Ni(II)-PAR and excess PAR, and 1.3 for excess PAR and
Cu(II)-PAR.

3.3. Performance of rFI-IP-RPHPLC

Quantitative features including linearity and reproducibility
for retention time and peak area were studied using the optimum
condition. Calibration graphs were prepared by plotting the con-
centration of each metal ion (�g mL−1) against the peak area.
The limit of detection (LOD) was deduced based on three times
of baseline signal. The calibration equation, coefficient of corre-
lation (r2), recovery, reproducibility and LOD are summarized
in Table 2.

3.4. Interferences

The effect of interferences on the chromatography of metal-
PAR chelates was investigated. The chosen ions are the ions
able to form chelate with PAR including Cd(II), Cr(III), Hg(II),
Mn(II), Fe(III), Pb(II) and Zn(II). These metal ions were individ-
ually injected into the rFI-HPLC. All of the studied ions could
not form chelates with PAR under the condition used. Only peak,
which was identified as PAR (9.6 min) was observed.

Fig. 4. Chromatogram for Cr(VI) and metal-PAR chelates; peaks: 5.0 �g mL−1

Cr(VI), 0.10 �g mL−1 Co(II), 0.10 �g mL−1 Ni(II), excess PAR and
0.40 �g mL−1 Cu(II) (condition as described in Fig. 3, except visible detection
at 440 nm).
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Fig. 5. 3D plot of Cr(VI) and metal-PAR chelates of chromatogram in Fig. 4.

Table 2
The quantitative features of rFIA-HPLC

Chelates Concentration of
metal ion (�g mL−1)

Linear equations
Y = AX + C

Correlation
coefficient (r2)

R.S.D.a (%) (n = 11) LOD (3σ) (�g mL−1) Percent recovery

tR Area

Cr(VI) 1.00–6.00 473.51X − 0.17 0.9961 2.0 0.94 1.00 113
Ni(II)-PAR 0.01–0.20 341.66X − 4.73 0.9983 2.1 0.91 0.02 84
Co(II)-PAR 0.01–0.40 547.21X − 0.61 0.9952 0.6 0.97 0.03 96
Cu(II)-PAR 0.05–0.60 293.80X + 5.49 0.9986 2.4 0.71 0.15 102

a Concentration of each metal was described in Fig. 4.

The study on tolerance level of the metal ions which could
not form chelates with PAR was studied by individually spik-
ing the metal ions at difference amounts (ranging from 0.5
to 10.0 �g mL−1) into the mixture of 0.10 �g mL−1 Co(II),
0.20 �g mL−1 Ni(II), 0.40 �g mL−1Cu(II) and 5.0 �g mL−1

Cr(VI). It was found that the presence of the foreign ions did not
affect the retention time of the PAR chelates of Co(II), Ni(II)
and Cu(II). However, the quantitative signals (both peak height
and peak area) were affected by the addition of the foreign ions.
Cu(II)-PAR was strongly influenced when the concentrations

Fig. 6. The absorption spectra of chromatogram in Fig. 4.

of the foreign ions increase to 2.5 times resulted in decreased
of peak height and peak area. The effect on Ni(II)-PAR was
observed when the foreign ions increase to five times greater than
Ni(II), resulted in the decreasing of peak height and peak area.
This effect was also observed for Co(II) when the concentration
of the foreign ion was 10 times to Co(II). The peak area of Cr(VI)
was not affected by the addition of the foreign ion. However, the
obtained spectra and the 3D plots (results not shown) revealed
that neither PAR chelates of the foreign ions nor the ternary com-
plexes were formed. According to the obtained results indicating
that in such a condition, quantity of PAR was enough for all of
metal ions. Furthermore, to ensure the excess amount of PAR,
10 times higher concentration of PAR, i.e., 1.0 × 10−3 mol L−1

was used. Similar results were obtained and large peak of excess
PAR overlapped the analyte peaks. The effect of interference on
the present method was obviously seen when compared to the
previous work [24] on precomplexation of metal-PAR chelates
by batch method prior to the analysis by IP-RPHPLC. This may
attribute to the nature of the flow system, which a short time that
stream of reagents are reacted. Neither physical equilibrium nor
chemical equilibrium (i.e., the completeness of reaction) has
been attained by the time it was detected.

3.5. Analysis of real sample

According to the study, it is possible to analyse Cr(VI)
simultaneously with Ni(II). The present method was applied to
the analysis of chrome plating waste water. The samples were
collected from chrome plating plant in Khon Kaen and were
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Table 3
Results of analysis of chrome plating waste water

Metal Concentration (�g mL−1)

Sample 1 Sample 2

FI-HPLC AAS FI-HPLC AAS

Cr(VI) 984.5 ± 6.4a 980.8 ± 7.9a 69.3 ± 10.7a 72.6 ± 9.3a

Co(II) N.D.b N.D.b N.D.b N.D.b
Ni(II) 1574.6 ± 10.2a 1580.9 ± 12.0a 121.4 ± 7.4a 126.8 ± 8.2a

Cu(II) N.D.b N.D.b N.D.b N.D.b

a S.D. (n = 3).
b Not detected.

analysed after dilution, pH adjustment and filtration through
0.45 �m membrane. The results obtained are listed in Table 3,
which were in good agreement with that of AAS.

4. Conclusion

In the present study, a simple combination of rFI and HPLC
resulted in a powerful technique for simultaneous analysis of
metal ion as their PAR chelates. The rFI was coupled to HPLC
with simple operation. Using the developed rFI for in-line com-
plexation gives benefit of less PAR consumption, less analysis
time and less waste disposed comparison to the batch derivati-
zation. The analysis cycle consists of in-line complexation (ca.
2 min) and separation by IP-RPHPLC (14 min). The method
was successfully applied for the separation of Co(II), Ni(II) and
Cu(II) as their PAR chelates.
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Abstract 

 Down scaling for chemical analysis with flow-based techniques with the emphasis on sequential injection systems is reviewed. 
Sequential Injection (SI) systems with Lab-on-Valve (LOV) offer various advantages. SI with Lab-at-Valve (LAV) approach serves 
as an alternative cost effective means for automation and miniaturization in chemical analysis. Development of the techniques and 
their features are discussed. 
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1. Introduction 
 

Research and development have favored the direction of “zero 
emission” and “greener” chemistry. This has also led to various 
approaches for cost effective chemical analysis. Flow-based 
techniques offer not only advantages gained in term of 
automation but also to down scaling in chemical analysis such as 
reduction in chemicals/ volumes used and waste, and in sample 
consumption; much less analysis time (leading to high sample 
through-puts), and less activities involving glassware cleaning. 
All concern cost effectiveness [1]. 

Flow injection analysis (FIA) may be known as an analytical 
technique based on microfluidic manipulation of samples and 
reagents. Usually, a sample is injected into a carrier/reagent 
solution which transports the sample zone into a detector to 
monitor changes due to the desired (bio)chemical reactions 
which have been taken place. Chemical information will be 
obtained from the detector response (absorbance, conductance, 
current, fluorescence, radioactivity, mass spectra, etc.), such as 
concentration from a calibration graph (signal value vs. 
concentration) [2, 3, 4]. 

Microfluidics have been employed for flow analytical 
techniques either in continuous flow modes, such as FIA and 
chromatography with constant unidirection (forward) flow of 
carrier to transport a sample from an injector to a detector, or 
programmable flow modes such as sequential injection analysis 
(SIA) with flow reversal to mix sample with reagent(s) or to stop 
flow to accommodate reaction time [2, 3, 5]. 

FIA was introduced by Ruzicka and Hansen as an approach 
for downscaling from batch analysis to flow analysis-from a 
beaker to microfluidics [3, 6, 7]. As the second generation, SIA 
was developed for more degrees in automation by having a bi-
directional pump for programmable flow. 
 
2. Lab-on-Valve (LOV) Approaches 
 
Ruzicka [8] proposed a SI with “Lab-on-Valve” (LOV) system, 
as the third generation, to perform micro- or 
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nanoanalysis by integrating all the necessary laboratory facilities 
for a variety of analytical schemes, including sampling, chemical 
reaction, and detection in a conduit at a multiposition valve. The 
conduit is a very precisely positioned engraved Plexiglas using 
computer-aided-design (CAD). This is mounted to replace the 
headpiece of a selection valve (see Figure 1 [3]). As SI-LOV is a 
system/device for analytical processes taking place, it could 
serve then as a type of micro-total analysis system (μ-TAS). SI-
LOV has proven to have more tolerance than that of chip based 
approaches for real applications to dirty samples or samples with 
complicate matrices. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 1  SIA -Lab-On-Valve® 

(more detail in www.flowinjection.com) 
 
 
SI-LOV has become a platform for microSI manipulation 

using microliter volumes of sample and reagents per analysis. 
SI-LOV has been cooperated well with various techniques apart 
from UV-VIS such as bead injection, sequential injection affinity 
chromatography, mass spectrometry, capillary electrophoresis, 
atomic spectroscopy (AAS, ICP-AES and ICP-MS) and 
potentiometry. 

Ruzicka has demonstrated the usefulness of SI-LOV systems 
to various applications [7, 9, 10, 11], including environmental 
analysis, pharmaceutical and bioanalytical assays. 

Hansen, Wang and Miró have extensively reviewed the 
applications of the microSI-LOV systems with various sample  
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Fig. 2  Mono-segmented flow using SI-LOV for microtitration 
(adapted from ref 27): (A) the SI-LOV system, (B) the 
conditions and (C) the signal profiles. 

 
 

pretreatment methods for determination of trace levels of 
elements using ETAAS and ICPMS. These sample pretreatments 
include sample dilution, dialysis, derivatization, hydride 
generation, liquid-liquid and solid phase extraction, 
chromatographic separation and preconcentration with beads and 
packed column [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. 

Coupling of the SI-LOV system with other detection systems 
such as AAS, FT-IR, electrochemistry has also been reviewed 
[24, 25]. 

Some previous reviews may be sources for information (Table 
1). Table 2 summarizes some SIA-LOV developments. 

Employing SI-LOV, micro-segmented microflow analysis 
[27] can be performed. Air segments are introduced to sandwich 
the sample-reagent plug to eliminate dispersion between the 
sample-reagent zone and the carrier stream. This enables 
promotion of mixing of analyte and reagent(s), with longer 
residence time and better sensitivity with low reagent 
consumption being possible. This was demonstrated by 
microtitration. By flow reversal, three solutions can be mixed 
together well in a mono-segmented zone. The air bubbles are to 
be discarded prior to absorbance measurement to obtain a 
smooth response. It should be noted that the signal profiles are 
not in the shape of peaks, which are different from normal SI-
grams. (see Fig. 2). The concentration of a sample analyte can be 
obtained via a calibration graph. By the mono-segmented SI-

LOV approach, the determination of copper using 2-carboxy-2'-
hydroxy-5'-sulfoformazyl benzene (Zincon) has been reported 
[32]. 

 
3. Lab-at-Valve (LAV) Approaches 
 

As an alternative cost effective micro-total analysis system, 
the Lab-at-Valve (LAV) approach has been investigated. A LAV 
unit can be fabricated using an ordinary and less precise machine 
tool by designing for suitable function for the chemistry of 
interest, and for easy attachment at a port of a conventional 
selection valve in a simple usual way. There is no need to take 
out any part of a usually available selection valve [1, 47]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 

 
 
 
Fig. 3  SI-LAV for the potentiometric determination of chloride 
(adapted from ref 1, 47): (A) the SI-LAV system (B) the LAV 
flow cell and (C) the signal profiles  
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Table 1: LOV reviews and related articles 
 

Analyte/sample/application field(s) Features (detection) ref 

affinity separation, fermentation 
monitoring and functional cellular assay 

μSI-LOV with various possible detectors for bionalytical 
assays 10 

trace level metals implementation of FI/SI-sample separation/preconcentration, 
mentioned LOV (ETASS/ ICPMS) 22 

pharmaceutical samples SI-LOV for chromatography and BI 9 

trace level metals 
progress in implementing miniaturized FI/SI systems for 
online separation and preconcentration, mention LOV 
(ICPMS) 

19 

ultra-trace level heavy metals SI-BI-LOV for online solid phase extraction and preconc. 
(ETASS/ ICPMS) 20 

trace level metals SI-LOV with BI microcolumn for preconcentration (ETASS/ 
ICPMS) 21 

  SI-LOV with other cost effective flow-based technique 
development 1 

  impact of FI in modern chemistry including BI-LOV 17 

  3 generations of FIA  (FI, SI, BI-LOV) 18 

  
SIA for complicated online sampling manipulation (dilution, 
dialysis, gas diffusion, enzymatic and immunoassay) 
mentioned LOV (ETAAS and ICPMS) 

25 

trace level metals in complex matrices FI/SI LOV for liquid-liquid extraction, precipitation, hydride 
generation, ion exchange/chelating packed column 14 

  LOV mesofluidic system 15 

  
progress in implementing miniaturized FI/SI systems for 
online separation and preconcentration, mentioned LOV 
(ETAAS) 

16 

  programmable ufluidics to replace batch wet chem. (various) 7 

nutrient (phosphorus) in fresh water and  
environmental solids 

μSI-LOV microcolumn for dynamic fractionation 
(spectrophotometry/ fiber optic) 12 

environmental field 

SI with solid reactors, packed column for chem. derivatization, 
chrom. sep. and preconcentration including SI-BI with jet ring 
or LOV to accommodate dynamic fractionation of trace 
elements (many) 

13 

pharmaceutical samples SIA (mentioned LOV) (spectro, fluorescence, 
chemiluminescence, electrochem.) 24 

trace level metals impact of FIA and SIA, LOV 23 
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Table 2: LOV with various detection techniques and applications 
 

Detection Analyte/sample Features ref 

spectrophotometry phosphate molybdenum blue chemistry  

protease enzymatic activity assay  

immunoglobulin G bioligand interaction assay protein G immobilized 
on Sepharose beads  

8 

ammonia, glucose, glycerol, free 
iron 

μSI-LOV for offline and online monitoring of 
small scale fermentation 25 

nitrate, nitrite and orthophosphate μSI-LOV with Cd foil filled microcolumn 
utilizing stopped flow 26 

acidity in fruit juice mono-segmented flow micro-titration with SI-
LOV 27 

DNA assay 
crystal violet solution was de-colored inside the 
flow cell of the LOV at the presence of 5  l  -
DNA/HindIII within a certain pH range 

28 

ketoprofen, naproxen, bezafibrate, 
diclofenac, ibuprofen and salicylic 
acid in surface water, urban 
wastewater, and urine 

lab-on-valve (LOV) with bead injection (BI) for 
on-line solid-phase extraction (SPE) as a front end 
to highperformance liquid chromatography 
(HPLC)  

29 

enzyme AChE and ACE SI-LOV micro-reactor for enzyme kinetic and 
inhibition studies 30 

Cu (II) and Fe (II) SI-LOV using reaction of 5-Br-PSAA) with Cu 
(II) and/or Fe (II) 31 

  

Cu (II) SI-LOV with air segment using reaction of Cu(II) 
and Zincon 32 

spectrofluorometry nucleic acid sequences SIA-LOV for sandwich hybridization of specific 
DNA probes to the target sequence 33 

chemiluminescence Tetracycline 

LOV with bismuthate immobilized 
microcolumnfor in situ oxidation of KBr and 
generation of bromine as oxidant for the bromine-
hydrogen peroxide-tetracycline (TC) 
chemiluminescent reaction 

34 

ICPMS Ni (II) and Bi (II) in reference 
materials and spiked urine 

SI-LOV with renewable ion exchange micro-
column 35 

UV-Vis and 
electrospray 

ionization MS 

biotin containing conjugates and 
lysosomal-b-galactosidase in 
human cell homogenates 

LOV-BI system for biotin conjuates using 
immobilized streptavidin 36 

mass spectrometry peptide mixture 
affinity chromatographic-LOV system using 
multiple ligand affinities to proteins immobilized 
on beads. 

37 
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Table 2 (con) 
 

Detection Analyte/sample Features ref 

ETAAS Pb (II) SI-BI-LOV using Sephadex G-25 impregnated by 
dithizone 38 

Cd (II) 
PTFE material for use as a means for separation 
and preconcentration of trace levels of metal ions 
with SI and SI-LOV 

39 

Cd (II) 
Octadecyl Immobilized Surface for Precipitate 
Collection with a Renewable Microcolumn in 
LOV 

40 

Cr (VI) and Cr (III)  
bead injection (BI) with renewable reversed-phase 
surfaces in a sequential injection-lab-on-valve (SI-
LOV) mode - C18 sorption of Cr(VI) - DPC 

41 

Cd (II), Pb (II) and Ni (II) SI-LOV system using chelating Sepharose beads 
as sorbent material 42 

  

Ni (II) in saline matrices 
Lab-On-Valve (μSI-LOV) for bead injection 
separation/pre-concentration of Ni-
dimethylglyoxime (DMG) chelate 

43 

CVAAS Hg (II) SI-LOV for hydride generation 44 

potentiometry Ca (II) SIA-LOV with solid contact ion selective 
electrode and pH electrode based on polyaniline 45 

capillary 
electrophoresis 

10 anions including chloride and 
sulfate 

μSI-CE interfaced with LOV and demonstrated 
various injections such as electrokinetic, 
hydrodynamic and head column field 
amplification sample stacking injections 

46 
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Table 3  Comparison of SI-LAV features to those of ion-
selective electrode (ISE), ion chromatography (IC) and 
conventional titration with silver nitrate solution.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI-LAV for chloride determination was proposed (Fig. 3) [47]. 

For potentiometry, a simple LAV flow through electrode system 
can be assembled. Both are Ag/AgCl electrodes, one a reference 
electrode (silver chloride activated surface-silver wire soaked in 
a constant chloride concentration in a small tube covered with a 
membrane), another as a working electrode situated in a flow 
channel. The potential difference due to the concentration cell 
effect is recorded as a peak. The SI-LAV provides a very simple, 
fast, precise, accurate, automatic and economical procedure for 
chloride determination and was applied to some water samples. 
Comparisons of features of SI-LAV to that of the conventional 
titration using silver nitrate solution, ISE, and ion-
chromatography may be considered as illustrated in Table 3.  

 
 
 
 
 
 
 
 
 
 
 

             
 
 
 
 
 
 
 
 

Fig. 4  SIA-LAV on-line micro solvent extraction (adapted from 
ref 48): (A) the SI-LAV system and (B) the LAV unit 

The SI-LAV approach has been proposed for a novel 
alternative for simple on-line automated liquid-liquid 
microextraction [48, 49]. Sample, reagent and organic solvent 
are sequentially aspirated into an extraction coil connected to a 
central port of a conventional selection valve. Flow reversal 
enables good efficient extraction. 

The aqueous and organic phases can be separated in a conical 
separating chamber, situated with a fiber-optic 
spectrophotometer to monitor the absorbance change in either 
the organic or aqueous layer. The unit (Fig. 4) is attached to one 
port of the valve. Applications have been made to the assays of 
anionic surfactant in water samples and diphenhydramine 
hydrochloride in pharmaceutical preparations by forming ion-
association compounds with methylene blue and bromocresol 
green, respectively. Table 4 demonstrates some features of 
solvent extraction in comparison with conventional batch, FIA 
and SI-LAV formats. 

 
Table 4  Features of solvent extraction performed in 
conventional batch, FIA and SI-LAV formats 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
The SI-LAV setup for the previously described on-line solvent 

extraction may also be used for some applications employing 
stopped flow [51] (see Fig. 5(A)), such as the kinetic study of the 
persulfate-iodide reaction: 

 
S2O8

2- + 2I-  2SO4
2- + I2 

 
Employing a constant concentration of persulfate but varying 

the iodide concentration, signal profiles for a stopped flow mode 
can be obtained, as shown in Fig. 5(B). Rates for each reaction 
condition can be obtained from the slope of the peak profile. The 
order of reaction in a rate law can then be deducted from the 
graph (log [iodide] vs. log [rate], as illustrated in Fig. 5(C)). 

Exploiting SI-LAV with air-segmented flow for automated 
on-line bead-based immunoassay has been made. The system 
provides precise delivery of micro-volumes of reagent and 
precise time of incubation and washing steps via manipulation of 
the syringe pump. Based on competitive enzyme linked immuno 
sorbent assay (ELISA), hyaluronan (HA), a biomarker, can be 
assayed by the competition of HA immobilized on beads and HA 
in the solution, to bind with a fixed amount of biotinylated HA-
binding proteins (b-HABPs). After separation, anti-biotin 
conjugated with enzyme and a suitable substrate are introduced 
to follow the binding reaction of the immobilized HA and b-
HABPs, whose degree of binding is indirectly proportional to the  
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Fig. 5  SI-LAV for kinetic study of perfulfate-iodide reaction: (A) the SI-LAV system, (B) the signal profiles and (C) relation of log 
[Iodide] vs. log [Rate] 

 
 
amount of HA in solution. Total analysis time for this 
automation is 30 min, comparing to 5-8 h for the conventional 
batch well ELISA. The system has been applied to human serum 
[52]. 

Investigation in progress is another SI-LAV system with bead 
injection for application to clinical analysis for the immunoassay 
for chondroitin 6-sulfate (C6S) as a biomarker for cartilage 
disease [53]. 
 
4. Conclusion 
 

Flow based techniques provide advantages in automation and 
miniaturization, favoring “zero emission” and “greener” 
chemistry approaches. Sequential Injection (SI) with Lab-on-
Valve (LOV) features give benefit in down scaling for chemical 
analysis. SI with Lab-at-Valve (LAV) approach may serve as a 
cost effective alternative. This enables down scaling chemical 
analyses, from operation on lab bench space to the manipulation 
at a valve. 
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Abstract

The H-Sensor reported herein is a micro-fluidic device compatible with flow injection analysis (FIA) and high performance liquid chromatog-
raphy (HPLC). The device detects analytes at two separate off-chip absorbance flow cells, providing two simultaneous absorbance measurements.
The ratio of these two absorbance signals contains analyte diffusion coefficient information. A theoretical model for the sensing mechanism is
presented. The model relates the signal Ratio to analyte diffusion coefficient. The model is qualitatively evaluated by comparing theoretical and
experimental signal Ratio values. Experimental signal Ratios were collected via FIA for a variety of analytes, including sodium azide, benzoic
acid, amino acids, peptides, and proteins. Measuring absorbance at multiple wavelengths provides higher order data allowing the analyte signals
from mixtures to be deconvolved via classical least squares (CLS). As a result of the H-Sensor providing two simultaneous signals as a function
of time for each sample injection, two simulated second-order HPLC chromatograms were generated using experimental H-Sensor data. The
chemometric deconvolution method referred to as the generalized rank annihilation method (GRAM) was used to demonstrate chromatographic
and spectroscopic deconvolution. GRAM also provides the signal Ratio value, therefore simultaneously obtaining the analyte diffusion coefficient
information during deconvolution. The two chromatograms successfully serve as the standard and unknown for the GRAM deconvolution. GRAM
was evaluated on chromatograms at various chromatographic resolutions. GRAM was found to function to a chromatographic resolution at and
above 0.25 with a percent quantitative error of less then 10%.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Absorbance; Chemometrics; Flow injection; Liquid chromatography; Sensor; Molar mass; Diffusion coefficient

1. Introduction

The power of hyphenated chromatographic techniques and
their subsequent higher order data sets has been known for
some time [1,2]. Hyphenation within separation science falls
within two categories. The first category generally refers to
coupled-column separation techniques such as two-dimensional
separations (i.e., LC×GC, GC×GC). The second category
concerns a separation combined with a multi-channel detec-
tor (i.e., LC–MS, GC-FTIR) and is referred to as a hyphenated
system [3]. This report concerns the development and initial

∗ Corresponding author. Tel.: +1 206 685 2328; fax: +1 206 685 8665.
E-mail address: synovec@chem.washington.edu (R.E. Synovec).

proof-of-principle evaluation of such a multi-channel detector,
termed the H-Sensor.
Based upon the concept of the previously developed micro-

fabricated T-Sensor [4–9], andH-Filter [10], theH-Sensor selec-
tivity is diffusion coefficient dependent. The nameof the detector
arises from its characteristic H-shaped flow channel. The H-
shape allows two flow streams to merge under laminar flow con-
ditions. The two streams are termed the sample stream and the
receiving stream. The only difference between the two streams is
that the sample stream initially contains analyte(s) within a host
solventwhile the receiving stream initially contains only the host
solvent. Both enter the microfabricated flow channel at the left
hand branches of the H, as depicted in Fig. 1. After merging, the
two streams travel down the central channel. While in the cen-
tral channel, the analytes within the sample stream are allowed

0003-2670/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2006.05.083
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Fig. 1. (A)A schematic diagramofH-Sensor flowcell. The sample streamenters
from the lower left hand side of flow channel. The sample stream merges with
the receiving stream and flows from left to right down central channel. In the cen-
tral channel, the smaller analytes (illustrated by small open symbols) within the
sample stream diffuse into the receiving stream. The larger analytes (illustrated
by larger black symbols) pre-dominantly remain in the sample stream. Upon
reaching the end of the central channel, the two streams diverge and exit to their
respective absorbance detector. (B) Theoretical diffusion profiles of two ana-
lytes having diffusion coefficients of 630 and 40�m2/s. Generated by Crank’s
solution (Eq. (2)) for the H-Sensor dimensions used in these studies: 500�m
wide× 200�mdeep× 2 cm long at a total flow rate of 4�L/min (residence time
of 30 s). The Ratio of the analyte having a diffusion coefficient of 630�m2/s was
predicted to be 0.38 while the Ratio of the analyte having a diffusion coefficient
of 40�m2/s was predicted to be 0.09.

to diffuse into the receiving stream. Smaller analytes, having
larger diffusion coefficients, diffuse more rapidly from the sam-
ple stream into the receiving stream than larger analytes with
smaller diffusion coefficients, as illustrated graphically in Fig. 1.
Upon reaching the end of the central channel, the two streams
diverge and exit the channel at the right-hand branches of the
H. Each stream then flows into a separate off-chip absorbance
flow cell. Both the sample and receiving stream fluidic paths and
detectors should be identical. The detectors are capable of mon-
itoring the absorbance at one wavelength or over a wavelength
spectrum.
This report begins with the development of a quantitative the-

oretical description of the H-Sensor’s detection principles. The

theory relates an experimental signal Ratio to analyte diffusion
coefficient. The signal Ratio is defined as the absorbance of the
receiving stream over the absorbance of the sample stream. The
experimental signal Ratios obtained via flow injection analy-
sis (FIA) are reported and compared to theoretical predictions.
The report also outlines the potential that the H-Sensor holds
in sample mixture deconvolution. Absorbance recorded at mul-
tiple wavelengths creates a three-dimensional data set (time,
absorbance, and wavelength). This multi-dimensionality allows
for data deconvolution.We report successful application of clas-
sical least squares (CLS) deconvolution to H-Sensor data of a
binary mixture. Lastly, using a simulated chromatographic time
axis, we examine the future applicability of the H-Sensor for
high performance liquid chromatography (HPLC) by perform-
ing the chemometric deconvolution and quantification method
referred to as the generalized rank annihilationmethod (GRAM)
[11,12] on co-eluting chromatographic peaks.

2. Theory

To provide a better understanding of the proof-of-principle
experiments discussed in this report, a theoretical description
of the H-Sensor is provided. This theory aims to derive a the-
oretical expression that relates the aforementioned signal Ratio
value to analyte diffusion coefficient. The Ratio is defined as the
experimentally measured absorbance of the receiving stream,
AR, divided by the experimentally measured absorbance of the
sample stream, AS, as presented in Eq. (1).

Ratio = AR

AS
(1)

A larger Ratio value indicates a larger diffusion coefficient. To
theoretically determine the Ratio value one must first determine
the theoretical absorbance values of each stream at the time of
detection. As absorbance is proportional to concentration, it is
apparent that the theoretical analyte concentration in each stream
as the stream exits the H-Sensor chip needs to be determined.
Towards that goal, amore thorough understanding of the on-chip
fluid dynamics is needed.
The H-Sensor’s dimensions are such that laminar flow dom-

inates. Therefore, mixing between the sample and receiving
streams occurs primarily via diffusion. Crank’s solution for one-
dimensional diffusion, from an initial step profile at x equal to
zero, when the diffusion is not influenced by the analyte concen-
tration, describes the concentration of an analyte at time t and
position x as [13]:

C =
∫

C0

2
[1+ erf(ξ)] (2)

where erf(ξ) is the error function of argument ξ = x/(4Dt)1/2,
and C0 is the initial analyte concentration at the time when the
streamsmerge (t= 0).ApplyingCrank’s solution to theH-Sensor
is straightforward. The zero time point, t= 0, is defined as the
time at which the sample and receiving streams merge, while
maintaining laminar flow [5]. At this instant, the sample con-
centration profile across the channel is assumed to be a step
function. Crank’s solution provides analyte concentration across
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the width of the channel (the x dimension) at any time, t. Solving
Eq. (2) at a given time for a variety of x-positions yields a con-
centration profile, such as those seen in Fig. 1B. In Fig. 1B, the
x-axis is the width of the central flow channel. Fig. 1B presents
theoretical concentration profiles for two analytes with different
diffusion coefficients: 630 and 40�m2/s. The profiles were gen-
erated using a typical residence time of 30 s beyond the instant of
streammerging. The analyte with the larger diffusion coefficient
diffuses more readily across the channel resulting in a shallower
concentration gradient than the analyte with the smaller diffu-
sion coefficient.
This model assumes that the receiving and sample streams

split at the center of the chip, x= 0, before exiting and heading to
the two detectors. Therefore, the theoretical absorbance values
of each stream are directly proportional to the total concentration
of analyte in each side of the flow channel at a time equal to the
residence time. The analyte concentrations can be calculated by
taking the integral of the concentration profile (Eq. (2)) over the
appropriate limits at time equal to the residence time. Allowing
w to equal the channel width, the sample stream’s limits are
from x = (w/2) to 0. The receiving stream’s limits are from
x = 0 to − (w/2).

Sample stream concentration =
∫ w/2

0

C0

2
[1+ erf(ξ)] (3)

Receiving stream concentration =
∫ 0

−w/2

C0

2
[1+ erf(ξ)] (4)

Dividing the receiving stream concentration by that of the sam-
ple stream yields the theoretical Ratio, Rt, for an analyte with
known diffusion coefficient. This Ratio is independent of the
initial analyte concentration, as shown in Eq. (5).

Rt = Recieving stream concentration

Sample stream concentration
=

∫ w/2
0 [1+ erf(ξ)]∫ 0
−w/2[1+ erf(ξ)]

(5)

The initial concentration of the analyte entering the sample
stream does not significantly influence the theoretical Ratio as
long as the concentration is low enough as to not significantly
influence the diffusion coefficient of the analyte.
For ease of visualization and discussion, we have taken the

liberty of relating the theoretical and experimental Ratio values
to molar mass rather than diffusion coefficient. The following
generalized equation was used to find the diffusion coefficient
of an analyte with a known molar mass.

D = 104 × M−0.6 (6)

In Eq. (6), M is molar mass and D is diffusion coefficient in
�m2/s. The values for the coefficient and exponent in Eq. (6) are
representative of a large selection of specific values given in the
second edition of the polymer handbook [14]. Eq. (6) serves as
an adequate tool for determining the trend of the diffusion coef-
ficient to molar mass relationship for a large group of analytes
(i.e., random coil linear molecules in a good solvent). This the-
ory is not designed for predicting accurate diffusion coefficients
or molar masses for a particular analyte. However, the theory

Fig. 2. A schematic diagram of the H-Sensor set up for flow injection analysis
(FIA). RS and SS stand for receiving stream and sample stream, respectively.

provides an adequate tool for evaluating the Ratio data given
by the H-Sensor is terms of molar mass for a large sampling of
diverse analytes.
Theoretical Ratios were calculated using Eq. (5) for the

hypothetical analytes shown in Fig. 1B. The analyte with a dif-
fusion coefficient of 630�m2/s has a theoretical Ratio of 0.38.
The second hypothetical analyte, with a diffusion coefficient of
40�m2/s, has a theoretical Ratio value of 0.09. Using Eq. (6) to
convert the diffusion coefficients to molar mass, one sees that
a D= 40�m2/s is indicative of an analyte with an approximate
molar mass of 10,000 g/mol. The much higher 630�m2/s dif-
fusion coefficient corresponds to a lower molar mass of about
100 g/mol.

3. Experimental

The H-Sensor system was assembled as shown in Fig. 2. The
receiving stream and sample stream pumps were microgradient
syringe pumps (Microgradient System, Brownlee Labs, Santa
Clara, CA). The sample stream pump carried fluid through an
injector fitted with a 1.5�L sample loop (6 port, Rheodyne,
Rohnert Park, CA). Detector flows cells, for the RS and SS
detectors, respectively, were constructed from PEEK crosses
(UpchurchScientific,OakHarbor,WA). Fluid entered and exited
the flow cells in a straight line. It is essential that the fluid flow
in both streams on the chip and off the chip be identical. Great
care was taken in ensuring the lengths, and inner diameters of
the tubing as well as all fluidic fittings were identical. Specifi-
cally, the flow cells should be positioned such that they create
an equal backpressure (i.e., identical fluidic path length). Equal-
izing the backpressure helps maintain an equal on-chip split of
the two streams. With great care any H-Sensor induced distur-
bance of the original analyte peak profile can be minimized. The
light source for each flow cell entered perpendicular to the fluid
stream and exited in the straight line. A bifurcated fiber optic
cable (300UM Aluminum ZFQ-1437, Ocean Optics, Dunedin,
FL), modified in house such that it has 1/16 in. outer diameter,
was used to carry light to each flow cell from a continuousXenon
lamp (Hamamatsu, Bridgewater, NJ). The light for each flow
cell was collected via a second fiber optic cable (FIA-P400-SR


