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Abstract

A flow-injection chemiluminescence (CL) system is proposed for simultaneous determination of Co2+ and Cu2+ using partial least squares (PLS)
calibration. This method is based on the fact that both Co2+ and Cu2+ catalyse the CL reaction of luminol-H2O2, and that their kinetic characteristics
of Co2+ and Cu2+ are significantly different in the luminol-H2O2 system. The CL intensity was measured and recorder at different reaction times
of luminol-H2O2 Co2+ Cu2+, and the obtained data were processed by the chemometric approach of partial least squares. The experimental
calibration set was composed of 16 sample solutions using an orthogonal calibration design for two component mixtures. The proposed method
o the
s ation of two
m
©

K

1

i
m
s
a
w
H
n
m
r
e
t
r
n
[
t
i

ere

o met
uent,
this

s to
lec-
ch a
new
hout
ubject

bined
ing,
r the

cult
stead
pro-

e the

0
d

ffers the potential advantages of high sensitivity, simplicity and rapidity for Co2+ and Cu2+ determination, and was successfully applied to
imultaneous determination of both analytes in real water sample. The present paper demonstrated that the simultaneous determin
etal ions without any prior separation has been possible using flow-injection CL system.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chemiluminescence (CL) is known to be a powerful and
mportant analytical technique because the analytical perfor-

ance of CL detection is better than that of other common
pectroscopic detection methods, such as spectrophotometry
nd fluorescence, higher sensitivity, lower detection limits and
ider linear ranges can be achieved with simpler instrument[1].
owever, a limitation to widespread application of this tech-
ique is often poor selectivity of the CL detection itself because
any coexisting substances can react with luminol or other CL

eagents to give light emission[2]. Many analysts made great
fforts to improve selectivity of CL or simultaneous determina-

ion, especially for luminol CL system. Pre-treatment or sepa-
ation procedures are usually required for the selective determi-
ation in flow-injection CL analysis. The use of masking agents

3], membrane phase separator[4], anodic stripping voltamme-
ry [5], solvent extraction[6] or discrete sample clean-up with
on exchange resin[7] has been reported. For simultaneous deter-

mination of multicomponent mixture, most CL systems w
combined with high-performance liquid chromatography[8,9],
gas chromatography[10], or capillary electrophoresis[11–13].
The CL systems used as postcolumn detectors have als
their problems: e.g., liquid chromatography needs the el
which often is a mixture of organic solvent and salts, and
eluent is always incompatible with the CL condition so a
decrease CL signal; in order to provide highly efficient col
tion of the CL, a CL cell must be specially designed, but su
cell is not commercially available. Thus, the development of
CL method, that allows the simultaneous determination wit
previous separations of these compounds, is a relevant s
of research.

In recent years, the use of some analytical methods com
with multivariate calibration can be considered a promis
faster, direct and relatively less expensive alternative fo
multicomponent analysis of mixture[14]. In this kind of sit-
uation, where the direct determination of an analyte is diffi
due to the presence of one or several other constituents, in
of eliminating the interfering species, e.g., by a separation
cedure, the use of multivariate calibration makes possibl
∗ Corresponding author. Tel.: +86 29 85300986; fax: +86 29 85307774.
E-mail address: libx29@hotmail.com (B. Li).

quantification of these interferences along with the analyte. Par-
tial least squares (PLS) modelling, which was developed and
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introduced into chemistry by Wold et al. in 1983[15], is one of
the powerful multivariate statistical tool that has so far been most
frequently applied to the UV–vis spectrophotometry[16–18],
spectrofluoriometry[19–21], near infrared spectrometry[22,23]
and electroanalytical method[24] for the multicomponent anal-
ysis of mixture without separation procedure. However, very few
reports have described the application of PLS to CL simultane-
ous determination[25,26]. The main reason is that the intensity
detected and recorded in CL analysis is a total intensity at all
the wavelengths because there are not any spectroscopes in the
common CL instrument. So the aid of spectral discrimination
(such as absorbance-wavelength in UV–vis spectrophotometry)
is not obtained for the simultaneous CL determination. If the
kinetic characteristics of the analytes in the detection system are
different, some compound mixture can be resolved obtaining
time-intensity curves. Traditionally, batch and continuous flow
methods are two basic sampling-injection modes for CL analy-
sis. In the batch mode, CL reactants are rapidly mixed and the
resulting intensity measured as a function of time. This method
has the advantages of high sensitivity and minimizes reagent
consumption. However, the CL intensity may be subject to poor
precision due to variations in mixing, particularly if the reaction
is fast. In the flow-injection CL analysis with high reproducibil-
ity, the stopped-flow technique is required to retain the emitting
solution in the flow cell in order to obtain the whole profiles
of CL intensity against time. However, the too frequent stop
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reported CL methods for simultaneous determination of Co2+

and Cu2+ [27,28], this method offers the potential advantages of
simplicity, rapidity and sensitivity for Co2+ and Cu2+ determi-
nation.

2. Theoretical background

Assuming,n analytes react with a common reagentR and
give the same productP. In the presence of excess reagents, the
intensity of light emission is proportional to the metal catalyst
concentration[29]. The CL intensity (I) measurement versus
reaction medium pH can be expressed as:

Ij = b0j +
n∑

i=1

bjjci (j = 1,2, . . . , s) (1)

wherebjj is the proportional coefficient for componenti at point
of time j, andb0j is the corresponding background. Eq.(1) can
further be simply written as:

Ij =
n∑

i=1

bjjci (j = 1,2, . . . , s) (2)

if m standard samples are prepared, Eq.(2) can be extended and
expressed in matrix form:
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nd start of pump affect the reproducibility of analytical d
he reaction mixture is not homogenized during stopped-
ourse, which will influence the reaction; the analysis efficie
ecreases because of the relative long stopped-flow time[26].

The pollution of water with transition-metal ions h
ncreased dramatically in recent years as a consequence
xpansion of industrial activities. Among the transition-m

ons, cobalt(II) and copper(II) always appear together in w
ample, and Co2+ and Cu2+ are toxic when their concentratio
n water exceed certain levels. Therefore, a rapid and conve

ethod for their simultaneous analysis in natural water sam
as attracted much attention. The CL method has succes
een applied to simultaneous determination of Co2+ and Cu2+.
u et al. suggested the flow-injection CL method coupled

on chromatography to simultaneous determination of Co2+ and
u2+ [27]. Time-resolved CL emissions have also been repo

or simultaneous determination of Co2+ and Cu2+ [28]. In this
aper, a simple flow-injection CL system combined with P
alibration is presented to synchronously determinate Co2+ and
u2+. This method is based on the fact that both Co2+ and Cu2+

atalyse the CL reaction of luminol-H2O2, and that their CL
inetic characteristics of Co2+ and Cu2+ are significantly dif
erent in the luminol-H2O2 system. Instead of the stopped-fl
echnique usually used in flow-injection kinetic analysis,
L kinetic profile is obtained by simple changing position
etected-signal point, according to the fact that the reaction
epends on the distance between the mixed-reagents poi

he detected-signal point in a flow system with a constant
ate. The CL intensity of luminol-H2O2 Co2+ Cu2+ was mea
ured and recorded on the different detected-signal points
he obtained data were processed by PLS. Compared wi
e

t
s
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nd

d
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m×s = Cm×(n+1)B(n+1)×s (3)

here the first row in matrixB represents the background v
or. According to this equation it is possible to determine
omponent by suitable chemometric method. In this work
xperimental datum were collected from experiments, then
rocessed by PLS calibration method.

PLS is a multivariate calibration model, which involve
wo-step procedure: (1) calibration, where the relation betw
esponse and reference component concentrations is estab
rom a set of standard samples and (2) prediction, in whic
alibration results are employed to estimate the componen
entrations in unknown samples. In the PLS model, all m
arameters are optimised for the determination of each ana
uring the model-training step, the calibration data are de
osed by an iterative algorithm, which correlates the data

he calibration concentrations using a so-called ‘inverse’ m
his provides a set of regression coefficients to be applied
ew sample.

. Experimental

.1. Chemical and reagents

All chemicals were of analytical grade and used without
her purification. The water used throughout was deionised
ouble distilled.

A 5 × 10−2 mol/l luminol stock solution was prepared by d
olving 9.32 g of luminol in 20 ml of 0.01 mol/l NaOH and th
ilution to 1 l with water. Luminol solution was stored in t
ark for 24 h prior to use to ensure that the reagent pro

ies had stabilized. H2O2 solution (4× 10−2 mol/l) was prepare
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Fig. 1. Schematic diagram of CL flow system: (a) sample; (b) H2O; (c) H2O2;
(d) luminol basic solution; (m) mixed-reagents point; (n) detected-signal point;
P: peristaltic pump; V: injection-valve; W: waste; D: detector; PC: personal
computer.

daily from the stock solution by further dilution just before use.
1× 10−4 g/ml of Co2+ and Cu2+ stock solutions were prepared
by dissolving their hydrochloric salts (Xi’an Chemical Reagent
Company, Xi’an, China) in water, respectively. A working stan-
dard solution was freshly prepared by diluting the stock solution
with water.

3.2. Apparatus

The flow system used in this work is shown inFig. 1. A
peristaltic pump (Zhejiang Xiangshan Shipu Haitian Electronic
Instrument Plant, China) was used to deliver all flow streams
at a flow rate of 2.0 ml/min (per tuber). PTFE tubing (0.8 mm
i.d.) was used as connection material in the flow system. A
black plate with a hole (2 mm× 2 mm, used as detected-signal
point) in the centre was placed on the window of photomultiplier
(PMT). The straight PTFE tubing (length: 20 cm, i.d.: 0.8 mm)
was used as CL flow-cell through the detected-signal point (n)
Sample solution (150�l) was injected by a six-way valve into
the water carrier stream, and then merged just prior to reachin
a flow cell with the stream of luminal and H2O2 at the mixed-
reagents point (m). The CL signal produced atn point of the flow
cell was collected with a CR-105 PMT (Hamamatsu, Japan) o
the ultra-weak Chemiluminescence Analyzer (Institute of Bio-
physics, Chinese Academy of Sciences, Beijing). The signal wa
recorded using an IBM-compatible computer, equipped with a
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H2O2 at pointm, producing CL emission. The signal at point
n was recorded using an IBM-compatible compute connected
to the PMT. When the reaction conditions were optimised, the
CL relative intensity corresponded to the normalized maximum
light intensity. For univariate calibration, the CL intensity of
Co2+ (or Cu2+) standard solution was detected under the opti-
mum conditions. For multivariate calibration, the CL intensity of
each bicomponent mixture solution was detected at the distance
betweenm andn of 0, 3, 6, 9 and 12 cm, respectively.

4. Results and discussion

4.1. Kinetic profile of CL reaction of luminol-H2O2 Co2+

(or Cu2+)

In the presence of a catalyst, luminol is oxidised by H2O2
in basic solution to form 3-aminophthalate in an excited state,
which exhibits an intense luminescence (λmax= 425 nm). In the
batch mode, the CL emission describes a typical response curve
(intensity versus time). The response curve corresponds to a first-
order consecutive sequence: formation and destruction of light
emitter[30]. Some metal ions (such as Co2+, Cu2+ and Cr3+) can
increase the reaction rate. The rate-increasing effects have been
better designated as promotions than catalytic effects because
the rate-increasing species are consumed during the reaction in
most cases[31]. The response curve depends on not only some
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ata acquisition interface. Date acquisition and treatment
erformed with BPCL software running under Windows 95.
ata pre-treatment was done with MATLAB for windows (Ma
orks, version 6.1). The PLS program for calibration predic
nd experimental design was written in MATLAB according

he algorithm described by Ni[14].

.3. Procedure

As shown inFig. 1, flow lines were inserted into analyte
tandard mixture solution or a sample mixture solution of C2+

nd Cu2+), carrier solution, H2O2 solution and basic lumino
olution, respectively. The pump was started to wash the w
ow system until a stable baseline was recorded. Then a 1�l
olume of mixed solution of Co2+ and Cu2+ was injected into
he carrier stream. The stream was merged with luminol
.
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xperimental factors (such as pH and mixing rate), but also m
on present in the system. When the experimental paramete
ept constant, the response curve is a function of metal ion
reliminary experiment showed that the intensity-time cu
f Co2+ and Cu2+ are different in luminol-H2O2 CL system
o, Co2+ and Cu2+ can be resolved based on their differ
inetic characteristics. In order to obtain good reproducib
nd high analysis efficiency, a flow-injection mode was use
ow-injection analysis, the sample volume and flow rate a
ime-based measurements. Based on the previous studies
ell-known luminol-H2O2 Co2+/Cu2+ [31], we selected a sam
le volume (150�l) and a flow rate (2 ml/min). Furthermor
e designed a special CL detection installation, by which
L signal at only one point along the CL reaction mixing t
an be detected. As shown inFig. 1, m is the beginning poin
f mixed-reagents andn is detected-signal point. In this flo
ystem, a change in reaction time was achieved by modi
he distance betweenn andm. Fig. 2shows the kinetic profile o
o2+ or/and Cu2+ in this luminol-H2O2 system. The experime

al result showed that the reaction rate of luminol-H2O2 Co2+

as different from that of luminol-H2O2 Cu2+ on the distanc
etweenm andn of 0, 3, 6, 9, and 12 cm. So, for multivaria
alibration, the CL intensity of each mixture solution of C2+

nd Cu2+ was detected at a distance between mixed-rea
oint m and detected-signal pointn of 0, 3, 6, 9, and 12 cm
espectively. Based on the difference in the rate between th
eactions, Co2+ and Cu2+ can be determination synchronou
urthermore, synergy was observed when two catalysts
imultaneously. It can be seen (Fig. 2) that the light inten
esponse of the mixture of Co2+ and Cu2+ was lower than th
um of the intensities recorded for each individual catalyst
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Fig. 2. Kinetic profile of luminol-H2O2 catalyzed by Co2+ or/and Cu2+.
Luminol, 5× 10−4 mol/l; H2O2, 8× 10−3 mol/l; Cu2+, 2× 10−6 g/ml; Co2+,
2× 10−8 g/ml.

4.2. Optimisation of reaction condition

Different chemical parameters were optimised. According
to initial experiments, most critical variables were chosen. The
studied range was selected based on the influence of variable
on the CL signal. The optimisation criterion was the maximum
signal and maximum repeatablility.

As the luminescence reagent in this system, luminol con-
centration affects the response. The effect of the luminol con-
centration was investigated. The result showed that the optimal
concentration of luminol was 5× 10−4 mol/l.

The experiment showed that below 8× 10−3 mol/l H2O2, the
CL intensity was proportional to the H2O2 concentration, which
effect has been used to analysis H2O2 [32], and further increase
in H2O2 concentration did not appreciably increase light emis-
sion. The high concentration of H2O2 could produce the obvious
bubbles in the stream, which interfered in the detection of the
CL signal in the system. A 8× 10−3 mol/l H2O2 was selected
for all subsequent experiments.

In view of the nature of luminol CL reaction, which is more
favored under basic condition, NaOH was added to the luminol
solution and used as the medium of the CL system. The effect
of NaOH concentration in the range of 0.001–0.009 mol/l was
investigated. It was found that the optimal NaOH concentration
was 0.004 mol/l. Thus, the system was operated at 0.004 mol
NaOH throughout this study.

4

dis
t on
i ge
0 σ

T -
t n

Table 1
Concentration data for different mixtures used in the calibration of Co2+ and
Cu2+

Mixture Co2+ (�g/ml) Cu2+ (�g/ml)

1 0.0010 0.8
2 0.0010 2.0
3 0.0010 6.0
4 0.0010 10.0
5 0.0080 0.8
6 0.0080 2.0
7 0.0080 6.0
8 0.0080 10.0
9 0.0200 0.8

10 0.0200 2.0
11 0.0200 6.0
12 0.0200 10.0
13 0.0600 0.8
14 0.0600 2.0
15 0.0600 6.0
16 0.0600 10.0

limit was 6 ng/ml. The relative standard deviations (n= 11) were
4.4% for 0.02�g/ml Co2+ and 3.2% for 2�g/ml Cu2+, respec-
tively.

4.4. Multivariate calibration

Multivariate calibration methods such as PLS require a suit-
able experimental design of the standard belong to the calibration
set in order to provide good prediction. Two sets of standard
solutions were prepared. The calibration set consisting of 16
standards with different concentrations of Co2+ and Cu2+ fol-
lowing a two-factorial design (42) was used. The first one refers
to Co2+ concentration and the second to Cu2+ concentration.
Their concentrations are shown inTable 1. The CL intensity of
each binary mixture solution was detected at distance between
m andn of 0, 3, 6, 9, and 12 cm, respectively. An experimen-
tal calibration data matrix size 16 (number of samples)× 4 was
prepared.

4.5. Selection of optimum number of factors

One of the most important key factors in the construction of
PLS model is the selection of the number of significant factors.
Generally a cross-validation method, leaving out one sample at
a time was used[16]. With the set of 16 calibration mixtures,
t the
c left
o until
e icted
c pared
w fer-
e ESS)
w anner
e . One
r ld be
t S.
H um
.3. Univariate calibration

Under the optimum conditions described above and the
ance betweenm andn of 4 cm, the calibration graph of emissi
ntensity versus Co2+ concentration was linear in the ran
.0002–0.4�g/ml and the detection limit was 0.08 ng/ml (3).
he calibration graph of emission intensity versus Cu2+ concen

ration was linear in the range 0.02–20�g/ml and the detectio
/l

-

he PLS calibration was carried out for 15 mixtures and
oncentration of the compounds predicted for the sample
ut during calibration. This process was repeated 16 times
ach calibration sample had been left out once. The pred
oncentration of the compounds in each sample was com
ith the known concentration of the compound in this re
nce sample, and the predicted error sum of squares (PR
as calculated. The PRESS was calculated in the same m
ach time, and a new factor was added to the PLS model
easonable choice for the optimum number of factors wou
he number (designated ash* ) that yields the minimum PRES
owever, using the number of factors that yields the minim
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Table 2
Prediction results for the synthetic mixture of Co2+ and Cu2+

Synthetic mixture no. Cu2+ (�g/ml) Co2+ (�g/ml)

Added Found Added Found

1 0.8 0.9 0.0060 0.0061
2 2.0 2.0 0.0050 0.0044
3 4.0 4.1 0.0080 0.0081
4 10.0 9.9 0.0040 0.0045
5 6.0 6.1 0.0200 0.0219
6 4.0 4.2 0.0200 0.0213
7 2.0 1.9 0.0400 0.0408
8 1.0 1.0 0.0600 0.0590

PRESS,h* (the minimum PRESS value in the plot of PRESS
versus number of factors) leads to overfitting. A better crite-
rion for selecting the optimum number of factors is comparing
the PRESS from a model with a factor less thanh* . The F-
statistic was used to determine significant probability. Haaland
and Thomas empirically determined thatF-ratio probability of
0.75 is a good choice[33]. So, we also selected the optimum
number of factors for the PRESS values of theF-ratio probabil-
ity, which drops below 0.75. The maximum number of factors
used to calculate the optimum PRESS was selected as 9 (half
the number of standard plus one)[33]. The PRESS values are
optimum at the number of 2 for both Co2+ and Cu2+.

The binary synthetic mixtures of Co2+ and Cu2+ were ana-
lyzed by the proposed PLS calibrated method and prediction
results are listed inTable 2.

4.6. Statistical parameters

For the optimised model, three parameters were selected
to test the prediction ability of the chemometric model for
each component. The root mean square difference (RMSD), the
square of the correlation coefficient (R2) and the relative error of
prediction (REP), which can be calculated for each component
as:

R

[
n

]0.5

R

R
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T zed
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t lytes
s

Table 3
Statistical parameters of the optimisation matrix using the PLS model

Sample Number of factor RMSD REP% R2

Co2+ 2 0.0010 4.77 0.9837
Cu2+ 2 0.1061 2.85 0.9779

Table 4
Determination of Co2+ and Cu2+ in spiked spring water

Sample no. Added (�g/ml) Found (�g/ml)

Cu2+ Co2+ Cu2+ (%) Co2+ (%)

1 5.0 0.0080 5.2 (104)a 0.0088 (110)a

2 2.5 0.0100 2.4 (96) 0.0110 (110)
3 0.9 0.0350 0.9 (100) 0.0340 (97)

a The values in parentheses refer to the recovery.

4.7. Interference study

The influence of foreign species was investigated by ana-
lyzing a standard mixture solution of 6× 10−8 g/ml Co2+ and
1× 10−7 g/ml Cu2+, to which increasing amounts of interfer-
ing species were added. The tolerable limit of a foreign species
was taken as a relative error not greater than 5%. The exper-
imental result showed that Cr3+, Fe2+ and Fe3+ were main
cationic interferences as result of their high catalytic effect on
the luminol-H2O2 system[34], and other common cations (such
as Mn2+, Ni2+) did not seriously interfere with the detection of
Co2+ and Cu2+ because Co2+ and Cu2+ are the excellent cata-
lysts for luminol-H2O2 system[35]. The interference of Cr3+ and
Fe3+ could be eliminated by adding 0.05 mol/l oxalate because
Cr3+ and Fe3+ could form the stable complexes Cr(Ox)3

3− and
Fe(Ox)33−, respectively[27]. The effect of Fe2+ can be ignored
because Fe2+ is very unstable and there is few Fe2+ present in
water sample.

4.8. Application of the model to water sample

The proposed method was applied for the determination of
Co2+ and Cu2+ in three spiked samples of spring water obtained
from different factories. In order to evaluate the validity of the
proposed method for the simultaneous determination of Co2+

and Cu2+, recovery studies were carried out on samples to which
k re
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m
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MSD = 1

n

∑
i=1

(ĉi − ci)
2 (4)

2 =
∑n

i=1(ci − c̄i)2∑n(ci − c̄i)2
(5)

EP%=
(

100

c̄i

) [
1

n

n∑
i=1

(ĉi − ci)
2

]0.5

(6)

hereci is the true concentration of the analyte in the sampi,
ˆi represented the estimated concentration of the analyte
amplei, c̄i is the mean of the true concentration in the predic
et, andn is the total number of sample used in the prediction
he RMSD, REP,R2 and the number of factors are summari

n Table 3. The obtained values of the statistical parameters
he ability of the chosen method for determination of ana
imultaneous.
e

.

w

nown amounts of Co2+ and Cu2+ were added. The results a
iven in Table 4. As can be seen, the prediction ability of
odel for the two analytes in real matrix is satisfactory.

. Conclusion

The present paper demonstrated that the simultaneous
ination of two metal ions (Co2+ and Cu2+) without any prior

eparation has been possible using flow-injection CL sy
ombined with PLS calibration. Moreover, the model can
eadily adapted to three or four metal ions (Cr3+, Fe3+, Co2+

nd Cu2+) based on their difference of kinetic characteristic
uminol-H2O2 CL system. Our further work on the simultane
etermination of to three or four metal ions is in progress.
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