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Abstract—A spectrophotometric method for the simultaneous determination of rare-earth and transition ele-
ments in synthetic superconductors, [(La; _Euy); gSty 15Cu0,], by the use of 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol (5-Br-PADAP) as chelating agent was developed. The influence of chemical variables
affecting the reaction was studied. A partial least-squares (PLS) multivariate calibration procedure was used to
assess the data obtained from several calibration solutions measured over the wavel engths range 400—-700 nm.

The concentration range for Cu was (1-12) x 10~ mol/L, while the range for the rare-earth elements Laand Eu
was (2-8) x 107° mol/L. The relative errorsin the determinations were less than 5% in most cases.

INTRODUCTION

A large number of analytical methods have been
used for the determination of rare-earth and transition
elementsin awide variety of samples such as environ-
mental, industrial, geological, and clinical ones. The
increasing availability of powerful analytical tech-
niques, such as X-ray fluorescence spectroscopy,
inductively coupled plasma atomic emission spectros-
copy (ICP-AES), inductively coupled plasma mass
spectrometry (ICP-MS), mass spectrometry (MS) and
neutron activation analysis[1, 2], has enabled the anal-
ysis of complex mixtureswith a high accuracy and pre-
cision in the results. However, the most serious short-
coming of thesetechniquesresultsfrom the fact that the
analytical instrumentation utilized involves large
money expenditure for most analytical laboratories.

On the other hand, the use of techniques of rela-
tively low cost (such as spectrophotometry) for the
multicomponent analysis of rare-earth and transition
elements, often cannot be carried out successfully with-
out previous chemical separations [3]. The difficulties
arise when the elements (often complexed) give partly
or fully overlapped spectra.

Nevertheless, the association of spectrophotometric
techniques employing chelating agents and chemomet-
ric methods, such as partial least squares (PLS) multi-
variate calibration procedures, offers outstanding
advantages for the analysis of complex mixtures [4, 5].

The analytical application of 2-(5-bromo-2-pyridy-
lazo)-5-diethylaminophenaol (5-Br PADAP) as chelat-
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ing agent has been extensively studied in previous
works. Although it can be used for the spectrophoto-
metric determination of many rare-earth elements [6-9],
it has not been employed for the multicomponent anal-
ysis of rare-earth and transition elements in supercon-
ductors.

In this work, a spectrophotometric method in con-
junction with a multicalibration partial least squares
(PLS) method was applied to the analysis of ternary
synthetic mixtures of two rare-earth elements (La and
Eu) and atransition metal (Cu), which arethebasic ele-
ments of the superconductor (La, _Eu,), ¢,St; ;sCuO;.
The 5-Br-PADAP reagent was used for the spectropho-
tometric determination of these elementsin concentra-
tions ranging from (0.1-14) x 10> mol/L for Cu and
(0.2-14) x 10> mol/L for Laand Eu, and the influence
of chemical variables affecting the reaction was studied.

THEORETICAL BACKGROUND

PLS method. This principa component-like
method [9-12] is based on the projection of the original
multivariate data matrices down onto smaller matrices
(T, U) with orthogonal columns, which relates the
information in the response matrix Y to the systematic
variance in the descriptor matrix X, as shown below:

X=X+TP' +E
Y=Y +UC +F
U =T+ H (theinner relation),
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Fig. 1. Spectral curves of 5-Br-PADAP complexes of (1) lan-
thanum, (2) europium, (3) cooper and (4) their mixture.

pH 9.5. Csgrpapap = 3.3 x 107, C ;= 1 x 107>, Cg, =
1x 107, C, = 1x 10> mol/L. For mixture, Cs gy.papap =
1x 104 mol/L.

where X and Y are the corresponding mean value
matrices, T and U are the matrices of scores that sum-
marize the x and y variablesrespectively, P isthe matrix
of loadings showing the influence of the x in each com-
ponent, C isthe matrix of weights expressing the corre-
lation between Y and T(X), and E, E, F, and H are the
corresponding residuals matrices. The PLS calcula
tions aso give an auxiliary matrix W (PLS weights),
which expresses the correl ation between U and Xand is
used to calculate T.

In the present work, the response matrix Y consisted
of three dependent variables (the concentration of each
analyte) while matrix X consisted of the absorbance
data. Determinations of the significant number of
model dimensions was made by cross-validation.

PLS analysis was carried out using both the
UNSCRAMBLER 6.11 software package obtained
from CAMOAS, Norway, and the SIMCA 7.0 software
package obtained from Umetri AB, Box 7960, 907 19
Umea, Sweden.

Spectrophotometric data. The method assumes
that the absorbance of a mixture at any wavelength is
the sum of absorbances of each formed chelate. In the
jth wavelength, the absorbance addition A will be:

where the subscript indicates the number of samples
from1ton.

In Fig. 1, the spectra of La(lll), Eu(l1l), and Cu(ll)
5-Br-PADAP complexes in the 400-700 nm wave-
length range are shown. It can be seen that all peaks of
elements are strongly overlapped with each other,
which means that univariate analysis methods cannot
be applied for resolving this mixture.

EXPERIMENTAL

Apparatus. The measurements were performed
with a Hewlett Packard (HP-8452A model) spectro-
photometer equipped with a diode array wavelength
detector and a Hewlett Packard printer (ThinkJet
model).

All measurements were made with 1.00-cm optical-
path quartz cells, and the pH adjustment was performed
with an Orion EA940 pH meter digitally equipped with
a combined glass electrode and an interna reference
Ag-AgCl eectrode. The potentiometer was calibrated
with three buffer solutions of pH values 4.05, 7.01 and
9.8, respectively.

Reagents. A 2 x 10° M 5-Br-PADAP (Merck) solu-
tion was prepared by dissolving an accurately weighed
amount of reagent in ethanol (Merck). Lower concen-
trations were prepared by successive dilutions.

Standard solutions of La, Eu and Cu were prepared
at 2.5 x 10 mol/L by dissolving suitable amounts of
their nitrates (Merk) in twice distilled water. To demon-
strate the noninterference in a solution of Sr(Il) with
5Br-PADAPR, al solutions (samples and standards)
were prepared by adding SrCl, (Mallinckrod) at 1.6 x
10-° mol/L of final concentration.

A buffer solution (pH 9.5) was prepared with borax
and NaOH [13] reagents (Merck).

The ionic strength generated by the dissolution of
superconductor ceramics in acid media, was simulated
by adding NaClO,.H,O (Merck) at 0.1 mol/L of final
concentration. To avoid the metal hydrolysis, amixture
of ethanol and Triton X-100 [14] was used. All solu-
tions (samples and standards) were prepared by adding
this mixture at a final concentration of 5% EtOH and

Table 1. Composition of the calibration matrix for La, Eu and Cu (107 mol)

9 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17

Element| 1 2 3 4 5 6 7 8
La 21 4 5 6 7 8 6 7
Eu 2| 4 5 6 7 6 4 5
Cu 12 | 8 6 4 2 2 6 4

5 4 5 6 6 8 7 2 3
7 6 6 5 7 7 8 3 2
4 6 5 5 3 1 1 11 | 11
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0.5% Triton X-100[15]. All chemical and solvents used
were of analytical quality and twice distilled water was
employed in all cases.

General procedure. The following components
were placed in 25-mL volumetric flasks: a 5-mL por-
tion of sodium tetraborate/NaOH buffer at pH 9.5,
appropriate volumes of the La(lll), Eu(l11) and Cu(ll)
standard solutionsin such away that their final concen-
trations lay within the desired range, and the required
amounts of 5-Br-PADAP, ethanol, NaClIO, and triton
X-100. The spectra for the mixtures studied were
recorded between 400 and 700 nm taking absorbance
data at 2 nm intervals, and the readings were made at
constant time to allow for the stabilization of formed
complexes. The calibration and prediction procedures
were carried out by using 17 calibration standards and
6 synthetic samples (ternary mixtures) prepared with
different concentrations of each metal, giving final con-
centrations of 1.6 x 107> mol/L in each case (standards
and samples).

RESULTS AND DISCUSSION

Optimization of the measurement conditions.
Prior to attempting mixture resolution, we studied the
stability of the different formed complex species
between 5-Br-PADAP and La(l11), Eu(lll), Cu(ll) as a
function of pH, time, ionic strength, presence of surfac-
tants and suitable amounts of Sr.
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Fig. 2. Variance explained as a function of the number of
PLS components used in the calibration process.

The variation in the absorbance of the La(lll),
Eu(lll) and another rare-earth-5-Br-PADAP com-
plexeswith pH fits an inverted bell-shaped curve with a
flat zone in the pH range from 9.0 and 10.9 [15].

On the other hand, because the Cu(l1)-5-Br-PADAP
complex showed good absorbances in this pH range, a

pH value of 9.5 was selected. As regards temporal sta-
bility, an optimal reaction time of 15 minutes was

Table 2. Experimental and calculated concentration values and relative error (%) for La, Eu and Cu (106 mol/L) in the cal-

ibration matrix
La Eu Cu
N k, % k, % k, %
1 2 1 2 1 2
1 2 2 0 2 21 5 12 119 -0.8
2 4 4 0 4 4 0 8 8 0
3 5 5.1 2 5 49 -2 6 9 0
4 6 59 -16 6 6 0 4 41 25
5 7 7.2 2.8 7 6.9 -14 2 19 -5
6 8 8.3 3.7 6 5.7 -5 2 2 0
7 7 6.6 5.7 5 55 -10 4 39 -25
8 5 5.3 6 7 6.7 -4.2 4 39 -25
9 4 3.8 -5 6 6.2 3.3 6 6 0
10 6 5.8 -33 4 4.2 5 6 6 0
11 5 5 0 6 6 0 5 5 0
12 6 6.1 1.6 5 4.8 -4 5 5.1 2
13 6 6.3 5 7 6.7 -4.2 3 3 0
14 8 7.6 5 7 7.3 4.2 1 11 10
15 7 7 0 8 8 0 1 1 0
16 2 2.2 1 3 2.8 -3.3 11 11 0
17 3 3 0 2 19 -5 11 11 0
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Fig. 3. Loadings plotted as a function of the wavelength
(matrix X).

observed and, therefore, this time was selected for sub-
sequent experiments.

To avoid the hydrolysis of the formed complexes at
pH 9.5, amixture of ethanol 5% and triton X-100 0.5%
of final concentration was used.

This mixture allowed us not only to avoid the
hydrolysis, but also to improve the absorption proper-
ties of complexes[16, 17].

As regards 5-Br PADAPR, the optimum ligand-to-
metal ratio was found to be 1 : 2. In order to ensure a
small excess of chelating agent, we adopt aratioof 3: 1
in al experiments. The influence of the ionic strength
was studied with the purpose of simulating thereal con-
ditions of acid attack in the sample. We found no vari-
ation in the absorbance values for synthetic samples
after adding increasing amounts of NaClO,. For this
reason, all calibration solutions and samples were
treated with afinal concentration of 0.1 M NaClO,. We
also evaluated the influence of Sr(l1) in standards and
samples. However, this element does not form com-
plexes with 5-Br-PADAP. To demonstrate that it does
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not react with the chelating agent, all standards and
samples were added with a solution of SrCl, 1.6 x 106
mol/L, corresponding to the samefinal concentration of
the metals under study.

PL Sanalysisof ternary mixtures: calibration set.
All variables (absorbance and concentration matrices)
used in the PLS calculations were initially autoscaled
to zero mean and unit variance. The statistical signifi-
cance of the screened models was judged by the corre-
lation coefficient (r), the root mean sguare error
(RMSE) and the F-statistic.

The predictive ability was evaluated by the cross-
validation coefficient (Q), which isbased on the predic-
tion error sum of squares (PRESS). The VIP (variable
importance for the projection) parameter [ 18] was used
to unravel which absorbance variables were the most
relevant to explain the concentration matrix Y.

The calibration matrix was constructed with 17 cal-
ibration standards. The selected concentration ranges
were from 2 x 10 mol/L to 8 x 10° mol/L for Laand
Eu; and 1 x 10® mol/L to 1.2 x 10° mol/L for Cu.
A preliminary analysis of the obtained PLS models
showed that the useful wavelength range was between
520 to 600 nm. The composition of the calibration
matrix of the ternary mixture isgivenin Table 1.

The PLS analysisfor the calibration matrix resulted
in a significant three-component model with the fol-
lowing statistics: r = 0.995, Q = 0.992, RMSE (La) =
0.00258, RMSE (Eu) = 0.00255, RMSE (Cu) =
0.00065. The model accounted for 98.9% (87.9%,
10.6%, and 0.4%, respectively) of variance in the con-
centration matrix Y. The number of significant PLS
components was determined using a |leave-one-out
cross-validation procedure.

Figure 2 shows the percentage variances obtained
for the ternary mixture in the calibration process, and
Fig. 3, shows the model loadings each of which is
related to one or more of the elements in the mixtures.
The residual values showed a reasonable central ten-
dency and the agreement between the measured and
calculated valuesis very good as shown in Table 2.

Model validation: sample set. It iswell known that
the real predictive ability of any calibration PLS model

Table 3. Experimental and cal culated concentration values and rel ative errors (%) for La, Eu and Cu (10 mol/L) inthe syn-

thetic samples

La Eu Cu
N Kk, % k, % k, %
1 2 1 2 1 2

1 3 29 -33 3 31 33 10 10 0

2 6 6.4 6.6 8 7.7 -3.7 2 19 -5

3 7 6.9 -14 6 6 0 3 3.2 6.6

4 2 2 0 4 3.9 -25 10 10.1 1

5 5 5.2 4 4 3.8 -5 7 7.1 14

6 9 8.9 -11 5 47 -6 2 21 5
JOURNAL OF ANALYTICAL CHEMISTRY Vol. 56 No.1 2001
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Fig. 4. Results of the permutation test. The R% and Q2 values were obtained from 100 permutations and 3 PLS components.

cannot be judged solely by using internal validation
(i.e., cross-validation); it has to be validated on the
basis of predictions for compounds not included in the
calibration set [17]. Thus, in order to demonstrate the
applicability of the proposed method, a set of synthetic
samples containing the three analytes in variable pro-
portions was prepared and analyzed.

Table 3 shows the results obtained by applying the
developed PLS model. As can be seen, the relative
errors were quite acceptable, as they were less than 5%
in the most cases.

The predictability of a PLS model may also be
examined in another way, that is, with a technique
based on response permutation [19]. Thus, several PLS
models are recal culated by using the concentration data

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 56

No. 1

(matrix Y) randomly reordered. These permuted data
are later related to the unperturbed absorbance data
(matrix X) by refitting the model and including cross-
validation.

In each round of calculation, pairs of R> and Q* are
recorded and plotted against the absolute value of the
correlation coefficient between the origina response
variable and its permutations. In Fig. 4 are shown the
obtained results from 100 permutations of the calibra-
tion matrix for each one of the analytes under study.
The intercepts of the two regression lines (for R? and
Q?) indicate the degree of overfit and overprediction. In
general, intercept limitsfor R> < 0.3 and Q? < 0.05 indi-
cate valid models, such asisthe case of our PLS model
developed.

2001



30 CAMINA et al.

CONCLUSIONS

Based on the results obtained in this work, the
proposed spectrophotometric method permits the
simultaneous determination of lanthanum, europium,
and copper in a synthetic superconductor
(La, _Euy), 4,51, 3Cu0,. The proposed method can be
used without previous chemical separations which pro-
vides evidence for the great potential of the PLS
method for the simultaneous determination of analytes
that present a substantial overlap in the sample spectra.
Because the devel oped method provide expeditious and
precise results, this is suitable for the routine analysis
of superconductor samples.
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