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Abstract 

A comparison between the applicability of two multicomponent analysis methods, differentiation of signals and partial 

least squares (PLS) methods, to the resolution of overlapping differential pulse polarographic (DPP) peaks corresponding to 
the irreversible reduction process of two nitrofuran derivatives has been performed. The results show that the derivative DPP 

signals are not suitable for the resolution of mixtures of these system, by application of the zero-crossing method, because 
the zero-crossing potential is not independent of the concentration. However, PLS has the capacity of modelling the total 
evolution of the DPP peaks with the concentration. The PLS multivariate calibration method has been successfully applied to 

the simultaneous analysis of both compounds in a pharmaceutical formulation. 
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1. Introduction 

Differentiation of analytical signals and partial 
least squares methods have been extensively applied 

to improve results in different analytical techniques, 
mainly spectroscopic techniques [l-3]. However, 
these approaches have been scarcely used in electro- 

analytical techniques. Berzas and Rodriguez [4] have 
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examined the possibilities of applying differentiation 
of the differential pulse polarographic (DPP) signal 

to the simultaneous determination of binary mixtures 
of inorganic ions. In the above mentioned work, 

binary mixtures of two well-known systems, cad- 
mium(II)/indium(III) and thallium(I)/lead(II), were 
resolved, by the first-derivative of the differential 

pulse polarograms and measurement of the analytical 
signal, taking into account the zero-crossing tech- 
nique [l,Sl. 

Mixtures of these inorganic ions have been the 
subject of another paper [6], which reports and dis- 
cusses the results obtained by a multicomponent 
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analysis method based on multiple regression proce- 
dures to resolve the highly overlapping peaks ob- 

tained by DPP. The quantification of lead(IT), thal- 

lium(I), indium(II1) and cadmium(II), in binary, 

ternary and quatemary mixtures was carried out by 
the multiple standard calibration method, and the 

proposed methodology was applied to determine 

these metals in drinking and waste water samples. A 
home-made program (MULT13) [7] was used for the 

resolution of the multicomponent mixtures, based on 

a least squares multiple regression procedure. How- 
ever, a serious constraint for its applicability is posed 

by the indium(III)/cadmium(II) mixtures containing 
dissimilar concentrations of the two ions, the half- 
wave potential of which differ by only 30 mV. 

Another related paper has been reported [8] about 

the use of the Kalman filter for multicomponent 

analysis of linear sweep voltammograms. The method 
was also validated by using the cadmium(II)/in- 
dium(III) and the cadmium(II)/indium(III)/lead(II) 

systems. However, the Kalman filter has been 

scarcely used by other workers, probably because of 
its complex mathematical foundation and serious 

applicability constraints. In addition, the use of 

Fourier transformation in the least-squares methodol- 
ogy has been reported [9] and applied to the resolu- 

tion of the thallium(I)/lead(II) mixture. However, 
Grabaric et al. [lo] showed this technique to be much 

less efficient when the overlapping peaks correspond 

to processes involving a different number of elec- 

trons. 
The applicability of multicomponent analysis to 

other electroanalytical techniques than DPP has been 

also examined. Hence, the above mentioned paper 
[6] discusses the results obtained by applying the 

multilinear regression procedure to anodic stripping 
voltammetry (ASV) signals for the resolution of the 
same metallic ions mixtures. In this case, it was 

necessary to apply a multiple standard addition 
method to address the problem posed by the small 
shift of the waves of the different analytes with each 
new stripping. 

On the other hand, Gerlach and Kowalski [ll] 
applied multivariate methods to overcome problems 
in stripping voltammetry, and Henrion et al. [12] and 
Jagner et al. [13] applied multivariate methods, based 
on partial least squares (PLS), for resolving metallic 
interferences in ASV. 

The PLS method is a technique based in factor 

analysis and PLS-1 and PLS-2 types have been 
described. PLS-2 differs from PLS-1 in the way used 

to perform the signal decomposition and the regres- 

sion analysis. PLS-2 calculates the number of factors 

on all the components simultaneously and one pon- 
dered number of factors is optimized. PLS-1 per- 
forms the optimization of the number of factors for 

only one component at a time. The bibliographic 
data mainly refer to its application in spectroscopic 

techniques [14-171. 

The basic concept of PLS regression was origi- 
nally developed by Wold [18], and the use of the 
PLS method for chemical applications was pioneered 

by Wold et al. [19,20]. A detailed description of the 

mathematical principles of the PLS algorithms have 

been reported by Martens et al. [3]. 
This method needs a calibration step where the 

relationship between the signal and component con- 
centration is deduced from a set of reference sam- 

ples, followed by a prediction step in which the 
results of the calibration are used to determine the 

component concentrations for the sample signal. 
PLS in relation with electroanalytical processes 

can be considered as a “full-voltammogram” method 
(all the experimental points of the voltammogram are 

used). 
In the modelling process the first step is to select 

a optimum number of factors which depend on the 

number of independently varying chemical species 

present, as well as on other sources of systematic 
signal variation, such as the presence of randomly 
varying baselines, detector noise, interaction between 

pure components, changes in the shape of the com- 
ponent peaks from that of it’s pure state, etc. Be- 

cause of this, with an adequate design of the calibra- 
tion matrix and optimization of the experiments, the 
above mentioned influences can be modeled. 

In this paper, the PLS method is proposed for the 
resolution of binary mixtures of organic compounds 
exhibiting irreversible electroanalytical behaviour, in 
which small shifts of the waves along the potential 
axis, with the variation of the concentration, are 
observed. Both, derivative and PLS methods have 
been applied to DPP signals for a wide range of 
analyte concentrations and the results obtained are 
compared. The aim of this work is to propose a 
method applicable to real samples analysis. 



A. Guiberteau Cabanillas et al. /Analytica Chimica Acta 302 (IYYS) 9-19 II 

The compounds that are object of our study are 

the nitrofuran derivatives furazolidone (FZ), 3-(5- 

nitrofurfurylideneamino)-2-oxazolidinone and fural- 
tadone (FD), 5-morpholinomethyl-3-(5-nitro- 
furfurylideneaminol-2-oxazolidinone, that exhibit 

very similar chemical structures and properties. The 
nitrofuran derivatives are highly effective 
chemotherapeutic drugs, well known as antibacterial 

agents, and widely used to fight common infections 

to humans and animals or characteristic infections of 
domestic animals and, among these, FZ and FD are 

sometimes formulated together in our country. The 
polarographic behaviour of both compounds has been 

described in the bibliography [21,22]. They show a 
wave due to the irreversible reduction of the nitro 

group at very close potentials. 

2. Experimental 

2. I. Reagents 

Furazolidone and furaltadone obtained from Sigma 
were used. Standard solutions of these were prepared 

by dissolving the appropriate amount in dimethyl- 
formamide (DMF). A stock Britton-Robinson buffer 

solution, which was 0.04 M with respect to boric, 

orthophosphoric and acetic acid, was prepared from 
analytical-reagent grade reagents. From this stock 
solution of buffer, solutions of various pH were 

prepared by the addition of 0.2 M sodium hydroxide 
solution. All other chemicals were of analytical-re- 

agent grade. 

2.2. Apparatus 

An electroanalytical equipment formed by a com- 
puter controlled Autolab PSTATlO potentiostat and 
a Metrohm 663VA stand, with a Ag/AgCl electrode 

reference, was used. The system is controlled from a 
Tystar PC 486 microcomputer equipped with the 

general purpose electrochemical system (GPES), ver- 
sion 3.0, software package. 

A basic LAB-DUSO home-made program is used 
to convert the obtained ASCII DPP files into the 
adequate format for the Data Leader and Lab Calc 
software packages [23,24]. 

Beckman Data Leader Software package [23], 

version 3.0. was used for differentiation of data by 

the simplified least-squares procedure of Savitzky 

and Golay [25,26]. 
The Lab Calc software package. version A 1 .O I. 

and the PLSplus version 3.0 [24] were used for the 

statistical treatment of the data and the application of 

the PLS methods. 
The cell was thermostated by means of a Selecta 

Frigiterm thermostatic bath. 
Solutions were purged with oxygen-free nitrogen 

for 7 min. before recording their voltammogram. 

2.3. Procedures for the determincltion of JLruzoli- 

done and furaltadone by PIS method.\ 

General procedure 

Samples are prepared in 25-ml volumetric tlasks 
containing between 5 X 10 ’ and I X 10 ’ M of FZ 

and FD, 5% of DMF, 0.05% of gelatin. IO ml of 

Britton-Robinson buffer solution (pH 6.8) and puri- 
fied water (HPLC grade) to the mark. The DPP 

polarograms are obtained between + 0.10 and - 0.45 
V with a 80 mV pulse amplitude, a 0.75 s drop time, 
a 35 ms modulation time and a 6.5 mV/s scan rate. 

The polarograms are converted with the LAB- 

DU50 program and the optimized calibration matrix, 

calculated by the application of the PLS method. is 

applied to analyze the electrochemical data and to 
calculate the concentration of the two components in 
the problem samples. 

Procedure for the analysis of furazolidone and fural- 

tadone in the pharmaceutical formulation Trionic 

(Lahiana lab). 

Amounts of about 0.1 g of the formulation are 
accurately weighed and dissolved in 100 ml of DMF. 
Suitable aliquots of these solutions ( < 1.25 ml1 are 

pipetted to prepare the samples to carry out the 
analysis according to the general procedure. 

3. Results and discussion 

-3.1. Influence of chemical c~aric~hlrs 

In a previous paper [22] an exhaustive study of 
the polarographic behaviour of furaltadone has been 
reported. This compound shows a DPP peak. due to 
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Fig. 1. Variation of Ip and E, of furazolidone and furaltadone with pH. 

the nitro group reduction, with an E,, value constant 

up to pH 4 whereas, at greater pH values, E, changes 

to more negative potentials with a slope of 0.055 
V/pH. On the other hand, in the direct current (DC) 

studies, it is observed that this wave shows a maxi- 
mum which is suppressed by the addition of gelatin. 

The presence of DMF in the medium is also conve- 
nient due to the great solubility of furaltadone in this 

solvent. 
With respect to furazolidone, no references have 

been found about its study and determination by 
DPP. Hence, we have studied the influence of pH on 
Ir, and E, for FZ and FD in the presence of 0.05% of 
gelatin and 5% of DMF, in order to compare the 

behavior of both compounds. Different Britton- 
Robinson buffer solutions are used to modify the pH 

value. In Fig. 1, the obtained results are shown. It 

can be observed that, above pH near 6, the AE, 
value between FZ and FD remains practically con- 
stant (around 20 mV> and that the Zr, of furaltadone 
reaches a maximum and practically constant value. 
Therefore, we have chosen a pH value of 6.8 for 
subsequent studies, obtained by the addition of 10 ml 
of Britton-Robinson buffer solution. The DPP peaks 
obtained in the above mentioned conditions are 
shown in Fig. 2. 

The linearity between Zr, and concentration has 
been verified separately for both compounds in the 
range 5 X 10p7-1 X lop5 M, with the above men- 

tioned chemical conditions and the instrumental pa- 
rameters mentioned in the general procedure. 

3.2. Differentiation of the DPP peaks 

As mentioned in the Introduction, the differentia- 
tion of the DPP peaks has been used to resolve 

binary mixtures of metallic ions, whose electrochem- 
ical processes are reversible, by means of the zero- 

40.00 , 

30.00 1 

0.00 I”‘.‘....,...‘....‘,‘......“,...’~ 
-0.40 -0.30 -0.20 -0.10 

Potential (V) 

Fig. 2. DPP peaks of 2 X 10eh M solutions of furazolidone and 

furaltadone at pH 6.8 (Britton-Robinson buffer) with 0.05% of 

gelatin and 5% of DMF. 



A. Guiberteau Cabanillas et al. /Analytica Chimica Acta 302 (1995) 9-19 1.3 

-4-50? 
Potent&i (V) 

Fig. 3. First-derivative DPP peaks of 2X 10e6 M solutions of 

furazolidone (FZ) and furaltadone (FD) at pH 6.8 and with 0.05% 

of gelatin and 5% of DMF. 

crossing technique. We have studied the possibility 

of applying this approach to resolve the DPP peaks 

corresponding to the irreversible reduction processes 
of furaltadone and furazolidone. 

The derivative peaks were obtained, by means of 

the quadratic equation of the Savitzky and Golay 
algorithm, with different increments of experimental 
points, between 5 and 25. We have found that the 

derivative amplitudes decrease when the number of 
experimental points used increases and a five experi- 

mental points window (corresponding to a 24 mV 

window) has been used to calculate the first-deriva- 
tive peaks. In Fig. 3, the derivative peaks obtained 
under these conditions are shown. 

The first-derivative DPP peaks have been calcu- The influence of the concentration on the first-de- 

lated. For this purpose, the ASCII files provided by rivative peaks of both compounds shows a good 
the GPES software package have been converted linearity between the derivative amplitude (peak-to- 
with a conversion program (LAB-DUSO) to obtain peak signal) and the concentration. However, E, 
adequate files for the Data Leader software package. changes with the concentration for each compound, 

-0.242 

-0.260 m 0.00 0.20 0.40 0.60 O.gO 1.00 1.20 
IFZI (AhI0 ) 

-0.244 0.120 
IFDI (MxlO ) 

Fig. 4. Variation of E, (or the zero-crossing potential in the first-derivative peaks) of furazolidone (FZ) and furaltadone (FD) with the 

concentration. 

At first, the influence of the different instrumental 

parameters on the first-derivative peaks have been 
examined. We have found that the derivative ampli- 

tudes increase linearly with the pulse amplitude ap- 
plied up to a value of 80 mV, whereas these signals 
decrease with the modulation time and the drop time. 

According to these results, a 80 mV pulse amplitude, 
a 35 ms modulation time and a 0.75 s drop time have 

been chosen. 

The derivative amplitudes increase with an in- 

crease of scan rate, but excessively high scan rate 
values are not convenient due to the lower number of 

experimental points. We have fixed a 6.5 mV/s scan 

rate as the more appropriate. 

-0.236 
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Fig. 5. Variation of the measured first-derivative signal for furalta- 

done (FD) at a selected potential (near the zero-crossing potential 

of furazolidone) with the furaltadone concentration. 

in irreversible processes, as be can observed in Fig. 4 
and also is necessary to take into account that, when 

the first derivative of the polarogram is obtained, the 

zero-crossing point corresponds to E,. As we can 

see, only for high concentrations of the analyte no 
significant variation of E, versus concentration can 
be observed. This behaviour is characteristic for 

irreversible electrode processes. Hence, when the 
value of the derivative signal at a selected potential 

is chosen as the analytical signal no linearity has 

necessarily to be observed. This fact can be appreci- 
ated in Fig. 5, in which the variation of the deriva- 

Table 1 

Composition of training sets 

tive signal of furaltadone, at a potential near to the 
zero-crossing potential of the furazolidone, with the 
concentration of furaltadone, is represented. 

For these reasons, the use of the zero-crossing 
method is not suitable for the resolution of the 

overlapped DPP peaks of these two compounds (irre- 

versible systems) by means of differentiation. This 
has been experimentally proven, by obtaining inter- 

active graphs for the determination of both com- 
pounds in synthetic binary mixtures. 

3.3. Application of the multivariate methods PLS-1 

and PLS-2 

As we have mentioned, PLS methods can be 

considered as ‘ ‘full-voltammogram” methods when 
electroanalytical techniques are applied. 

One of the characteristics of electroanalytical 
techniques is the wide range of values of the analyti- 

cal signal that can be measured. Hence, we have 
designed two training sets of samples in two differ- 

ent concentration ranges between 5 X 10e7 and 5 X 

10m6 M (matrix 1: ten samples) and from 1 X 1O-6 

to 1 X 1O-5 M (matrix 2: eleven samples). In Table 
1, the composition of the samples prepared for the 
matrices are shown. The potential region used for the 
analysis of data is -0.06 to - 0.39 V for matrix 1 
and -0.09 to -0.44 V for matrix 2, which implies 

working with 70 experimental points. 

To select the number of factors for PLS methods, 

the cross-validation method, leaving out one sample 
at a time, has been used [27]. This process was 

Matrix 1 Matrix 2 

Standard FZ (M) X lo6 FD (M) X lo6 

ml 0.5 1.0 

m2 0.7 1.0 
m3 1.0 1.0 

m4 2.0 1.0 

m5 5.0 1.0 

m6 1.0 0.5 

m7 1.0 0.7 

m8 1.0 1.0 

m9 1.0 2.0 

ml0 1.0 5.0 

Standard FZ (M) x lo6 FD (M) x lo6 

mla 0.0 5.0 

m2a 1.0 5.0 

m3a 2.5 5.0 

m4a 5.0 5.0 

m5a 7.5 5.0 

m6a 10.0 5.0 

m7a 5.0 0.0 

m8a 5.0 1.0 

m9a 5.0 2.5 

mlOa 5.0 7.5 

mlla 5.0 10.0 
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Matrix 1 
0.80 

? 
0.60 

0 
h 

Matrix 2 

0 2 6 

Fig. 6. Obtained PRESS values, by using the PLS-1 method, for the different assayed number of factors 

repeated ten or eleven times, respectively, until each 

sample had been left out once. The predicted and 
actual composition of the samples are compared. 

PRESS (prediction error sum of squares) is ex- 
pressed as 

PRESS= ; 2 (_;-, -xij2 
i=l ]=I 

(where 2, = predicted concentration and X, = 
standard concentration, N = total number of samples 

and m = total number of components used in the 
prediction set), and is a measure of how well a 

particular PLS model fits the concentration data. 
Another good criterion for selecting the optimum 

number of factors involves the comparison of PRESS 

from models (h models) with the model which in- 
volves the number of factors yielding the minimum 
PRESS (h* model). This criterion has been selected 
by us and the F-snedecor statistic and the Haaland 
and Thomas criteria [2,3] were used. 

Both PLS types, PLS-1 and PLS-2, give rise to 
identical optimum number of factors, being four for 

both compounds, in the two analyzed matrices. In 

Fig. 6, the obtained PRESS values are plotted versus 
the assayed number of factors by using PLS-1. It can 
be observed that the PRESS values obtained for 

matrix 1 are smaller than those for matrix 2. R’ and 
RMSD are used as comparative statistical parame- 

ters. They are formulated as 

where X = mean of standard concentration 

In Table 2 the values found by the PLS-1 model 
for the two training set of standards (matrix 1 and 2) 
are summarized, the results for furaltadone being 

Table 2 

Statistical parameters obtained for matrix 1 and 2 by application of PLSl method 

Compound Matrix 1 Matrix 2 

R2 RMSD x 10’ R’ RMSD x 10’ 

FZ 0.9779 0.0185 0.9839 0.0336 

FD 0.9820 0.0167 0.9939 0.02 17 
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Fig. 7. Predicted versus actual concentration plots for the hvo training set data by using the optimized matrices. 

slightly better. In Fig. 7 a representation of the 
predicted versus actual concentration values for the 
two matrices (matrix 1 and 2) are shown. The opti- 
mized matrices 1 and 2 have been applied to the 
resolution of artificial binary mixtures of FD and FZ, 

in different molar FD/FZ ratios between 0.5 and 
2.5. In Tables 3 and 4 the composition of the artifi- 
cial binary mixtures employed in each case are sum- 
marized. A diagrammatical representation of the re- 
covery values for the above mentioned artificial sam- 
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Table 3 

Composition of the artificial binary mixtures resolved by application of matrix 1 

Artificial mixture FD/FZ ratio FD actual (M X 10’) 

PI 2.50 0.15 

P2 2.40 0.12 

P3 0.75 0.06 

P4 0.50 0.06 
- 

FZ actual (M X 105) 

0.06 

0.05 

0.08 

0.12 

Table 4 

Composition of the artificial binary mixtures resolved by application of matrix 1 

Artificial mixture FD/FZ ratio FD actual (M X 105) 

P5 2.50 7.5 

P6 2.40 6.0 

P7 1.83 5.5 

PX 1.33 4.0 

P9 0.75 3.0 

P10 0.50 3.0 

FZ actual (M X 105) 

3.0 

2.5 

3.0 

3.0 

4.0 

6.0 

Table 5 

Simultaneous determination of FD and FZ in Trionic a 

Found h (mg/g), FZ Found ’ (mg/g), FD 

LC %- 1 PLSl method %-1 LC an-1 PLSl method a,- 1 
39.10 to.47 42.93 + 0.60 19.98 * 0.15 21.00 + 0.88 

’ Trionic composition per gram: furazolidone, 40 mg; furaltadone, 20 mg; chloramphenicol, 25 mg; neomycin base, 40 mg; methylescopol- 

;mine bromide, 0.2 mg; nicotinamide, 20 mg. 

Mean values of three independent samples. 

ples are shown in Fig. 8. The results are, in general, 

acceptable, the worst results being those for a 0.75 
FD/FZ molar ratio by application of matrix 2. 

3.4. Analysis of a pharmaceutical formulation by the 
PLS-I method 

Only the optimized matrix 2 has been used to 
simultaneously analyze FZ and FD in a pharmaceuti- 
cal formulation (Trionic, from Labiana lab.), to take 
into account the claimed levels for FD and FZ in this 

formulation. Trionic contains FD and FZ and chlo- 

ramphenicol (nitrofuran derivatives) together with 
other drugs. Previously, we have proved that chlo- 
ramphenicol and the other drugs do not exhibit any 
DPP peak in the potential range used for the multi- 
variate analysis. In Table 5, the results obtained by 
application of matrix 2 are summarized and com- 
pared with those obtained by liquid chromatography 
(LC). Slightly higher values than those obtained with 

LC are found by application of the proposed method. 
A lower precision is also obtained. We have statisti- 
cally treated the results with the object to compare 

the precision (variance analysis) and the mean values 
obtained by application of the proposed method with 

those by LC. 

The comparison between the variances for both 
methods was made using Fisher’s F-test and the 
comparison between the mean values by the Cochran 
test [28]. Significant statistical differences between 
mean values have been found for FZ, but not for FD 

determination. Also, significant statistical differences 
between the variances have been found for FZ but 

not for FD. 

4. Conclusions 

The derivative DPP signals are not suitable for the 
determination of mixtures of systems exhibiting irre- 
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Fig. 8. Diagrammatical representation of the results obtained in 

the determination of binary mixtures of furazolidone (FZ) and 

furaltadone (FD) by the PLS-1 method. 

versible electrode processes, by application of the 
zero-crossing method, because the zero-crossing po- 
tential value at different concentrations for each 
component is not constant. 

PLS methods have the ability to model the total 
evolution of the DPP peaks with the concentration. 
Different matrices in two different concentration 
range have been designed and satisfactory statistical 
parameters have been obtained. The resolution of 
synthetic binary mixtures by the application of the 
PLS-1 method gives rise to acceptable recovery val- 

ues. The worst results obtained for a 0.75 FD/FZ 
molar ratio in matrix 2 (1 X 10-‘-l X 10d6 M) can 

be explained by the accordance between I for both 
compounds in this ratio. According to these results, 

we conclude that the better approach for resolving 

overlapping DPP peaks due to irreversible processes, 

by means of the assayed multicomponent analysis 
methods, is PLS analysis. 

This approach has been applied to the determina- 
tion of furazolidone and furaltadone in a pharmaceu- 
tical formulation. 

It must be noticed that in the proposed method 

prior treatment of the samples is not necessary, while 
in LC methods previous filtration is always obliga- 
tory. On the other hand, the LC methods (spectro- 

photometric detection) exhibit a lower sensitivity 
than the electroanalytical techniques (e.g., DPP) and 

bibliographic data about of the application of LC 
with electrochemical detection for resolving the FD 

and FZ mixture have been not reported. 
The linearity range in the applied LC method [29] 

was 2-25 pg ml-’ and 2-90 pg ml-’ for FD and 

FZ, respectively (when 10 ~1 are injected). How- 
ever, the optimized calibration matrix 2 (used to 

analyze the Trionic formulation) as well as the other 
optimized matrix (matrix 1) have been designed for 
lower concentration levels. Matrix 1 was constructed 

for 0.06-1.5 pg ml-’ and 0.04-1.00 pug ml-’ for 

FD and FZ, respectively, and matrix 2 was con- 
structed for 0.3-3.2 pg ml-’ and 0.2-2.2 pg ml-’ 

for FD and FZ, respectively. 

The proposed method can be used without any 
preconcentration process in other types of samples 
exhibiting low amounts of these compounds. 
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