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Methodology of multicriteria optimization in chemical analysis
Some applications in stripping voltammetry
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Abstract

Multicriteria optimization, widely used in engineering, does not much used in the optimization of analytical signals. The aim of this paper
is to show the usefulness of the desirability function to optimize instrumental responses obtained in instrumental analysis. The simultaneous
optimization of a signal and of its variability is a generic question of interest to any chemical analyst. It is clear that the improvement of the
two responses forms the basis of the validation of any analytical method, and affects all the figures of merit: accuracy (trueness and precision),
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apability of detection, robustness, sensitivity, etc. Furthermore, in the specific case of electroanalysis, an improvement in the
mplicitly mean an increase of the signal in the blank, such that the “net signal” may not improve. This experimental approach (surfac

ethodology plus desirability) to multicriteria optimization has been applied to three cases of growing complexity. Thus, in the dete
f Cu(II) by differential pulse anodic stripping voltammetry the simultaneous maximization of the peak current and minimization of its
eviation is looked for. Whereas, in the determinations of Ni(II) and indomethacin by differential pulse adsorptive stripping voltamm
imultaneous maximization of the peak current and minimization of the blank signal is desired. In all the cases, the experimental
here the optima are found for each individual response are just opposite, so it is required to look for a certain compromise, that
sing the desirability function.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays electroanalytical techniques have a wide field
f application in chemical analysis. At the beginning the most
lassic techniques were principally used for the determination
f inorganic species. However, the evolution of electroanalyt-

cal instrumentation has led to the development of selective
rocedures which are highly sensitive and very reproducible

o also determine a large number of organic species. Thus,
tripping voltammetric techniques have a step of preconcen-
ration of the analyte or analytes to be determined that leads
o sensitivities in the order of fractions of parts per billion
1]. But when using these electroanalytical techniques sev-
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eral experimental factors that influence and interact ha
be optimized.

Different methods for solving single objective optimi
tion problems have been applied in electroanalysis[2]. How-
ever, single objective decision-making methods reflec
earlier and simpler era because nowadays the perform
of chemical analysis has become more complex. Mor
analysts find it imperative to evaluate alternative analy
procedures according to multiple criteria, the response s
tion being a critical stage in the optimization process s
the main aim of optimization is to find the experimental c
ditions which give the best response.

Frequently the aim of optimization in stripping volta
metry is to reach lower detection limits, hence the nee
use multicriteria optimization functions since in general
not usually enough to optimize the magnitude of the si
(frequently a peak current). In many cases it is necessa

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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take into account at the same time other aspects of the analy-
sis such as reducing the variability of the signal, minimising
the contribution of the experimental blank, maximising the
signal/noise ratio, etc.

To do this, experimental design methodology is very use-
ful, more specifically response surface analysis[3,4]. How-
ever, it is usual that the experimental conditions that optimize
the signal are not similar to those that optimize other possi-
ble aspects to be considered, so it is necessary to solve the
conflict established between the different objectives. To solve
this conflict one can use desirability functions[5,6]. In this
work, the Derringer desirability function[7] is used, which
implies: (i) clearly defining what results are acceptable for
each individual response (magnitude of the signal, its vari-
ance, blank signal, etc.); (ii) defining what values would not
be at all acceptable; and (iii) fitting a continuous function
between (i) and (ii) conditions.

The overall desirability functionD is defined as the
weighted geometric average of the individual desirability
functions (di)

D = n

√
d

p1
1 × d

p2
2 × · · · × d

pn
n (1)

pi being the weight corresponding to each of them. Through
the individual functions, the analyst introduces the spec-
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Stock solutions of nickel were prepared by dissolving the
adequate amount of analytical grade nickel powder in the
minimum volume of HNO3 and filling up with deionised wa-
ter. This solution was diluted with water to give the desired
concentration (9× 10−11 mol l−1). The solution of complex-
ing agent, DMG in this case, was obtained by dissolving the
appropriate amount of dymethylglyoxime in 96% methanol.
Ammonia-ammonium chloride buffer 0.01 mol l−1 solution
was used as supporting electrolyte.

Analytical grade indomethacin was kindly provided by
Merck Sharp and Dome. The corresponding stock solutions
were prepared in analytically pure grade acetonitrile that were
subsequently diluted with deionised water to the desired con-
centration (5× 10−8 mol l−1). Britton-Robinson solutions
were used as buffers.

Voltammetric measurements were carried out using a
Methrom 646 VA Processor with a 647 VA Electrode Stand
in conjunction with a multimode electrode (MME) operating
in the HMDE mode. The three-electrode system was com-
pleted by means of a platinum auxiliary electrode and an
Ag/AgCl/KCl (3 mol l−1) reference electrode.

Data analysis was achieved with NemrodW[12] and
Progress[13].

2.2. Experimental procedure
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fications that each response must fulfil in the measu
rocedure. However, despite the obvious advantages o
ethodology in chemical analysis, there are still few ap

ations found in the bibliography[8–11].
This multicriteria methodology has been used in this w

o optimize determination of Cu(II) by differential pulse a
dic stripping voltammetry (DPASV) and the determinati
f nickel and indomethacin by differential pulse adsorp
tripping voltammetry (DPAdSV). In the case of copper, b
he magnitude of the peak current and its variance we
ultaneously optimized (the first maximised and the se
inimised), whereas in the other two cases, the simul
usly optimized responses were the peak current (maxim
nd the blank signal (minimised). In all the cases, accep
verall desirability values have been obtained.

. Experimental

.1. Reagents and equipment

Analytical and suprapur grade chemicals were used
o further purification. All the solutions were prepared w
eionised water obtained using a Barnstead NANO Pu
ystem. Nitrogen (99.99%) was used to remove disso
xygen.

Copper solutions were prepared by dissolving analy
rade copper powder in a minimum volume of HNO3 and
iluting with water to give the desired concentration (1×
0−6 mol l−1). The complexing agent EDTA was used as s
orting electrolyte.
Each sample was placed in a voltammetric cell and pu
ith nitrogen for ten minutes. Once the solution had b
eoxygenated the stirrer was connected and a depositio

ential,Edep, was applied to the working electrode for tim
dep. The stirring rate was 1290 rpm the mercury drop
as 0.40 mm2 in all the analyses.
Some of the instrumental parameters were previousl

imized through preliminary experiments. In the case o
etermination of copper[14], at the end of the accumulati
eriod, the stirrer was switched off and, after 20 s had ela
n anodic potential scan was initiated fromEdep (initial po-
ential) to 0.1 V (final potential), with scan rate 10 mV s−1,
ulse amplitude 50 mV, and pulse repetition time 0.6 s. In
ase of nickel[15], the equilibrium time was 10 s, afterwar
eing applied a cathodic potential scan fromEdep to –1.1 V,
ith scan rate 8 mV s−1, pulse amplitude 60 mV and pul

epetition time 0.3 s. And for indomethacin[16], the equilib-
ium time was 10 s, the applied cathodic potential being f
1.0 to−1.6 V, with scan rate 10 mV s−1, pulse amplitud
0 mV and pulse repetition time 0.6 s.

. Results and discussion

.1. Determination of Cu(II) by differential pulse anodic
tripping voltammetry

When using the DPASV technique, the response obta
or a determined analyte, the peak current, is usually i
nced by a large number of variables of different nature
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Table 1
Experimental matrix and experimental responses of the experimental design
for the determination of copper

Run Factors Responses

CEDTA

(mol l−1)
Edep (V) tdep (s) Peak current

(nA)
Standard
deviation
(nA)

1 8.10× 10−6 −0.350 30 40.65 0.483
2 8.16× 10−4 −0.350 30 88.81 2.190
3 8.10× 10−6 −1.000 30 62.14 0.160
4 8.16× 10−4 −1.000 30 125.23 1.660
5 8.10× 10−6 −0.350 180 220.87 6.350
6 8.16× 10−4 −0.350 180 259.30 1.450
7 8.10× 10−6 −1.000 180 238.13 6.490
8 8.16× 10−4 −1.000 180 374.30 10.760
9 4.12× 10−4 −0.675 105 136.60 4.010

have to be taken into account: pH, concentration of supporting
electrolyte, deposition time and potential, rest period, pulse
amplitude, pulse repetition time, scan rate, etc.

Prior analysis[14] of copper in the presence of EDTA
as supporting electrolyte showed that the variablestdep, Edep
and concentration of EDTA,CEDTA, could have a significant
effect on the analysed response, the peak height. However,
a very relevant characteristic of the signal, its variance, was
then obviated. Thus, an optimization study when maximising
the peak current and minimising its variance are desired is
carried out here. This is useful in chemical analysis in order
to increase the sensitivity and reduce the variability of the
analytical procedure, i.e. to reach better detection limits and
more precise determinations.

3.1.1. Single objective models
In a first step of the analysis, the peak current and its vari-

ance were analysed independently, building a mathematical
model for each objective in order to study if the optimum
points reached individually for each factor coincide in both
cases. Thus, a 23 factorial design with a central point was car-
ried out following the experimental matrix shown inTable 1.
Each experiment was carried out in random order and three
replicates (that is, the reapplication of the preconcentration
and stripping stages to the same solution) were obtained. In
t
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Table 2
Estimates and statistics of the coefficients from the fitted response surfaces
for peak current and standard deviation for the determination of copper

Response Coefficient F. inflation S.D. P-level

Peak current b0 161.82 5.52 <0.001
b1 (CEDTA) 24.53 1.07 5.92 0.014
b2 (Edep) 12.57 1.07 5.92 0.101
b3 (tdep) 85.77 1.07 5.92 <0.001

Standard deviation b0 4.14 0.09 <0.001
b1 (CEDTA) 0.79 1.29 0.10 0.005
b2 (Edep) −0.11 1.00 0.09 0.269
b3 (tdep) 3.03 1.29 0.10 <0.001

these two outlier data, showed inTable 2, has aR2= 0.981.
It can be seen that the inflation factor of the variance of the
coefficients (VIF) is still close to one, i.e. the properties of
the design have not worsened by eliminating both points.

In the case of the peak current, run 8 has a standardized
residual of 5.66 and a value of the index of resistance to
diagnose 4.24. Since both are above 2.5, this point has been
removed and the model recalculated with the rest of the data.
The coefficient of determination,R2, of the model goes from
0.947 to 0.981 and the model is very significant (P-level <
0.001).

The significance of the coefficients for both models is
shown inTable 2, where it can be concluded that in both
cases the only significant factors areCEDTA andtdep. How-
ever, when analysing the response surfaces corresponding to
the two fitted models,Fig. 1, where the factorEdep is main-
tained fixed at a value of−0.68 V (it has been found not sig-
nificant), it can be seen that the experimental conditions that
maximise the peak current and minimise its standard devia-
tion are just opposite. This makes the fact that the individual
analysis of the responses does not lead to common experi-
mental conditions clear, so a multicriteria methodology that
looks for certain compromise experimental conditions that
fulfil the expectations of the analyst is required.
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f ver,
his way, the mathematical model

= β0 + β1x1 + β2x2 + β3x3 (2)

as built taking as response the peak current (mean o
hree replicates), whereas a second model was built t
s response the standard deviation estimated with the
eplicates.

Least squares regression for standard deviation showR2

0.63 and the model is not significant (P-level = 0.14 w
heF test). An analysis of the residuals done by least me
f squares regression (LMS)[13] shows that the values

he runs 6 and 8 have standardized residuals of−18.9 and
.8, respectively, well above the threshold value of 2.5
ddition, the values of the index of resistance to diagnos
lso above 2.5 (6.9 and 3.6, respectively). The model wit
.1.2. Multicriteria optimization: desirability function
This multicriteria methodology is based on constructi

esirability function for each individual response. Each i
idual desirability function is a continuous function cho
rom among a family of linear or exponential functions
aries from zero (undesirable response) to 100 (optima
ponse). Based on these individual desirability functions
verall desirability function is estimated as the weighted
etric average of the individual desirability functions, as
een pointed out inSection 1. NemrodW[12] uses a simu

ated annealing algorithm in the optimization process to
he optimum of the overall desirability function, since thi
ot derivable.

In this case, linear desirability functions were chosen
oth responses. In the case of peak current, values b
80 nA have been considered not acceptable (zero des

ty), while values above 200 nA are optimal; the desirab
unction varying linearly between these two values. Howe
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Fig. 1. Estimated response surfaces fitted individually for the peak current
(a) and the standard deviation (b) in the determination of copper. The third
factor,Edep, is maintained in both cases at a potential of−0.68 V.

in the case of the standard deviation of the peak current, val-
ues below 3.6 nA are acceptable because they are equivalent
to a maximum of 2% of the signal (it must be remembered
that they are scans in the same cell and hence their dispersion
must be small). For the same reason, it must be considered
that standard deviations above 5 nA are not acceptable (zero
desirability). As for the peak current, the function varies lin-
early between these two values. In addition, equal weights
were given for the two responses since both are considered
equally important in the overall desirability function, i.e.p1
= p2 = 1 in Eq. (1).

The maximum of the overall desirability function is found
for CEDTA = 8.13× 10−4 mol l−1, tdep = 111 s andEdep =
−0.477 V, the peak current being at this point 200 nA and the
corresponding standard deviation 3.6 nA. Under these exper-
imental conditions the constraints imposed on the individual
desirability functions are totally fulfilled and an overall de-
sirability of 100% is reached.Fig. 2 shows the contour plot
of the global desirability function in the space of the factors
CEDTA andtdep. Although this representation is only partial
since the factorEdepremains constant, it shows that the opti-
mum found is at the edge of the experimental domain for the

Fig. 2. Contour plot of the overall desirability function in the space of the
factorsCEDTA andtdep. Grey zone corresponds to zero desirability, and con-
tour lines (a), (b), (c), (d) and (e) to 50, 60, 70, 80 and 90% of the overall
desirability function. TheEdep is fixed at−0.48 V.

factorCEDTA. In addition, this figure shows that it is possi-
ble to reach a desirability above 90% with concentrations of
EDTA above 4.2× 10−4 mol l−1 and tdep varying to 125 s.
Also, it is observed that one can reach a high desirability
(above 70%) for a wide range of EDTA concentrations but
for each of them the range of thetdep is very specific and
restricted. That is, the global desirability is very sensitive to
small changes in the analysed factors, principally to changes
in thetdep.

One final comment, in the data inTable 1one can see that
run 6 fulfils the conditions required of the peak current and
standard deviation. This experiment lies outside the linear
trend shows by the rest, both for the peak current and the
standard deviation. The global desirability function shows
the possibility of a wide margin experimental in terms of
CEDTA and its correspondingtdepassociated according to the
analysis ofFig. 2.

3.2. Determination of Ni(II) by differential pulse
adsorptive stripping voltammetry

A second example of application of this multi-response
methodology has been the optimization of the determination
of nickel by DPAdSV, analysis based on the already known
adsorption of the complex Ni(II)–DMG on the mercury elec-
t a-
r ment
r ter-
m ct to
s te of
i lank
a

3
the

b ntly to
rode. In a previous experiment[15], several instrumental p
ameters were optimized to offer the greatest measure
eproducibility. In this work, since the metal is being de
ined at trace level, the optimization procedure is dire

imultaneously maximise the peak current of the analy
nterest, nickel peak, and to minimise the current of the b
t the nickel peak potential, blank current.

.2.1. Single objective models
Firstly, as in the previous work, the peak current and

lank current were considered as responses independe



250 M.C. Ortiz et al. / Talanta 65 (2005) 246–254

Table 3
Experimental matrix and experimental responses of the experimental design for the determination of nickel

Run Factors Responses

CDMG (mol l−1) tdep (s) Edep (V) Peak current (nA) Blank current (nA)

1 2.50× 10−5 30 −0.10 1.809 0.000
2 5.00× 10−4 30 −0.10 2.742 2.629
3 2.50× 10−5 300 −0.10 5.572 4.584
4 5.00× 10−4 300 −0.10 11.840 9.250
5 2.50× 10−5 30 −0.80 1.791 0.000
6 5.00× 10−4 30 −0.80 2.785 2.264
7 2.50× 10−5 300 −0.80 9.772 4.963
8 5.00× 10−4 300 −0.80 15.020 11.620
9 2.62× 10−4 165 −0.45 7.887 5.209

10 2.62× 10−4 165 −0.45 8.734 6.111
11 2.62× 10−4 165 −0.45 9.262 6.873

study the optima reached individually. In this case, a 23 facto-
rial design was performed, each experiment being carried out
in random order following the experimental matrix shown in
Table 3. The mathematical model used in this case was

y = β0 + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3

+ β23x2x3 (3)

Similarly to the previous analysis, two independent models
were built taking as response the peak current and the blank
current, with the aim of maximising the first and minimising
the second.

For the peak current, the model is significant (P-level
0.022) and does not show lack of fit (P-level 0.083). The
value ofR2 is 0.940. The same occurs for the model estimated
for the blank current, which is significant (P-level 0.024) and
does not show lack of fit (P-level 0.174),R2 being 0.938.
There are neither outliers nor influential data for either of the
two models.

The estimates of the coefficients of these two models and
the corresponding statistics are shown inTable 4. It can be
deduced from it that bothtdepandCDMG influence the blank
current significantly, but only the first of these factors has a
significant influence on the peak current of nickel. In both

Table 4
faces

models, neither the third factor,Edep, nor the interactions
are significant. On the other hand, analogously to what oc-
curred in the previous example, when the response surfaces
of the significant factors of the two fitted models are com-
pared,Fig. 3, the experimental conditions that maximise one
of the responses (the peak current) and minimise the other
(the blank current) are opposite. So, the use of an optimiza-
tion methodology to objectively find a compromise zone is
also required in this case.

3.2.2. Multicriteria optimization: desirability function
In this second example, contrary to the other cases, indi-

vidual curved desirability functions were chosen as shown
in Fig. 4. For the peak current, values below 8 nA are con-
sidered not acceptable and those above 12 nA are considered
optimal for the peak current, while values above 8 nA are
not acceptable and those below 5 nA are considered optimal
for the blank current. In both cases, the desirability functions
vary between the indicated two values according toFig. 4.
Also, equal weights were given for the two responses.

The maximum of the overall desirability function (close
to 93%) is reached forCDMG = 2.50× 10−5 mol l−1, tdep
= 300 s andEdep = −0.80 V, the peak current being under
this experimental conditions 10.16 nA and the blank current
for peak current and blank current for the determination of nickel

F. inflation S.D. P-level

0.5170 <0.001
1.00 0.6062 0.051
1.00 0.6062 0.003
1.00 0.6062 0.201
1.00 0.6062 0.118
1.00 0.6062 0.846
1.00 0.6062 0.203

0.4271 <0.001
1.00 0.5008 0.017
1.00 0.5008 0.042
1.00 0.5008 0.587
1.00 0.5008 0.183
1.00 0.5008 0.704
1.00 0.5008 0.484
Estimates and statistics of the coefficients from the fitted response sur

Response Coefficient

Peak current b0 7.0185
b1 (CDMG) 1.6804
b2 (tdep) 4.1346
b3 (Edep) 0.9256
b12 1.1986
b13 −0.1199
b23 0.9194

Blank current b0 4.8639
b1 (CDMG) 2.0270
b2 (tdep) 3.1905
b3 (Edep) 0.2980
b12 0.8037
b13 0.2032
b23 0.3892
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Fig. 3. Estimated response surfaces fitted individually for the peak current
(a) and the blank current (b) in the determination of nickel. The third factor,
Edep, is maintained in both cases at a potential of−0.45 V.

6.32 nA. The corresponding contour plot forCDMG andtdep
is shown inFig. 5, where the compromise zone for these two
factors can be seen whenEdep is fixed at−0.80 V.

The region in which 90% desirability is surpassed cov-
ers a wide interval forCDMG, from 2.50× 10−5 to 2.85×
10−4 mol l−1. However, for the first value we can use atdep
between 232 and 300 s, while for the second only atdep of
219 s is valid, that is, it can notably reduce analysis time.

3.3. Determination of indomethacin by differential pulse
adsorptive stripping voltammetry

The last example that has been studied in this work is the
determination of an anti-inflammatory drug, indomethacin,
by DPAdSV based on the adsorption of the molecule at the
mercury electrode in aqueous media. Previous studies[16]
showed that for acidic solutions the reduction on the elec-
trode is essentially a two electron process that provides a
voltammetric peak, but pH can have an effect both on the
position of the peak as on the magnitude of the signal; the

Fig. 4. Individual desirability functions for the blank current (a) and the
peak current (b) in the determination of nickel.

percentage of buffer in the electrochemical cell (%buffer) and
the deposition time (tdep) also being relevant factors that in-
fluence the voltammetric response.

The aim of this analysis is to optimize this determination
taking into account two different responses, as in the previous
example, on the one hand the peak current, and on the other
the blank current. One is intended to maximize the first and to
minimize the second, optimising the aforementioned factors:
pH, %buffer and tdep. Thus, firstly the individual models for
each response have been studied and next the multicriteria
methodology has been applied, in a similar way to that carried
out in the two previous examples.

F f the
f con-
t The
E

ig. 5. Contour plot of the overall desirability function in the space o
actorsCDMG andtdep. Grey zone corresponds to zero desirability, and
our lines (a) and (b) to 80 and 90% of the overall desirability function.

dep is fixed at−0.8 V.



252 M.C. Ortiz et al. / Talanta 65 (2005) 246–254

Table 5
Experimental matrix and experimental responses of the experimental design
for the determination of indomethacin

Run Factors Responses

pH %buffer tdep (s) Peak current
(nA)

Blank current
(nA)

1 6.0 45.0 200 13.76 10.00
2 6.0 45.0 90 12.74 9.26
3 6.0 25.0 200 14.43 6.95
4 6.0 25.0 90 10.10 5.32
5 4.0 45.0 200 65.79 8.74
6 4.0 45.0 90 35.92 8.58
7 4.0 25.0 200 69.35 19.08
8 4.0 25.0 90 42.19 9.34
9 6.7 35.0 145 11.25 5.08

10 3.3 35.0 145 48.62 6.66
11 5.0 51.8 145 48.09 9.03
12 5.0 18.2 145 47.72 5.78
13 5.0 35.0 237 20.77 24.95
14 5.0 35.0 52 11.00 11.25
15 5.0 35.0 145 52.19 7.05
16 5.0 35.0 145 41.82 5.45
17 5.0 35.0 145 42.19 6.12

Table 6
Estimates and statistics of the coefficients from the fitted response surfaces
for peak current and blank current for the determination of indomethacin

Response Coefficient F. inflation S.D. P-level

Peak current b0 45.23 4.661 <0.001
b1 (pH) −16.48 1.00 2.189 <0.001
b2 (%buffer) −0.53 1.00 2.189 0.81
b3 (tdep) 5.77 1.00 2.189 0.033
b11 −4.88 1.16 2.409 0.081
b22 1.47 1.16 2.409 0.560
b33 −9.85 1.16 2.409 0.048
b12 1.47 1.00 2.860 0.625
b13 −6.46 1.00 2.860 0.057
b23 −0.07 1.00 2.860 0.978

Blank current b0 6.27 1.518 0.045
b1 (pH) −1.23 1.00 0.713 0.125
b2 (%buffer) 0.10 1.00 0.713 0.887
b3 (tdep) 2.59 1.00 0.713 0.008
b11 −0.35 1.16 0.785 0.668
b22 0.19 1.16 0.785 0.810
b33 3.97 1.16 0.785 0.002
b12 2.26 1.00 0.931 0.004
b13 −0.94 1.00 0.931 0.348
b23 −1.31 1.00 0.931 0.201

3.3.1. Single objective models
In this case, a central composite design, that shown in

Table 5, was carried out in random order. The mathematical
model fitted was a complete second-order model

y = β0 + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3

+ β23x2x3 + β11x
2
1 + β22x

2
2 + β33x

2
3 (4)

that, similarly to the previous examples, was fitted in a first
stage of the analysis independently for the peak current and
the blank current.

The significance of the coefficients corresponding to the
two models is shown inTable 6. It can be seen that in the

Fig. 6. (a) Optimum path of the response surface fitted to the peak current
where ordinates represent the optimum response reached on the built spheres
for radiusR indicated in abscissas; (b) coordinates of the points of plot (a)
for each factor in codified variables: (—) pH; (-· -) %buffer; (···) tdep. The
right part of both plots refers to the maximisation of the response; the left
part of the plots refers to the minimisation of the response.

model built for the peak current, pH,tdepandtdep
2 are signif-

icant, whereas in the model built for the blank current,tdep
andtdep

2 are significant as well as the interaction pH-%buffer.
In both cases, the analysis of the variance carried out shows
that the models are significant and do not have lack of fit at
a significance level of 5%, theR2 being equal to 92.90 and
88.88%, respectively.

For the blank current model, the three factors are signifi-
cant either through the linear or through the quadratic terms,
so it is necessary to determine the optimum path of the re-
sponse surface in a different way to the previous one. In this
case, the optimum path of the response surface is determined
by tracing spherical surfaces, centred on the central point of
the experimental domain and with growing radius, and cal-
culating on each of these the maximum and the minimum of
the response surface[4,17].

Thus, the optimum paths of the response surface are shown
in Figs. 6 and 7for both individual models. It is clear that in
the optimum path shown inFig. 6, the maximum peak cur-
rent, 67.25 nA, is reached at the boundary of the experimental
domain, at distance 1.7 (right). The coordinates for this max-
imum,Fig. 6b, transformed into real variables correspond to
pH = 3.66, %buffer = 25% andtdep= 172 s. To reach the max-
imum, the first two factors must have lower values while the
deposition time must tend toward higher values.
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Fig. 7. (a) Optimum path of the response surface fitted to the blank current
where ordinates represent the optimum response reached on the built spheres
for radiusR indicated in abscissas; (b) coordinates of the points of plot (a)
for each factor in codified variables: (—) pH; (-· -) %buffer; (···) tdep. The
right part of both plots refers to the maximisation of the response; the left
part of the plots refers to the minimisation of the response.

However,Fig. 7 shows that the minimum blank current,
0.49 nA, is reached at distance 1.7 (left) that corresponds to
pH = 6.41, %buffer = 25% andtdep= 139 s.Fig. 7b shows that
at distances close to the minimum the blank current is more
sensitive to variations in pH and percentage of the buffer than
to changes in the deposition time. In any case, it is clear that
neither in this example are common experimental conditions
found for the desired optimization of the two responses: the
percentage of buffer is the same in both cases, the deposition
time is not too different taking into account its experimen-
tal range, but the pH values found in each case are really
different. Thus, comparing the lines corresponding to pH in
Figs. 6b and 7b, it is clear that higher values of pH lead to min-
imising the blank current but also the peak current, whereas
lower values of pH have less influence on the blank current
and maximise the peak current.

3.3.2. Multicriteria optimization: desirability function
In this third example linear desirability functions were

chosen. For the peak current, values below 40 nA have been
considered not acceptable, while values above 60 nA are opti-
mal; and for the blank current, values above 12 nA are not ac-
ceptable, while values below 8 nA are optimal. In both cases,
the desirability functions vary linearly between the two val-

Fig. 8. Contour plot of the overall desirability function in the space of the
factors pH andtdep. Grey zone corresponds to zero desirability, and contour
lines (a), (b), (c), (d) and (e) to 100, 80, 60, 40 and 20% of the overall
desirability function. The %buffer is fixed at 47.1%.

ues indicated. Also weights were given equal for the peak
current and the blank current.

The maximum of the overall desirability function is
reached for pH = 4.01, %buffer = 47.1% andtdep = 181 s,
the peak current being under these experimental conditions
60.22 nA and the blank current 7.84 nA, i.e. this solution
fulfils all the restrictions imposed to build the individual de-
sirability functions, reaching overall and individual desirabil-
ities of 100%.Fig. 8shows a graphic study of the variability
of the overall desirability function in the space of pH andtdep.
Although the factor %buffer remains constant in this plot, it can
be seen that in the region around the optimum, only accept-
able results are obtained, the optimum being more sensitive
to changes intdep than to changes in pH.

It could seem strange that the value of the factor %buffer
corresponding to the optimum is so far from the unique value
reached with the two individual models (25% in both cases).
However this points out that the overall desirability func-
tion really searches for a global solution for all the responses
considered that is independent of the possible individual so-
lutions.

3.4. Final consideration

When looking for the working conditions for an analyti-
c o be
o ions
w ame
a ays
u y or
n the
r thod
p s just
a what
i es”
al procedure, it is normal to consider various criteria t
ptimized. It is also normal that the experimental condit
hich lead to an optimum for one of them are not the s
s for another. In this case the desirability function is alw
seful. Whether the compromise solution is satisfactor
ot depends on the specific analytical problem and on
equirements for the analysis. The advantage of the me
roposed is that it introduces the analytical requirement
s they are posed. That is, what is not acceptable and

s. This specifically implies choosing “experimental zon
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in which the response is “not valid” “progressively valid” or
“completely acceptable”.

This “a priori” decision is also the main limitation to the
procedure because other possibilities which may be of inter-
est once the experimentation is complete are not explored.
In other words, the alternative is to explore the set of non
dominated optimum solutions (Pareto front) and afterwards
decide which of them to use. This option is being studied
by our research group. However, it has the drawback of not
giving acceptable regions, but rather optimum points. The ad-
vantage of having regions with a pre-set desirability is clear.
One only has to look atFigs. 2, 5 and 8and their analysis in
the text.

Another alternative is to reduce the responses to just one by
combining them “ad hoc”. This may conceal undesired situa-
tions. For example, in problems such as case (i), the variation
coefficient could be chosen as the response to be optimised.
The drawback is that if one multiplies by the same factor the
signal and its standard deviation, one gets the same coeffi-
cient of variation but the variability may be unacceptable (the
procedure may have bad repeatability).
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