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Abstract : A method for simultaneous determina-
tion of calcium and magnesium in natural watersus-
ing multivariate calibration methods are proposed.
The method is based on the development of the re-
action between the analytes and Bromopyrogallol
red at pH 9.50. Principa Component Regression
(PCR), Partial Least Squares (PLS) and Artificia
Neural Network Calibration (ANN) methods were
successfully applied to the multi - component analy-
sis of the binary containing substances in natural
waters. PCR, PLS and ANN methods are suitable

INTRODUCTION

Calcium and magnesium are two of the most
commonly determined cations in drinking waters.
From a physiological point of view, calcium and
magnesium, along with sodium and potassium, are
the most important ions affecting cardiol ogy, owing
to their rolein nervousimpul se conduction and cell
contraction. From an industrial point of view, the
main problemisrelated to theformation of deposits
of their carbonates. The control of the concentra-

for thequantitative resol ution of the mixtures of these
substances and this approach doesn’t require any
separation and extraction steps. Under the working
conditions, the proposed method were successfully
applied to smultaneous determination of calciumand
magnesium in natural waters.

© Global Scientificlnc.

Keywords: Ca; Mg*; PCR; PLS; ANN; Natu-
ral waters.

tions of magnesium and calcium in watersisimpor-
tant, asthey are the responsible for water hardness,
and their presence at high concentrationslowersthe
quality of drinking waters. For this reason calcium
and magnesium are among the major ionsto be de-
termined routinely.

In spectrophotometry the formation of an absor-
bent complex by reaction between the analyte and
an externa reagent isnormally used to determinean
analyte. The absorbance of the formed complex is
calculated by subtracting from the measured absor-
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bance value, the one corresponding to the “reagent
blank”, added in the initial concentration, if it ab-
sorbs at the measurement wavelength. The blank
absorbance at the end of the reaction can be lower
than that measured at the beginning, because of the
reagent consumption. Therefore, the real absorbance
of the formed product will be larger than the mea-
sured value. If we consider a calibration line, this
difference will be greater the higher the concentra-
tion assayed, and it will affect the accuracy of the
analytical results obtained.

Thetraditional method in quality control of cal-
cium and magnesium in water and waste water is
complexometry using EDTA astitrant!*®l. Although
thisisan inexpensive method, it requires someskill.
Themain disadvantage of complexometric methods
isthat they aretime consuming and subject to opera-
tiona errors. Severa instrumental approaches, in-
cluding FAAS and ICPAES (Franson, 1992, have
been proposed for determining these analytes indi-
vidually in water. Adaptations of highly selective
techniquesto acontinuous-flow scheme, e.g., FAAS
[ and potentiometry using ion-selective electrodes
(20 18lmakeit easier to automatetheanaysis. Severa
reagents have been proposed to carry out the spec-
trophotometric determination of those cations, some
of them are; 4-(2-pyridylazo)-resorcinol (PAR)Z:
11 arsenazo (1)[#7, arsenazo (111)7:26:14.15.21 emodin
(Pal and Jana, 1993), 3, 3’-bis [N, N-bis
(carboximethyl) amino methyl)] Y, bromopyrogallol
red (BPR)Yetc.

PAR and arsenazo (I11) are generally the most
employed reagentsfor the simultaneous determina-
tion of both ions. PAR presents a too high molar
absorptivity inrelation to that of the Ca(I1) and Mg
(1) complexesin theworking wavelength range, and
it offers a narrow spectral window from a multi-
variate perspective?,

In recent years, chemometric calibration tech-
niques can be summarized as multiplelinear regres-
sion (MLR) (classical least square, CLSand inverse
least squares, ILS calibrations), principal compo-
nent regression (PCR), partial least regression (PLS)
and artificial neural network (ANN) techniques?
2,517.9.3 Several researchers used these techniques
for the simultaneous analysis binary and a ternary

mixture® 1121 Al| the multivariate approaches are
useful for the resolution of spectral band overlap-
ping in quantitative determination. In the multivari-
ate analysis, acalibration is build from spectral re-
sponsevauesfor aset of standard samplesasknown
concentrations corresponding to the analytes of in-
terest. The obtained calibration is used to predict
the component concentrationsfrom the sampl e spec-
trum. The multivariate calibration-prediction tech-
nigues usethefull spectrum, full automation, multi-
variate dataanalysis and the reduction of noise and
the advantages of the selection of the calibration
model. In addition these multivariate calibrationsdo
not need any separation procedure, they are very
cheap, very easy to apply and very sensitive. For
these reasonsthese multivariate techniques arevery
popular today.

In this paper, simultaneous spectrophotometric
determination of calcium and magnesium, in min-
eral waters, with bromopyrogallol red (BPR) at pH
9.50 is chemometrically studied from the point of
view of themode! used for the calibration and from
the point of view of the prediction. The usefulness
of themethod for the prediction of the concentration
of calcium and magnesium in commercia watersis
discussed.

EXPERIMENTAL

Instruments

Absorbance measurements were carried out by
using aPerkin—Elmer Lambda 20 double beam U V-
visible spectrophotometer interfaced to an IBM SX-
486 microcomputer for the spectral acquisition pro-
vided with aUV-Win Lab software and subsequent
manipulation of the experimental data. The absor-
bance measurementswere carried out in two match-
ing quartz 1.0 cm cellswith a1 mm path length.

Chemometric software

Application of PCR and PLS algorithms was
supported by the software package “Minitab® 16”.
The softwareis dedicated to both multivariate analy-
sis and experimental design and is equipped with
several multivariate methods. It allows to optimize
the calibration models and to develop validation
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procedures. The back-propagation neural network
algorithm three layerswere used in MATLAB (ver-
sion 7.0, Math Work Inc.) using NN toolbox. All
programswere run on aPentium, personal computer,
with windows X P home edition.

Reagentsand standards

All solutions were prepared with analytical
grade reagents. Stock solutions of Ca&* and Mg*
(1000 mg L) were prepared by dissolving
Ca(NQ,),.4H,0 (Merck, Darmstadt - Germany) and
Mg(NO,),.6H,0 (Merck, Darmstadt — Germany) re-
spectively. A 5.0x10° mol L bromopyrogallol red
(BPR) (Merck, Darmstadt - Germany) was prepared
by dissolving it in minimum amount of ethanol and
diluting to the mark with doubly distillated water. A
pH 9.50 buffer solution was prepared by mixing 95.0
mL of 0.05 mol L™* Na,B,O,.10H,0 and 5.0 mL of
0.1 mol L potassium dihydrogen phosphates™.
General procedure

Suitable amountsof each metal, 1 mL of 5.0x10-
2mol L* BPR solution and buffer solutions were
added to a25 mL volumetric flask. The solutionwas
diluted to the mark with water and alowed to stand
for 5 minat room temperature. A portion of the solu-
tion wasthentransferredinto al.0 cmquartz cell to
record the absorption spectrain thewavel ength range
400-700 nm.
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Sampling and analytical procedure

Water samples were collected in Isparta city 5
different stations. Samples from wells were col-
lected by using 1.0 L plastic bottles, avoiding the
formation of headspace of air, and transported into
the laboratory within 1 h. Oncethere, sampleswere
filtered through Whatman No.42 filter paper and
stored until their analysis, which was accomplished
within 1 week. Samples were kept at their natural
pH. The determinations of Ca?* and Mg@?* by the pro-
posed methodol ogy and by UV-Visible spectropho-
tometry were performed on the sameday in order to
avoid any possible bias.

RESULTSAND DISCUSSION

Preliminary investigations

The chromogenic reagent bromopyrogallol red
(BPR) can be use as areagent for the determination
of amounts Ca?* and M@?**. The compositions of com-
plexes were determined by molar ratio method®.
The values of molar ratio indicated a 1:1 and 1:2
metal:ligand ratio for Ca-BPR and Mg-BPR. The
absorption spectra of Ca?* and Mg?* complexes are
shown in Figure 1. As Figure 1 shows, the spectra
of the complexes, overlap with each other, and there-
fore each compound interfere in the spectrophoto-
metric determination of the other. But this system

——12ppm Mg
e 24 pppm Ca
12+24ppm

400 450 500 550

600 650

Wavelength (nm)

Figure 1 : Absorption spectra of 12 ppm Mg, 24 ppm Ca, and their mixture
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can be suitable for simultaneous determination of
Ca* and Mg? using PCR, PLSand ANN.

Optimization of theexperimental conditions

For receiving in the best sensitivity, we need to
obtain the best conditions. A study on the influence
of the pH on theformation of Ca-BPR and Mg-BPR
complexeswere conducted inthe pH 4-11. The study
revealed that the maximum color formations of Ca-
BPR and Mg-BPR complexes were obtained 9.0-
9.9. Therefore pH 9.5 was used for further works.
Borax-potassium dihydrogen phosphate and ammo-
nia-ammonium chloride buffer solutions of pH 9.5
weretested and the Borax solution wasfound asthe
best. A 5.102 mol L BPR was used as optimum
concentration.

Spectrophotometric determination
Calibration sets

The absorption spectra were recorded between
400 and 700 nm with aninterval of 1.0 nm between
each two points and were contrasted with the corre-
sponding blanks. The calibration matrix was pre-
pared from 10 solutions containing mixtures of the
two components in different ratios and optimized
and calculated by using PCR, PLS and ANN cali-
bration both to analyses the spectra obtained and to
calculate the concentration of theana ytesinthereal
samples.

Multivariateanalysis

PLSisfactor analysis method, based on a two-
stage procedure; acalibration step, in which amath-
ematical model is built by using component concen-
trations and spectral data from a set of references,
followed by aprediction step in which the model is
used to cal cul ate the concentrations unknown sample
from its spectrum. These methods are also called
“factor methods” because they transform the origi-
nal variables into a smaller number of orthogonal
variables called factors or principal components
(PCs), which are linear combinations of the origi-
nal variables. When multivariate calibration ap-
proaches are applied in spectrophotometric multi
component analysis, a relationship between spec-
tral and concentration datafrom reference samples,

representing the variables of the system, is estab-
lished. A new matrix constituted by the new vari-
ables PCs and scores is built. The calculation of
this new matrix is planned by agorithm specific to
the regression method adopted. The most used re-
gression methods are PLS. Thetheory of such tech-
niques has been fully described by several authors
[32, 30, 13]_

Artificial neural network is amultivariate cali-
bration method used mainly for modeling non-linear
data, although, some applications usethe neural net-
work for modeling linear data. It isimportant to state
that this method is computationally more complex
than linear methods, they have limitation of being
prone to over fitting and they heavily depend on
amount and quality of dataavailable. In many cases
the principal disadvantage of the neura network is
timerequired for itstraining.

Wavelength selection

Multivariate calibration methods have generally
been considered as full-spectrum in the processes
of calibration and prediction. But, most often, se-
lecting the undesired regions of the spectrum evalu-
ated is provided more noise in the analytical re-
sultg®. Rossi and Pardue showed that accuracy can
beimproved by careful wavel ength selection®!. So
far, various criteria have been developed to allow
for wavelength selection. In the present work, the
UV-spectra of Ca?* and Mg# solutions were re-
corded, in the wavelength range of 400 — 700 nm
with 1 nminterval. Spectrum as shown the smulta-
neous determination of the related compounds in
samples is not possible by using classical spectro-
photometric approaches. In this study, without any
separation step using PCR, PLS and ANN
chemometric approaches Ca?* and Mg?* arefocused
two mixtures of quantitative resolution.

Multivariatemethods

The first step in simultaneous determination of
the binary mixture of natural waters by multivariate
calibration methods involves constructing the cali-
bration matrix for binary mixture of Ca?* and Mg?*.
Nineteen binary mixtures were selected by random
design asthe calibration set. The composition of the
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TABLE 1 : Composition of the calibration set for apply-
ing PCR, PLS and ANN methods

Concentration (ug/mL)

No. Ca* Mg*
1 4 8
2 4 16
3 4 24
4 4 32
5 4 36
6 12 8
7 12 16
8 12 24
9 12 32
10 12 40
11 20 8
12 20 16
13 20 24
14 20 32
15 28 8
16 28 16
17 28 24
18 36 8
19 36 16

samples was randomly designed in order to obtain
non-correlated concentration profiles (TABLE 1).
In order to minimize the correlation between con-
centration vectors, the correlation coefficient ma-
trix is considered as a criterion. The calibration
model in each chemometric method was validated
with 14 synthetic mixtures set containing the water
under study in different proportions selected ran-
domly. The predictive abilities of PCR, PLS and
ANN were examined for simultaneous determina-
tion Ca?* and Mg in samplemixtures. Thecommon
requirement for all mentioned methods is that un-
known samplesand standards be of the same nature.

Partial least squarescalibration

In the UV-VIS spectra, the absorbance data (A)
and concentration data (C) are mean centered to give
data matrix A  and vector C_. The orthogonalized
PL S algorithm hasthefollowing steps. Theloading
weight vector W has the following expression:

T
w-AS
CO CO

The scores and loadings are given by:

.Plz'%-)rtl. _C;—tl

t=AW =t
=5 Y

The matrix and vector of theresiduasinA_and
C, ae

A=A-1 plT
C=C -t OuT

From the general linear equation, theregression
coefficients were calculated by;

b=W (P'W)q

a'=C:mean - A;rrmn b

The builded calibration equation is used for the
estimation of the compounds in the samples. 3.6.2.
Artificial neural network calibration

A feed-forward ANN model with three layers
of nodes was constructed asin Figure 2. The artifi-
cia neuron is the building component of ANN de-
signed to simul ate the function of biological neuron.
Thearrivingsignals, called inputs, multiplied by the
connection weighted (adjusted) are first summed
(combined) and then passed through atransfer func-
tion to output that neuron. Theactivation functionis
theweighed sum of the neuron’s inputs and the most
commonly used transfer function is sigmoid func-
tion (Figure 2).

Thelogistic function was used as the activation
function in aneura network. Thetraining and test-
ing data sets must be normalized into a range 0.1-
0.9. Theinput and the output data sets were normal -
ized by using following equation:

0.8(X — X min)

(X max— X min) (1)
Where X is normalized value of a variable (the
network input or the network output), Xisaoriginal
value of avariable, and Xmax and Xmin are maxi-
mum and minimum original values of thevariables,
respectively. In order to produce sufficient data for
training and testing of the model shownin Figure 2,
14 different standard solutions were prepared using
different Ca?* and Mg@?* concentrationsand each stan-
dard solution was subjected to spectrophotometric
determination. Randomly chosen 600 data pairsfrom
these 3000 data pairs were used in the training of
the neural network, and the rest of the data were

Xy =01+
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Figure 2 : Network architecture used in the spectrophotometric determination

used in the testing. The root mean square error val-
ueswereca cul ated from following equationto prove
guantitatively the accuracy of the testing results of
neural network models:

N
RMS = \/o.lez(x; - X,)? )

i=1
Where N is the number of testing data and X, is

target value.

MATLAB 7.0 software was used to construct
ANN models which have sigmoidal logistic func-
tion with back propagation of error algorithm. For
this neural network modeling an input layer, one or
two hidden layers and output layer were used.

To obtain the best network performance, the
op-timal network architecture and parameters must
be chosen. Studies of the network structure include
the selection of the number of layers and number of
nodes in each layer. The number of layers used for
this neu-ral network modeling was four, i.e. an input
layer, one or two hidden layers and an output layer.

As can be seen from Figure 2, two neurons were
used in the input layer, which were the absorbance
and wavelength (nm). The absorbance and wave-
length of the solution were considered as indepen-
dent variables of the spectrophotometric method.
Therefore, these variables were used as input vari-
ablesin the network architecture. In TABLE 1, the
concentration of standard solutions is represented
(or output data of the network).

Thevarious neural network models, which have
thelogistic function, weretrained and tested. Inthis
step, the number of the hidden layer units of the net-
work was determined by performance eval uating of
the network modelsdefined in TABLE 2. According
to RMS errorsgiven in TABLE 2, the NN4 2-12-2
model, which performs best on a testing data set,
were selected as neural network model to predict
the Ca?* and Mg?* concentrations.

Chemometric parameters

The application competence of a calibration
model can be explained in several ways. These re-
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TABLE 2 : Comparison of the performances of the neural network models

RMSerror
M odel ca* Mg*
Training Testing Training Testing

NN1 0.052055 0.058584 0.062146 0.0612822

2-1-2

NN2 0.034128 0.040248 0.052246 0.0581231

2-8-2

NN3 0.0152854 0.125664 0.034897 0.0425870
2-11-2

NN4 0.0010003 0.021258 0.001516 0.0012485
2-12-2

NN5 0.0168124 0.082802 0.179586 0.0148762
2-15-2

sults can be examined numerically. One of the best
waysto do this, by examining the predicted residual
error sum of squares (PRESS). To calculate PRESS
computed the errors between the expected and pre-
dicted valuesfor all the samples, square them, and
sum themtogether.

PRESS - Z (Ciadded _ Cifound )2

i=1

Strikingly speaking, thisis not a correct way to
normalizethe PRESS valueswhen not al of thedata
sets contain the same number of samples. If want
correctly compare PRESS values for data sets that
contain differing numbers of samples, should con-
vert to standard error of prediction (SEP), whichis
given by following formula.

5 (Ciadded _ Ci found )2
SEP= \ Zl“

n-1
Where C**the added concentration of water is,

C™™ isthe found concentration of water and nis

the total number of the synthetic mixtures. The SEP
can provide a good measure of how well, on aver-
age, thecalibration modd performs. Often, however,
the performance of the calibration model varies de-
pending on theanaytelevel.

Inthe application of two chemometric techniques
to the synthetic mixtures containing teasin variable
compositions, the mean recoveriesand rel ative stan-
dard deviationsfor PCR, PLSand ANN werefound

to be 99.49 and 0.30% ; 98.36 and 0.53%, 99.08
and 0.81% respectively for Ca?*, 100.01 and 0.87%;
98.36 and 0.72%, 99.08 and 0.60% respectively for
Mg? (TABLE 3). These experimental results indi-
cate that these three methods are suitable for simul-
taneous determination of the above mentioned com-
poundsin samples.

According to the added concentration and the
concentration found in samples, the SEP and PRESS
valuesof PCR, PLS and ANN techniqueswere cal -
culated 0.0134 and 0.1157; 0.0485 and 0.2204;
0.0363 and 0.1905 respectively for Ca?*, 0.0485,
and 0.2204; 0.0253 and 0.1590; 0.0223 and 0.1494
respectively for Mg* (TABLE 4).

Thelinear regression analysis of the added con-
centration and the concentration found in the syn-
thetic mixtures were realized for each analyte and
for each calibration technique. In this regression
analysis, the correlation coefficient (r), intercept,
slope and relative standard deviation values were
found satisfactory for the proposed chemometric
techniquesin TABLEA4. In order to test the proposed
calibrations, anindependent set of the validation set
in TABLE 4 was analyzed and used for the calcula-
tions of the standard error of prediction (SEP) inthe
validation step. The standard error of calibration
(SEC) and the errors of prediction (SEP) for n=14
calibration — prediction samples were calculated
PCR, PLS and ANN method and their values were
summarized in TABLE 3. In sametable, the results
of linear regression analysis were applied to rela
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TABLE 3 : Composition of synthetic samples, their recoveries by PCR, PLS and ANN models

Mixtures added (ug/mL) Recovery (%)
PCR PLS ANN

ca’* M gz+ ca?t M gz+ ca?t M gz+ ca? M gz+
4 8 99.99 100.24 99.43 99.82 99.68 99.92
12 16 99.98 100.27 99.97 101.45 98.45 101.40
20 24 99.32 100.46 99.41 100.09 100.02 100.21
28 32 99.61 100.98 100.43 99.93 99.20 99.98
20 8 99.30 99.86 99.46 98.36 99.81 98.88
20 16 99.16 99.04 98.74 99.58 98.76 100.02
20 24 99.74 100.46 100.05 100.01 100.84 100.08
20 32 99.29 100.94 100.00 99.10 100.26 99.68
20 40 99.19 99.57 99.99 101.04 97.85 98.80
4 24 99.83 98.25 99.87 99.51 98.98 100.06
12 24 99.04 100.09 98.72 100.35 100.29 100.24
20 24 99.60 99.75 100.11 99.91 99.64 100.24
28 24 99.43 101.74 100.19 99.98 98.68 99.82
36 24 99.66 99.01 99.33 99.98 100.02 100.18

Mean 99.49 100.04 98.96 100.36 99.08 100.32

RSD? 0.30 0.87 0.53 0.72 0.81 0.60

a: Relative standard deviation

TABLE 4 : Satistical parameters in the calibration - prediction

Par ameter M ethod ca® Mg**
PRESS PCR 0.0134 0.0485
PLS 0.0135 0.0253
ANN 0.0363 0.0223
SEP PCR 0.1157 0.2204
PLS 0.1162 0.1590
ANN 0.1905 0.1494
r PCR 1.0000 0.9993
PLS 0.9998 0.9997
ANN 0.9996 0.9998
Intercept PCR 0.0126 0.0535
PLS 0.0207 0.1140
ANN 0.0196 0.1890
Slope PCR 0.9954 1.0032
PLS 0.9998 1.0053
ANN 0.9959 0.9909
RSD PCR 0.30 0.87
PLS 0.53 0.72
ANN 0.81 0.60

tionships between actual and predicted concentra-  can be seen, all the statistic valuesindicated that all
tions in the calibration and validation sets. Their technigques are convenient for the determination of
statistical results were presented in TABLE 4. As  C&*, M@*'in synthetic mixtures.
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TABLE 5 : Comparison of results of CAF, TBR and TPH analyses obtained two different methods

Natural Waters PCR PLS ANN
2+ -1
Ca'/mgg 0.3358+ 0.01 0.3826+0.04 0.3417+0.04
M egn + .
Mg~ mgg 0.2738+ 0.03 0.2895+ 0.05 0.2693+0.08
Mean +
Applications out any apriori chemica separation and without time

In order to assess the applicability of the pro-
posed method to the analysis of real samples, they
were applied to the determination of Ca?* and Mg**
in natural water sample. Six replicate measurements
weremade. Theresultsareshownin TABLE 5. The
good agreement between the results and the label
claims indicates the successful applicability of the
proposed procure for simultaneous determination of
Ca?* and Mg? inrea sample. To check the validity
of the proposed method, after the addition of the
known amounts of Ca2* and Mg@?* totherea samples,
we found that the amount of these samples did not
change. Moreover we compare the spectra obtain-
ing from the mixture Ca?* and M@?* in standard and
real sampleformulation solutionsthat showed simi-
lar patternsin their spectra. These findingsindicate
that excipientsplaced in real samplepreparationdid
not interferein the measurement of Ca?* and Mg in
real sampleformulation.

CONCLUSIONS

Three chemometric technique in spectrometric
anaysis, PCR, PLS and ANN were proposed for
the simultaneous determination of Ca2* and Mg in
their binary mixtures. Thesetechniqueswere applied
with great success to natural waters. The resolution
of highly overlapping mixtures was achieved by the
use of PCR, PLS and ANN techniques. A selection
of working wavelength having high correlation val -
ues with concentration due to interference coming
from matrix sample or additional analytes outside
the working range. Comparison of theresults of the
ANN method with those of the revealed the lower
prediction errors and higher correl ation coefficients
for ANN. Meanwhile, thedataacquisitionwithANN
was easi er than that with the PCR and PLS methods.
The proposed chemometric techniques can be ap-
plied for theroutine analysis of natura waterswith-

consuming.
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