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STATISTICAL CALIBRATION OF MODEL SOLUTION
OF ANALYTES

MODEL STATYSTYCZNEJ KALIBRACJI
ROZTWOROW ANALITOW

Abstract: A new method based on spectrophotometric-partiabtiequares procedure was proposed for
simultaneously determination of thorium and zireconiusing SPADNS (4,5-Dihydroxy-®-sulfophenylazo)-
2,7-naphthalene disulfonic acid, trisodium saltfaasolor reagent. Absorbance measurements were mdtle
range ofA = 541+620 nm with 1.0 nm steps in buffered sohdiat pH 3.5. The linear ranges were obtained for
0.5+11.5 and 1.5+14.5 pg cifor Th** and Zf* ions, respectively. The limits of detection weegeimined 0.4
and 1.2 pg cii for thorium and zirconium, respectively. The stadaeviation (n = 3) and recovery percent of
10 samples in the prediction set were obtainetiénamplitude 0.22+0.38 ug chand 91.3+109.2, respectively.
The proposed method was used for simultaneousérm@tation of mentioned ions in spiked real watenples
and wastewater. The results show that the methappkcable for the analysis of samples with simifeatrix.
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For a number of reasons, spectroscopy is one ofntbst powerful methods in
guantitative analysis of chemical mixtures sincis itelatively easy to generate a good data
set in short time. However, getting useful restriten a set of spectral data is not always
straightforward. Determining the amounts of the ponents of a mixture can often be
a problem without a prior separation steps becatisiee overlap of spectral response. For
this reason, the analysts have increasingly tutaethemometrics in dealing with spectral
data [1].

Quantitative spectrophotometry has been greatlyanga by the use of variety of
multivariate statistical methods suchdassical least square (CLS), inverse least squares
(ILS), principal component regression (PCR),and partial least squares (PLS). Multivariate
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calibrations are effective in spectrophotometrialgsis because the simultaneous inclusion
of multiple spectral intensities can greatly impgothe precision and applicability. The
widespread use of these methods is due to thefgradlon of commercial software for
laboratory computers and detectors capable of daupfull spectra very rapidly [2-4].

Partial least-squares modeling is a powerful maitate analysis of spectroscopic data.
The use of PLS method in chemical analysis waseamed by Wold and coworkers [5].
Detailed studies of multivariate calibration by PL®ere carried out for many
spectrophotometric determinations of metals [6-9].

Heavy metal ions represent a major environmentablpm and their detection and
monitoring in wastewater outlets, rivers, reserwoor sources of drinking water is
necessary. Thorium is a naturally occurring elentbat has a number of industrial and
medical applications. It is present in very smaiantities in virtually all rock, soil, water,
plants and animals. Where high concentrations oirtuock, thorium may be mined and
refined, producing waste products such as milingd. If not properly controlled, wind and
water can introduce the tailings into the environt@0]. Zirconium is used in a wide
range of applications including nuclear caps, gdtalconverters, surgical appliances,
metallurgical furnaces, superconductors, cerandesp filaments, anticorrosive alloys and
photographical purposes. Hence nanogram level rdetations of zirconium are critically
important.

However, there are few reports on the determinatbrnzirconium and thorium
simultaneously. Although strong claims are madeHherspecificity and sensitivity of NAA,
ICP-AES and ICP-MS, some of the interferences capseblems [11]. Therefore,
spectrophotometric methods for thorium and raréhsarmontinue to be of interest [12-14].

UV-Vis spectrophotometric techniques, due to bbth simplicity and rapidness of the
method, are the most widely used analytical methiodsulticomponent analysis [15, 16].
However; the simultaneous determination of thoriang zirconium ions by the use the
traditional spectrophotometry technique is difficoécause, the absorption region and the
superimposed curves are not suitable for quamiativaluation. In most cases of analysis
of complex samples, physical separation and noweusal instrumentation are required.
Spectrophotometric techniques as well as chemoersetnethods have been recently used
for to solve these problems [9, 10, 17-19].

The goal of this study is to propose a spectrophetdc method by using partial
least-squares multivariate calibration for simuitams determination of Th(IV) and Zr(1V)
ions in synthetic and real samples. The methodset on the reaction between these ions
with  SPADNS (4,5ihydroxy-3-(p-sulfophenylazo)-2,7-naphthalene disulfonic acid
trisodium salt) as chromogenic reagent at pH 3.5.

Experimental

Reagents

All chemicals used were of analytical reagent grddleubly distilled water was used
throughout. Standard solutions of Th(IV) and Zr(I{000 ug crit) were made using
Th(NOs),-6H,0 and ZrOCJ-8H,0, respectively (Merck Co.). A 1.5xTOM solution of
SPADNS as sodium salt was prepared and used dhdlysting the pH values of the
working solution was carried out using acetic aaitd sodium acetate solutions. The
foreign ions were prepared with use from theirehlé salts as analytical grade.
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Apparatus

A carry 100 UV-Vis scanning spectrophotometer wasduto record the absorbance
spectra of Th-SPADNS and Zr-SPADNS complexes withGacm path length quartz cell.
The cell temperature is controlled by circulatedevaround the cell by thermostat. The slit
width was set at 2-nm and a fast scan speed anB0Min was used. The spectra were
recorded between 400 and 700 nm at 1-nm intervaldletrohm 691 pH meter using
a combined glass electrode was used for measureshehé pH. The software used was
STATISTICA 7.0.

In order to determine the calibration curve for teaglement as an analyte,
1.0-cn? 1.5x10° M SPADNS as reagent, 2.0-Eiouffer pH 3.5 and appropriate amounts of
the metal ion solution were added to 10*amlumetric flask and made up to the mark with
double distilled water. The concentration of Th(ld&f)d Zr(IV) ions were 0.50+11.50 and
1.50+14.50 pg ci, respectively, that means the proposed method/ésuable method for
simultaneous determination of Ttand Z#* in a sample. The absorbances were measured
at)\ = 580 nm, against a reagent blank for thoriumzrabnium ions, respectively.

To a series of 10-cirvolumetric flasks, 1.0-cinl.5x10° M SPADNS as reagent and
2.0-cn? buffer pH 3.5 were added. The appropriate amofirgach metal ion containing
5.0+115.0 pg of Th(lV) and 15.0+145.0 ug of Zr(IwWgre also added and the solutions
were made up to the mark with distilled water. Ehsslutions were used for preparation of
data sets of calibration and prediction in PLS maitate calibration method. Excess
concentration of SPADNS has been applied to ensu@ntitative formation of the
complexes in the whole range of calibration. Thesoabance of the solutions were
measured in the range of 561+640 nm with 1.0 nmpsstnd therefore 80 experimental
points ) per spectrum were obtained.

Results and discussion

SPADNS can be used as an indicator for determimaticzirconium and thorium. The
complexes stochiometry of Th(IV):SPADNS and Zr(ISlRPADNS is 1:1 and 2:1,
respectively. Both normal absorption spectra ofSHADNS and Zr-SPADNS complexes
show maximum absorptionis) Vvalue atA = 580 nm; whereas free ligand has
Amax = 510 nm (Fig. 1). Therefore, a calibration cumwas obtained with absorbance
measurement of standard solutions of metal compéggus concentration of each metal
ion. As seen from Figure 1, since overlapping otaoted spectrums in the range
560+640 nm, the presence of each metal ion isfer®in measurement of the other ion.
Thus, multivariate calibration such as partialteaguares method can be used to
determination two analytes in a mixture sample.

Assay conditions such as pH of the solutions wevestigated for optimization. The
effect of pH on the spectrum of each complex waslist separately in pH range of
2.0+5.0. The absorbance of each complex solutian@instant concentration of metal ion
was measured at,. of it and as a function of pH. In the case of btk formed
complexes, the absorbance of solutions increasetd pbl 3.5 then diminished in the pH
above 3.5 for Th-SPADNS, whereas, the absorban@-8PADNS was decreased in the
pH above 4.5. Therefore, the pH value of 3.5 otateebuffer was selected as an optimum
pH for simultaneous determination of*Tfand Zf* ions. This pH was achieved via addition
of 2.0-cni buffer solution (pH 3.5) per 10 énfinal solution. Excess concentration of
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SPADNS (1.5x10 M) has been applied to ensure quantitative fomnatif the complexes
in the whole range of calibration.
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Fig. 1. Absorbance spectra of (a) Th-SPADNS andZ(s$PADNS against reagent blank, conditions:
CspabNs = l.5<10_4 M, Cu = 2ug cm’3, pH =3.5andt=25°C

In order to find the linear range of concentratmfneach metal ion, one component
calibration was performed for each analyte. In &t volumetric flask, 1.0-cthSPADNS
1.5x10° M, 2.0-cni acetate buffer 3.5 and different volumes of 100cpg® solution of
thorium(lV) ion were added and diluted to the maith distilled water. The absorbance of
the thorium(lV) ion standard solutions was read g} of Th-SPADNS complex (580 nm).
The same procedure was followed for zirconium dred @bsorbance of the solutions was
read at 580 nm. The linear ranges were obtainethénamplitude of 0.50+11.50 and
1.50+14.50 pug ciifor Th* and Z#* ions, respectively. The *Rvalues for thorium and
zirconium calibration curves were obtained 0.998d@ 6.9981, respectively. The limits of
detection also were determined 0.4 and 1.2 pigfomthorium and zirconium, respectively.

The calibration set contains 30 standard soluti®hg. compositions of the calibration
mixtures were selected, randomly, in the amplitofiealibration curve of each analyte. For
preparation of each solution, different volumesved analyte solutions (25 g chwere
added to 1.0-ml SPADNS 1.5xF0M and 2.0-crhacetate buffer 3.5 in a 10 ¢wvolumetric
flasks. The concentration of each cation was in lthear range of the cation in one
component calibration. The calibration matrix usedthe analysis is brought in Table 1.
After 5 min, the absorption spectra of the prepaadtions were recorded.
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Table 1
Concentration of the components [ugdnn calibration set
No. Th(IV) Zr(IV) No. Th(IV) Zr(IV) No. Th(1V) Zr(IV)
1 0.50 1.50 11 10.50 4.00 21 5.50 5.50
2 1.50 3.00 12 11.50 6.00 22 7.50 7.50
3 2.50 4.50 13 1.00 12.00 23 9.50 9.50
4 3.50 6.00 14 3.00 10.00 24 11.50 11.50
5 4.50 7.50 15 5.00 8.00 25 11.50] 14.50
6 5.50 9.00 16 7.00 6.00 26 8.50 10.00
7 6.50 10.50 17 9.00 4.00 27 6.50 8.00
8 7.50 12.00 18 11.00 2.00 28 4.50 6.00
9 8.50 13.50 19 1.50 1.50 29 2.50 4.00
10 9.50 2.00 20 3.50 3.50 30 1.50 2.00

The selection of the

individual component [20, 21]. PRESS was computgdgifollowing equation:
PRESS= ) (

number of the factors in th& Rlgorithm is very important to
achieve the best prediction. The number of factwes estimated in the PLS1 by
cross-section validation method, leaving out onenda at a time and plotting the
prediction residual error sum of squares (PRESS) versus the number of factors for each

C —

truej

2
Cpredj )

where Gue; is the known concentration for i-th sample ang.d; represents the
concentration predicted by the model.
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Fig. 2. Plot of PRESS vs number of factoms) Th(IV) and ¢) Zr(IV)
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The PLS calibrations were performed on the 29 speftom set of 30 calibration
spectra. The components in the sample left ounduwalibration were predicted with using
this calibration. This process was repeated 30gtiamd in each step of calibration, one
sample left out. The prediction residual sum ofasge was calculated by comparing the
predicted concentration of components in each samyth known concentration of
components in standard solutions. To optimize thmber of factors, the F-statistic with
F-ratio probability of 0.75 was used. The optimuma humber of factors was selected for
the first PRESS values the F-ratio probability, ahilrops below 0.75. The Figure 2 shows,
the PRESS obtained by optimizing the calibrationrixaf the absorbance data with PLS.
The optimal number of factors for thorium and zivieon was obtained 5 and 6,
respectively.

To evaluate prediction ability of a multivariatdibeation modelthe root mean square
error of prediction (RMSEP), the square of the correlation coefficié®f) and relative
standard error of prediction (RSEP) can be used:

n
RMSEP= \/Z(Cpred—cnue)zln
i=1

n _ n _
R? = Z (Cpred - C”U‘a)zlz (Ctrue - C”U‘e)z
i=1 i=1

RSEP(%) 100\/2 (Corea™ Cue) 1Y (Cue)?
i=1

where: Geq is the predicted concentration in the samplg,. @ the true value of the

concentration in the samplé_inue is the mane of true value of the concentratiorthim
sample and n is the number of samples in the preditest.

Table 2
Concentration of the components [pghin prediction set, predicted values and recoymmcent
No True value #Predicted value Recovery [%)]
) Th(IV) Zr(Iv) Th(IV) Zr(Iv) Th(IV) Zr(Iv)
1 0.50 1.50 0.52+0.25 1.37+0.25] 104.0 91.3
2 1.50 3.00 1.53+0.27 2.96+0.24 102.0 98.7
3 1.50 10.00 1.60+0.22 10.92+0.28 107.0 109.2
4 4.00 3.00 3.86+0.28 3.06+0.31 96.5 102.0
5 4.00 12.00 4.16+0.25 11.96+0.2%5 104.0 99.7
6 10.00 2.50 10.28+0.38] 2.33+0.27 102.8 93.2
7 10.00 10.00 9.78+0.25 10.10+0.2bH 97.8 101.0
8 5.00 1.50 5.36+0.26 1.60+0.30 107.2 106.7
9 5.00 8.00 5.42+0.33 7.77+0.28] 108.4 97.1
10 11.50 14.50 11.28+0.25 14.24+0.36 98.00 98.2

2MeanzS.D. (n = 3)

Simultaneously determination of thorium and zircwniwas made on the 10 synthetic
test samples by the proposed method. Figures 3 Zanshow plots of predicted
concentrations versus true concentrations usingjtienized model. Predicted results and
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their recovery percent are given in Table 2. Tlamdard deviation and recovery percent of
10 samples in the prediction set were obtainechénamplitude 0.22+0.38 pg chand
91.3+109.2, respectively. Also, the values of RMSEP RSEP [%] and number of factors
according the obtained results for prediction éestsummarized in Table 2.
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Fig. 3. Plots of predicted concentration vs trueaamtration for Th(IV) ion in the prediction set
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Fig. 4. Plots of predicted concentration vs trueaemtration for Zr(IV) ion in the prediction set
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Table 3
Statistical parameters of the test matrix
Analyte No. of factors RMSEP R RSEP [%]
Th(IV) 5 0.0448 0.9967| 2.18
Zr(IV) 6 0.0535 0.9953 1.18

The interference due to several cations and an@amghe determination of two
components (5 pg cf) has been investigated by multivariate calibratioethod. The
tolerance limit for each foreign ion is obtainedenmhits presence at tested weight ratio
produced a variation in concentration of analymselr than 5%. The results (Table 4)
indicate that the most of the cations and anioms rdit show any significant spectral
interference at weight ratio greater than 1000.

Table 4
Tolerance limits for the divers ions in the deteration of Th(IV) and Zr(IV) ions

. Tolerance limit
Interfere ion
(Wion/Wm)
Li*, Ag', K*, NHs', Mg?*, SP¥, B&*, C&*, , HCGs, I, Br, CI, F, NOs™, NO;, 1000

$:06%, SO, SCN;, $047, 1057, ClOy

Hg?*, Ti(IV), Mo(VI), Cr(VI), Mn(VII) 500

cr¥, s, srft, Ti(ll, V(V), V(V) 100

Mn2*, C&*, NiZ*, zré*, C#t, Cd, P, Bi®*, HPQ?", HoPOy” 50

Fet, PO 10

F, Fe", AI®* 1

The proposed method was successfully applied fderaénation of thorium and
zirconium in several real water spiked samples wadtewater after dilution (Table 5).
Thorium and zirconium were not detected prior tikisg samples using AASafomic
absorption spectroscopy) method. As seen from Table 5, good recovery amdstandard
deviation was obtained by the PLS method usingrdlasee data. Therefore, this proposed
method can be used for the analysis of sampleisnilfis matrix, effectively.

Table 5
Analysis of real samples
Sample 3Spiked [pug/cnT] PFound [pg/cnT] Recovery [%]
P ThaV)  Zr(v) Th(V) Zr(IV) ThaV)  Zr(v)

52+0.2 48+0.3

Tap water 5.0 5.0 (5.1 +0.2) (4.7 +0.1) 104.0 96.0

River water 5.0 5.0 21499¢+od32) ( 459'3+t003'§ 98.0 106.0

Spring water 5.0 5.0 ?4?91%.32) ( 4‘.17'6;0?36 96.0 92.0
240+ 6 195+4
YWastewater of AENTC (245 +5) (198 + 4)

2Thorium and zirconium were not detected prior tikisig samples using AAS metholiProposed method and
meanS.D. (n = 3f,AAS, “The actual amounts of Th and Zr are 250 and|2#onT, respectively.
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Conclusions

Thorium(lV) and zirconium(IV) have chemical propest which can interference with
each other in their determination. For examplespectrophotometic methods using color
reagents for complex formation with these elemethiss,high spectral overlapping can be
observed between the absorption spectra for theseanents. Thus, there are reliable
methods for simultaneously determination these efesin the real samples. However, the
partial least-squares (PLS) method shows two adgastin this work: (i) it is applicable
for analysis of two analyte in a sample; (ii) thésenot need to pretreatment in complex
samples.
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MODEL STATYSTYCZNEJ KALIBRACJI
ROZTWOROW ANALITOW

Abstrakt: Nowa metoda opiera ¢ina procedurze spektrofotometrycznej - najmniejsziwadratéw, ktéra
zostata zaproponowana do réwnoczesnego oznaczamia it cyrkonu z wykorzystaniem SPADNS
(kwas 4,5-Dihydroksy-3g-sulfofenylazo)-2,7-naftaleno disulfonowy, sél @i®wa) jako odczynnika koloru.
Pomiaréw absorbancji dokonano w zakrédsie 541+620 nm co 1,0 nm w roztworach buforowychtb $5.
Liniowy zakres uzyskano przyegeniach jonéw T i Zr** odpowiednio 0,5+11,5 i 1,5+14,5 pg TinGranice
wykrywalndici dla toru i cyrkonu wynosity odpowiednio 0,4 Plitg cm®. Wyznaczono odchylenie standardowe
(n = 3) i procent odzysku w serii 10 prébek odpaimie w zakresie 0,22+0,38 i 91,3+109,2 pgem
Proponowana metoda zostata zastosowana do réwmeggesznaczania wymienionych jonéw w wzbogaconych
prébkach rzeczywistych wodystiekéw. Wyniki pokazuj, ze ta metoda me by wykorzystywana do analizy
prébek o podobnej matrycy.

Stowa kluczowe:spektrofotometria, metoda najmniejszych kwadra®RADNS, tor, cyrkon



