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CHEMOMETRIC ANALYSIS OF HEAVY METALS
COEXISTENCE IN DIFFERENT PLANT MATRICES
IN THE UPPER SILESIAN INDUSTRIAL DISTRICT

ANALIZA CHEMOMETRYCZNA METALI CI  EZKICH POCHODZ ACYCH
Z ROZNYCH MATRYC RO SLINNYCH Z TERENOW
GORNOSL ASKIEGO OKR EGU PRZEMYSEOWEGO

Abstract: Contents of Zn, Cd, Ni, Mn, Cu, Pb and Fe in 3@gi@s of Scots pine collected in 9 sites located in
the Upper Silesia Province have been determinengusAS technique. The samples were digested béfare
analysis. On the basis of cluster analysis thaeni® of links between the quantitative composijtibe sampling
sites and the type of the matrix have been foume doexistence of certain groups of elements wasd@nd
described.
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Introduction

Atomic absorption spectrometry with flame atomisat{FAAS) is a commonly used
technique for the determination of metals contenemnvironmental samples [1-3]. This
method is quick and accurate, but the preparatibrsamples for analysis is often
time-consuming and tedious process. Examinatiosaafples taken from one control point
or from big area requires each time carrying ounida preparation step like mineralisation.
To reduce the number of such treatments and thusdace the required number of tests,
the dependencies between concentrations of analystdls in the studied matrices in
a given area can be established and the chemortesthiniques can be applied to find links
existing between them [4-9]. This will result indueing the required processing steps
thanks to the knowledge of metal - matrix A - matB or matrix - metal A - metal B
interactions. In the present paper the resultstadiss conducted in the Upper Silesia
Province on analysing the contents of Zn, Cd, Nij, Mu, Pb, and Fe in the different
components of pine tree, such as pine needless twige cones, litter have been described.
Several chemometric and statistical techniques édikalysis of the similarities, k-means
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method, correlation analysis or principal componangalysis have been applied for
establishing the useful links.

Materials and methods

Materials for investigation: 36 samples of coned,[Wéedles [I], branch [G] and litter
[S] of Scots pine collected from nine sites in thwvince of Silesia (Szczekociny,
Zarnowiec, Slawniow, Podlesice, Solca, Slawkow, mala Gornicza, Jaworzno,
Sosnowiec).

Collected materials were dried to an air-driedestground in a mill equipped with
a titanium blade and then dried at IQ0After dry mineralisation at 380 the resulting ash
was transferred into a beaker and dissolved in HN®@;. Solutions after an appropriate
preconcentration were transferred to 10° smlumetric flasks. In all collected samples of
plant material the content of the following elengern, Cd, Ni, Mn, Cu, Pb, and Fe was
determined by flame atomic absorption spectrom&the measurements were made using
a spectrometer AAS 3 Carl Zeiss Jena. The valugsaiveries for the various materials
were estimated based on the reference materiadmikh the standard solutions.

Cluster analysis

Cluster analysis is an exploratory multivariate moet that can be used to describe the
relationship among variables. Several mathematiciédria can be used to examine the
similarity between variables cases. For lherarchical clustering analysis (HCA), Ward's
method was used to obtain a cleaner plot of clssiigtis method is different from all other
methods because it uses an analysis-of-variana@agipto evaluate the distance between
clusters. This method attempts to minimisedima of squares (SS) of any two clusters that
can be formed each step. This method is regardadvasy efficient one. The joining of the
tree clustering method using the dissimilarity aliste between objects when using the
clusters. Similarities are a set of rules that egras criteria for grouping or separating
items. The Euclidean distance was chosen for thlysis.

The purpose of cluster analysis is to determinentitual similarities between the
analysed objects and attributes that describe thenhis analysis, there is no information
about the homogeneity of the analysed data set. fiftestep in clustering objects is
evaluating their similarity (or dissimilarity): thdistance or correlation coefficient can be
used as a measure of (dis)similarity. One way ofisueng the distance between two
objectsi andj in HCA is to use the Euclidean distance:

d; = kzri:()qk _Xjk)2 (1)

where: m - the number of variables); - Euclidean distance between objectand j,
Xix - value of the variablg x; - value of the variablg
Using vector notation, Eq. (1) becomes:

dij2 Z(Xi X )T [ﬁxi _Xj) ©

wherex; andx are the column vectors of the two objects @stiands for “transpose”.
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The smallest value is the Euclidean distance, badargest is the similarity between
the objects. The Euclidean distance can be gralphinterpreted as the length of the vector
starting af and ending gt[7-9].

Principal component analysis PCA

Multivariate statistical tools, such as th@incipal component analysis (PCA)
technique, have been widely applied in the treatro€high-complexity data sets. The PCA
technique extracts the eigenvalues and eigenvedftons the covariance matrix of the
original variables. It makes it possible to findetlssociation between variables, thus
reducing the dimensionality of the data set. Tgmncipal components (PCs) are the
uncorrelated (orthogonal) variables obtained bytipiying the original correlated variables
with the eigenvector (loading or weighing). Theegigalues of PCs are the measure of their
associated variance. The participation of the palgivariables in the PCs is given by the
loading, and the individual transformed observaticare called scores. The use of
correlated variables in this analysis gives thet besults. The main task is detecting the
internal data structure and describing it with thther parameters resulting from the
above-mentioned structure. A characteristic featdingrincipal components is the ability to
determine the main factors (PCs) in order of dexingavolatility of the stock. The measure
of this stock is the eigenvalues. In some casés pibssible to assign the main components
and groups of objects to a certain chemical or ighyterpretation [7-9].

The principal component analysis technique is ywsadarily for:

1. The reduction of the data space,

2. The transformation of correlated input variablethi® output main components, and

3. The graphical presentation of the structure of éidimnensional data set in the plane
with minimal distortion of information.

Results and discussion

The contents of analysed metals in studied masesadre found in the range of:
6.5-51.5 ug/g for zinc; 0.1-5.5 ug/g for lead; 5207g/g for copper; 0.4-7.5 ug/g for
nickel; 1.0-71.5 pg/g for manganese; 0.01-0.30 {fgfgcadmium and 1.0-75.2 pg/g for
iron, respectively. These results were used toyaaahe relationship between qualitative
and quantitative composition of the materials vifth aid of chemometric techniques CA,
k-means and PCA.

Relationship matrix - metal content

In Figure 1 the dendrogram of cluster analysisstimples of different components of
pine trees has been shown. Four main well-separtisters can be distinguished, which
are divided into smaller subgroups. The first @usbnsists of two subgroups. The first one
is characterized by high linear correlation betwéles content of cadmium in samples
(0.03-0.13 pg/g) coming from different samplingsitWith such a high similarity between
them, knowing the concentration of cadmium in tle@es (Cd SZ) one can estimate the
cadmium content in needles (Cd 1) with 99% accuraeythe litter (Cd S) with 96%
accuracy; in the branches (Cd G) with 97% accuracy.
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Fig. 1. Dendrogram of cluster analysis for the gsed samples
Abbreviations used:

AA 00 XX

AA - studied element

00 - sampling location

XX - type of sample
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The cluster 2 consists of needles (I) and cone {B2vhich nickel, lead and iron were
analysed. The group: Pb SZ, Pb | is characterizedimmilar contents of lead in these
components, which were found in the range of 156¢8)/g. Moreover, the first subgroup is
characterized by a high level of similarity to oaeother in the range of 83-86%, and
describes the content of lead in the cones, pirellas in relation to the iron content in
needles. Growth of lead content (Pb SZ, 1) is dateel positively with iron content (Fe 1) in
the studied materials, according to the followingrula given below and shown in Figure
1. The numerical values describing the axes arevahees obtained aftetandard normal
variate transformation (SNV) of raw data.

FeSZ = -0.1501+1.1018bl
R? = 0865
In the cluster 3 two smaller subgroups are disisiged. The first one consists of pine
branches. A characteristic feature of this subgraumonsistent nickel, lead and iron
contents in the analysed materials, within the eaoig1.1-2.9 pg/g, and a high correlation
coefficient between iron (Fe D) and zinc (Zn G) temts. Thus knowing the iron content
one can estimate zinc content with 82% accuracg.sHtond subgroup of cluster 3 consists
of litter samples. A feature of this group is aifies correlation between nickel and copper

concentration - an increase in copper content gigesin nickel content in the examined
material. This value can be calculated with 88%ueacy from the formula:

®)
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CuS=-0306+128[Ni S
R? = 0881

In the cluster 4 the first subgroup is unspecifibjle the second one has similar zinc
and copper content in needles and cones in theerafdl2.0-19.5 pg/g and a linear
correlation between Cu (SZ) and Cu (l) of 87%. @tad in this way relationships were
used to correlate the dependence of metal coniémtive sampling sites.

(4)

Relationship between metal content - sample colléoh site

In the first cluster (Fig. 2, blue) the best caatetl contents of metals were observed
for Zarnowiec and Podlesice, where the correlatioefficient reached 94%. This high
value is due to a convergent mean contents of metatlied in three groups designated by
k-means analysis as described below and showrgurd-B. The first group is characterized
by the average content of zinc and copper in sanpidlected in one village but from
different sampling sites (Fig. 3, blue). For Zarimesvand Podlesice they are 23.5 ug/g,
26.9 ng/g (S 1 = 91%) for zinc and 16.4 ug/g, HKS = 39%) for copper.
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Fig. 2. Dendrogram of cluster analysis for samp#itgs and analysed metals

The second cluster (Fig. 2, red) embraces Szczskobiabrowa Gornicza and Solca.
The best correlated are the metal contents in Sahch Dabrowa Gornicza, where the
correlation coefficient reached 96%. This is duecémvergent mean contents of metals
studied in three groups found by the k - meansyaisabhs shown in Figure 3. Zinc and
copper contents (Fig. 3, blue) for Dabrowa Gorniamd Solca are respectively 27.2 ng/g,
25.1 pgl/g (S = 94%) for zinc and 21.6 pgl/g, 30.UE = 75%) for copper. The second
group describes the average content of manganeseiram (Fig. 3, red) in samples
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collected in one the village but from different gdimg points. In the case of Dabrowa
Gornicza and Solca these values are also closacdo @her and are 27.0 pg/g, 34.9 pg/g
(S = 82%) for manganese, and 18.70 ug/g, 24.3 (8/g 82%) for iron, respectively. The
third group was characterized by an average comtelgad, nickel and cadmium (Fig. 3,
green).

1
3

The average content of the analyte [ug/g ¢

Szczgkociny Zarnowiec Slawniow Podlesice Solca Slawkéw  Dgbrowa Gémicza  Jaworzno Sosnowiec

—0—Agglomeration 1 Cu, Zn
O Agglomeration 2 Mn, Fe
o Agglomeration 3 Pb, Ni, Cd

Fig. 3. Diagram of the analysis of k-means for slmgppoints with respect to the content of analysed
metals

Mean levels of these metals in Dabrowa GorniczaSwoida were largely consistent with
each other, having the similarity coefficient o @or lead, 96% for cadmium and 77% for
nickel. These factors caused that the average misnté all the metals studied in these two
cities were correlated with each other in 89%. kidion, the metal contents in
Szczekociny are correlated in 91% compared witlté&sahd 89% compared with Dabrowa
Gornicza.

The third cluster (Fig. 2, green) is the best dateal (99.9%). Taking into account the
k-means analysis and sampling sites, it was fohad ih Jaworzno and Slawkow average
contents of zinc and copper are respectively: 3yfy, 26.3 pg/g (S = 85%) - zinc and
52.1 pg/g, 58.8 pg/g. (S = 91%) - copper. The segvaup in this cluster is characterized
by the average content of manganese and iron inaheus sampling sites. In the case of
Slawkow and Jaworzno these values are also siraital are respectively 15.8 ug/g,
11.4 pgl/g (S = 77%) for manganese and 11.0 pg/gra8idug/g (S = 76%) for iron. The
third group was characterized by an average comitmead, nickel and cadmium. The
average contents of lead and cadmium in JaworzdoSéeawkow were largely consistent
with each other, having the similarity coefficiemts86% for lead and 84% for cadmium.
Only the average nickel content in these sitesaliasacterized by 4% rate of convergence.

The above-mentioned types of dependencies founchbynometric analysis describe
only one connection between two interesting fordata. Describing them arithmetically
allowed to shorten the duration of some studighisftype. These relationships have helped
in the further analyses and due to application eftioned above chemometric techniques
together it was possible to describe the new broseteof dependencies concerning present
set of samples tested, which is shown below.

& - coefficient of similarity between the mean value
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Dependence of metal content - matrix - sample cotléon site

Due to the geographical locations of sampling itégper Silesian Industrial District)
and the size of cities and their local economy,@eg sites were initially divided into two
clusters. Cities in the low density urban areahsag Szczekociny (30), Zarnowiec (31),
Slawniow (32), Podlesice (36), Solca (37), and dhies lying in a highly urbanized and
industrial areas, which include: Slawkow (38), Dmt® Gornicza (40), Jaworzno (45),
Sosnowiec (46) To verify this assumption the method of k-meahsstering has been
applied. This method allowed to create k-clustdiffering from each other to the greatest
possible extend. The X-axis (Fig. 4) refers to ¢thacentration of tested metals, and the
Y-axis shows their content in different samplingdtions.

In this way, urban areas were divided into thremigs:

1. Sosnowiec, Zarnowiec, Slawniow, Podlesice,
2. Szczekociny, Dabrowa Gornicza and Solca,
3. Jaworzno and Slawkow.

Qualification of Sosnowiec to the first clustergéther with villages located in the
poorly urbanized and not industrialized area wased by the fact that the average content
of zinc, manganese and cadmium in this group warglas to the contents of these
elements in the places considered as poorly indlised. The same phenomenon applies to
the qualification of Dabrowa Gornicza for the setatuster.

]
3

The average content of the analyte [ug/g ¢,

Zn Pb Cu Ni Mn cd Fe

Variables
—o— Agglomeration 1 So:
-0- Agglomeration 2 Sz
©- Agglomeration 3 Jaworz

Fig. 4. Diagram of k-means analysis for metal cotgtevith respect to sampling sites

In order to fully find out the dependencies thaiseketween the sampling sites, the
types of pine component and the content of the etsnstudied, cluster analysis was
executed on a set of 2268 analytical results aeddémdrogram showing similarities is
presented in Figure 4.

Use of cluster analysis combined with correlatiamlgsis helped determine the
relationship between the various sampling siteg fEsulting dendrogram showed that the
samples were clustered in seven groups, whichigiged into subgroups. The first and the
fifth cluster describe the presence of nickel amplper in samples of Scots pine.

The first cluster is divided into two subgroups,ethin turn are divided into two more.
The first subgroup describes the occurrence ofehickurban areas (1a) and in poor urban

3 Signs in parentheses are numbered sampling pesetsin the rest of this article.
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areas (1b). The second subgroup describes thm#tstial in terms of copper content, and

also further divided into subgroups (1c, 1d) adégjyadescribe the urbanized area and

partially urbanized. In the first cluster, in whisampling sites are the best correlated due to
the nickel and copper content, there are amongsithe

Cu45S = -7.9055107* + 0.9745[Cu36S

, (5)
R? = 0975
Ni 36S = -4.881610*° + 0.9311[Cu30SZ ©)
R? = 0931
Ni 401 = -55316[10 """ + 0993[Ni 467 e
R® = 0993

Cluster 5, which also describes the content ofelielad copper, is a specific grouping
because it describes the presence of Ni and Cuairtiyo sampling pointse Zarnowiec
(31) and Slawniow (32) regardless of the type ofnplas. Correlation coefficients
describing the linear dependence between the meseri copper in the area were found in
the range of 0.980-0.999 and for nickel in the 2a0§0.966-0.999 for example:

Cu31SZ =1.2566[10"° + 0.9809(Cu32Z

, 8)
R? = 0981
Ni 3257 = 6.7503107* + 0967[Ni 31G ©)
R? = 0967
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Fig. 5. Dendrogram of cluster analysis for all gsafl solutions after digestion

Clusters 2 and 6 determine the presence of zinc cainium in the area under
investigation. Cluster 2 is divided into subgroupainly describing the presence of Zn and
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Cd in the industrialized area. The population dhfmothat are the best correlated due to the
presence of these metals are such that:

Zn40G = -0.2051+1.0008[Cd 36S

(10)
R® = 0992
Zn40SZ = -0.2051+1.0008[ Cd 367 1)
R® = 0988

The cluster 6 is a specific one because it idestifhe presence of cadmium and zinc in
different sampling points (6a,.33 6b 37 6d 30), and also, like in the case of the (6c)
subgroup, the presence of zinc only in the congmliéation of correlation coefficients
together with the corresponding functions allowstingation of the content of the metals
studied with satisfactory accuracy of up to 85-%0%wother sampling sites.

Cluster 4 describes the content of zinc and leatiérarea under investigation. Unlike
the previously described clusters here it is diffido distinguish groupings describing
sampling sites, the type of terrain or type of matenalysed.

Clusters 3 and 7 describe the presence of irom@janese in the analysed material.
The cluster 3 is a specific one that describesctimtent of iron and manganese in the two
measuring points: at Zarnowiec (31) and Szczeko¢BB) regardless of the type of
samples, which is perfectly adequate to the cluSterThe examples of correlation
coefficients describing the linear dependencieshosvn below:

Fe32S = 0.0365+ 0.9832[Mn31XZ

12
R? = 0986 (12)
Fe31SZ = 0036+ 0.9348 Fe32G 13)
R? = 0931

Cluster 7 is divided into two subgroups, whichunntare divided into two more. The
first and fourth subgroup describe the presendeoof and manganese in urban areas (7a,
7d) and the second and third subgroup describetetstematerial in terms of iron and
manganese content in the urban poor area. Linagaelation coefficients and hence the
accuracy of this mapping in this area were founthérange of 84-97%.

It was found that the content of metals in 71.5%afes was the lowest (regardless of
the sampling location). In the case of lead an&etibowever the content of these metals in
the cones was the highest among all componentmeftpee. Lead content in cones was in
accordance with the contents of this element imngolbranches (up to three years old) in
98%. As predicted, the highest content of the aealyelements were found in samples of
litter in 86% of all cases.

The content of toxic metals - cadmium and leachanitvestigated area do not exceed
acceptable levels. The highest lead content (6 4)was determined in samples from
Jaworzno, while the lowest (0.19 pg/g) in samptemfSlawniow (38). Cadmium contents
in all tested areas were very comparable and veenedfin the range of 0.13-0.30 pg/g for
the region from Szczekociny (30) to Jaworzno (45).

The content of heavy metals in the urban area itas op to 90% higher than in the
not industrialized region. It can be seen on themple of the average content of metals
such as lead, copper and manganese in the aregsedraccordingly. The average lead
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content in poorly industrialized area was 1.71 pgfgle in urban areas 3.89 pg/g; for
copper it was 9.97 pg/g and 38.69 pg/g and for imaese it was 8.71 pg/g and 19.9 pg/g,
respectively. The average zinc and nickel conteridth areas did not differ significantly
among themselves. They occur in a similar levalirplaces. Thus they cannot be used as
an indicator that allows the classification of #tedied area to the appropriate subgroup
(the situation is distinct in the case of lead).

Analysis of principal components analysis in the deription of the characteristic of
industrial and non industrial areas

The PCA has been applied to explore the structtimlected measurement data. It
has helped in obtaining information about the hoemajty of the data, the existence of
groups and relationships between sampling sitesttandype of matrix and the contents of
the analytes. Visualization of the analysis caroedl is shown in Figures below. In Figure
6a the cumulative percentage of variance of tha dascribed by the main factors has been
shown. Compressing the data is quite satisfact@myabise the first two main factors
describe about 83.1% of the total variance of tha.dThanks to the PCA analysis it was
possible to trace the similarities between samptdkected in the province of Silesia. In
Figure 6¢ the projection of samples on the spadieate by the first two main factors has
been shown. They indicate no homogenous data steycand with affixed tags, the
similarity between samples can be easily noticed.
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projection of factorial coordinates of variablelse tbase currency correlation (b), projection of
samples on the space defined by the first two rfaaitors (c)
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Analysing together the data from Figures 6b ani 6an be concluded that samples of
cones are described by positive values of the tesilibtng the axis of a factor 1, and the
projection weights (Fig. 6b) shows a large contidiuto the creation of the first principal
factor by the content of zinc, lead and cadmiunusTHor example, one could easily say
that in the cone samples the level of these miatkdatively low in comparison with other
samples. Between the content of lead, zinc and icexdrthere are the greatest correlation
which shows the projection of samples on the spdefned by these three factors
(Fig. 7a, b).

The content of zinc, lead and cadmium has no sigmf contribution to the
construction of the second factor. This factor udltito the greatest extent by the nickel
content in the samples. Analysing in a similar nearas described above, it can be said that
the content of this element in the cones was tlghdst compared with other samples
examined.

Ml

Fig. 7. Projection of samples on the space definethe concentration of Zn, Pb and Cd: a) scattgr p
b) surface plot

By introducing to Figure 6c points correspondinghie numbering of sampling sites
(Fig. 8) according to the previously described kame method, the division of sampling
sites due to the amount of the analysed metalsrivanuareas (red (2.3)) and poorly
urbanised (blue (1)) have been illustrated.
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Fig. 8. The projection of samples on the spacenddfby the first two principal factors

Conclusions

Cluster analysis indicated the existence of sigaift relationships between sampling
sites (site industrialized and not industrialized)refers to a group of elements which
contents are in the dependence on sampling sités Gu}, {Zn, Cd, Pb}, {Mn, Fe}).
Principal component analysis confirms the conchsidrawn from cluster analysis and in
addition allows the display of key results for eaggrpretations. Application of correlation
analysis helped to describe the linear dependexisting between the content of analytes in
various matrices and the sampling points. With atraetric analysis used in the presented
research it is possible to reduce the cost of éustudies of this type conducted in this area
by 30%.
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ANALIZA CHEMOMETRYCZNA METALI CI  EZKICH POCHODZ ACYCH
Z ROZNYCH MATRYC RO SLINNYCH Z TERENOW
GORNOSLASKIEGO OKR EGU PRZEMYSLOWEGO

Katedra Chemii Analitycznej, Wydziat Chemiczny, iRathnikaSlaska

Abstrakt: Oszacowano atenia Zn, Cd, Ni, Mn, Cu, Pb, Fe, w 36 prébkach goswyczajnej pobranych
w 9 punktach umieszczonych na terenie wojewddZfaskiego. Mineralizaty byly badane na zawéttavyzej
wymienionych pierwiastkéw przy zastosowaniu AAS.jWaksze sizenie oznaczanych analitéw stwierdzono
w Jaworznie. Na podstawie analizy skupistwierdzono istnienie powian pomigdzy sktadem iléciowym

a miejscami pobrania probek oraz typem matrycykaet stwierdzono i opisano wspotwgpsbwanie obok siebie
okreslonych grup pierwiastkéw

Stowa kluczowe:sosna zwyczajna, igliwie, gaie, metale eizkie, analiza skupie PCA, chemometria



