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An inductively coupled plasma optical emission spectrometry quantification method for the determina-
tion of Al, Ca, Cr Cu, Fe, Mn, Mg, Ni, Zn, Ba, K, In and Co in lead zirconate-titanate (PZT) ceramics, modified
with strontium and chromium, was developed. Total digestion of ceramics was achieved with a HNOs,
H,0; and HF (ac) mixture by using a microwave furnace. The sensitivity of the net signal intensity respect
to radiofrequency power (P) and nebulizer argon flow (Fy) variations was strongly dependent of the total
excitation energy of line (TEE). For lines with TEE near metastable atoms and ions of argon, an increment
of the sensitivities to P and Fy variation was observed. At robust plasma conditions the matrix effect was
reduced for all matrices and analytes considered. The precision of analysis ranged from 3 to 13%, whereas
the analytes recoveries in the spiked samples varied, mostly, from 90 to 110%. The detection limits of
studied elements were from 0.004 to 10mgkg~!.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Lead zirconate-titanate ceramics (PZT) are widely employed
in electronic devices such as vibration or temperature sensors,
and ultrasound generators due to piezoelectric properties. These
properties can be improved by keeping a rigorous control of the
concentration of elements intentionally added in order to modify
the stoichiometry of ceramics and of traces eventually incorporated
to the material during the synthesis process. Impurities such as Al,
Ba, Ca, Li, Mg, Cu, Fe and Na, among others, can affect, significantly,
the microstructure of the final products; and, consequently, the
ferroelectric-piezoelectric properties and quality of the PZT ceram-
ics [1,2].

A variety of techniques, including X-ray fluorescence [3] and
Transmission and Scanning Electron Microscopy [4,5] have been
applied for determining the stoichiometry of elements in thin lay-
ers, layered system and bulk ceramic materials. Although these
techniques allow the analysis of solid materials directly, some-
times they are not sufficiently sensitive for detecting the traces
present as impurities. An additional drawback of those techniques
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is the lack of PZT solid standards for calibration [6]. Inductively
coupled plasma optical emission spectrometry (ICP-OES), despite
the necessity to decompose the sample, is sensitive enough for the
determination of traces in a broad type of samples with high accu-
racy and precision [7]. Another great advantage of the technique is
that it allows the simultaneous determination of major, minor and
trace elements. On the other hand, the calibration can be performed
with the analyte in solution. Interestingly, the ICP-OES technique
has been little used for investigating the impurities presence in
ceramic materials [6,8-10].

As known [11,12], the axially viewing observation mode is rec-
ommended for the improvement of the detection limits. However,
special attention should be, then, devoted to the matrix effect (ME)
because it can be larger in axial than in radial view mode [11,13].
Thus, the accuracy of analysis can be, additionally, more deterio-
rated in axial than in view mode [14]. Therefore, the principal aim
of the present work was to develop a rigorously based analytical
method for the reliable and accurate determination of Al, Ca, Cu,
Fe, Mn, Mg, Ni, Zn, Ba, K, In, Co impurities, and doped Cr in PZT
ceramics modified with strontium and chromium by axially view-
ing ICP-OES. Special attention will be dedicated to the selection of
the radiofrequency power (P) and nebulizer argon flow (Fy) oper-
ating parameters. In addition, a study of the ME behaviour for lines
with a wide interval of total energy excitation (TEE) shall be made.
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Table 1

SPECTRO ARCOS optical emission spectrometer operating parameters.
Parameter Value
Injector ceramic tube internal diameter (mm) 2
Spray chamber type Cyclonic
Nebulizer type Lichte model
Plasma power (kW) 1.42
Auxiliary argon flow rate (Lmin~1) 0.6
Nebulizer argon flow rate (Lmin—1) 0.82
Plasma viewing mode Axial

Background correction 2 points per peak

aSelected for the final analysis of ceramic samples.

2. Materials and methods
2.1. Instrumentation

A SPECTROARCOS EQ 3700 (Spectro, Germany) ICP-OES spec-
trometer was used. The experimental conditions finally used for
the analysis are resumed in Table 1.

2.2. Reagent, solutions and samples

Analytical grade 65% (m/m) HNOs3, 37% (m/m) HCI, 48% (m/m)
HF, and 30% (m/m) H, 0, all from Merck were used. Deionised water
(resistivity of 18.2M€2cm), purified by a Milli-Q system (from
Millipore) was employed for calibration solutions and samples
preparation. Calibration solutions were prepared by serial dilution
of 1000 mg L~ (Titrisol®, Merck) mono element stock solutions.
Two groups of calibration solutions were prepared; one for major
elements and another for traces. The first group included Pb, Zr,
Ti and Sr from 5 to 50 mg L~ of concentrations. The second group
included Al, Ca, Cu, Cr, Fe, Mn, Mg, Ni, Zn, Ba, K, In and Co at con-
centrations in the range of 0.1 to 10.0mgL-!. All solutions were
prepared in 5% (v/v) HNOs.

The PZT ceramics of general formula PbggsSrgos
(Zrq_xTix)1_yCry03_y, considered in this work, were produced at
the Instituto de Cibernética, Matematica y Fisica (ICIMAF), Cuba,
according to the method previously reported [5]. Oxides and car-
bonates of analytical grade, 98% PbCO3 (BDH, England), 99% ZrO,
(Merck, Germany), 99% TiO, (Riedel de Haen, Germany), spectrally
pure SrCO3 (Fluka AG, Germany) were used for the PZT ceramic
synthesis. Three sets of ceramics with different contents of Ti and
Zr (Zr/Ti molar ratio=53/47; 60/40 and 80/20) were prepared.
Keeping a constant Zr/Ti molar ratio in each set, six different
ceramic samples were synthesized with the addition of different
concentrations of Cr. The coefficient “y” in the general formula
mentioned above were 0.0; 0.1; 0.2; 0.3; 0.4 and 0.5, respectively.
Synthesized ceramics were pulverized and homogenized in agate
mortar before the decomposition in the laboratory.

2.3. Sample decomposition

Two different reported [15,16] microwave-assisted procedures,
ProcedurelandIl, graphically resumed in Fig. 1, were evaluated ona
Zr[Ti=60/40 ceramic without Cr, coefficient y = 0.0, taken as exam-
ple. The two microwave digestion programs (Program No 1 and
Program No 2), employed in both decomposition procedures I and
II, are shown in Table 2. Three replicate of samples were digested
by each procedure and further analyzed at routine operating condi-
tions (P=1.4kW and Fy=1Lmin~!. The average concentrations of
determined analytes were statistically compared for a confidence
level of 95%. For the final determinations, PZT ceramic samples were
decomposed in triplicate according to the Procedure 1. The solu-
tions obtained were diluted 1:500 for Sr and 1:1000 for Ti, Pb and
Zr major element determinations.

2.4. Spectral interference and matrix effect

Two or more lines of the thirteen traces to be determined in
PZT ceramics were selected from the recommended database lines
of the spectrometer software. The possible spectral interferences
were investigated over a total of thirty-eight spectral lines showed
in Table 3 by comparing the emission spectrum of the solution 1.2
(Table 4) of the traces plus Ti, Zr, Pb and Sr major elements with
the corresponding spectrum of the matrix blank (solution 2.2). The
major element composition of both solutions simulated the com-
position of the diluted PZT ceramics with intermediate molar ratio
Zr[Ti=60/40.

ME on the thirty-eight analytical lines of Al, Ca, Cu, Cr, Fe, Mn,
Mg, Ni, Zn, Ba, K, In and Co was calculated, in percentage, according
to Eq. (1)

Lh-1
I3 -1y

where, [ is the trace emission intensity in the presence of major
elements, measured in the type 1 solutions of Table 4. The three dif-
ferent type 1 solutions 1.1, 1.2 and 1.3, simulated the three diluted
ceramics, considered in this work, with molar ratio Zr/Ti of 20/80
(matrix I), 60/40 (matrix II) and 80/20 (matrix III), respectively. I,
was measured in the three different type 2 matrix blank solutions
2.1,2.2 and 2.3. I3 was measured in the absence of major elements
(solutions 3.1, 3.2 and 3.3) and I, is the trace emission intensity
measured in the type 4 solution, which is the blank of the type 3
solution. Three replicates of each solution were measured at two
different times during a working session; hence, the calculated EM
was the mean of six replicates.

ME (%) = { _1} « 100 1)

2.5. Operating parameters

The radiofrequency power (P) and nebulizer argon flow (Fy)
were optimized for the determination of traces (the doped Cr and
impurities). The net signal intensity (Iy) and signal-to-background
ratio (SBR) were calculated as the average of three measurement
replicates of a solution containing 5 mgL-! of Al, Ca, Cu, Cr, Fe, Mn,
Mg, Ni, Zn, Ba, K, In and Co in the presence of the sample matrix
I (Zr/Ti=60/40). The concentrations of Pb, Zr, Ti and Sr in sample
matrix Il were 3000, 850,300 and 72 mg L~ ! respectively. The I (Mgll
280.270 nm)/I (Mgl 285.213 nm) ratio (Mgll/Mgl) was measured in
the presence and absence of the sample matrix as an indicator of
the plasma robustness.

2.6. Method evaluation

Precision was evaluated as the relative standard deviation (RSD),
whereas nine replicates of the ceramic sample solution were
measured. Since there was no appropriate certified reference mate-
rial commercially available for PZT ceramics, the accuracy of the
developed analytical methodology was evaluated by using the
added-recovered method. Three replicates of the ceramic sample
with molar ratio Zr/Ti=60/40, taken as example, were spiked with
the investigated elements and then submitted to decomposition
according to Procedure I. Three replicates of the sample without
analyte addition were analyzed in parallel as well as a triplicate of
the blank. The analyte in each replicate was measured three times
by ICP-OES, at different moments in a work session. Then, the aver-
age recovered concentration was expressed as percentage respect
to the added concentration.

The limits of detection (LODs) of Cr and impurities (Al, Ca, Cu, Fe,
Mn, Mg, Ni, Zn, Ba, K, In and Co) were determined by interpolating in
each element calibration curve the element line intensity at limit of
detection (I op) calculated as I, op =b +3s, where “b” is the average
background intensity of the analyte measured in 10 replicates of
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0.250 g of pulverized sample _l
\ 4

Procedure I Procedure IT
I I
| Screw-capped PTFE flask| | Screw-capped PTFE flask |

[HF 05 mLy|—

| Program No.1 Twice"| | Program No. 1 twice 7
| Proaram No. 2 twice | | Proaram No. 2 twice |
| 0.5 mL of HCIO. and evaporate | | 0.5 mL of HCIO4 and evaporate |
Cooled and diluted up to Cooled and diluted up to
50 mL with 5% HNO3 50 mL with 5% HNO3

Fig. 1. Resume of the sample decomposition procedures studied.

Table 2

Microwave-assisted acid-digestion heating programs.
Program Parameter Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8
1 Power (W) 250 0 200 0 - - - -

Time (min) 10 5 5 2 - - - -
2 Power (W) 250 0 400 0 600 0 2 5
Time (min) 10 5 4 5 5 5 200 0

Table 3

Emission lines studied with the corresponding excitation energy for atomic (I) and total excitation energy (excitation plus ionization energy) for the ionic (II) lines.
Element Energy (eV) Element Energy (eV) Element Energy (eV)
K1766.4912 1.62 Al1167.078 5.98 Crl1205.618 12.8
Li1670.780 1.85 Cr Il 283.563? 6.76 Crll267.716 12.95
Nal588.915 2.10 Mn 11 259.373 7.43 Fe 11 238.204 13.11
Na1589.592 2.10 Ba I 455.404° 7.93 Call317.933 13.16
Al1396.152? 3.14 Call 393.366° 9.26 Co 11 238.892 13.49
Cul327.396 3.79 In 11 230.609 11.16 Co 11228.6867 13.72
Cul324.754? 3.82 Ball 230.424 11.2 Co 11230.786 13.75
In[325.609° 4.08 Ball 233.527 11.22 Ni Il 221.648? 14.27
Ni1300.249 4.15 Mg 11280.270 12.07 Ni Il 231.604 14.27
Mg1285.213 4.35 Mg 11279.5532 12.08 Cd 11226.502 14.47
Li 1460.289 5.39 Mn II 260.5692 12.19 Cd11214.438 14.77
Cd1228.802 5.42 Mn Il 257.611 12.25 Zn 11 206.200 15.41
Zn1213.8562 5.80 Fe 11 259.9412 12.67 Znl1202.613 15.51

2 Lines employed for the final analysis of ceramic samples.

Table 4
Solutions prepared for the study of spectral and matrix interferences.

Solution type Concentration of major elements (mgL~") Concentration of Concentration of
the traces (mgL~1) HNOs (%, v/v)
Pb Zr Ti Sr
1.1 3000 850 300 72 102 5
1.2 3220 298 626 72 50 5
13 2950 1100 144 66 50 5
2.1 3000 850 300 72 - 5
2.2 3220 298 626 72 - 5
2.3 2950 1100 144 66 - 5
3.1 - - - - 102 5
3.2 - - - - 50 5
33 - - - - 50 5
4 - - - - - 5

a Except Co, Zn and Ca at 30 mgL-'.
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Table 5
Decomposition procedures comparison.

Element Average concentration + confidence Stoichiometric
interval? (%, m/m) concentrations
Procedure | Procedure Il
(HNO3 +H;0; +HF) (HCI+HF)

Zr 185+ 0.2 18 +2 16.9

Pb 60 +£ 1 24+ 2 61

Ti 6.17 + 0.05 6+1 5.92

Sr 1.44 + 0.01 1.1+04 1.35

2 n=3, «=0.05. This experiment was performed at routine operating conditions
used in the laboratory (nebulizer argon flow rate of 1L min~! and plasma power of
1.4kW).

digestion blank solution, and “s” is the standard deviation of blanks
concerning the replicates.

3. Results and discussion
3.1. Method development

The selection of the sample decomposition procedure was made
by comparing the Pb, Zr, Ti and Sr expected stoichiometric concen-
trations with the concentrations experimentally found. As can be
seen in Table 5, concentrations of Zr, Ti and Sr obtained by Proce-
dure Il were in good agreement, within the experimental error, with
the concentrations values expected. In contrast, for Pb a large dif-
ference (~40%) between expected and found concentrations was
observed. The precipitation of a part of the total Pb present in
the solution, as a consequence of the insoluble PbCl, formation
in an excess of HCl, could be a reasonable explanation for the Pb
low concentration (24%). This relatively high amount of non dis-
solved Pb could influence on a poor extraction of the impurities to
be quantified. Therefore, the Procedure Il was discarded. In addi-
tion, less reproducible results for the rest of the elements were
also obtained with this digestion procedure. On the other hand, the
concentration of Pb obtained by the Procedure I matched strictly,
within the experimental error, with the stoichiometric concentra-
tion; whereas concentration of Zr, Ti and Sr were lightly lower
(between 4 and 9%) than expected. Therefore, we decided to select
the Procedure I, which provided, in general, the best major element
concentrations.

Spectral interferences were observed on Cu 224.700 nm and Cr
283.563nm by Pb 224.689 nm, and Ti 283,562 nm lines, respec-
tively; and on Al 309.271 nm by OH-emission molecular band. The
remaining spectral lines, shown in Table 3, were free from spectral
interferences.

A systematic study of P and Fy influence on Iy of the thirty eight
analytical lines of impurities Al, Ca, Cu, Cr, Fe, Mn, Mg, Ni, Zn, Ba, K,
In and Co in presence of the sample matrix was carried out. A solu-
tion, simulating the intermediate matrix content (Zr/Ti=60/40) of
the diluted ceramics was used. Firstly, Iy vs. P and Iy vs. Fy rela-
tionships were experimentally obtained for each of the thirty-eight
analytical lines. For a more detailed study, a first polynomial func-
tion were adjusted to Iy vs. P and Iy vs. Fy relationships for each
analytical line, and the corresponding slopes were calculated. Thus,
slopes represent the sensitivity of the net signal intensity respect
to the variation of the corresponding operating parameter, P or Fy.
Thereafter, the slopes of Iy vs. P and Iy vs. Fy relationships, as a
function of TEE of the analytical lines were investigated (Fig. 2).

As previous reported for radial view mode ICP-OES [7], the
Iy increased (slope>0) with the increment of P for the most of
lines studied (Fig. 2a). However, the Iy sensitivity respect to the
P variation depended of the TEE of the line in a complex way.
Interestingly, Ca Il 393.366 nm, Mgll 280.270 nm, Mgll 279.573 nm
and MnlI 260.569 nm with TEE equal to 9.26eV, 12.07 eV, 12.08 eV
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' f Mg 11280.270
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- 4 - soft lines
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Fig. 2. Dependence of the net signal intensity (Iy) vs. radiofrequency power (P)
applied (a) and Iy vs. nebulizer flow rate (Fy); (b) relationship slopes with the total
excitation energy (TEE) of the line.

and 12.19eV, respectively, were among the most sensitive of the
all lines studied. In Fig. 2a, just two lines, Mgll 280.270 nm and
Mnll 260.569 nm lines, were identified for clarity purposes; while
the slopes of Call 393.366 nm and Mgll 279.573 nm lines were not
visualized because they were higher than the maximum of the
“y” axe. The preferential increment of sensitivity observed, may
be explained as an over excitation of those lines provided by a
Penning Reaction [17,18], which could act selectively on the spe-
cific spectral emission lines with TEE near to the excitation energy
(11.548-11.723 eV) of the metastable atoms of Ar. A second group
of lines (see the slope values surrounded by a circle in Fig. 2a) with
TEE near the first ionization energy (15.6 eV) of Ar atoms, showed
also a preferential increment of Iy with Pvariation. The explanation
of this specific behaviour could be an over excitation of those lines
by the Charge Transference mechanism, observed in radial [19] and
axial [20] view observation mode between analyte atoms and Ar
ions. Lastly, lines with TEE ~2 eV and TEE ~8 eV, showed a slightly
higher increment of the Iy sensitivity respect to the P variation in
comparison with the rest of lines in the 2-8 eV energy interval.
For instance, Lil 670.780 nm, Nal 589.592 nm and Nal 588.915 nm
lines with lower TEE, from 1.85 to 2.10eV; and Mnll 259.373 nm
and Ball 455.404 nm with higher TEE, around 7-8 eV. This complex
behaviour between the power variation sensitivity of intensities
and the TEE of lines, observed in axial view mode for the three group
oflines above mentioned was not reported previously in radial view
mode.

The higher sensitivity of Iy respect to the Fy variation (Fig. 2b)
was also observed, approximately, for the same three group of lines;
which showed a high power variation sensitivity in Fig. 2a, i.e., lines
with extreme TEE in the 2-8eV interval, lines with TEE around
metastable atom Ar energy and lines with TEE around first ioniza-
tion energy of Ar atoms. However, the effect was opposed, i.e., the
Iy decreased (slope <0) with the increment of Fy. The reduction of
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Fig. 3. Radiofrequency power (P) influence on signal-to-background ratio (SBR) of
hard (a and b) and soft (c) lines. This experiment was performed at argon nebulizer
flow of 0.95 Lmin~'.

the line net intensity could be explained by the decrease of the res-
idence time of atoms in the plasma excitation zone; when Fy was
incremented. Then, the residence time diminution did not favour
the excitation of lines. In the same way, the selective excitation of
atoms by Penning Reaction and Charge Transference mechanisms
was not favoured; which, in turn, decreased the probability of the
energy transference among particles in the plasma.

SBR influences directly on the ICP-OES limit of detection (LOD)
[21]. A systematic study of the variation of the SBR with P and
Fn was performed for analytical lines under study (Figs. 3 and 4).
According to the univariate approach used in the present study, one
of the two studied variables, P or Fy, was fixed at a constant value;
while the second one was varied. During the study of the influence
of the radiofrequency power, the argon nebulizer flow was fixed,
approximately, at an intermediate value (Fy =0.95 Lmin~!) among
all possible ones within the variation interval available in the
instrument (0.7-1.3 Lmim~1). However, the study of influence of
Fy was performed at P=1.5 kW, higher than the intermediate value
of 1.1kW, because otherwise the plasma became unstable for
higher values of Fy and the scope of the study would be seriously
reduced. This way, it was possible to perform the study over the
entire variation interval of nebulizer flow. For clarity purposes, just
arepresentative selection of the results of all the studied lines was
included. Thus, by fixing Fy at 0.95 Lmin~!, maximum SBR (SBRy;)

300 1

a)
—e—Ba 230,424
200 - —=— Mn 260,569
. —o— Ni 221,648
m
7z —&— Zn 202,613
100
0
b)
200 A
—A—Li 670.780
—0— Al 396.152
e —%—Cd 228.802
(%)
100 —o—7n213.856
-+ Ba 455.404
0 M

0.6 0.8 1 1.2 14
Nebulizer flow rate (L min'l)

Fig. 4. Nebulizer flow rate (Fy) influence on signal-to-background ratio (SBR) of
hard (a) and soft (b) lines. This experiment was performed at radiofrequency power
of 1.5kW.

of lines with TEE between 10 and 16 eV was observed, generally,
at P in the interval of ~1.2-1.4kW (Fig. 3a and b). It should be
noted that, SBRy; shifted toward higher P, around 1.3-1.4 kW, for
lines with TEE higher than 14.27 eV (Fig. 3b). For the most of lines
with TEE between 2 and 8 eV (Fig. 3¢c), SBRy; was reached at lower
P (~0.9kW), excepting Cd 228.802nm, Na 589.592nm and Ba
455.404 nm lines with SBRy, at a little higher P of ~1.0-1.2 kW.

The variation of SBR with Fy, by fixing P at 1.5kW, is shown
in Fig. 4. For lines (Fig. 4a), SBRy; was reached at Fy around
1.0-1.1Lmin"", except for lines with TEE higher (see, for exam-
ple, the Zn Il 202.613 nm line with TEE=15.51¢eV in Fig. 4a), for
which SBRy was slightly displaced to a lower Fy of 0.9Lmin~'.
On the contrary, SBR of lines in the 2-8 eV interval continuously
increased with the increment of Fy (see, for example, Lil 670.780 nm
line in Fig. 4b) or reached SBRy; at higher Fy of 1.2Lmin~! (see, for
example, Bal 455.404 nm line in Fig. 4b).

In resume, the SBR vs. P and SBR vs. Fy relationships depended,
strongly, of the TEE of lines. A complicated behaviour of SBR as a
function of TEE lines was observed; when P and Fy were varied.
As a result, the selection of unique operating parameter values of
P and Fy, for all the studied lines, was impossible. At this point, it
was decided to study ME as a function of P, Fy and of TEE of lines
before a final selection of the operating parameters.

3.2. Matrix effect study

As known, ME is highly influenced by the operating plasma con-
ditions [22]. Atrobust plasma operating conditions ME is, generally,
reduced; while the opposed effect is observed at non-robust con-
ditions. In order to study the characteristically ME of the matrices
considered in this work at robust and no robust plasma, the [ Mgll
280.270 nm/I Mgl 285.213 nm ratio (Mgll/Mgl) was experimentally
determined (Fig. 5) as a function of Fy, from 0.7 to 1.3Lmin"!,
in a wide interval of P, from 0.9 to 1.5kW. As expected [13], the
most robust plasma (Mgll/Mgl > 8.2) was obtained for the highest P
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Fig. 5. Radiofrequency power (P) and nebulizer gas flow rate influence on plasma
robustness evaluated by Mgll/Mgl ratio.

(1.4-1.5kW) and lowest Fy (0.7-0.8 Lmin~!); whereas the robust-
ness of plasma decreased (Mgll/Mgl < 1) with the increment of Fy
(Fy>1.0Lmin~1) and the reduction of P (P<1.2 kW). The obtained
higher and lower Mgll/Mgl values were similar to those previously
measured [8] in a DV 3000 Perking Elmer Spectrometer by using
the axial plasma view mode, during the analysis of other ceramic
types.

From the practical point of view the selection of the robust con-
ditions previously obtained by evaluating the Mgll/Mgl ratio seems
to be the best choice. However, it is a known fact [11] that, even at
robust conditions, the ME can be still significant, principally, for
lines with extreme energy excitation. Then, the study of the ME at
robust conditions as a function of the TEE of lines is still mandatory
for the best selection of analytical lines. On the other hand, in spite
of the ICP-OES is a mature analytical technique, from the point of
view of the applications, some fundamental aspects related to the
excitation mechanisms of lines and to the matrix effect are not still
well understood [18-20]. This fact is particularly true for axial view
mode ICP-OES, in which the developed fundamental investigations
are lesser than similar investigations in radial view observation
mode. Thus, the evaluation of ME at no robust conditions and the
comparison of ME at robust and no robust conditions could reveal
some interesting experimental evidence. Therefore, the ME over
the thirty eight analytical lines of thirteen traces was investigated
atrobust (P=1.4kW and Fy =0.8 Lmin—!) and no robust (P=1.2 kW
and Fy=1.3Lmin~!) plasma conditions for the three ceramic sam-
ple matrices with molar Zr/Ti ratio equal to 20/80 (Fig. 6), 60/40
(Fig. 7) and 80/20 (Fig. 8). The major element concentrations of Pb,
Zr, Ti and Sr were 64.38, 5.96, 12.51 and 1.43% for matrix [; 60.93,
16.92,5.92 and 1.36% for matrix II; and 59.34,21.97,2.88 and 1.32%
for matrix IIL.

Generally, the magnitude and sign of the effect varied over a
wide range as a function of the TEE of lines and the operating con-
ditions (Figs. 6-8). As expected from other studies in axial [13,20]
and radial viewing mode [13], the following ME general character-
istics were observed at robust plasma conditions (Figs. 6a-8a) for all
the matrices and the most of analytical lines considered. (1) ME was
lower than the ME at no robust conditions; (2) ME was closer corre-
lated with the TEE of lines than ME at no robust conditions; (3) The
higher ME was achieved for lines with extreme TEEs. Higher signal
intensity enhance was observed for lines with TEE of around 2 eV;
while higher depression was accounted for lines with TEE around
16 eV. For matrices Il and III, the EM vs. TEE regression lines crossed
the “x” axis at TEE ~8 eV. It is the TEE value that divides the lines in
“hard” and “soft” types, according to the classification firstly pro-
posed by Boumans [17], later more deeply studied by Kawaguchi
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Fig. 6. Variation of the (ME) with the total excitation energy (TEE) of line at:
(a) robust (P=1.4kW and Fy=0.8Lmin '), and (b) no robust (P=1.2kW and
Fyn=1.3Lmin"") conditions for matrix I (Zr/Ti=20/80).

[22] in radial view mode and also reported by Larrea [20] in axial
view mode. Contrastingly, the regression line of EM vs. TEE relation-
ship of matrix I was located in the fourth quadrant; where ME was
negative (intensity line suppression) for almost lines. On the other
hand, some specific characteristics of the ME behaviour, observed
in this work at robust conditions (Figs. 6a-8a) for the matrices
under study, should be remarked: (1) For all the matrices stud-
ied, the correlation between ME and TEE was observed for lines
with TEE up to around 15.73 eV, near the first ionization energy
(15.76 eV) of Ar atoms. For the remaining lines with TEE in the range
of 15.73-21.41 eV, no correlation was observed; (2) In the presence
of the matrix I, the ME for all lines was depressive, except for Na
589.592 nm; (3) Correlation coefficient (R?) of the ME vs. TEE rela-
tionship was lower for matrix I (R? =0.28), than that for matrices II
(R%2=0.63) and IlI (R = 0.68). Nevertheless, the correlation between
EM and TEE was still statistically significant for matrix L.

At no robust conditions (Figs. 6b—8b), a higher ME was, gener-
ally, observed in comparison with ME at robust conditions; and ME
of studied matrices was not correlated to the TEE of line. The no
significant correlation coefficients were, 0.04, 0.02 and 0.0006 for
matrices I, Il and III, respectively. Once more, a particular behaviour
was observed in the presence of matrix I: the ME was, generally,
depressive for all lines. Contrastingly, the presence of matrix Il and
III at no robust conditions provoked an increase of Iy for the most
of lines considered.

Obviously, the differences in the ME behaviour of the matrix
I could be conditioned by his different composition. Note that Ti
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Fig. 7. Variation of the matrix effect (ME) with the total excitation energy (TEE) of
line at: (a) robust (P=1.4kW and Fy =0.8 Lmin~'), and (b) no robust (P=1.2 kW and
Fy=1.3Lmin"!) plasma conditions for matrix I (Zr/Ti=60/40).

concentration (12.51%) is higher in the matrix I than that of matri-
ces II (5.92%) and III (2.98%); while the lowest Zr concentration
(5.96%) is present in matrix I comparing to matrices Il (16.92%)
and I1I (21.97%). A detailed investigation for a full explanation of
the observed matrix behaviour differences should be conduced, but
they were out of the scope of the present work.

Table 6
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Fig. 8. Variation of the matrix effect (ME) with the total excitation energy (TEE) of
line at: (a) robust (P=1.4kW and Fy =0.8 Lmin~1), and (b) no robust (P=1.2 kW and
Fn=1.3Lmin!) conditions for matrix Il (Zr/Ti=80/20).

3.3. Method parameters and samples analysis

From the practical point of view, the systematic study carried
out in this work indicated that the selection of plasma operating
robust conditions is the best solution in order to reduce the possi-
ble systematic error of the analysis due to matrix effect. In fact,
the selected lines, marked in Table 3, showed a minimal ME at

Analytic results for ceramic samples at selected nebulizer argon flow rate of 0.8 Lmin~' and plasma power of 1.4 kW.

Analyte Added (mgkg 1) Found? (mgkg1) Accuracy (%) Precision® (%) Limits of detections® (mgkg1)
Present work Reported in [9]

Al 10 10.7 £ 0.3 107 5 0.87 12

Ca 4 4+1 100 10 445 0.07
Cr 1 0.98 + 0.09 98 3 0.77 17
Cu 0.5 05+03 100 13 0.04 33
Fe 0.5 0.6 + 0.1 120 8 10.38 4.6
Mn 1 0.98 + 0.03 98 12 0.004 2.1
Mg 1 0.97 + 0.04 97 13 0.04 0.1
Ni 1 0.98 + 0.04 98 5 0.17 7.9
Zn 0.2 0.2 £ 0.1 100 11 0.06 3.2
Ba 5 52 +05 104 6 0.07 0.3
K 5 5.5+ 0.7 110 11 5.25 d

Co 1 1.02 + 0.02 102 5 0.03 7.1
In 1 0.92 + 0.02 92 4 0.1 d

a Mean concentration + confidence interval (n=6, @ =0.05) in mgkg!.
b Evaluated as relative standard deviation of 9 replicates performed.

¢ Evaluated as the limit concentration corresponding to the average concentration of 10 replicates of blank solution plus three times the standard deviation of blank.

d No reported.
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Table 7

Analysis results (average concentration + standard deviation, in mgkg') for n=3
replicates of some ceramic samples. The analysis was performed at nebulizer argon
flow rate of 0.8 Lmin~' and radiofrequency power of 1.4 kW.

Element Ceramic molar ratio Cr/Zr/Ti

04/60/40 05/80/20 03/53/47
Cr 330+ 5 368 + 7 238 £ 20
Ca 231 £ 15 186 + 28 1292 + 63
Zn 10 £2 24+ 0.5 11+£3
Fe 39+3 28+ 6 29+ 8
Ba 316 £ 5 354 £3 295+ 7
Mg 9.9+ 0.6 a a
K 92 +13 a 55+ 4
Co 81+2 34.6 £ 0.5 73+ 10
In 365 + 10 640 + 11 362 + 16
Al 1076 + 13 1326 + 76 912 £ 49

2 Concentrations below the LODs. Cu, Ni and Mn, were below LODs in all analyzed
samples.

those conditions. For instance, ME of Fe 259.941 nm, K 766.491 nm
and Co 228,616 nm was 6, 7 and 8%, respectively. Nevertheless, it
should be noted that SBR of some lines at robust conditions could
be lower than that at no robust conditions. In a first approximation,
we decided prioritizing the improvement of accuracy by selecting
the plasma operating robust conditions. Then, method performance
parameters were evaluated at P=1.4kW and Fy=0.8 Lmin~'.

The limits of detections, precision and accuracy of the devel-
oped method are shown in Table 6. LODs of Cr and impurities Al,
Ca, Cu, Cr, Fe, Mn, Mg, Ni, Zn, Ba, K, In and Co, were calculated in
the presence of the Zr/Ti=60/40 matrix sample, taken as example
of the investigated ceramics. LODs were between 0.004 p.gg~! for
Mn up to 10ugg~! for Fe; and they were, generally, better than
those reported for the same elements determined in Nb doped
PZTs ceramic [9]. The precision, given as relative standard deviation
(RSD), varied between 3% for Cr and 13% for Cu. The analytes recov-
eries in the spiked ranged from 90 to 110%, excepting Fe (120%). In
virtue of the quantitative analyte recovery, which was guaranteed
at the robust plasma conditions employed, the investigated ele-
ments could be determined by means of external calibration, using
calibration solutions prepared with HNO3 only.

The analysis results of three ceramic samples with different
major element composition are shown in Table 7. Mn, Cu and Ni
concentrations were below the LODs in all samples. Interestingly,
the content of Fe (~34mgkg~1) and Ba (~320mgkg~') were simi-
lar for all samples. The lower content of Zn, Kand Co in the 05/80/20
ceramic appears to be associated with the lower amount of Ti;
while the higher content of In and Al in the same ceramic could
be related with the higher amount of Zr in this ceramic. In both
cases, the impurities could be provided by the reagents employed
in the ceramic synthesis process. The PZTs ceramics substituted by
Sr and Cr, analyzed in the present work, showed contents of Ba, Zn
and Al similar to those contents found in doped Nb PZTs ceramics
[9]. In contrast, Fe and Mg were higher and Ca and Co was lower in
the Nb doped ceramics than in ceramics of the actual study.

4. Conclusions

During the optimization of the analytical procedure some inter-
esting results were pointed out:

¢ The highest sensitivity of the Iy with P and Fy variations was
observed for ionic lines with TEE in the range of 9.06-12.19eV. It

should be remarked that the behaviour of Iy with P and N vari-
ation observed for this particular group of lines has not been so
far reported in axial view mode. In our opinion, this coincidence
was not casual and, the observed experimental results could be
explained by an over excitation of the trace excitation energy
levels by Penning Reaction. However, the confirmation or refuta-
tion of this hypothesis need for a more exhaustive investigation,
which was out of the scope of the present work.

For all the matrices and the most of analytical lines considered,
the ME at robust plasma conditions was, as expected; lower than
the ME at no robust conditions and, also ME close correlated with
the TEE of lines. The higher MEs were, generally, achieved for lines
with extreme TEEs. A particular behaviour of ME in the presence
of matrix I (Zr/Ti=80/20) with a higher concentration of Ti was
observed. In this matrix the ME was, generally, depressive for all
lines.

As a result of the systematic investigation developed, an
assisted-microwave acid digestion procedure and a further axial
observation mode inductively coupled plasma optical emission
spectrometry quantification method was obtained for the deter-
mination of the doped Cr and the impurities Al, Ca, Cu, Fe, Mn,
Mg, Ni, Zn, Ba, K, In and Co in lead zirconate-titanate ceramics,
modified with strontium and chromium, The precision of anal-
ysis ranged from 2.5 to 13%, whereas the analytes recoveries in
the spiked samples varied, mostly, from 90 to 110%, excepting Ca
(115%). The detection limits of studied elements were from 0.004
to 10mgkg~1.
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