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OPTIMIZATION OF OPERATIONAL CONDITIONS FOR SCANDIUM DETERMINATION
IN ALUMINUM ALLOYS BY INDUCTIVELY COUPLED
PLASMA OPTICAL EMISSION SPECTROMETRY
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A method for the determination of scandium (Sc) in aluminum alloy samples by inductively coupled
plasma optical emission spectrometry was developed. The method was optimized by the Box—Behnken de-
sign, which evaluated the operational conditions (radio frequency power, nebulizer gas flow rate, and sam-
ple flow rate). The optimum conditions were established as a radio frequency power of 1300 W, a nebulizer
gas flow rate of 0.83 L/min, and a sample flow rate of 0.9 mL/min. Satisfactory performance characteristics
(background equivalent concentration, limits of detection and quantification) were obtained under the opti-
mum conditions. The method proposed using the optimum conditions allowed Sc determination with limits
of detection and quantification of 0.15 and 0.48 ug/L, respectively. The accuracy of the proposed method
was confirmed by analyzing an aluminum alloy certified reference material and performing a standard addi-
tion method. The standard addition experiments resulted in recoveries between 96.5% and 105%. The meth-
od developed has been applied to the Sc determination in aluminum alloy samples from the Beijing Institute
of Aeronautical Materials, and the recovery study results ranged between 98.0 and 100.5%.

Keywords: scandium, aluminum alloy, operational conditions, inductively coupled plasma optical emis-
sion spectrometry.
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Paspaboman memoo onpedenenus ckanous (Sc) 6 06pazyax arrOMuHUe8020 CHIABA ¢ NOMOUWBIO ONMU-
YeCKOU IMUCCUOHHOU CREKMPOMempul ¢ UHOYKMUBHO-CEA3AHHOU NAa3Mol. Memod onmumusuposan ¢ no-
mowwio koncmpykyuu boxca—PBenkena, 6 komopoil oyeHuganucs pabouue yciosus (mowHocms BU-cuena-
24, pacxoo 2aza pacnvliumens u pacxoo npoobwvt). Onpedenervl ONMUMATbHbLE YCI08USL, 8 MOM HUCTe MOU-
Hocmb BY-cuenana 1300 Bm, pacxoo eaza pacnviiumens 0.83 n/mun u pacxoo npobwt 0.9 ma/mun. pu smux
VCA0BUAX NOTYUEHbL YO0BIeMBOPUMENbHble padouue XapaKmepucmuxil, sKiyanuue 6 ceds QoHo8YH 3KU-
BANCHMHYI0 KOHYEHMPAayuio, npeoeivl 0OHAPYICEHUS U KOTULECMBEHH020 onpedeietus. B pesyromame on-
MUMU3AYUU Memoo NO360J5em onpedeums cooepicanue Sc ¢ npederamu 0OHAPYICeHUs U KOAULeCMEEHHO-
2o onpeodenenust 0.15 u 0.48 mke/n, e20 MoyHOCMb NOOMBEPIHCOEHA NYMEM AHAIU3A CEPMUPUYUPOBAHHO20
IMATOHHO20 MATMEPUATA U3 ATIOMUHUEBO20 CNIABA U UCNOAb308AHUS MEMOOA CMAHOAPMHBIX 000A80K. JKC-
nepumMenmovl o CMaHOapmHubiMu 006asKamu NPUBOOam K 6occmanosienuio 6 npeoeiax 96.5—105.0%. Pas-
pabomanuwiil Memoo npumener 0s. onpeodeneHust SC 8 00pazyax anoMuUHUesblx cniasos Ilekunckoeo um-
CMUmMyma aeuayuoHHvlx mamepuanos. Ilonyuennvle OanHble 80CCMAHOBICHUS HAXOOAMCA 8 UHMep8ae
98.0-100.5%.

Knrueewle cnosa: ckanoutl, antomunuessili cnias, pabouue yciosus, UHOYKMUBHO-CEA3AHHASA NAA3MA,
ONMUYECKas IMUCCUOHHAS CNEKMPOMEMPUSL.
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Introduction. Aluminum alloys are widely used in the aerospace field due to their high specific
strength, excellent electrical and thermal conductivity, and corrosion resistance [1, 2]. The ever-increasing
demands for lightweight alloys with improved mechanical and corrosion resistance performances in the aer-
ospace and aeronautic industries have led to the development of novel materials and advanced processing
techniques. Therefore, improving the mechanical properties and corrosion resistance of aerospace aluminum
alloys has been a subject of interest. Currently, the addition of rare-earth elements into aluminum alloys has
been demonstrated to be an effective approach to improve their microstructure and mechanical properties
[3, 4]. As one of the most efficient trace elements to improve the mechanical properties of alloys, scandium
(Sc) has attracted much attention for aluminum alloys in recent years [5]. It has been reported that Sc acts as
a grain refiner and recrystallization inhibitor [6], and the addition of Sc strongly improves the microstruc-
tures of aluminum alloys and their mechanical properties so that these aluminum alloys are suitable for use
in aerospace and aeronautic applications [7-9]. Consequently, Sc determination in aerospace aluminum alloy
is important to ensure the quality and guarantee the mechanical and chemical properties for aeronautic appli-
cations.

Inductively coupled plasma optical emission spectrometry (ICP-OES) has been demonstrated to be a
powerful technique for determining chemical elements because of its high sensitivity and simultaneous de-
termination capability [10]. Despite the use of ICP-OES for Sc determination in various types of samples
(mainly geological materials) [11, 12] and elemental determination in aluminum alloys [13, 14], the use of
ICP-OES for Sc determination in aluminum alloys is infrequently reported in the literature. Sc determination
in aluminum alloys presents some challenges related to the complex matrix composition and relatively low
amount of Sc (~0.1-0.2%) in these alloys [15]. The main constituents of aluminum alloys are aluminum,
zinc, magnesium, and copper. These elements cause high levels of chemical or spectral interference due to
the matrix complexity [16]. In particular, the aluminum matrix effect strongly interferes in the determination
of chemical elements when ICP-OES is used as an analytical technique [17]. It has been reported that the
matrix effect depends on the operational conditions of ICP-OES, and this matrix effect can be reduced under
certain conditions [18]. Therefore, an in-depth study to establish the optimum operational conditions of ICP-
OES for Sc determination is crucial for obtaining reliable results with a high level of sensitivity, great preci-
sion and accuracy, and the lowest limit of detection. A procedure to optimize the operational conditions to
improve the sensitivity and signal-to-background ratio (SBR) is thus sought. Typically, the instrument opera-
tional conditions of ICP-OES are optimized using univariate optimization or orthogonal experiments, but
these optimization designs suffer from prominent drawbacks, high consumption of time and financial re-
sources, and the impossibility of evaluating interaction between the studied variables.

Recently, multivariate optimization techniques that allow optimization of analytical methods with high-
er efficiency than univariate and orthogonal optimization have been gaining ground in analytical chemistry
[19-22]. Among the most relevant multivariate optimization techniques used in analytical optimization is
response surface methodology (RSM), such as the factorial design, central composite design, Doehlert de-
sign, and Box—Behnken design. This methodology can be well applied when a response of interest is influ-
enced by several variables. The objective is to simultaneously optimize the levels of these variables to attain
the best system performance [23].

According to the literature, most of the studies on the application of RSM in the establishment of opti-
mal instrument parameters of [CP-OES relate to the factorial design, central composite design, and Doehlert
design. M. de. O. Souza et al. used a 2° factorial design and a central composite design to optimize the nebu-
lizer gas flow rate, auxiliary gas flow rate, and radio frequency power to evaluate the best operational condi-
tions of ICP-OES [24]. A central composite design was used by G. Vanini et al. to evaluate the radio fre-
quency, nebulizer gas flow rate, and aspiration rate [25]. The use of the Doehlert design to optimize the op-
erational conditions of ICP for the determination of La, Nd, Eu, Gd, Dy, Er, and Yb was proposed by
A. K. Guimaraes-Silva et al., who studied four factors: radio frequency, nebulizer gas flow rate, sample up-
take rate, and observation height [16]. However, in contrast, the application of the Box—Behnken design,
which allows the efficient estimation of the first- and second-order coefficients of the mathematical model to
optimize ICP-OES operational conditions, is limited. Fernanda A. de Santana et al. proposed a direct method
for the determination of gallium in bauxite samples by ICP-OES, and the experimental parameters were op-
timized by the Box—Behnken design [17]. A procedure was developed by C. G. Novaes et al. for optimiza-
tion of the instrumental conditions of ICP-OES spectrometer using a two-level full factorial design, followed
by the Box-Behnken design [26]. However, papers that utilize the Box—Behnken design to investigate the
optimization of ICP-OES operational conditions for rare earth element determination are still lacking.
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In the present study, the Box—Behnken design was employed to optimize the operational conditions for
determining Sc in aluminum alloy samples by ICP-OES. The optimum analytical conditions obtained were
used to determine the figures of merit of the method and to quantify Sc in aerospace aluminum alloys.

Experimental. /nstrumentation. Measurements were performed using an inductively coupled plasma
optical emission spectrometer (Perkin Elmer, Model Optima 7000 DV, USA) with an axial plasma configu-
ration. The analytical line was selected for investigation: Sc, 361.383 nm. A digital display electric heating
plate (LabTech Co. Ltd., Beijing, China) was used for sample decomposition.

Reagents, solutions, and samples. Reagents of analytical grade were used: 35% hydrochloric acid and
70% nitric acid (Fengchuan Chemical Reagent Technology Co. Ltd., Tianjin, China). Ultra-pure water (re-
sistivity >18.2 MCQ/cm) was prepared with an ultra-pure water purification system (ROUP Technology Co.
Ltd., Tianjin, China). A high-purity single-element stock standard solution of Sc (1 mg/mL, National Center
of Analysis and Testing for Nonferrous Metals and Electronic Materials, Beijing, China) was employed for
the preparation of calibration curves. All glassware employed for the ICP-OES analyses was stored over-
night in a 10% nitric acid solution bath for cleaning. The glassware was rinsed with ultra-pure water before
use and dried in a dust-free environment. Three aluminum alloy certified reference materials (CRMs) were
used to evaluate the accuracy in the proposed operating conditions: GBW02220, GBW02222, and E5103
purchased from the National Research Centre (NCS Testing Technology Co. Ltd., Beijing, China).

Sample preparation. Portions of 0.1000 g of each sample were accurately weighed in a 50 mL beaker,
and a mixture of 3 mL of concentrated HNOs3, 2 mL of concentrated HCI and 5 mL ultra-pure water was
added to the same container by slowly pouring it into the sample, followed by heating to 120°C. After com-
plete decomposition of the sample, the heating was ceased, and the solution was naturally cooled to room
temperature. Then the solution was completely transferred to a 100 mL calibrated flask and diluted to the
desired volume with ultra-pure water to produce the sample solution. This decomposition process was per-
formed for each sample in all cases in quintuplicate.

Optimization procedure. First, optimization was performed using the Box—Behnken design, considering
three variables: radio frequency (RF) power, nebulizer gas flow rate, and sample flow rate. All optimization
experiments were performed using a Sc standard solution of 1 mg/L in random order, and quintuplicates of
the center point were obtained to evaluate the experimental error. The analytical responses were recorded as
SBR, which can be calculated using the equation SBR= (/analyte — /Blank)//Blank. The experimental data were
then processed using Design Expert 8.0 software (Stat-Ease Inc., Minneapolis, MN, USA) to determine the
optimum value of these variables. The variables and levels used in the Box—Behnken design are described in
Table 1.

TABLE 1. Factors and Levels Used in the Box-Behnken Design for Optimization
of ICP-OES Operating Conditions

No. Variable Lovsi ievel Centrez)l point nghllevel
A RF power, W 900 1100 1300
B Nebulizer gas flow rate, L/min 0.6 0.8 1.0
C Sample flow rate, mL/min 0.9 1.2 1.5

Method validation. The calibration curves were established under the optimum conditions and three sets
of poor conditions. The background equivalent concentration (BEC) and limits of detection and quantifica-
tion (LOD and LOQ, respectively) were calculated according to IUPAC recommendations. The slope of
each of the curves, BEC, LOD, and LOQ, under the optimum conditions and three sets of poor conditions
were compared to verify the optimization validity.

The accuracy of the analytical method employing the optimum condition was evaluated following rec-
ommendations of the Eurachem/CITAC guide [27], in which the absolute difference (Am) between the mean
measured value (Cy) and the certified value (Ccrm) is calculated as Am = |Cy, — CcrM| and the uncertainty of
Am is uA, which is calculated from the uncertainty of the certified value (ucrm) and the uncertainty of the

measurement result (i) according to the following equation: uA =/u_, +ulpy » Where w, is obtained by

dividing the expanded uncertainty of the measurement result by the square root of the number of measure-
ments, and ucrm is obtained by dividing the stated expanded uncertainty of the certified value by the cove-
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rage factor or the 7-factor for a 95% confidence level with n—1 degrees of freedom, n being the number of
laboratories. The expanded uncertainty UA, corresponding to a confidence level of approximately 95%, is
obtained according to the equation: UA =2uA. To evaluate the method performance, Am is compared with
UA: if Am < UA, then there is no significant difference between the measurement result and the certified value.

Moreover, the accuracy of the method was evaluated by recovery studies of spiked samples. The certi-
fied reference materials GBW02220 and GBW02222 were spiked with variable quantities of Sc (between
0.2 and 5.0 mg/L). Recovery was calculated by the difference between analytical results obtained for spiked
and un-spiked solutions, expressed as a percentage.

Results and discussion. Optimization of instrumental variables for Sc determination. In the develop-
ment of methods based on ICP-OES, various instrument variables, such as the RF power, sample flow rate,
auxiliary gas flow rate, nebulizer gas flow rate, and refrigeration gas flow rate, can be adjusted to obtain a
plasma with good performance in the element determination. Among these variables, the RF power, sample
flow rate, and nebulizer gas flow rate are considered the main variables regarding plasma [28, 29]; so the RF
power, nebulizer gas flow rate, and sample flow rate were simultaneously optimized using the data obtained
from 17 sets of experiments carried out according to the Box—Behnken design. Generally, the instrument
variable response was recorded as emission intensity in the optimization of ICP-OES operating conditions
[17, 30]. However, it is noticeable that the instrumental variables also have a direct influence on background
intensity for ICP-OES. It can be seen in Fig. 1a that there was an increase in the analyte intensity of Sc
({analyte) When increasing RF power, while an increase in power also increased the background intensity
(/Blank). Figure 1b shows that the analyte intensity of Sc (/analyte) first increases and then decreases with in-
creasing nebulizer gas flow rate, while the background intensity (/giank) decreases with increasing nebulizer
gas flow rate. In this way, SBR should be the response function of the Box—Behnken design model in order
to optimize ICP-OES operational conditions since it is correlated with the limit of detection.

IBlank, 104 cps a Ianatyte, 10 Ccps IBlank, 104CpS b TAnatyte, 10° Ccps
12.0 1.0 25 9.0
1051 2 | 20f A 17.5
9.0} 108 st < |
.5 / {0.7 \ 6.0
' / 106 107 {45
6.0F / i \.
s / 10.5 5 130
’ . i : : : 04 0— . : : :
900 1000 1100 1200 1300 0.6 07 08 09 1.0
RF power, W Nebulizer gas flow rate, L/min

Fig. 1. Influence of RF power (a) and nebulizer gas flow rate (b) on /iank and Zanalyte of Sc,
background (1) and analyte (2) intensity.

In this paper, SBR for Sc was investigated as the response function of the Box—Behnken design model
in order to optimize ICP-OES operational conditions. The levels of the operating variables, analyte intensity
({analyte), background intensity (/rnk), and the response value are presented in Table 2.

The experiment runs were randomized in order to minimize the effect of uncontrolled factors [31]. The
analysis of variance (ANOVA) was used to evaluate the significance of the model equation and related
terms. The experimental relationship between SBR for Sc and the three factors in coded units obtained by
the application of response surface methodology was expressed in terms of the following equation:

Y=30.32+0.754 + 0.23B - 0.55C + 4.824B — 0.234C + 1.02BC — 0.974*>— 13.27B? - 0.52C%,

where A, B, and C correspond to independent variables of RF power, nebulizer gas flow rate, and sample
flow, respectively, while the terms 4B, BC, and AC correspond to the interactions of the variables. The over-
all ANOVA results demonstrated that the models and interaction terms of 4B and B square were significant
at the 95% confidence level, which indicated that the nebulizer gas flow rate and the interaction of nebulizer
gas flow rate with RF power were the most critical parameters affecting plasma conditions.
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TABLE 2. Lists of Experiments in the Box-Behnken Design

No. A B C 1 Analyte [Blank SBR No. A B C 1 Analyte [Blank SBR
1 -1 0 1 | 2579156 | 86641 | 28.8 10 -1 | -1 0 | 3696485 | 178860 | 19.7
2 0 0 0 | 3793513 | 120503 | 30.5 11 1 0 1 | 4986135 | 169403 | 28.4
3 0 0 0 | 3794223 | 121810 | 30.1 12 0 -1 1 | 3763299 | 253294 | 13.9
4 -1 0 —1 | 2583735 | 86680 | 28.8 13 0 0 0 | 4061350 | 124437 | 31.6
5 0 -1 | =1 | 4927175 | 264014 | 17.7 | 14 0 1 -1 | 1507478 | 83353 | 17.1
6 0 0 0 | 3804949 | 122819 | 30.0 15 1 -1 0 | 4823444 | 345625 | 13.0
7 0 0 0 | 3847650 | 126747 | 29.4 16 1 1 0 | 2507788 | 108594 | 22.1
8 1 0 —1 | 4953190 | 163592 | 29.3 17 0 1 1 1563732 | 85120 | 174
9 -1 1 0 645006 | 61710 9.5

Figure 2 shows the three—dimensional response surface plot for SBR of Sc; it should be noted that the
three—dimensional response surface plots were constructed as a function of two factors. The sample flow
rate, which had a minor effect compared to that of the RF power and nebulizer gas flow rate, was maintained
at a fixed level (central point 0.8 mL/min) in order to understand the main effect and interaction effect of the
two factors (RF power and nebulizer gas flow rate). It can be seen from Fig. 2 that the results for SBR of Sc
had a maximum point within the studied experimental domain. The solution of the above quadratic equation
shows that the best SBR of Sc is obtained with an RF power of 1300 W, a nebulizer gas flow rate
of 0.83 L/min, and a sample flow rate of 0.9 mL/min.

0.

Nebulizer gas flow rate, L/min 80.8

Fig. 2. Responses surface created by Box—Behnken design in the optimization of Sc determination.

Analytical features. The calibration curves were prepared with seven points for the concentrations of Sc
0,0.1,0.3, 1.0, 5.0, 8.0, and 10.0 mg/L. To verify the optimization validity, four calibration curves were es-
tablished under the optimum conditions and three sets of poor conditions (corresponding to the 9th, 12th, and
15th rows of Table 2).

Based on the resulting calibration curves, the performance characteristics were calculated. The slope of
the calibration curves and all the other analytical parameters under the optimum conditions and the three sets
of poor conditions are shown in Table 3. In this table, it can be seen that the method employing the optimum
conditions (an RF power of 1300 W, a nebulizer gas flow rate of 0.83 L/min, and sample flow rate
of 0.9 mL/min) was the most sensible and had the lowest BEC, LOD, and LOQ, and these values indicate
that a reliable result with a high level of sensitivity and the lowest limit of detection can be achieved employ-
ing the optimum conditions.
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TABLE 3. Comparison of Performance Characteristics under the Optimum Conditions and Poor Conditions

RF power, Nebulizer gas Sample BEC, LOD, LOQ,
No. W flow rate, flow rate, Slope 1 L L
L/min mL/min HE HE HE
1 1300 0.83 0.9 63090000 11.5 0.15 0.48
2 900 1.0 1.2 7308000 17.9 0.24 0.79
3 1100 0.6 1.5 35200000 47.1 0.66 2.21
4 1300 0.6 1.2 40030000 59.4 0.98 3.25

Validation of the proposed method. The accuracy of the analytical method employing the optimum con-
ditions was evaluated by analysis of certified reference material E5S103. The results are shown in Table 4,
where Ccru is the certified value and C,, is the mean measured concentration, ucrwm is the uncertainty of the
certified value, and un, is the uncertainty of the measurement result. As seen, the absolute difference (A,)
between the mean measured value (C,) and the certified value (Ccrm) was lower than the expanded uncer-
tainty U, so there was no significant difference between the certified value and the concentration obtained
by the proposed method.

TABLE 4. Analytic Results (wt%) for Sc in Certified Reference Material E5103 (n = 10)

Reference | o e Cn i Am Ua RSD
material
E5103 0.181 | 0.0012 0.179 0.0013 0.002 0.0035 0.63

The accuracy of the method was further verified in the recovery study. The results obtained are present-
ed in Table 5. As can be observed, recoveries varied from 96.5 to 105.0%. Table 5 also includes the preci-
sion of results, expressed as relative standard deviation (RSD). As observed, for concentrations of Sc in the
range of 0.020-0.500%, the precision was 0.58-2.30%, which indicated the possibility of continuous analy-
sis of samples with adequate accuracy.

TABLE 5. Recovery Study of Sc Concentrations in Spiked Aluminum Alloy Samples (rz = 10)

Sample Added value, | Achieved value+U,, | Recovery, RSD,
% % % %
0.020 0.021+0.002 105.0 2.3
GBW02222 0.050 0.049+0.002 98.0 1.2
0.100 0.100+0.004 100.0 0.95
0.200 0.193+0.003 96.5 0.84
GBW02220 0.350 0.338+0.004 96.6 0.58
0.500 0.487+0.006 97.4 0.91

Note. U, isthe expanded uncertainty for the 95% confidence level,
Recovery = (Achieved value—Added value)/Added valuex100.

TABLE 6. Analytic Results for Sc Concentrations in Real Aluminum Alloy Samples (rz = 10)

No Achieved valuetU,, | Added value, | Total value+U,, | Recovery,
) % % % %
1# 0.139+0.002 0.140 0.277+0.004 98.6
24 0.171£0.002 0.150 0.318+0.004 98.0
3# 0.196+0.003 0.200 0.395+0.005 99.5
44 0.2514+0.003 0.200 0.452+0.005 100.5

Note. U, is the expanded uncertainty for the 95% confidence level;
Recovery = (Total value—Achieved value)/Added valuex100.
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Analysis of real samples. To assess the applicability of the proposed method to real samples, the pro-
posed method was applied to the Sc determination in real aluminum alloy samples from the Beijing Institute
of Aeronautical Materials. The results obtained are presented in Table 6. Moreover, the accuracy of the re-
sults was confirmed by performing a standard addition method. As can be seen, recoveries varied from
98.0 to 100.5%.

Conclusions. The response surface method allowed us to obtain the optimum operational conditions for
Sc determination in aluminum alloy samples by ICP-OES (RF power: 1300 W, nebulizer gas flow rate
0.83 L/min, and sample flow rate: 0.9 mL/min). The large interaction effect of RF power and nebulizer gas
flow rate on the SBR of Sc during Sc determination by ICP—OES was demonstrated. The proposed method
showed that there was no significant difference between the measured value and the certified value. The
RSD values of the proposed method were less than or equal to 2.0%, and the method showed a relatively low
LOD (0.15 pg/L) and LOQ (0.48 pg/L). The method developed was applied to the determination of scandi-
um in aluminum alloys, and the recovery study results ranged between 98.0 and 100.5%.
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