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and standard additions. The current work demonstrated the effectiveness of ISA for the determination of Ca and Mg
in biodiesel samples and certified reference materials (CRMs) by flame atomic absorption spectrometry. Manganese
and Sr were selected as internal standards for Mg and Ca, respectively. Results for Ca and Mg in CRMs using ISA were
in agreement with certified values at the 95% confidence level (t-test). The relative standard deviations (n = 12)
were ca. 6% for both analytes. For comparison purposes, Ca and Mg were also determined by the traditional methods
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{;?;‘:./r?;f ;andard addition calibration of external standard calibration (ES), standard additions (SA) and internal standardization (IS). Recoveries obtained
Precision with ISA (Ca: 93-109%; Mg: 100-106%) were similar to those found with IS (Ca: 100-112%; Mg: 98-105%), but sig-
Accuracy nificantly better than ES (Ca: 219-291%; Mg: 111-120%) and SA (Ca: 97-127%; Mg: 106-128%). Results for Ca and
Mg determined in biodiesel and CRMs using ISA were more accurate and more precise than those obtained with ES,

SA and IS.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction However, the selection of an adequate internal standard species that

Except when an absolute method of determination is available,
choosing the most adequate calibration strategy is essential in any
quantitative chemical analysis [ 1]. Among the main calibration methods
employed in quantitative instrumental analysis, the most important are
the external standard calibration (ES), standard additions (SA) and in-
ternal standardization (IS) [2]. The first one is the simplest, but it is
the most susceptible to errors caused by fluctuations in operating condi-
tions and/or matrix effects. On the other hand, SA and IS can minimize
these errors, significantly improving accuracy and precision [3].

The standard addition method is useful when the analyte is present
in a complex matrix and the matrix-matching approach cannot be used
[4]. However, it presents some limitations: (i) spiked analyte concentra-
tions must be within the linear working range; (ii) species of spiked an-
alyte and sample analyte must be similar; (iii) it is time-consuming
(convenient for a small number of samples); and (iv) large sample vol-
umes are required to prepare a series of standard solutions, restricting
its application in some cases.

The IS method has been used to minimize errors caused by instru-
mental drift and to reduce chemical matrix effects. It combines the
straightforwardness of ES without the need for matrix-matching.

* Corresponding author. Tel.: +55 16 33019611.
E-mail address: anchieta@iq.unesp.br (J.A.G. Neto).

http://dx.doi.org/10.1016/j.microc.2015.04.009
0026-265X/© 2015 Elsevier B.V. All rights reserved.

presents similar physical-chemical properties to the analytes is not a
trivial task. Moreover, the element selected as internal standard must
be absent, or occur at very low concentrations in the samples [5,6].

Some works in the literature have combined the benefits of SA and
IS by plotting the analyte-to-internal standard signal ratio as instru-
mental response (the so-called analytical signal) versus the added con-
centration of analyte to the sample. In this case, the internal standard
species is added to all series of sample solutions at a known and fixed
concentration [7,8]. It is important to mention that the pre-requisites
for the selection and use of an internal standard are also valid here,
which sometimes can be considered restrictive for a large scale routine
analysis.

Standard dilution analysis (SDA) is a new calibration method re-
cently proposed in the literature [9] that combines the principles of IS
and SA. The theory and equations of the SDA method were adapted to
the internal standard addition (ISA) calibration employed in this
work. In SDA, a solution containing the analytical sample and a standard
mixture containing the analyte and an internal standard (solution 1) is
mixed with another solution also containing the analytical sample and
the blank (solution 2). As solution 1 is diluted by solution 2 in the
same container, many calibration points are generated on-the-fly. Be-
cause the amount of analytical sample never changes (both solutions
1 and 2 have 50% of sample), a matrix-matching is obtained and only
the standard solution is in fact diluted. The observed analyte signal
(Sa) will result from the quantity present in the sample (sam) and the
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Fig 1. Scheme of sample preparation to evaluate the performance of the ISA method spiked
with different concentrations of Sr and Mn.

concentration of added standard (std). On the other hand, the observed
internal standard signal (S;) will come from the standard solution alone.
The obtained signals are related to the concentrations by the calibration
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sensitivity (m) of the respective calibration curve equations, S, = maCa
and S; = m,C;. While applying the SDA method, one uses the ratio of the
analyte to internal standard signals according to Eq. (1) [9]:

Sa my G om, G
S m G mC

If the term (Sa/S;) is plotted versus (1/C;), a linear relationship is
obtained, where intercept and slope will be (maCi¢/m,C;) and
(mACR™/my), respectively. Because CY/C, is known from the prepa-
ration of solution 1, the analyte concentration in the sample is easily

found by applying Eq. (2).

d
csm slope 8 i. 2
intercept = G

As described above, SDA is carried out using only two solutions.
To further confirm the SDA hypothesis, we have applied ISA to the
determination of Ca and Mg by flame atomic absorption spectrome-
try in five biodiesel samples and in certified reference materials
(CRMs) of milk, botanical tissues, biological tissues, flours and bio-
diesel. All samples and CRMs were also analyzed by comparative cal-
ibration methods (ES, SA and IS) to check the performance of ISA. It is
important to note that different from SDA, the application of ISA re-
quires the preparation of several standard calibration solutions;
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Fig 3. Effects of ethanol on: a) A< (1) A" (0) and A“/AS" ratio (M); b) AM& () AM™ (0) and AM&/AM™ ratio (m).

similar to the traditional methods of SA or IS. In this case, the goal of
this study is to demonstrate that in addition to its application on-the-
fly, as with SDA, the basic principle of combining SA and IS may also
be applied by preparing different standard calibration solutions, as
with ISA.

2. Materials and methods
2.1. Instrumentation

A ContrAA 300 high-resolution continuum source flame atomic ab-
sorption spectrometer (Analytik Jena, Jena, Germany) was employed
in all measurements. An air-acetylene flame was used for Ca, Mg, Mn
and Sr atomization. Acetylene with 99.7% purity (Air Liquid, Sdo Paulo,
Brazil) was used as fuel gas at a flow-rate of 80 Lh ™. All measurements
were carried out (n = 7) at the most sensitive lines for Ca (422.672 nm),
Mg (285.212 nm) and Sr (460.733 nm), and at secondary lines for Ca
(239.855 nm), Mg (202.582 nm) and Mn (279.826 nm). The optimized
operating conditions were: 5.0 mL min~! sample introduction rate,
7 mm observation height and wavelength-integrated absorbance
(WIA) equivalent to 3 pixels (central pixel + 1; central pixel corre-
sponds to measurement at core line).

Microwave-assisted acid digestion was applied to all samples using
an Anton Paar Multiwave 3000 (Graz, Austria) with a rotor of 48 reac-
tion PFA vessels (internal volume of 50 mL).

2.2. Reagents and analytical solutions

High purity deionized water obtained using a Millipore Rios 5® re-
verse osmosis and a Millipore Milli-Q™ Academic® deionizer system
(resistivity 18.2 M cm, Millipore, Bedford, USA) was used to prepare
all solutions.

Analytical solutions were prepared by appropriate dilution of
1000 mg L~ ! Ca, Mg, Mn and Sr atomic absorption spectroscopic
standards (SpecSol, Sdo Paulo, Brazil). All solutions were acidified
to 1% (v/v) HNOs (JT Baker, Phillipsburg, USA).

Ethanol-water solutions containing 0-95% (v/v) ethanol were pre-
pared by appropriated dilution from distilled ethanol.

A 5% (m/v) La stock solution was prepared by dissolving 58.6 g of
La,05 (Merck, Darmstadt, Germany) in 250 mL of hydrochloric acid
(Spectrum, Gardena, USA) and further dilution to 1000 mL with deion-
ized water.

All solutions were stored in high-density polypropylene flasks
(Nalgene, Rochester, USA). Plastic flasks and glassware materials were
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Fig 4. Influence of different concentrations of Mn and Sr in Ca and Mg determination by ISA. a and b) Absorbance of the Mn and Sr additions in S1 (W), S2 (@), S3 (A) and S4 (V¥); cand
d) discounted absorbance of the Mn and Sr additions in S1-S4; e and f) ISA curves to Mg and Ca using the discounted absorbance values of Mn and Sr.

cleaned by soaking in 10% (v/v) HNOs for at least 24 h, and then rinsing
abundantly in deionized water before use.

2.3. Sample preparation

Biodiesel samples provided by the Monitoring and Research Center of
Fuel Quality, Biofuels, Oil and Derivatives (CEMPEQC, Araraquara, Brazil)
were stored in amber glass flasks in a refrigerator (about 5 °C) before
analysis. Approximately 1.0 g of biodiesel samples and Biodiesel Standard
0il (Conostan, Baie-D'Urfé, Canada) were weighed directly into a polypro-
pylene tube (Corning, New York, USA) and diluted with 5 mL of distilled
ethanol. Then, 100 pL of HNO5 and 200 piL of La stock solution were added
and the volume was brought to 10 mL with distilled ethanol [10,11].

Certified reference materials of Apple Leaves (1515), Tomato Leaves
(1573a), Rice Flour (1568a), Wheat Flour (1567a), Non-Fat Milk Pow-
der (1549), Whole Milk Powder (8435), Bovine Liver (1577b), and

Mussel Tissue (2976) from the National Institute of Standards and Tech-
nology (Gaithersburg, USA) were prepared by microwave-assisted acid
digestion. Approximately 0.2 g of samples was accurately weighed and
transferred to microwave flasks. Aliquots of 3.0 mL of HNO3, 1.0 mL of
30% (v/v) H,0, (Merck, Darmstadt, Germany) and 2.0 mL of deionized
water were then added and the mixtures were submitted to the follow-
ing optimized 5-step heating program: (1) 15 min from 0 to 600 W;
(2) 5 min at 600 W; (3) 15 min from 600-800 W; (4) 5 min at 800 W
and (5) 20 min at 0 W (cooling). After digesting and cooling, the
resulting solutions were transferred to 25 mL volumetric flasks and di-
luted to the mark with deionized water.

2.4. Analytical procedure

Manganese [12] and Sr [13-15] were selected as internal standards
for Ca and Mg, respectively. The effectiveness of Mn and Sr as internal



Table 1

Results in % m m~' (expressed as mean 4+ standard deviation) for Ca and Mg determined (n = 3) in CRMs by ES, IS, SA and ISA.

Mg

Ca

CRM

ISA

SA

IS

ES

cv

ISA

SA

IS

ES

v

0.130 £ 0.005
906 + 42°
648 + 257
0.58 + 0.03

0.054 + 0.005

0.046 + 0.004
1.21 4+ 0.08

0.291 £ 0.024

0.138 £ 0.015
1009 + 71°

0.133 £ 0.011
881 + 657
631 + 217
0.46 + 0.02

0.042 + 0.005

0.035 + 0.003
0.88 + 0.04

0.269 + 0.021

0.110 £+ 0.014
815 £ 74°
582 + 35%
0.48 + 0.03

0.047 + 0.006

0.035 + 0.004
1.17 £ 0.08

0.286 + 0.027

0.120 £ 0.003
814 £ 76°
601 4 28°
0.53 + 0.05

0.056 + 0.002

0.040 + 0.002

1.25 £ 0.15

1.40 £ 0.20
1.052 4+ 0.115

1.52 £ 0.16
1.087 4+ 0.078

1.70 4+ 0.25
1.130 4 0.099

1.30 & 0.05
0.922 + 0.049
116 + 4*
0.76 £ 0.03
0.0118 4 0.0006
0.0191 4 0.0004

Non-fat M.P.
Whole M.P.

1.04 4+ 0.100

674 + 37°
0.50 + 0.03
0.056 + 0.005
0.050 £ 0.005
1.18 £+ 0.03
0.282 £ 0.045

125 + 6%
0.85 £ 0.07
0.0110 =+ 0.0006
0.0189 4 0.0010

119 + 117
0.66 + 0.06
0.0107 <+ 0.0006
0.0165 4 0.0005

135 £ 21°
0.82 + 0.06
0.0120 4 0.0011
0.0199 + 0.0026

155 + 43
0.99 + 0.09
0.0112 £ 0.0012
0.0210 + 0.0031

Bovine liver

Mussel tissue
Rice flour

Wheat flour

1.2
0.271 £ 0.008

5.05 + 0.09 6.13 + 0.44 526 +0.28 5.18 + 0.09 519 £ 0.13
2.11 £ 025 1.70 + 0.19 1.535 + 0.092 1.585 4 0.050

1.526 4+ 0.015

Tomato leaves
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Apple leaves
Biodiesel

2.71 £ 0.18° 2.91 + 0.10° 2.53 +£0.13% 57 2.86 £+ 0.10° 2.46 +0.11° 2.81 4+ 0.15° 2.60 + 0.15°

6.29 + 0.20°

2.5°

2 Values in mg kg~ .

standards to correct interferences caused by different atomization con-
ditions was evaluated by measuring the absorbance of solutions con-
taining 0.1 mg L~ ' Mg, 0.2 mg L~ Mn, and 0.5 mg L~ of both Ca and
Sr. In this study, different flame stoichiometry conditions (acetylene
flow-rate varied in the 40-120 L h™ ! range) and ethanol-water compo-
sitions (ethanol in deionized water varied in the 0-95% v/v range) were
evaluated.

Considering that both internal standards selected may be present in
the original samples, the influence of their concentrations on the ISA
performance was also evaluated by analyzing one biodiesel sample
spiked with different concentrations of Mn and Sr. Twenty solutions
containing approximately 1.0 g of biodiesel sample (S) were prepared
and divided into four groups (S1-S4) of 5 solutions (Fig. 1). Each
group contained different internal standards concentrations and fixed
concentrations of analytes: 0.5 mg L™' Ca + 0.05 mg L~ Mg (S1);
05mgL~'Ca+005mgL~ ' Mg+ 0.1 mgL™'Sr+ 0.05mgL~! Mn
($2); 05 mg L™! Ca + 0.05 mg L' Mg + 025 mg L'
Sr + 012 mg L™' Mn (S3); 05 mg L~! Ca + 0.05 mg L'
Mg + 0.5mg L™ Sr + 0.25 mg L™ ' Mn (S4). The set of 5 solutions
(a, b, ¢, d, and e) within the S1, S2, S3 and S4 groups were spiked
with 0 mg L™' Ca, Sr, Mg, Mn (a); 0.10 mg L™! Ca and
Sr + 0.01 mg L~ ! Mg + 0.05mg L~! Mn (b); 0.25 mg L™ ! Ca and
Sr+ 0.025mg L' Mg + 0.125 mg L™ ! Mn (c); 0.40 mg L' Ca
and Sr + 0.04 mg L~ ! Mg + 0.20 mg L~ ! Mn (d); 0.50 mg L™ ! Ca
and Sr + 0.05mg L~! Mg + 0.25 mg L~ ' Mn (e). Each set of solu-
tions (a-e) was employed to build up the ISA calibration curves.
These curves were used to determine the Ca and Mg concentrations
in each subsample (S1-S4).

After optimization, the proposed ISA method was applied to the de-
termination of Ca and Mg in five biodiesel samples. The method's accu-
racy was checked by analyzing nine CRMs. The performance of the ISA
method was also assessed by determining Ca and Mg in all samples
and CRMs by ES, SA and IS as comparative calibration methods.

ES calibration curves were built up by measuring absorbances (A) of
analytical solutions (0.1-1.0 mg L~ ! Ca; and 0.01-0.10 mg L™ ! Mg) and
plotting A versus [Ca], or AM8 versus [Mg]. All solutions were prepared
in 1% (v/v) HNOs and 0.1% (m/v) La.

For IS calibration, all blanks, analytical solutions (0.1-1 mg L™ Ca
and 0.01-0.1 mg L~ ! Mg) and samples were spiked with 0.25 mg L'
Mn + 0.5 mg L™ Sr + 0.1% (m/v) La, and acidified to 1% (v/v) HNOs.
Calibration curves were built up by plotting absorbance ratio A<?/AS"
versus [Ca], or AM&/AM™ versus [Mg].

The SA calibration solutions were prepared in order to contain
0.0-0.1-0.2-0.3-0.4-0.5 mg L~ ' Ca + 0.0-0.01-0.02-0.03-0.04-
0.05 mg L™ ! Mg + 10% (m/v) of biodiesel, 0.1% (v/v) HNOs, 0.1%
(m/v) La. SA calibration curves were built up by plotting absorbance
of Ca and Mg versus [Ca] and [Mg] added, respectively.

ISA calibration comprised six solutions (0.0-0.1-0.2-0.3-0.4-
0.5mg L™ Ca, Sr; 0.0-0.01-0.02-0.03-0.04-0.05 mg L~ ! Mg; and
0.0-0.05-0.10-0.15-0.20-0.25 mg L™ ' Mn) containing 10% (m/v)
of biodiesel, 0.1% (v/v) HNOs, and 0.1% (m/v) La. ISA calibration
curves were built up from the absorbance ratio A“®/AS" versus 1/
[Sr], or AM&/AM™ yersys 1/[Mnl].

Accuracy and precision were evaluated by means of addition and re-
covery tests for biodiesel samples spiked with 0.2 mg L™ Ca and
0.1mgL ! Mg.

3. Results and discussion
3.1. Evaluation of Sr and Mn as internal standards

Considering Sr and Mn had been used as internal standards for Ca
[12] and Mg [13-15], respectively, they were selected to be applied in
the present study. The ability of Sr and Mn to minimize absorbance fluc-
tuations caused by small variations in atomization conditions was then
checked. The effect of variations in the acetylene flow-rate on
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Table 2
Results in mg kg~ (expressed as mean =+ standard deviation) for Ca and Mg determined (n = 3) in biodiesel samples by ES, IS, SA and ISA.
Samples Ca(mgkg™") Mg (mg kg™ ')
ES IS SA ISA ES IS SA ISA
B1 1.59 £ 0.44 0.70 4 0.01 0.77 4+ 0.06 0.69 + 0.03 >0.05 >0.05 >0.05 >0.05
B2 2.34 £ 0.56 1.00 £ 0.11 1.15 4+ 0.04 1.13 £ 0.04 >0.05 >0.05 >0.05 >0.05
B3 2.3340.70 1.01 £ 0.16 1.19 £ 0.15 1.05 + 0.10 >0.05 >0.05 >0.05 >0.05
B4 2.80 4+ 0.28 117 £0.13 128 +£0.13 1.20 + 0.04 0.128 4 0.004 0.108 £ 0.003 0.120 + 0.007 0.110 4 0.002
B5 322 +£0.23 139+ 0.14 157 £ 0.11 1.46 + 0.06 0.125 4+ 0.016 0.112 £ 0.003 0.121 4+ 0.006 0.116 4 0.004

absorbance of Ca, Sr, Mg and Mn is shown in Fig. 2. As it can be seen, the
Ca-Sr and Mg-Mn pairs were similarly affected. These similar behaviors
confirm that Sr and Mn are adequate internal standards for Ca and Mg,
respectively [12-15]. An increase in Ca and Sr absorbances with increas-
ing acetylene flow-rates was observed up to 110 Lh ™! (Fig. 2a); for Mg
and Mn, absorbances increased up to 120 Lh™! (Fig. 2b). Higher acety-
lene flow-rates cause an increase in the concentration of carbon in the
flame (reducing flame), contributing to a higher rate of the generic reac-
tion MO + C — M + CO, which results in a higher concentration of the
analytes (M) in the flame [16].

The use of internal standards minimized variations in absorbance for
Ca and Mg as acetylene flow-rates varied between 70 and 120 Lh~ !, and
between 40 and 80 Lh ™!, respectively (Fig. 2a and b). The efficiency of Sr
and Mn as internal standards may be explained in terms of atomization
mechanisms: Ca, Sr, Mg and Mn atomization essentially occurs via MO
formation (M = Ca, Mg, Sr, Mn), and the MO dissociation energies for
the Ca-Sr (Ca0: 363.3 + 50 k] mol™'; SrO: 426.3 + 6.3 k] mol~ ') and
the Mg-Mn (MgO: 358.2 & 7.2 k] mol™'; MnO: 362 + 25 k] mol™— )
pairs are similar [17].

The ethanol employed to dilute biodiesel samples (strategy adopted
for sample preparation) may alter atomization conditions, thus, the ef-
fect of the ethanol content on the absorbance of Ca, Mg, Mn and Sr
was also evaluated. An increase in the Ca and Sr absorbance at higher
ethanol concentrations (Fig. 3a) was observed. This may be attributed
to a decrease in the solutions surface tension [18], and an increase in
the flame temperature [19], which respectively improves nebulization
and Ca and Sr atomization rates. A slight decrease in Mg and Mn absor-
bance was observed (Fig. 3b) when the ethanol-water ratio varied from
0 to 40% (v/v). Ethanol content higher than 40% (v/v) increased the ab-
sorbance signals. It should be mentioned that the effect of flame tem-
perature on both Mg and Mn was less pronounced than that observed
for Ca and Sr. This fact may be related to the lower energy requirements
to dissociate MgO and MnO. As it can be seen in Fig. 2, the effects on Ca
and Mg absorbance caused by variations in the acetylene flow-rate be-
tween 70 and 90 L h~ ! and 40 and 80 L h™!, respectively, were mini-
mized by using IS (A“/AS" AM&/AM™) This is additional evidence of the
efficiency of Sr and Mn as internal standards for Ca and Mg, respectively.

3.2. Evaluation of the internal standard concentrations

Considering that each internal standard may be present in the original
samples at different concentration ranges, the effect of their concentration
on the efficiency of the ISA method was evaluated. Calcium and Mg were
determined in samples spiked with 0.5 mg L™ Ca, +0.05 mg L™ ' Mg and

different concentrations of Mn (0-0.25 mg L~ ') and Sr (0-0.50 mg L™ '),
as depicted in Fig. 1. Calibration curves associated to additions of Mn and
Sr are shown in Fig. 4a and b, respectively. For these figures, the absor-
bance of Mn and Sr in solutions ‘@’ (Fig. 1, first column) for each group
S1, S2, S3 and S4 was taken as analytical blank to correct the absorbance
of solutions b-e. Net calibration curves are shown in Fig. 4c and d. The ab-
sorbances corresponding to the Mn and Sr concentrations originally pres-
ent in the samples (blank) were subtracted from each sample so that 1/
[Mn] or 1/[Sr] correspond to the exact concentrations of added internal
standards. The small sensitivity variations observed for the ISA calibration
curves shown in Fig. 4e and f did not negatively impact the recoveries of
Ca (95%, 87%, 98%, 93%) and Mg (90%, 112%, 100%, 97%). In addition, the
presence of Mn in the original samples did not affect the performance of
ISA, as opposed to what was observed for Mg determinations in CRMs
by IS (Table 1). These results suggest that the internal standard may be
present in the original samples, and that this effect was minimized by
the matrix-matching effect provided by the ISA method.

3.3. Determination of Ca and Mg

The accuracy of the ISA method was checked by analyzing diverse
CRMs (milk, botanical tissues, biological tissues, flours and biodiesel).
For comparative purposes, all CRMs were also analyzed by ES, SA and
IS (Table 1).

For ES, the results obtained for Ca in Whole Milk Powder and Mussel
Tissue, and for Ca and Mg in Biodiesel were not in agreement with the
certified values at the 95% of confidence level (t-test). For biodiesel,
the Ca concentration determined was 2.5 times higher than the certified
value, probably due to the higher flame temperature caused by ethanol
used for sample dilution. Magnesium concentration, however, presents
recovery of, only, 114%, because the increase in Mg sensitivity was offset
by the decrease in aspiration-rate due to sample viscosity.

For the IS method, all values determined for Ca were in agreement
with the certified values at the 95% confidence level (t-test). For Mg
three materials presented lower concentrations than the certified
values. As discussed previously, the poor recoveries were probably
caused by the presence of Mn in the samples' composition: Mussel Tis-
sue (25 pg L~ Mn, 87% of recovery), Rice Flour (53 pg L~! Mn, 75% of
recovery) and Tomato Leaves (98 ug L' Mn, 73% of recovery).

For SA, all values determined in the CRMs were similar to the certi-
fied values. However, some results (Ca in Biodiesel and Wheat Flour,
and Mg in Whole Milk Powder) were not in agreement with the certi-
fied concentrations at the 95% confidence level (t-test). The observed
results are due to the great handling during solution preparation,

Table 3

Recoveries in % (expressed as mean =+ standard deviation) corresponding to 0.2 mg L™! Ca and 0.1 mg L~ Mg determined (n = 3) by ES, IS, SA and ISA.
Samples Ca Mg

ES IS SA ISA ES IS SA ISA

B1 234 4+ 27 102 £ 11 107 £ 9 94 +2 111 +5 100 + 4 111+£2 100 £5
B2 220 + 28 107 + 15 97 +£5 99 +3 119+ 8 98 +2 115+ 2 105 4+ 2
B3 291 + 21 112 £ 11 121+ 8 93 +2 116 + 7 105 £+ 3 108 &+ 15 105+ 1
B4 219 +£ 11 101 £5 127 +£6 109 + 4 113 +£5 100 + 2 113+£2 103 +£2
B5 283 £ 76 100 + 10 127 + 10 109+ 5 120+ 7 104 +£3 106 + 17 106 +£ 6
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Table 4

Comparative data for Ca and Mg determination in one biodiesel sample by HR-CS FAAS
employing external standard (ES), internal standardization (IS), standard addition (SA)
and internal standard addition (ISA).

ES IS SA ISA

Calibration Number of standard solutions® 6 6 6 6
Time spent preparing standard solutions, min 5 6 11 12
Time spent measuring standard solutions, min 12 18 12 18
Sample Number of sample analyzed 1 1 1 1
Sample mass by replicate, g 1 1 6 6
Time spent preparing sample, min 2 2 0 0

Time spent measuring sample, min 2 3 0 0
Determination Time spent determining (n = 1) Caand Mg, min 21 29 23 30
Time spent determining (n = 2) Caand Mg, min 25 34 46 60
Time spent determining (n = 3) Caand Mg, min 29 39 69 90
Time spent determining (n = 4) Caand Mg, min 33 44 92 120

¢ Six-point calibration (blank + 5 standards).

making the SA method more susceptible to random errors, which can
affect the results.

For the ISA method, all determined values for both Ca and Mg were
in agreement with the certified ones at the 95% confidence level (t-test).
ISA's relative standard deviations (RSD) of 6% for Ca and Mg were better
than the ones calculated for ES (12% for Ca and 9% for Mg), IS (9% for Ca
and 7% for Mg) and SA (7% for Ca and 8% for Mg). The negative effects on
accuracy and precision caused by random errors, analytical fluctuations
due to physical-chemical parameters (i.e., flame composition and rate
of sample introduction), and the presence of Mn in some samples
were significantly minimized by the combination of internal standardi-
zation and standard additions with ISA.

Following the method validation, ISA was applied to the determina-
tion of Ca and Mg in five biodiesel samples. The same samples were also
analyzed by ES, IS and SA for comparison. As it can be seen in Table 2, the
results follow the same tendency observed for the biodiesel CRM. The
concentrations of Ca and Mg obtained by ISA were in agreement with
those determined by IS and SA at the 95% confidence level (paired t-
test). However, results for ES were statistically different from the
other calibration methods.

As observed in the previous accuracy studies, addition and recovery
studies have shown the following efficiency order: ES < SA < IS, ISA
(Table 3). Analysis of this table reveals that better results (precision
and accuracy) were obtained with ISA method. RSDs calculated for 12
successive measurements of a sample containing 0.5 mg L™ ! Ca and
0.05 mg L~ Mg were: as 12%, 10%, 7% and 3% for ES, IS, SA and ISA, re-
spectively for Ca; and 6%, 3%, 7% and 3% for ES, IS, SA and ISA, respective-
ly for Mg. The precision of ISA is comparable to other classical strategies
of calibration (ES, SA, IS). On the other hand, the proposed ISA method
demands more time and sample amount (Table 4) than the classical
comparative methods. Considering the determination of Ca and Mg in
one biodiesel sample by HR-CS FAAS, the spent times for 1 replicate
were 21, 29, 23 and 30 min for ES, IS, SA and ISA, respectively. The
long time observed for IS and ISA is a consequence of measuring 4 wave-
lengths (2 analytes + 2 internal standards). Analysis of Table 4 also re-
veals that when the number of replicates increased fromn =1ton =4,
the total time for determining Ca and Mg by ES, IS, SA and ISA increased
1.5, 1.5, 4 and 4 times, respectively. This is a consequence of using one
calibration per sample (SA and ISA) and one calibration for several sam-
ples (ES and IS). In spite of the lower sample throughput, the ISA may be
considered an interesting and efficient tool to analyzed complex
samples.

4. Conclusions

The ISA calibration method is an efficient and attractive strategy that
combines the benefits of IS and SA. Different from the traditional SA cal-
ibration, ISA also corrects for random errors and analytical signal fluctua-
tions. In addition, the presence of the internal standard in the original
sample at relatively low concentrations should not affect the ISA perfor-
mance as would be the case in a traditional IS determination. On the
other hand, it is noteworthy to point out that sample volume and number
of analytical solutions employed are some drawbacks of ISA. However,
these issues can be minimized by using Standard Dilution Analysis
coupled to flow technique.
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