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ABSTRACT 

Calibration is one of the most important steps of any analytical chemistry 

procedure. The selection of an appropriate calibration strategy, therefore, is of utmost 

importance when beginning any analysis. In the field of analytical chemistry, there are 

three most commonly used calibration methods: external standard calibration (EC), 

internal standard calibration (IS), and standard additions (SA). Careful consideration 

should be made when selecting a calibration method, as each of these three have their 

benefits and drawbacks. EC works best in applications in which the matrix of the sample 

is nearly identical to the matrix of the standard solutions. This typically means the sample 

needs to be in a very clean matrix. However, this is commonly not the case. IS works to 

correct for variations in sample volume, transport, and other problems associated with 

physical characteristics of the sample. SA is commonly used when the matrix of the sample 

is very complex, which EC and IS cannot correct for. While SA is one of the most sought 

after for correcting for major problems associated with matrix effects, it is very time 

consuming and labor intensive.  

 Several alternative calibration methods have been proposed for overcoming the 

limitations of EC, IS, and SA. These calibration methods typically aim to either: (a) 

improve accuracy and precision, (b) increase sample throughput, (c) simplify sample 

preparation, or (d) minimize reagent consumption and waste. One of the more recently 

proposed methods is standard dilution analysis (SDA). SDA works by combining the main 

principles of IS and SA calibration into one novel calibration strategy. Two solutions, 

containing sample and standard, and sample and blank, are mixed with each other, and data 

is collected throughout the mixing process. Though the technique works very well, in its 



xx 
 

original form, there were some drawbacks, including relatively low sample throughput, 

difficult data processing, and the inability to automate the technique.  

 In each of the works illustrated here, we find alternative ways to use SA to improve 

accuracy, and improve SDA to achieve higher sample throughput while keeping the high 

accuracy of the method. The performance of the extrapolation, interpolation, reversed-axis 

and normalization approaches in SA were evaluated and compared. The problems related 

with data processing and automation of SDA were addressed by adding a second IS species 

to the sample preparation procedure, and fashioning a mixing chamber for automated 

mixing. Sample throughput issues were addressed by developing a matrix-matched, two-

point calibration technique based on the theory of SDA calibration. The applicability of the 

newly developed technique was explored over a wide range of concentrations, and the 

ultimate linearity of the calibration was further explored.  
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CHAPTER I: INTRODUCTION  
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Typical calibration in atomic spectrometry 

There are many different steps in any analytical procedure. Defining the problem, 

determining the appropriate method for analysis, collection of samples, preparation of the 

samples, calibration, interpretation of results, and then taking action based on the results 

[1]. All of these steps present their fair share of challenges. Determining the appropriate 

method for analysis is dependent on the type of data needed, the concentration of the 

analytes of interest in the sample, and the speed at which results are needed. Sample 

preparation, typically the most time consuming part of any analytical procedure, depends 

on the method that was chosen, the complexity of the samples, and how much sample is 

actually available for analysis [2]. The steps that must be taken in order to adequately plan, 

prepare, and perform a successful analytical procedure are long and tedious, and typically, 

the most consequential aspect of this process is the calibration step [3].  

 Calibration is required to provide an analyte concentration result for a sample or set 

of samples. In analytical chemistry, calibration involves the determination of a 

mathematical function describing the relationship between analyte concentration and 

instrument response [4]. In the field of atomic spectrometry, calibration implies two steps: 

(1) measuring signal intensities using solutions with known analyte concentrations 

(standards) so as to construct a calibration graph; and then, (2) the analyte concentration in 

the sample is deduced from the calibration graph using the measurement of the signal 

intensity from the analyte in the sample [5]. Typical calibration involves the use of more 

than two standard solutions, and when more than two standards are used, it is necessary to 

carry out a regression, most of which are based on the least-squares method (LSM), which 

minimizes the sum of the squares of the differences between the experimental data and the 
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computed values [5]. These linear regression models are then used to calculate the 

concentration of the analyte in the sample, based on the responses of the standard solutions.  

 There are a wide range of methods that can be applied when trying to calibrate for 

spectrometric measurements, and the most commonly used is external standard calibration 

(EC) [6]. In EC, a series of standard solutions are prepared at known analyte 

concentrations, in a clean matrix (no sample present), and these standards are then run on 

the instrument. A calibration curve is prepared from the signals measured and the known 

concentrations. The sample(s) are then run under the same instrumental conditions, and the 

signals measured are compared to the linear regression model determined from the 

calibration curve, and a concentration is determined.  

An example of EC is shown in Figure 1.1, from data previously published [7]. In 

this example, a calibration curve of Cu was prepared in 1% v/v HNO3 at increasing 

concentrations of 0.5, 1.0, 5.0, and 10 mg L-1. This calibration curve, and a sample solution 

containing 2.0 mg L-1 Cu, that was also prepared in 1% v/v HNO3, was then analyzed via 

inductively coupled plasma optical emission spectrometry (ICP OES). The intensity 

measured for this sample was 109631 counts per second (cps). This intensity was then 

substituted into the linear regression model generated from the calibration curve (y = 58797 

x - 46.896), and the concentration, x, was solved for to be 1.87 mg L-1, giving a recovery 

of 93%.  
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Figure 1.1. Example of an external standard calibration. Calibration standard solutions are 

plotted in blue, and sample solution is plotted in orange. Sample concentration was 

obtained at 93% accuracy.  

 

This method of EC works well (within a quantitative error range, i.e. usually ± 

10%) for the example described in Figure 1.1, because the calibration solutions and sample 

solutions are prepared in the exact same matrix. However, for most practical applications, 

this is not the case. Typically, a sample being analyzed will not be in the same matrix as a 

set of calibration standard solutions, or behave the same as the calibration solutions while 

being analyzed, which causes problems in the accuracy of the results obtained.  

One commonly used alternative to EC is internal standardization calibration (IS). 

IS calibration is typically used to minimize the effects of fluctuations due to nebulization, 
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radiation source intensity, sample position, or other instrumental parameters on accuracy 

[4, 8, 9]. IS has also been shown to be effective at minimizing matrix effects, though this 

is not typically the main reason this method would be chosen [4, 10]. An example of EC 

and IS calibration is shown in Figure 1.2, from data previously published [7]. In this 

example, a calibration curve of Pb was prepared in 1% v/v HNO3 at increasing 

concentrations of 0.5, 1.0, 5.0, and 10 mg L-1, and 4.0 mg L-1 Y was also added to each 

calibration solution. This calibration curve, and a sample solution containing 2.0 mg L-1 Pb 

and 4.0 mg L-1 Y, that was prepared in 1% m/v Ca, was then analyzed via ICP OES. When 

this sample was analyzed via EC, not considering the Y that was added to each calibration 

solution and the sample, the concentration of Pb was recovered at 1.42 mg L-1, or 71%, as 

shown in Figure 1.2a. However, when the ratio of Pb/Y signal for each calibration solution 

was used as the independent variable (y-axis), the concentration of Pb was recovered at 

1.77 mg L-1, for an 89% recovery, as shown in Figure 1.2b.  
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Figure 1.2. Example of an external standard and internal standard calibration. Calibration 

standard solutions are plotted in blue, and sample solution is plotted in orange. For EC (a), 

analyte concentration recovery in sample was obtained at 71% accuracy. The expected 

sample concentration was shown in green (2 mg L-1). For IS (b), analyte concentration 

recovery in sample was obtained at 89% accuracy.  

 

 While the IS method greatly improved the accuracy of Pb determination in this 1% 

m/v Ca sample, it still did not give an adequate recovery, of 90-110%. There are plenty of 

cases where IS does not correct for all fluctuations from changes in sample matrix, and IS 

will not be efficient enough for severe matrix effects. For cases where neither EC nor IS 

work well, the standard additions (SA) method is the most commonly used alternative [11-

13]. SA calibration works by preparing the set of calibration solutions in the sample. 

Aliquots of sample would be set aside, spiked at increasing concentrations with the analyte 
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of interest, and these solutions would then be ran on the chosen instrument. Each of the 

calibration standard solutions are guaranteed to be in the same matrix as the sample, 

because they are prepared inside the sample itself. The concentration of analyte added to 

each sample solution is plotted on the x-axis, and the instrumental response is on the y-

axis. The concentration of analyte in an un-spiked sample is typically determined by an 

extrapolation of the plot to the x-axis, where the concentration is taken as the absolute value 

of the x-intercept (this is performed mathematically by setting y=0 in the linear regression 

model determined from the plotted data, and solving for the concentration, x) [4, 11, 13].  

 An example of SA calibration is shown in Figure 1.3, from data previously 

published [7]. In this example, an undiluted cola soft drink sample was spiked with 2.0 mg 

L-1 Co. An SA calibration curve of Co was prepared by spiking this sample, at increasing 

concentrations of 2.0 and 4.0 mg L-1. The curve was built with an unspiked sample and 

these two spiked samples. This calibration curve was then analyzed via ICP OES. When 

this cola soft drink sample with 2.0 mg L-1 Co was analyzed via EC and IS, Co was 

recovered at 1.53 and 1.72 mg L-1, for 76% and 86% recoveries, respectively. However, 

when this cola soft drink sample was analyzed via SA, Co was recovered at 1.98 mg L-1, 

for 99% recovery of the initial 2.0 mg L-1 spike.  
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Figure 1.3. Example of a standard addition calibration. Calibration standard solutions are 

plotted in blue, and the extrapolation of sample concentration is plotted in orange. Sample 

concentration was obtained at 99% accuracy.  

 

 While SA works well for samples with severe matrix effects, there are still some 

limitations to the method. The biggest drawbacks to SA are related to sample preparation. 

Mainly, every sample that is analyzed requires its own calibration curve to be prepared. 

This means for every sample to be analyzed, there are anywhere from 3-5 solutions that 

need to be prepared. This leads to a large consumption of analyte standard solutions and 

the sample solution itself, and the production of much more residues. For cases where the 

volume of sample available for analysis is small, SA is not practical. This also leads to a 

drastic increase in the amount of time required, both in terms of sample preparation, and 
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analysis of the solutions via the instrumental technique. For example, if there are 20 

samples to be analyzed, and a 4-point SA curve is needed for each of them, the number of 

solutions that need to be ran is now 80 solutions. Even if each solution can be ran in 

approximately 2 minutes, that particular instrumental run will now take close to 3 hours to 

complete. For comparison to EC or IS with a 5-point calibration curve, those analyses 

would take about 50 minutes. So, even though SA is a great choice for improving accuracy 

for complex sample matrices, the drawbacks of the method are many.  

 

Some non-traditional calibration strategies 

 While EC, IS, and SA are the most commonly used calibration strategies in 

analytical chemistry for most samples, each of these techniques has their own set of flaws 

and limitations. Because of this, there is an interest in developing new, non-traditional 

calibration strategies. These non-traditional calibration strategies typically make use of the 

nature of the instrumental technique, such as naturally occurring species in an Ar-based 

plasma for ICP-based techniques, and the ability to measure multiple analytical signals of 

isotopes or different species either simultaneously or fast-sequentially [14-17]. Some of 

these techniques include the interference standard method (IFS), multi-energy calibration 

(MEC), multi-isotope calibration (MICal), and multispecies calibration (MSC).  

 IFS considers correcting variations in the interfering signal rather than in the 

analytical signal, so signal bias caused by ions and polyatomic species naturally occurring 

in the plasma can be minimized by using the signal ratio between analyte and IFS species 

during calibration [14]. The main assumption of the IFS method is that since interfering 
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polyatomic species and IFS species may behave similarly in inductively coupled plasma 

mass spectrometry (ICP-MS), their signal ratio will be relatively constant, which can then 

minimize biases on the analytical signal by variations in the unresolved interfering signal 

[14]. IFS has been shown to be a successful alternative to traditional calibration strategies, 

such as improving accuracy in K, As, P, and Si determinations while using the 38Ar+ ion as 

the interference standard species [14]. IFS has also been shown to improve accuracy in Si 

determinations in CRM sample using the 36ArH+ and 38Ar+ as IFS to correct for 

interferences from N2
+ and 12C16O+ molecular ions [18]. Another example of IFS use is for 

S determination in biodiesel samples using 36Ar+, 36ArH+, and 38Ar+ as IFS to correct for 

interferences from polyatomic ions such as 16O2
+, (16OH)2

+, 14N16OH2
+, and 14N18O+ [19]. 

It should also be noted that IFS is used to correct for spectral interferences, which is 

different from the other non-traditional calibration methods that will be discussed, as they 

seek to correct for mainly matrix effects.   

 MEC uses a fixed analyte concentration and multiple transition energies for 

calibration, exploring the capacity of several analytes of generating analytical signals at 

many different wavelengths [15]. Two solutions are needed per sample, with solution 1 

(S1) containing 50% sample + 50% standard solution containing the analytes, and solution 

2 (S2) containing 50% sample + 50% blank solution. Each solution is run separately, the 

signal from several wavelengths for each analyte are monitored, and the signals from S1 

and S2 for each analyte are then plotted on the x-axis and y-axis, respectively [15]. The 

concentration of analyte in the sample is then calculated using the slope of the resulting 

calibration curve [15]. MEC has been shown to be a good alternative to traditional 

calibration strategies in many instances, such as analysis of complex samples (green tea, 
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cola soft drink, cough medicine, soy sauce, and red wine) via ICP OES, inductively coupled 

plasma-mass spectrometry (ICP-MS), and high-resolution continuum source flame atomic 

absorption spectrometry (HR-CS FAAS), the analysis of cattle mineral supplements for 

Ca, Cu, Fe, Mn, and Zn determination via laser-induced breakdown spectroscopy (LIBS), 

and fertilizer sample analysis for As, Ba, Cd, Cr, and Pb determination via microwave-

induced plasma optical emission spectrometry (MIP OES) [15, 20, 21].  

 MICal and MSC are interesting calibration strategies that take advantage of modern 

instrumentation’s capabilities to simultaneously, (or in the case of ICP-MS, very fast 

sequential measurements), monitor multiple signals at once. These two strategies can be 

seen as extensions of the MEC method, as they all rely on a matrix matching approach, two 

calibration solutions, and no internal standard [4]. Calibration plots are built with signals 

measured from S1 and S2 on the x-axis and y-axis, respectively, where each point 

corresponds to either a different isotope (MICal) or molecular ion (MSC) of the same 

analyte [4]. These calibration methods have been shown as successful strategies for 

multiple applications, including determination of Ba, Cd, Se, Sn, and Zn via ICP-MS in 

several CRMs, including plant materials, flours, and water (using MICal), determination 

of Cd, Cr, Mo, Ni, Pb, Se, and Sr via ICP-MS in bovine liver and bovine muscle CRMs 

(using MICal), and determination of As, Co, and Mn via ICP-MS in tomato leaves and 

bovine liver CRMs [16, 17, 22].  
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Standard dilution analysis 

 Another non-traditional calibration strategy that has many applications, and is also 

the main focus of this dissertation, is standard dilution analysis (SDA). SDA was first 

proposed and published in 2015 by Jones et al., and is an alternative to the traditional 

calibration strategies [23]. It is a matrix-matching method that also includes the use of 

internal standards, combining the theories of both SA and IS into one cohesive calibration 

strategy.  

 The goal of this work is to develop new calibration strategies to improve the 

efficiency of atomic spectrometric methods. The following chapters of this dissertation 

include a modification of the traditional SA method to improve its accuracy, automating 

and simplifying the data analysis of SDA, removing the need to mix solutions in SDA by 

developing an alternative approach using only two solutions ran individually, and then 

further exploring this alternative approach’s applicability to a wide range of concentrations 

and sample types.   
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Introduction 

 The accuracy of any quantitative chemical analysis fundamentally relies on the 

calibration method adopted. Traditional approaches include external standard calibration 

(EC), internal standardization (IS) and standard additions (SA). Each of these methods 

presents its own advantages and limitations, with EC representing the fast and easiest to 

use, although with limited accuracy when analyzing complex-matrix samples [1]. 

 Standard additions is the most robust among the traditional methods, as it can 

successfully overcome signal biases caused by matrix effects. It was first described in 1937 

by Hans Hohn, who used SA in polarography analyses [2]. The method remained relatively 

underused until the early 1950s, when it was applied in X-ray fluorescence and atomic 

spectrometry, and then became widely used in several fields of analytical chemistry [2-4]. 

Standard additions provides accurate results for complex-matrix samples analyses because 

it employs the sample itself as the medium to prepare the calibration solutions. A standard 

solution containing the analytes is added to 3-4 constant-volume aliquots of the sample, 

and each mixture is diluted to a common final volume with blank. Another solution is also 

prepared with the same amount of sample and the same final volume, but with no standard 

solution added [5,6]. Because all of the 4-5 calibration solutions contain the same amount 

of sample, no matrix effects are expected, which significantly improves accuracy. 

 

Interpolation and extrapolation 

Once instrument response is recorded for each calibration solution, a mathematical 

method (usually ordinary least-squares linear regression) is employed to estimate the 

functional parameters of the calibration model [7]. For most calibration methods (e.g. EC 
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and IS), the unknown analyte concentration in the sample (Csam) is calculated by 

interpolation (Fig. 2.1a), which involves instrument responses within the same range of 

values for both samples and calibration solutions. In SA, however, Csam is traditionally 

determined by extrapolation (Fig. 2.1b), which is based on projecting the calibration line 

onto the x-axis of the graph. Some authors, such as Meier and Zünd [8] and Andrade et al. 

[9], argue the extrapolation approach leads to biased and imprecise results because the x-

intercept corresponding to Csam is outside the boundaries of the calibration model (Fig. 

2.1b).  

 

Fig. 2.1 Typical calibration plots used to determine the unknown concentration of analyte 

in a sample (Csam). The interpolation method (a) is commonly used in external standard 

calibration and internal standardization. The extrapolation method (b) is traditionally used 

in standard additions. The instrument response, concentration of analyte in the calibration 

standard, volume of standard added to the calibration solutions, and instrument response 

from the sample solution are represented by y, Cstd, Vstd, and ysam, respectively. 

 

Andrade et al. described an alternative interpolation approach to SA, in which the 

analytical signal from the sample (ysam) is multiplied by two and used with the calibration 
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curve equation to determine Csam [9]. As one uses twice the instrument response for the 

sample (i.e. the calibration solution to which no standard was added), all analytical signals 

fall within the same range (Fig. 2.2), which, according to the authors, improves the 

accuracy of SA-based analyses [9].  

 

Fig. 2.2 Interpolation approach to determine the unknown concentration of analyte in a 

sample (Csam) by standard additions. The instrument response, volume of standard added 

to the calibration solutions, and instrument response from the sample solution are 

represented by y, Vstd, and ysam, respectively.  

 

The interpolation and extrapolation strategies were compared by artificially introducing 

signal biases to several points of the SA calibration plot and evaluating the respective 

effects on the trueness and variance of the results. Compared to an undisturbed calibration 

plot, and depending on both the magnitude of the signal bias and to which calibration point 

it was introduced, concentration estimation errors as high as 30% were observed with the 

extrapolation approach. In the same study, confidence intervals associated with the 
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calculated concentrations were up to 239% wider when employing extrapolation to 

disturbed calibration points [9]. 

 The extrapolation approach, graphically shown in Fig. 2.1b, may be mathematically 

described as follows. Considering that most solutions used in SA are a mixture of sample 

and standard, the instrument response for each individual calibration solution (yi) can be 

represented by Eq. (2.1). Here, k is a proportionality constant, and Vsam, Cstd, Vstd(i) and Vf 

represent the volume of sample, analyte concentration in the standard, volume of standard 

added to each individual calibration solution, and the final volume to which each solution 

was diluted with blank. 

 

𝑦 = 𝑘
     ( )

= 𝑘
 

+  𝑘
 ( )

   (2.1) 

 

  If yi is plot against Vstd(i), the slope (m) and intercept (b) of the calibration equation 

are represented by Eqs. (2.2) and (2.3). 

 

𝑚 =  𝑘
 
         (2.2) 

𝑏 =  𝑘
 

        (2.3) 

 

 Because the matrix is the same for all SA calibration solutions, k is the same in both 

Eqs. (2.2) and (2.3). Thus, they can be combined and re-arranged to define the unknown 

concentration of analyte in the sample (Eq. (2.4)). 
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=  

 

 
  

𝐶 =   ∙           (2.4) 

 

 In the interpolation approach (Fig. 2.2), the term 2ysam is added to Eq. (2.4), 

resulting in Eq. (2.5). Note that one could replace 2ysam with 2b, which would still be 

considered interpolation according to Andrade et al. [9], but would provide the same result 

as the one calculated with Eq. (2.4). Therefore, the only difference between interpolation 

and extrapolation is the use of the x-intercept (b) or the analytical signal from the sample 

(ysam) in the calculations. 

 

𝐶 =  
( )

 ∙          (2.5) 

 

Estimation of concentration uncertainty in SA 

 A common difficulty when applying the SA method is associated with estimating 

the uncertainty (SCsam) of the calculated Csam value. Error propagation is used in such 

estimation, which involves complex equations and contributes for a laborious and 

cumbersome data processing. To calculate SCsam for the traditional extrapolation approach, 

uncertainties on both b and m (Sb and Sm, respectively), as well as their covariance (Sbm), 

are combined (Eq. (2.6)). Note that Cstd /Vsam in Eq. (2.4) is a constant, and is represented 

by k1 in Eqs. (2.6) and (2.7).  

 

𝑆 =  𝑆 +  𝑆 + 2 𝑆   
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𝑆 =  𝑘 𝑆 +  𝑘 − 𝑆 + 2𝑘 − 𝑆     

𝑆 =  𝑘 + − 
 

  

𝑆 =  𝐶  + − 
 

     (2.6) 

 

 As shown in Eq. (2.7), this process is even more complex for the interpolation 

approach. Here, uncertainties on ysam (Sy), b and m, as well as the respective covariances 

(Syb, Sym and Sbm) must be considered. 

 

𝑆 =  𝑆 +  𝑆 + 𝑆 + 2 𝑆   

+ 2 𝑆  + 2 𝑆   
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 An alternative to simplify these calculations has been described by Meija et al. and 

it is known as coordinate swapping [10], or reversed-axis method [11]. In this strategy, 

instrument response (yi) is plot on the x-axis, while volume of standard added to the 

calibration solutions (Vstd(i)) is plot on the y-axis. The uncertainty in Csam is then simply 

calculated as the standard deviation of the y intercept, which can be easily obtained using 

MS Excel’s LINEST function, or the “Regression” feature available in the “Analysis 

Toolpak” (Microsoft Corporation, Redmond, WA, USA). The reversed-axis approach has 

been successfully demonstrated in determinations of Br in water by gas chromatography 

mass spectrometry (GCMS) [10], and Na and K in biodiesel by flame atomic emission 

spectrometry (FAES) [11]. 

 

Normalization strategy 

 Considering that errors associated with preparation and measurement of different 

calibration solutions can significantly affect SA performance [9], we evaluate a new data 

processing approach to minimize the impact of such errors and facilitate the estimation of 

SCsam. It is based on signal normalization, which involves dividing instrument responses 

for each calibration solution (yi) by the analytical signal recorded for the sample (ysam). The 

calibration plot is then built with normalized signals (yi/ysam) on the y-axis, and Vstd(i) on the 

x-axis. By normalizing the analytical signals, it is possible that a significant error in one of 

the yi values will have a less significant impact on the overall accuracy of the model. The 

mathematical descriptions of both the normalization and the traditional extrapolation 

approaches are similar. The instrument response for the first calibration solution may be 

represented by Eq. (2.8), which is a reduction of Eq. (2.1) when Vstd(i) = 0. Signals for all 
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the other calibration solutions are represented by Eq. (2.1). Because k is the same in both 

of these equations, they can be combined and re-arranged to obtain Eq. (2.9). 

 

𝑦 = 𝑘
 

        (2.8) 

 

 

     ( )
=  

 

 
  

=  
 

 
+  
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       (2.9) 

 

 By plotting yi/ysam versus Vstd(i), the intercept of the resulting graph is 1, and the 

slope (m1) is represented by Eq. (2.10), which can be re-arranged to define the 

concentration of analyte in the sample (Eq. (2.11)).  

 

𝑚 =  
 

         (2.10) 

𝐶 =  
 

        (2.11) 

 

 One advantage of using the normalization approach is the simplicity of its 

uncertainty estimation. By applying the error propagation strategy to Eq. (2.11), SCsam is 

easily defined from the calibration curve slope and its respective uncertainty (Eq. (2.12)). 

 

𝑆 =  𝑆   

𝑆 =  𝑘 − 𝑆   
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𝑆 =  𝑘   

𝑆 =  𝐶         (2.12) 

 

In the present study, we evaluate the performance of the extrapolation, 

interpolation, reversed-axis and normalization approaches for applications involving three 

modern spectrochemical analysis methods: microwave-induced plasma optical emission 

spectrometry (MIP OES), inductively coupled plasma optical emission spectrometry (ICP 

OES), and inductively coupled plasma mass spectrometry (ICP-MS). Rather than 

computationally introducing signal bias to different calibration points [9], we analyze 396 

real sample replicates (involving the determination of 16 analytes) and compare the results 

from each SA approach based on trueness and precision. Addition and recovery 

experiments and the analysis of certified reference materials (CRMs) are used for method 

comparison.  

 

Materials and methods 

Instrumentation 

 The spectrochemical analysis instrumentation used in this study include a MIP OES 

(4200 MP-AES, Agilent Technologies, Santa Clara, CA, USA), an ICP OES (5110 ICP-

OES, Agilent), and a tandem quadrupole ICP-MS (8800 ICP-MS/MS, Agilent). A double-

pass cyclonic spray chamber and an inert OneNeb nebulizer were part of the MIP OES’ 

sample introduction system. A liquid nitrogen Dewar (Air Products and Chemical Inc., 

Lexington, NC, USA) was used as N2 gas source for MIP OES operation. Both the ICP 

OES and ICP-MS instruments used argon from a liquid Ar Dewar (Air Products). ICP OES 
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determinations were carried out in axial-view mode, using a single-pass cyclonic spray 

chamber and a glass concentric nebulizer as part of the sample introduction system. ICP-

MS analyses were performed in single quadrupole mode, with a sample introduction 

system composed of a Peltier-cooled, double-pass, Scott-type spray chamber (operated at 

2 oC), and a glass concentric nebulizer. Spectral interferences during ICP-MS 

determinations were minimized by kinetic energy discrimination using He (99.999%, 

Airgas, Colfax, NC, USA) as the collision gas. Additional details on the instrumental 

parameters and operating conditions adopted for MIP OES, ICP OES and ICP-MS are 

shown in Table II.I. 

 

Table II.I Operating conditions adopted for MIP OES, ICP OES and ICP-MS analyses. 

Instrument Instrumental parameter Operating condition 

MIP OES Microwave applied power (kW) 1.0 

 Plasma observation positiona -20 (Mn), -10 (Al, Co, Cr, Cu, Fe), 0 

(Feb, Mg, Ni), 10 (Zn)   

 Nebulization gas flow rate (L min-1) 0.50 (Zn), 0.75 (Feb, Mg), 0.80 (Co, Cu, 

Ni), 0.90 (Fe), 0.95 (Mn), 1.00 (Al, Cr)   

 Peristaltic pump speed (rpm) 15 

 Integration time (s) 3 

 Analytical wavelengths (nm) 396.152 (Al), 340.512 (Co), 425.433 

(Cr), 324.754 (Cu), 371.993 (Fe), 
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285.213 (Mg), 403.076 (Mn), 341.476 

(Ni), 213.857 (Zn) 

ICP OES Radio frequency applied power (kW) 1.2 

 Plasma viewing mode  Axial 

 Plasma gas flow rate (L min-1) 12.0 

 Auxiliary gas flow rate (L min-1) 1.00 

 Nebulization gas flow rate (L min-1) 0.70 

 Pump speed (rpm) 12 

 Integration time (s) 5 

 Analytical wavelengths (nm) 396.152 (Al), 188.980 (As), 214.439 

(Cd), 238.892 (Co), 267.716 (Cr), 

327.395 (Cu), 259.940 (Fe), 769.897 

(K), 285.213 (Mg), 257.610 (Mn), 

231.604 (Ni), 220.353 (Pb), 213.857 

(Zn) 

ICP-MS Radio frequency applied power (kW) 1.55 

 Plasma gas flow rate (L min−1) 15 

 Auxiliary gas glow rate (L min-1) 1.0 
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 Carrier gas flow rate (L min−1) 1.05 

 Sampling depth (mm) 10 

 Pump speed (rps) 0.1 

 Collision cell gas / flow rate (mL min-1) He / 4.0 

 m/z monitored 107 (Ag), 75 (As), 111 (Cd), 59 (Co), 52 

(Cr), 63 (Cu), 56 (Fe), 55 (Mn), 60 (Ni), 

208 (Pb), 78 (Se), 51 (V), 66 (Zn) 

a Based on stepper motor positioning of a mirror, with no specific unit. Position 0 

approximately corresponds to the center of the plasma [10]. 

b MIP OES condition used for Fe determination in the CRMs. 

 

 Samples were digested in a closed-vessel microwave-assisted digestion system 

(Ethos Up, Milestone, Sorisole, Italy). An electronic balance (Mettler AE 100, Hightstown, 

NJ, USA) and a vortex mixer (Fisher Scientific, Fair Lawn, NJ, USA) were also used for 

sample preparation. 

 

Reagents and standard reference solutions 

All samples and analytical solutions were prepared with distilled-deionized water 

(18 MΩ·cm, Purelab Option-Q, Elga, Woodridge IL, USA) and trace-metal-grade nitric 

acid (Fisher). Low trace metals hydrogen peroxide (Veritas, Columbus, OH, USA) was 

also used for sample preparation. Working solutions used in SA and for the addition and 

recovery experiments were prepared from adequate dilution of single-element stock 
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solutions of Ag, Al, As, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb, Se, V and Zn (1000 or 10 

mg L-1, High Purity Standards, North Charleston, SC, USA). Standard solutions (Cstd) with 

analytes at 10.0 mg L-1 (addition and recovery experiments) or 100.0 mg L-1 (CRMs) were 

used for MIP OES determinations. For ICP OES and ICP-MS, the standard concentrations 

adopted were 25.0 and 0.5 mg L-1 (addition and recovery), or 20.0 and 1.0 mg L-1 (CRMs), 

respectively. Unless otherwise noted, all solutions analyzed in this study had an acid 

concentration of 1% v/v. Synthetic solutions mimicking complex matrices were prepared 

from methanol (ACS grade, Sigma Aldrich, Milwaukee, WI, USA), CaCl2 or NaNO3 

(Fisher). Five or six calibration solutions were used in all SA determinations. 

 

Samples and sample preparation 

Green tea, energy drink, whiskey, eye drops, cough medicine, and three brands of 

mouthwash were analyzed by MIP OES. Simple dilution in 1% v/v HNO3 was adopted as 

the sample preparation procedure for all these samples, except cough medicine. To 

minimize sample introduction issues due to its viscosity and the presence of 

pharmacotechnical excipients, the cough medicine sample was submitted to an acidic 

extraction prior to analysis [12,13]. Approximately 5.00 mL of sample were accurately 

weighed, using an electronic balance, and mixed for 5 min with 1.5 mL of concentrated 

HNO3 and 3.0 mL of H2O2 using a vortex mixer. The sample mixture was then heated at 

100 °C for 30 min in a water bath. After cooling down, the solution was filtered with a 

filter paper of 0.45 µm pore size, and diluted 20-fold with 1% v/v HNO3 before 

determination by MIP OES. 
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ICP OES determinations involved the following matrices: 20% v/v HNO3, 0.1% 

m/v Ca, 0.1% m/v Na, and 10% v/v methanol. These same matrices were evaluated by ICP-

MS, with the addition of a beef bone sample and a water reference sample (Water Pollution 

Standard 1, WPS1-100, VHG Labs, Manchester, NH, USA). For beef bone digestion, 

approximately 0.2 g of sample were accurately weighed, transferred to a TFMTM flask, and 

digested with 1 mL of concentrated HNO3, 2 mL of H2O2, and 7 mL of distilled-deionized 

water. The heating cycle used with the microwave-assisted digestion system was composed 

of three steps: 15-min ramp to reach 200 oC, a constant-temperature step at 200 oC for 15 

min, and cooling for 15 min. The digested sample solutions were then diluted to 50 mL 

with distilled-deionized water before analysis. 

Certified reference materials of Peach Leaves (NIST 1547) and Oyster Tissue 

(NIST 1566b), acquired from the National Institute of Standards and Technology (NIST, 

Gaithersburg, MD, USA), were used for comparing the accuracy of the different SA 

approaches. Except for the final dilution, the same digestion procedure used for beef bone 

was adopted for the CRM samples. Before analysis by ICP OES, the Peach Leaves and 

Oyster Tissue digests were diluted 50-fold and 5-fold, respectively, with 1% v/v HNO3. 

For MIP OES and ICP-MS analyses, the digested solutions were diluted to 20 mL with 

distilled-deionized water. 

 

Results and discussion 

Trueness evaluation 

 The extrapolation, interpolation, reversed-axis and normalization methods were 

applied to the analysis of two CRMs to evaluate their performance regarding trueness and 
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precision. Several analytes were chosen based on their concentrations in Peach Leaves and 

Oyster Tissue and the respective sensitivities for MIP OES, ICP OES and ICP-MS. 

Trueness was evaluated based on analyte percent recoveries for each individual 

determination, i.e. sample replicate recoveries were taken separately and independently. 

Fig. 2.3 shows boxplot representations of the analyte recoveries for each instrumental 

method.  
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Fig. 2.3 Boxplots representing analyte percent recoveries obtained with different SA 

approaches: (a) MIP OES determination of Mg, Fe and Mn in Peach Leaves, and Cu, Fe 

and Mn in Oyster Tissue (n = 18, i.e. 3 analytes per sample x 3 replicates per analyte x 2 

samples = 18 data points); (b) ICP OES determination of Al, K and Mg in Peach Leaves, 

and Cu, Fe and Zn in Oyster Tissue (n = 18); (c) ICP-MS determination of Cu, Ni and V 

in Peach Leaves, and Ag, Cd and Se in Oyster Tissue  (n = 18). Comparison with 

extrapolation approach: ns = not significant (p > 0.05), * = 95% significance (p < 0.05), 

and *** = 99.9% significance (p < 0.001). 

 

Individual results for each element are shown in the Electronic Supplementary Material 

(Tables SII.I-SII.III). Analysis of variance (ANOVA) was employed to identify statistical 

differences among the SA approaches. A Student’s t-test was then used as a post-hoc test 

to assess differences in concentrations calculated between the traditional extrapolation 

approach (used here as a reference for comparison) and the other strategies. 

 No statistically significant difference was observed among the SA approaches in 

ICP-MS determinations (Fig. 2.3c). However, for ICP OES (Fig. 2.3b), the interpolation 

approach produced statistically different results, at the 95% significance level, compared 
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to extrapolation. For MIP OES (Fig. 2.3a), both interpolation (99.9% significance) and 

normalization (95% significance) results were statistically different from those obtained by 

extrapolation. Note that the extrapolation and reversed-axis approaches provided ICP OES 

results within a tighter range, which was closer to 100% recovery, compared to 

interpolation and normalization. For MIP OES, the normalization results were less spread 

out compared to the other SA approaches. The results in Fig. 2.3 are reflected on values of 

mean absolute error (MAEr, %), which is an average of all non-negative differences from 

a 100% recovery for each individual replicate. While ICP-MS MAEr is 13% for all SA 

approaches, ICP OES values of 3%, 13%, 7% and 3% were calculated for extrapolation, 

interpolation, normalization and reversed-axis, respectively. For MIP OES, the MAEr 

values were 12%, 9%, 7% and 14%, respectively. It is important to understand that 

recovery errors can be positive or negative. For example, a 94% recovery corresponds to a 

-6% error, and a 102% recovery represents a +2% error. However, absolute vales were 

adopted here to facilitate the calculation of average errors. 

These trueness results may be related to the specific characteristics of each of the 

instrumentation methods evaluated. ICP OES is a robust method. Due to a high-

temperature plasma and simultaneous atomic emission detection, it is more precise and less 

prone to matrix effects than both MIP OES and ICP-MS [14,15]. The N2 plasma in the MIP 

OES instrument reaches temperatures significantly lower than in the Ar ICP, which 

contributes to more severe matrix effects [16,17]. In addition, analytical signals are 

sequentially recorded by the MIP OES’ monochromator-based detector, resulting in 

slower, less precise determinations compared with ICP OES [18]. ICP-MS also performs 

fast sequential measurements and is more prone to matrix effects than ICP OES. Rather 
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than indirectly measuring a signal from the analyte as in ICP OES, the analyte ion present 

in a complex matrix with a multitude of concomitant ions is directly measured in ICP-MS 

[19,20]. The extrapolation and reversed-axis methods depend on accurate measurements 

of each calibration solution in order to obtain accurate values of b and m. If a significant 

error occurs while measuring one of the calibration solutions, both b and m will be affected, 

resulting in poor accuracies [9]. Thus, the opposite performances observed for these SA 

approaches compared to interpolation and normalization when applied to ICP OES and 

MIP OES (Figs. 2.3a and 2.3b) may be explained by the different levels of signal 

fluctuation and matrix effects associated with each of these instrumental methods. On the 

other hand, both the interpolation and normalization approaches critically rely on accurate 

measurements of the first calibration solution (ysam), more so than the other methods (see 

Eqs. (2.5) and (2.9)). If the analytical signal drastically changes during the analysis of that 

solution, biased results will be obtained. Generally, it is expected that signal error for the 

first calibration solution (the one producing the least intense analytical signal) is relatively 

higher than that observed for the other solutions. This fact may explain the lower 

consistency of results (broader ranges) observed for the interpolation and normalization 

approaches compared to extrapolation and reversed-axis in ICP OES analyses (Fig. 2.3b). 

However, such signal error may have been compensated by a lesser dependency on all the 

other calibration points (and the potentially larger errors associated with them) in MIP OES 

measurements (Fig. 2.3a). For the normalization approach, using signal ratios to build the 

calibration plot further minimizes the effect of errors in any individual calibration point on 

the overall calibration model. Thus, the normalization approach provides generally more 

consistent results (narrower ranges) compared to the interpolation approach.      
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 The normalization strategy may be especially effective when a calibration point 

presents a relatively large error and significantly skews the results. Fig. 2.4 shows the 

calibration plot for a replicate measurement to determine Mn in Oyster Tissue by MIP 

OES.  

 

Fig. 2.4 Standard additions calibration plot used to determine Mn in a sample replicate of 

Oyster Tissue by MIP OES. The volume of standard added to the calibration solutions is 

represented by Vstd.  

 

As it can be observed, the instrument response for the last point of the curve is lower than 

predicted by the calibration model based on traditional extrapolation (represented by the 

trend line). That calibration point makes the intercept higher, which results in 

overestimation of the analyte concentration, i.e. Mn recovery of 136% and 132% for 

extrapolation and reversed-axis, respectively, for this sample replicate. The interpolation 

approach overcorrects the error, resulting in underestimation of the analyte concentration 
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(recovery of 81.1%). The normalization effect, provided by working with signal ratios, 

adequately corrects the signal error, resulting in an analyte recovery of 109%. 

 Another, more extreme example of a skewed calibration point in a SA plot is shown 

in Fig. 2.5.  

 

Fig. 2.5 Standard additions calibration plot used to determine K in a sample replicate of 

Peach Leaves by ICP OES. The volume of standard added to the calibration solutions is 

represented by Vstd. 

 

Here, there was a systematic error while measuring the second point of the curve, which is 

significantly lower than the value expected from the calibration model based on 

extrapolation (represented by the trend line). As a consequence, the intercept decreases and 

the analyte recovery is 94.0% and 77% for extrapolation and reversed-axis, respectively. 

Again, interpolation results in overcorrection, with an analyte recovery of 107%. The 

normalization approach significantly minimizes the effect of the inaccurate point on the 

calibration model, resulting in an analyte recovery of 101%. 
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Precision 

Precision was evaluated based on relative standard deviation values (RSDs). Each 

analyte was determined in triplicate, and the respective RSDs were calculated from the 

mean and standard deviation of each n = 3 set. Standard deviation values were calculated 

using Eqs. (2.6), (2.7) and (2.12) for the extrapolation, interpolation and normalization 

approaches. For reversed-axis, the standard deviation of the y-intercept was adopted. The 

R programming language and software environment (R Foundation for Statistical 

Computing, Vienna, Austria) was used for all calculations. An example dataset, with MIP 

OES signal intensities, is presented in Table SII.IV. Equation parameters calculated from 

this dataset and used to determine Csam and SCsam are shown in Table SII.V. 

Analysis of variance (ANOVA) was employed to evaluate RSDs from the different 

SA approaches. Although no statistically significant difference was found among the RSD 

values for any of the instrumental methods used, it is possible to observe that extrapolation 

provided the narrowest RSD ranges for MIP OES compared to the other SA approaches 

(Fig. 2.6a). Extrapolation and reversed-axis, and extrapolation and normalization provided 

the narrowest ranges for ICP OES and ICP-MS, respectively (Figs. 2.6b and 2.6c). 
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Fig. 2.6 Boxplots representing RSD values (n = 3 per analyte) obtained with different SA 

approaches: (a) MIP OES determination of Mg, Fe and Mn in Peach Leaves, and Cu, Fe 

and Mn in Oyster Tissue (n = 6, i.e. 3 analytes per sample x 2 samples = 6 data points); (b) 

ICP OES determination of Al, K and Mg in Peach Leaves, and Cu, Fe and Zn in Oyster 

Tissue (n = 6); (c) ICP-MS determination of Cu, Ni and V in Peach Leaves, and Ag, Cd 
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and Se in Oyster Tissue  (n = 6). Comparison with extrapolation approach: ns = not 

significant (p > 0.05).  

  

Addition and recovery experiments 

 The four SA approaches were also evaluated for application to other complex-

matrix samples employing addition and recovery experiments. For MIP OES, Al, Co, Cr, 

Cu, Fe, Mn, Ni and Zn were determined in green tea, energy drink, whiskey, mouth wash, 

eye drops and cough syrup. A total of 123 replicates were evaluated, with most samples 

submitted to no digestion before analysis. The analyte concentrations added to the samples 

were 1.0 mg L-1 (for most analytes), and 3.0 mg L-1 (for elements with less intense 

analytical signals such as Ni and Zn). Arsenic, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn were 

determined in 20% v/v HNO3, 0.1% m/v Ca, 0.1% m/v Na and 10% v/v methanol by ICP 

OES. One hundred-five sample replicates were evaluated, with 1.0 mg L-1 of analytes 

added to each sample. These same analytes and sample matrices, with the addition of beef 

bone and Water Pollution Standard 1, were evaluated for ICP-MS determinations. A total 

of 114 sample replicates were evaluated, and 20 g L-1 was adopted as the spike 

concentration for all analytes determined by ICP-MS.  

As shown in Figs. 2.7 and 2.8, no statistically significant difference in analyte 

recovery and RSD were observed among the four SA approaches (ANOVA), with a very 

similar distribution of individual values (represented by the density scatter plot overlay) in 

all cases. 
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Fig. 2.7 Boxplot-density scatter plot overlay representing analyte percent recoveries 

obtained with different SA approaches in addition and recovery experiments: (a) MIP OES 

determination of Al, Co, Cr, Cu, Fe, Mn, Ni and Zn in green tea, energy drink, whiskey, 

mouth wash, eye drops and cough syrup (n = 123); (b) ICP OES determination of As, Cd, 

Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in 20% v/v HNO3, 0.1% m/v Ca, 0.1% m/v Na and 10% 

v/v methanol (n = 105); (c) ICP-MS determination of As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb 

and Zn in 20% v/v HNO3, 0.1% m/v Ca, 0.1% m/v Na, 10% v/v methanol, beef bone and 

Water Pollution Standard 1 (n = 114). Comparison with extrapolation approach: ns = not 

significant (p > 0.05). 
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Fig. 2.8 Boxplot-density scatter plot overlay representing RSD values (n = 3 per analyte) 

obtained with different SA approaches in addition and recovery experiments: (a) MIP OES 

determination of Al, Co, Cr, Cu, Fe, Mn, Ni and Zn in green tea, energy drink, whiskey, 

mouth wash, eye drops and cough syrup (n = 41); (b) ICP OES determination of As, Cd, 

Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in 20% v/v HNO3, 0.1% m/v Ca, 0.1% m/v Na and 10% 

v/v methanol (n = 35); (c) ICP-MS determination of As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb 

and Zn in 20% v/v HNO3, 0.1% m/v Ca, 0.1% m/v Na, 10% v/v methanol, beef bone and 

Water Pollution Standard 1  (n = 38). Comparison with extrapolation approach: ns = not 

significant (p > 0.05). 
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Conclusions 

 For most applications, all four SA approaches evaluated provided similar trueness 

and precision. However, results from the CRM analyses suggest the extrapolation and 

reversed-axis approaches may provide more consistent values (within a narrower range) 

than the other SA strategies when employing a high-precision instrumental method that is 

less prone to matrix effects, such as ICP OES. On the other hand, the normalization 

approach may provide better trueness for less robust methods such as MIP OES. 

The normalization approach is capable of minimizing systematic errors associated 

with different points of the SA calibration curve. It may be particularly useful when 

analyzing a large amount of samples. With normalization, one can quickly process the data 

without the need for inspecting each individual calibration plot to identify outlying points.  

Considering the results presented in this study, normalization and reversed-axis are the 

most adequate approaches for SA applications involving MIP OES and ICP-based 

methods. In addition to providing similar accuracy as the traditional extrapolation 

approach, these strategies present the advantage of a simple uncertainty estimation, which 

can be easily calculated using commonly available software such as Microsoft Excel and 

R.  
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1. Introduction 

 In any analytical procedure, calibration is always one of the most consequential 

steps [1]. It usually involves multiple standard reference solutions, which are used to 

determine instrumental sensitivity and, subsequently, the concentration of analytes in a 

sample. In an ideal scenario, the matrices of calibration standards and samples are the same 

(matrix matching). In such a case, no matrix effects are expected, leading to accurate 

results. In addition to providing accurate and precise results, an efficient calibration method 

should also use minimal amounts of solution, with few calibration steps, which reduces 

analysis time, saves resources, and generates less waste. However, the calibration process 

often becomes increasingly more complicated and time-consuming as the sample matrix 

grows more complex and less similar to that of the standard solutions. As is often the case 

with unknown samples, it is unlikely that matrix matching is at all possible.  

 For applications in which matrix differences between sample and calibration 

standards are negligible, the external standard calibration (EC) is the most efficient and 

most broadly used method [2]. EC is fast, accurate and precise for most applications, but 

usually produces biased results when employed in complex-matrix sample analyses. A 

common alternative to EC is internal standardization (IS), which may significantly improve 

accuracy when used for correcting changes in light source intensity and analyte 

atomization, variations in sample volume, position (in discrete sample introduction 

systems) and transport (due to viscosity effects, for example), and other interfering sources 

associated with the physical characteristics of the sample and its environment [3,4]. In IS, 

an internal standard species, which must not be present in the sample and should have 

physical-chemical properties similar to that of the analyte, is added to all working solutions. 
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The ratio of analyte-to-IS signal is then used as the independent variable when building the 

calibration plot. Although more accurate than EC in many applications, IS signal correction 

is incapable of accounting for every single effect caused by a complex matrix. In addition, 

it requires a thorough evaluation to adequately choose the most suitable IS species for each 

analyte, which is neither trivial nor universally effective [5,6]. To ensure accuracy while 

analyzing complex-matrix samples, standard additions (SA) is the most efficient among 

the traditional calibration methods [7,8]. In SA, the calibration standards are prepared with 

the sample solution itself, thus ensuring the same matrix environment for all measurements. 

Despite its effectiveness at correcting for severe matrix effects, SA is extremely time-

consuming and generally unpractical when analyzing a large number of samples. In 

addition, it requires a relatively large amount of sample, which is unfeasible for certain 

applications.   

 Several alternative strategies have recently been proposed to overcome the 

shortcomings of EC, IS and SA. The new calibration methods involve multivariate and 

gradient dilution approaches [9-12], multiple signal sources from the same analyte [13-15], 

native plasma molecular species used as IS [16,17], among others to improve the accuracy, 

precision and sample throughput of routine analytical procedures [18]. In 2015, Jones et 

al. described a matrix-matching calibration method, known as standard dilution analysis 

(SDA), which combines IS and SA for fast, precise and accurate determinations [19]. SDA 

requires only two calibration standards per sample and it has been successfully employed 

with several analytical techniques for a broad range of samples and analytes [20-25]. In 

SDA calibration, data are collected for a mixture composed of 50% sample and 50% of a 

standard solution containing the analytes and an internal standard (Solution 1). With the 
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detector continuously recording analytical and IS signals, a second mixture containing 50% 

sample and 50% blank (Solution 2) is poured into the same container with Solution 1. As 

the two solutions mix, multiple calibration points are generated while standard and IS 

solutions become increasingly more dilute. Because both Solution 1 and Solution 2 contain 

the same amount of sample, there is no change in matrix constitution as they mix, which 

leads to no matrix effects and to improved performance when compared with EC, IS and 

SA [19-25].  

Despite its many advantages, SDA presents two main limitations which may 

prevent it from a broader application to different fields. The first limitation is related to 

automation. Because Solution 1 and Solution 2 must slowly mix to generate multiple 

calibration points, one usually needs to manually perform the solution mixing. Automation 

is certainly possible, but not without complicating the calibration procedure and modifying 

the instrumentation available in most laboratories [20,24]. The second limitation of SDA 

is related to difficulties with data processing. Fig. 3.1 shows a plot of analytical signal vs. 

time typically used in SDA. The “SDA region” of the graph must be accurately and 

precisely selected for producing unbiased results, which is less than straightforward. It may 

be done painstakingly by hand, or using an algorithm, which is challenging considering the 

variation associated with the manual nature of the calibration method.    
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Fig. 3.1. Typical analytical signal vs. time plot used in SDA calibration. The “SDA region” 

in the graph is associated with the mixing of the two calibration solutions and must be 

accurately selected to ensure accurate results. In this example, Cu is the analyte and Y is 

the internal standard element. 

 

 In present study, we describe two strategies that can overcome both of SDA’s main 

limitations and contribute to expanding its applications in routine analyses. By modifying 

the mathematical equations used with the method to include a second IS species, the entire 

dataset collected during solution mixing can be accurately used for calibration, i.e. there is 

no longer a need for accurately selecting a “SDA region”. In addition, the calibration 

procedure is automated by incorporating a small mixing chamber between the peristaltic 

pump and the nebulizer/spray chamber of an inductively coupled plasma optical emission 
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spectrometry (ICP OES) system. In this case, no instrument modification is required except 

for simple tube connections.  

The mathematical equations used in the new SDA method can be easily deduced. 

Consider eqn (3.1) and eqn (3.2), where SA,std and SIS1 represent signal intensities from the 

analyte in the standard solution and from the first IS (both added to Solution 1), and SA,sam 

and SIS2 represent signal intensities from the analyte  in the sample and from the second IS 

added to Solution 2. The overall analytical signal (SA), can then be represented as shown 

in eqn (3.3). 

𝐾 = ,         (3.1) 

𝐾 = ,         (3.2) 

𝑆 =  𝑆 , + 𝑆 , =  𝐾 𝑆 + 𝐾 𝑆     (3.3) 

If SIS1 is plotted on the x-axis and SA on the y-axis, with data collected during the 

mixture between Solution 1 and Solution 2, the slope and intercept of that plot, according 

to eqns (3.1)-( 3.3), are:  

𝑠𝑙𝑜𝑝𝑒 =  𝐾 = ,        (3.4) 

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  𝐾 𝑆 = , ∙ 𝑆 =  𝑆 ,    (3.5)   

If SA,std = mCA,std and SA,sam = mCA,sam, where CA,std and CA,sam represent the analyte 

concentration in the standard added to Solution 1 and in the sample, and m represents a 



52 
 

proportionality constant (which is the same for sample and standard as they exist in the 

same matrix), eqn (3.4) and eqn (3.5) can be rearranged and combined into eqn (3.6). 

= ,

,
=  𝑆 , ∙

,
=  𝐶 , ∙

,
  

𝐶 , =  ∙  ,       (3.6) 

To determine SIS1 and use eqn (3.6) to calculate CA,sam, one can plot SIS1 vs. SIS2 from 

the data collected while mixing Solution 1 and Solution 2. The y-intercept of that plot 

(intercept2 in eqn (3.7)) will be SIS1. Thus, because CA,std is known (as it was added to 

Solution 1), the equation used for the new SDA method can be written as shown in eqn 

(3.8).  

𝑆 = 𝑚 𝑆 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡       (3.7) 

𝐶 , =  ∙  ,      (3.8) 

As a proof of concept, the automated two-internal-standard SDA method has been 

used to determine Cd, Co, Cr, Cu, Pb and Zn in tap and creek water, and in complex-matrix 

samples of beer, cola soft drink, mouthwash, cough syrup and cachaça (Brazilian sugarcane 

spirit) by ICP OES. Addition and recovery experiments involving these same samples and 

other challenging matrices, such as aqueous solutions of 40% v/v HNO3, or 1% m/v Na, 

Ca or C, were used to evaluate the method’s accuracy. In addition, the new SDA method’s 

results were compared with values obtained with the traditional EC, IS and SA methods.  
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2. Materials and methods 

2.1. Instrumentation and signal acquisition 

 An Agilent 5110 ICP-OES (Agilent Technologies, Mulgrave, Australia) operating 

in Synchronous Vertical Dual View (SVDV) mode was used in all determinations. The 

sample introduction system is composed of an automated sampler (SPS4, Agilent), a 

single-pass cyclonic spray chamber and a glass concentric nebulizer. The spectrometer is 

equipped with Dichroic Spectral Combine (DSC®) technology, which allows for 

simultaneous acquisition of emission signals at both axial and radial plasma observation 

positions. Analytical signals used in SDA were recorded in the same manner as for all other 

calibration techniques, as the time-scan mode is no longer needed while using the second 

internal standard. During manual SDA (mSDA), sample uptake occurred for 30 s. At the 

end of the fast-pump (60 rpm) cycle and beginning of signal collection, Solution 2 was 

poured into Solution 1. Analytical signal intensities were then recorded for 100 replicates 

(1 s each). The instrument’s operating conditions are listed in Table III.I. Additional details 

on the automated SDA (aSDA) apparatus and procedure are described in a later section.  

 A microwave-assisted digestion system (Ethos Up, Milestone, Sorisole, Italy) was 

used for sample digestion.  

 

Table III.I. Instrumental operating conditions for Cd, Co, Cr, Cu, Pb and Zn determination 

by ICP OES using EC, IS, SA, mSDA and aSDA. 
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Instrument parameter Operating condition 

Plasma  

 RF applied power (kW) 1.2 

 Viewing mode  SVDV 

 Nebulizer gas flow rate (L/min) 0.70 

 Plasma gas flow rate (L/min) 12.0 

 Auxiliary gas flow rate (L/min) 1.00 

Other analytical parameters  

 Replicates 3a / 100b,c 

 Read time (s) 5a / 1b,c 

 Pump speed (rpm) 12a,b / 30c 

 Uptake delay (s) 25a,b / 0c 

 Rinse (s) 30a,b / 0c 

 Background correction model  Fitted 

Analytes and corresponding emission wavelengths (nm)  

 Cd (214.439), Co (238.892), Cr (267.716), Cu (327.395), Pb 

(220.353), Sc (361.383), Y (371.029), Zn (213.857) 

a Operating conditions associated with EC, IS and SA.  
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b Operating conditions associated with mSDA. 

c Operating conditions associated with aSDA. 

 

2.2. Reagents, samples and sample preparation   

 Distilled de-ionized water (18 MΩ·cm, Milli-Q ®, Millipore, Bedford, MA, USA) 

and trace-metal-grade nitric acid (Fisher, Pittsburgh, PA, USA) were used to prepare all 

solutions in this study. Single-element stock solutions containing 1000 mg L-1 of Cd, Co, 

Cr, Cu, Pb, Sc, Y or Zn (High-Purity Standards, Charleston, SC, USA) were used to prepare 

all standard solutions and to perform addition and recovery experiments. Microwave-

assisted digestion was carried out using trace-metal-grade nitric acid (Fisher) and trace-

analysis-grade H2O2 30% v/v (Sigma Aldrich, Saint Louis, MO, USA). 

 Tap water from a faucet in our lab, and water obtained from a creek on Wake Forest 

University’s Reynolda campus (Winston Salem, NC, USA) were filtered using a filter 

paper with pores of 10-µm diameter. The same procedure was adopted for beer (4.4% v/v 

ethanol), white wine (13% v/v ethanol), cachaça (Brazilian sugarcane spirit, 40% v/v 

ethanol) and mouthwash (Listerine®), which were then diluted 4-fold (beer, wine and 

cachaça) or 20-fold (mouthwash) before analysis. For Pepsi® soft drink (Pepsico, Inc.), 

the sample was shaken up to remove CO2, and then analyzed with no further dilution. All 

samples were acidified with HNO3 for a final acid concentration of 1% v/v.  

Five-milliliter aliquots of cough syrup (Robitussin®) were digested with 3.0 mL of 

concentrated HNO3, 1.5 mL of H2O2 30% v/v and 0.5 mL of distilled-deionized water using 

a microwave-assisted digesting system. The digestion heating cycle was composed of a 15-
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min ramp to reach 200 oC, a 15-min hold at 200 oC, and a final 15-min cooling step. The 

digested solutions were then diluted to 20 mL with distilled-deionized water. An additional 

20-fold dilution was performed immediately before analysis.  

In addition to determining Cd, Co, Cr, Cu, Pb and Zn in the original samples, they 

were also used in addition and recovery experiments to evaluate the SDA method’s 

accuracy. Complex-matrix samples containing 40% v/v HNO3, or 1% m/v Na, Ca or C 

(prepared from solid NaNO3, CaCl2 and urea, respectively) were also used in these 

experiments. In all cases, a 2.00 mg L-1 spike was employed.  

In all SDA determinations, 3.5 mL of sample and 3.5 mL of a standard solution 

(Cd, Co, Cr, Cu, Pb, Y and Zn in 1% v/v HNO3 at 4.00 mg L-1 each) were transferred to a 

polypropylene tube (Solution 1). Solution 2 was prepared by mixing 3.5 mL of sample and 

3.5 mL of a blank solution (Sc in 1% v/v HNO3 at 4.00 mg L-1) into another polypropylene 

tube. Yttrium and Sc were used as IS1 and IS2, respectively. During mSDA, Solution 2 was 

manually poured into solution 1 to produce the SDA calibration curves. For comparison, 

determinations using the traditional EC, IS and SA methods were also carried out for all 

samples. Yttrium was used as the internal standard element in IS determinations. 

 

2.3. Automated standard dilution analysis (aSDA)  

 A lab-made mixing chamber fashioned from a plastic 10 mL latex-free syringe (BD, 

Franklin Lakes, NJ, USA 07417) was used in all aSDA determinations (Fig. 3.2).  
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Fig. 3.2. Schematic representation of the mixing chamber used for aSDA. En is the 

entrance port, which is connected to the instrument’s automated sampler. Ex is the exit 

port, which is connected to the nebulizer/spray chamber. W is the waste port, and H 

represents a hole drilled on the mixing chamber to ensure solution mixing takes place under 

atmospheric pressure conditions. En, Ex and W are connected to PVC peristaltic pump 

tubes with internal diameters of 1.02, 0.76 and 0.38 mm, respectively. At a peristaltic pump 

speed of 30 rpm, the flow rates at these ports were experimentally determined as 2.91, 1.81 

and 0.47 mL min-1, respectively. 
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The syringe’s plunger was glued to prevent it from sliding during the analysis. Thus, the 

mixing chamber located between the peristaltic pump and the nebulizer/spray chamber of 

an ICP OES system presents an approximate volume of 7.60 mL. The entrance port (En) 

and exit port (Ex) are located at the 5.5 mL and 0.9 mL marks, respectively. The “waste” 

port (W) is at the bottom of the chamber (syringe tip). A hole (H, Ø = 3.0 mm) drilled at 

the top of the syringe, aligned with port Ex, allows solution mixing to take place under 

atmospheric pressure conditions. Solutions going through the instrument’s automated 

sampler probe eventually reach a 1.02 mm i.d. polyvinyl chloride (PVC) tube (white/white, 

Fisher) at the peristaltic pump, which then connects to port En. The analytical solutions 

then exit the mixing chamber through ports W and/or Ex, which are connected to 0.38 and 

0.76 mm i.d. PVC tubes (Fisher, orange/green and black/black, respectively) sitting on 

peristaltic pump. Initially, the solution in the mixing chamber exits only through port W. 

However, because of the differences in flow rate between ports En and W, the liquid level 

reaches port Ex and eventually arrives at the nebulizer/spray chamber.  

 The aSDA calibration procedure takes place in 4 steps. (1) The automated sampler 

moves to Solution 1, which eventually reaches the plasma after going though ports En and 

Ex (115 s). (2) The automated sampler moves to Solution 2, which slowly drips over 

Solution 1 accumulated in the mixing chamber. The mixture aliquots exiting the chamber 

through port Ex reach the plasma and are used for SDA calibration (115 s). (3) The 

automated sampler moves to a rinse solution so excess calibration solution can be removed 

from the mixing chamber (35 s). (4) The automated sampler moves to an empty tube to 

introduce air into the system and empty the mixing chamber before the next sample is 

introduced (105 s). In the ICP OES’ controlling software, Solution 1 and Solution 2 are 
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labeled as samples, while the rinse solution and the empty tube described in steps (3) and 

(4) are identified as calibration blank and calibration standard 1. Recalibration after two 

samples is selected in the software so the cycle described in steps (1)-(4) can be repeated 

for the next sample. All steps have 15 s of stabilization time, with sample uptake and rinse 

both set at 0 s. Steps (1) and (2) have 100 replicates of 1 s each. Steps (3) and (4) have 20 

s and 90 s of signal collection, respectively. Only signals recorded in step (2) are used in 

SDA calibration.   

 

3. Results and discussion 

3.1. SDA calibration 

 In the SDA procedure using two internal standards, the analytical signals are 

continuous and simultaneously monitored during the analysis. In the present work, 100 

replicates (1 s each) were recorded for each sample to generate a large number of 

calibration points without relying on a time-scan mode. As Solution 1 and Solution 2 mix 

either in a sample tube (mSDA) or in a mixing chamber (aSDA), emission signals from 

both analytes and the first internal standard (IS1) gradually drop, which starts at ca. 15 s in 

the present setup and continue until the last replicate. At the same time, the analytical signal 

of the second internal standard (IS2) gradually increases. Because of the presence of two 

internal standards, and different from the original SDA procedure, all 100 replicates are 

used for calibration, with neither a need for judiciously selecting a “SDA region” nor any 

negative effect on precision, accuracy or linearity. Fig. 3.3 and Fig. 3.4 show typical 

calibration plots associated with eqn (3.3) and eqn (3.7).   
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Fig. 3.3. Calibration plots used for Zn determination in cough syrup by mSDA, with Y and 

Sc used as IS1 and IS2, respectively. (a) Plot associated with eqn (3.3), from which slope1 

and intercept1 are calculated and used in eqn (3.8). (b) Plot associated with eqn (3.7), from 

which intercept2 is calculated and used in eqn (3.8). 
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Fig. 3.4. Calibration plots used for Zn determination in cough syrup by aSDA, with Y and 

Sc used as IS1 and IS2, respectively. (a) Plot associated with eqn (3.3), from which slope1 

and intercept1 are calculated and used in eqn (3.8). (b) Plot associated with eqn (3.7), from 

which intercept2 is calculated and used in eqn (3.8).  
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In this example, Zn is determined in cough syrup using a 4.00 mg L-1 standard, and Y and 

Sc, also at 4.00 mg L-1, as IS1 and IS2, respectively. By employing eqn (3.8) and the data 

in each of these figures, the concentrations of Zn calculated with mSDA and aSDA are 

both 2.04 mg L-1, which corresponds to a recovery of 102% from a 2.00 mg L-1 spike.  

For applying the aSDA method, we have experimentally determined liquid flow 

rates at each of the mixing chamber ports. At the peristaltic pump speed of 30 rpm used in 

all aSDA determinations, values of 2.91, 1.81 and 0.47 mL min-1 were calculated for En, 

W and Ex, respectively (Fig. 3.2). At these flow rates, the times for each calibration step 

(i.e. steps (1)-(4) in section 2.3) were optimized to improve sample throughput and 

minimize memory effects.   

 

3.2. Limits of detection, precision and sample throughput 

 For EC and IS, the limits of detection (LODs) were calculated, according to IUPAC 

recommendations, as three times the standard deviation of the blank (Sblank, n = 10) divided 

by the calibration curve slope (m). Thus, LOD = 3Sblank / m. Similarly, LODs for SA and 

SDA were calculated as three times the standard deviation of the analyte concentration in 

the blank (S[blank], n = 10), i.e. LOD = 3S[blank].  A 1% v/v HNO3 was used as blank solution 

in all cases. For SA and SDA, the blank was treated as sample and the analyte 

concentrations in it were determined using the respective calibration method. The limits of 

quantification (LOQ) were calculated as LOQ = 10Sblank / m or LOQ = 10S[blank] for EC and 

IS, and SA and SDA, respectively. As shown in Table III.II, SA and SDA presented 

significantly higher values than EC and IS. These results may be related to larger errors, 
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generally associated with slope and intercept standard deviations [26], as well as a larger 

number of signal sources (and the respective contributions to the method’s global error) in 

the case of the new SDA strategy. They may also reflect differences in integration time, 

which were 5-fold higher for the traditional calibration methods compared with SDA. 

 

Table III.II. Limits of detection (LOD) and quantification (LOQ) calculated for Cd, Co, 

Cr, Cu, Pb and Zn determined by ICP OES using EC, IS, SA or SDA. All values are based 

on a 1% v/v HNO3 blank solution (n = 10). 

Analyte  LOD (µg L-1)  LOQ (µg L-1) 

  EC IS SA SDA  EC IS SA SDA 

Cd  0.2 0.6 20 10  0.7 2 70 40 

Co  0.6 0.6 30 6  2 2 80 20 

Cr  1 0.5 20 5  4 2 70 20 

Cu  0.5 0.5 20 6  2 2 60 20 

Pb  6 5 100 20  20 20 300 80 

Zn  0.4 0.3 30 7  1 1 100 20 

 

 The precisions of both mSDA and aSDA, as well as those for the traditional 

methods, can be estimated by calculating the respective mean relative standard deviations 
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(RSD) from values presented in Tables III.III-III.V. The results for EC, IS, SA, mSDA and 

aSDA, considering all samples and analytes in the present study, are 1.2%, 2.1%, 1.0%, 

2.0% and 2.5%, respectively.  
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Table III.III. Analyte percent recoveries (% from a 2.00 mg L-1 spike) for Cd, Co and Cr determined by ICP OES using EC, IS, SA, or 

mSDA. Results are reported as mean ± 1 standard deviation (n = 3).   

 Sample / matrix Cd Co Cr 

EC IS SA mSDA EC IS SA mSDA EC IS SA mSDA 

Tap water 103 ± 1 102 ± 1 105 ± 2 104 ± 7 101 ± 1 100 ± 1 104 ± 1 104 ± 7 101 ± 1 101 ± 1 104 ± 1 97 ± 5 

Creek water 101 ± 1 107 ± 1 103 ± 2 101 ± 1 101 ± 1 102 ± 1 100 ± 1 96 ± 1 101 ± 1 101 ± 1 100 ± 1 99 ± 1 

40% v/v HNO3 78 ± 1 85 ± 1 111 ± 1 106 ± 1 81 ± 1 88 ± 1 110 ± 1 107 ± 2 83 ± 1 85 ± 1 102 ± 1 110 ± 2 

1% m/v Na 59 ± 1 80 ± 1 109 ± 1 104 ± 2 62 ± 1 83 ± 1 105 ± 1 104 ± 2 64 ± 1 86 ± 1 105 ± 1 106 ± 2 

1% m/v Ca 66 ± 1 82 ± 1 110 ± 1 104 ± 1 69 ± 1 86 ± 1 107 ± 1 104 ± 1 70 ± 1 88 ± 1 105 ± 1 106 ± 1 

1% m/v C 86 ± 1 92 ± 1 109 ± 1 104 ± 2 88 ± 1 93 ± 1 105 ± 1 104 ± 2 93 ± 1 98 ± 1 93 ± 1 106 ± 2 

Pepsi® 78 ± 1 88 ± 1 103 ± 1 97 ± 1 76 ± 1 86 ± 1 99 ± 1 94 ± 2 76 ± 1 86 ± 1 106 ± 1 106 ± 1 

Beer 103 ± 1 95 ± 1 110 ± 1 100 ± 2 103 ± 1 97 ± 1 108 ± 1 95 ± 2 98 ± 1 97 ± 1 106 ± 1 102 ± 1 

Wine 103 ± 1 94 ± 1 114 ± 1 103 ± 2 103 ± 1 95 ± 1 112 ± 1 97 ± 1 101 ± 1 99 ± 1 111 ± 1 103 ± 1 

Cachaça 106 ± 1 100 ± 1 112 ± 1 108 ± 1 108 ± 1 98 ± 1 111 ± 1 101 ± 1 110 ± 1 102 ± 1 109 ± 1 108 ± 1 

Mouthwash 96 ± 1 90 ± 1 107 ± 1 109 ± 2 95 ± 1 92 ± 1 107 ± 1 103 ± 1 88 ± 1 96 ± 1 106 ± 1 110 ± 1 

Cough syrup 103 ± 1 94 ± 1 101 ± 1 103 ± 1 101 ± 1 97 ± 1 99 ± 1 99 ± 1 99 ± 1 99 ± 1 100 ± 1 105 ± 1 

  



66 
 

Table III.IV. Analyte percent recoveries (% from a 2.00 mg L-1 spike) for Cu, Pb and Zn determined by ICP OES using EC, IS, SA, or 

mSDA. Results are reported as mean ± 1 standard deviation (n = 3). 

 Sample / 

matrix Cu Pb Zn 

 EC IS SA mSDA EC IS SA mSDA EC IS SA mSDA 

Tap water 103 ± 1 107 ± 1 93 ± 1 104 ± 14 97 ± 1 97 ± 1 94 ± 2 100 ± 6 105 ± 1 109 ± 1 102 ± 1 89 ± 2 

Creek water 109 ± 1 106 ± 1 103 ± 2 98 ± 2 97 ± 1 101 ± 1 99 ± 1 95 ± 1 113 ± 1 111 ± 1 103 ± 1 108 ± 1 

40% v/v HNO3 93 ± 1 101 ± 1 110 ± 1 105 ± 1 78 ± 1 84 ± 1 113 ± 1 104 ± 5 73 ± 1 79 ± 1 104 ± 1 100 ± 4 

1% m/v Na 93 ± 1 125 ± 1 107 ± 1 102 ± 2 63 ± 1 85 ± 1 115 ± 2 103 ± 2 70 ± 1 94 ± 1 106 ± 1 100 ± 4 

1% m/v Ca 101 ± 1 125 ± 1 107 ± 1 101 ± 1 71 ± 1 89 ± 1 119 ± 1 102 ± 1 75 ± 1 94 ± 1 106 ± 1 99 ± 5 

1% m/v C 93 ± 1 99 ± 1 105 ± 1 103 ± 3 83 ± 1 89 ± 1 96 ± 1 102 ± 1 79 ± 1 84 ± 1 102 ± 1 99 ± 2 

Pepsi® 77 ± 1 87 ± 1 99 ± 1 91 ± 1 69 ± 1 78 ± 1 119 ± 1 93 ± 1 76 ± 1 86 ± 1 107 ± 1 104 ± 5 

Beer 100 ± 1 101 ± 14 104 ± 1 93 ± 2 79 ± 1 90 ± 1 105 ± 1 93 ± 2 92 ± 1 95 ± 1 110 ± 1 102 ± 1 

Wine 103 ± 1 108 ± 21 113 ± 1 98 ± 1 82 ± 1 86 ± 1 111 ± 1 97 ± 2 94 ± 1 96 ± 1 120 ± 1 109 ± 2 

Cachaça 124 ± 1 122 ± 18 127 ± 1 113 ± 2 98 ± 1 89 ± 1 111 ± 1 104 ± 1 99 ± 1 94 ± 1 112 ± 1 105 ± 1 

Mouthwash 90 ± 1 114 ± 13 104 ± 1 98 ± 1 70 ± 1 82 ± 1 110 ± 1 107 ± 1 89 ± 1 92 ± 1 108 ± 1 108 ± 2 

Cough syrup 96 ± 1 104 ± 21 101 ± 1 99 ± 1 79 ± 1 94 ± 1 98 ± 1 98 ± 1 89 ± 1 95 ± 1 100 ± 1 103 ± 1 
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Table III.V. Comparison of analyte percent recoveries (% from a 2.00 mg L-1 spike) obtained with mSDA and aSDA for all 6 elements 

evaluated, i.e. Cd, Co, Cr, Cu, Pb, Zn. Results are reported as mean ± 1 standard deviation (n = 3). 

Sample / matrix 

 

Cd Co  Cr  Cu  Pb Zn 

mSDA aSDA mSDA aSDA mSDA aSDA mSDA aSDA mSDA aSDA mSDA aSDA 

Tap water 104 ± 7 102 ± 2 104 ± 7 99 ± 1 97 ± 5 101 ± 1 104 ± 14 96 ± 1 100 ± 6 101 ± 1 89 ± 2 104 ± 1 

Creek water 101 ± 1 106 ± 2 96 ± 1 104 ± 2 99 ± 1 104 ± 2 98 ± 2 105 ± 2 95 ± 1 104 ± 2 108 ± 1 106 ± 2 

40% v/v HNO3 106 ± 1 101 ± 1 107 ± 2 99 ± 1 110 ± 2 100 ± 1 105 ± 1 97 ± 1 104 ± 5 101 ± 1 100 ± 4 102 ± 1 

1% m/v Na 104 ± 2 95 ± 1 104 ± 2 94 ± 1 106 ± 2 96 ± 1 102 ± 2 92 ± 1 103 ± 2 94 ± 1 100 ± 4 100 ± 1 

1% m/v Ca 104 ± 1 103 ± 3 104 ± 1 97 ± 2 106 ± 1 103 ± 2 101 ± 1 91 ± 2 102 ± 1 99 ± 3 99 ± 5 100 ± 2 

1% m/v C 104 ± 2 101 ± 2 104 ± 2 99 ± 2 106 ± 2 101 ± 2 103 ± 3 98 ± 2 102 ± 1 100 ± 2 99 ± 2 102 ± 2 

Pepsi® 97 ± 1 103 ± 1 94 ± 2 102 ± 2 106 ± 1 104 ± 2 91 ± 1 100 ± 2 93 ± 1 103 ± 1 104 ± 5 100 ± 3 

Beer 100 ± 2 111 ± 7 95 ± 2 109 ± 6 102 ± 1 108 ± 8 93 ± 2 116 ± 10 93 ± 2 112 ± 1 102 ± 1 110 ± 8 

Wine 103 ± 2 104 ± 1 97 ± 1 103 ± 1 103 ± 1 103 ± 1 98 ± 1 100 ± 1 97 ± 2 103 ± 1 109 ± 2 111 ± 1 

Cachaça 108 ± 1 112 ± 10 101 ± 1 109 ± 11 108 ± 1 109 ± 12 113 ± 2 110 ± 10 104 ± 1 110 ± 11 105 ± 1 111 ± 11 

Mouthwash 109 ± 2 104 ± 1 103 ± 1 101 ± 1 110 ± 1 102 ± 1 98 ± 1 99 ± 1 107 ± 1 104 ± 1 108 ± 2 104 ± 1 

Cough syrup 103 ± 1 102 ± 1 99 ± 1 100 ± 1 105 ± 1 100 ± 2 99 ± 1 102 ± 1 98 ± 1 99 ± 1 103 ± 1 101 ± 1 
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 SDA’s sample throughput is intrinsically lower than EC and IS, but is comparable 

to SA. For example, considering a SA calibration curve with 4 points, the times spent in 

each step with aSDA, and automated sampler transition times between tubes, sample 

throughputs for SA and aSDA would approximately be 9.2 h-1 and 10 h-1, respectively. 

Although similar, these values do not reflect time spent in sample preparation, which is 

significantly less for aSDA. 

 

3.3. SDA accuracy 

 The accuracy of the SDA method with two internal standards was evaluated by 

addition and recovery experiments. All samples were spiked with 2.00 mg L-1 of Cd, Co, 

Cr, Cu, Pb and Zn and determined by ICP OES using either mSDA or aSDA. For 

comparison, the same samples were analyzed using EC, IS and SA. As shown in Tables 

III.III and III.IV, the mSDA method was generally more accurate than the other strategies, 

especially for complex-matrix samples such as 40% v/v HNO3, 1% m/v Na and Pepsi®, 

for example. The average absolute errors (𝜀̅ =  |𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 100|) 

considering all six analytes and all samples evaluated were 13%, 9%, 7% and 4% for EC, 

IS, SA and mSDA, respectively. These results reflect the nature of each calibration method 

regarding signal fluctuation correction and matrix matching as strategies to improve 

accuracy. As expected, SA is generally more accurate than IS, which, in turn, is more 

accurate than EC. Because SDA combines IS and SA, and provides a large number of 

calibration points, mSDA is generally more accurate than all the other methods.  
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Table III.V shows a comparison between mSDA and aSDA. As expected, analyte 

percent recoveries are generally similar for the two SDA approaches. The 𝜀 ̅ values 

considering all six analytes and all samples are 4.3% and 4.0% for mSDA and aSDA, 

respectively. The aSDA method has shown resilience even for such a difficult matrix as 

10% m/v Ca. In an experiment to test the efficiency of the method in extreme conditions, 

the percent recoveries from a 2.00 mg L-1 spike ranged between 96% and 104% for Cd, 

Co, Cr, Cu and Zn. Lead was more severely affected by the high Ca-content matrix, which 

resulted in a 126% recovery.  

  

3.4. Application to unspiked samples  

 The aSDA method was also used to analyze unspiked samples of tap water, creek 

water, Pepsi®, beer, wine, cachaça, mouthwash and cough syrup. Most analyte 

concentrations were found below the respective LODs. The only samples with detectable 

levels were tap water, with 177 ± 4, 60 ± 10 and 1005 ± 2 µg L-1 Cu, Pb and Zn; cachaça, 

with 12 ± 6, 8 ± 2, 327 ± 1, 70 ± 1 and 16 ± 3 µg L-1 Co, Cr, Cu, Pb and Zn; and cough 

syrup, with 20 ± 10, 50 ± 10 and 20 ± 2 µg L-1 Cd, Pb and Zn. It is important to note that 

some of these values are lower than, or at the respective LOQs (i.e. Pb in tap water; Co, 

Cr, Pb and Zn in cachaça; and Cd, Pb and Zn in cough syrup), which help explain the 

relatively high standard deviations observed in those cases.   
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4. Conclusions 

 The aSDA method with two internal standards described here allows for easy data 

processing and unattended analysis when compared with the original SDA procedure. It 

represents a simple and inexpensive alternative to traditional calibration methods, with 

great potential for broad adoption in routine analysis. No instrument modification other 

than connecting a simple mixing chamber between the ICP OES’ peristaltic pump and 

nebulizer/spray chamber is required.   

 The strategy described here is significantly more accurate than the tradition 

calibration methods. On the other hand, its LODs are relatively high for ICP OES 

determinations, although still mostly at the single-digit µg L-1 level. The method’s sample 

throughput is lower than SA, for example. However, because only two calibration solutions 

are used in aSDA, less time is spent in solution preparation, and there is less consumption 

of reagents and less waste generated when compared with SA. In addition, as long as a 

slightly larger volume of solution enters the mixing chamber rather than leaves it, there 

still is room for improvement regarding analysis time, and a combination of peristaltic 

pump tubing other than the one adopted in the present work may contribute to improving 

aSDA’s sample throughput. 
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1. Introduction  

 Calibration is one of the most important steps in any quantitative analytical method 

[1-3]. For most routine analyses, calibration is based on running a series of standard 

solutions, which are utilized to determine instrument sensitivity, and then determine the 

unknown concentration of analytes in a sample. This type of calibration approach assumes 

the standard solutions and samples are in the same matrix. In an ideal scenario, this is 

always true, and therefore, there are no matrix effects, with accurate results to be expected. 

In many cases, however, the disparities between the sample matrix and that of the 

calibration solutions become too large, which requires increasingly complex and time-

consuming calibration strategies [4].  

 External standard calibration (EC) is the most commonly used method when 

differences between sample and calibration solution matrices are negligible [5]. In such 

applications, EC is fast, accurate, and precise. However, the accuracy of the method can 

become significantly compromised as the sample matrix becomes more complex. Internal 

standard calibration (IS) is a very commonly used alternative to EC. It has been shown to 

correct for changes in light source intensity and atomization conditions, variations in 

sample volume, sample position (for discrete sample introduction systems) and sample 

transport (due to viscosity effects, for example), and other interfering sources associated 

with the physical characteristics of the sample and its environment [6]. When using the IS 

method, an internal standard species (absent in the sample) is added to all calibration and 

sample solutions at the same concentration. This species needs to have similar physical-

chemical characteristic to those of the analyte [7]. The analyte-to-IS signal ratio is then 

used as the independent variable for the IS calibration plot. While it is more accurate than 
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EC in many applications, the IS signal correction is not capable of accounting for every 

effect on the analytical signal caused by a complex matrix. In such cases, standard additions 

(SA) is the method of choice [8, 9]. In SA, the calibration solutions are prepared with the 

sample itself, ensuring that all working solutions have the same matrix. While it is 

extremely effective at overcoming problems associated with complex-matrix sample 

analyses, it is by far the most time-consuming of the three traditional calibration strategies, 

and unpractical when working with a large number of samples.  

 In 2015, a matrix-matching calibration strategy known as standard dilution analysis 

(SDA) was first described by Jones et al. [10]. It combines IS and SA, and requires only 

two calibration solutions per sample, which produces fast, accurate results for a broad range 

of samples and analytes [11-16]. The originally proposed SDA calibration strategy 

consisted of preparing 2 solutions, the first (S1) containing 50 % sample and 50 % standard 

(a solution containing the analytes and one IS), and the second (S2) composed of 50 % 

sample and 50 % blank. These two solutions are mixed in the same container. With the 

instrument’s detector continuously recording analytical and IS signals, multiple calibration 

points are measured as solution mixing takes place. The addition of S2 into S1 dilutes the 

concentration of analyte in the standard (hence standard dilution analysis), while the 

sample remains unchanged. Because the amount of sample remains the same, the amount 

of matrix in the two solutions also remains unchanged, which leads to no matrix effects, 

and better results when compared to EC, IS, and SA [10-16].  

 Though the original SDA strategy had some limitations (difficult automation and 

relatively complex data processing), these have since been overcome, as described in two 

studies recently published [17, 18]. Both of these studies made use of a second IS species 
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(IS2) added to the blank solution when preparing S2. The first study used a lab-made 3-

port mixing chamber to automate the mixing of solutions 1 and 2, and re-worked the 

original SDA formulae to simplify data processing [17]. The second study made use of a 

switching valve to automate the SDA process. As in any routine application, the 

instrument’s automatic sampler is used to upload the samples, with the switching valve 

moving every 15 s between the blank (containing IS2) and a standard solution (with 

analytes and the first IS species, IS1). The mixture between the sample and the other two 

solutions happens in the peristaltic pump tubing, as they move toward the atomization 

source [18].  

 In both examples of using a second IS species to simplify SDA [17, 18], eqn (4.1) 

was used for determining the concentration of analyte in the sample (CA,sam), in which  

intercept1 and slope1 are determined by plotting the signal from the analyte (A) against that 

from IS1. The concentration of analyte in the standard (CA,std) is a known value (added to 

S1), and intercept2 is determined by plotting the signal from IS1 against the one from IS2. 

The detailed derivation of eqn (4.1) can be found elsewhere [17]. 

𝐶 , =  ∙  ,   (4.1) 

In the present study, we use the concept of the SDA method to further simplify 

matrix-matching calibration. Different from SDA, no second internal standard species, and 

no mixing of solutions S1 and S2 are required. The derivation of an equation to employ the 

new strategy is described as follows. Consider eqn (4.2), where SA,std and SIS represent 

signal intensities from the analyte in the standard solution and from the IS species (both 

present in S1). The overall analytical signal (SA), which comes from both the sample and 
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the standard added to S1, can then be represented as shown in eqn (4.3). Eqn (4.2) can then 

be reworked and substituted into eqn (4.3) to arrive at eqn (4.4).  

𝐾 =  ,     (4.2) 

𝑆 =  𝑆 , +  𝑆 ,    (4.3) 

𝑆 =  𝐾𝑆 +  𝑆 ,    (4.4) 

If SIS is plotted on the x-axis, and SA on the y-axis, the slope (m) and intercept (b) of that 

plot, according to eqn (4.4), are:  

𝑚 = 𝐾 = ,   (4.5) 

𝑏 = 𝑆 ,   (4.6)  

Eqns (4.5) and (4.6) can then be reworked and combined into eqn (4.7). If SA,std = rCA,std 

and SA,sam = rCA,sam, where CA,std and CA,sam represent the analyte concentration in the 

standard added to S1 and in the sample, respectively, and r represents a proportionality 

constant (which is the same for sample and standard as they exist in the same matrix), we 

can replace SA,sam and SA,std in eqn (4.7) with rCA,sam and rCA,std, respectively (eqn (4.8)). 

Eqn (4.8) can then be rearranged to arrive at eqn (4.9), which is used to determine the 

unknown concentration of analyte in the sample (CA,sam). 

=  ,

,
= 𝑆 ,  ∙

,
  (4.7) 

=  ,

,
= 𝑟𝐶 ,  ∙

,
 (4.8) 
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𝐶 ,  = ∙ ,    (4.9) 

As observed in previous studies involving the traditional solution-mixing SDA [17, 

18], the relationship between analyte and IS1 signals is linear. Therefore, one can simply 

use signals collected from the unmixed S1 and S2 solutions to build the calibration plot. In 

this study, we evaluate the feasibility of employing this two-point calibration strategy for 

Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn determinations in matrices of varying complexities 

by microwave-induced plasma optical emission spectrometry (MIP OES), inductively 

coupled plasma OES (ICP OES), and ICP mass spectrometry (ICP-MS), using Y as IS1. A 

broad range of analyte concentrations are evaluated, and the results are compared with the 

traditional EC, IS and SA calibration methods. Matrix-matched two-point calibration 

results are also compared to those obtained using SDA with two IS species and multiple 

discrete calibration solutions to confirm the comparability between the methods.  

 

2. Materials and methods  

2.1 Instrumentation and signal acquisition  

All ICP-MS analyses were performed using a tandem quadrupole ICP-MS (ICP-

MS/MS, Agilent Technologies, Tokyo, Japan). ICP-MS determinations were performed in 

single quadrupole mode, with a sample introduction system composed of a Peltier-cooled, 

double-pass Scott-type spray chamber (operated at 2 oC), and a glass concentric nebulizer. 

Spectral interferences were minimized by kinetic energy discrimination using He 

(99.999%, Airgas, Colfax, NC, USA) as the collision gas. All ICP OES determinations 
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were performed using an Agilent 5110 ICP OES (Agilent Technologies, Mulgrave, 

Australia) operating in Synchronous Vertical Dual View (SVDV) mode. The sample 

introduction system for the ICP OES instrument is composed of a single-pass cyclonic 

spray chamber and a glass concentric nebulizer. The spectrometer is equipped with 

Dichroic Spectral Combine (DSC®) technology, which allows for simultaneous 

acquisition of emission signals at both axial and radial plasma observation positions. All 

MIP OES determinations were performed using a 4200 MP-AES instrument (Agilent 

Technologies, Mulgrave, Australia) connected to a liquid N2 Dewar. The sample 

introduction system for the MIP OES instrument is composed of a double-pass cyclonic 

spray chamber and an inert OneNeb nebulizer. All three instruments utilize an automated 

sampler (SPS4, Agilent).  

The instrumental operating conditions were chosen based on previous, routine 

sample analyses performed in our lab. Additional details can be found in Table SIV.I.  

2.2 Reagents, samples, and sample preparation  

Distilled de-ionized (DDI) water (18 MΩ cm, Milli-Q ®, Millipore, Bedford, MA, 

USA) and trace-metal-grade nitric acid (Fisher, Pittsburgh, PA, USA) were used to prepare 

all solutions in this study. Single-element stock solutions containing 1000 mg L-1 of Cd, 

Co, Cr, Cu, Fe, Mn, Ni, Pb, Sc, Y or Zn (High-Purity Standards, Charleston, SC, USA) 

were used to prepare all standard solutions and to perform addition and recovery 

experiments. Four different sample matrix conditions were studied: no matrix (1% v/v 

HNO3 solution), high acidity (20% v/v HNO3), high Na (0.1% m/v, prepared from solid 
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NaNO3 in 1% v/v HNO3), and high Ca (0.1% m/v, prepared from solid CaCl2 in 1% v/v 

HNO3).  

In all ICP-MS determinations, samples were spiked with 50 μg L-1 of the analytes 

(Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn). For ICP OES and MIP OES determinations, samples 

were spiked with these same analytes at 500 μg L-1 and 1 mg L-1, respectively. For all SDA 

determinations (and the 2-point calibration method), a standard solution (analytes + IS1 in 

1% v/v HNO3) and blank solution (IS2 in 1% v/v HNO3) were prepared for producing S1 

(50 % sample + 50 % standard) and S2 (50 % sample + 50 % blank). The standard solution 

contained 0.1, 1 or 2 mg L-1 of the analytes for ICP-MS, ICP OES and MIP OES analyses, 

respectively. In all determinations, for all three instruments, IS1 and IS2 were Y and Sc, 

respectively. These were chosen based on previous studies and on these elements’ known 

suitability as internal standards species in atomic spectrometry [17, 18]. To evaluate the 

efficiency of using only two matrix-matched calibration points to build the calibration plot, 

five discrete solutions were initially prepared with varying amounts of S1 and S2 (0% S1 

+ 100  S2; 25% S1 + 75% S2; 50% S1 + 50% S2; 75% S1 + 25% S2; 100% S1 + 0% S2). 

These were individually ran, in the same way as it is usually done when applying EC, IS 

and SA. The first and last of these mixtures (points 1 and 5) were then further evaluated to 

determine the concentration of analytes in the samples based on eqn (4.8).  

 

3. Results and Discussion  

3.1. Simulation SDA using five discrete calibration solutions  
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 Different from other SDA studies, we have run five discrete solutions with varying 

amounts of solutions S1 and S2, rather than mixing them to produce several calibration 

points on the fly. The goal was to demonstrate the linearity between analyte concentration 

and instrument response throughout several mixing combinations. The data is still collected 

and analyzed in the same manner as described in previously published works involving 

SDA [17, 18]. As demonstrated by Sloop et al. [17] and Jones et al. [18], the use of two IS 

species allows for using all data associated with the 5 calibration solutions, with neither a 

need for judiciously selecting an “SDA region” nor any negative effect on precision, 

accuracy or linearity. Fig. 4.1 shows a typical calibration plot associated with the 2-IS SDA 

method, here using 5 discrete solutions representing different points over the method’s 

dilution process [17,18]. In this example, a Na-matrix sample replicate was spiked with 

Mn. A 2 mg L-1 standard, and the internal standard species Y (IS1) and Sc (IS2) were used 

in this experiment. By employing eqn (4.1) and the MIP OES data represented in Fig. 4.1, 

the concentration of Mn calculated with the SDA method was 0.99 mg L-1, which 

corresponds to a recovery of 99 % from the original 1.00 mg L-1 spike. Similar linear 

calibration curves were observed with all the other analytes evaluated (Supplementary 

Information).  



85 
 

 

 

Fig. 4.1. Typical calibration plots using 5 discrete, pre-mixed solutions, to determine Mn 

in a spiked Na matrix sample by simulated SDA and MIP OES. Both slope and intercept 

in (a), and the intercept in (b) are used for determining the analyte concentration in the 

sample (eqn (4.1)). In this example, Mn was recovered at 99% from a 1.00 mg L-1 spike. 

 

3.2. Limits of detection, precision, and sample throughput  

 For EC and IS, the limits of detection (LODs) were calculated, according to IUPAC 

recommendations, as three times the standard deviation of the analyte signal in the blank 
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(Sblank, n = 10) divided by the calibration curve slope (m) (i.e. LOD = 3Sblank/m). Similarly, 

LODs for SA, simulated SDA (5-point calibration with discrete solutions), and the matrix-

matched 2-point method were calculated as three times the standard deviation of the analyte 

concentration in the blank (S[blank], n = 10) (i.e. LOD = 3S[blank]). A 1% v/v HNO3 was used 

as blank solution in all cases. The limits of quantification (LOQ) were calculated as 

LOQ = 10Sblank/m or LOQ = 10S[blank] for EC and IS, and SA, simulated SDA and the new 

method, respectively. Table IV.I shows results for LOD/LOQ determinations by ICP-MS, 

ICP OES, and MIP OES. In most instances, LODs and LOQs for all five calibration and 

instrumentation methods are comparable. In some cases, however, SA, simulated SDA and 

the 2-point calibration method present significantly higher values compared to EC and IS, 

which may be related to larger errors due to the estimation of slopes and intercepts in the 

matrix-matched methods [19].  

  



87 
 

Table IV.I. Limits of detection (LOD) and quantification (LOQ) calculated for ICP-MS, ICP OES and MIP OES determinations using 

EC, IS, SA, simulated 5-point SDA (SDA), and matrix-matched 2-point calibration (MMTPC) expressed in g L-1. 

  

EC 
 

IS 
 

SA 
 

SDA 
 

MMTPC 
 

Analyte 
Instrumental 

Method 
LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ 

Cd ICP-MS 0.05 0.2 0.05 0.2 1 3 0.4 1 0.01 0.04 

 

ICP OES 1 5 1 5 10 30 3 10 1 4 

 

MIP OES 20 80 40 100 90 300 300 900 200 700 

Co ICP-MS 0.06 0.2 0.06 0.2 1 4 0.3 1 0.005 0.02 

 

ICP OES 3 10 3 10 10 50 3 10 1 5 

 

MIP OES 6 20 30 90 50 200 80 300 60 200 

Cr ICP-MS 0.07 0.2 0.07 0.2 1 5 0.4 1 0.04 0.1 

 

ICP OES 2 7 2 7 9 30 3 8 0.8 3 

 

MIP OES 6 20 5 20 20 60 20 60 20 50 

Cu ICP-MS 0.07 0.2 0.07 0.2 1 3 0.4 1 0.02 0.07 
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ICP OES 2 8 2 8 10 50 2 7 0.9 3 

 

MIP OES 0.7 2 3 10 20 50 20 50 6 20 

Fe ICP-MS 0.09 0.3 0.09 0.3 1 5 0.4 1 0.09 0.3 

 

ICP OES 2 8 2 8 10 40 3 10 1 3 

 

MIP OES 3 10 20 50 30 100 50 200 40 100 

Mn ICP-MS 0.05 0.2 0.05 0.2 1 3 1 4 0.02 0.08 

 

ICP OES 0.5 2 0.5 2 10 30 2 6 0.2 0.6 

 

MIP OES 0.5 2 3 10 20 60 30 90 10 30 

Ni ICP-MS 0.08 0.3 0.08 0.3 1 4 0.4 1 0.2 0.5 

 

ICP OES 10 50 10 50 20 80 6 20 5 20 

 

MIP OES 20 60 20 80 40 100 70 200 80 300 

Pb ICP-MS 0.08 0.3 0.07 0.2 0.6 2 0.2 0.7 0.02 0.05 

 

ICP OES 20 70 20 70 20 80 9 30 10 30 

 

MIP OES 10 30 30 100 40 100 80 300 80 300 

Zn ICP-MS 0.1 0.4 0.1 0.4 1 3 0.4 1 0.2 0.8 
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ICP OES 2 7 2 7 9 30 2 7 0.8 3 

 

MIP OES 100 400 300 900 100 300 200 500 200 500 
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The precisions of each calibration method can be estimated by calculating the 

relative standard deviations (RSD) of the concentrations determined for each analyte. The 

average RSD values calculated for EC, IS, SA, simulated 5-point SDA, and the matrix-

matched 2-point strategy, considering all samples and analytes evaluated in this study, were 

0.8%, 1.0%, 1.7%, 1.3% and 1.3% (ICP-MS), 0.7%, 0.6%, 1.8%, 1.5% and 1.4% (ICP 

OES), and 2.4%, 4.2%, 1.7%, 2.1% and 1.7% (MIP OES), respectively. The overall 

accuracy of the 2-point calibration method is also shown in Table IV.II. Table IV.II 

displays the average percent recovery calculated for each analyte across the 4 sample 

matrices. The 2-point calibration method accurately corrects for matrix effects regardless 

of the analyte selected, providing a recovery of near 100% for each element. Table IV.II 

also displays the same data in a different way, showing the average percent recovery 

calculated for each sample matrix across the 9 spiked analytes. Again, the new strategy is 

able to provide accurate results across a wide range of matrix types.   

 

Table IV.II. Average percent recoveries (%) for 9 spiked elements across 4 sample 

matrices and average percent recoveries (%) for 4 sample matrices across 9 spiked elements 

determined by ICP-MS, ICP OES, and MIP OES and the matrix-matched 2-point 

calibration method. Results are expressed as mean ± 1 standard deviation.  

Element ICP-MS ICP OES MIP OES n 

Cd 105 ± 5 100 ± 6 109 ± 7 12 

Co 108 ± 7 100 ± 7 98.3 ± 7.8 12 

Cr 94.4 ± 5.2 102 ± 7 101 ± 11 12 
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Cu 94.4 ± 6.2 98.5 ± 7.2 99.7 ± 7.0 12 

Fe 108 ± 10 102 ± 6 106 ± 11 12 

Mn 93.9 ± 7.2 101 ± 7 100 ± 9 12 

Ni 108 ± 7 102 ± 6 98.4 ± 4.9 12 

Pb 105 ± 3 102 ± 8 94.9 ± 8.5 12 

Zn 107 ± 7 99.9 ± 5.6 107 ± 10 12 

DDI 107 ± 7 111 ± 2 112 ± 6 27 

Acid 101 ± 6 96.9 ± 1.3 92.3 ± 5.3 27 

Na 97.3 ± 11.3 96.7 ± 1.7 100 ± 6 27 

Ca 105 ± 6 99.0 ± 0.9 102 ± 5 27 

 

 SDA has an intrinsically lower sample throughput compared to EC and IS, as two 

calibration solutions must be prepared per sample. On the other hand, SDA is faster and 

less labor-intensive than SA [17, 18]. However, if five discrete solutions are used for SDA 

calibration, SA may become simpler than SDA. To further simplify the SDA procedure, 

we have evaluated the application of a 2-point calibration approach, in which no solution 

mixing takes place. If the quality of the results is not affected, the sample throughput of the 

matrix-matched 2-point calibration strategy is still more advantageous than SA, and may 

even be comparable to EC and IS for analyses involving less than five samples. The results 

for the application of the simulated 5-point SDA and the 2-point calibration method, as 

well as their comparison with EC, IS and SA, are presented and discussed in the following 

sections.  
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3.3. Comparison between the matrix-matched 2-point calibration method and the 

simulated SDA strategy 

 Fig 4.2, Table IV.III, and Tables SIV.II - SIV.III show the analyte recovery 

comparison between the 2-point calibration and the 5-point simulated SDA methods for 

ICP-MS, ICP OES and MIP OES determinations. The results suggest there is no significant 

difference between the different approaches. In Fig. 4.2, the closer a point is to the trend-

line (where y = x), the more similar the recoveries between the two approaches. A R2 of 

0.9304 indicates a close relationship between the results (a R2 = 1 would indicate a perfect 

correlation).  

 

Fig. 4.2. Comparison between analyte recoveries from the simulated 5-point SDA and the 

matrix-matched 2-point calibration methods for ICP-MS, ICP OES, and MIP OES. Here, 

a perfect correlation would result in a R2 of 1.  
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Table IV.III. Analyte percent recoveries (%) for the simulated 5-point SDA (SDA) and the matrix-matched 2-point calibration 

(MMTPC) methods applied to MIP OES determinations in different matrices. Results are presented as mean ± 1 standard deviation (n 

= 3).  

1% v/v HNO3 20% v/v HNO3 0.1% m/v Na 0.1% m/v Ca 

Analyte MMTPC SDA 
 

MMTPC SDA 
 

MMTPC SDA 
 

MMTPC SDA 

Cd 119 ± 3 127 ± 3 Cd 103 ± 1 99.8 ± 1.2 Cd 106 ± 1 106 ± 1 Cd 107 ± 1 105 ± 1 

Co 105 ± 2 109 ± 2 Co 90.4 ± 2.0 89.3 ± 2.5 Co 92.6 ± 1.2 92.1 ± 1.2 Co 105 ± 2 102 ± 2 

Cr 115 ± 3 114 ± 3 Cr 88.5 ± 2.9 85.2 ± 4.2 Cr 101 ± 1 99.1 ± 1.2 Cr 100 ± 2 95.3 ± 2.9 

Cu 109 ± 2 116 ± 1 Cu 92.0 ± 0.9 89.7 ± 2.1 Cu 98.5 ± 1.6 97.9 ± 1.6 Cu 99.1 ± 2.0 97.7 ± 2.6 

Fe 121 ± 2 125 ± 3 Fe 96.4 ± 0.7 94.3 ± 0.3 Fe 106 ± 4 103 ± 4 Fe 99.3 ± 0.5 95.3 ± 1.6 

Mn 110 ± 1 110 ± 2 Mn 87.9 ± 1.1 85.2 ± 1.8 Mn 103 ± 3 101 ± 3 Mn 99.4 ± 2.0 95.2 ± 3.7 

Ni 104 ± 1 109 ± 2 Ni 93.8 ± 1.7 91.4 ± 1.1 Ni 94.7 ± 2.2 94.3 ± 2.2 Ni 101 ± 1 98.7 ± 0.4 

Pb 106 ± 1 111 ± 1 Pb 85.2 ± 1.3 82.6 ± 2.6 Pb 94.7 ± 4.0 94.4 ± 4.0 Pb 93.5 ± 2.9 91.8 ± 3.0 

Zn 118 ± 3 125 ± 2 Zn 93.5 ± 0.5 92.6 ± 1.8 Zn 107 ± 1 106 ± 1 Zn 110 ± 1 109 ± 2 
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Considering all analytes and samples evaluated, the average recoveries are almost 

identical, with the 2-point calibration method providing slightly tighter results around 

100% compared with the simulated SDA strategy. For ICP-MS, the average recoveries for 

the 2-point and the 5-point approaches were 102.7 ± 8.5% and 102.7 ± 8.5%, respectively. 

For ICP OES and MIP OES, the values were 100.8 ± 6.0% and 99.6 ± 6.3%, and 101.5 ± 

8.9%, and 101.1 ± 11.2%, respectively.   

It is worth noting that, without solution mixing, no second IS species is required in 

the 2-point calibration approach. The value for SIS (eqn (4.9)) is easily determined as the 

IS species has only been added to S1. Using the same original data as in Fig. 4.1 (but only 

employing the first and last points in Fig. 4.1(a)), Mn is determined using eqn (4.8). For 

this sample replicate, a Mn concentration of 1.01 mg L-1 is determined, which corresponds 

to a recovery of 101 % from a 1.00 mg L-1 spike.  

3.4. Accuracy comparison with the traditional calibration methods 

 The accuracy of the matrix-matched 2-point calibration strategy was compared with 

results from the traditional EC, IS and SA methods for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and 

Zn determination by ICP-MS, ICP OES and MIP OES. As shown in Table IV.IV and 

Tables SIV.IV - SIV.V, the 2-point calibration approach is comparable, and sometimes 

more accurate, than the other strategies. For ICP-MS, the mean percent absolute errors (i.e. 

absolute difference from a 100% analyte recovery) calculated for EC, IS, simulated SA and 

matrix-matched 2-point calibration, considering all nine analytes and all samples 

evaluated, were 6.1%, 6.3%, 4.8% and 7.1%, respectively. For ICP OES and MIP OES, 
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these values were 9.0%, 3.1%, 2.9% and 4.5%, and 18.3%, 17.0%, 9.3% and 7.1%, 

respectively.  
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Table IV.IV. Comparative analyte percent recoveries (%) for matrix-matched 2-point calibration (MMTPC) and the traditional 

calibration methods applied to MIP OES determinations in different matrices. Results are presented as mean ± 1 standard deviation (n 

= 3). 

  Cd Co Cr Cu Fe Mn Ni Pb Zn 

1% v/v 

HNO3 

EC 104 ± 3 100 ± 4 102 ± 3 99.0 ± 3.8 97.3 ± 5.4 97.9 ± 3.5 100 ± 3 99.0 ± 2.9 105 ± 2 

IS 102 ± 4 97.6 ± 5.0 99.3 ± 4.7 96.4 ± 5.0 94.8 ± 6.6 95.4 ± 4.7 97.7 ± 4.9 96.4 ± 3.8 103 ± 3 

SA 112 ± 2 89.2 ± 1.3 82.2 ± 2.3 94.0 ± 2.5 87.2 ± 1.2 85.1 ± 1.9 91.7 ± 2.3 85.3 ± 3.8 116 ± 1 

MMTPC 119 ± 3 105 ± 2 115 ± 3 109 ± 2 121 ± 2 110 ± 1 104 ± 1 106 ± 1 118 ± 3 

20% v/v 

HNO3 

EC 99.9 ± 2.3 105 ± 1 107 ± 1 107 ± 2 104 ± 1 106 ± 2 104 ± 1 109 ± 1 97.5 ± 3.7 

IS 95.8 ± 3.1 101 ± 5 103 ± 5 103 ± 8 100 ± 6 102 ± 7 100 ± 5 104 ± 6 93.5 ± 3.0 

SA 112 ± 1 99.0 ± 2.0 104 ± 1 103 ± 1 106 ± 3 107 ± 2 103 ± 1 103 ± 1 117 ± 1 

MMTPC 103 ± 1 90.4 ± 2.0 88.5 ± 2.9 92.0 ± 0.9 96.4 ± 0.7 87.9 ± 1.1 93.8 ± 1.7 85.2 ± 1.3 93.5 ± 0.5 

0.1% m/v 

Na 

EC 58.0 ± 1.3 102 ± 2 201 ± 17 88.2 ± 1.1 135 ± 5 178 ± 11 95.9 ± 1.2 163 ± 8 51.5 ± 1.5 

IS 53.7 ± 0.4 94.4 ± 3.9 187 ± 21 81.8 ± 3.3 125 ± 8 165 ± 14 88.9 ± 3.4 151 ± 12 47.7 ± 0.5 

SA 116 ± 1 96.1 ± 0.4 108 ± 3 106 ± 1 104 ± 3 100 ± 1 104 ± 1 101 ± 2 120 ± 2 

MMTPC 106 ± 1 92.6 ± 1.2 101 ± 1 98.5 ± 1.6 106 ± 4 103 ± 3 94.7 ± 2.2 94.7 ± 4.0 107 ± 1 

0.1% m/v 

Ca 

EC 81.2 ± 0.3 104 ± 1 158 ± 1 95.9 ± 0.6 120 ± 2 147 ± 3 101 ± 2 134 ± 1 76.6 ± 0.2 

IS 59.2 ± 0.7 76.5 ± 1.0 118 ± 2 72.1 ± 1.1 90.2 ± 2.1 110 ± 3 74.9 ± 0.5 101 ± 1 55.6 ± 0.8 

SA 120 ± 1 94.0 ± 1.1 86.1 ± 2.3 99.7 ± 1.6 91.1 ± 1.1 89.1 ± 2.0 95.5 ± 1.6 88.0 ± 3.8 126 ± 1 

MMTPC 107 ± 1 105 ± 2 100 ± 2 99.1 ± 2.0 99.3 ± 0.5 99.4 ± 2.0 101 ± 1 93.5 ± 2.9 110 ± 1 
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While most absolute errors were small for ICP-MS and ICP OES, the biggest 

advocate for the use of the new strategy are the results for MIP OES. The better 

performance of matrix-matched 2-point calibration in MIP OES analyses compared to the 

other methods may be associated with MIP OES’ proneness to severe matrix effects due to 

the relatively low plasma temperature of the MIP [20, 21]. The results suggest that the new 

calibration strategy may perform best when it is most needed. As expected, and as 

previously reported, SA is generally more accurate than IS, which, in turn, is more accurate 

than EC. Because SDA (and the new matrix-matched 2-point calibration strategy) 

combines IS and SA, it is generally just as accurate as (and sometimes better than) all other 

calibration techniques evaluated here.  

 It is important to note that, similar to any other calibration method, matrix-matched 

2-point calibration is limited to application under conditions in which the relationship 

between analyte concentration and instrument response is linear. Also similar to other 

applications involving 1- and 2-point calibration, the new calibration strategy is valid as 

long as it is applied within a linear range [22 - 24]. As shown with the simulated SDA 

method (Fig. 4.1 and Fig. S4.1 - S4.8), a linear relationship is observed for all analytes 

evaluated throughout the entire range of Solutions 1 and 2. Therefore, the matrix-matched 

2-point calibration strategy is valid.  

 

4. Conclusions  

 The matrix-matched 2-point calibration method allows for easy data processing, 

automated analysis with no instrument modification (e.g. using an automatic sampler), and 
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even simpler sample preparation as compared to the traditional SA method. The accuracy 

of the method is comparable to those calculated for other calibration methods. However, it 

performs significantly better in some extreme cases, such as for 0.1% m/v Na and 0.1% 

m/v Ca matrices submitted to MIP OES analysis, in which severe matrix effects are 

expected. The main limitation of matrix-matched 2-point calibration is the requirement for 

application within the instrument’s linear range. Thus, its application relies on the analyst 

experience with the instrumental method.  
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1. Introduction 

 Calibration is one of the most important steps of any analytical technique [1, 2]. 

There are multiple commonly used methods for calibration, all of which include preparing 

some set of standard solutions with known concentrations of analyte. An unknown sample 

is then run against these standards of known concentration, and the concentration of your 

sample is then calculated. The three most commonly used calibration strategies are external 

standard calibration (EC), internal standard calibration (IS), and standard additions (SA). 

There are pros and cons to using each of these three methods.  

 EC is when a set of standard solutions is prepared in a clean matrix, and the 

concentration of the analyte in the sample is determined based on that calibration curve. 

While is this routinely used in many applications, this method assumes that there are 

negligible differences between the sample and calibration solution matrices [3]. In 

applications where this is the case, EC is a quick, accurate method. However, the accuracy 

of this method is significantly compromised when the sample matrix becomes more 

complex. The IS method is a common alternative to EC, that corrects for changes in light 

source intensity, atomization conditions, variations in sample volume, and sample transport 

(from viscosity effects, as an example), and other sources from physical characteristics of 

the sample [4]. An internal standard species, one in which is not already present in the 

sample, is added to every calibration solution and sample solution at the same 

concentration. It needs to have similar physical-chemical characteristics of the analyte it is 

correcting for [5]. The ratio of analyte signal to IS signal is then used, instead of the raw 

analyte signal, when determining concentration. This IS method, however, is still not ideal 

for correcting every effect that comes from a complex matrix. In SA, the calibration 
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solutions are prepared with the sample, in order to make sure all solutions are in the exact 

same matrix [6, 7]. While this is the method typically performed for matrix-matching 

calibration, it is very time consuming, as each sample has its own calibration curve, making 

this impractical when working with a large number of samples.  

 Recently, a matrix-matched two-point calibration (MMTPC) has been proposed as 

a quick alternative to traditional matrix-matched calibration strategies, such as SA [8]. The 

MMTPC method is based on the method of standard dilution analysis (SDA), which has 

been shown to be an adequate choice for calibration for a wide variety of samples and 

analytes [9-17]. MMTPC works by preparing two solutions per sample, and generating a 

calibration curve based on those two solutions. The first solution (S1) is 50 % sample + 50 

% of a standard solution, which contains the analytes of interest, and an internal standard 

species. The second solution (S2) is 50 % sample + 50 % of a blank solution, typically 1% 

(v/v) HNO3. The concentration of analyte in the sample, CA,sam, is determined by the 

following equation:  

𝐶 ,  =
𝑏

𝑚
∙

𝐶 ,

𝑆
 

in which m and b are the slope and intercept, respectively, of the plot of signal of internal 

standard (SIS) on the x-axis, and signal of analyte (SA) on the y-axis, CA,std is the 

concentration of analyte in the standard solution, and SIS is the signal recorded for the 

internal standard in S1. The derivation of this equation can be found elsewhere [8].  

 While the MMTPC method has been shown to work for many sample matrices and 

analytes for multiple atomic spectrometric instruments, determining precisely when this 
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calibration method is applicable has yet to be explored. In this work, we define the working 

range of this calibration method by evaluating the effect of different combinations of Csam 

and Cstd on the accuracy of the results. Four analytes of interest (Cu, Fe, Mn and Zn) are 

explored for multiple sample matrices (1% v/v HNO3, 0.1% m/v Na, and 10% v/v 

mouthwash), using Y as an internal standard species. The applicability of this method to 

two CRM samples (Bovine Liver and Oyster Tissue) is also studied, with an investigation 

into the appropriate IS species (using Ga, Ge, Ir, Rh, Sc and Y).  

 

2. Materials and methods 

2.1 Instrumentation and signal acquisition  

 All ICP OES determinations were performed using an Agilent 5110 ICP OES 

(Agilent Technologies, Mulgrave, Australia) operating in Synchronous Vertical Dual View 

(SVDV) mode. The sample introduction system for the ICP OES instrument is composed 

of a single-pass cyclonic spray chamber and a glass concentric nebulizer. The spectrometer 

is equipped with Dichroic Spectral Combine (DSC®) technology, which allows for 

simultaneous acquisition of emission signals at both axial and radial plasma observation 

positions. The instrumental operating conditions were chosen based on previous, routine 

sample analyses performed in our lab. Full details can be found in Table V.I.  
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Table V.I. Instrumental operating conditions for all ICP OES analyses.  

Instrumental parameter Operating condition 

Radio frequency applied power (kW) 1.2 

Plasma viewing mode  SVDV (Synchronous vertical dual 

view) 

Plasma viewing height (nm) 8 

Plasma gas flow rate (L min-1) 12.0 

Auxiliary gas flow rate (L min-1) 1.00 

Nebulization gas flow rate (L min-1) 0.70 

Pump speed (rpm) 12 

Integration time (s) 5 

Analytical wavelengths (nm) 327.395 (Cu), 238.204 (Fe), 257.610 

(Mn), 371.029 (Y), 213.857 (Zn)  

 

2.2 Reagents, samples, and sample preparation  

Distilled de-ionized (DDI) water (18 MΩ cm, Milli-Q ®, Millipore, Bedford, MA, 

USA) and trace-metal-grade nitric acid (Fisher, Pittsburgh, PA, USA) were used to prepare 

all solutions in this study. Single-element stock solutions containing 1000 mg L-1 of Cu, 

Fe, Mn, Y or Zn (High-Purity Standards, Charleston, SC, USA) were used to prepare all 
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standard solutions and to perform addition and recovery experiments. Three different 

sample matrix conditions were studied: no matrix (1% v/v HNO3 solution), high Na (0.1% 

m/v, prepared from solid NaNO3 in 1% v/v HNO3), and high alcohol (10% v/v mouthwash 

solution, in 1% v/v HNO3).  

Two different certified reference materials (CRM) were also studied to evaluate the 

methods accuracy. Bovine Liver (NIST 1577b) and Oyster Tissue (NIST 1566b), from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA), were 

microwave-assisted digested using 8 mL of 12.5% v/v HNO3 (Fisher) and 2 mL of 30% 

v/v H2O2 (Sigma Aldrich). Approximately 0.20 - 0.25 g of the solid CRM sample were 

weighed and transferred into the digestion vessels, and the following three-step digestion 

procedure was adopted: (1) 15-min ramp to 200 °C; (2) 15-min hold at 200 °C; (3) 15-min 

cool-down before transfer to 50-mL centrifuge tubes. The digested sample solutions were 

then diluted to 20 mL with DDI H2O.  

 

3. Results 

3.1 Figures of merit and precision  

 Limits of detection (LOD) and limits of quantification (LOQ) were calculated 

according to IUPAC definition (LOD or LOQ = 3 or 10 times the standard deviation of the 

signal measured in a blank solution, respectively, divided by the slope of the calibration 

curve). These were calculated via EC, as best to determine the instrumental LOD/LOQ, 

not the LOD/LOQ for a specific method. LOD and LOQ were calculated for each specific 

matrix, as the values for LOQ for each individual matrix were used to determine the set of 
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experiments needed to explore and define the working ranges of the MMTPC method. 

Results for each matrix’s LOD/LOQ values are shown in Table V.II. The values for each 

element in each of the three sample matrices (no matrix, high Na, and high alcohol) are all 

very similar to one another, so the concentrations used for the set of experiments to define 

the working ranges are also similar.  

 

Table V.II. Limits of detection (LOD) and limits of quantification (LOQ) for all ICP OES 

determinations using EC, expressed in μg/L.  

Matrix Element LOD LOQ 

1% v/v HNO3 Cu 4 10 

 Fe 2 5 

 Mn 0.4 1 

 Y 0.6 2 

  Zn 0.9 3 

0.1% m/v Na Cu 2 7 

 Fe 2 7 

 Mn 0.4 1 

 Y 0.7 2 

  Zn 1 4 

10%-ethanol 

mouthwash 
Cu 2 8 

 Fe 2 5 

 Mn 0.3 1 

 Y 0.5 2 

  Zn 1 3 
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3.2 Defining working ranges  

 The application of MMTPC considering two different concentration ranges for each 

of the three sample matrices was evaluated. The concentrations of standard and samples 

that we evaluated was based on the calculated LOQ for each sample matrix. The first 

concentration range was Csam = 1, 1.5, 2, 5, 7.5, 10, 50, 100, 200, 300, 400, 500, and 1000 

LOQ, with Cstd = 20 LOQ. The concentration of internal standard for each of these 

experiments was set to a constant 200 μg L-1 for each sample. The second concentration 

range was Csam = 20, 50, 100, 500, 1000, 2000, and 5000 LOQ, with Cstd = 200 LOQ. The 

concentration of internal standard for each of the experiments in the second concentration 

range were set to a constant 400 μg L-1 for each sample. Figure 5.1 shows recovery results 

for the first concentration range (1 - 1000 LOQ) for the 0.1% m/v Na in 1% v/v HNO3 

sample matrix, with Csam = 20 LOQ for Cu, Fe, Mn and Zn. As expected, most of the 

recoveries are in the 90-110% range, except for near the extremes of the concentration 

range, such as for 1 and 1.5 LOQ on the lower end, and 1000 LOQ on the higher end. It is 

assumed that because of the wide difference in sample and standard concentration at these 

extreme ends, these results are less accurate. A similar trend is observed for both the 1% 

v/v HNO3 and 10% mouthwash sample matrices, shown in Figures S5.1 and S5.2.  
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Figure 5.1. Analyte percent recovery (%) for Cu, Fe, Mn and Zn experiments in 0.1% m/v 

Na in 1% v/v HNO3 sample matrix. Concentrations of samples range from 1 - 1000 LOQ.  

  

To better explore the relationship between sample and standard concentration, and 

accuracy of the technique, each individual sample recoveries for the first concentration 

range (1 - 1000 LOQ) for the 0.1% m/v Na in 1% v/v HNO3 matrix were plotted in Figure 

5.2. It appears that if the ratio from standard to sample concentration is between the lower 

end of 0.1 and the higher end of 9.5, with a few exceptions, recoveries are accurate within 

the 90-110% range. This means according to the results here, as long as the standard is 

between 0.1 - 9.5 times as concentrated as the sample itself, this method is an appropriate 

choice. Similar results for both the 1% v/v HNO3 and 10%-ethanol mouthwash sample 

matrices were obtained, as shown in Figures S5.3 and S5.4. Results for the second 
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concentration range (20 - 5000 LOQ, Cstd = 200 LOQ) for all three matrices were also 

measured (Figures S5.5 - S5.10), and followed a similar trend as shown here for the first 

concentration range. So, this idea of the standard being between 0.1 - 9.5 times as 

concentrated as the sample can be used as a rough estimation for preparing the standard 

solution for the analyst performing this calibration method. Running the individual 

standard and sample prior to calibration can be thought of as a pre-test to determine the 

applicability of the MMTPC method.  

 

Figure 5.2. Individual sample recoveries for the first concentration range (1 - 1000 LOQ) 

for the 0.1% m/v Na in 1% v/v HNO3 matrix, expressed in terms of the ratio of standard 

signal (Sstd) over sample signal (Ssam).  
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3.3 Application to certified reference materials  

 The MMTPC method was applied to select CRMs, to evaluate the effect of sample 

and standard concentration on the accuracy of the method. Oyster Tissue (OT) and Bovine 

Liver (BL) were chosen, since there were certified values for all four elements studied 

earlier (Cu, Fe, Mn, Zn). When selecting an appropriate IS species, it is necessary that the 

chosen IS species is not already present in the sample. Even though there is no certified 

value for Y (the IS species used earlier) in either OT or BL, that does not mean there is 

none present. So, we evaluated six different commonly used elements for IS: Ga, Ge, Ir, 

Rh, Sc, and Y. LOD/LOQ were calculated for each of the IS species chosen, and they are 

listed in Table V.III.  

 

Table V.III. Limits of detection (LOD) and limits of quantification (LOQ) for all IS 

species used in CRM analysis, expressed in μg/L.  

Element LOD LOQ 

Ga 20 70 

Ge 70 200 

Ir 30 100 

Rh 10 40 

Sc 0.6 2 

Y 0.7 2 
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 Out of all IS species investigated for use in the MMTPC method for CRM analysis, 

Rh and Sc performed the best. For BL samples, when using Rh as the IS species, recoveries 

for all elements ranged from 83.3 - 100.7%, with an average recovery of 93.4 ± 5.7%. For 

OT samples, when using Sc as the IS species, recoveries for all elements ranged from 74.3 

- 108.4%, with an average recovery of 91.5 ± 12.5%. A more detailed list of results is 

shown in Table V.IV.  

 

Table V.IV. Recoveries for Oyster Tissue and Bovine Liver CRM using the MMTPC 

method. The IS species used is listed in parentheses.  

Element BL (Rh) OT (Sc) 

Cu 93.4 ± 3.3 89.1 ± 10.2 

Fe 86.0 ± 3.9 76.2 ± 2.7 

Mn 98.4 ± 2.0 106.9 ± 1.5 

Zn 96.0 ± 4.2 93.7 ± 4.2 

Average 93.4 ± 5.7 91.5 ± 12.5 

 

4. Conclusions  

 The MMTPC method has been shown as a simple, effective alternative to 

traditional calibration for a wide variety of sample types. In this work, we show that the 

working ranges of this calibration method cover a wide range of sample concentrations, 

with recoveries dependent on concentration of sample and standard. Near the extreme 
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differences of concentration in sample and standard, the method fails to perform with good 

accuracy. However, for a wide range in the middle, such as the standard being between 0.1 

- 9.5 times as concentrated as the sample, results are within an acceptable range. The 

MMTPC method is a good strategy for complex matrix samples, and has also been applied 

to both Oyster Tissue and Bovine Liver CRMs, with good results for most elements 

measured. In a situation where this technique is applied, the analyst can run the sample and 

one standard solution and determine the ratio before applying the method. Then, the sample 

may be diluted or a different standard can be chosen to match the most appropriate working 

range for the method.  
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CHAPTER VI: CONCLUDING REMARKS 
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CONCLUDING REMARKS 

 In analytical chemistry, there are certainly advantages to using traditional 

calibration strategies, such as EC, IS, and SA, as shown in Chapter I. Still, there will always 

be instances where these strategies fail to meet the challenge of an adequate calibration, as 

discussed in Chapter I. In these circumstances, pivoting to non-traditional strategies has 

proven successful in multiple ways. While there are many non-traditional strategies that 

have been recently proposed, including an alternate approach to traditional strategies, such 

as shown in Chapter II with the SA method, it is my belief that out of all of these 

approaches, SDA has been shown to be one of the most robust and well-rounded non-

traditional strategy, as shown in Chapters III-V.  

 The main idea behind SDA is the combination of the best aspects of both IS and 

SA calibration; the introduction of an internal standard species to minimize physical-

chemical fluctuations, and ability to minimize matrix effects by having all solutions 

prepared in the sample matrix. While these ideas on their own are not novel, the combining 

of these two into one cohesive calibration strategy is a new, interesting technique. The 

application of this method has already been proven successful to a variety of samples and 

matrices. Much of the work on progressing this technique has been aimed towards 

simplifying the individual steps and data processing required, which will hopefully help 

push SDA into the mainstream of choices for analytical chemists’ calibration needs in the 

near future.  

  Moving forward, more work can still be done to improve the efficacy and 

usefulness of this calibration strategy for an even wider array of samples and matrices. 



121 
 

While we have shown these techniques for a wide variety of samples, being able to apply 

these strategies to more CRMs and “real-world” samples would prove useful. Another 

direction that would be extremely helpful is the application of SDA to molecular 

spectroscopy. While all of the work we have done so far has been geared towards atomic 

spectrometry, utilizing tools such as the ICP-MS, ICP OES, and MIP OES, we would be 

remiss to not attempt to include our colleagues in the molecular field of analytical 

chemistry in the ability to utilize SDA. There has been one application applying SDA to 

Raman Spectroscopy, but there is still much work to be done [1]. There will be some 

obstacles to overcome, such as improving time of analysis per sample and picking an 

appropriate internal standard species, but the risk should be well worth the reward.  

 It is interesting to conclude that while calibration in the field of analytical chemistry 

has been anchored by EC, IS, and SA for quite some time, there are always improvements 

that can be made. Whether it is the development of an alternative approach to one of these 

traditional calibration methods, or developing an entirely new method based on (or 

completely distinct of) principles of these three, the field of calibration is always changing, 

and hopefully always changing for the better.  
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Table SII.I Analyte concentrations determined by MIP OES and standard additions using 

different data processing approaches. Results are shown as mean ± 1 standard deviation (n 

= 3). 

Sample SA approach Analyte Certified (mg kg-1) Determined (mg kg-1) 

Peach Leaves Extrapolation Fe 219.8 209.7 ± 17.4 

(NIST 1547) Interpolation   183.9 ± 35.3 

 Normalization   196.7 ± 26.3 

 Reversed-axis   167.8 ± 28.1 

 Extrapolation Mg 4320 4754 ± 606 

 Interpolation   4585 ± 572 

 Normalization   4613 ± 607 

 Reversed-axis   4283 ± 501 

 Extrapolation Mn 97.8 102.9 ± 6.3 

 Interpolation   86.6 ± 20.7 

 Normalization   94.6 ± 13.2 

 Reversed-axis   78.1 ± 18.5 

Oyster Tissue Extrapolation Cu 71.6 84.0 ± 5.3 
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(NIST 1566b) Interpolation   73.6 ± 2.4 

 Normalization   78.6 ± 4.0 

 Reversed-axis   82.5 ± 4.7 

 Extrapolation Fe 205.8 222.6 ± 14.3 

 Interpolation   208.5 ± 6.8 

 Normalization   215.4 ± 10.4 

 Reversed-axis   215.9 ± 12.3 

 Extrapolation Mn 18.5 23.4 ± 1.8 

 Interpolation   15.8 ± 1.5 

 Normalization   19.6 ± 0.6 

 Reversed-axis   22.4 ± 3.4 
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Table SII.II Analyte concentrations determined by ICP OES and standard additions using 

different data processing approaches. Results are shown as mean ± 1 standard deviation (n 

= 3). 

Sample SA approach Analyte Certified (mg kg-1) Determined (mg kg-1) 

Peach Leaves Extrapolation Al 248.9 263.6 ± 10.8 

(NIST 1547) Interpolation   350.3 ± 8.8 

 Normalization   306.9 ± 1.0 

 Reversed-axis   261.6 ± 40.9 

 Extrapolation K 24330 22580 ± 510 

 Interpolation   23400 ± 2170 

 Normalization   22990 ± 1220 

 Reversed-axis   20470 ± 1940 

 Extrapolation Mg 4320 4349 ± 254 

 Interpolation   4382 ± 138 

 Normalization   4364 ± 148 

 Reversed-axis   4324 ± 152 

Oyster Tissue Extrapolation Cu 71.6 70.0 ± 0.9 
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(NIST 1566b) Interpolation   82.8 ± 13.3 

 Normalization   76.0 ± 7.1 

 Reversed-axis   69.9 ± 3.4 

 Extrapolation Fe 205.8 208.8 ± 4.4 

 Interpolation   227.0 ± 11.1 

 Normalization   217.8 ± 6.0 

 Reversed-axis   208.5 ± 4.5 

 Extrapolation Zn 1424 1505 ± 74 

 Interpolation   1558 ± 14 

 Normalization   1532 ± 44 

 Reversed-axis   1596 ± 36 
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Table SII.III Analyte concentrations determined by ICP-MS and standard additions using 

different data processing approaches. Results are shown as mean ± 1 standard deviation (n 

= 3). 

Sample SA approach Analyte Certified (mg kg-1) Determined (mg kg-1) 

Peach Leaves Extrapolation Cu 3.75 3.77 ± 0.21 

(NIST 1547) Interpolation   3.78 ± 0.29 

 Normalization   3.77 ± 0.25 

 Reversed-axis   3.72 ± 0.12 

 Extrapolation Ni 0.689 0.804 ± 0.056 

 Interpolation   0.771 ± 0.020 

 Normalization   0.787 ± 0.035 

 Reversed-axis   0.801 ± 0.019 

 Extrapolation V 0.367 0.261 ± 0.012 

 Interpolation   0.235 ± 0.009 

 Normalization   0.248 ± 0.008 

 Reversed-axis   0.260 ± 0.014 

Oyster Tissue Extrapolation Ag 0.666 0.781 ± 0.068 
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(NIST 1566b) Interpolation   0.775 ± 0.158 

 Normalization   0.772 ± 0.100 

 Reversed-axis   0.766 ± 0.047 

 Extrapolation Cd 2.48 2.76 ± 0.15 

 Interpolation   2.75 ± 0.14 

 Normalization   2.75 ± 0.15 

 Reversed-axis   2.58 ± 0.21 

 Extrapolation Se 2.06 2.10 ± 0.11 

 Interpolation   2.07 ± 0.18 

 Normalization   2.08 ± 0.13 

 Reversed-axis   1.75 ± 0.26 
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Table SII.IV Example dataset featuring replicate (n = 3) MIP OES signal intensities 

(counts) recorded for Peach Leaves and Oyster Tissue. Sample volume (Vsam), and standard 

concentration (Cstd) added: 10.0 mL and 100.0 mg/L, respectively. 

  Standard volume added (mL) 

Sample Analyte 0 0.05 0.10 0.15 0.20 0.25 

PL Mg 315210.79 428341.64 521853.32 606998.08 692142.84 785542.13 

  342394.68 438607.37 532713.53 626594.95 715833.93 811093.82 

  259584.49 353901.27 453108.58 520725.31 628908.84 717239.59 

 Fe 28807.1 43082.67 54804.55 51972.13 57187.21 74901.99 

  29611.48 38277.87 42566.56 50506.54 54028.51 62406.74 

  28306.08 37508.49 41567.76 45436.51 55549.14 59703.03 

 Mn 51700.64 99340.52 138436.63 134571.36 152882.08 221983.16 

  54519.69 82895.25 93523.41 131968.79 144967.65 172162.2 

  48887.08 78482.45 100777.73 115052.83 143458.63 166016.72 

OT Cu 124638.96 215712.88 278365.47 382911.97 435250.18 504926.39 

  123823.99 210441.15 284481.65 367517.45 432951.4 491458.87 

  114694.12 195851.8 273025.14 351632.2 431456.08 484996.02 
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 Fe 25347.33 32406.1 35976.82 46017.38 47677.55 53718.93 

  25458.67 33229.26 38167.55 44586.44 49742.38 53247.26 

  24243.86 30422.33 36052.88 42489.09 49591.61 52093.59 

 Mn 8249.77 30430.68 48758.2 76038.41 86514.5 112803.71 

  8300.68 31375.94 50490.93 72210.72 94794.75 106448.18 

  7652.75 28765.44 49571.44 71083.78 90302.03 104621.74 
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Table SII.V Equation parameter values associated with data from Table SII.IV (MIP OES) 

used to calculate Csam (mg kg-1) and 𝑆  (mg kg-1) for each of the SA approaches. 

Analyte/

Samplea 

Parameterb Extrapolation Interpolation Normalization Reversed-axis 

Fe / PL m 134114.1524 134114.1524 4.641387494 - 

 b 30803.75095 30803.75095 - -0.18379378 

 Sm 17488.2143 17488.2143 0.620417842 - 

 Sb 1605.41516 1605.41516 - 0.030734481 

 Sbm 26533466 26533466 - - 

 y - 28908.22 - - 

 Sy - 658.5485789 - - 

 Sym - -746001.3 - - 

 Syb - 280151.6 - - 

 Dil.c 91.30943026 91.30943026 91.30943026 91.30943026 

 Csam
d 209.7 183.9 196.7 167.8 

 SCsam
e 17.4 35.3 26.3 28.1 

Mg / PL m 1843462.248 1843462.248 6.103412454 - 
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 b 311278.0613 311278.0613 - -0.152103978 

 Sm 25205.77366 25205.77366 0.803227297 - 

 Sb 43728.73665 43728.73665 - 0.017778976 

 Sbm 1056064609 1056064609 - - 

 y - 305729.9867 - - 

 Sy - 42211.32687 - - 

 Sym - 1051440741 - - 

 Syb - 1828604891 - - 

 Dil.c 2815.596002 2815.596002 2815.596002 2815.596002 

 Csam
d 4754 4585 4613 4283 

 SCsam
e 606 572 607 501 

Mn / PL m 498266.4724 498266.4724 9.651213779 - 

 b 56140.40317 56140.40317 - -0.085586074 

 Sm 67600.75081 67600.75081 1.348176825 - 

 Sb 4628.795977 4628.795977 - 0.020209482 

 Sbm 300279187 300279187 - - 

 y - 51702.47 - - 
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 Sy - 2816.305446 - - 

 Sym - 14395770.6 - - 

 Syb - 4601852.7 - - 

 Dil.c 91.30943 91.30943 91.30943 91.30943 

 Csam
d 102.9 86.6 94.6 78.1 

 SCsam
e 6.3 20.7 13.2 18.5 

Cu / OT m 1502907.79 1502907.79 12.43354362 - 

 b 129032.9551 129032.9551 - -0.084328964 

 Sm 21935.54306 21935.54306 0.62454313 - 

 Sb 7600.957546 7600.957546 - 0.004824073 

 Sbm -28216943 -28216943 - - 

 y - 121052.3567 - - 

 Sy - 5521.451273 - - 

 Sym - -9809488.1 - - 

 Syb - 41802310.3 - - 

 Dil.c 97.78475998 97.78475998 97.78475998 97.78475998 

 Csam
d 84.0 73.6 78.6 82.5 
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 SCsam
e 5.3 2.4 4.0 4.7 

Fe / OT m 113487.0114 113487.0114 4.540369956 - 

 b 25840.18079 25840.18079 - -0.220818363 

 Sm 2409.536426 2409.536426 0.21946518 - 

 Sb 1108.723123 1108.723123 - 0.012548525 

 Sbm -2671481 -2671481 - - 

 y - 25016.62 - - 

 Sy - 671.5412587 - - 

 Sym - -1564994 - - 

 Syb - 719253.2 - - 

 Dil.c 97.78475998 97.78475998 97.78475998 97.78475998 

 Csam
d 222.6 208.5 215.4 215.9 

 SCsam
e 14.3 6.8 10.4 12.3 

Mn / OT m 402282.3143 402282.3143 49.90793567 - 

 b 9626.580159 9626.580159 - -0.022931443 

 Sm 7835.462233 7835.462233 1.614855228 - 

 Sb 682.4863624 682.4863624 - 0.003505267 
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 Sbm -1026254 -1026254 - - 

 y - 8067.733333 - - 

 Sy - 360.2864586 - - 

 Sym - 2203483.4 - - 

 Syb - 114016.7 - - 

 Dil.c 97.78475998 97.78475998 97.78475998 97.78475998 

 Csam
d 23.4 15.8 19.6 22.4 

 SCsam
e 1.8 1.5 0.6 3.4 

a PL = Peach Leaves (NIST 1547), and OT = Oyster Tissue (NIST 1566b). 

b In this example, all parameters were calculated using Microsoft Excel, except for Sbm, Sym 

and Syb, which were calculated using R. 

c Dilution factor. Used to convert analyte concentration to mg kg-1, it considers the sample 

mass and the dilution of the digested solution before analysis. 

d Calculated using Eqs. (2.4) (extrapolation), (2.5) (interpolation), or (2.11) 

(normalization). For the reversed-axis method, Csam was calculated from the absolute value 

of the y-intercept (multiplied by  ). 

e Calculated using Eqs. (2.6) (extrapolation), (2.7) (interpolation), or (2.12) 

(normalization). For the reversed-axis method, 𝑆 was calculated from the standard 

deviation of the y-intercept (multiplied by  ). 
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER IV 

 

MATRIX-MATCHED TWO-POINT CALIBRATION BASED ON THE 

STANDARD DILUTION ANALYSIS METHOD  

 

 

John T. Sloop, Sean C. Allen, Jake A. Carter, George L. Donati, Bradley T. Jones  

 

 

 

 

 

 

 This appendix presents material published as Supplementary Material to 

accompany Chapter IV, Microchemical Journal, 160 B (2020), 105740, 

https://doi.org/10.1016/j.microc.2020.105740. All of the presented research was 

performed by John T. Sloop, Sean C. Allen, and George L. Donati. The supplementary 

material was prepared by John T. Sloop and edited by George L. Donati.  
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Table SIV.I. Instrumental operating conditions for MIP OES, ICP OES and ICP-MS 

analyses.  

Instrument Instrumental parameter Operating condition 

MIP OES Microwave applied power (kW) 1.0 

 Plasma observation position 0  

 Nebulization gas flow rate (L min-1) 0.75   

 Peristaltic pump speed (rpm) 10 

 Integration time (s) 3 

 Analytical wavelengths (nm) 228.802 (Cd), 340.512 (Co), 

425.433 (Cr), 324.754 (Cu), 

371.993 (Fe), 403.076 (Mn), 

352.454 (Ni), 405.781 (Pb), 

361.383 (Sc), 371.029 (Y), 213.857 

(Zn) 

ICP OES Radio frequency applied power 

(kW) 

1.2 

 Plasma viewing mode  SVDV (Synchronous vertical dual 

view) 

 Plasma gas flow rate (L min-1) 12.0 
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 Auxiliary gas flow rate (L min-1) 1.00 

 Nebulization gas flow rate (L min-1) 0.70 

 Pump speed (rpm) 12 

 Integration time (s) 3 

 Analytical wavelengths (nm) 214.439 (Cd), 238.892 (Co), 

267.716 (Cr), 327.395 (Cu), 

238.204 (Fe), 257.610 (Mn), 

231.604 (Ni), 220.353 (Pb), 

361.383 (Sc), 371.029 (Y), 213.857 

(Zn) 

ICP-MS Radio frequency applied power 

(kW) 

1.55 

 Plasma gas flow rate (L min−1) 15 

 Auxiliary gas glow rate (L min-1) 1.0 

 Carrier gas flow rate (L min−1) 1.05 

 Sampling depth (mm) 10 

 Pump speed (rps) 0.1 

 Collision cell gas / flow rate (mL 

min-1) 
He / 4.0 
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 Mass-to-charge ratios (m/z) 

monitored 

111 (Cd), 59 (Co), 52 (Cr), 63 (Cu), 

56 (Fe), 55 (Mn), 60 (Ni), 208 (Pb), 

45 (Sc), 89 (Y), 66 (Zn) 
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Table SIV.II. Analyte percent recoveries (%) for the simulated five-point SDA (SDA) and the matrix-matched two-point 

calibration (MMTPC) methods applied to ICP-MS determinations in different matrices. Results are presented as mean ± 1 

standard deviation (n = 3).   

Analyte 1% v/v HNO3 20% v/v HNO3 0.1% m/v Na 0.1% m/v Ca 

 MMTPC SDA MMTPC SDA MMTPC SDA MMTPC SDA 

Cd 109 ± 2 109 ± 2 104 ± 2 105 ± 1 99.8 ± 1.2 98.1 ± 1.9 109 ± 2 107 ± 1 

Co 117 ± 1 117 ± 2 109 ± 1 108 ± 1 101 ± 1 99.0 ± 1.6 111 ± 2 109 ± 2 

Cr 97.6 ± 1.3 98.1 ± 0.9 93.0 ± 2.8 94.5 ± 0.8 85.9 ± 2.2 87.0 ± 1.4 97.3 ± 0.4 97.9 ± 0.9 

Cu 100 ± 2 101 ± 1 91.7 ± 0.7 95.0 ± 0.6 82.3 ± 1.3 86.1 ± 1.0 95.6 ± 2.3 95.3 ± 2.1 

Fe 103 ± 1 104 ± 2 96.7 ± 2.0 99.0 ± 0.6 91.8 ± 4.2 122 ± 3 103 ± 4 107 ± 1 

Mn 93.5 ± 2.2 96.8 ± 0.7 87.0 ± 0.9 91.9 ± 0.4 82.8 ± 2.2 85.0 ± 1.8 89.6 ± 2.6 102 ± 1 

Ni 115 ± 1 115 ± 1 105 ± 2 107 ± 1 97.8 ± 3.7 98.9 ± 2.7 110 ± 1 110 ± 2 

Pb 108 ± 2 108 ± 2 101 ± 1 102 ± 1 103 ± 1 102 ± 1 108 ± 1 108 ± 1 

Zn 112 ± 3 111 ± 3 106 ± 2 109 ± 2 93.9 ± 1.1 97.9 ± 0.8 110 ± 1 112 ± 1 
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Table SIV.III. Analyte percent recoveries (%) for the simulated five-point SDA (SDA) and the matrix-matched two-point calibration 

(MMTPC) methods applied to ICP OES determinations in different matrices. Results are presented as mean ± 1 standard deviation (n = 

3). 

 Analyte 1% v/v HNO3 20% v/v HNO3 0.1% m/v Na 0.1% m/v Ca 

 MMTPC SDA MMTPC SDA MMTPC SDA MMTPC SDA 

Cd 110 ± 2 109 ± 2 96.6 ± 0.6 95.7 ± 1.1 96.4 ± 1.2 93.9 ± 1.7 98.6 ± 0.8 98.9 ± 1.4 

Co 110 ± 2 109 ± 2 95.9 ± 1.3 95.5 ± 1.1 95.7 ± 0.8 93.0 ± 1.1 99.0 ± 1.5 98.3 ± 2.3 

Cr 111 ± 2 110 ± 2 96.9 ± 0.7 96.4 ± 0.6 98.3 ± 0.4 95.6 ± 1.3 99.7 ± 1.1 99.6 ± 1.6 

Cu 109 ± 2 108 ± 2 94.8 ± 0.5 93.7 ± 0.2 93.0 ± 0.8 90.0 ± 0.4 97.0 ± 1.2 96.5 ± 0.7 

Fe 112 ± 2 111 ± 2 99.1 ± 0.4 98.7 ± 0.7 98.8 ± 1.6 95.8 ± 2.0 99.4 ± 1.7 99.5 ± 2.1 

Mn 111 ± 1 110 ± 1 97.1 ± 0.5 96.7 ± 1.0 96.7 ± 1.0 93.9 ± 1.3 99.2 ± 0.5 99.1 ± 0.1 

Ni 110 ± 4 110 ± 4 98.6 ± 0.7 96.1 ± 0.6 97.9 ± 1.8 94.9 ± 0.8 100 ± 2 98.7 ± 2.9 

Pb 114 ± 1 113 ± 1 96.7 ± 2.4 96.8 ± 2.2 97.3 ± 4.0 94.5 ± 2.4 99.4 ± 2.4 97.5 ± 3.6 

Zn 108 ± 2 107 ± 1 96.6 ± 1.8 96.4 ± 2.3 96.0 ± 1.2 93.5 ± 2.1 98.8 ± 0.8 98.0 ± 0.8 
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Table SIV.IV. Comparative analyte percent recoveries (%) for matrix-matched two-point calibration (MMTPC) and the traditional 

calibration methods applied to ICP-MS determinations in different matrices. Results are presented as mean ± 1 standard deviation (n = 

3). 

    Cd Co Cr Cu Fe Mn Ni Pb Zn 

1% v/v 

HNO3 

EC 97.0 ± 0.6 99.0 ± 1.5 99.8 ± 0.6 99.5 ± 1.0 100 ± 1 94.4 ± 0.9 97.3 ± 0.3 101 ± 1 99.9 ± 1.0 

IS 98.8 ± 0.5 99.7 ± 1.2 101 ± 1 100 ± 2 101 ± 2 95.1 ± 2.0 98.8 ± 1.3 102 ± 1 101 ± 1 

SA 97.6 ± 1.2 106 ± 2 107 ± 2 109 ± 1 108 ± 2 103 ± 2 100 ± 2 103 ± 1 102 ± 3 

MMTPC 109 ± 2 117 ± 1 97.6 ± 1.3 100 ± 2 103 ± 1 93.5 ± 2.2 115 ± 1 108 ± 2 112 ± 3 

20% v/v 

HNO3 

EC 89.8 ± 1.0 98.6 ± 1.0 102 ± 1 97.8 ± 0.4 102 ± 1 95.3 ± 0.9 95.2 ± 0.8 96.2 ± 0.6 90.5 ± 0.8 

IS 91.4 ± 1.1 99.0 ± 1.1 103 ± 1 98.3 ± 0.4 103 ± 1 95.9 ± 0.6 96.9 ± 0.8 96.6 ± 0.4 91.0 ± 0.9 

SA 96.2 ± 2.2 105 ± 2 106 ± 3 109 ± 2 106 ± 1 101 ± 3 95.4 ± 0.1 102 ± 1 105 ± 2 

MMTPC 104 ± 2 109 ± 1 93.0 ± 2.8 91.7 ± 0.7 96.7 ± 2.0 87.0 ± 0.9 105 ± 2 101 ± 1 106 ± 2 

0.1% 

m/v Na 

EC 83.3 ± 0.9 88.7 ± 0.6 93.1 ± 0.7 79.1 ± 0.1 94.1 ± 1.4 85.4 ± 1.4 84.3 ± 0.5 86.3 ± 0.5 85.5 ± 0.9 

IS 90.0 ± 0.9 94.8 ± 0.8 99.5 ± 0.7 84.8 ± 0.3 134 ± 2 91.4 ± 1.4 91.2 ± 0.2 92.3 ± 0.6 91.5 ± 1.2 

SA 97.5 ± 1.7 105 ± 1 106 ± 1 106 ± 2 108 ± 1 96.7 ± 0.5 95.0 ± 1.1 107 ± 1 104 ± 2 

MMTPC 99.8 ± 1.2 101 ± 1 85.9 ± 2.2 82.3 ± 1.3 91.8 ± 4.2 82.8 ± 2.2 97.8 ± 3.7 103 ± 1 93.9 ± 1.1 

0.1% 

m/v Ca 

  

EC 92.7 ± 0.9 102 ± 1 103 ± 1 94.6 ± 0.6 110 ± 1 101 ± 1 96.8 ± 0.4 93.0 ± 0.7 93.0 ± 0.1 

IS 86.8 ± 1.1 94.2 ± 0.7 95.4 ± 0.6 87.3 ± 0.8 104 ± 1 99.3 ± 0.3 90.9 ± 0.5 86.0 ± 0.8 86.0 ± 0.3 

SA 96.5 ± 1.4 105 ± 1 107 ± 2 106 ± 1 110 ± 8 102 ± 1 94.4 ± 2.1 101 ± 1 104 ± 2 

MMTPC 109 ± 2 111 ± 2 97.3 ± 0.4 95.6 ± 2.3 103 ± 4 89.6 ± 2.6 110 ± 1 108 ± 1 110 ± 1 
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Table SIV.V. Comparative analyte percent recoveries (%) for matrix-matched two-point calibration (MMTPC) and the traditional 

calibration methods applied to ICP OES determinations in different matrices. Results are presented as mean ± 1 standard deviation (n = 

3).  

    Cd Co Cr Cu Fe Mn Ni Pb Zn 

1% v/v 

HNO3 

EC 99.0 ± 0.4 98.4 ± 0.6 99.2 ± 0.5 99.3 ± 0.3 98.5 ± 1.4 99.8 ± 0.6 98.2 ± 0.7 96.6 ± 1.6 99.0 ± 0.9 

IS 99.4 ± 0.6 98.7 ± 0.3 99.5 ± 0.4 99.7 ± 0.2 98.9 ± 1.1 100 ± 1 98.6 ± 0.6 96.9 ± 1.6 99.4 ± 0.4 

SA 101 ± 4 101 ± 4 100 ± 4 99.8 ± 4.9 99.6 ± 3.2 101 ± 4 101 ± 5 99.8 ± 3.1 99.8 ± 2.5 

MMTPC 110 ± 2 110 ± 2 111 ± 2 109 ± 2 112 ± 2 111 ± 1 110 ± 4 114 ± 1 108 ± 2 

20% v/v 

HNO3 

EC 84.4 ± 0.3 86.3 ± 0.6 89.0 ± 0.5 93.7 ± 0.5 89.0 ± 0.6 88.4 ± 0.7 85.3 ± 1.3 86.9 ± 0.9 82.1 ± 0.5 

IS 94.3 ± 0.1 96.4 ± 0.4 99.4 ± 0.3 105 ± 1 99.4 ± 0.4 98.8 ± 0.4 95.3 ± 1.7 97.1 ± 1.0 91.7 ± 0.3 

SA 98.0 ± 0.3 97.3 ± 0.4 96.4 ± 0.9 96.6 ± 0.7 94.7 ± 0.4 97.8 ± 1.0 97.5 ± 0.8 98.8 ± 1.7 97.1 ± 0.6 

MMTPC 96.6 ± 0.6 95.9 ± 1.3 96.9 ± 0.7 94.8 ± 0.5 99.1 ± 0.4 97.1 ± 0.5 98.6 ± 0.7 96.7 ± 2.4 96.6 ± 1.8 

0.1% m/v 

Na 

EC 87.8 ± 0.5 86.5 ± 0.2 89.0 ± 0.4 101 ± 1 87.3 ± 0.2 87.5 ± 0.4 85.0 ± 0.8 85.0 ± 0.8 92.3 ± 0.4 

IS 97.8 ± 0.3 96.3 ± 0.4 99.1 ± 0.1 112 ± 1 97.1 ± 0.1 97.4 ± 0.1 94.7 ± 0.8 94.7 ± 0.7 103 ± 1 

SA 94.9 ± 0.9 94.4 ± 0.9 93.9 ± 1.7 94.0 ± 2.1 92.8 ± 2.0 96.0 ± 1.3 93.7 ± 2.1 93.6 ± 0.8 94.9 ± 0.7 

MMTPC 96.4 ± 1.2 95.7 ± 0.8 98.3 ± 0.4 93.0 ± 0.8 98.8 ± 1.6 96.7 ± 1.0 97.9 ± 1.8 97.3 ± 4.0 96.0 ± 1.2 

0.1% m/v 

Ca 

  

EC 87.6 ± 0.6 87.2 ± 0.1 87.3 ± 0.3 98.5 ± 0.8 88.6 ± 0.2 88.7 ± 0.5 85.5 ± 1.1 87.0 ± 0.6 93.9 ± 0.9 

IS 97.0 ± 0.2 96.3 ± 0.9 97.0 ± 0.2 109 ± 1 97.6 ± 0.3 98.6 ± 0.4 95.1 ± 1.4 96.8 ± 1.1 103 ± 1 

SA 103 ± 1 103 ± 2 102 ± 1 102 ± 1 102 ± 1 103 ± 1 102 ± 1 102 ± 1 101 ± 1 

MMTPC 98.6 ± 0.8 99.0 ± 1.5 99.7 ± 1.1 97.0 ± 1.2 99.4 ± 1.7 99.2 ± 0.5 100 ± 2 99.4 ± 2.4 98.8 ± 0.8 
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Fig. S4.1. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Cd in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Cd was recovered at 118% from 

a 1.00 mg L-1 spike. 
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Fig. S4.2. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Co in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Co was recovered at 75% from a 

1.00 mg L-1 spike. 
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Fig. S4.3. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Cr in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Cr was recovered at 102% from a 

1.00 mg L-1 spike.  
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Fig. S4.4. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Cu in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 

and intercept in (a), and the intercept in (b) are used for determining the analyte 
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concentration in the sample (eqn (4.1)). In this example, Cu was recovered at 101% from 

a 1.00 mg L-1 spike.  



152 
 

 

 

 

 

Fig. S4.5. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Fe in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Fe was recovered at 110% from a 

1.00 mg L-1 spike.  
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Fig. S4.6. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Ni in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Ni was recovered at 90% from a 

1.00 mg L-1 spike.  
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Fig. S4.7. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Pb in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Pb was recovered at 107% from a 

1.00 mg L-1 spike.  
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Fig. S4.8. Typical calibration plots using five discrete, pre-mixed solutions, to determine 

Zn in a spiked 0.1% m/v Na matrix sample by simulated SDA and MIP OES. Both slope 
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and intercept in (a), and the intercept in (b) are used for determining the analyte 

concentration in the sample (eqn (4.1)). In this example, Zn was recovered at 116% from 

a 1.00 mg L-1 spike.  
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER V 

 

DEFINING THE WORKING RANGE OF MATRIX-MATCHED TWO-POINT 

CALIBRATION  

 

 

John T. Sloop, Nicholas Judd, George L. Donati, Bradley T. Jones  

 

 

 

 

 

 

 

 This appendix presents material in preparation to be published as Supplementary 

Material to accompany Chapter V. All of the presented research was performed by John T. 

Sloop, Nicholas Judd, and George L. Donati. The supplementary material was prepared by 

John T. Sloop and edited by George L. Donati.  
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Figure S5.1. Analyte percent recovery (%) for Cu, Fe, Mn, and Zn experiments in 1% 

v/v HNO3 sample matrix. Concentrations of samples range from 1 - 1000 LOQ.  
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Figure S5.2. Analyte percent recovery (%) for Cu, Fe, Mn, and Zn experiments in 10% 

v/v mouthwash sample matrix. Concentrations of samples range from 1 - 1000 LOQ.  
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Figure S5.3. Individual sample recoveries for the first concentration range (1 - 1000 

LOQ) for the 1% v/v HNO3 sample matrix, expressed in terms of the ratio of standard 

signal (Sstd) over sample signal (Ssam).  
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Figure S5.4. Individual sample recoveries for the first concentration range (1 - 1000 

LOQ) for the 10% v/v mouthwash sample matrix, expressed in terms of the ratio of 

standard signal (Sstd) over sample signal (Ssam).  
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Figure S5.5. Analyte percent recovery (%) for Cu, Fe, Mn, and Zn experiments in 1% 

v/v HNO3 sample matrix. Concentrations of samples range from 20 - 5000 LOQ.  
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Figure S5.6. Individual sample recoveries for the first concentration range (20 - 5000 

LOQ) for the 1% v/v HNO3 sample matrix, expressed in terms of the ratio of standard 

signal (Sstd) over sample signal (Ssam).  
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Figure S5.7. Analyte percent recovery (%) for Cu, Fe, Mn, and Zn experiments in 0.1% 

m/v Na prepared in 1% HNO3 sample matrix. Concentrations of samples range from 20 - 

5000 LOQ.  
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Figure S5.8. Individual sample recoveries for the first concentration range (20 - 5000 

LOQ) for the 0.1% m/v Na prepared in 1% v/v HNO3 sample matrix, expressed in terms 

of the ratio of standard signal (Sstd) over sample signal (Ssam).  
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Figure S5.9. Analyte percent recovery (%) for Cu, Fe, Mn, and Zn experiments in 10% 

v/v mouthwash sample matrix. Concentrations of samples range from 20 - 5000 LOQ.  
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Figure S5.10. Individual sample recoveries for the first concentration range (20 - 5000 

LOQ) for the 10% v/v mouthwash sample matrix, expressed in terms of the ratio of 

standard signal (Sstd) over sample signal (Ssam).  
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2018 Graduate School Research Day, March 27, 2018.  

 

John T. Sloop, Ulrich Bierbach, Bradley T. Jones, George L. Donati. Semi-
quantitative ICP-MS and chemometrics to study the effects of a Pt-based anticancer 
drug in the trace element profile of liver tissue. Oral presentation at 2018 Winter 
Conference on Plasma Spectrochemistry, Amelia Island, Florida, January 11, 2018.  
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John T. Sloop, Jake A. Carter, J. K. Dogbe, The degradation of 2,4-dichlorophenol 
and 2,4,5-trichlorophenol using KMnO4 and H2O2. Poster presentation at the 2014 
Southeastern Regional Meeting of the American Chemical Society, Nashville, 
Tennessee, October 18, 2014.  

 

Laboratory and Computer Skills 

Microwave assisted digestion; ICP OES; ICP-MS/MS; MIP OES; NMR; GC-MS; 
LC-MS 
Microsoft Word, Excel, PowerPoint; R; Matlab; Fusion 360; RDWorks  

 

Professional Memberships 

Society for Applied Spectroscopy, Fall 2018 – Present 

 

Selected Honors, Awards, and Fellowships 
Graduate Travel Support, Department of Chemistry, Wake Forest University, 2018, 
2019 

Alumni Travel Award, Graduate School of Arts and Sciences, Wake Forest 
University, 2018, 2019 

American Institute of Chemists Graduate Student of the Year, Wake Forest 
University, 2020  
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