
Comprehensive Optimization of Nitric Acid and
Hydrogen Peroxide in Microwave-Assisted
Digestion for Simultaneous Multi-Mineral
Extraction in Diverse Food Matrices
Ippei Suzuki 

National Institute of Biomedical Innovation, Health and Nutrition
Jun Takebayashi 

National Institute of Biomedical Innovation, Health and Nutrition

Research Article

Keywords: Microwave-Assisted Digestion, Multi-element Analysis, Mineral Extraction, Food Matrix
Effects

Posted Date: September 21st, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10965912/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 1/14

https://doi.org/10.21203/rs.3.rs-10965912/v1
https://doi.org/10.21203/rs.3.rs-10965912/v1
https://doi.org/10.21203/rs.3.rs-10965912/v1
https://creativecommons.org/licenses/by/4.0/


Abstract
This study aimed to systematically optimize microwave-assisted digestion parameters (HNO₃ and H₂O₂
concentrations) for the simultaneous extraction of 13 major and trace minerals in food samples using
Response Surface Methodology (RSM). To systematically evaluate the extraction behavior, a Standard
Reference Material (SRM) multivitamin/multielement tablet was utilized as a baseline. Against this
reference, three complex food matrices—chocolate, cheese, and nori—were comprehensively
investigated, having been specifically selected to represent diverse and challenging protein-fat-
carbohydrate (P-F-C) profiles. The adequacy and predictive accuracy of the constructed models were
comprehensively validated using statistical evaluations, including Analysis of Variance (ANOVA) and
Normalized Root Mean Square Error (NRMSE). The results revealed that the extraction efficiency was
highly dependent on HNO₃ concentration, whereas the substituting effect of H₂O₂ was limited and
occasionally acted as an extraction-inhibitory factor (e.g., for Fe). Through multi-objective optimization, a
unified optimal condition (47.4% HNO₃ and 5.8% H₂O₂) was derived, demonstrating the capability to
extract approximately 94% of multiple minerals for a wide range of P-F-C matrices.

1. Introduction
Minerals are abundantly found in the environment, such as in soil and water, and are essential for
maintaining human health. However, minerals cannot be synthesized within the body and must be
ingested in some form; an excess or deficiency of minerals can lead to various diseases. Therefore,
knowledge regarding the amount of minerals ingested from food is nutritionally important, and precise
quantitative analysis of minerals in food is indispensable for accurate intake assessment.

To measure minerals in food, organic matter such as proteins, fats, and carbohydrates (P-F-C) must first
be removed. This is necessary to release the minerals retained in the organic matter and to break
physical structures that interfere with the measurement. Common methods for removing organic matter
include dry ashing, which literally turns the sample to ash by strong heating, and wet ashing, which
involves strong heating in an acidic environment such as nitric acid (HNO₃). Furthermore, other methods
have also been investigated, and studies on ultrasound-assisted extraction and the ratio of acids used
have been reported in recent years (Acar et al. 2016; Ashoka et al. 2009; Krishna and Arunachalam 2004;
Lindenmayer et al. 2023).

In particular, the application of microwave-assisted digestion to various foods is being explored, notably
by the AOAC International (AOAC International 2005, 2011a, 2011b; Farias et al. 2022; Grossbier and
Schoenfuss 2021; Jorhem and Engman 2000; Yutani et al. 2016). This method is effective for measuring
highly volatile minerals and is becoming more widely used from a safety perspective, as it simplifies the
management of harmful nitrogen oxides (NO�) generated during digestion. Moreover, from the
perspective of green chemistry, methods to reduce HNO₃ usage by substituting it with hydrogen peroxide
(H₂O₂) have also been investigated (da Silva et al. 2020; Lee et al. 2022; Lo Dico et al. 2018; Santos et al.
2019). However, most of these studies have been verified against single food matrices and focus
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primarily on toxic heavy metals. Optimization for minerals generally known as nutritional components
and the investigation of digestion conditions that can be universally used for a wide range of food
matrices are limited.

Moreover, advances in simultaneous analysis using inductively coupled plasma mass spectrometry (ICP-
MS) have enabled the concurrent quantification of numerous minerals. However, because minerals
possess diverse physical properties and chemical forms, their optimal extraction conditions vary; simply
utilizing high concentrations of acid is not necessarily optimal for all minerals. In actual food analysis
settings, mineral extraction is often performed using excessive amounts of HNO₃ or H₂O₂, unnecessarily
high temperatures, and long processing times. Therefore, we explored the optimal conditions for HNO₃
and H₂O₂ in microwave-assisted digestion applicable to a wide range of food matrices and minerals
using a quadratic polynomial model.

In this study, target foods were selected based on general foods and their P-F-C balance. Three types of
foods with numerous reports on mineral analysis (Abd EL Rahim et al. 2012; Bakircioglu et al. 2011; de
Oliveira Filho et al. 2022; Lo Dico et al. 2018; Mohamed et al. 2020)—chocolate (F:C ≈ 1:1), cheese (P:F ≈ 
1:1), and nori (P:C ≈ 1:1)—were chosen as representatives of food matrices. In addition, a
multivitamin/multielement tablet (vitamin tablet) was added as a reference material. The measurement
targets included 11 minerals related to nutritional labeling in Japan (Na, Mg, K, Ca, Cr, Mn, Fe, Cu, Zn, Se,
and Mo, excluding P and I), Co as a trace mineral, and Pb, which is widely monitored as a food
contaminant.

2. Materials and Methods
2.1. Reagents and samples 

Nitric acid (for electronic industry, assay 70.3 %), hydrogen peroxide (for atomic absorption analysis,
assay 35.4 %), and hydrochloric acid (for toxic metal measurement, assay 36.1 %) used for the analysis
were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). A multi-mineral
standard solution (Supelco Multi-element Standard Solution 1 for ICP, Sigma-Aldrich, St. Louis, MO, USA)
and a selenium standard solution (Se Standard Solution (1000), FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) were used as standard solutions for preparing calibration curves. Sc, Y
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and Ge (Sigma-Aldrich, St. Louis, MO, USA)
at a concentration of 1000 mg/L were used as internal standard substances. Ultrapure water purified by
an ultrapure water system (Milli-Q IQ 7005, Merck Millipore, Darmstadt, Germany) was used for diluting
and making up the volume of each sample. A 1 % HNO₃ solution containing 50 μg/L of each internal
standard substance (IS/HNO₃) was used for sample dilution.

A vitamin tablet (NIST 3280 SRM Multivitamin/multielement tablets, NIST, Gaithersburg, MD, USA) was
used to evaluate inorganic mineral extraction behavior. Food samples with a P:F, F:C, or C:P balance of
approximately 1:1 were selected based on the Standard Tables of Food Composition in Japan;
specifically, chocolate, cheese, and nori (dried seaweed) were chosen. Additionally, cheese was freeze-
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dried before being used as a sample to eliminate the dilution effect of moisture. Based on the nutritional
labeling of the purchased products, the protein:fat:carbohydrate contents of the chocolate, cheese (after
freeze-drying), and nori were 10.0, 40.0, 44.0 g/100 g; 45.4, 43.9, 2.3 g/100 g; and 44.0, 4.0, 47.0 g/100 g,
respectively.

 

2.2. Instruments and measurement conditions

A Multiwave 5000 (Anton Paar, Graz, Austria) was used as the microwave digestion system, utilizing a
20-position rotor and corresponding dedicated vessels. An inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 7850, Agilent Technologies, Santa Clara, CA, USA) was used for mineral
quantification. To reduce polyatomic ion interferences derived from the matrix, measurements were
performed applying helium (He) mode and hydrogen (H₂) mode depending on the target element (Table
1, 3). MassHunter 5.2 (Agilent Technologies, Santa Clara, CA, USA) was used for instrument control and
data acquisition.

2.3. Sample digestion conditions

A 0.5 g of the sample was accurately weighed into a vessel, and ultrapure water was added in advance
so that the final reaction volume would be 5 mL. HNO₃ (final concentrations: 8.4, 32.3, 56.2 %) and H₂O₂
(final concentrations: 0.7, 3.9, 7.1 %) were added under three-level concentration conditions, respectively,
followed by wet digestion using a microwave digestion system in a closed vessel (Table 2). The
microwave digestion involved heating to 220 °C over 25 minutes and holding at 220 °C for 10 minutes.
Afterwards, the vessels were cooled to 70 °C, removed from the microwave system, and cooled to room
temperature. After digestion, 1 mL of hydrochloric acid was added to each decomposition vessel, and
the volume was made up to 50 mL with ultrapure water. Subsequently, the digested samples were
filtered through a cellulose acetate filter (0.45 μm) as necessary, and solutions diluted 10, 100, or 1000
times with IS/HNO₃ according to the concentration of the target minerals were used as samples for ICP-
MS measurement.

 

2.4. Mineral quantification

A specified amount of the Se standard solution was added to the multi-mineral standard solution, and
standard solutions serially diluted using IS/HNO₃ were measured to prepare a calibration curve. The
calibration curve was divided into four segments (Seg1-4) according to the concentration range, and
each segment was constructed using three standard solutions. Calibration curves were constructed by
plotting the ratio of the counts of each mineral to the counts of the internal standard substance. The
internal standard closest in atomic weight to the target mineral was selected. Furthermore, to correct for
contamination derived from reagents, a blank sample prepared by diluting each reagent used for
digestion 10-fold with IS/HNO₃ was measured. The obtained background count/IS count ratio was

Page 4/14



calculated, and background correction was performed by subtracting this value from the sample signal
according to the amount of reagent actually used in the digestion process.

2.5 Statistical analysis

Response Surface Methodology (RSM) based on a 3-level, 2-factor full factorial design (3²) was applied
to optimize the mineral extraction conditions in this study. HNO₃ concentration (X₁) and H₂O₂
concentration (X₂) were selected as independent variables, and each factor was set at three levels (-1, 0,
1). A total of 9 experimental conditions were performed, including replicate experiments to evaluate the
pure error. Using the obtained extraction concentration (Y) of each mineral as the response variable, the
following quadratic polynomial model was constructed using ordinary least squares (OLS):

Y = β₀ + β₁X₁ + β₂X₂ + β₁₁X₁² + β₂₂X₂² + β₁₂X₁X₂

Here, β₀ is the intercept of the model, β₁ and β₂ are the linear coefficients (main effects), β₁₁ and β₂₂ are
the quadratic coefficients (curvature effects), and β₁₂ represents the interaction coefficient between the
factors.

The statistical significance and validity of the constructed response surface models were evaluated
using analysis of variance (ANOVA). The overall significance of the model was confirmed by the F-test (p
< 0.05) and the Lack of Fit (LoF) test (p > 0.05). Furthermore, to relatively compare and evaluate the
predictive accuracy of the models and the extraction robustness for matrices, the Normalized Root Mean
Square Error (NRMSE, %) was calculated in addition to the adjusted coefficient of determination (Adj-R²).
For the Model p-value indicating the significance of the model, p < 0.05 was considered statistically
significant (Good). For Adj-R², which indicates the explanatory power of the model, values > 0.80 were
defined as high explanatory power (Good), 0.60–0.80 as acceptable, and < 0.60 as insufficient (Poor).
The LoF test, which evaluates the structural fitness of the model, was assessed as having no lack of fit
(Valid / Good) when p > 0.05. The NRMSE was calculated as the ratio of the root mean square error to
the range of observed values (maximum minus minimum), and models with NRMSE ≤ 0.15 were defined
as having high predictive accuracy (Good fit), 0.15 < NRMSE ≤ 0.20 as practically acceptable (Acceptable
fit), and > 0.20 as having poor predictive accuracy (Poor fit). Additionally, to visually identify the
contribution of each factor (linear, quadratic, and interaction terms) to the extraction efficiency, Pareto
charts were constructed based on the absolute values of the standardized effects (t-values), and their
significance was evaluated against a reference line at p = 0.05.

Subsequently, 3D response surface plots were generated from the constructed models. Multi-objective
optimization using the desirability function was employed to derive the optimal conditions according to
the characteristics of each food matrix. During this process, models that were classified as 'poor' for all
evaluation criteria in the model adequacy test were excluded from the optimization. All statistical
procedures, including ANOVA and graphical plotting, were performed using Python (statsmodels, scipy,
and matplotlib).
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3. Results
3.1 Mineral analysis of vitamin tablets and foods
 The vitamin tablet and three types of food were subjected to microwave-assisted digestion after
adjusting the concentrations of HNO₃ and H₂O₂ to three levels each (Table 2). The results of the ICP-MS
measurements are presented in Table 3. In the vitamin tablets, the mean values of 8 minerals (Na, Mg, K,
Ca, Mn, Cu, Zn, and Pb) fell within the range of the NIST certified values ± expanded uncertainty. Among
these minerals, those other than Cu and Pb had a relative standard deviation (RSD) < 5 % for all
measurement results of all other foods as well. In addition, Co in the vitamin tablets slightly deviated
from the expanded uncertainty range but had an RSD < 5 %. Therefore, an analysis using quadratic
polynomial response surface models was performed for the eight minerals (Cr, Fe, Co, Cu, Se, Mo, and
Pb) whose extraction efficiencies depended on the conditions.

3.2 Model suitability evaluation
 Quadratic polynomial response surface models with HNO₃ and H₂O₂ concentrations as independent
variables were developed (Online Resource 1). The validity of these models was comprehensively
evaluated using ANOVA, Adj-R², the LoF test, and the NRMSE (Table 4). Overall, 24 out of the 28 models
(4 samples × 7 minerals) were statistically significant (Model p < 0.05). In most models, the NRMSE met
the criteria for "Good fit" (< 15 %) or "Acceptable" (15–20 %), while 4 models were evaluated as "Poor"
across all evaluation axes. Evaluating the effect sizes using Pareto charts (Fig. 1), an increasing trend in
mineral extraction was observed with increasing HNO₃ concentration for almost all minerals (p < 0.05).
The influence of the quadratic term of HNO₃ (HNO₃×HNO₃) on Mo extraction was negative for all
samples. Similar phenomena were observed for Cr and Fe in the vitamins and chocolate, and for Se in
cheese. 

3.3 Response surface plots and exploration of optimal conditions
 In the vitamin tablets, Cr responded to the addition of H₂O₂ under low-HNO₃ conditions (Fig. 2). The
extraction of Fe decreased under high-HNO₃ conditions. For Se, the response surface indicated a
negative correlation with HNO₃ and a positive correlation with H₂O₂. In chocolate, Pb extraction efficiency
was maximized under conditions where both HNO₃ and H₂O₂ were highly concentrated. In cheese, the
response surfaces showed no notable deviations from the ANOVA results. In nori, Fe extraction
decreased under conditions of low HNO₃ and high H₂O₂, whereas it reached 93 % of the maximum value
under low-HNO₃ and low-H₂O₂ conditions. Se and Mo correlated positively with H₂O₂ concentration in
low-HNO₃ environments. Multi-objective optimization using the desirability function (Table 5) was
conducted to identify optimal conditions for simultaneous extraction, excluding models evaluated as
"poor". These estimation results yielded an overall desirability score (geometric mean of predicted
extraction rates) of 95.4 % or higher for all food samples. The optimal condition for the vitamin tablets
was 38.7 % HNO₃, yielding a minimum estimated extraction rate of 97.1 % for Pb. The optimal HNO₃
concentration for chocolate and nori was 56.2 %. Under these conditions, the extraction rates of Fe were
the lowest in chocolate and nori (93.3 % and 84.4 %, respectively). In cheese, the optimal HNO₃
concentration was 51.0 %, yielding a minimum estimated extraction rate of 91.6 % for Pb. The optimal
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H₂O₂ concentration was 4.1 % for vitamin tablet, 7.1 % for chocolate, 0.7 % for cheese, and 1.3 % for nori.
A unified optimal condition using all data was estimated at 47.4 % HNO₃ and 5.8 % H₂O₂, yielding a
geometric mean of 93.5 % with a minimum extraction of 77.8 % for Cr in nori.

4. Discussion
As the results showed that the mean values of eight minerals (Na, Mg, K, Ca, Mn, Cu, Zn, and Pb) in the
vitamin tablets consistently fell within the NIST certified ranges across all investigated conditions
(Table 3), it was confirmed that values close to the true concentrations were accurately obtained.
Furthermore, the extraction amounts of Na, Mg, K, Ca, Mn, and Zn were unaffected by changes in
extraction conditions across all examined food matrices. This observation is supported by the flat
response surface plots (Online Resource 3) and the comparative dry ashing results (Online Resource 2).
Additionally, shaking extraction with dilute hydrochloric acid is a common method for Na and K,
indicating that complete digestion of the matrix with highly concentrated acid is not always necessary
for these elements. Given that an analytical uncertainty of several percent is inherent to simultaneous
multi-mineral analysis by ICP-MS (Ghuniem et al. 2018), the observed variations for these minerals fall
within this margin of error, and they were therefore excluded from subsequent statistical analyses.
Additionally, the high temperature of 220°C applied in this study indicates that even heavy metals like Cu
can be dissolved with a small amount of acid if no organic bonds are present. Conversely, this suggests
that extracting Cu from food matrices requires sufficient digestion of the organic matrix.

Regarding the statistical model suitability, the NRMSE meeting the criteria for "Good fit" or "Acceptable"
for most models indicates that modeling by OLS was appropriate for optimizing extraction conditions.
Crucially, the Pareto charts (Fig. 1) revealed the overarching main effects on extraction behaviors. The
significant positive main effect of HNO₃ concentration was dominant for almost all minerals (Fig. 1).
However, the negative influence of the HNO₃ quadratic term observed for Mo, as well as for Cr, Fe, and Se
in specific matrices (Fig. 1), indicates that excessive HNO₃ either reduced extraction efficiency or
reached a plateau. Furthermore, increasing the H₂O₂ concentration did not yield a consistent overall
effect across elements (Fig. 1).

The characteristic 3D response surfaces (Fig. 2) provided further mechanistic insights into element- and
matrix-specific interactions. In the vitamin tablets (Fig. 2a), although Cr responded to H₂O₂ under low-
HNO₃ conditions, H₂O₂ could not completely substitute for HNO₃. The clear decrease in Fe extraction
under high-HNO₃ conditions (Fig. 2a) was considered a specific phenomenon in samples with high Fe
concentrations. In chocolate (Fig. 2b), the distinct behavior of Pb maximizing under highly concentrated
HNO₃ and H₂O₂ differs from other foods, although it remains unclear whether this originates from
chocolate's complex matrix or the chemical form of Pb. In nori (Fig. 2d), the unique decrease of Fe under
low HNO₃ and high H₂O₂ was not observed in other foods. Conversely, the behavior of Se and Mo in low-
HNO₃ environments (Fig. 2d) suggests that adding H₂O₂ has a specific extraction-promoting effect in
those regions. Thus, the response surfaces clearly demonstrate that optimal extraction conditions
occasionally conflicted depending on the mineral, even within the same sample.
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Although the optimal HNO₃ concentration for chocolate and nori reached the maximum value (56.2%)
within the scope of this study, the extraction rate was considered to be near its maximum when
compared with the results of dry ashing (Online Resource 2). Considering this in conjunction with the
results for the vitamin tablets, it was suggested that applying uniformly high concentrations of HNO₃
may inadvertently cause a decrease in the extraction rate of Fe. The varying requirements for H₂O₂
suggest it may be effective for mineral extraction in lipid- and carbohydrate-rich matrices like chocolate,
but it introduces a trade-off by acting as an inhibitory factor for certain minerals, functioning as an
adjusting factor in optimizing multi-mineral simultaneous analysis. Furthermore, applying multi-objective
optimization (Table 5) demonstrated that identifying conditions to extract all target minerals
simultaneously requires a compromise. Under these optimized conditions, certain elements effectively
act as bottlenecks for the overall extraction efficiency, such as Pb in the vitamin tablets, Fe in chocolate
and nori, and Cr when applying the unified condition across all data. Although several studies have
reported that H₂O₂ reduces the residual carbon content (Barbosa et al. 2015; da Silva et al. 2020), this
decrease does not necessarily translate to improved mineral extraction efficiency or ICP-MS
measurements. Provided that the sample is adequately diluted, the dissolved carbon content in the
extract might not be a critical issue.

These findings support the established consensus that performing simultaneous multi-mineral analysis
requires fine-tuning extraction conditions based on the specific food matrix and element reactivity, rather
than applying a standardized acid extraction method. Moreover, the effect of the P-F-C balance on
mineral extraction was not clearly established within the examined ranges, suggesting that inherent
mineral characteristics—such as solubility, concentration, and integration into molecular structures with
covalent bonds—may have a greater influence on extraction efficiency than the P-F-C matrices
themselves. However, recognizing that individual matrix-specific optimization is not always feasible in
routine food analysis, this study explored a practical compromise. Consequently, we demonstrated that
if an average recovery rate of approximately 94% is deemed acceptable for the analytical purpose, the
unified condition estimated here (47.4% HNO₃ and 5.8% H₂O₂) can serve as a reasonable baseline to
extract various minerals across a wide range of P-F-C matrices. While this condition leaves room for
further methodological refinement, it provides a useful reference point for minimizing constant method
readjustments.

5. Conclusions
In this study, we systematically evaluated microwave-assisted digestion parameters across diverse P-F-
C matrices. As anticipated from conventional analytical knowledge, the extraction efficiencies of Na, Mg,
K, Ca, Mn, and Zn were unaffected by the acid concentrations within the investigated range, confirming
that highly concentrated acid digestion is unnecessary for these easily extractable elements.

Conversely, for elements whose extraction efficiencies varied depending on the conditions (Cr, Fe, Co, Cu,
Se, Mo, and Pb), our results confirmed that while HNO₃ concentration significantly affects extraction,
simply applying maximum acid concentrations can be counterproductive, as observed with Fe.

Page 8/14



Furthermore, the ability of H₂O₂ to substitute for HNO₃ was found to be limited, functioning mainly as an
adjusting factor with inherent trade-offs. These results highlight the known principle that fine-tuning the
HNO₃ concentration relative to the specific matrix remains essential for highly accurate analyses.

Nevertheless, a potentially useful contribution of this study is the derivation of a unified condition. We
estimated a unified condition of 47.4% HNO₃ and 5.8% H₂O₂ from all compiled data. This suggests that if
a recovery rate of approximately 94% is acceptable, this single condition provides a practical
compromise for extracting multiple minerals from diverse P-F-C matrices, even though further
methodological improvements are possible.
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Figure 1

Standardized main and interaction effects of HNO₃ and H₂O₂ concentrations on the extraction efficiency
of each mineral.

Pareto charts illustrating the standardized effects of HNO3, H2O2, and their interactions on the extraction
of each mineral. The vertical dotted line indicates statistical significance at p = 0.05.
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Figure 2

3D response surface plots showing the effects of HNO3 and H2O2 concentrations on mineral extraction
efficiencies

Panels correspond to (a) vitamin tablet, (b) chocolate, (c) cheese, and (d) nori for representative minerals
(Cr, Fe, Co, Cu, Se, Mo, and Pb). The interactive surfaces are generated from the quadratic polynomial
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equations optimized via Response Surface Methodology (RSM). Red points represent the observed
experimental values.
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