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Abstract
Analytical techniques in the sucroenergetic sector can now for the first time be supported by an innovative matrix-matching 
reference material produced from sugarcane leaves. This will further enhance the validity of the measurement results and 
contribute significantly to the quality assurance of plant nutrition analysis. The candidate reference material obtained had a 
low residual moisture and appropriate particle size. Neutron activation analysis was used to determine the mass fraction of 
Al, Br, Ca, Cl, Ce, Co, Cs, Cu, Fe, Hf, K, La, Mg, Mn, Mo, Na, P, Rb, Sb, Sc, Sm, Sr, Th, V and Zn, and the Kjeldahl method 
for N. Statistical techniques were applied to evaluate minimum sample mass and within-bottle homogeneity (ANOVA, Tukey 
test and PCA) and between-bottles homogeneity (ANOVA). It is demonstrated in this paper that the material is homogene-
ous using 50 mg mass sample for most chemical elements. However, sample masses of 200 mg or greater are required for 
Co, Na, Sb and V.

Keywords  Particle size · Chemical characterization · Minimum sample mass · Homogeneity · Uncertainty

Introduction

Sugarcane is one of the most important economic crops in 
more than 100 countries worldwide [1]. Projections for the 
next decade show that the world production of sugarcane 
will need to increase from 1.8 billion tons in 2015 to 2.2 bil-
lion tons in 2024, to accommodate the predicted sugar con-
sumption of 214 million tons [2]. Brazil has been the premier 
producer of sugarcane for decades, being responsible for half 

of all sugar traded worldwide. The Food and Agriculture 
Organization of the United Nations (FAO) estimates that by 
2024 the sugarcane production in the country needs to reach 
884 million tons per year, just to meet the rising demand and 
to maintain Brazil’s leading position on the sugar market2. 
More than expanding the area cultivated with sugarcane, it 
will be necessary to improve the productivity to cope with 
the market expansion. The efforts for improvement involve 
the joint action of different research areas and the introduc-
tion of new technologies aiming at developing sugarcane 
varieties including transgenic ones, demanding appropriate 
nutritional status, sugar content, yield, and resistance to dis-
ease, pests and climate change [3, 4].

For optimum growth and production, nutrients should be 
adequately provided to the sugarcane plants, since either low 
or high levels of nutrients can cause physiological imbal-
ances and reduction of productivity. Soil analysis is com-
monly used for evaluating fertility parameters and availabil-
ity of nutrients before sugarcane cultivation. Foliage analysis 
is fundamental for evaluating the ongoing nutritional status 
of sugarcane plants in the various growing stages since it can 
assess whether the uptake of nutrients is running at adequate 
levels. For a correct evaluation of the nutritional status, sug-
arcane foliage analysis, as any other measurement, requires 
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validated methods capable of producing valid results of 
known accuracy.

Certified reference materials (CRMs) are essential tools 
for method validation, metrological traceability and quality 
control. The composition of the CRM selected should match, 
as closely as possible, the matrix of samples to be analyzed 
and the properties to be measured [5, 6]. A survey in the 
international database for CRMs (COMAR) shows that there 
is no CRM with similar composition of sugarcane leaves for 
nutritional studies [7]. In fact, due to its different capacity 
for extracting nutrients from soil, mainly K, Si, Ca and S, 
sugarcane usually presents higher concentrations of nutrients 
than those found in other plant leaves [8]. Hence, a candidate 
reference material of sugarcane leaves was developed in the 
Radioisotopes Laboratory of the Nuclear Energy Center for 
Agriculture of the University of São Paulo following the rec-
ommendation established by ISO 17034 and ISO Guide 35 
[9, 10], to support the analytical measurements performed 
in the Brazilian laboratories of the sucroenergetic sector.

A critical point in the preparation of a reference material 
is related to the representativeness of the small analytical 
portions taken for measurement. Natural matrices are not 
completely homogeneous, therefore adequate procedures 
for grinding and mixing solid materials are necessary for 
improving the homogeneity as much as possible. In gen-
eral, the homogeneity depends on the distribution, shape, 
and density of particle size, while small particles improve 
the sample representativeness and minimize the sampling 
uncertainty [11–13].

The ISO Guide 35 recommends that homogeneity studies 
of candidate reference materials should comprise the evalu-
ation of variability within and between the units produced 
(bottles). As a rule, the number of bottles included in the 
homogeneity study should be representative of the total 
batch. Because of that, larger batches require the evaluation 
of more units, with a minimum of ten units for between-
bottles and one for within-bottle testing [10, 14, 15]. Plant 
reference material should also have low residual moisture 
to avoid degradation and to extend the stability. In general, 
10 % of moisture is considered the maximum level to prevent 
biological degradation and to guarantee the homogeneity 
and stability [16].

Neutron activation analysis (NAA) is a nondestructive 
technique widely used for homogeneity evaluation of solid 
materials due to its multi-element capacity, high metrologi-
cal quality and well-known sources of error, which allows 
the determination of the contribution of each component of 
uncertainty to the variability of results [17, 18]. The Kjel-
dahl method is the most commonly used for measuring N in 
certified reference materials [19, 20].

Within this context, this study intended to evaluate the 
homogeneity of nutritional and trace elements and the mini-
mum sample mass of the candidate reference material of 

sugarcane leaves to be used to optimize the analytical meth-
ods of the sucroenergetic sector.

Experimental

Preparation of the candidate reference material

Leaves were collected in the city of Iracemápolis, São Paulo 
State, from a field with five-month-old sugarcane plants of 
the variety RB966928, the fourth most cultivated in Brazil, 
the country. The material was sampled and prepared follow-
ing procedures used for sugarcane foliage analysis, described 
in the literature [21, 22]. Only the top visible dewlap (TVD) 
leaves were selected, since they are used as reference tissue 
for evaluating the sugarcane nutritional status (leaf (+1)). 
The central portion (30 cm) of each leaf was picked out, and 
the midrib was removed. In total, 35 kg of material was thus 
generated. The material was stored at − 20 °C and dried in 
freeze dryer model ModulyoD (Thermo Savant, USA). Sug-
arcane leaves are difficult to grind due to the high contents 
of silicon and fiber. Considering the importance of small 
particle sizes for providing good homogeneity of a reference 
material, different grinding procedures were tested for the 
resulting particle sizes. After an initial test, the dry mate-
rial was successively ground in a knife mill model GM 200 
(Retsch, Germany) and in a planetary ball mill model PM 
400 (Retsch, Germany), passing through a nylon sieve of 
100 µm opening. Following careful mixing for homogeni-
zation, the candidate reference material obtained was dis-
tributed into 410 amber PET bottles (caps with sealing lip), 
each bottle contains 20 g. For longer shelf life, all bottles 
were sterilized using gamma radiation from 60Co at a dose of 
25 kGy and stored in controlled environment of temperature 
(20 °C) and relative humidity (45 %).

Considering that the particle size is an important param-
eter in the preparation of reference materials and can directly 
influence the homogeneity, three bottles were randomly 
selected and analyzed in triplicate for particle size distribu-
tion in the equipment Analysette 22 MicroTec Plus, from 
Fritsch, Germany, using the wet dispersion unit.

Minimum sample mass and within‑bottle testing

One bottle was randomly selected to evaluate the variability 
among measurements from the same bottle and the mini-
mum representative sample mass. Four sample sizes were 
tested, i.e., 10 mg, 50 mg, 100 mg and 200 mg, taking ten 
replicates for NAA and Kjeldahl assays.

For NAA, the analytical portions were directly weighed 
into high-purity polyethylene vials (Posthumus Products, 
Beverwijk, Netherlands). Empty vials were used as ana-
lytical blanks, while 10-mg pieces of a well-characterized 
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Ni–Cr alloy were added between vials for neutron flux 
monitoring [23]. Certified reference materials NIST SRM 
1515 (apple leaves), NIST SRM 1570a (spinach leaves) and 
INCT-OBTL-5 (tobacco leaves) were included for quality 
control. Activation was performed in the nuclear research 
reactor IEA-R1 of the Nuclear and Energy Research Insti-
tute, Brazilian Nuclear Energy Commission (IPEN/CNEN), 
São Paulo, SP. Samples were irradiated at a thermal neutron 
flux of 9 x 1012 cm−2 s−1 for 4 h. The induced activity of 
medium- and long-lived radionuclides, i.e, half-lives longer 
than 12 h, was measured by high-resolution γ-ray spectrom-
etry at the Radioisotopes Laboratory (CENA/USP). Four 
measurements were performed with decay times from 4 days 
to 30 days and counting times ranging from 15 min to 2 h. 
Chemical elements mass fractions and their uncertainties 
were obtained by k0 method, using the software package 
Quantu [24].

For the Kjeldahl method, the analytical portions were 
placed in digestion tubes. The digestion step was performed 
on a heating block using 5 mL of an acid digestion mixture 
composed of H2SO4 (c) (9 M), Cu2SO4 (0.04 M), Na2SeO3 
(0.04 M) and Na2SO4 (0.38 M), heating at 100 °C (0.5 h), 
200 °C (0.5 h) and 350 °C (2 h). All digested samples were 
diluted using 10 mL of deionized water and 20 mL of NaOH 
(11 M) to make the pH strongly alkaline (pH > 11) for distil-
lation. The digestion tube was connected to the condenser 
and heated. The distilled solution was received into Erlen-
meyer flask containing 5 mL of H3BO3 (0.32 M), for ammo-
nium absorption, and indicators methyl red and bromocresol 
green, for identifying the final point of the reaction. The 
acid mixture was used as a blank and, for quality control, 
three certified reference materials were analyzed in triplicate 
with samples, i.e., NIST SRM 1515 (apple leaves), NIST 
SRM 1570a (spinach leaves) and NIST SRM 1573a (tomato 
leaves).

Between‑bottles testing

Ten bottles were randomly chosen from the total 410 units 
for evaluating the variability of chemical elements between 
bottles. The analytical techniques employed were NAA at 
the National Institute of Standards and Technology, Gaith-
ersburg, MD, USA, and Kjeldahl method at the Nuclear 
Energy Center for Agriculture, Piracicaba, SP, Brazil.

Analytical portions of 200 mg were pelletized in dupli-
cate with 13-mm-diameter pellet dies using a hydraulic 
press. Standards were prepared on filter paper from solu-
tions of high-purity metals or compounds, while filter 
papers were analyzed as blanks. Four certified reference 
materials were analyzed for quality control, i.e, NIST 
SRM 1570 (spinach leaves), NIST SRM 1571 (orchard 
leaves), NIST SRM 1572 (citrus leaves) and NIST SRM 
1573 (tomato leaves). These materials were selected 

because of available literature data for non-certified ele-
ments [25]. Packages of standards, SRMs and samples 
were irradiated in the pneumatic RT-2 irradiation facility 
of the NIST Center for Neutron Research at a neutron flux 
of 3.4 x 1013 cm−2 s−1. For short-lived nuclides, samples 
and standards were irradiated for 2 min, cooled for 2 min 
and measured for 10 min in a high-resolution γ-ray spec-
trometer. The neutron flux was monitored with 8-mg tita-
nium foils. For intermediate and long-lived nuclides, the 
induced activity was measured after 3 days and 15 days 
of decay with counting time of 2 h and 8 h, respectively. 
Quantitative results were obtained with the neutron acti-
vation analysis software utilizing the equations for com-
parator analysis and radioactive decay during cooling and 
measurement [26]. Corrective calculations for pulse pileup 
and live time extension were not applicable with the spec-
trometers running in loss-free mode.

For the Kjeldahl assay, analytical portions of 100 mg 
were weighed in triplicate from the ten bottles selected and 
put into the digestion tube. For quality control, the certified 
reference materials NIST SRM 1515, NIST SRM 1570a and 
NIST SRM 1573a were used. The total nitrogen was meas-
ured following the procedure detailed for minimum sample 
mass and within-bottle testing.

Residual moisture

The residual moisture of candidate reference material was 
measured in 1 g analytical portions, testing two different 
conditions for drying, i.e, desiccator with magnesium per-
chlorate and oven at 80 °C. The drying time of both meth-
ods was evaluated weighing the samples periodically until 
constant weight. The residual moisture was measured in the 
studies of within-bottle testing carried out at CENA/USP 
and between-bottles testing at NIST.

Statistical analysis

The results obtained for the minimum sample masses and 
within-bottle testing (ten replicates per mass) were analyzed 
using one-way analysis of variance (ANOVA) with SAS 9.3 
software (Institute Inc., Cary, NC, USA). The Tukey multi-
ple comparison test was used to determine the significant dif-
ferences between the means of four masses (10 mg, 50 mg, 
100 mg and 200 mg), while principal component analysis 
(PCA) with StatSoft Statistica 10.0 (Enterprise, USA) was 
used to show the variance, grouping and classification of the 
chemical elements in four different masses. For between-
bottles testing, only one-way analysis of variance (ANOVA) 
was used to determine the variation and differences of the 
chemical elements among the 10 bottles selected.



332	 Accreditation and Quality Assurance (2018) 23:329–336

1 3

Results and discussion

Residual moisture

The drying time in desiccator and oven was tested in the 
candidate reference material of sugarcane leaves; the mass 
does not change significantly for drying longer than 4 h in 
an oven at 80 °C and desiccator for one week.

For between-bottles testing, the residual moisture of 
the candidate reference material of sugarcane leaves for 
the 10 bottles analyzed was 4.36 % ± 0.03 % (average 
and standard deviation) when drying in a desiccator and 
4.49 % ± 0.08 % when drying in an oven. Both methods 
presented similar results and were considered appropriate 
to quantify the residual moisture in the candidate mate-
rial. For within-bottle testing, the residual moisture for 
one bottle analyzed in an oven was 4.45 % ± 0.13 %. The 
uncertainty due to balance was estimated in 0.08 mg, and 
this value has insignificant contribution in the results. 
The results obtained were used for mass correction of the 
within-bottle and between-bottles testing.

Particle size

The results of particle sizes obtained for 10 %, 50 % and 
90 % of cumulative volume for different preparation meth-
ods are shown in Table 1. Data obtained demonstrated that 
sieving after milling is not enough for ensuring the desired 
particle size (< 100 µm), since the material is fibrous and 
most particles have an elongated shape. The successive 
use of knife mill, ball mill and 100-μm sieve was the only 
procedure found adequate for producing the desired parti-
cle size. Therefore, the material was prepared using such 
procedure. The particle size distribution of the candidate 
reference material of sugarcane leaves is shown in Fig. 1. 
The candidate material presented 80 % of the volume with 
particle sizes between 4 μm and 110 μm (n = 3).

Minimum sample mass and within‑bottle testing

Four different sample sizes were used to evaluate the within-
bottle variability and the minimum sample mass. The k0-
method NAA procedure allowed quantification of mass frac-
tions of Br, Ca, Ce, Co, Cs, Fe, Hf, K, La, Na, Rb, Sc, Sm, 
Sr, Th and Zn, while P was quantified using the bremsstrahl-
ung radiation originating from beta decay [27], and N was 
measured by the Kjeldahl method. The average results for 
ten replicates are shown in Table 2. The significance of dif-
ferences among the results obtained for the different sample 
masses was evaluated with ANOVA and Tukey test. For Ca, 
Cs, Hf, N and Rb, ANOVA showed no significant differences 
among results obtained from the four sample masses, while 
all the other elements presented significant differences (p 
< 0.05, F > Fcrit), mainly for 10 mg samples.

The principal component analysis (Fig.  2) provided 
evidence that the 10 mg samples presented results differ-
ent from the other sample masses when including all 18 
chemical elements. The results of the 10 mg samples also 
showed a higher dispersion among the ten replicates, while 
for the other three masses (50, 100 and 200 mg) a smaller 
dispersion and a general agreement, since all formed only 
one cluster.

From Table 2 and Fig. 2, it is observed that the mass frac-
tions obtained for 10 mg samples, in general, presented a 
wide dispersion, i.e, lower precision, when compared to those 
obtained for larger samples. In fact, the relative standard devia-
tions reached very high values for 10 mg samples, for instance, 
81 % for Na and 69 % for Zn. In a first view, such higher 
variability for a smaller sample could be attributed to the non-
homogenous distribution of chemical elements in the material, 
indicating that the 10 mg sample is not representative. Never-
theless, the measurement uncertainties should be considered 
for correctly distinguishing how much the non-homogeneity 

Table 1   Particle size of sugarcane leaves using various grinding pro-
cedures

Results obtained by laser diffraction using wet dispersion

Mill Sieve (µm) Particle size (µm)

10 % 50 % 90 %

Knife – 145 370 750
Knife 250 18 226 518
Knife + Rotor 100 8 47 151
Knife + Balls 100 4 22 94
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Fig. 1   Particle size distribution for the candidate reference material 
of sugarcane leaves. Results obtained by laser diffraction using wet 
dispersion
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contributed to such variation of the results. NAA allows the 
estimation of each source of uncertainty contributing to the 
final experimental variability or experimental uncertainty 
(uexp), which therefore can be simplified as in Eq. 1, adapted 
from literature [28]:

(1)u2
exp

= u2
c
+ u2

AN
+ u2

hom

where uc is the measurement uncertainty due to counting sta-
tistics, uAN is the combination of all other analytical uncer-
tainties contributing to the precision of measurement and 
uhom is the uncertainty related to the degree of inhomogene-
ity of the material.

Smaller sample masses can have a wide impact on the 
counting statistics and on other sources of analytical uncer-
tainty, for instance blank correction, enlarging both uc and 
uAN, which will cause larger experimental uncertainty (uexp). 
Figure 3 illustrates such influence, comparing calculated 
measurement uncertainties ( u2

meas
= u2

c
+ u2

AN
 ) and experi-

mental uncertainties for the determination of Fe, K, Rb 
and Sc using different sample masses. These four elements 
were selected because they cover the full range of results, 
from about 0.05 mg kg−1 (Sc) up to almost 17000 mg kg−1 
(K), and presented relative uncertainties lower than 5 %. A 
reasonable agreement was observed between the calculated 
measurement uncertainty and the experimental uncertainty 
for the four elements and four sample masses.

Figure 4 shows the correlation of uexp and umeas for 16 
chemical elements determined by NAA using the four 
different sample masses. In general, a good agreement is 
observed, with the main exception of Hf determined in 10 
mg samples. The larger experimental uncertainty observed 
in such situation is an indication of non-homogeneity, which 
can originate from Hf contained in the alumina balls and 
jars used in the milling process. The uncertainties of Na and 

Table 2   Mass fractions 
(mg kg−1) per dry mass 
obtained for different sample 
masses taken from the same 
bottle of the candidate reference 
material

Average and standard deviation (n = 10)
Values in the row indicated by the same letter do not present significant difference (Tukey test at 95 % con-
fidence level)

Sampled mass p

10 mg 50 mg 100 mg 200 mg

Br 24.2 ± 0.2a 24.9 ± 0.2b 24.7 ± 0.3b 24.6 ± 0.3b < 0.0001
Ca 4400 ± 300a 4350 ± 69a 4270 ± 87a 4370 ± 84a 0.6054
Ce 1.70 ± 0.08a 1.60 ± 0.04b 1.60 ± 0.02b 1.60 ± 0.04b 0.0012
Co 0.046 ± 0.005a 0.038 ± 0.003b 0.0390 ± 0.0010b 0.039 ± 0.002b < 0.0001
Cs 0.211 ± 0.008a 0.217 ± 0.004a 0.213 ± 0.005a 0.212 ± 0.004a 0.1045
Fe 217 ± 7d 234 ± 5a 230 ± 5ac 227 ± 3bc < 0.0001
K 16500 ± 500a 16790 ± 380b 17050 ± 340b 16850 ± 220b 0.0360
Hf 0.19 ± 0.02a 0.180 ± 0.006a 0.180 ± 0.003a 0.180 ± 0.004a 0.2252
La 0.85 ± 0.02a 0.86 ± 0.03a 0.79 ± 0.02b 0.79 ± 0.02b < 0.0001
N 25110 ± 820a 24690 ± 400a 24890 ± 195a 24890 ± 120a 0.2742
Na 7 ± 6c 9.8 ± 0.6a 9.6 ± 0.6ab 8.9 ± 0.6b < 0.0001
P 2110 ± 30a 2090 ± 19ab 2070 ± 30bc 2105 ± 40ac 0.0324
Rb 16.8 ± 0.7a 17.4 ± 0.4a 17.1 ± 0.4a 17.1 ± 0.2a 0.0769
Sc 0.0500 ± 0.0017a 0.0520 ± 0.0005b 0.0515 ± 0.0008b 0.0520 ± 0.0012b 0.0023
Sm 0.060 ± 0.002ab 0.0590 ± 0.0011ab 0.6097 ± 0.0016a 0.0577 ± 0.0019b 0.0019
Sr 30 ± 3a 26.2 ± 1.2b 25.8 ± 1.1b 25.7 ± 1.1b < 0.0001
Th 0.039 ± 0.005a 0.029 ± 0.003b 0.0270 ± 0.0010b 0.028 ± 0.002b < 0.0001
Zn 16 ± 11a 13.8 ± 0.4b 13.4 ± 0.4b 13.25 ± 0.14b < 0.0001
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Fig. 4   Correlation of relative 
experimental uncertainties 
(uexp) and relative measurement 
uncertainties (umeas) for chemi-
cal elements in sugarcane leaves 
candidate reference material
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Zn for 10 mg samples were not plotted since they were too 
high, respectively, 15 % and 50 %, due to the uncertainty 
associated with blank correction. For masses larger than 10 
mg, a good agreement was observed between uexp and umeas 
and the distribution of chemical elements was considered 
homogeneous. The highest uhom was found for Zn in 10 mg 
samples (48 %); however, for samples masses from 50 mg 
the uhom for Zn was lower than 1 %.

Between‑bottles testing

For evaluating the variation among the bottles, the elements 
determined using sample mass of 200 mg were Al, Br, Ca, 
Cl, Co, Cs, Fe, K, La, Mg, Mn, Na, Rb, Sb, Sc, Sm, V, Th 
and Zn. On the other hand, for Cu and Mo, the counting sta-
tistics were insufficient for quantification, being found close 
to the detection limits (Cu < 6.0 mg kg−1 and Mo < 1.4 mg 
kg−1). The results obtained are shown in Table 3, which 
shows the mass fractions (mg kg−1) and relative associated 
uncertainties (uexp, uc, uAN, uhom) in percentage. Uncertainty 
due to material inhomogeneity (uhom) was calculated using 
Eq. 1.

The relative experimental uncertainty (uexp) ranged 
from 0.66 % (Al) to 18.8 % (Sb). The high uncertainties 
for Sb and V (14.9 %) are mainly due to counting statis-
tics, and conclusions on the homogeneous distribution of 
these elements cannot be made. In some cases, uhom was not 

calculated since the combination of uc and uAN was higher 
than uexp, for instance, Cl had uexp (0.78 %) < uAN (1.21 %). 
In contrast, uhom of 5.98 % for Co can mostly be attributed 
to a non-homogeneous distribution of the element using 
mass of 200 mg. Analysis of variance (ANOVA) was used 
to corroborate the evaluation of between-bottles homogene-
ity. The material had significant differences between bottles 
when F > Fcrit and p < 0.05, which was only the case for 
Co (p = 0.02, F = 4.90 and Fcrit = 3.50). For N, which was 
determined by Kjeldahl method, the average mass fraction 
was 24970 mg kg−1 with uexp = 0.18 % (p = 0.90, F = 0.43 
and Fcrit = 2.39) being also considered homogeneously 
distributed.

Therefore, the elements considered homogeneously dis-
tributed between bottles with relative uncertainties (uexp, uc, 
uAN, uhom) lower than 5 % were Al, Br, Ca, Cl, Cs, Fe, K, La, 
Mg, Mn, N, Rb, Sc, Sm, Th and Zn.

Conclusion

The candidate reference material of sugarcane leaves has 
adequate particle size distribution (90 % of volume lower 
than 110 µm) with residual moisture content lower than 5 %.

The within-bottle homogeneity testing demonstrated that 
there was no significant differences among the subsamples 
(p > 0.05; F < Fcrit; uhom< 5 %) for Br, Ca, Ce, Co, Cs, Fe, 

Table 3   Between-bottles 
homogeneity testing of chemical 
elements in the sugarcane 
leaves candidate reference 
material determined by NAA 
(at NIST) and estimated relative 
uncertainties, mass fractions 
calculated per dry mass, sample 
mass of 200 mg and 10 bottles

*uhom was not calculated due to negative differences among uexp, uc and uAN

**ANOVA (p = 0.05)

Energy (keV) Mass fraction 
(mg kg−1)

uexp (%) uc (%) uAN (%) uhom (%) p F Fcrit**

Al 1778 1882 0.66 0.41 1.21 *– 0.06 3.00 3.02
Br 554 21.7 1.24 1.07 1.50 – 0.40 1.20 3.50
Ca 3081 4236 1.96 1.66 1.21 – 0.51 0.97 3.02
Cl 1642 3603 0.78 0.63 1.21 – 0.26 1.55 3.02
Co 1332 0.0400 6.86 2.71 2.00 5.98 0.02 4.90 3.50
Cs 795 0.214 3.59 1.50 2.00 2.57 0.22 1.80 3.50
Fe 1099 233.3 2.06 0.71 2.00 – 0.85 0.45 3.50
K 1524 17800 1.83 0.60 1.50 0.93 0.94 0.28 3.50
La 1596 0.818 2.84 0.77 1.50 2.32 0.31 1.45 3.50
Mg 1014 1604 4.79 4.59 1.21 0.67 0.24 1.60 3.02
Mn 846 130.8 0.80 0.45 1.21 – 0.65 0.77 3.02
Na 1368 8.69 5.76 0.99 1.50 5.47 0.31 1.45 3.50
Rb 1076 16.14 2.37 0.69 2.00 1.07 0.51 0.96 3.50
Sb 1690 0.0130 18.8 14.0 2.00 12.4 0.63 0.78 3.23
Sc 889 0.0510 2.16 0.94 2.00 – 0.60 0.81 3.50
Sm 103 0.060 3.13 2.86 1.50 – 0.95 0.27 3.50
Th 312 0.0271 5.80 6.02 2.00 – 0.45 1.08 3.50
V 1434 0.55 14.9 13.1 1.21 6.95 1.00 0.13 3.02
Zn 1115 13.85 3.02 0.57 2.00 2.19 0.80 0.52 3.50
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Hf, K, La, N, Na, P, Rb, Sc, Sm, Sr, Th and Zn. The mini-
mal sample mass of 50 mg is recommended for most of the 
elements, while 200 mg mass sample is required to assure 
the homogeneity for Co, Na, V and Sb. The between-bot-
tles homogeneity testing showed no significant differences 
for Al, Br, Ca, Cl, Cs, Fe, K, La, Mg, Mn, N, Rb, Sc, Sm, 
Th and Zn, using a sample mass of 200 mg. Considering 
simultaneously both within- and between-bottles testing, the 
homogeneity could be confirmed for twelve elements, i.e., 
Br, Ca, Cs, Fe, K, La, N, Rb, Sc, Sm, Th and Zn.

Stability studies and the final chemical characterization 
to assign values and uncertainties are being assessed for this 
innovative material.
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