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 A B S T R A C T

In chemical analysis the use of standard solutions is instrumental to guarantee traceability of measurements, 
however, they could be at risk of suffering solvent evaporation during long storage periods consequently 
affecting the certified mass fraction of the element/compound of interest. In this work, a measurement model 
is presented with the aim to take into account this behavior and retain metrological traceability. The proposed 
strategy revolves around the evaluation of solvent evaporation by just subsequent weightings at the start 
and end of the storage period. This formulation, iteratively applied, is suitably applicable to three different 
experimental setups depending on the available information. Multiple simulations and measurements were 
performed in order to test the model and give an estimate of the expected value and combined variance 
(thus assessing the increased uncertainty exclusively due to the application of the model). Both strengths and 
drawbacks were finally pointed out for the proposed model by the reported results, although a conclusive 
validation with Neutron Activation Analysis was not possible due to the magnitude of the investigated process 
which makes it highly challenging to quantify. General considerations were finally drawn with recognition of 
the limitations of the proposed modelization and the great importance reserved to the knowledge of matrix 
interactions.
. Introduction

Performing a measurement means, at its core, performing a com-
arison between the quantity to be measured in the sample (the mea-
urand) and its corresponding unit of measurement [1]. The usual 
trategy to assure this link is achieved through the use of measurement 
tandards. They are well characterized materials for which the quantity 
f interest is certified, thus providing metrological traceability to the 
nternational System of Units (SI).
A plethora of standards are currently available [2] having different 

ertified measurands, features, physical states. In the field of chemi-
al analysis, measurement standards in solution are largely utilized. 
olutions are preferable as they allow flexibility and ease of use and 
ost of the chemical analytical techniques are exclusively applicable 
o solutions.
Despite these advantages, solutions are less stable than materials 

n solid state as they could be more easily affected by environmental 
actors such as temperature, light, moisture [3]. In order to preserve the 
tability of the solution, controlled storage conditions are always rec-
mmended by the manufacturers, usually meaning placing the solution 
ottles sealed or tightly closed in a dry environment away from direct 
unlight while keeping constant temperature around 20 ◦C. However, 

I This article is part of a Special issue entitled: ‘MEASUR_XXIV IMEKO World Congress’ published in Measurement.
∗ Corresponding author.
E-mail address: m.diluzio@inrim.it (M. Di Luzio).

even when proper storage conditions are in place, transpiration through 
the walls of the container is still possible with the result of losing 
solvent through evaporation thus increasing the mass fraction of the 
compound of interest.

Since these effects could potentially alter the certified mass fraction, 
they have to be taken into consideration by standard solution man-
ufacturers. The most commonly adopted approach consists of stating 
in the certificate an expiration date for the opened bottle based on 
long-term stability studies [4]. Additionally, manufacturers might occa-
sionally provide other information or recommendations. For example, 
some standard solution from Supelco provides a value for the monthly 
evaporation rate correction to apply to the certified mass fraction [5]. 
Although this is a simple and straightforward approach it relies on the 
assumption of a constant evaporation rate over time and the value is 
reported without uncertainty thus questioning the traceability of the 
corrected certified value. On the other hand, SRMs solutions from NIST 
are issued with just recommendation on how transferring the solution 
from the original phial to a working container while delegating the user 
to establish procedures to evaluate the suitable maximum shelf-life [6].

In this work, a measurement model suitable to evaluate the vari-
ation in mass fraction of reference standard solutions, by performing 
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sequential mass measurements, is proposed. The aim is to provide 
users with a simple and straightforward tool to experimentally monitor 
changes in the certified mass fraction due to evaporation while evalu-
ating the resulting uncertainty in order to maintain traceability even in 
cases where the values strongly departs from the certified one or the 
shelf-life has expired.

This paper is an extended version of a contribution presented at the 
XXIV IMEKO world congress [7].

2. Methods and procedures

2.1. Model for measuring the change in the mass fraction of the analyte 
from solvent evaporation

In the common practice, solutions are stored in controlled condi-
tions for the most part and only taken out of storage in the times when 
they are needed for analysis.

An immediate strategy to take into account solvent evaporation 
while dealing with solution would consist in the weighting of the bottle 
containing the liquid in order to monitor the mass loss. In the proce-
dure proposed in this manuscript, the mass of the bottle is repeatedly 
weighted every time before and after use. Here and hereafter, the mass 
of the bottle is defined as the sum of the masses of the container and 
all its content.

For simplicity, in the following exposition a mono-elemental stan-
dard solution is taken into account, however, the proposed strategy 
might be applied to any standard solution. At any time it is possible to 
define the mass fraction of the certified element as the ratio between 
the mass of the considered element and the total mass of the solution, 
𝑤 = 𝑚ANA

(

𝑚ANA+𝑚SOL
)  with 𝑚ANA the mass of the certified element and 

𝑚SOL the mass of the solvent. During the storage period this value can 
change due to evaporation assuming only solvent is affected and the 
certified element stays unaltered. A relationship between subsequent 
mass fraction values can be established by calculating their ratio: 
𝑤(1,𝑖)

𝑤(0,𝑖)
=

𝑚ANA 𝑖 + 𝑚SOL (0,𝑖)

𝑚ANA 𝑖 + 𝑚SOL (1,𝑖)
, (1)

with 𝑤(0,𝑖) and 𝑤(1,𝑖) being the mass fraction values at the beginning and 
end of the 𝑖th storage period, respectively, and 𝑚SOL (0,𝑖) and 𝑚SOL (1,𝑖) the 
corresponding masses of solvent. It needs to be highlighted that in this 
context the word solvent has a broader meaning since it also includes 
any other molecule dissolved in the solution other than the certified 
analyte of interest.

Measuring the decrease in mass of the bottle during the 𝑖th storage 
time, 𝛥𝑚𝑖 = 𝑚(1,𝑖) − 𝑚(0,𝑖) = 𝑚ANA 𝑖 + 𝑚SOL (1,𝑖) + 𝑚C −

(

𝑚ANA 𝑖 + 𝑚SOL (0,𝑖) + 𝑚C
)

, 
allows the evaluation of 𝑤(1,𝑖) following rearrangement of (1): 

𝑤(1,𝑖) =
𝑤(0,𝑖)

(

𝑚(1,𝑖)−𝑚(0,𝑖)
𝑚(0,𝑖)−𝑚C

+ 1
) , (2)

with 𝑚C the mass of the container.
Despite a quite simple formulation, achieving knowledge of masses 

present in the denominator of (2) is not as straightforward as it might 
seem. In fact, the masses obtained through weighing are affected by 
air buoyancy which decreases the value read by the instrument [8]. 
A correction for this effect can be devised based on the instrument 
response and various densities: 

𝑚 = 𝐿𝑘B = 𝐿
(

1 + 𝜌a

(

1
𝜌
− 1

𝜌c

))

, (3)

with 𝐿 the mass indication read from the instrument, 𝑘B the buoyancy 
correction, 𝜌a the air density, 𝜌 the density of the whole object being 
weighed and 𝜌c the density of the reference mass used to calibrate 
the balance. Value for 𝜌c is fixed and depends on the material of 
the reference mass. On the other hand, 𝜌 values might be considered 
constant throughout the measurement campaign in case containers of 
2 
similar density with respect to that of the solution are used. In fact, the 
container material is not expected to change and the density variation 
due to the solution itself is minimal. Variations in air density are usually 
negligible while performing a series of weighings, however, since in this 
scenario successive measurements can be performed a long time apart, 
the corresponding environmental conditions can largely vary thus af-
fecting the 𝜌a value. A way to evaluate 𝜌a is achieved by monitoring 
parameters such as pressure, relative humidity and temperature while 
performing the weighing [9]: 

𝜌a =
0.34848𝑝 − 0.009𝑅𝐻 𝑒0.061𝑇

273.15 + 𝑇
. (4)

with, 𝑝 the barometric pressure, 𝑅𝐻 the relative humidity of air and 𝑇
the temperature.

Considering the buoyancy correction, Eq. (2) becomes: 

𝑤(1,𝑖) =
𝑤(0,𝑖)

(

𝐿(1,𝑖)𝑘B(1,𝑖)−𝐿(0,𝑖)𝑘B(0,𝑖)
𝐿(0,𝑖)𝑘B(0,𝑖)−𝑚C

+ 1
) . (5)

In addition to the buoyancy effect, the 𝑚C value is never provided 
by the manufacturer, thus its knowledge can only be gained from other 
information available to the user. In case the solution is transferred 
to a custom container (as for example is recommended with some 
NIST standard solutions), it would be straightforward to weight the 
new container beforehand. On the other hand, if the solution is kept 
in its original container (as it is the case for common commercial 
standard solutions), the certificate might provide values about volume 
of solution, 𝑉0, and density of solution, 𝑑0, though they might be stated 
without uncertainty. In this second scenario, these information could be 
suitable for the evaluation of 𝑚C according to: 

𝑚C =
(

𝑚(0,0) − 𝑑0𝑉0
)

, (6)

with 𝑚(0,0) being the mass of the newly open bottle containing the 
solution and weighted before taking the first aliquot.

At the end of a storage period 𝑖, the bottle is retrieved and used 
for analysis. Performing a mass measurement at this point provides the 
value for 𝑚(1,𝑖). After the aliquot of the solution to be used is taken, 
another mass measurement is performed giving 𝑚(0,𝑖+1), the solution 
mass corresponding to the start of the next storage period, as the 
solution is stored again afterwards. Between 𝑚(1,𝑖) and 𝑚(0,𝑖+1) there is 
just a difference in mass since the solution mass fraction is not modified 
as long as the solution homogeneity is kept and the evaporation from 
the open bottle during the aliquot taking is negligible. This is a fair 
assumption as the transfer operation only takes a few seconds. When 
these conditions are satisfied 𝑤(0,𝑖+1) = 𝑤(1,𝑖), thus, from (2) it follows: 

𝑤(0,𝑖+1) =
𝑤(0,𝑖)

(

𝑚(1,𝑖)−𝑚(0,𝑖)
𝑚(0,𝑖)−𝑚C

+ 1
) , (7)

where 𝑖 ≥ 1 is the 𝑖th storage period.
Accordingly, the formulation of Eq.  (7) considering the buoyancy 

effect is also reported: 

𝑤(0,𝑖+1) =
𝑤(0,𝑖)

(

𝐿(1,𝑖)𝑘B(1,𝑖)−𝐿(0,𝑖)𝑘B(0,𝑖)
𝐿(0,𝑖)𝑘B(0,𝑖)−𝑚C

+ 1
) . (8)

When the standard solution is first unsealed, the mass fraction 
value, 𝑤(0,1), could be assigned equal to the certified value. However, 
since a long time might have been passed from the certificate date to 
when the solution is first used, the mass fraction might have already 
increased due to evaporation. Luckily, some manufacturer may provide 
an indication of the expected mass fraction increment rate [5], 𝑅, to 
perform this correction by taking into account the time span between 
certified date to the first time usage, 𝑡: 

𝑤(0,𝑖) = 𝑤cert + 𝑅𝑡. (9)
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The formulation highlighted in (8) can be adopted iteratively for 
any number of storage periods 𝑖 and it translates into a strategy to tie 
the mass fraction of the element of interest in the solution at 𝑖th step 
to its original certified value, thus assuring traceability. It is worth to 
note that this is achieved only relying on mass measurements which 
are usually dependable and easy to perform.

2.2. Application

The formulation proposed in (8) is applicable, in practice, in dif-
ferent ways depending on available information. Three experimental 
situations could occur all revolving around how 𝑚C is quantified: (i) 
𝑚C is calculated through (6) from knowledge of density and volume of 
the solution and a mass measurement of the bottle, (ii) 𝑚C is evaluated 
by transferring the unsealed solution into a new container previously 
weighted assuming it will remain stable and (iii) 𝑚C is evaluated by 
transferring the solution into a new weighted container before every 
storage period. The three experimental situations here mentioned are 
taken into account in this study with a particular focus on (i) and (ii) 
since they are the most common ones.

In order to test the suitability of the proposed model (8) and draw 
some consideration, a few experiments were performed. In particular, 
a simulation to evaluate the expected value and uncertainty of the 
mass fraction value of a solution after multiple storage periods in de-
fined conditions was performed, together with a further simulation test 
aimed at evaluating the effect of environmental parameters on the sin-
gle mass measurement (Section 2.2.1). An experiment involving a real 
solution monitored over a long period of time was performed and the 
mass fraction results obtained by application of the proposed method 
were reported (Section 2.2.2). A measurement test was performed to 
check up to what extent mass fraction variations were identifiable by 
means of neutron activation analysis [10] (Section 2.2.3).

2.2.1. Simulation
In order to test the model and evaluate the achievable uncertainty 

considering plausible input parameters, MonteCarlo simulations using 
the numerical library of the python programming language (numpy) 
were performed [11].

The situation being simulated involved the use and storage of a 
mono-elemental standard solution of about 100 cm3 with certified mass 
fraction of the investigated element in the order of 1 × 10−3 g g−1. The 
mass decrease of the solution due to evaporation from start to end of 
each storage period lasting 6 weeks and the mass of the aliquot were 
fixed to 50mg and 4 g, respectively. These particular values were based 
off previous measurements on a similar sample: specifically, a decrease 
in mass of 26mg for a 100 g Co solution 1 × 10−2 g g−1 certified mass 
fraction was observed over a period of 3 weeks while the solution was 
kept in typical storage conditions (i.e. dry environment at 20 ◦C). The 
4 g mass values assigned to the taken aliquot comes from the practice 
to avoid transferring the solution directly from the bottle and use a 
temporary buffer solution instead. In fact, we use to take around 4 g
since we adopt a 5mL vial to contain the buffer, so it is a purely 
practical reason. A total number of 10 storage periods were simulated (𝑖
in (8) ranging from 1 to 10) corresponding to a timespan of 60 weeks 
in order to have a picture of the situation after more than a year of 
usage/storage. It is worth to note this time span is way beyond the 
usual shelf-life for standard solutions. In this simulation exercise, the 
correction due to evaporation before opening the bottle according to 
(9) was not considered, thus, 𝑤(0,𝑖) = 𝑤cert .

Apart from the general simulation on the overall model, a fur-
ther simulation test was then performed to specifically evaluate the 
effect of random environmental parameters variability on the buoyancy 
correction affecting the weighting procedure.

A summary of the input parameter values and investigated uncer-
tainty ranges adopted for simulations is reported in Table  1; uncertainty 
limits were assigned to evaluate the impact on combined uncertainty.
3 
Table  1 reports values and uncertainty limits for all influence pa-
rameters in (8) that are plausible in most common experimental situa-
tions. In fact, mass fraction and masses are usually well known and/or 
measurable with very small uncertainties. Density of the bottle and 
volume of the solution, on the other hand, are never known, however, 
they can be calculated or assumed from other information present in 
the certificate, thus, the larger uncertainty they display. Environmental 
parameters are given without uncertainty but as a possible range of 
values randomly drawn mimicking their change considering measure-
ments performed over a long period of time. However, since the air 
density value resulting from them can be known quite well due to the 
application of (4) the uncertainty of 𝜌a is reported as 0.01 kgm−3 corre-
sponding to a relative uncertainty at the percent level. The densities for 
the solution to be monitored, 𝜌, and the reference calibration mass, 𝜌c, 
are not expected to change thus their values are fixed with very small 
uncertainties.

For both simulation exercises, values of the input parameters in-
cluded in the model were extracted from normal distributions
(random.normal() function of the numpy module) with the excep-
tion of 𝑝, 𝑇 , 𝑅𝐻 for which uniform distributions (random.
uniform() function of the numpy module) were employed, as a first 
approximation, in order to simulate the variability of environmental 
conditions within the boundaries declared in Table  1. Ultimately, their 
values were then adopted to calculate the local value of 𝜌a for which the 
normal distribution was adopted. The number of iterations was always 
set to 1 × 106.

2.2.2. Real case study
In order to test the proposed procedure on a real situation, a Co 

standard solution was monitored for about 60 weeks, a total period of 
similar length to that evaluated in the simulation test in the previous 
paragraph 2.2.1. The Co under investigation consisted in a commer-
cially available solution with 1.0 × 10−2 g g−1 certified mass fraction 
that was seldom adopted as a standard for neutron activation analysis 
in our laboratory. The polyethylene bottle was opened the first time 
the solution was used and kept in storage in a cabinet placed in a 
room at a controlled temperature of 22 ◦C until the next use for a 
total of 4 storage periods. All mass measurements were performed 
on an analytical balance, with resolution 0.000 01 g, placed in a room 
with controlled temperature and humidity via conditioning system. The 
value and uncertainty of the Co mass fraction were calculated through 
an uncertainty budget obtained in Microsoft Excel by application of the 
spreadsheet method [12] including all the parameters present in Eq. 
(7).

2.2.3. Method validation study with NAA
Additionally, a further test was performed to check up to what 

extent variations in mass fraction of the investigated solution are 
measurable with neutron activation analysis. At the end of the last 
storage period of the experimental test previously performed, an aliquot 
of about 8mL volume was taken and put in a container of known 
mass. From that solution, 3 further 30 μL aliquots were swiftly pipetted 
onto absorbent paper discs and regarded as reference samples and 
assumed to have the same mass fraction. The remaining solution was 
then placed, open, on an analytical balance to continuously monitor 
the decrease in mass over time and calculate the corresponding mass 
fraction increments with (2). At mass decreases corresponding to mass 
fraction increments of about 0.5%, 1.5% and 4.0% an aliquot was taken 
and pipetted onto absorbent paper disc and regarded as concentrated 
sample. Mass of all pipetting depositions were also measured on the 
balance.

All 6 pipetted samples were evaporated in air and sealed afterwards 
with two foils of adhesive tape. Each concentrated Co sample was 
coupled, within a polyethylene container, with one of the reference 
samples initially taken and the 3 pairs were inserted into an irradiation 
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Table 1
Values and uncertainty limits of parameters introduced in the simulation tests. Superscripts (i), (ii) and 
(iii) indicate the parameter is only adopted in the corresponding experimental setup.
 Parameter / unit Value Uncertainty limits  
 𝑤cert / g g−1 1.0 × 10−3 1.0 × 10−6 - 3.0 × 10−6 
 𝛥𝑚𝑖 / mg 50 –  
 𝑚ALIn / g 4 –  
 𝐿(0,0) / g 117.0000 0.0001 - 0.001  
 𝐿(0,1) / g 𝑚(0,0) − 𝑚ALIn 0.0001 - 0.001  
 𝐿(0,𝑖) / g 𝑚(0,0) − 𝑖

(

𝑚ALIn + 𝛥𝑚𝑖
)

0.0001 - 0.001  
 𝐿(1,𝑖) / g 𝑚(0,𝑖) − 𝛥𝑚𝑖 0.0001 - 0.001  
 𝑚C

(ii,iii) / g 17.0000 0.0001 - 0.001  
 𝑑0(i) / g cm−3 1.000 0.001 - 0.01  
 𝑉0

(i) / cm3 100.0 1.0 - 2.5  
 𝑝 / hPa 600.0 - 1100.0 –  
 𝑇  / ◦C 15.0 - 27.0 –  
 𝑅𝐻 / % 20.0 - 80.0 –  
 𝜌a / kgm−3 0.72 - 1.26 0.01  
 𝜌 / kgm−3 1000 10  
 𝜌c / kgm−3 8000 70  
Table 2
Values, with standard uncertainties in parenthesis, of the pipetted solution mass related to the reference 
sample, 𝑚pipetted (ref), and the concentrated sample, 𝑚pipetted (conc), of the 3 pairs of samples measured; The 
mass fraction ratio for the concentrated with respect to the reference, 𝑅𝑤, is also stated.
 Pair 𝑚pipetted (ref) / g 𝑚pipetted (conc) / g 𝑅𝑤 / 1  
 1 0.032 62(3) 0.032 73(3) 1.005 524(6)  
 2 0.032 61(3) 0.032 34(3) 1.016 651(9)  
 3 0.032 61(3) 0.032 84(3) 1.038 718(11) 
container for neutron exposure. Relevant information on the 6 samples 
is reported in Table  2.

Neutron exposure lasted for 1 h and was performed in the central 
channel of the TRIGA Mark II reactor of Pavia at 250 kW power. 
Samples were evaluated by 𝛾-spectrometry: each one of the 6 samples 
was acquired for 8 h real time at a distance of 20 cm from the detector 
end-cap of a ORTEC HPGe detection system (50% relative efficiency, 
1.9 keV full-width half maximum at 1332.5 keV) connected to a DSPEC 
and a personal computer running gamma vision software.

3. Results and discussion

3.1. Simulation

For the first simulation experiment, the measurement model (8) 
was iteratively applied in order to evaluate 𝑤(0,𝑖+1) for each simulated 
storage step. Values and lower limit uncertainties from Table  1 were 
adopted to define the gaussian distributions for the parameters with the 
only exception being the 𝜌a value which was calculated from random 
(uniform) picks within 𝑝, 𝑇  and 𝑅𝐻 ranges.

In order to easily evaluate mass fraction variations during the evap-
oration periods two parameters are defined: the relative mass fraction 
variation during 𝑖th storage period, 𝛥𝑤(0,𝑖+1), and the relative mass fraction 
variation up to the 𝑖th storage period, 𝛥𝑊(0,𝑖+1). The former being defined 
as 𝛥𝑤(0,𝑖+1) =

𝑤(0,𝑖+1)−𝑤(0,𝑖)
𝑤(0,𝑖)

 quantifying the mass fraction increase after a 
single storage period while the latter as 𝛥𝑊(0,𝑖+1) =

𝑤(0,𝑖+1)−𝑤cert
𝑤cert

 quan-
tifying the mass fraction increase with respect to the initial certified 
value.

The 𝛥𝑊(0,𝑖+1) trend for the experimental setup (ii) is reported in
Fig.  1.

The simulation here reported depicted the increasing trend of the 
investigated Co solution mass fraction value which, in the simulated 
conditions, is expected to exceed the 95% confidence interval of the 
reference value after just 4 storage periods (corresponding to 24 weeks) 
and depart completely in later storage periods. This result supports 
the importance of not neglecting evaporation effects especially when 
working with solutions having very low uncertainty on certified mass 
fraction.
4 
Fig. 1. Simulated relative mass fraction variation cumulated at the end of 
𝑖th storage period versus corresponding bottle mass for 10 storage periods, 6 
weeks each, and 10 aliquots taken out; error bars represent 95% confidence 
intervals. The horizontal dashed and solid lines represent the certified mass 
fraction value 𝑤cert and its 95% confidence interval.

As it is noticeable from the errorbars depicted in Fig.  1, the ap-
plication of the measurement model does not significantly increase 
the uncertainty assigned to the original standard solution. In order to 
quantify this aspect, relative increment of combined uncertainty after 10 
storage steps, 𝛥𝑢 (𝑤(0,11)

)

= 𝑢
(

𝑤(0,11)
)

−𝑢
(

𝑤cert
)

𝑢
(

𝑤cert
) , was calculated for each of 

the three experimental setups. The 𝛥𝑢 (𝑤(0,11)
) values were evaluated 

over the main input parameters’ uncertainty ranges stated in Table 
1 through GUM uncertainty framework (GUF) [13] applied on (7), 
taking into account a mono-elemental solution of about 100 g with 
0.1% relative uncertainty on the mass fraction and neglecting buoyancy 
correction altogether: 𝐿 = 𝑚.

Results are reported in Fig.  2 for experimental setup (i) and Fig.  3 
for experimental setups (ii) and (iii).

The impact of the buoyancy correction was evaluated by simulating 
the expected relative variation on the instrument indication recorded 
by two successive weightings of the same mass in various environmen-
tal conditions, 𝛥𝐿 =

(

1 − 1
)

. The range investigated for the air 
𝑚 𝑘B(1) 𝑘B(2)
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Fig. 2. Surface displaying 𝛥𝑢 (𝑤(0,11)
) (𝑧 axis) versus 𝑢 (𝑚(0,0), 𝑚(0,1), 𝑚(0,𝑖), 𝑚(1,𝑖)

)

(𝑥 axis) and 𝑢 (𝑉0
) (𝑦 axis) calculated for experimental setup (i) [7].

Fig. 3. Surface displaying 𝛥𝑢 (𝑤(0,11)
) (𝑧 axis) versus 𝑢 (𝑚(0,0), 𝑚(0,1), 𝑚(0,𝑖), 𝑚(1,𝑖)

)

(𝑥 axis) and 𝑢 (𝑚C
) (𝑦 axis) calculated for experimental setups (ii) and (iii) [7].

Fig. 4. Surface displaying 𝛥𝐿
𝑚
 (𝑧 axis) versus 𝜌a (1) (𝑥 axis) and 𝜌a (2) (𝑦 axis) 

for any 𝜌a ranging from 0.7 kgm−3 to 1.3 kgm−3.
5 
Fig. 5. Relative mass fraction variation evaluated by application of the 
proposed method to a 1 × 10−2 g g−1 Co standard solution monitored over 
a 64 weeks span comprising 4 storage periods of irregular length; error 
bars represent 95% confidence intervals. The horizontal dashed and solid 
lines represent the certified mass fraction value 𝑤cert and its 95% confidence 
interval.

density at the moments of successively weightings 1 and 2, 𝜌a (1) and 
𝜌a (2), respectively, being the main influence parameters to 𝑘B values, 
was taken from Table  1 (see Fig.  4).

The 𝛥𝐿
𝑚  trends linearly from being negligible when 𝜌a and 𝜌a are 

similar to achieve the maximum |0.056|% for the largest considered 
variation in air density, |

|

𝜌a (1) − 𝜌a (2)|| = 0.640 kgm−3. In contrast to 
𝛥𝐿
𝑚 , the absolute variation in instrument indication, 𝛥𝐿, depends on the 
considered mass: for a weighted mass in the order of 100 g, for which 
variability on indication of 1mg is tolerated, corresponds to an allowed 
difference in air density of |0.0057| kgm−3 (0.89% of the investigated 
range), instead for a weighted mass in the order of 10 g with same 1mg
tolerated variability on indication the allowed difference in air density 
corresponds to |0.057| kgm−3 (8.9% of the investigated range).

3.2. Real case study

The outcome of the application of the proposed method to the real 
Co solution is reported in Fig.  5.

The overall Co mass fraction increment was estimated as 2.68 ×
10−5 g g−1 over the total investigated period of 64 weeks, this meant 
that after more than a year the Co mass fraction value still within 
the uncertainty range. Conversely, as the simulation study highlighted, 
that should have not be the case for a 1.000(1) × 10−3 g g−1 solution. 
Moreover, slight variability in the slope of the line passing through 
the data could hint at a non-constant evaporation rate along the whole 
investigated period. The reason of this suspected tendency is not ac-
counted for due to the low magnitude with respect to the measurement 
uncertainty; thus it might derive from environmental effects or it might 
reflect the actual behavior of the solution; or even be completely 
random.

3.3. Method validation study with NAA

The results obtained from the measurement exercise are reported in 
Table  3. Relevant results for each pair of concentrated and reference 
samples are the expected mass fraction ratio, 𝑅𝑤, and the measured 
mass fraction ratio, 𝑀𝑤. The former is calculated using (7) iteratively 
to calculate 𝑅𝑤 = 𝑤(1,𝑗)∕𝑤(0,1), with 𝑗 = 1, 2, 3, from knowledge of 
solution masses during their corresponding storage times while on the 
balance. The latter is calculated from NAA input parameters through 
rearrangement of the comprehensive relative-standardization model 
described in (5) in [14], in order to get the ratio 𝑀𝑤 = 𝑤smp∕𝑤std, 
with 𝑤smp being the mass fraction of Co in the concentrated sample and 
𝑤std the mass fraction of Co in the reference sample. Table  3 includes 
also the 𝑧-score to evaluate the agreement between 𝑀  and 𝑅 . Since 
𝑤 𝑤
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Table 3
Values of the expected mass fraction ratio, 𝑅𝑤, and measured mass fraction ratio, 𝑀𝑤, for the three pairs, 
𝑧-score, is also stated.
 Pair 𝑅𝑤 / 1 𝑀𝑤 / 1 𝑧-score / 1 
 1 1.005 524(6) 0.9974(40) −2.04  
 2 1.016 651(9) 1.0152(41) −0.34  
 3 1.038 718(11) 1.0315(42) −1.73  
Table 4
Uncertainty budget of the measurement 𝑀𝑤 for pair 1. For each input parameter, 𝑋i, unit, 

[

𝑋i
]

, value, 
𝑥i, uncertainty, 𝑢

(

𝑥i
) and contribution to combined uncertainty, 𝐼 are shown.

 𝑋i
[

𝑋i
]

𝑥i 𝑢
(

𝑥i
)

𝐼 / % 
 net area ratio 1 1.000 2.3 × 10−3 33  
 decay ratio 1 1.000 5.1 × 10−6 0  
 𝑘0 ratio 1 1.000 0 0  
 neutron flux ratio 1 1.000 2.8 × 10−3 50  
 efficiency ratio 1 1.000 1.0 × 10−3 6  
 mass ratio g g−1 9.97 × 10−1 1.3 × 10−3 11  
 blank correction g g−1 0.000 0.0 0  
 U fission correction g g−1 0.000 0.0 0  
 
 𝑀𝑤 (1) 1 9.974 × 10−1 4.0 × 10−3 100.0  
𝑧−score =
(

𝑀𝑤 − 𝑅𝑤
)

∕
√

𝑢2
(

𝑀𝑤
)

+ 𝑢2
(

𝑅𝑤
)

, a 𝑧-score value ≤ 2 is 
usually considered acceptable with a level of confidence of 95%.

Additionally, for the measurement of standards pair with smallest 
mass fraction difference, an example of uncertainty budget is reported 
in Table  4 to highlight the contribution to combined uncertainty.

The results reported in Table  3 highlighted agreement between 
the NAA measurements with the corresponding expectations calculated 
with the weighings method as testified by the 𝑧-score. However, the 
reported measurement uncertainty in the case of pair 1 resulted of 
a similar magnitude than the ratio being measured highlighting the 
limit of what is possibly measurable with the current NAA experimental 
setup. Since the ratio expected in pair 1 is the closest to mass frac-
tion variations in typical storage periods, validation of the weighing 
method within working range cannot be claimed from the results of 
this experiment. From inspection of the uncertainty budget in Table  4, 
the main contribution to the combined uncertainty is the neutron flux 
ratio parameter which is mainly dependent on neutron self-shielding 
correction. Possible strategies for reducing this contribution might con-
cern intervening on the measurement samples by changing the support 
material and/or diluting the Co absorbed in it, however, reaching the 
ultimate sub-0.1% uncertainty would still be quite challenging and only 
possible for a limited number of elements.

3.4. Discussion

The evaluation of uncertainty increase due to the application of the 
proposed method and reported in Figs.  2 and 3 highlighted a small 
increment with respect to the certified uncertainty for experimental se-
tups (ii) and (iii) and a larger one for experimental setup (i). However, 
each of three setups here described might possibly be suitable for the 
task since, in the worst case, the increment resulted in about less than 
1% of the certified uncertainty of 0.1%. Ultimately, the choice of one 
over the others is contingent upon the available solution and knowledge 
about it.

The strategy here proposed to maintain SI traceability is heavily 
based on mass measurements of the solution to analyze, thus, balances 
are the main instrument and need to be suitable for the task. Common 
laboratory balances with 0.1mg resolution are, theoretically, already 
fit for purpose since a variation at resolution level would correspond 
to an increment in the order of 1 × 10−6 g g−1 for a 100 g solution 
6 
with 1 × 10−3 g g−1 mass fraction. Although the resolution can be an 
indication of the suitability of an instrument, it has to be considered 
that the weighting uncertainty also depends on multiple aspects other 
than the resolution, such as repeatability, non-linearity, experimental 
setup, the measurand itself. To this point, it has been demonstrated 
that, even excluding buoyancy related effects, weighting uncertainty of 
an analytical electronic balance could be already five- to tenfold larger 
than the instrument resolution [15]. Considering that buoyancy effects 
are in many cases the main contributors to weighting uncertainty it 
becomes clear that environmental conditions should also be monitored 
with great care. The latter is not as trivial as it might appear since those 
measurement are supposed to be performed over large time intervals 
from one another.

Validation of the method performed within this study ended up 
being not conclusive as the attempt performed with NAA on the real 
solution resulted in values showing an achieved uncertainty bigger 
than the magnitude of the investigated mass fraction variations, where 
major contribution was due to self-shielding effects provoked by the 
abundant Co mass present in samples. Even in optimized experimental 
setup [16,17] lower uncertainties than 0.1% on mass fraction are 
rarely achieved making NAA validation of the proposed methodology 
a challenging feat.

Finally, a set of recommendations concerning the applicability of 
the method described in this study is reported to facilitate users willing 
to adopt it in their laboratories. Providing adequate balances and en-
vironmental monitoring, the method is suited to maintain traceability 
for standard solutions having well known chemical stability that are sel-
dom used, where seldom here indicates a frequency of use in the order 
of once every few weeks or months. On the contrary, for solutions that 
are very frequently used thus having a total storage time below a few 
months this method, as any other evaporation correction, is not needed 
as the mass fraction increase due to the evaporation will be negligible 
and too little to be quantified through mass measurements anyway. 
The adequate balance and environmental monitoring mentioned before 
translate into having a scale with weighting range encompassing the 
whole masses solution can possibly attain, ranging for example in the 
case of a typical 100mL solution from a minimum of around 30 g
up to around 130 g. The recommended resolution of the instrument 
would be in the range 0.01mg - 0.1mg considering usually a 5 to 
10 times higher corresponding weighting uncertainty, that has to be 
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carefully evaluated. Environmental conditions to be controlled during 
mass measurements are temperature, relative humidity and pressure. 
A common barometric station should be already suitable to check the 
variation of these parameters and evaluate their uncertainty. However, 
it has to be stressed that those recommendations are just guidelines and 
individual understanding and critical evaluation of each laboratory’s 
needs is always preferable.

4. Conclusions

This study presents a measurement model aimed to manage mass 
fraction variations of certified entities in standard solutions due to 
evaporation of solvent. Three ways of applying the model are described 
covering three experimental setups that are almost equally viable in 
terms of uncertainty.

As highlighted by the simulation studies reported in this work, 
the effect of evaporation for certain conditions of storage times could 
not be negligible and since the proposed model is only based on 
mass measurements it should be easily applicable in any laboratory, 
providing a comfortable solution to the problem.

On the other hand, the measurement test performed in this study 
to assure validation of the method was not conclusive, thus further 
experiments will be needed in this topic. Moreover, the model is 
specifically suited for evaporation effects, meaning other interactions 
like leaching or precipitation could not be correctly managed. Thus, 
knowledge of chemical interactions should not be underestimated and 
good practice in handling and storing solutions cannot be substituted.

In summary, the methodology here reported was developed as a 
starting point to track mass fraction for reference solutions accounting 
for evaporation effects over time and, in doing so, retaining traceability 
to SI (according to ISO/IEC 17025 [18]) even past the conventionally 
adopted expiration times.
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