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A B S T R A C T   

Broadband acoustic resonance dissolution spectroscopy (BARDS) is a novel method that can be used for the 
analysis of food-based powders, which are mainly characterized by their composition and particle morphology. 
This study aimed to evaluate BARDS for the compositional analysis of food powders. The changes in the BARDS 
spectra due to the changes in composition and particle morphology of fifteen salt mixtures (constituting of NaCl, 
KCl, and MgCl2) in five particle size ranges were comprehensively studied. Moreover, different regression 
methods were utilized to estimate each mixture component content. The results revealed that the average 
time–frequency spectra of each mixture in a certain particle size class were highly distinct and allowed 
discrimination from others. The unique spectra of each salt mixture originated from the specific dissolution rate 
and degassing effect of each constitutive compound. Finally, the accurate prediction of each mixture component 
content confirmed the consistency and efficiency of the method.   

Chemical compounds studied in this article: Magnesium chloride 
(PubChem CID: 5360315); Potassium chloride (PubChem CID: 4873); 
Sodium chloride (PubChem CID: 5234). 

1. Introduction 

Recently, the application of acoustics in food analysis is becoming 
pervasive due to the advantages of low experimental costs and marginal 
sample preparation. Acoustic detection methods are product specific. 
Detection of cracks in eggshells (Sun, Bi, Lin, Zhao, & Cai, 2013), 
evaluation of fruit firmness, crispness and crunchiness (Tunick et al., 
2013), detection of mycotoxins in wheat grains (Juodeikiene et al., 
2014), investigation of the rehydration behavior of milk protein (Wu 
et al., 2019), and the authentication of salts (van Ruth et al., 2019) are 
all studies in which the acoustic waves have been served to analyze food 
materials. 

Broadband acoustic resonance dissolution spectroscopy (BARDS) is a 
novel method, developed for the characterization of powders. Its 

feasibility for the authentication and quality control of food powders has 
been recently reported in a few papers (van Ruth et al., 2019a; Vos et al., 
2016; Wu et al., 2019). In this spectroscopic method, the acoustic 
spectrum of a powdered substance is generated during the addition and 
subsequent dissolution of the powder in a solvent (mostly water) by the 
changes in the frequency of sound, traveling through the dissolution 
media. The frequency change is due to the emergence, growth, and 
subsequent elimination of minute air bubbles. The curve related to this 
frequency-time course is the acoustic spectrum and called the funda-
mental curve (FC) (Fitzpatrick et al., 2013). Compositional and 
morphological differences in powders provide curves with various 
shapes due to the changing physicochemical characteristics of the 
powder, which can directly or indirectly influence the dissolution pro-
cess (Fitzpatrick et al., 2012a). 

A well discriminative power of the method has been reported be-
tween different compounds and even polymorphs with the same 
composition (Fitzpatrick et al., 2012a). The FC of blends has also been 
observed as the intermediate curve of two pure ingredients (Fitzpatrick 
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et al., 2012a). However, the need to investigate the behavior of mixtures 
has been highlighted in other reports (Fitzpatrick et al., 2013, 2012). It 
was reported that the FC of milk protein concentrate samples with 
different protein contents was highly discriminable, in which the dif-
ferences were observed both in the frequential and temporal features of 
the FC (Vos et al., 2016). The results of a study on sands from coasts in 
the Netherlands also indicated that both composition and particle 
morphology play an important role in the shape of the FC (van Ruth, 
Hettinga, Dekker, & Fitzpatrick, 2019). 

Table salt is one of the simplest ‘food’ powders, which is officially 
characterized by its sodium chloride (NaCl) content. Natural, often 
specialty, table salts are unrefined edible salts that recently became 
popular due to their particular taste and claimed health benefits (Galvis- 
Sánchez, Lopes, Delgadillo, & Rangel, 2013). In addition to NaCl, these 
salts are mainly composed of potassium chloride (KCl) and magnesium 
chloride (MgCl2), which exists in rock and sea salts, respectively. The 
salt particles may be pure crystals of the main salts (NaCl, KCl, and 
MgCl2) or the attachment of different salt crystals (Davidson & Sla-
baugh, 2003). The quality of natural salts is mainly determined by the 
portion of each of these main components in the final product (Galvis- 
Sánchez et al., 2013). In the previous study on salt characterization in 
which BARDS technology was applied, the composition and particle size 
distributions of natural and reference salts and mixtures thereof, were 
found to have significant effects on the features of the FC (van Ruth 
et al., 2019a). A significant correlation was observed between the 
temporal features of the FC, and the composition and particle size index 
of the ground and intact samples. 

To successfully apply the BARDS technology for the compositional 
analysis of food powders and suitable applications such as quality con-
trol, following goals must be achieved. (1) More comprehensive studies 
are needed to find the specific physicochemical properties of the pow-
ders, which are responsible for the changes in the characteristic features 
of the FC. These properties are not fully covered in previous studies 
related to food powders. (2) The effect of the particle size on the acoustic 
spectra should be studied in more details, so that it could be recognized 
from the effect of the composition. (3) To evaluate the efficiency of 
BARDS for the quantitative analysis of food powders, which means to 
predict the concentration of its main components. The latter was not 
previously studied. Through the prediction of the composition, one can 
assure the quality of the product but also detect nonconformities. To 
achieve these goals in this study, the single, binary, and ternary artificial 
mixtures of three edible salts (NaCl, KCl, and MgCl2), each in five par-
ticle size classes (with a narrow band), were used and regarded as a 
representative source of a food powder model with changes in the two 
main attributes of composition and particle morphology. 

2. Materials and methods 

2.1. Theory of BARDS 

The hot chocolate effect (Crawford, 1982) states that the dissolution 
of a substance in a liquid solvent can reduce the gas solubility of the 
solution compared to the pure solvent. Therefore, the solution will get 
oversaturated by those amounts of gas, which have been dissolved in the 
solvent. The gas oversaturated liquid is not stable; thus, the extra dis-
solved gases will be absorbed by existing bubbles in the solution. These 
bubbles can be produced by those amounts of air, entrained to the sol-
vent with solute particles or be nucleated in highly oversaturated solu-
tion. The air could be entrained to the solvent with particle collision to 
liquid surface at the time of the solute introduction. Some amounts of air 
which are stuck between or adhered to solute particles will also entrain 
to the solvent at this time. Also, air gaps may present within solute 
particles which will be released later during the dissolution and produce 
microbubbles. The air bubbles originated from these three sources are 
called entrained bubbles. 

The presence of air bubbles in a liquid media can impressively reduce 

the compressibility and insignificantly lessen the density of that media. 
Thus, based on Newton-Laplace equation (Eq. (1)), the sound velocity in 
liquid media will be reduced by the presence of air bubbles (Crawford, 
1990): 

v =

̅̅̅̅̅̅̅̅
1

kρρ

√

(1)  

where v is the sound velocity in the media with a mass density of ρ and 
compressibility of k (Douhéret, Davis, Reis, & Blandamer, 2001). Since a 
resonating dissolution vessel can act as a closed-end sound tube, the 
wavelength of the sound is constant and equal to one-quarter of the 
vessel length. The wavelength of the sound is equal to its velocity 
divided by its frequency; hence the sound velocity is proportional to its 
frequency at a constant wavelength. According to these facts, Crawford 
proposed Eq. (2): 
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where ʄa is the volume fraction of bubbles in the liquid, ʋw and freqw are 
the velocity and frequency of sound in water with no bubbles, while ʋ 
and freq are those of the bubble-filled water (Crawford, 1982; Del Grosso 
& Mader, 1972). Thus, it is possible to track the bubble volume with the 
measurement of the sound frequency during the dissolution process. 
Among the many emerged resonance frequencies with high power, the 
FC is the one with the lowest variable frequency-time course which re-
lates to the solvent. 

The FC has important critical points in time to consider. The first 
time point after the powder introduction is called the entrain response 
point (ERP). The FERP is mostly depended to the volume of entrained 
bubbles emerge right after the solute introduction to the solvent. 
Increasing particle size also increases the amount of air entrained with 
solute introduction. Hence, it is reported that the ERP is mostly related 
to the particle size rather than the composition of the solute (Fitzpatrick 
et al., 2014). The overall minimum frequency (Fmin) is a significant point 
at which a balance appears between the bubble growth/generation and 
bubble liberation from the surface of the liquid. This point also indicates 
the highest bubble volume in the solution. The time (Δt) taken to reach 
the Fmin is also an important feature, since it relates to the dissolution 
rate of the compound. Both Fmin and Δt are related to the powder’s 
composition as well as its particle size distribution. To analyze the FC, 
each curve can be assumed as an acoustic spectrum in which each data 
point is an independent variable. Since the number of those variables is 
large, it is shown that multivariate analysis methods such as principal 
components analysis (PCA) can reduce the size of the variable space, and 
the new obtained space is able to cover most of the variation in the 
dataset. This space can also provide good discrimination power between 
sample classes (van Ruth et al., 2019b). 

2.2. Materials 

Analytical grade salts of NaCl (Merck, 1.06404), KCl (Merck, 
1.04936), and MgCl2 (Merck, 1.05833) (VWR International B.V., 
Amsterdam, the Netherlands) were ground using a commercial coffee 
grinder (Tristar KM-2270 Tristar, Smartwares Group, Tilburg, the 
Netherlands). The salts were subsequently passed through different 
sieves to obtain five different particle size classes with the following 
codes and the corresponding particle size ranges in parenthesis: E 
(63–150 μm), D (150–250 μm), C (250–350 μm), B (350–500 μm), and A 
(500–650 μm). Due to the highly hygroscopic nature of MgCl2 all sam-
ples were oven-dried at 103̊ C before analysis. The chemical character-
istics of the reference salts and their effects on the solution are shown in 
Table S1 (Supplementary material). Fifteen different salt mixtures for 
each particle size class were prepared using a simplex lattice mixture 
design (Gorman & Hinman, 1962), where each one was a mixture of 
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different portions of the three salts. The pure salts were considered, but 
also 0, 0.25, 0.50, and 0.75 fractions (w/w) of the three salts in various 
variations. The composition of the 15 samples is detailed in Table S2, 
provided as Supplementary material. 

2.3. Instrumentation 

A broadband acoustic resonance dissolution spectrometer (BARDS 
Acoustic Science Labs, Cork, Ireland) was utilized to monitor the fre-
quency change of acoustic resonances in the solution during the disso-
lution of each salt mixture in demineralized water. This spectrometer 
has a dissolution vessel made of borosilicate, which is suitable for 25 mL 
solvent (Supplementary material, Fig. S1). A uni-directional, cardio 
design, condenser microphone (Sony ECM-CS10) with a frequency range 
of 100 Hz to 16 kHz was used to record the acoustic analog waves. The 
sound was generated by tapping the vessel wall with a magnetic stirrer 
at a rotational speed of 300 rpm. The acoustic wave was digitized using a 
sound card having a 44.1 kHz sampling rate and being able to recon-
struct acoustic waves up to 22.1 kHz frequencies according to the 
sampling theorem, which can cover the microphone sensitivity range 
(Nyquist, 1928). To obtain the spectrogram, a short-term Fourier 
transform (STFT) was applied to the digital signal using a fast Fourier 
transform (FFT) with 16,384 window size. 

2.4. Experimental procedure 

For each measurement, 0.8 g of solute was dissolved in 25 mL of 
demineralized water (van Ruth et al., 2019a). Experiments were con-
ducted in a conditioned laboratory with a stable room temperature of 22 
C̊ and an atmospheric pressure of ~1 atm, without any heating or 
cooling of the solvent. Prior to any measurements, gas saturation in the 
solvent was stabilized through vigorous agitation by shaking the solvent 
bottle for 60 s and then allowing it to rest for more than 30 min. 

During the first 30 s of the measurements, acoustic waves were 
recorded to measure the resonance frequency of the solvent and the 
vessel at a steady state. At the 30 s time-point, the solute was auto-
matically added to the solvent using a sample cap which was controlled 
by an electrical motor. To assure that the curve reaches the same fre-
quency of the first 30 s after the liberation of the bubbles, the signal was 
recorded for 300 s. The spectra were acquired for each sample mixture. 
All samples were analyzed in triplicate, and the average spectra over the 
three replicate measurements per sample mixture were calculated and 
utilized as the representative of that sample. 

2.5. Particle size measurements 

A laser diffraction analyzer (Mastersizer 3000, Malvern Instruments, 
Malvern, UK) alongside an Aero S dry powder dispersion accessory was 
utilized to measure the particle size distribution of the salt powders. The 
measurements are based on the theory of diffraction by Fraunhofer, 
which states that the intensity of scattered light by a particle is directly 
proportional to the particle size (Li, Li, Bodycomb, & Patience, 2019). 
Particles disperse and travel through the detection cell by means of 
airflow with the settings of 2 bar pressure, 3 mm of hoper gap, and a feed 
rate of 20% using a vibrational feeder. For modeling, particle type was 
selected as a non-spherical particle with the Fraunhofer approximation. 
Measurements were recorded once the obscuration was between 0.5 and 
6.0 percent. Similar to the previous study, the particle size characteris-
tics were recorded as Dx (50), the median diameter (van Ruth et al., 
2019a). The average of triplicate measurements was served in further 
analysis. 

2.6. Data analysis 

2.6.1. Spectral analysis 
For further analysis, 50 pre-defined time–frequency data points were 

derived manually from each FC and saved in an Excel file. The bubble 
volume and its derivative as the bubble volume rate were calculated 
using Eq. (2) and the Savitsky-Golay transformation of the bubble vol-
ume spectra (Savitzky & Golay, 1964). The frequency of ERP (FERP), the 
Fmin, and the Δt of each FC was used as three main curve features and 
their correlations with the measured particle size Dx(50) were examined 
using Pearson correlation coefficients (r). 

2.6.2. Multivariate analysis 
Principal component analysis (PCA) was performed on FC, bubble 

volume and bubble volume rate spectra. The score plots were demon-
strated to explore the discrimination between fifteen salt mixtures, as 
well as five particle size classes. The loading of each time point variable 
was also calculated and demonstrated. 

Nine different data sets, including the three types of FC, bubble 
volume, and bubble volume rate spectra, each at three different dura-
tions of 90 s, 180 s, and 300 s were created. D(50) was also added to each 
data set as a variable of particle size in the model. Samples were ar-
ranged along the first dimension and variables along the second 
dimension of the X matrix. Multivariate regression methods were uti-
lized for the prediction of the percentage of each main salt in the mix-
tures. Since the spectral variables were collinear, and the number of 
independent variables was high (variable matrix was not full rank), 
traditional regression models were not suitable. Thus, principal 
component regression (PCR) and partial least square regression (PLSR) 
as two linear approaches and support vector regression (SVR) with a 
Gaussian kernel of radial basis function (RBF) as a non-linear one were 
utilized. 

PCR is a multiple standard regression in which the regressors are 
principal components (PCs) with the highest eigenvalues, extracted 
from the PCA of the independent variables matrix X. This method can 
deal well with collinearity and large number of independent variables, 
since it maps the variable space into the space of a few orthogonal PCs. 
The obtained PCs can explain the majority of data variation by using the 
singular value decomposition (SVD) method (Keithley, Mark Wightman, 
& Heien, 2009). 

PLSR is also a linear regression in which the regressors are latent 
variables (LV). LVs are orthogonal directions extracted from indepen-
dent variable space in such a way that they simultaneously correlate 
with dependent variables. This method is also useful in the case of multi- 
collinearity problem in the independent variable set (Wold, Sjöström, & 
Eriksson, 2001). 

SVR considers a margin of tolerance (ε) tube around the regression 
hyperplane that those data points placed outside of this margin tube will 
just be penalized. It reduces the dependency of the model on the training 
data set. Gaussian RBF was utilized in this study to map the independent 
variables into a feature space with a higher dimension so that a linear 
hyperplane can predict the dependent variables (percentage of each salt 
in the mixture). This strategy makes the regression non-linear and also 
increased the prediction accuracy since the method is not sensitive to 
dimensionality (Awad, Khanna, Awad, & Khanna, 2015). In this study, 
two optimal parameters of the SVR model, C and V, were determined 
using a heuristic grid search (among different values of 0.1, 1, 10, and 
100) for the best validation result. 

Two-thirds of the samples were served for training and validating the 
regression models and one third for the testing. For every three regres-
sion models, 10-fold cross-validation was served. Prior to the regression 
analysis, independent variables (X) were mean-centered and scaled ac-
cording to their standard deviation. The adjusted coefficient of deter-
mination for the prediction (R2

p) and the root mean square error of the 
prediction (RMSEP) were calculated as two figures of merit. All data 
transformation and analysis were carried out using “The Unscrambler 
X10.4” statistical software package (CAMOAS, Trondheim, Norway). A 
significance level of 5% (P < 0.05) was considered throughout the study. 
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3. Results and discussion 

3.1. Overview of the BARDS spectra 

Fig. 1 illustrates a raw spectrogram obtained from a pure NaCl (m1) 
sample with a particle size class C. After setting the magnetic stirrer into 
motion at 0 s, several lines with high power emerged as resonance fre-
quencies of different parts of the system, which were evident during the 
first 30 s of the spectrogram (Fig. 1). After 30 s, the solute was intro-
duced into the solvent, and one of those lines dropped to the FERP at 33 s 
due to the emerging bubbles (next data point after 30 s was at 33 s, 
considered as ERP). There is a 3 s time interval between the solute 
entrance and the ERP. Therefore, it could be considered that the existing 
bubbles at the ERP were produced by both the entrained air and also 
extra dissolved gases in the oversaturated liquid. The entrained bubbles 
or new generated bubbles can absorb the extra dissolved gases from gas 
oversaturated solution which is provided by the early dissolved mole-
cules of the solute. As the solute particles were dissolving, bubble vol-
ume was increasing by the growth of entrained bubbles or the 
generation of new bubbles; and reached its maximum at the point of (Δt , 
Fmin). These bubbles were liberated from the solution surface after a 
time, which relates to the size of the bubble and the viscosity of the 
solution. It was evident that at the end of the FC, where all bubbles were 
liberated from the media, the resonance frequency restored to the values 
observed in the first 30 s. This frequency line is called the volume line 
since the resonance frequency of non-bubbly media changes only by the 
volume of the water in the vessel (i.e. by changing the length of the 
acoustic tube and consequently the wavelength of the induced sound). 
The volume line in the case of this study was observed at ~ 9.0 kHz. 

3.2. Spectral interpretation 

3.2.1. Single salt mixtures 
The average FC, bubble volume, and the bubble volume rate spectra 

for each salt mixture (m1-m15) are shown in Figs. 2–4 for the particle 
size class B, respectively. The spectra related to three reference salts are 
indicated as m1: pure NaCl, m5: pure KCl, and m15: pure MgCl2. Each 
reference salt had its particular spectrum, completely discriminable 
from the others. After a sudden depletion in frequency from volume line 
to the ERP, m1 and m15 exhibited a U-type FC, whereas m5 showed a V- 
type FC (Fig. 2a, b). For the bubble volume curves, after the appearance 
of a 0.001 mL, 0.0052 mL, and 0.021 mL volume of bubbles at ERP for 
m1, m5, and m15 respectively, the bubble volume of m1 and m15, 
increased to reach their maximum value of 0.0018 mL and 0.036 mL at 
the time point of 79.4 s and 38.2 s, while for m5, bubble volume 

decrease logarithmically toward the zero (Fig. 3b). For three reference 
salts, the shape of the FC and the bubble volume curves were similar as 
the findings of the previous study (van Ruth et al., 2019a). 

The bubble volume rate in Fig. 4, can be considered as the bubble 
growth/generation rate minus the rate of bubble liberation in the so-
lution, which has not been studied in the previous publications. For the 
bubble volume rate curves, after a sudden high positive rate of bubble 
volume at the ERP which is mostly due to the comparison of zero bubble 
volume at 30 s and the high amount of entrained bubbles appeared at 33 
s, m1 started to dissolve slowly with a nearly zero rate of bubble volume; 
followed by an increase to a local maximum rate. It could be inferred 
that the gas oversaturation is at its highest value at the time point of the 
local maximum bubble volume rate, which coincided with the first 
deflection point on the bubble volume curve (Fig. 3a). The bubble vol-
ume rate of m1 then decreased and passed through the zero value at the 
time point of (Δt, Fmin), at which the bubble growth/generation and 
liberation rates had the same values. This decrease continued to reach 
the minimum negative value, the point that the solution is expected to 
have its highest bubble liberation rate and appeared as the second 
deflection point on the bubble volume curve (Fig. 3a). The bubble vol-
ume rate then increased to reach the zero value by the end of the bubble 
liberation process. For m5, a higher positive rate of bubble volume 
(compared to m1), appears at the ERP, is due to the comparison of zero 
bubble volume at 30 s and the entrained plus early generated/grown 
bubbles at 33 s. At the next time point (34.6 s), the bubble volume rate of 
m5 decreased to its minimum negative value, followed by a gradual 
increase to the zero value by the end of the bubble liberation. When 
compared to m1 and m15, the negative values for the bubble volume 
rate after the ERP (for m5), are due to a lower gas oversaturation pro-
vided by the salt powder. Hence, the rate of bubble growth/generation is 
lower than that of bubble liberation leading to a V-type FC for m5. For 
m15 (Fig. 4b), after its high positive rate at ERP (higher than that of m1 
and m5), bubble volume rate gradually decreased to reach the zero at 
the time point of Fmin (m1 and m5 had a sudden reduction after the ERP 
respectively to about zero and a negative value). This reduction 
continued to reach the minimum value of bubble volume rate (negative) 
at which the bubble elimination rate is expected to have its maximum 
value and coincided by a deflection in the bubble volume curve 
(Fig. 3b). The rate then increased to the zero value again at the end of the 
bubble elimination process. These results showed that m1 (NaCl), m5 
(KCl), and m15 (MgCl2) had bubble volume rate curves with sinusoidal 
(with two extremes), logarithmic (with decreasing negative values), and 
a highly damping exponential shape, respectively. Therefore, the shape 
of the bubble volume rate curve also seems to be indicative of a powder 
fingerprint, even more than the FC and bubble volume curves. It is 

Fig. 1. A broadband acoustic resonance dissolution 726 spectrogram of the m1 (100% NaCl) in particle size class C (250–350 μm). The color intensity refers to the 
power of the signal. 
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evident that the compound-specific shape of the curve, is a function of 
the changes in bubble volume rate, which can be considered as the 
difference between bubble growth/generation and liberation rate (FC 
shape is not a function of the total bubbles volume that exist in the 
solution). 

The gas solubility reduction could be the main reason for the shape 
difference of the spectra between KCl and the other two salts. When a 
solid is dissolved in a liquid, the solubility of gases decreases due to the 
salting-out effect. This decrease varies with the type of solute (Schumpe, 
1993). Furthermore, gas solubility is a function of solution temperature. 
Based on the ion–dipole interaction between the ions and the water 
molecules, solution temperature can be changed according to the 
dissolution enthalpy which is compound-specific (Haynes, Lide, & 
Bruno, 2016). In this study, according to the dissolution enthalpy and 
the heat capacity of the salt solutions, the solution temperature is ex-
pected to increase by about 12.6 ̊C for m15, and decrease by 1.4 ̊C for 
m5, and 0.5 ̊C for the m1, after dissolving the samples in the water 
(Supplementary material, Table S1). Increasing the temperature of the 
solution can: (1) increase the dissolution rate (Haynes et al., 2016); (2) 
reduce the gas solubility of the solution by approximately 10% for each 
5.0 ̊ C increment (Garde, Garcıá, Pratt, & Hummer, 1999); and (3) 
decrease the viscosity of the solution(Haynes et al., 2016; Siepmann & 
Siepmann, 2013). To show the effect of temperature on the acoustic 
spectra, pure NaCl (due to its lower dissolution rate) was dissolved in 
water with six different temperatures (Supplementary material, Fig. S3). 
As the initial solvent temperature increased, the maximum bubble vol-
ume also increased (Fmin decreased) due to the reduction of gas 

solubility. The time required to reach this maximum (Δt) was decreased 
due to the increasing dissolution rate (Fig. S3 a, b). With increasing 
initial solvent temperature, maximum bubble volume rate has been 
increased due to the higher gas oversaturation and hence higher bubble 
growth/generation rate (Fig. S3 c). The minimum bubble volume rate 
(in negative value) was decreased by increasing initial solvent temper-
ature, which is due to the decreasing solution viscosity. These results are 
in line with previous studies on sodium carbonate, where a reduction in 
Δt was reported due to temperature increment, and against the result of 
having no changes in Fmin due to the temperature effect (Fitzpatrick 
et al., 2012a). 

Considering the dissolution enthalpy and the salting out effect, the 
gas solubility is expected to reduce by ~ 14.5% for m1(NaCl), ~7.5% for 
m5 (KCl), and 40.7% for m15 (MgCl2) after dissolving the samples in 
water (Supplementary material, Table S1). A lower gas solubility 
reduction of KCl resulted in a lower level of gas oversaturation and 
hence, a lower rate of bubble growth/generation. It should also be noted 
that m5 has a higher dissolution rate than m1 (Supplementary material, 
Table S1). The other scenario is that a large portion of m5 sample was 
dissolved in early seconds after introducing the solute to the solvent 
(30–33 s), since the dissolution rate of KCl is significantly higher than 
that of NaCl (Supplementary material, Table S1). Hence, a considerable 
portion of gas oversaturation was provided early before the liberation of 
those bubbles entrained with solute particles. Entrained bubbles can 
grow by absorbing the gas oversaturation and increase the bubble vol-
ume in a more rapid way than generating new bubbles. This phenomena 
can result in a greater bubble volume and its rate for m5 before ERP (33 
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Fig. 2. The fundamental curve averaged from three measurements 729 of single and binary mixtures from (a) NaCl and KCl, (b) NaCl and MgCl2 and (c) KCl and 
MgCl2; (d) single and ternary mixtures of NaCl, KCl and MgCl2 (particle size class B: 350–500 μm). In the legends, the composition of each mixture is explained by 
the portions of each salt as mx: NaCl/KCl/MgCl2. 
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s) compared to m1 (Fig. 3a, 4a), and negative bubble volume rates for 
the time points after ERP, making a V-typed FC. Due to the high gas 
solubility reduction, and the very high dissolution rate of the MgCl2 
(highly hygroscopic nature and increased solution temperature), m15 
had the lowest FERP, highest bubble volume and highest bubble volume 
rate at the ERP compared to m1 and m5. At each particle size class, m1 
had the highest FERP, lowest bubble volume and lowest bubble volume 
rate at ERP which is mainly due to its low dissolution rate. 

Comparing m1 and m15 at the equilibrium time point of zero bubble 
volume rate (Fmin), higher maximum bubble volume, and lower Fmin of 
m15 is mainly due to the higher gas solubility reduction of m15. Lower 
Δt for m15 than for m1, can be the consequence of the higher dissolution 
rate of MgCl2. Dissolution rate is an important factor, which can be 
impressed by both the composition and morphology of a powder 
(Siepmann & Siepmann, 2013). It can affect the timing and the value of 
Fmin. It is expected to have a minimum frequency time point, being later 
with lower in bubble volume for the samples with lower dissolution 
rates. This behavior is because a significant amount of entrained bubbles 
will be liberated from the surface before the solution reaches its Fmin 
time point. Hence, its maximum bubble volume would be reduced. With 
an increase in dissolution rate, the solution reaches its highest concen-
tration of solute in a shorter time, and consequently its maximum gas 
oversaturation and bubble volume time points occur in shorter 
durations. 

The minimum bubble volume rate, which is a negative value, can be 

dedicated by those physicochemical characteristics of the solution 
related to the bubble elimination rate. The minimum bubble volume rate 
is − 0.00018 mLs− 1 for m1, − 0.00038 mLs− 1 for m5, and − 0.0022 
mLs− 1 for m15. The viscosity of the solution is responsible for the bubble 
elimination rate, which can be different from that of the pure solvent. 
The solution viscosity is solute-specific (Phang & Stokes, 1980; Zhang & 
Han, 1996). In addition, the viscosity of the solution is a function of the 
temperature (Haynes et al., 2016). Dynamic viscosity of the solution is 
expected to be ~ 5.6% and ~ 2.2% higher than the initial solvent after 
the dissolution of m1 and m5. But it remains almost constant after the 
dissolution of m15 at the molarity used in this study (Supplementary 
material, Table S1). At higher viscosity, the bubble liberation rate de-
creases due to the lower terminal velocity of the bubbles in the solution 
and vice versa (Snabre & Magnifotcham, 1998). This means that the 
bubble liberation rate could be reduced after dissolving m1 and m5 
while it may remain constant after the addition of m15. 

Furthermore, the surface tension of water increases by dissolving 
electrolytes due to electrostatic forces or solute–solvent attraction. This 
increment is solute-specific (Dutcher, Wexler, & Clegg, 2010). More-
over, the surface tension of water and brines reduces by temperature 
increment (Vargaftik, Volkov, & Voljak, 1983). The surface tension of 
the solution is expected to increase by ~ 1.3%, ~1.1%, and ~ 0% for 
m1, m5, and m15 accordingly after the dissolution of the samples. 
Increasing surface tension of the liquid can decrease the size of bubbles 
due to higher pressure difference or gas oversaturation needed to grow a 
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Fig. 3. The bubble volume averaged from three measurements 734 of single and binary mixtures from (a) NaCl and KCl, (b) NaCl and MgCl2 and (c) KCl and MgCl2; 
(d) single and ternary mixtures of NaCl, KCl and MgCl2 (particle size class B: 350–500 μm). In the legends, the composition of each mixture is explained by the 
portions of each salt as mx: NaCl/KCl/MgCl2. 
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bubble (Zahedi, Saleh, Moreno-Atanasio, & Yousefi, 2014). Meanwhile, 
bigger bubbles have higher terminal velocity, hence a higher bubble 
liberation rate is expected for the solutions with lower surface tension. 
Thus, as the dynamic viscosity and the surface tension of the solution 
decreases from m1 to m5 and then m15, the minimum bubble volume 
rate of these solutions reduces, and the bubble elimination rate 
increases. 

3.2.2. Binary salt mixtures 
Fig. 2a, Fig. 3a, and Fig. 4a are the FC, bubble volume and bubble 

volume rate spectra, related to salt mixtures with the gradual transition 
from 100% NaCl to 100% KCl. The frequency and bubble volume at ERP, 
decreased and increased respectively with the increasing percentage of 
KCl. This trend was also reported in the previous study with different 
mixtures and particle size ranges (van Ruth et al., 2019a). Salt mixtures 
containing a higher NaCl content (m1, m2 and m3) had two deflection 
points on their FC, while for the mixture with a lower NaCl content (m4), 
the deflection points were almost vanished. The fingerprint of NaCl on 

the FC and bubble volume curves can be seen as two deflection points. 
However, the first one seems to be more related to the presence of NaCl 
in the mixture. Furthermore, for those mixtures containing KCl, the 
bubble volume rate curves started with an increasing negative value at 
an early stage of the dissolution. This sign can be considered as a feature 
related to the presence of KCl. Since the dissolution rate of NaCl is lower 
than that of KCl (Supplementary material, Table S1), the fingerprint of 
KCl appears at the first part of the curves, while the later parts of the 
curve are more related to the presence of NaCl. 

The FC, bubble volume, and bubble volume rate curves of the binary 
mixture transition from 100% NaCl to 100% MgCl2 are shown in Fig. 2b, 
Fig. 3b, and Fig. 4b, respectively. The FERP decreased, and the bubble 
volume at ERP increased by the increasing portion of MgCl2 which is due 
to the high dissolution rate and high gas solubility reduction of MgCl2. 
Same trends has been observed in the previous study which can confirm 
the current findings (van Ruth et al., 2019a). The global minimum point 
on the FC appeared around the 38 s time-point of the experiment for all 
salt mixtures containing MgCl2, which can also be seen as a point on the 
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Fig. 4. The bubble volume rate averaged from three measurements 739 of single and binary mixtures from (a) NaCl and KCl, (b) NaCl and MgCl2 and (c) KCl and 
MgCl2; (d) single and ternary mixtures of NaCl, KCl and MgCl2 (particle size class B: 350–500 μm). In the legends, the composition of each mixture is explained by 
the portions of each salt as mx: NaCl/KCl/MgCl2. 
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bubble volume rate curve passing through the zero value (Fig. 4b). The 
maximum bubble volume, which appears on the global minimum point 
of the FC, increased with the increasing percentage of MgCl2. A local 
minimum around 42 s is obvious on the bubble volume rate curve, which 
appears as the second deflection point on the FC. Furthermore, a 
decreasing positive slope at early time-points, after the introduction of 
the solute into the solvent, can be seen for the salt mixtures containing 
MgCl2. Appearing the maximum bubble volume at around 38 s, a 
decreasing positive bubble volume rate after ERP, and the lowest bubble 
volume rate around 42 s, can be used as the most robust fingerprint 
features of the MgCl2 salt. As shown on the bubble volume rate curve of 
pure NaCl (m1) (Fig. 4b), the two extreme points as two deflection 
points on the FC can be clearly seen for the salt mixtures containing high 
concentrations of NaCl (i.e. m6 and m10). The appearance of the fin-
gerprints related to the NaCl after the ones related to the MgCl2 is due to 
the lower dissolution rate of NaCl. The local minimum bubble volume 
rate around 42 s decreased with the increasing percentage of MgCl2. It 
means that the bubble liberation rate increases with the increase in 
percentage of MgCl2. This fact is due to the ability of growing the bigger 
bubbles with the higher terminal velocity in the brine of MgCl2, 
compared to the brines of NaCl and KCl (as already discussed in section 
3.2.1). 

The FC, bubble volume, and bubble volume rate curves related to the 
salt mixtures, changing from 100% KCl (m5) into 100% MgCl2 (m15) are 
shown in Fig. 2c, Fig. 3c and Fig. 4c. Again, a decreasing positive slope 
followed by a minimum frequency around 38 s on the FC (Fig. 2c), and a 
minimum bubble volume rate around 42 s (Fig. 4c) appeared for the salt 
mixtures containing MgCl2. By increasing the contribution of MgCl2 in 
the salt mixtures, FERP and Fmin were reduced without showing any signs 
of the KCl fingerprint. This fact can be due to the very high dissolution 
rate and degassing effect of MgCl2, which overruled the emergence of 
the KCl fingerprints at the beginning of the FC and bubble volume rate 
curves. 

3.2.3. Ternary salt mixtures 
The FC, bubble volume, and bubble volume rate curves related to 

three ternary salt mixtures are shown in Fig. 2d, Fig. 3d and Fig. 4d. A 
substantial reducing effect on the FERP and Fmin, due to the increasing 
MgCl2 percentage is noticeable which is in line with the results of the 
ternary mixtures, studied in the previous study (van Ruth et al., 2019a). 
Again, a positive decreasing bubble volume rate after the ERP, a 
maximum bubble volume around 38 s, and the minimum bubble volume 
rate around 42 s are apparent for m7, m8, and m11, which were pre-
viously recognized as the fingerprint of MgCl2 on the binary salt mix-
tures (section 3.2.2). After a minimum, around 42 s, two other extreme 
points on the bubble volume rate curve are obvious and could be the 
same points observed previously for the salt mixtures containing NaCl 
(recognized as its fingerprint). As it was observed for the binary salt 
mixtures containing MgCl2 and KCl, no fingerprint was detected for the 
KCl salt. 

According to the findings mentioned above, it is evident that each 
component of a mixture had its signature(s) on the FC, bubble volume, 
and/or bubble volume rate curves. The ordering of the appearance of 
these signatures was dictated by the order of dissolution rates of the 
components. The higher the dissolution rate, the earlier the fingerprint 
appeared on the spectra. In same particle size distribution, the value of 
the spectra at featured time points can be related to the percentage of 
each component in a mixture. This process is somehow similar to what 
happens in chromatography in which each substance fingerprint 
emerges at a particular retention time with an intensity related to the 
concentration of that mater. The main goal of the authentication of salts 
and other food powders is the estimation of the percentage of each 
component in the sample. Thus, the spectral values at the featured time 
points, recognized as the fingerprint of a component, could be used as 
the input for a regression model to predict the portion of that component 
or to classify the powders with different qualities. Further studies on 

different kind of food powders are needed to confirm this claim. 

3.3. Effect of particle size 

Particle size, as a morphological factor, could change the FC in two 
ways. Firstly, by changing the dissolution rate due to the changes in the 
interfacial diffusion surface area per amount of solute (Siepmann & 
Siepmann, 2013). Secondly, by influencing the amount of entrained gas 
to the solvent (Fitzpatrick et al., 2013). The latter is owing to the 
changes in the air trapped within or between the particles and also air 
entrapment at the time of particle collision on the solvent’s surface; 
bigger particles entrap higher volumes of gas (Marston, Vakarelski, & 
Thoroddsen, 2011; Mosharraf & Nyström, 1995). Thus, finer particles 
introduce a lower amount of gas at the time of introduction, hence in-
crease the FERP. On the other hand, higher dissolution rates rapidly 
oversaturate the solution with gas, producing lower Δt values. For m1, 
the local maximum bubble volume rate (after ERP) seems to be 
increased by the decreasing particle size Dx(50), but the correlation was 
not significant (Supplementary material, Fig. S3a, Fig. S4a, Fig. S5a). 
This result was expected due to the increasing effect of particle size 
reduction on the dissolution rate and hence, the bubble growth/gener-
ation rate. The minimum bubble volume rate of different particle size 
classes of m1 samples had no significant correlation with particle size Dx 
(50). It was expected since the final molarity and hence, the viscosity 
and surface tension which can affect the bubble liberation from the so-
lution, was the same for all particle size classes. For m15 (Supplemen-
tary material, Fig. S3b, Fig. S4b, Fig. S5b), the bubble volume rate was 
decreased by particle size reduction at time points before the Fmin. The 
decreasing bubble volume rate by the particle size reduction may be due 
to the decrease in entrained bubbles, which acts as the growth centers. 
Bubble growth can increase the bubble volume more rapidly than the 
bubble generation. Thus, lower growth centers can decrease the bubble 
growth/generation rate and hence the total bubble volume rate. Same as 
m1, there was no significant correlation between the minimum bubble 
volume rate of different particle size classes of m15 and the particle size 
Dx(50). For m5 (Supplementary material, Fig. S3c, Fig. S4c, Fig. S5c), 
the maximum bubble volume rate at ERP decreased significantly by 
particle size reduction which is due to the comparison between zero and 
reducing bubble volume at ERP with particle size reduction. A minimum 
bubble volume rate occurred right after the ERP and decreased (negative 
value) with the increase in particle size for the m5 samples. It could be 
due to the lower dissolution rate of bigger particles, which reduced the 
bubble growth/generation rate at early time-points after introducing the 
powder to the solvent. As a result, the aggregate bubble volume rate 
would have a larger negative rate. It can also be due to the higher ter-
minal velocity of bigger bubbles entrained with bigger solute particles 
which increases the bubble elimination rate. 

For those salt mixtures containing a high percentage of KCl or NaCl 
(m1:m5), there was a sharp, significant negative correlation, existed 
between FERP and Dx(50) (Table 1, Supplementary material Fig. S6). It 
indicates that larger particles can entrain higher amounts of gas at the 
time of introduction to the solvent, which is in line with the previous 
studies that reported a shift of the FC to higher frequencies due to a 
reduction of particle size (Fitzpatrick et al., 2012a; Marston et al., 2011; 
van Ruth et al., 2019a). For these salt mixtures, the correlation between 
Fmin and Dx(50) was also inversely significant (Table 1). Conversely, for 
the salt mixtures containing high amounts of MgCl2 (m10:m15), the 
correlation between FERP and Dx(50) was positively significant but with 
a moderate slope (Table 1; Supplementary material, Fig. S6). These re-
sults may be because of the higher dissolution rate of the salt mixtures 
containing high amounts of MgCl2, which increases the effect of early 
dissolved solute molecules on the gas oversaturation and bubble volume 
at ERP. For most of these salt mixtures (except m12), there was no sig-
nificant correlation between Fmin and Dx(50). 

A significant negative correlation exists between Δt and Dx(50) for 
most of the salt mixtures (Table 1). While a positive correlation was 
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expected due to the higher dissolution rate of finer particles, the ob-
tained negative correlation may be related to the way that finer particles 
interact with the solvent. After the addition of finer particles (classes D 
and E), they agglomerated and settled on the bottom of the vessel. With 
this behavior, the interfacial diffusion surface area for dissolution 
significantly reduced. Hence, the dissolution rate was decreased, and the 
Δt was increased. Since the agglomeration did not happen uniformly for 
every measurement, the coefficient of variation of Fmin (averaged from 
different mixtures) increased from 1.05% for the particle size class A, to 
the 2.64% for the class E. For Δt, this coefficient of variation increased 
from 0.95% for the particle size class A to the 3.15% for the particle size 
class E. Consequently, it could be stated that, if the goal of these mea-
surements is to find a reproducible fingerprint for powders according to 
their composition, it is better to avoid the use of samples with very fine 
particles, due to their tendency to agglomerate. 

3.4. Multivariate analysis 

3.4.1. PCA results 
PCA was performed using the FC, bubble volume, and bubble volume 

rate spectra for all the salt mixtures, and the results were demonstrated 
in Fig. 5. Overall, 99% of the variation in the data was explained by the 

Table 1 
The Pearson correlation coefficients (r) between the 753 FC features and particle 
size parameter Dx(50).  

Mixture FERP vs Dx(50) Fmin vs Dx(50) Δt vs Dx(50) 

m1 − 0.98** − 0.76** − 0.60* 
m2 − 0.99** − 0.98** − 0.93** 
m3 − 0.99** − 0.99** − 0.85** 
m4 − 0.99** V-type V-type 
m5 − 0.98** V-type V-type 
m6 0.86** 0.85** − 0.84** 
m7 0.67** − 0.33n.s. − 0.9** 
m8 − 0.61* − 0.96** − 0.84** 
m9 − 0.92** − 0.97** 0.77** 
m10 0.96* 0.44n.s. − 0.86** 
m11 0.88** − 0.48n.s. − 0.84** 
m12 0.74** − 0.83** 0.59* 
m13 0.91** 0.45n.s. − 0.43n.s. 
m14 0.93** − 0.40n.s. 0.82** 
m15 0.94** − 0.17n.s. 0.87** 

* and ** stands for significant levels of 0.05 and 0.01, respectively. n.s. refers to 
non-significant correlations. 

Fig. 5. The principal component analysis (PCA) results: (744 a) loadings of two main PCs for the time point variables of the fundamental curve (FC), bubble volume 
and bubble volume rate spectra. (b) plot of the two main PC scores of the fifteen salt mixtures, using frequency spectra time points (c) plot of the two main PC scores 
of the fifteen salt mixtures, using bubble volume spectra time points (d) plot of the two main PC scores of the fifteen salt mixtures, using bubble volume rate spectra 
time points. Three size of markers indicates A (500–650 μm), B (350–500 μm), C (250–350 μm), D (150–250 μm) and E (150–63 μm) particle size classes. For 
interpretation of the colors refer to the web version of the paper. 
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first two principal components (PCs) for the FC and bubble volume 
spectra, and 95% for the bubble volume rate spectra. The loadings 
indicate the influence of each time point variable by diverging from the 
zero value to ± 1 (Fig. 5a). The first 30 s had zero loading values due to 
the constant volume line. For each variable set, loadings first diverged 
from the zero, reached its maximum, and then converged back to zero by 
the end of the experiment. It was evident that the variables, related to 
the growth/generation phase at early seconds after the introduction of 
the solute to the solvent, were more important than those related to the 
elimination phase at the later time-points of the experiment. It was 
observed that the final part of the FC for a given salt mixture and particle 
size class was not uniform among different measurements. This was due 
to the non-uniform amount of the bubbles which adheres to the vessel 
wall at the end of the measurement. Loading curves of the bubble vol-
ume and the bubble volume rate spectra converged to zero at earlier 
time points (̃90 s) comparing to the FC data (~150 s). 

According to the score plots derived from FC spectra (Fig. 5b) five 
mixture classes (m1:m5) with zero percent of MgCl2 were located on the 
right side of the diagram (positive PC1 values). Whereas, the salt mix-
tures containing MgCl2 were found at the left side (negative PC1 values). 
On the right side of the plot, the fourth quadrant (negative PC2) was 
occupied by those samples having high contributions of the NaCl (100% 
and 75%) in their mixtures. According to previous studies, most of the 
mineral natural food-grade salts have NaCl portions in this range. On the 
left side of the plot, mixtures with zero percentage of NaCl were located 
in the second quadrant with positive PC2 values. On the left side of the 
diagram, as the percentage of the MgCl2 increased, the PC1 reduced to 
higher negative values. The m6, m7, m8, and m9 had almost the same 
position on the PC1 axis due to their equal portion of 25% MgCl2. While 
by decreasing the percentage of NaCl from m6 to m9, the PC2 values 
increased. This trend is also obvious for m10, m11 and m12 with same 
50% MgCl2, and for m13 and m14 with 75% of MgCl2, each had almost 
same positions on the PC1 axis. In these mixtures the decrease of PC2 
was due to an increase in the contribution of NaCl. 

For the PC score plot derived from the bubble volume and bubble 
volume rate spectra (Fig. 5c and d), mixtures distributed along PC1 axis 
due to their percentage of MgCl2, higher PC1, higher contribution of this 
salt in the mixture. Samples were also distributed along PC2 due to their 
contribution of NaCl, in which the PC2 increased with the increasing 
NaCl percentage. For the PCA derived from FC spectra, the distance 
between different salt mixtures decreased as the contribution of MgCl2 
increased; whereas for the PCA derived from the bubble volume and the 
bubble volume rate spectra, the discrimination between different mix-
tures seems to be increased by the percentage of MgCl2. A slight change 
in PC1 seems to be responsible for the changes in KCl percentage for 
every PCA score plot. As it was observed on the FC and bubble volume 
rate spectra, the fingerprint of MgCl2 was coincided temporally on the 
ones for KCl in some of the salt mixtures. Hence, it is also expected for 
them to distribute on the same principal axis (PC1). It is obvious that 
different particle size classes of a salt mixture provided a significant 
variation along PC2 axis. Since the goal of salt authentication is to 
predict or classify according to the composition of a substance, it is 
necessary to consider a variable for particle size in the regression or the 
classification model. According to the PC score plots, it is evident that 
the data points related to the finest particle size class E, located far from 
other classes. In most of the cases, it did not follow the trend that exists 
between the other four courser classes. This evidence is due to the effect 
of their non-uniform dissolution and it causes a reducing reproducibility 
of the BARDS method (explained in section 3.3). 

3.4.2. Regression results 
Table S3, provided in suplimentary materials, shows the test set 

validation results of each model using three types of spectra and three 
time durations (length of the spectra). The FC spectra provided the best 
results (models) for predicting the NaCl and KCl contents, compared to 
the bubble volume and bubble volume rate spectra at each regression 

method and length of the spectra. This is while for the prediction of 
MgCl2 content, the RMSEP of two linear models (PCR and PLSR) 
decreased from 10% to 3% by using bubble volume and bubble volume 
rate spectra instead of FC spectra. By using the SVR method, the RMSEP 
for the prediction of MgCl2 was the same 3% for every type of spectra. 
Among three different regression methods, SVR provided the highest 
performance in terms of R2

p of mixture components using FC spectra 
(R2

p = 0.95, 0.94, and 0.99 for NaCl, KCl, and MgCl2, respectively). This 
regression model provided a convincing low RMSEP of 7% for NaCl, 8% 
for KCl, and 3% for MgCl2 by using the first 90 s of the FC spectra, where 
the loadings of two main PCs had their highest values. It was observed 
that each salt mixture had its particular behavior regarding the changes 
in particle size. Furthermore, the spectral effect of changing the per-
centage of one component in the salt mixture was depended to the other 
components presents in the mixture, due to the interactions between 
different electrolytes in the solution. Hence, it is reasonable to expect 
better results from a non-linear regression model (SVR with RBF kernel) 
comparing to linear models (PCA or PLSR). 

4. Conclusions 

To investigate the potential of BARDS for the compositional analysis 
of food powders, the acoustic spectra of three reference salts and their 
mixtures in different particle size classes (as representative food powder 
models) were measured and analyzed. BARDS was capable of charac-
terizing the composition of different salt mixtures in various particle size 
ranges. The results of this study revealed that not only the dissolution 
rate but also the other physicochemical properties of the powders; 
including dissolution enthalpy or the level of gas solubility reduction, 
are responsible for the changes observed in the FC, bubble volume and 
bubble volume rate spectra, among samples with different compositions. 
Thereby, the technology generates a unique fingerprint for each salt 
mixture. It was demonstrated that the bubble volume rate spectra; and in 
some cases, the FC and bubble volume spectra, presented distinct fea-
tures for salts and their mixtures. PCA showed that the salt’s composi-
tion and particle sizes interfere and result in a mingled effect on the 
acoustic signatures, which will complicate compositional predictions. 
Among different regression methods, SVR led to better predictability of 
mixture component content, compared to PLSR and PCR. The satisfac-
tory results of the developed SVR model confirmed the consistency and 
efficiency of the BARDS technique in quantitative analysis of food 
powders. This study is a step forward in paving the way for the utili-
zation of BARDS for the quality control and/or authentication of 
powdered foods based on their composition. 
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