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Introduction
The diffusion coefficient is a fundamental parameter in the mass 
transfer equation, ∇⋅∇T = 1/D ∂T/∂t, which describes the critical 
physical phenomenon of mass transfer and exchange [1,2]. As 
a key material property, it plays a vital role in characterizing 
materials and understanding their applications. Consequently, the 
development of accurate, efficient, and cost-effective methods for 
measuring diffusion coefficients has garnered significant interest 
[3-8].

Salt, or sodium chloride, is a crucial component in food science, 
significantly influencing food processing and storage applications 
[9-17]. Understanding the salt diffusion process is essential for 
optimizing these applications, as it directly impacts product 
quality, safety, and preservation. Accurate determination of the 
salt diffusion coefficient requires precise measurements of salt 
concentration and distribution, and various experimental methods 
have been employed to achieve this [4-7].

One established method for measuring salt distribution and 
concentration is Nuclear Magnetic Resonance (NMR) imaging 
[4,5]. Widely applied in chemistry and medicine, NMR imaging 
enables the identification and quantification of specific elements 
from the periodic table.

Another widely adopted approach is titration, a conventional 
technique for determining salt concentration [3,10]. Titration 
involves using silver nitrate as a reagent to precipitate chloride 
ions, allowing for the determination of chloride content. This value 
is then used to calculate the concentrations of sodium chloride 
(NaCl) and sodium (Na). Despite its reliability, titration requires 
skilled operators and specific equipment, such as silver electrodes 
and automatic titrators. Near Infrared spectroscopy (NIR) has also 
been employed in previous studies to determine salt concentration 
and distribution [6,7]. However, all of these techniques often 
involve expensive instrumentation or complex procedures [3-7].

We conducted a comprehensive review of existing research on 
measuring and estimating mass diffusion coefficients [16-30]. A 
review of existing literature reveals that salt diffusion coefficients in 
food matrices typically range from 10⁻¹¹ to 10⁻⁹ m²/s, depending on 
temperature, matrix structure, and salt concentration. These values 
vary significantly across meat, vegetable, and dairy products. A 
detailed summary of representative diffusion coefficients reported 
in previous studies is provided in the Supplementary Materials.

Increasing the temperature from room temperature to 100°C 
typically raises the diffusion coefficient by approximately a factor 
of 10 [28,30]. This temperature dependence can be expressed using 
an Arrhenius-type equation, with activation energy serving as the 
key parameter governing the effect of temperature on diffusion. 
For example, the activation energy for salt diffusion in Chinese 
cabbages was approximately 66 kJ/mol [20].
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ABSTRACT
This study presents a simple, low-cost methodology to experimentally determine salt diffusion coefficients in food matrices, demonstrated using five food 
types: potato, sweet potato, pumpkin, taro, and radish. Each sample was manually shaped into a sphere of known diameter and immersed in pre-mixed salt 
solutions. The salt concentration at the center of each sample was measured using a compact salt meter (LAQUAtwin-salt-11 by Horiba), and the data were 
fitted to a theoretical diffusion model to extract diffusion coefficients. The coefficients ranged from 6.0 × 10⁻¹⁰ m²/s in taro to 1.3 × 10⁻⁹ m²/s in pumpkin. 
The method was validated through simulation and titration, both showing strong agreement with experimental data and deviations under 10%. This 
approach stresses the simplicity, speed, and cost-effectiveness of the method in contrast to traditional techniques such as NMR and titration. Additionally, 
temperature effects were investigated, with experiments at 100°C yielding an activation energy of approximately 74 meV (7.13 kJ/mol). By successfully applying 
this method across diverse food types, this work offers a scalable and practical alternative for food processing, quality control, and educational purposes.
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Salt diffusion is a fundamental phenomenon critical to food 
processing and preservation. The diffusion coefficient is a vital 
parameter for modeling salt migration in food matrices. Traditional 
measurement techniques such as NMR imaging, titration, and NIR 
spectroscopy, while well-established, often involve high costs 
and complex protocols. This study introduces a cost-effective, 
straightforward alternative that retains high accuracy while 
eliminating these limitations [31].

The five food types studied-potato, sweet potato, pumpkin, taro, 
and radish-were chosen to represent a diverse set of food matrices 
with different moisture content, porosity, and fiber structure. 
These are commonly encountered in both food processing and 
household culinary settings.

Understanding diffusion behavior in such matrices has practical 
implications in food technology, including pickling, marination, 
and salt penetration control, as well as in pharmaceutical 
applications where plant-derived carriers are used for controlled 
solute delivery.

While our model assumes spherical symmetry and isotropic 
diffusion, which simplifies calculations and facilitates validation, 
it does not capture anisotropy in fiber direction or real-time 
concentration profiles due to destructive sampling. These 
limitations are acknowledged in our analysis and interpretation 
of the data.

This study aims to present and validate a simple, low-cost method 
for determining salt diffusion coefficients in various foods. 
The methodology relies on shaping food samples into spheres, 
measuring salt concentration at the center after soaking, and fitting 
the results to a theoretical diffusion model. The effectiveness of this 
approach is evaluated through experimental results, simulations, 
and comparisons with traditional titration methods and published 
literature.

Materials and Methods
Sample Preparation
Our research introduces a streamlined, cost-effective, and precise 
method for determining the salt diffusion coefficient in a range 
of food types. The food samples were cut into nearly perfect 
spherical shapes to ensure uniformity and facilitate theoretical 
and experimental analysis [31].

Specialized cutting tools and standard kitchen utensils, such 
as vegetable Y-peeler, were employed to achieve the desired 
geometry [32]. Foods like potato, sweet potato, pumpkin, taro, 
and radish require manual shaping [32]. Representative examples 
of these spherical samples, with varying radii, can be found in the 
Supplementary Materials.

The diameters of the prepared samples were measured using 
a digital caliper to ensure consistent dimensions. Multiple 
measurements were taken across different orientations, with 
deviations in diameter limited to less than 1 mm for all samples. 
These measurements were averaged to confirm the accuracy of 
the spherical geometry. Additionally, the samples' weights were 
recorded, and their densities calculated. Across at least 12 samples 
of the same food type, density variations remained within 4%, 
further validating the uniformity of the preparation process.

The rationale for using a spherical shape lies in its symmetry, which 
simplifies theoretical modeling and experimental measurement 
[32]. Spherical symmetry ensures that the distance from the 
center is the sole geometric parameter influencing diffusion, 
enabling direct comparisons between theoretical calculations 
and experimental results.

Prepared samples had radii ranging from 13 mm to 31 mm, with 
each sphere subjected to the experimental procedure detailed in 
subsequent sections. This preparation method allows the inclusion 
of diameter as an independent variable in the analysis, enhancing 
the robustness and applicability of the findings across various 
food types [32].

The study involved five types of food: potato, sweet potato, taro, 
radish, and pumpkin. Each sample was pre-cut and sculpted into 
spherical shapes with radii ranging from 13 mm to 31 mm. This 
controlled preparation facilitated consistent and reliable results 
by standardizing the diffusion surface area and geometry across 
all samples.

Experimental Setup
Brine Solution Preparation and Sample Submersion
The brine solution used in the experiment was uniformly prepared 
by dissolving high-purity (99.9%) sodium chloride (NaCl) into 
pure water to achieve a salt concentration of either 10% or 20% 
by weight. Multiple spherical food samples were submerged in 
the prepared solution for a predetermined period. To assess the 
salt concentration at the sample's core, each sample was retrieved 
after a recorded submersion time. Subsequently, the sample was 
cut to extract a small piece weighing approximately 1 mg from its 
center. This extracted piece was then analyzed to determine the 
salt concentration. While this measurement method is destructive, 
it offers the advantages of being simple, quick, cost-effective, and 
straightforward.

Measurement Tools and Procedure
To quantify the salt concentration, a compact salt meter 
(LAQUAtwin-salt-11 by Horiba) was utilized. This instrument 
allows precise and efficient measurement, ensuring accuracy by 
performing triplicate readings for each sample. The measurement 
process, from sample preparation to obtaining results, required 
less than 10 minutes per sample. This efficient approach ensured 
consistent and reliable data throughout the study.

The overall cost of the materials and tools used in the experiment 
totaled under $800, with the breakdown as follows:
•	 Compact salt meter (LAQUAtwin-salt-11 by Horiba): 

$180
•	 200g x 0.1mg Digital Analytical Balance Lab Precision 

Scale (U.S. Solid): $480
•	 Caliper: $20
•	 Food materials (including salts): $80
•	 Containers, cookware, and other supplies: $100

This economical setup ensured the feasibility of the research while 
maintaining high standards of measurement accuracy.

By enabling direct measurement from as little as a single drop of 
sample, the LAQUAtwin-salt-11 offers practicality and ease of 
use. It is capable of measuring absolute salt concentrations ranging 
from 0% to 15% with a relative precision of ±4%, ensuring reliable 
and accurate results during experimentation.



Citation: Pok Yuen Wong, Chi Fui Ni, Chenyu Chou, Shengkai Wang, Jian Jim Wang, et al. (2025) A Simple Approach to Determine Diffusion Coefficient of Salt in 
Various Foods. Journal of Physics & Optics Sciences. SRC/JPSOS-396. DOI: doi.org/10.47363/JPSOS/2025(7)324

J Phy Opt Sci, 2025               Volume 7(7): 3-11

Sample Size and Experimental Validation
To ensure the reliability and accuracy of the measurements, 
repeated experiments were conducted using multiple batches of 
the same food sample type, all with identical diameters. Each 
experiment was repeated with 12 independent samples of the same 
food type to ensure reliability. The mean and standard deviation 
of salt concentrations were calculated for each set of samples. 
The measured salt concentration values from these repeated trials 
showed a variation within ±8%, affirming the robustness and 
repeatability of the method.

By employing a controlled brine solution, precise measurement 
tools, and a validated methodology, the study achieved consistent 
and reliable results, contributing valuable insights into salt 
diffusion in spherical food samples.

Validation Using Titration
To validate the salt concentration measurements, we conducted 
titration using silver nitrate as a reagent to precipitate chloride 
ions. This approach enabled us to calculate sodium chloride 
concentrations, which were subsequently compared with 
measurements obtained using the compact salt meter. A total 
of 12 standard samples were analyzed: 6 using the compact salt 
meter and 6 using the titration method.

The compact salt meter yielded measured results of (9.2 ± 0.3) 
× 10⁻¹⁰ m²/s, while the titration method produced results of 
(9.3 ± 0.25) × 10⁻¹⁰ m²/s. The results showed strong agreement 
between the two methods, with deviations of less than 5%, thereby 
confirming the reliability of the compact salt meter.

The Theoretical Model and Simulation
For the theoretical simulation, we consider a spherical model to 
approximate the system, assuming uniform salt diffusion from all 
directions. The sample begins with an initial salt concentration 
near zero and consists of a homogeneous material with known 
physical properties, such as its diameter. Salt concentration at the 
sphere's center is calculated and measured over time as a function 
of radius. The sample radius is a controlled variable, allowing 
comparisons across different samples.

The transport of molecules and ions, including salt, sugar, water, 
and oil, is governed by mass transfer, which can be described by 
Fick's Second Law. This equation is analogous to the heat transfer 
equation [32-34].

                                                                              (1)

Here, C = C (x, t) represents the concentration of the molecules 
or ions, which is a function of both position and time. D is the 
diffusion coefficient of the molecules or ions, expressed in m²/s.

For a sphere with azimuthal symmetry, during the mass transfer,
we have               and                                                      For brining (soaking) food with 
food starting with low concentration C0 and surrounded at high 
concentration (bath concentration) Ch, we have the following 
boundary conditions:

C(r,o) = C0  (0 ≤ r ≤ R), where R is the radius of the sphere.

We then have:

                                                                                                 (2)

for (0 ≤ r ≤ R)  

We define     

                                                    as the time constant.

Thus, we have:

                                                                                               (3)

The concentration at the center of the sphere is (r = 0): 

                                                                                             

                                                                                                                                                                        (4)

We can spell out the equation with some of the initial (and deciding) terms:

                                                                                                                                                                       ( 5)
                                                                                                

Equation (5) is employed for all calculations involving the relationship between central ions concentration and time. In this equation, 
R represents the radius of each food sample measured using a caliper, and D denotes the mass diffusion coefficient for the ions (i.e., 
salt). The mass diffusion coefficient (D) serves as a fitting parameter for all the simulation fittings.

Experimental and Simulation Results
Figure 1 presents the measured center salt concentration (dots) for three potato samples with identical radii as a function of time. 
The data reveals that the center salt concentration increases with longer brining durations. The solid curves in the figure represent 
theoretical simulation results using three different salt diffusion coefficients: 10-10 m2/s, 1x10-10 m2/s, and 1.2x10-9 m2/s, respectively. 
Among these, the curve with a diffusion coefficient of 1x10-9 m2/s aligns closely with the experimental data.
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Figure 1: Potato Samples with a Uniform Radius of 24 mm were 
Measured. The Center Salt Concentration of the Spherical Samples 
was Recorded as a Function of Brine time, Represented by Dots. 
The Solid Curves Correspond to Simulation Results, with the 
Diffusion Coefficient being the only Variable.

Figure 2 illustrates the center salt concentration measurements 
(dots) for two potato samples with radii of 24 mm and 28.5 mm, 
respectively, after being brined for an identical duration of 24 hours 
(86,400 seconds). The solid curves depict theoretical simulation 
results using three different salt diffusion coefficients: 8x10-10 
m2/s, 1x10-9 m2/s, and 1.2x10-9 m2/s, respectively. Among these, 
the simulation curve with a diffusion coefficient of 1x10-9 m2/s 
aligns most closely with the experimental data.

Figure 3 shows the center salt concentration measurement results 
(dots) for five potato samples with varying radii of 13 mm, 18 
mm, 21.5 mm, 27 mm, and 31 mm. All samples were brined for an 
identical duration of 24 hours (86,400 seconds). The solid curves 
represent theoretical simulation results using three different salt 
diffusion coefficients: 6x10-10 m2/s, 9x10-10 m2/s, and 1x10-9 m2/s, 
respectively.

Figure 2: Center Salt Concentration Measurement Results (dots) 
for two Potato Samples with Radii of 24 mm and 28.5 mm, 
respectively. The Brine time Duration is Fixed at 24 Hours (86,400 
Seconds). The Dots Represent the Recorded Salt Concentration 
at the center of the spherical samples as a function of radius. The 
solid curves correspond to simulation results, with the diffusion 
coefficient as the only variable.

Figure 3: Center salt concentration measurement results (dots) 
for five sweet potato samples with radii of 13 mm, 18 mm, 21.5 
mm, 27 mm, and 31 mm. The brine time duration is fixed at 24 
hours (86,400 seconds). The dots represent the recorded salt 
concentration at the center of the spherical samples as a function 
of radius. The solid curves correspond to simulation results, with 
the diffusion coefficient as the only variable.

Figure 4 presents the center salt concentration measurement results 
(dots) for two taro samples with radii of 21 mm and 24.5 mm, 
respectively. Both samples were brined for the same duration of 
24 hours (86,400 seconds). The solid curves represent theoretical 
simulation results with salt diffusion coefficients of 6x10-10 m2/s, 
7.5x10-10 m2/s, and 9x10-10 m2/s, respectively. Among these, the 
curve with a diffusion coefficient of 7x10-10 m2/s aligns closely 
with the experimental data.

Figure 4: Center Salt Concentration Measurement Results (dots) 
for two Taro Samples with Radii of 21 mm and 24.5 mm. The 
Brine Time Duration is fixed at 24 Hours (86,400 Seconds). The 
Dots Represent the Recorded Salt Concentration at the Center of 
the Spherical Samples as a Function of Radius. The Solid Curves 
Correspond to Simulation Results, with the Diffusion Coefficient 
as the only Variable.

Figure 5 presents the center salt concentration measurement results 
(dots) for two radish samples with radii of 19 mm and 25.5 mm, 
respectively. Both samples were brined for the same duration of 
24 hours (86,400 seconds). The solid curves represent theoretical 
simulation results with salt diffusion coefficients of 6x10-10 m2/s, 
7.5x10-10 m2/s, and 9x10-10 m2/s, respectively. Among these, the 
curve with a diffusion coefficient of 7.5x10-10 m2/s shows the best 
agreement with the experimental data.
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Figure 5: Center Salt Concentration Measurement Results (dots) for two Radish Samples with radii of 19 mm and 25.5 mm. The Brine 
time Duration is fixed at 24 Hours (86,400 Seconds). The dots represent the recorded salt concentration at the center of the spherical 
samples as a function of radius. The solid curves correspond to simulation results, with the diffusion coefficient as the only variable.

In this research, the temperature dependency of diffusion is also investigated, described by the Arrhenius equation [28,30].

Where De is the effective diffusion coefficient in m2/s, Ea is the activation energy in meV or J/mol, D0 is the pre-exponential factor 
in m2/s, R is the gas constant (8.314 J/mol K), and T is the absolute temperature.

To measure salt diffusion coefficients at different temperatures, the experimental setup and measurement method were adjusted 
accordingly.

Figure 6 presents the center salt concentration measurement results (dots) for two potato samples with radii of 24 mm and 26 mm, 
respectively. Unlike previous experiments conducted at room temperature, the brining process in this case was carried out at 100°C. 
The brine time duration for both samples was 3 hours (10,800 seconds). The solid curves represent theoretical simulation results 
with salt diffusion coefficients of 7x10-9 m2/s, 8x10-9 m2/s, and 1.1x10-8 m2/s, respectively. The curve with a diffusion coefficient of 
1x10-8 m2/s aligns closely with the experimental data.

Figure 6: Center Salt Concentration Measurement Results (dots) for two Potato Samples with Radii of 24 mm and 26 mm, Measured 
at 100°C. The Brine time Duration is Fixed at 3 Hours (10,800 Seconds). The Dots Represent the Recorded Salt Concentration at 
the Center of the Spherical Samples as a Function of Radius. The Solid Curves Correspond to Simulation Results, with the Diffusion 
Coefficient as the only Variable.

For comparison, Figure 7 presents two sets of data: one obtained at room temperature and the other at 100°C. This comparison 
facilitates an assessment of the temperature's effect on the salt diffusion process, highlighting the differences in salt concentration 
measurements between the two temperatures. Analyzing these differences provides valuable insights into the role of temperature in 
salt diffusion and enables more accurate predictions of salt diffusion coefficients under varying thermal conditions.
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Figure 7: Center salt concentration measurement results (dots) for 
potato samples with a uniform radius of 24 mm, measured at two 
different temperatures: 20°C and 100°C. The dots represent the 
recorded salt concentration at the center of the spherical samples as 
a function of brine time. The solid curves correspond to simulation 
results, with the diffusion coefficient as the only variable.

Using the Arrhenius equation,                          we can derive the 
activation energy (Ea) for the salt diffusion process. In our study, with 
T = 373K and De ranging between 8x10-9 m2/s to 1.1x10-8 m2/s, and 
D0 ranging between 8x10-10 m2/s to 1.2x10-9 m2/s, we calculate the 
activation energy to be around 74meV or 7.13 kJ/mol. This value 
provides valuable insight into the temperature dependence of the 
salt diffusion process and can be utilized to predict diffusion rates 
under varying conditions.

Results and Discussion
Diffusion Coefficients Across Food Types

Diffusion Coefficient (10-10 m2/s) @ 20℃
Food Low end value High end value
Potato 8.0 12.0
Pumpkin 11.0 13.0
Sweet potato 6.0 10.0
Taro 6.0 7.5
Radish 7.5 9.0

Table 1: Diffusion Coefficients of Salt in Five Food Types. This table 
presents the experimentally determined diffusion coefficients of salt 
for five distinct food types, measured at 20°C. Spherical samples were 
used, and the salt concentration at the center was recorded. Data were 
fitted to a theoretical model based on Fick’s Law, with the diffusion 
coefficient serving as the primary fitting parameter, enabling accurate 
quantification of salt diffusivity in each food matrix.

Table 1 summarizes the diffusion coefficients of salt in five distinct 
food types, determined through experimental measurements and 
validated using theoretical simulations based on Fick’s Law at 
20°C. Spherical food samples were utilized to ensure uniformity and 
reproducibility of results. The observed diffusivity ranges highlight 
variations in structural and compositional properties across food 
types, such as moisture content, cellular density, and matrix porosity, 
which influence salt diffusion rates. These findings not only align 
with existing literature [16-30] but also underscore the precision of 
the proposed methodology in capturing solute transport dynamics 
in diverse food matrices.

•	 Potato exhibits diffusion coefficients ranging from 8.0 × 10⁻¹⁰ 
m²/s to 12.0 × 10⁻¹⁰ m²/s, demonstrating moderate diffusivity 
likely due to its dense structure.

•	 Sweet Potato shows slightly lower values, between 6.0 × 
10⁻¹⁰ m²/s and 10.0 × 10⁻¹⁰ m²/s, consistent with its starch-
rich composition.

•	 Pumpkin has the highest diffusivity, ranging from 11.0 × 
10⁻¹⁰ m²/s to 13.0 × 10⁻¹⁰ m²/s, likely attributable to its high 
moisture content and porous structure.

•	 Taro and Radish demonstrate relatively lower diffusion 
coefficients of 6.0 × 10⁻¹⁰ to 7.5 × 10⁻¹⁰ m²/s and 7.5 × 10⁻¹⁰ 
to 9.0 × 10⁻¹⁰ m²/s, respectively, aligning with their denser 
cellular matrices.

These findings align with trends reported in existing literature, 
confirming the reliability of the measurement approach while 
also highlighting the reduced uncertainty achieved through the 
proposed method [16-30].

The diffusion coefficients were obtained with 95% confidence 
intervals. Error propagation analysis was conducted to evaluate 
the impact of deviations in sample diameter and salt concentration 
measurements on the final diffusion coefficients. The total error 
was estimated to be within ±12%.

Temperature Dependency
Diffusivity increased significantly when the temperature was raised 
from room temperature to 100°C. This behavior is consistent 
with the Arrhenius equation, where higher temperatures enhance 
molecular motion, facilitating diffusion. The calculated activation 
energy of 7.13 kJ/mol is consistent with published values, further 
validating the experimental results [16-20]. This temperature-
dependent behavior underscores the importance of considering 
thermal effects when modeling or predicting diffusion in practical 
applications such as cooking or food preservation.

Simulation Validation
Theoretical modeling based on Fick’s Law accurately predicted 
the salt concentration at the center of samples over time, with 
deviations below 10% across all tested food types. This strong 
agreement highlights the robustness of the simulation approach 
and its applicability for predicting diffusion in complex food 
matrices.

Discussion
Comparative Advantages of the Method
This study presents a novel approach for measuring salt diffusion 
coefficients in food, characterized by several advantages over 
traditional techniques:
•	 Cost-Effectiveness: The total experimental setup costs less 

than $800, significantly lower than NMR or titration setups.
•	 Simplicity: The method eliminates the need for complex 

instrumentation or specialized skills, making it accessible 
for small-scale labs and industry.

•	 High Repeatability: The method consistently produced 
reliable results with minimal variability across repeated 
measurements.

•	 Alignment with Established Methods: Strong agreement 
with results from titration and NMR imaging underscores the 
accuracy and reliability of the proposed approach.

•	 Scalability: The approach can be extended to other solutes 
and food matrices, broadening its applicability in food 
processing and preservation.
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Compared to advanced methods such as Nuclear Magnetic 
Resonance (NMR) imaging and Near-Infrared (NIR) spectroscopy, 
our approach yields diffusion coefficient values that are consistent 
with those reported in the literature, while dramatically reducing 
experimental complexity and cost. For instance, Floury et al 
[27]. reported salt diffusivities in cheese matrices ranging from 
1 to 5.5 × 10⁻¹⁰ m²/s using NMR techniques, and Volpato et al 
[16]. found values of 8.99–9.55 × 10⁻¹⁰ m²/s in chicken breast 
through time-consuming curing trials. Our measured ranges, such 
as 6.0–10.0 × 10⁻¹⁰ m²/s for sweet potato and 11.0–13.0 × 10⁻¹⁰ m²/s 
for pumpkin, are within or above these ranges and were obtained 
with under 10% deviation using a handheld meter and a simplified 
spherical diffusion model. This highlights not only the method’s 
accuracy but also its accessibility, allowing similar-quality results 
without the need for high-end instrumentation or extended curing 
periods. Additionally, our method demonstrated strong agreement 
with silver nitrate titration and theoretical simulations, further 
validating its reliability across diverse food matrices.

Limitations
Despite its Advantages, the Method has Limitations:
•	 Destructive Sampling: The requirement for cutting and 

analyzing the sample precludes reuse.
•	 Environmental Sensitivity: Factors such as ambient humidity 

or non-uniform brine conditions can influence results.
•	 Shape Dependency: While shape deviations were accounted 

for using a shape factor, significant deviations from spherical 
geometry may introduce additional errors.

•	 Implications for Industry
•	 The findings have significant implications for food processing 

industries:
•	 Applications: The method can be applied in processes like 

pickling, salting, and blanching, where precise diffusivity 
measurements are critical for product quality and process 
optimization.

•	 Customizability: The approach is adaptable for studying 
other solutes and food types, broadening its industrial 
relevance.

Error Analysis
The calculated confidence intervals and error analysis suggest 
that the proposed method provides reliable diffusion coefficients 
with minimal variability. Sources of error, such as measurement 
inaccuracies and geometric deviations, were controlled through 
stringent sample preparation and measurement protocols. The 
variability across replicates was minimal, with standard deviations 
below ±10% of the mean, highlighting the repeatability of the 
measurements.

Salt Meter Precision
Variability due to meter sensitivity and sample placement could 
introduce minor inaccuracies. However, high repeatability across 
multiple trials mitigates this potential error.

Sample Geometry
Deviations from perfect spheres were evaluated using a shape 
factor, S [32, 33]. Analysis revealed that minor deviations had 
negligible impacts on final data accuracy, as verified by the 
consistency of results from samples with varying shapes.

Brine Conditions
Non-uniformities in brine during immersion could potentially 
affect diffusion rates. However, the controlled experimental setup 

minimized such variations, ensuring consistent conditions across 
trials.

Measurement of Radius
Errors in diameter measurement were minimized by cross-
validating with mass measurements. This dual-check system 
enhanced overall accuracy.

Validation with Reference Methods
To validate the proposed method, diffusion coefficients were 
compared against results obtained through titration and NMR 
imaging. Strong agreement was observed, with deviations under 
10%, demonstrating the reliability of the approach. The method's 
reduced complexity and cost make it an attractive alternative 
to more resource-intensive techniques without compromising 
accuracy.

Summary
This research experimentally determined the salt diffusion 
coefficients for five types of foods: potato, sweet potato, pumpkin, 
taro, and radish, using a simple, low-cost method. Spherical 
food samples with known diameters were immersed in a pre-
mixed salt solution for specified soaking times. After soaking, a 
small piece was extracted from the center of each sample, and 
the salt concentration was measured using a compact salt meter 
(LAQUAtwin-salt-11) by Horiba.

Salt concentration measurements, taken as functions of diameter 
and soaking time, were compared with simulation results. By 
fitting the experimental data to the simulations, the diffusion 
coefficients for each food type were determined, showing strong 
agreement between measured and simulated values. Additionally, 
the salt diffusion coefficient for potato was measured at 100°C, 
enabling the calculation of an activation energy of approximately 
74 meV (7.13 kJ/mol).

This study highlights a simple, cost-effective method for 
determining salt diffusion coefficients, validated against established 
techniques. The approach is scalable for industrial applications 
and provides a solid foundation for further research.

These comparisons underscore the methodological advantages of 
our technique in terms of affordability, speed, and suitability for 
rapid diffusivity screening in both academic and industrial settings.
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Supplemental Materials
A detailed summary of representative diffusion coefficients 
reported in previous studies is provided below:
Floury et al., for example, investigated NaCl diffusion in cheese 
using NMR and reported diffusion coefficients ranging from 1 
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to 5.5 × 10⁻¹⁰ m²/s at 10–15°C. Similarly, the diffusivities of 
sodium chloride in chicken breast were found to range between 
8.99 × 10⁻¹⁰ m²/s and 9.55 × 10⁻¹⁰ m²/s [17]. In beef, salt diffusion 
coefficients varied from 5 to 39 × 10⁻¹⁰ m²/s [18], while salt and 
sugar diffusion in vegetables were reported to range from 2 to 
30 × 10⁻¹⁰ m²/s [30]. NaCl diffusion in Chinese cabbages was 
measured between 1.7 and 11.6 × 10⁻¹¹ m²/s [20].

The effective diffusion coefficient of NaCl (Dm) in pork tissue was 
reported to range from 0.6 to 5 × 10⁻¹⁰ m²/s, depending on the brine 
NaCl concentration [21, 28–29]. In potato tissue, the diffusion 
coefficient was measured between 3.45 and 4.39 × 10⁻⁹ m²/s [26]. 
Diffusion coefficients for chloride, nitrite, and nitrate in beef and 
pork ranged from 1 to 5 × 10⁻¹⁰ m²/s, while salt diffusion in beef, 
salmon, and cheese was measured within 1 to 7 × 10⁻¹⁰ m²/s. The 
diffusion of salt and acetic acid into herring ranged from 1 to 6 × 
10⁻¹⁰ m²/s [22]. For salted duck eggs, diffusion coefficients ranged 
from 2 × 10⁻¹⁰ m²/s to 2 × 10⁻¹¹ m²/s. In dehydrated salted meat, 
the diffusion coefficient for wet salting was 0.26 × 10⁻¹⁰ m²/s at 
20°C and 0.25 × 10⁻¹⁰ m²/s at 10°C, while for dry salting, it was 
significantly higher, at 19.37 × 10⁻¹⁰ m²/s at 20°C and 17.21 × 
10⁻¹⁰ m²/s at 10°C [29].

Figure S1: Representative spherical food samples (potato, sweet 
potato, taro, radish, and pumpkin) with radii ranging from 13 mm 
to 31 mm used for salt diffusion analysis.

Figure S1 showcases the representative food samples used in the 
study, which were carefully shaped into spheres with varying 
diameters to ensure uniform geometry for salt diffusion analysis.

Figure S2(a) schematically illustrates the theoretical model of salt 
diffusion in an ideal spherical sample with azimuthal symmetry. 
In this model, salt diffuses uniformly and symmetrically from 
the surface toward the center along the azimuthal axis, ensuring 
consistent gradients. Figure S2(b) depicts the experimental 
configuration designed to approximate this theoretical symmetry. 
In this setup, a sphere-shaped food sample is submerged in a brine 
solution (10% or 20% NaCl by weight) for a controlled period 
ranging from 1 to 24 hours. The spherical geometry and uniform 
immersion facilitate symmetrical diffusion, allowing experimental 
results to align with theoretical expectations.

Fig. S2(a)                                                     Fig. S2(b)

Figure S2: (a) Theoretical model of salt diffusion with azimuthal 
symmetry in an ideal sphere. (b) Experimental setup showing a 
spherical food sample submerged in brine for 1–24 hours.

Figure S3 illustrates the compact salt meter, LAQUAtwin-salt-11 
by Horiba, employed in this research to measure salt concentrations. 
This innovative device integrates the electrode, display, and sample 
container into a single compact unit, facilitating straightforward 
and efficient on-site testing.

Figure S3: The compact salt meter (LAQUAtwin-salt-11 by 
Horiba) used in this research. It measures salt concentrations 
(0%–15%) with a relative precision of ±4%, allowing direct 
measurement from a single drop.
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Diffusion Equations and Mathematics
Fick’s Law states [31, 32] that the mass transfer (i.e., diffusion) 
equation follows

Where C = C (x, t) and D is the mass diffusion coefficient in m2/s.
In three-dimension, the mass transfer equation becomes:

Where,

For a sphere with azimuthal symmetry, during the mass transfer,

we have                                        the mass transfer equation 

becomes

Applying V = r∙C to the above equation, for 0≤ r ≤ R we get:

We can decouple V(r, t) into:

V(r,t) = R(r)∙C(t)

And we get:

And:

Then we have:

It can be rearranged into:

Since the left side is only be r-dependent and the right side is only 
be t-dependent, and since they equal to each other, they must be 
neither r- or t- dependent. So, we have:

Then we have:

R” + λR = 0

And
                                        C' + λDC = 0

From the above equation, we have:

For

Now we have:

When brining food, which involves soaking a low-concentration 
food sample (C0) in a high-concentration bath (Ch), the following 
boundary conditions apply:
For 0 ≤ r ≤ R, where R is the radius of the spherical food sample, 
the initial concentration distribution within the food is given by 
C(r,0) = C0.
For r ≥ R and any time t, the concentration of salt in the surrounding 
bath is maintained at C(r,t) = Ch.

We have:
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We then have:

for (0 ≤ r ≤ R)

We define

                       as the time constant.

Thus, we have:

The concentration at the center of the sphere is (r = 0):

We can spell out the equation with some of the initial (and 
deciding) terms:

                           

Where: 

   


