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Abstract

Milk is one of the most adulterated foods in the world. Water, urea, sucrose, or cheese whey are added to increase
the volume of milk, cheat quality analysis methods, and achieve greater economic gains, which can affect the
consumers’ health. Many analytical methodologies can be used to check for adulteration. Still, they focus on one or
a few parameters and may not be disseminated in the production chain, due to their cost or complexity. Non-
targeted methods, in turn, can be an alternative, as they determine the sample profile through chemometrics and
allow discrimination between adulterated and unadulterated samples. This study proposes the use of the
electrochemical methodology of differential pulse voltammetry and principal component analysis for the detection
of adulterations of pasteurized milk with water, urea, and cheese whey. With the use of a homemade Cu/CuO
electrode and differential pulse voltammetry, through changes in the electrical current at some applied potentials,
it was possible to differentiate milk samples that were adulterated with reagent grade-urea, commercial urea, and
cheese whey, from unadulterated samples, used as a reference. The inclusion of substances such as sucrose and
sodium hypochlorite was also detected. The proposed methodology proved to be an efficient tool to assist the milk
production chain in guaranteeing the quality of its products.

Keywords: Chemical profile; Differential pulse voltammetry; Food quality; Urea, Cheese whey; Chemometrics.

Highlights
o Non-targeted electrochemical analysis combined with principal component analysis enabled
discrimination between adulterated and unadulterated milk samples

e  Milk adulteration with urea, and cheese whey was detected using differential pulse voltammetry and a
homemade Cu/CuO electrode

e  The proposed methodology is a cost-effective and efficient tool to ensure milk quality in the production chain

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
BY and reproduction in any medium, provided the original work is properly cited.
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1 Introduction

The world milk production was 950 million tons in 2023, a 1.3% increase compared to 2022 and, in this
context, Brazil produced 36.65 million tons (Food and Agricultural Organization, 2023). Consumption in
Brazil reached 116.7 liters per inhabitant in 2022 (Empresa Brasileira de Pesquisa Agropecuaria, 2023).

Among the most consumed foods in the world and often with a low market value, milk is also highly
susceptible to fraud and adulteration. Milk is considered fraudulent when substances prohibited by law are
added, such as water, acidity neutralizers, density restorers, preservative substances, or any foreign elements
to its composition (Brasil, 2010).

These adulterations involve the addition of low-cost, low-quality, and sometimes dangerous products to increase
volume, mask inferior quality, or replace natural substances in milk for economic gain. The most common practice
is the addition of water, alongside masking agents such as sucrose, common salt, and cheese whey, used to achieve
the desired density and cryoscopy measurements (Ferrdo etal., 2007). Additionally, formaldehyde, hydrogen
peroxide, hypochlorites, and salicylic acid are added to extend product shelf life (Souza et al., 2014; Jeong et al.,
2015; Beloti, 2015; Vidal & Saran Netto, 2018), and cheese whey and urea are also used to control the protein content
that was modified by dilution with water (Carvalho et al., 2015; Jha et al., 2015; Toledo et al., 2017).

Detecting these adulterations is a constant challenge given the audacity and knowledge of scammers in
circumventing traditional analysis methods, requiring the development of new technologies. These include
multi-optical sensors (Miiller-Maatsch et al., 2021); diffuse reflectance spectroscopy (Toledo et al., 2017,
Shalileh et al., 2023), and techniques highlighted in a review by Vinothkanna et al. (2024), such as 3D paper-
based milk adulteration detection devices, smartphone-based digital image colorimetry (DIC), and laser-
induced breakdown spectrophotometry (LIBS).

An interesting analytical approach is the non-targeted method, also known as profile analysis. This method
involves analyzing a sample not to identify a specific analyte, but by utilizing various analytical signals
obtained from different techniques in conjunction with chemometrics. The objective is to create a profile of
the sample that can be compared to standards. This technique proves useful in discovering unknown
compounds or detecting contaminants in a sample (Ballin & Laursen, 2019).

Within this approach, the utilization of electrochemical techniques employing low-cost electrodes, such as
Cu/Cu0, is noteworthy due to their electrical conductivity, high surface area, and biocompatibility (Leonardi et al.,
2017). This study employed a non-targeted methodology utilizing a Cu/CuO electrode and differential pulse
voltammetry to detect adulteration with urea or cheese whey, and other substances in pasteurized milk.

2 Material and methods

All reagents used are of analytical-grade purity. The water to prepare solutions was purified using a
deionization column (Lucaderma) and a Milli-Q system (MilliPore®, water resistance of 18.2 MQ cm™ at
25.0 °C). A Shimadzu analytical balance, model ATY224r, was used with an error of = 0.1 mg.

For adulteration analysis, three sources of nitrogen were used: reagent-grade urea (BIOTEC, 99.0%), commercial
urea (45% N w/w), and cheese whey obtained from a cheesemaker. The addition of urea or whey as a nitrogen source
is carried out in adulterations to simulate the protein content and cheat the physico-chemical analysis.

To check whether the urea sources contained impurities that could alter the results, the thermal properties of
urea used as adulterant were analyzed using thermal gravimetric analysis (TGA) in a Perkin Elmer STA 6000
instrument. The mass of the samples placed in the porcelain crucible ranged from 5 to 10 mg, and the temperature
was ramped from 30 °C to 550 °C at a heating rate of 10 °C min™', with a nitrogen flow rate of 50 mL min’. The
derivative thermal gravimetric of the curve (DTGA) was then obtained through mathematical treatment.

Samples adulterated with urea were prepared with pasteurized milk with a fat content of 3% w/v, obtained
from local stores. The milk samples were within their expiration date and registered with the Ministry of
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Agriculture and Livestock of Brazil. The pasteurized milk was adulterated with water in proportions between
7% w/v and 11% w/v. Next, reagent-grade urea or commercial urea was added (to simulate the protein content
of 2.9% w/v), totaling five samples adulterated with analytical grade urea and five samples adulterated with
commercial urea, as well as one sample without adulteration (reference). The final volume was 200 mL,
obtained from a calibrated volumetric flask (£ 0.15 mL).

Another adulteration was carried out through the simultaneous addition of water, urea, and substances
normally used to correct density and cheat cryoscopic methods (sugar), in addition to masking the poor
quality of the milk. Thus, 200 mL of pasteurized milk was mixed with 20 mL of purified water and 0.2222 g
of urea (reagent grade or commercial grade). Commercial crystal sugar and sodium hypochlorite (NaClO)
(Neon, 6% v/v content) were added to the adulterated sample until the concentrations were 1% w/v and 5%
w/v for sucrose and a concentration of 1% v/v for hypochlorite until the density equals the reference sample.

Finally, the milk was also adulterated with cheese whey obtained from a cheesemaker, in a proportion of
10% v/v, in four independent adulterated samples.

In all procedures, the adulterated samples and reference samples were measured for pH, density, and ionic
conductivity parameters, using a Bel Engineering PHS3BW pH meter, calibrated with reference buffer solution
pH 10.01 (Elus instrumentation, batch: 0822-ELPHS10-0964), buffer solution pH 6.86 (Elus instrumentation
batch: 1221-ELPHS6-0786) and buffer solution pH 4.00 (Neon, batch: 61847), and Digimed Dm-32
conductivity meter, calibrated with a reference electrolytic solution (MRC ISO 17034) of 1,408 uS cm™ (Ellus
instrumentation, batch: 0622-ELCOND1408-0915) and calibrated with a standard conductivity solution of
1,412 uS ecm™! (SpecSol batch: F22D0688G) obtaining a constant (k) of 1.03. Density was measured using a
densimeter with a measuring range from 1,000 to 1,050 g mL™..

Statistical tests (ANOVA, Tukey, Levene) were used to check the significance of the results at the 95%
confidence level, using the Origin 9.0 software.

Before voltammetric measurements, all milk samples were treated to eliminate the fat and protein fraction,
according to procedure 038/IV of the manual of physico-chemical methods for food analysis, from the Adolfo
Lutz Institute (Zenebon et al., 2008). In 100 mL volumetric flasks, 10 mL of the adulterated milk sample, 50
mL of purified water, 2 mL of 30% zinc sulfate (w/v), and 2 mL of 15% (w/v) potassium ferrocyanide were
homogenized; the meniscus was measured and left to rest for five minutes. Then, the solution was filtered
through qualitative filter paper, and the filtrate was added with 0.4 g of sodium hydroxide reagent grade, and
filtered again, obtaining a clear solution.

To produce the homemade working electrode, used in the electrochemical measurements, a copper wire with
a purity of 99% and a diameter of 0.37 mm was initially treated with 400-grit sandpaper, and immersed in
purified water in an ultrasonic bath for 10 minutes. Subsequently, the cleaned copper wire was submerged in a
solution consisting of 10.0 mol L' sodium hydroxide (NaOH), 1.0 mol L"! ammonium persulfate (NH4)2S,0s),
and purified water (Milli-Q) in the ratio 4:2:9, respectively. After 1 hour, the copper wire was removed from
the solution, rinsed with distilled water, and air-dried in a desiccator for 72 hours to form copper oxide, limiting
the oxide contact area to 6.9 cm? to fit in the electrochemical cell. Subsequently, the electrode was immersed in
a 0.1 mol L'! NaOH solution to maintain surface hydration with OH" ions (Guellis et al., 2020).

All voltammetric measurements were taken using the Autolab/PGSTAT101 potentiostat and the NOVA 1.12
software, with a three-electrode electrochemical cell. The reference electrode used was saturated Ag/AgClI/KCl,
the auxiliary electrode was a stainless-steel plate, and the working electrode was homemade Cu/CuO. Differential
pulse voltammetry (DPV) was used in a NaOH solution with a concentration of 0.1 mol L as a supporting
electrolyte. The study conditions were potentials between 0.0 and 1.1 V, sweep speed of 100 mV s™', with a step
0f 0.005 V, modulation of 0.1 V, time modulation of 0.05 s, and 0.5 s interval.

The results obtained from DPV experiments and ionic conductivity were used in the non-targeted analysis
using statistical tools of principal component analysis (PCA) to detect adulterations in the samples, with the
Origin® 9 and Past® 4.03 software.
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3 Results and discussion

During the production of the working electrode, the development of a blue film at the metal-solution
interface was observed due to the formation of Cu(OH), with the presence of bubbles, indicating the
formation of ammonia gas (NH3), as suggested by Equation 1. The occurrence of the reaction of the copper
wire with the alkaline solution of sodium hydroxide and ammonium persulfate was evidenced by the
appearance of the dark blue film. The copper hydroxide formed on the surface is a metastable phase and is
quickly converted into black copper oxide. The metastable phase is converted into a stable phase by
dehydration when drying is carried out under controlled conditions, according to Equation 2.

Cu®+ 4 NaOH + (NH4)2S,03 — Cu(OH); + NaSO,4 + 2NH;31 + 2 H,O @9)]
Cu(OH); — CuO + H,O 2)

The characterization of the CuO film formed on the copper electrode can be found elsewhere (Peiter et al.,
2017; Guellis et al., 2020).

Figures 1 and 2 show thermograms (TGA) for reagent grade urea and commercial urea. Table 1 lists the
results obtained from the derivative thermograms (DTGA).
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Figure 1. Thermal gravimetric curves (black) and derived from the thermal gravimetric curves (red) of the urea
reagent grade.
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Figure 2. Thermal gravimetric curves (black) and derived from the thermal gravimetric curves (red) of the
commercial urea.

t 134.0 °C, reagent grade urea melts (135.0 °C, according to the manufacturer), and at 125.0 °C, for commercial
urea. Then, the vaporization and decomposition of urea begins, with a maximum at T1, which generates ammonium
cyanate, which, in turn, generates ammonia gas and cyanic acid, according to Equation 3 (Schaber et al., 2004).

H,NCONH; (s) + heat — NH4"NCO" (s) — NH;3 (g) + HNCO (g) 3)
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Table 1. Temperature of thermal events observed in the DTGA and mass loss (TGA) curve for urea.

Urea T1 (°C) T2 (°C) Mass loss' (%)
Reagent grade 226.3 355.0 99.80
Commercial 223.6 353.7 99.75

'at 500.0 °C.

AA series of complex reactions occurred, according to Schaber et al. (2004), with recombination of urea
with cyanic acid to form biuret, decomposition of biuret, and cyanic acid (in T2) obtaining the species
ammelide, cyanuric acid, ammeline, and melamine as decomposition products, until total decomposition and
volatilization of the species. At 500.0 °C, virtually all urea (both reagent grade and commercial) decomposed,
and the products were volatilized. The differences in temperatures obtained by TGA between reagent grade
urea and commercial urea were of the order of 1.2% for T1 and 0.4% for T2, with no significant impurities
being detected in commercial urea. These differences may be due to the difference in particle size and
morphology of each urea (Rahmanian et al., 2015).

Table 2 lists the absolute conductivity of milk samples diluted with water in a proportion between 7 and
11% v/v, with correction for nitrogen content by adding reagent grade (RG) or commercial urea (C). Figure
3 illustrates the variability of the results using a boxplot.

Table 2. Ionic conductivity of five samples adulterated with reagent grade urea and five samples adulterated with
commercial urea, after diluting the milk with water between 7 and 11% v/v.

Conductivity (mS em™)

Samples Reagent grade urea (RG) Commercial urea (C)
1 4.96 4.45
2 4.93 4.36
3 4.84 4.34
4 4.77 4.27
5 4.90 4.18

Mean + SD 4.88 £0.07 4.32+0.09
RSD (%) 1.43 2.08

Tonic conductivity of unadulterated milk sample (R) = 4.94 + 0.54 mS cm™! (n = 5).
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Figure 3. Ionic conductivity of fresh milk samples without added urea (R), with added reagent grade urea (RG) and
commercial urea (C).

In Figure 3, a notable disparity in both the mean and median was observed in the ionic conductivity of
commercial urea compared to the reference. Raw milk contains more than 80% water molecules (Zhu et al.,
2014). Due to its solubility in water, urea tends to form large urea-water or urea-urea molecular aggregates,
which depend on the amount added to milk (Lee et al., 1995; Grdadolnik & Maréchal, 2002). With the
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formation of these large molecular aggregates, the migration of ions in the milk-urea solution is affected
(Mabrook & Petty, 2003; Henningsson et al., 2005).

According to Tukey’s test, there was a significant difference at the 95% confidence level between milk
samples with commercial urea and reagent grade urea, and between commercial urea and the reference
sample. The Analysis of Variance (ANOVA) evidenced a statistically significant difference between
treatments, with a p-value < 0.05. Levene's test also showed a significant difference between variances.

The pH of homogenized milk ranges between 6.6 and 6.8, with an average of 6.7 at 20 °C or 6.6 at 25 °C
(Silva, 1997). Table 3 presents the absolute pH values measured in the samples. Figure 4 shows the results
of pH variation in the milk samples diluted with water in a proportion between 7 and 11% v/v, with correction
for nitrogen content by adding reagent grade (RG) or commercial urea (C).

The variation between the quartiles for commercial urea was small, whereas, for reagent grade urea, the
quartiles were far from the average and with outliers. There was no significant difference between the pairs
at the 95% confidence level, using Tukey’s test. The ANOVA indicated no significant difference between
treatments, with a p-value < 0.05. Levene's test similarly showed no significant difference between variances.

Table 3. pH of five milk samples adulterated with reagent grade urea (RG) and five milk samples adulterated with
commercial urea (C), after diluting the milk with water between 7 and 11% v/v.

pH

Samples Reagent grade urea (RG) Commercial urea (C)
1 6.73 6.73
2 6.73 6.74
3 6.62 6.73
4 6.72 6.73
5 6.75 6.73

Mean + SD 6.71 £ 0.05 6.73 +£0.01
RSD (%) 0.75 0.15

Unadulterated sample (R) pH = 6.71 £ 0.02 (n = 5).

6.85
6.80
6.75

|
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6.65
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Figure 4. Values of pH in milk samples without added urea (R), with added reagent grade urea (RG)
and commercial urea (C).

Urea hydrolyzes slowly at room temperature, generating ammonia and carbon dioxide gases. Ammonia in
an aqueous medium dissociates into ammonium and hydroxyl ions, which can change the pH of the medium,
according to Equations 4 and 5 (Boggs et al., 2009). Kb values at 25.0 °C.

(HN),CO + H,0 S 2 NH; + CO, Kb = 1.30 x 10 @)
NH; + H,0 5 NHs* + OH Kb = 1.75 x 105 5)

Braz. J. Food Technol., Campinas, v. 28, €2024034, 2025 | https://doi.org/10.1590/1981-6723.03424 6/12



Detection of adulteration in pasteurized milk using a non-targeted electrochemical methodology
Fagundes, C. A. et al.

However, the pH of the adulterated samples changed minimally, likely due to two factors: the slow
hydrolysis kinetics of urea, which generated minimal amounts of hydroxyl ions during the test period, and
the possible presence of traces of lactic acid in the milk samples resulting from the gradual degradation of
lactose. Nevertheless, the pasteurization of milk adulterated with urea can accelerate its hydrolysis and alter
the physical-chemical and organoleptic characteristics of the product. Therefore, the pH variable is not the
most effective measure to evaluate milk adulteration.

Figure 5 presents the results of density variation with urea adulteration. There was a significant difference
between the pairs of commercial urea and reagent grade urea, and between reagent grade urea and reference,
at the 95% confidence level, according to Tukey’s test. The ANOVA results evidenced a significant
difference between treatments, with a p-value <0.05. Levene's test showed no significant difference between
variances. Table 4 presents the results of the absolute density of milk samples.
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Figure 5. Density of milk samples without added urea (R), with added reagent grade urea and commercial urea (C).

Table 4. Density of samples adulterated with reagent grade urea (RG) and commercial urea (C).

Density (g mL")
Samples Reagent grade urea (RG) Commercial urea (C)
1 1.030 1.035
2 1.030 1.033
3 1.029 1.032
4 1.029 1.032
5 1.029 1.033
Mean + SD 1.030 + 0.000 1.030 +0.001

The average density of unadulterated milk is 1.033 £ 0.001 g mL" (n=5).

According to the Regulation for the Industrial and Sanitary Inspection of Products of Animal Origin, the
minimum and maximum limits of the relative density of milk at 15 °C are 1.028 and 1.034 g mL"!,
respectively (Brasil, 2002). In the present study, the reduction observed in adulterated samples was 0.29%,
indicating that density is an ineffective parameter for detecting adulterations.

The cheese whey used in adulteration had pH = 6.66 + 0.02, with electrical conductivity of 7.97 + 0.01
mS cm™!, and density of 1.034 £ 0.001 g mL! (triplicate).

The characteristic DPV of the pasteurized milk samples adulterated with reagent-grade urea is shown in
Figure 6a, and the DPV corrected for the supporting electrolyte signal is shown in Figure 6b.
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Figure 6. (a) Differential pulse voltammetry (DPV) of the five milk samples adulterated (color lines) with reagent
grade-urea, in 0.1 mol L' NaOH supporting electrolyte. Applied potential between 0.0 and 1.1 V, sweep speed of
100 mV s’!, with a step of 0.005 V, modulation of 0.1 V, time modulation of 0.05 s, and interval of 0.5 sec.
Ag/AgCl/KClsa reference electrode. Temperature 25.0 °C. The black line is the supporting electrolyte; (b) DPV
normalized by the supporting electrolyte curve. The black line is the signal from the unadulterated milk sample. The
bars indicate the potentials used in the PCA.

The peak at 0.180-0.22 V indicates the oxidation of urea in a basic medium, according to Equation 6
(Zhu et al., 2020). The increase in current potential above 0.85V refers to the oxidation of the electrolyte,
with the evolution of gaseous oxygen (Skoog et al., 2007).

CO(NH3), + 60H S N, + CO, + 5 H,0 + 6 & (6)
In the PCA analysis, DPV potentials of 0.180 V (E1); 0.220V (E2); 0.660 V (E3), and ionic conductivity

values were used. Figure 7 illustrates the PCA results for adulterations with reagent grade urea and
commercial urea in dilution proportions with water between 7 and 11% v/v.
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Figure 7. Score plots of PCA (correlation and auto-scaled) for pasteurized milk adulterated with reagent grade urea
(RG - Red) and commercial urea (C - Blue). The arrow indicates the reference samples of pasteurized milk
(unadulterated). Currents obtained from potentials of 0.180 V (E1); 0.220V (E2); 0.660 V (E3), and ionic conductivity
values were used for PCA matrix construction.

Figure 7 shows the distribution of milk samples, which distinguished the group of unadulterated milk
samples from those adulterated with either reagent grade-urea or commercial urea. This latter is used in
adulterations in the milk production chain.

The observed dispersion of samples adulterated with commercial urea may be related to the sample matrix,
as the manufacturer only provides a guarantee for the nitrogen content (45% N w/w), with no information on
purity, additives, or particle size.

Figure 8 illustrates the PCA results for samples adulterated with reagent grade urea and commercial urea,
with the addition of sucrose at 1% w/v and 5% w/v, and sodium hypochlorite at 1% v/v.
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Figure 8. Score plots of PCA (correlation and auto-scaled) for pasteurized milk adulterated with reagent grade urea
and commercial urea, with the addition of sucrose and sodium hypochlorite. Currents obtained from potentials of 0.180
V (E1); 0.220 V (E2); 0.660 V (E3), and ionic conductivity values were used for PCA matrix construction. RG are
samples adulterated with reagent grade urea, and C are samples adulterated with commercial urea. S1 and S5 are
samples adulterated with sucrose at 1% w/v and 5% w/v, respectively, and H refers to the addition of sodium
hypochlorite at 1% v/v. R1 to R3 (in red) are pasteurized milk samples used as references (unadulterated).

The characteristic DPV of pasteurized milk samples adulterated with 10% v/v cheese whey is shown in
Figure 9a, and the DPV corrected for the supporting electrolyte signal is shown in Figure 9b. The DPV
current values were obtained from the same potential values used in the other adulterations. Figure 10
presents the PCA score plots for milk samples adulterated only with cheese whey.
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Figure 9. (a) Differential pulse voltammetry (DPV) of the five milk samples adulterated (color lines) with cheese
whey, in 0.1 mol L' NaOH supporting electrolyte. Applied potential between 0.0 and 1.1 V, sweep speed of 100 mV s°
!, with a step of 0.005 V, modulation of 0.1 V, time modulation of 0.05 s, and interval of 0.5 sec. Ag/AgCl/KClg
reference electrode. Temperature 25.0 °C. The black line is the supporting electrolyte; (b) DPV normalized by the
supporting electrolyte curve. The black line is the signal from the unadulterated milk sample. The bars indicate the
potential used in the PCA.

Whey, a residual byproduct of cheese production, predominantly consists of lactose, protein, salts, and water
(Carvalho et al., 2007), facilitating the milk adulteration process. Brazilian legislation determines that milk with
a glycomacropeptide (GMP) content above 30 mg L™! cannot be used for consumption, as it indicates that cheese
whey has been added or that is poor quality milk. The method for detecting GMP is expensive (High
Performance Liquid Chromatography - HPLC) and is not available at all points in the milk production chain
(Andrade, 2014), which shows the importance of the non-targeted electrochemical methodology developed.

Figure 11 presents in a single plot the PCA results for all samples adulterated with commercial urea,
reagent grade urea, and cheese whey, showing the feasibility of the methodology in discriminating
adulterated from unadulterated samples.
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Figure 10. Score plots of PCA analysis (correlation and auto-scaled) for pasteurized milk samples adulterated with
10% v/v cheese whey (CW1 to CW4, in red). R1, R2, and R3 (black) refer to reference pasteurized milk
(unadulterated). Currents obtained from potentials of 0.180 V (E1); 0.220V (E2); 0.660 V (E3), and ionic conductivity
values were used for PCA matrix construction.
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Figure 11. Score plots of PCA (correlation and auto-scaled) for pasteurized milk samples adulterated with reagent
grade urea (RG - Red), commercial urea (C - Blue), and cheese whey (CW - Green). R1, R2, and R3 refer to reference
pasteurized milk (unadulterated). Currents obtained from potentials of 0.180 V (E1); 0.220 V (E2); 0.660 V (E3), and

ionic conductivity values were used for PCA matrix construction.

Compared to unadulterated milk samples, adulterations made by adding water and correcting the nitrogen
content (an indicator of protein content) with urea were detected by the chemometric method (PCA) and the
electrochemical technique. Samples adulterated with reagent grade urea were more clustered, while the
samples adulterated with commercial urea were more dispersed, but they all differed from the reference
samples. Samples adulterated with cheese whey differed from the other groups, indicating the possibility of
detecting alterations in the milk by adding urea or cheese whey, both low-cost products used to correct the
protein content in adulterated milk.

4 Conclusions

The proposed non-targeted method detected adulteration in pasteurized milk with urea, sucrose, and cheese
whey. This method does not require high-cost or complex equipment and can be used for field measurements
(in situ). Therefore, the combination of voltammetric technique and chemometrics can be a valuable tool for
ensuring product quality and combating fraud in the milk production chain.
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