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Abstract

:

Featured Application


Classification of bread products as a specific type of food product according to a standard database, using coupled Karl Fischer titration and multivariate analysis




Abstract


(1) Background: The water content and the way of bonding in the food matrices, including bread, can be easily and simply evaluated by Karl Fischer titration (KFT). The goal was to identify the main KFT parameters that influence the similarity/dissimilarity of commercial bread products, using multivariate statistical analysis. (2) Methods: Various commercial bread samples were analyzed by volumetric KFT and the water content, parameters from titration process and KFT kinetics were used as input for principal component analysis (PCA). (3) Results: The KFT water content was in the range of 35.1–44.2% for core samples and 19.4–22.9% for shell samples. The storage and transportation conditions consistently influence the water content of bread. The type of water molecules can be evaluated by means of KFT water reaction rates. The mean water reaction rates up to 2 min are consistently higher for bread core samples, which indicates a high fraction of “surface” water. PCA reveals the similarity of core samples and various bread types, as well as dissimilarity between bread parts, mainly based on KFT kinetic parameters. (4) Conclusions: KFT kinetics can be a useful tool for a rapid and simple differentiations between various types of bread products.
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1. Introduction


Bread is one of the most consumed food products all over the world. There are various types of bread from the main ingredients and shapes points of view. Wheat bread is largely commercialized, made even by wheat flour or mixed with other cereal flour types such as rye [1,2]. On the other hand, rye bread has become more popular, as has whole grain bread [3,4]. Other bread types are “special” or “functional” food products [2,5,6]. Generally, white bread is made by common wheat flour (Triticum aestivum L. var. aestivum), water, yeast, shortening agents, sugar and salt. Nutritional and organoleptic characteristics can be enhanced by addition of oils and fats, oilseeds, almonds or legumes. On the other hand, gluten-free or low carbohydrate products can be obtained using rice, corn or cassava flour. Depending on the desired characteristics of the final products, additives such as enzymes, emulsifiers, gums modified starch or cellulose, as well as protein-rich ingredients (egg and soy), can be used [1,7,8,9,10,11,12,13,14,15,16,17,18].



The composition of bread strongly influences its final properties, such as nutritional value, taste and flavor, rheological properties and shelf-life [4,19]. In this regard, water plays an important role, in both dough and bread processing steps [20,21]. Water molecules can migrate between starch and gluten [22]. During these steps, starch gelatinizes and water can partially evaporate from the bread surface [23,24,25]. Water molecules migrate from the core to the surface, but the diffusive flow of liquid water is slower than the evaporation process. On the other hand, the partial water vaporization in the bread provide a vapor pressure gradient. Water vapor migrates to the core and condensates (mechanism of “evaporation–condensation”) [26]. Consequently, the outer zone of the bread starts drying and forms the crust. These variations on water content and distribution influence the final properties of bread such as softness of the crumb or the crispness of the crust [26]. Among starch and gluten, which can range 45–58% in bread, proteins (~6%) also influence the water content and mobility [6,20].



It is a challenge to determine the water content, water molecule types and their mobility in such complex food matrices. There are many methods of water determinations including physical or chemical methods [27]. Many factors influence the results, such as limit of detection, type of water, compounds that bias the measurement method or sample solubility and diffusion of all water molecules. Physical methods are based on weight loss, such as oven, infrared and microwave drying or thermogravimetry, as well as spectral and other physical properties of the sample (e.g., conductimetry, refractive index or capacity) [28,29,30,31,32,33]. The water determination in bread is generally based on such methods. Other methods are based on chemical properties of samples. It is the case of Karl Fischer water titration (KFT, volumetric or coulometric techniques) and other types of titration methods (acyl halide, anhydride and calcium carbide). Moreover, water distribution between dough components, water hydration capacity or other properties can be evaluated by farinograph method [22,34].



KFT is a useful method for water determination in various materials, including less soluble or insoluble samples. The water content can be easily and selectively determined in complex food matrices such as dairy and meat products, honey, sugars, chocolate, fruits and vegetables, spices and cereal products [3,35,36,37,38,39]. There are many advantages for water determination by KFT: cover all water content ranges (ppm to 100%, by selecting coulometric, single- or bi-component volumetric techniques), determination of both free and “strongly retained” water, a wide range of solvent polarity and temperature of analysis, which allows protecting less stable/degradable samples, rapid and simple technique and equipment, increased sensitivity and accuracy and possibility of coupling with other equipment such as oven or distillation apparatus [38,39,40]. On the other hand, some compounds can interfere with the KFT reagents (such as aldehydes and ketones, which react with the alcohol used as solvent, or compounds that react with iodine—reducing agents) [27,31,33].



The KFT working parameters can be selected according to the composition and characteristics of the food sample. If the food product has a high content of oil and/or fat and lower content of water, the coulometric KFT technique can be used. On the other hand, these types of food products having higher content of water, such as in the case of butter, require volumetric KFT working with more hydrophobic solvent mixtures (e.g., methanol–decanol). The electrode coating for lecithin-based samples can be prevented by adding chloroform and formamide. Soybean, rapeseed, sunflower, sesame and pumpkin seed oils have been analyzed by coulometric KFT. The water content was in the range of 0.098–0.689% by automated coulometric KFT and 0.079–0.684% for manual KFT [38]. On the contrary, butter oil had 0.061–0.108% and 0.079–0.099% water by volumetric KFT working in methanol/chloroform and methanol/hexanol solvent mixtures, respectively [41].



Cereals, cereal-based products, sugars and dairy food ingredients and products have been widely studied from the KFT water content point of view. They generally have higher water content. On the other hand, the highly hydrophilic components (carbohydrates such as starch, mono- and disaccharides such as sucrose and lactose and proteins such as gluten) strongly interact with water molecules. Such components are less soluble in the KFT working medium and the extraction of water from the sample particles are enhanced by increasing the temperature analysis, using the homogenization or milling, and increasing the solvent polarity by adding polar solvents (e.g., formamide). Water content of wheat and rye flour mixtures have been determined using volumetric KFT at elevated temperature [3,12], while for sorghum the KFT water content at 65 °C slowly decreased from 12.9% to 12.25% by increasing the grinding time from 10 to 90 s [39]. Other studies used starch, chick-pea flour, dry alimentary small paste or toasted ground barley for the determination of water content by volumetric KFT. For a better accuracy, the determination temperature was increased to 50 °C, where the water content was up to 0.7% higher than for the analysis temperature of 25 °C [42]. Invert sugar and fructose syrups have been compared for their water content and the corresponding mass loss at elevated temperature. They have a water content of 26.67% and 29.46% for invert sugar and fructose syrups, respectively. On the other hand, the mass loss was in the range of 26.4–26.7% for inverted sugar syrup dried at 105 °C, while for fructose syrup the mass loss had no significant variation by halogen drying at 100–115 °C (mass loss of 29.06–29.46%) [32]. Similar observations were accounted for maltose (5.1–5.64% KFT water content or halogen drying mass loss), glucose monohydrate (8.34% by KFT and 7.72% mass loss), sucrose (0.024% by KFT and 0.055–0.062% mass loss) or isomalt- and sorbitol-based candies [30]. All determinations required elevated temperature (50 °C), formamide addition and internal homogenization. Sucrose I and II and fructose had the KFT water content of 0.0552–0.0556%, 0.0464–0.0469% and 0.0800–0.0803%, respectively, while for glucose monohydrate the determined water content was consistently higher (8.84%). α-Lactose (lactose monohydrate), anhydrous β-lactose and the amorphous form have different water content, which is difficult to determine. Volumetric KFT performed in fifteen laboratories at 40 °C provide relatively close results for water content of various commercial lactose ranging 4.48–5.19% [43]. A comprehensive study on the use of vaporization coulometric KFT technique have been performed by Kestens and co-workers [44]. The robustness and good repeatability of this coupled technique was demonstrated for various difficult food matrices, including toasted bread.



Dairy products and protein-containing food products have high content of water. Generally, proteins are more hydrophilic and formamide can be added in order to enhance the water extraction during volumetric KFT analysis [27]. Moreover, homogenization and enhancing analysis temperature can be applied (for example, for meat products) [35,45,46]. On the other hand, high fat dairy products need the addition of more hydrophobic solvents to the KFT working medium (such as chloroform or decanol). Isengard and collaborators [29] also used 1-propanol, 1-butanol or tert-butyl-methyl-ether in order to enhance the water extraction in the volumetric KFT analysis at 50 °C for water determination in dried milk products. When the gas extraction was coupled with an automated KFT technique, using methanol–octanol solvent mixture at 40 °C, valuable results for the water content of various commercial butter samples have been obtained [40]. Products having high content of fats and sugars need homogenization and cooling, as well as hydrophilic or more hydrophobic solvent mixture, depending of the characteristic of the main components—sugars and fats, respectively. Instant powders such as coffee substitutes, coffee and cocoa-based instant powders have been analyzed by volumetric KFT by addition of formamide [47].



The goal of the present study was to identify the main KFT parameters that influence the similarity/dissimilarity between commercial bread products, using multivariate statistical analysis—principal component analysis (PCA)—as a useful combined tool for a rapid and simple differentiations between various types of bread products.




2. Materials and Methods


2.1. Materials


Bread samples were obtained from the local market (the flour used for obtaining the bread products by various local producers was from the same manufacturer, Timişoara, Timiş county, Romania). Three major groups of bread samples were used for KFT and multivariate PCA analyses: (1) White wheat breads consisted of five sample types, which varied only in the shape and presence or absence of different seeds on the top of the bread (these extra-materials were not included in samples for analysis): “HC1”, white wheat bread, non-packed (core); “HC2”, white wheat bread, sliced and packed in plastic bag (core); “HC3”, white wheat bread roll, non-packed (core); “HC4”, white wheat bread roll, topped with various seeds, non-packed (core); and “HC5”, homemade white wheat bread (core). A Moulinex OW 3022 Home Bread, having kneading (5, 20, 0.2 and 0.25 min, alternately with rests or growing), rest (5 min after the first kneading), growing (39, 25.5 and 49.45 min after the second to fourth kneading), baking (48 min, followed by 2.51 min), and maintaining at warm condition (60 min) cycles, was used. The homemade white wheat bread was obtained from 455 g of white wheat flour (from the same manufacturer as above), 250 mL of water, 30 g of sugar, 8 g of salt, 26 g of milk powder, 25 g of sunflower oil and 9 g of yeast. (2) Whole meal or Graham breads included codes “MC” and “GC” (cores). (3) Brown wheat breads included “BC1” (non-packed, from the market) and “BC2” (from the manufacturer). For comparison of KFT kinetic data, the shell (up to 1.5 mm from the outer surface of the bread) and pre-dried bread samples were included in the study. The shell samples were coded as “MS” or “BS” (whole meal and brown wheat bread shell samples, respectively), while the pre-dried samples were coded as “Cd” and “Sd” for core and shell, respectively. Pre-drying was performed at 37 °C in the oven with forced convection for 30 min, in order to evaporate the “surface” water and to compare the KFT kinetic parameters. All bread samples were kept in the dark at room temperature, in sealed bags prior analysis. Representative core and shell samples were prepared right before analysis by cutting in cubic portions with a side of 1–1.5 mm. Weighted samples were immediately sealed in the KF sample transfer unit until analysis.




2.2. Volumetric Karl Fischer Water Titration (KFT)


The water content of bread samples as well as the KFT kinetics were obtained using the volumetric bi-component KFT method. A Karl Fischer 701 Titrando apparatus equipped with a 10-mL dosing system and a 703 Ti Stand mixing system were used (Metrohm AG, Herisau, Switzerland). Component 1 was Titrant 5 apura® and Component 2 Solvent apura® (Merck&Co., Inc., Darmstadt, Germany). The titer of 4.4286 mg/mL for Component 1 was obtained using Water standard 1% apura®, standard for volumetric Karl Fisher titration (Merck&Co., Inc.). The sample amount was in the range of 0.057–0.419 g (Table 1). The following KFT parameters were used: I(pol) 50 μA, end point 250 mV, maximum rate 5 mL/min, stop criterion of drift, stop drift 15 μL/min and temperature of 25 ± 1 °C. Measurements were done in triplicate (unless otherwise stated).



The KFT kinetics was performed for pseudolinear ranges from the titration curves. The mean water reaction rate depends on the diffusion of water molecules to the sample surface during extraction and analysis. The water reaction rate can be determined by knowing the variation of the titration volume of Component 1 (iodine solution with known titer) on time, as well as the reaction volume (the volume of the working medium was 60 mL in all cases) (Figure 1). This variation of the iodine concentration on time for three pseudolinear ranges was obtained from the Volume (normalized to the sample mass) versus Time curve. This was the mean iodine or water reaction rate on the specified time range (expressed as mmol/L/s or mM/s).




2.3. Statistics and Principal Component Analysis (PCA)


The KFT water content and values for KFT kinetic parameters were provided as mean (±standard deviation, SD). Moreover, the results from KFT analysis and kinetics for bread core, pre-dried bread core, raw and pre-dried bread shell samples were compared for significant difference using Tukey’s HSD (honestly significant difference) test from the one-way ANOVA module in Statistica 7.1 software (StatSoft, Inc., Tulsa, OK, USA). KFT volume/sample mass ratio (V/m (mL/g)), water content (W) (%), variation of the KFT volume/sample mass on time (Δ(V/m)/Δt) (mL/g/s) and the mean KFT reaction rate (v) (mM/s) were used as dependent variables. The categorical predictor (factor) was the bread sample code (HC (white wheat bread core), MC (whole meal bread core), GC (Graham bread core_, BC (brown wheat bread core), MS (whole meal bread shell, BS (brown wheat bread shell), MCd (pre-dried whole meal bread core), BCd (pre-dried brown wheat bread core), MSd (pre-dried whole meal bread shell) and BCd (pre-dried brown wheat bread shell)). The parameterization was sigma-restricted, while the confidence limit and significance level were set at 0.95 and 0.05, respectively. PCA is a multivariate statistical tool providing information on similarity/dissimilarity between bread samples, as well as the influence of independent variables for grouping. Both titration and kinetic parameters from the KFT analysis were used for PCA. This technique approximates the data matrix as a product of two reduced matrices that retain only the useful information. PC1 (Factor 1, Principal Component 1) is that direction from the property space characterized by a maximum variance of the data. PC2 (Factor 2, Principal Component 2) also has a maximum variance of the data but restricted by orthogonality to the first component. Other PCs can be obtained in the same manner, but only few PCs will retain the main information from all KFT data. The scores matrix vectors will provide information about similarity/dissimilarity of the samples (grouping of the cases). The loadings matrix vectors will provide the similarity/dissimilarity of properties, as well as the influence of the properties to the model. PC&CA module from Statistica 7.1 package (StatSoft), with centered data and cross-validation method, were used for PCA analysis of the KFT data.





3. Results


3.1. Karl Fischer Water Titration and Kinetics for Bread Samples


The water content of bread core samples varies in the range of 39–44.2% (Table 1). The highest water content of white wheat bread samples was obtained for commercial non-packed samples (43.1%), but with a higher standard deviation (probably due to a reduced uniformity of samples). This aspect was observed also for white bread roll samples, which were non-packed commercial products (39–39.4% water content, with relatively high SD). The lowest SD in the case of white bread was obtained for the homemade samples; the KFT water content in this case was 41% (Table 1). The Graham samples have the lowest water content (36.5%), while the whole meal and brown bread water content depends on the sample source: the commercial whole meal and brown bread samples have higher water content (~44%), in comparison with the samples obtained directly from the manufacturer (35.1%); this difference can be explained by the possible use of other recipes and/or processing technique for the product from the market (i.e., colorant additives are indicated on the label).



Completely different results were obtained after pre-drying of the white bread core samples (Table 1). The water content after pre-drying is approximately the same for whole meal bread and brown bread core samples (~31%), in comparison with the total water content of 44% without pre-drying.



A similar approach was applied for some shell samples, without or with pre-drying. KFT water content of these samples was obtained only for comparison of the KFT kinetics and evaluating the corresponding parameters for similarity/dissimilarity of samples by PCA. The water content of the bread shell samples decreased to half in comparison with the core samples (22.9% and 19.4% for whole meal and brown bread shell samples, respectively, in comparison with ~44% for the corresponding core samples). On the other hand, the pre-drying of shell samples consistently decreased the water content (from 22.9% to 1.1% for whole meal bread shell and from 19.4% to 4.7% for brown bread shell samples, Table 1).



The aspect of Volume/sample mass (V/m) versus Time titration curves from the KFT analysis are very different for bread samples (Figure 2 and Figure 3; see also Figures S1 and S2). Only two pseudolinear ranges were observed for all white bread samples and Graham bread samples, while whole meal and brown bread samples provide three pseudolinear ranges. The water reaction rates for white bread core samples, corresponding to “surface” water molecules, are in the range of 2.4–3.2 mM/s, the highest being determined for packed samples (code “HC2”, Table 2). The Graham bread samples have similar behavior, but the water reaction rate for the first interval is lower (1.67 mM/s), while that for the second interval is in the same range (0.06 mM/s). Different results were obtained in the case of brown bread samples: the samples obtained from the market (containing colorants as additives) have similar behavior such as white bread samples (code “BC1”, 2.17 mM/s for v1 and 0.097 mM/s for v2). It can be due to different recipes used, in comparison with the similar sample obtained from the manufacturer. Higher water reaction rates for both first and second interval (3.9–4.2 and 0.2–0.5 mM/s, respectively) were obtained in the case of whole meal bread and brown bread samples obtained from the manufacturer (code “BC2”). Even the core samples were pre-dried in the oven (the “surface” water was partially removed), these water reaction rates remain approximately the same (3.8–4 mM/s for the first interval and 0.3–0.5 mM/s for the second one). Some KFT analyses were performed on bread shell samples, but the results have high SDs in most cases (probably due to the higher hygroscopicity of the crust). The water reaction rates corresponding to the “surface” water molecules are relatively low (0.8–2.1 mM/s), while those corresponding to “strongly retained” water molecules vary in a wide range (0.32–0.44 and 0.06–0.3 mM/s for whole meal and brown bread samples, respectively, Table 2; v3 values are presented in Table S1).




3.2. Principal Component Analysis on KFT Data for Bread Samples


Valuable classifications were obtained in the case of bread samples using PCA technique. All white bread core samples were located in the center of the scores plot, but less grouped (codes “HC”, Figure 3a,b). The whole meal and brown bread core samples are well grouped, according to both PC2 versus PC1 and PC3 versus PC1 scores plots (codes “BC” (two groups) and “MC”). Some brown bread samples are more similar with white bread samples (samples from the market). Graham bread samples are partially similar with white bread; they are grouped in the upper side of the PC2 versus PC1 scores plot (code “GC”).



Evident grouping was observed from PCA analysis of the KFT water reaction rate data for core, “C” and shell “S” bread samples. The core samples are especially located in the center of the scores plot, while shell samples were classified in the left of this plots (both PC2 versus PC1 and PC3 versus PC1, Figure 4a,b). These classifications are due to the KFT water content and normalized volume (W and V/m), as well as KFT reaction rates corresponding to “strongly retained” water for PC1 (v2 and v3) and to KFT reaction rates corresponding to both “surface” and “strongly retained” water for PC2 (v1 and v2, Figure 3c and Figure 4c). The water reaction rate corresponding to the “normal” drift in the KFT process has weak influence in the multivariate analysis. The first two PCs are enough to retain the important information from the KFT data, according to eigenvalues of the correlation matrix from the PCA analysis (Figure 3d and Figure 4d). These PCs explain 73.14% and 80.43% from the variance of the KFT data corresponding to bread core samples and all bread core and shell samples, respectively. Other PCA results are presented in the Supplementary Materials (Figures S3 and S4).





4. Discussion


Water determination in bread samples is a challenge. The real water content of such complex food matrices is difficult to evaluate. There are many factors influencing the results, starting from the selection of the method to the composition and sample preparation. The water content ranges in the common values [20,26,48,49], but with differences between bread samples. However, the water content of bread was close to the upper limit of the common range of water content values determined with standard thermal methods or even higher, if the two-component volumetric KFT technique was applied [48,49]. The explanation is that the KFT is sensitive to water, while other methods such as oven drying determines the mass loss. This includes all volatiles that evaporate at the selected temperature, especially water but also aroma compounds. On the other hand, drying at elevated temperature can induces changes in the sample, sometimes with generation of volatiles [27,31,32,33,50]. KFT analysis allows selecting the polarity of the solvent according to sample type and a temperature program for a complete extraction and titration of water [3,37,38,39]. Generally, water content of non-packed bread or fresh from the manufacturer is higher, most probably due the water absorption from the environment during storage, transportation and commercialization. Ayub et al. (2003) evaluated the moisture content by oven drying and water activity of bread samples during storage. The moisture content increased by a few percent (sometimes by 12%) after four days, while the water activity also increased [20]. The water content of the bread crumb during the baking process can increase up to 2.5%, followed by a slow decrease up to the final baking step [51]. The maximum moisture content of the core can reach 51%, depending on the composition and baking conditions [26].



The differences between KFT water content of core (crumb) and shell (crust) of breads are obvious, the crust having consistently lower values (about half in comparison with the corresponding cores, Table 1). On the other hand, pre-drying of core and shell samples reveals completely different comparative values. Pre-drying lowered the water content of core samples only by a third, while the shell samples by 75–95%. It is clear that most of the water in the core samples are strongly retained, in comparison with that from shell samples, where a significant water fraction is “surface” water. This behavior can be explained by the presence in the bread core of less degraded starch and gluten, as well as other proteins, which absorb higher quantity of water. The absorbed water molecules are strongly retained by such flour and bread components. On the other hand, the bread crust (shell) has higher fraction of consistently degraded components and the absorbed water is mainly “surface” water. These water molecules are easily evaporated [3,52,53,54]. Ureta and co-workers (2018) performed baking tests and oven drying moisture determinations on various regions on the bread. The top crust had a moisture content at the final of the baking process of 3.7–9.5%, depending on the baking temperature. The upper, lower and core crumb regions had approximately constant moisture content during baking, with a slight increase at the end of the baking process (up to 42–43%). On the contrary, the moisture content of various crust regions consistently decreases during baking process [26,51].



There is a correlation between the water content determined by oven drying technique and water activity of food products. This is due to the fact that both are related through the sorption isotherm and the water content can be indirectly determined if the sorption isotherm and water activity are known [31]. Such correlation can be observed for the bran-based bread crumb. An increasing of the oven drying water content of bread crumb after the addition of bran fractions from 41% to 43% is correlated with an increasing of the water activity from 0.96 to 0.97 [13,55]. This is particularly due to the influence of bran on the starch–gluten–water interactions. Similar observations have been made for bread obtained with potato fiber in order to improve the product characteristics during storage [56]. On the other hand, the crust and under-crust of various traditional sourdough bread types had a water content of 19% and 23%, respectively (determined by oven drying). The corresponding crumb samples had a water content of ~46.4%. They are well correlated with the water activity. The crust had a water activity of 0.76–0.77, while this parameter was consistently higher for the crumb (~0.97). However, no significant changes on the water activity during eight days of storage have been observed [57]. Such correlations, including the influence on the crispness, fragility and plasticity, have also been obtained for flat extruded wheat and rye breads or bread spread samples containing eggshell powders [58,59]. Regarding the bread crust and crumb, there are many studies related to the influence of various ingredients on the water activity, water content and other physical chemical characteristics [60,61,62,63,64,65]. No studies on the correlation of the water content determined by KFT and water activity of bread have been made. However, such correlation cannot be simply made due to very different conditions of measurements. Water activity is the ratio between the partial vapor pressure of water in the food sample and the standard state partial vapor pressure of water, which is supposed to be analyzed in gaseous state. On the contrary, the KFT water content is determined in solution or suspension (the case of bread samples), which means water extraction in the liquid working medium.



To our knowledge, no significant studies on the application of KFT for evaluating the types of water molecules in bread have been performed. The strength of physically bonding of water molecules into a less soluble samples can be evaluated from the KFT curve. An efficient and simple way is based on KFT kinetics, especially the mean water reaction rates on specific time ranges. Only few studies on the KFT kinetics for estimating the water content in solids (i.e., magnesium gluconate dihydrate or sucrose) or solutions have been published [66,67]. Our previous studies demonstrate the possibility to evaluate the “surface” and “strongly retained” water molecules in solid samples by KFT kinetics [3,35,36,37,68,69,70]. The “surface” water molecules are weak bonded on the surface of the solid particle, especially by hydrogen bonding. They appear by absorption during storage, transportation and even prior analysis of a less soluble solid or semi-solid sample. They also exist in the raw samples. “Surface” water molecules are easily disposable to the KFT working medium and react quickly. This is observed on the first pseudolinear range of the KFT curve and are similar to the KFT water reaction in completely soluble samples [31,33]. On the other hand, “strongly retained” water molecules (physically bonded in the interior of the less soluble solid or semi-solid particles) react at a much slower rate, which principally depends on the diffusion of these water molecules to the surface of sample particles. Thus, this KFT water reaction rate consistently depends on the particle surface or dimensions. It is the case of bread samples, which are heterogeneous particles. The reaction rate of the “strongly retained” water molecules in the bread core samples is very different for white bread and whole meal or brown bread samples due to the heterogeneity and level of degradation in the last case. Moreover, this “strongly retained” water reaction rate can be easily determined for bread shell samples (Figure 2). Generally, water reaction rates are more than twenty times higher for “surface” water molecules in bread core samples, in comparison with the case of bread shell samples (v1 is up to seven times higher than v2, Table 2).



The absolute values for the KFT kinetic parameters are difficult to evaluate in order to identify the similarity/dissimilarity of the samples and the corresponding influence of these parameters. The multivariate analysis techniques are the most appropriate for such evaluation. One of these techniques is PCA, which is often used in food analysis. The bread samples are well classified if KFT parameters have been applied to PCA, especially for whole meal and brown bread samples. Moreover, core and shell samples are obviously grouped by means of KFT kinetic parameters. The KFT water reaction rates corresponding to “surface” and “strongly retained” water molecules (i.e., v1 and v2, respectively) are more important for discriminating along the second PC, while the parameters related to the final KFT water content are important for the first PC (Figure 3c and Figure 4c). The latter clearly influence the discrimination between core and shell samples (the “C” (core) and “S” (shell) groups are separated along PC1, Figure 4a), while the bread types are discriminated by KFT kinetic parameters, along PC2 (Figure 3a). These two PCs retain the most useful information related for such discriminations and classifications (Figure 3d and Figure 4d). The behavior of bread samples are similar to other less soluble samples such as cereal flour [3,36], meat products [35], cyclodextrins and their complexes [37,68,69,70].




5. Conclusions


This is the first study on the coupling of Karl Fischer water titration technique with a multivariate statistical analysis method in order to differentiate bread samples through water reaction kinetics. The first two principal components in PCA analysis explain more than 70% of the variance of the KFT data. The bread core and shell samples are completely dissimilar if the “surface” and “strongly retained” KFT water reaction rates are considered. Moreover, whole meal and white wheat bread samples are clearly differentiated through the same water reaction rates. These are correlated with the composition and the way of bonding of water molecules in the bread particles used in the KFT measurement, but the KFT–PCA technique does not need compositional information for discrimination. KFT is selective for water, while other methods such as oven drying determine the overall mass change (“moisture content”, which are also comprises of other volatile compounds).



Consequently, the overall KFT titration parameters could be used for discriminating by sample region or parts, while KFT kinetics for classifications by sample types. However, such KFT–PCA coupling technique needs appropriate calibrations and model systems, possibly a database for every type of samples (e.g., bread products and specific solid ingredients for food such as flour, dairy products, etc.).
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Figure 1. The overall KFT redox reaction (in the first step, methanol, sulfur dioxide and imidazole from Component 2 react and provide imidazolium methyl sulfite; in the second step, the latter reacts with the water from the sample and iodine from Component 1, providing imidazolium methyl sulfate and imidazolium iodide). 
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Figure 2. The Volume/sample mass (V/m) versus Time titration curves from KFT analysis of the selected bread samples (triplicates): (a) white wheat bread, sliced and packed in plastic bag (core), code “HC2”; and (b) whole meal wheat bread (shell), code “MS”. 
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Figure 3. PCA results for the KFT data of bread core samples: (a) PC2 versus PC1 scores plot; (b) PC3 versus PC1 scores plot; (c) PC2 versus PC1 loadings plot; and (d) eigenvalues of the correlation matrix. Meaning of color lines in (a,b): Green—brown wheat bread core (code “BC”); red—whole meal bread core (code “MC”); blue—Graham bread core (code “GC”). Meaning of color lines in (d): Green numbers – relevant eigenvalues. 
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Figure 4. PCA results for the KFT data of all bread core and shell samples: (a) PC2 versus PC1 scores plot; (b) PC3 versus PC1 scores plot; (c) PC2 versus PC1 loadings plot; and (d) eigenvalues of the correlation matrix. Meaning of color lines in (a,b): Green—raw bread core (code “C”); pink—pre-dried bread core (code “Cd”); blue—raw bread shell (code “S”); red—pre-dried bread shell (code “Sd”). Meaning of color lines in (d): Green numbers—relevant eigenvalues. 
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Table 1. KFT results for bread core samples, pre-dried bread core samples, as well as raw and pre-dried bread shell samples. Values are expressed as mean (±standard deviation, SD) of triplicate analysis (excepting * for duplicate or single analysis).
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	No.
	Code
	Sample Mass

(g)
	KFT Volume

(mL)
	KFT Volume/Sample Mass Ratio

(mL/g) 1
	Water Content

(%) 1





	1
	HC1 *
	0.0768 (±0.0149)
	3.223 (±0.498)
	42.16 (±1.71) a
	43.12 (±6.66) a



	2
	HC2
	0.0572 (±0.0070)
	2.554 (±0.291)
	44.66 (±0.84) a
	39.56 (±0.74) a



	3
	HC3
	0.0656 (±0.0178)
	2.902 (±0.860)
	43.16 (±0.18) a
	39.04 (±1.00) a



	4
	HC4
	0.4192 (±0.5131)
	3.002 (±0.799)
	44.05 (±1.85) a
	39.37 (±1.47) a



	5
	HC5 *
	0.0690 (±0.0141)
	2.894 (±0.566)
	41.69 (±0.71) a
	41.06 (±0.34) a



	6
	GC
	0.1288 (±0.0600)
	5.328 (±2.491)
	40.57 (±1.49) a
	36.50 (±1.32) b



	7
	MC
	0.0850 (±0.0032)
	3.884 (±0.187)
	46.45 (±0.97) a
	44.23 (±1.14) a



	8
	BC1
	0.0837 (±0.0018)
	3.777 (±0.135)
	44.06 (±0.59) a
	44.11 (±0.61) a



	9
	BC2
	0.0631 (±0.0376)
	2.297 (±1.370)
	37.86 (±1.70) ab
	35.15 (±0.35) b



	10
	MCd *
	0.0851
	2.731
	32.43 b
	31.06 c



	11
	BCd
	0.0851
	2.752
	32.74 b
	31.30 c



	12
	MS
	0.0909 (±0.0014)
	2.154 (±0.081)
	22.95 (±1.01) c
	22.94 (±1.05) d



	13
	MSd *
	0.0915
	0.099
	23.61 c
	1.05 e



	14
	BS
	0.0811 (±0.0084)
	1.656 (±0.572)
	17.56 (±4.04) d
	19.44 (±4.72) d



	15
	BSd *
	0.0926
	0.452
	5.35 e
	4.72 e







1 For a given parameter (KFT volume/sample mass ratio (V/m) and water content (W)), values with different letters are significantly different, according to Tukey’s HSD (honestly significant difference) test (p < 0.05). All p-level values are presented in Supplementary Materials (Tables S2 and S3).
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Table 2. The mean KFT water reaction rates (based on the variation of the normalized KFT volume on time, Δ(V/m)/Δt) on the first two time ranges (pseudolinear) for bread core samples, pre-dried bread core samples and raw and pre-dried bread shell samples Values are expressed as mean (±standard deviation, SD) of triplicate analysis (except * for duplicate or single analysis).






Table 2. The mean KFT water reaction rates (based on the variation of the normalized KFT volume on time, Δ(V/m)/Δt) on the first two time ranges (pseudolinear) for bread core samples, pre-dried bread core samples and raw and pre-dried bread shell samples Values are expressed as mean (±standard deviation, SD) of triplicate analysis (except * for duplicate or single analysis).





	No.
	Code
	Variation of the KFT Volume/Sample Mass on Time

[Δ(V/m)1/Δt1, mL/g/s] 1
	Variation of the KFT Volume/Sample Mass on Time

[ΔV/m)2/Δt2, mL/g/s] 1
	Mean KFT Reaction Rate

v2 (mM/s) 1
	Mean KFT Reaction Rate

v2 (mM/s) 1





	1
	HC1 *
	0.434 (±0.078) a
	0.0039 (±0.0027) a
	2.42 (±0.43) a
	0.022 (±0.015) a



	2
	HC2
	0.581 (±0.066) a
	0.0090 (±0.0008) a
	3.23 (±0.37) a
	0.050 (±0.004) a



	3
	HC3
	0.503 (±0.124) a
	0.0192 (±0.0093) a
	2.80 (±0.69) a
	0.107 (±0.052) a



	4
	HC4
	0.495 (±0.112) a
	0.0127 (±0.0067) a
	2.75 (±0.62) a
	0.071 (±0.037) a



	5
	HC5 *
	0.483 (±0.107) a
	0.0139 (±0.0015) a
	2.68 (±0.59) a
	0.077 (±0.008) a



	6
	GC
	0.301 (±0.156) ab
	0.0111 (±0.0093) a
	1.67 (±0.87) ab
	0.062 (±0.052) a



	7
	MC
	0.762 (±0.024) c
	0.0380 (±0.0056) b
	4.24 (±0.13) c
	0.211 (±0.031) b



	8
	BC1
	0.389 (±0.004) a
	0.0175 (±0.0034) a
	2.17 (±0.02) a
	0.097 (±0.019) a



	9
	BC2
	0.708 (±0.083) c
	0.0848 (±0.0086) c
	3.94 (±0.46) c
	0.472 (±0.048) c



	10
	MCd *
	0.717 c
	0.0557 d
	3.99 c
	0.310 d



	11
	BCd *
	0.682 c
	0.0857 cd
	3.79 c
	0.476 cd



	12
	MS
	0.380 (±0.015) a
	0.0571 (±0.0013) d
	2.12 (±0.09) a
	0.318 (±0.007) d



	13
	MSd *
	0.136 d
	0.0785 c
	0.76 d
	0.436 c



	14
	BS *
	0.180 d
	0.0533 d
	1.00 d
	0.296 d



	15
	BSd *
	0.205 d
	0.0108 a
	1.14 d
	0.060 a







1 For a given parameter (variation of the KFT volume/sample mass on time (Δ(V/m)/Δt) and mean KFT reaction rate (v)), values with different letters are significantly different, according to Tukey’s HSD (honestly significant difference) test (p < 0.05). All p-level values are presented in the Supplementary Materials (Tables S4 and S5).
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