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Abstract

:

The objective of this study was to compare the quality of low-acid vegetables conventionally thermal processed with those subjected to modified thermal processing following acidification to pH < 4.6. For conventional processing, a process lethality (Fo value) equivalent of 5 min at 121.1 °C (commercially sterilization) was used, while those that are acidified were pasteurized, such as acidic foods, to a lethality value of 10 min at 90 °C. Acidification was performed with citric acid by immersion of vegetables in an ultrasonic bath. The quality of raw, blanched, acidified, pasteurized and sterilized products were compared for color and textural characteristics. The acidified thermal processing yielded significantly better retained color and textural properties, almost similar to blanched vegetables, while those subjected to the conventional processing resulted in significant texture loss. The process temperatures were significantly lower, and corresponding process intensities were significantly less severe with the acidified thermal process, providing significant energy saving opportunities. The absorbed acid could easily be leached out by heating/holding the vegetables in tap water, if it was desired, to reduce the acidity level in the processed vegetables. There is significant current interest in acidified thermal processing of low acid- foods with quality retention being the main focus. While it is possible that some meat products may suffer quality loss, for vegetables, in general, the negative influence is significantly low, and the positive potential for quality retention, energy savings and process efficiency are very high.
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1. Introduction


Thermal processing, as a method to control the growth of microorganisms and prolong shelf life of food, has been the most common food preservation technique employed by the food industry. All thermal processing techniques are required to ensure complete destruction of pathogens and other microorganisms that are capable of growing under nonrefrigerated, room temperature storage conditions. For low-acid foods, this necessitates the establishment of the process based on the thermal destruction of the most heat resistant, anaerobic spore-forming bacteria that cause public health and spoilage concerns in canned foods. For products with a pH at or above 4.6 (low acidity), thermal processes are based on a minimum 12 log reduction of proteolytic strains of Clostridium botulinum spores to ensure adequate safety of the consumer. Since the process lethality is based on specific combinations of process times at different temperatures, normally higher temperature processes require shorter process times. Optimization is possible since the thermal sensitivity of microbial spores, and quality factors differ, with the former being more sensitive to temperature than the latter.



From traditional, conventional canning to the more recent high-temperature, short-time processing, agitation processing, thin profile processing and aseptic processing, the processing focus has been to maximize the retention of their organoleptic and nutritional attributes [1]. It has been established that the HTST processes offer better quality advantages over conventional processing [2]. Further, by employing agitation processing, especially with particulate liquids that heat by convention heating, the rates of heat transfer can be enhanced, and that generally makes it easier to employ the HTST concept [3]. Thin profile packaging also offers the advantage of the lower package thicknesses, making it easier for the heat to reach the cold spot locations faster and facilitate HTST advantages for conduction heating products, which do not benefit from agitation processing [4]. Finally, the aseptic processing is based on independently sterilizing the package and product in the best possible way, and then filling the product into sterile packages in an aseptic environment. Aseptic processing provides the best process efficiency, very high-quality retention and the maximum advantage of container size independency, use of alternate, cheaper and non-metal containers [5]. These processes are generally developed for low-acid foods.



For high-acid foods, the process requirements are naturally mild, because, under the acidic conditions (pH < 4.6), the pathogenic and spoilage bacteria are more sensitive to thermal destruction. Moreover, the spore-forming bacteria remain inactive, because the prevailing low pH conditions inhibit their growth and multiplication [6,7]. Hence, for these high-acid foods, the heat-resistant C. botulinum need not be used as the criterion for establishing safe process. In practice, they are based on inactivation pathogenic vegetative bacteria like Escherichia coli, Listeria monocytogenus, fungal spores or even heat-resistant enzymes and are mostly carried out in boiling water processing conditions. Therefore, the process temperatures used for these products are much lower, providing opportunity for energy savings [8,9]. These high-acid processing concepts can also be used for acidified low-acid vegetables whose natural pH is intentionally modified below 4.6 by adding acids, and they provide similar benefits. One problematic microorganism is Bacillus licheniformis, which can thrive at pH < 4.6. This spore-forming bacteria is not highly resistant, but, if it survives the thermal process, problems can arise. The growth and activity of Bacillus licheniformis can result in increasing the pH value of the acidified low-acid product and, hence, creates conditions which are conducive to the growth of Clostridium botulium [10,11]. Therefore, the process development for such acidified products should be aimed at inactivating this type of bacteria. Azizi and Ranganna [12] demonstrated that, by acidifying vegetables, the thermal process could be carried out in boiling water to produce microbiologically safe products. Another process used a combination of ohmic heating and high-pressure processing to provide quality advantage for acidified carrots [13]. Such concepts have been used as the basis for establishing the processes for acidified low-acid foods by the United States FDA (Food and Drug Administration) [14]. This activity is the subject of current interest at the Institute of Thermal Processing Specialists (IFTPS) for establishing/evaluating critical factors and guidelines for the process establishment.



Acidification is essentially a mass transfer activity during which undissociated acid molecules permeate through the cell walls, causing a reduction in the pH of food tissues. The FDA has enlisted several acidification approaches, such as blanching in acidified solution, direct immersion, mixing low-acid components with high-acid sauce or juice, batch acidification (at elevated temperatures) and direct addition (known amount) to the final product package [15,16,17]. These conventional methods, being based on natural diffusion mechanisms, are relatively slow to achieve the pH equilibration process [16]. Moreover, the employment of these methods can be somewhat limited based on the nature of the product to be processed, loss of product quality due to the use of elevated temperatures (as in blanching in acidified solution) and may result in considerable leaching of solutes [18].



Ultrasound, as a method to improve mass transfer during operations such as extraction and drying, has been illustrated in many studies [19,20,21]. In recent years, ultrasound has been proposed as an impregnation technique for the fortification of minerals and bioactive compounds in a variety of matrices [20,22]. The propagation of acoustic waves causes turbulence (due to acoustic streaming) and the instantaneous formation and disruption of bubbles (cavitation), causing microjet formation, which have been ascribed to enhancing the diffusion process [23]. Recently, Miano et al. [24] evaluated ultrasound as a method to enhance acid diffusion in model food systems. There are no studies that assess the overall effect of ultrasound-assisted acidification and pasteurization on quality attributes of food products. Hence, the objective of this research was to evaluate the effect of ultrasound-assisted acidification combined with thermal pasteurization and compare it with conventionally processed vegetables.



The effect of processing on quality has been mainly evaluated based on texture softening and color changes associated with the product [3,9,13,24]. Textural changes of vegetables during thermal processing have been predominantly attributed to changes in pectin in the cell walls and middle lamellae and the gelatinization of starch [25]. Pectin, at elevated temperatures, undergoes depolymerization due to β-elimination reaction, reducing cell adhesion and rigidity of tissue [26]. Some studies have shown that the reduction of the natural pH of vegetables below 4.5 can decrease the rate of the pectin depolymerization several fold [27] and, hence, achieve better texture retention during thermal pasteurzation.



The objective of this study was to, first, acidify different vegetables using an ultrasonic technique to achieve a uniform pH of 4.5 and establish a thermal process based on the pH. For conventional, commercial processing, when the pH is >4.6, a process lethality value, Fo, of 5 min at 121.1 °C was used. For acidified thermal processing, when pH is ≤4.5, a pasteurization treatment with an F90 °C/10 min was used. The influence of the process on required process times, achieved process lethality, product color and textural properties were evaluated for process effectiveness and quality retention comparisons. The purpose was to demonstrate the quality advantage and energy reduction opportunities with acidified thermal processing of low-acid foods.




2. Materials and Methods


2.1. Materials


The citric acid, sucrose and common salt used were food grade and obtained from a local supermarket. Fresh vegetables (beets, Daikon radish, carrots and turnips) were purchased from a local grocery store, Maxi (Dorval, QC, Canada), and were stored in a refrigerator (4 °C) [28]. Other chemicals such as sodium hydroxide (NaOH) were obtained from Sigma.




2.2. Processing Treatments


2.2.1. Preparation


Prior to processing, vegetables were washed, peeled, and cut into cubes of dimensions 1.7 cm × 1.7 cm × 1.7 cm and blanched in a water bath (in 1:10 ratio), followed by cooling in an ice bath. The following blanching conditions were selected based on the literature: 90 °C for 7 min for beets, 90 °C for 3 min for carrots, 97 °C for 3 min for turnips and 100 °C for 3 min for white radishes [17,29,30,31]. The temperatures were maintained within ±2 °C during the treatment.




2.2.2. Acidification


A target pH of 4.5 was used to create acidified vegetables. To attain the required pH of 4.5, the vegetable cubes were immersed in an ultrasonic water bath (Model–TH-SPQXJ-40A, 40 kHz operation; made in China) filled with 2% food-grade citric acid solution (Milliard, New York, NY, USA) at 35 ± 1 °C for the required times, which varied from 3 to 5 min. The sample-to-solution ratio was maintained at 1:10 during the acidification treatment.




2.2.3. Measurement of pH and Acidity


About 10 g of vegetables were blended with 50 mL of distilled water and the pH was measured using a pH meter (Accumet AB 15 pH meter, Fischer Scientific, Waltham, MA, USA) at room temperature, 20 °C. Prior to the experiments, the pH meter was calibrated using a standard buffer solution of pH 4, 7 and 10. The acidity of the sample after acidification and de-acidification experiments was measured by titrating the sample with a standardized N/10 sodium hydroxide solution.




2.2.4. Process Establishment


About 200 g of the acidified vegetable cubes were packed in 270 mL glass jars and filled with a covering liquid (solution with 2% sucrose and 2% salt) at 95 °C with a headspace of 10 mm. The temperature of the vegetable cubes at the cold point was measured using Track Sense® Pro wireless sensors and a data logger (Ellab Inc., Denver, CO, USA).



For commercial sterilization processing conditions, an Instant PotR programmable pressure cooker (Instant Pot Max programmable pressure cooker, 1100 W) was used with a preset operating temperature of 120 °C under pressurized conditions, as is generally used in commercial vertical retorts. The operating procedure of the Instant Pot cooker was similar to that of a batch steam-based vertical retort process. In order to provide steam, a small amount of water is added to the bottom of the cooker, up to a check mark below the steam rack, on which the glass jars were placed. The water is electrically heated. During the come-up period, the cooker is pressure locked and periodically vented to remove the air from inside, and the processing time was turned on once the preset temperature was reached. After the processing, the heat was turned off, but the cooker was allowed to cool slowly (pressure cooling) and collapse the steam pressure prior to the final release of the pressure-lock to remove the glass jars. The processing treatment conditions were highly reproducible, and treatments were performed in duplicates. A temperature-controlled water bath was used for processing the acidified vegetables.



Heat penetration data were first gathered by heating the product for establishing the required process times [32]. The intensity of pasteurization and commercial thermal processing treatments were measured by using the time-temperature integration concept of process lethality (Fo) as calculated using Equation (1) [33]. Equation (1) is traditionally used in thermal processing calculations and is related to the destruction of anaerobic spore-forming and pathogenic spore-forming bacteria, Clostridium botulinum and other mesophilic spore formers, which thrive in low-acid foods. The temperature sensitivity parameter, z-value, of spore-forming bacteria is generally taken as 10 °C, with a reference temperature of 121.1 °C. The minimal thermal processing for commercial sterility is generally accepted as a Fo value 3.0 min equivalent to a conservative 12 D-value of C. botulinum spores (decimal reduction time (D-value) of 0.25 min at 121.1 °C). Since some mesophilic spoilage-forming bacteria have D-values much higher, in order to minimize spoilage to a low level, an Fo value of 5–10 min is used in the processing of low-acid products. In this study, a Fo value of 5 min was used for commercial processing without acidification. These were obtained through time-temperature integration (Equation (1)) using the heat penetration data gathered for each vegetable.



For acidified thermal processing, generally a lower z-value (5–8 °C) is often used, corresponding to vegetative bacteria; but, for process establishment in European standards, a pasteurization value (Po) calculated at the reference temperature of 90 °C with a z-value of 10 °C to an accumulated value of 10 min is used (adequate for nonproteolitic strains of C. botulinum) (Equation (2)). This was used in this study, and heating was conducted in a temperature-controlled water bath.



For gathering temperature-time data, wireless temperature loggers were used and placed at the geometric centre of the canning glass jars with the sensor tip buried in a vegetable particle (Track Sense Pro, wireless loggers; Track Sense, Ellab Inc., Centennial, CO). Data were recorded using a data logger at 15 s intervals using the Agilent Data Acquisition System (HP34970A, Hewlett Packard, Loveland, CO, USA).



	
Sterilization process:


Sterilization process lethality, Fo (low-acid vegetable) = ∫ 10((T−121.1)/z) dt



(1)







	
Pasteurization process:


Pasteurization process lethality, Po (acidified vegetable) = ∫ 10((T−90.0)/z) dt



(2)












2.3. Color


The colour of the processed and unprocessed samples was measured using a tristimulus Chroma meter (Minolta Corp., Ramsey, NJ, USA) as described by Li et al. [34] to determine CIE LAB coordinates using D65 illuminant with a 10° observational angle. Twelve randomly selected cubes were closely placed on a white petri dish, which was held close to the chroma meter sensor. Prior to measurements, the instrument was calibrated using a white standard plate. All samples were maintained within 23–25 °C.




2.4. Texture


Texture profile analysis (TPA) was carried out to evaluate different parameters (hardness, resilience and chewiness) of samples using TA-XT Plus Texture Analyzer (Stable Micro Systems, Godalming, Surrey, UK), equipped with a 30 kg load cell. The samples were compressed to 20% of the original height using a L-25 persplex probe, with pre-test, test and post-test speed of 2 mm/s. All measurements were performed at room temperature (23–25 °C) [35]. Multiple parameters, including hardness, resilience, cohesiveness and chewiness (gumminess/resilience) were evaluated for each processing operation.




2.5. Post Process De-Acidification Treatment (Radish)


To carry out de-acidification experiments, samples of baby radishes, size 1.0 × 1.5 cm, were used. One set of samples were used for this purpose. The equilibrium acidity, after achieving a pH of 4.5, was 0.90%, expressed as citric acid. Acidified samples were soaked in regular tap water using a 2:1 solution to particle ratio and kept for a period of 0–30 min, and a change in the sample acidity and sample pH of the acidified samples was observed. All experiments were carried out at room temperature with no agitation. The samples were taken out of the tap water after a 30 min soaking time was completed and the acidity and pH were determined.




2.6. Statistical Analysis


Analysis of variance (ANOVA) was performed using IBM SPSS statistical package, version 27. Tukey’s post hoc was carried out to evaluate the difference between different groups across all test variables. The significance of the data was considered at p ≤ 0.05.





3. Results and Discussion


3.1. Commercial Sterilization and Pasteurization Process Times


For commercial sterilization processing, independent trials were conducted to achieve an F-value of 5 min at 121.1 °C (Equation (1)). Similarly, an equivalent p-value of 10 min at 90 °C, aimed at a 6-log reduction of nonproteolytic type Clostridium botulinum, was used for the acidified vegetables (Equation (2)). Figure 1 shows the internal temperature recorded during the commercial sterilization treatment for different vegetables. Figure 2 shows similar results under pasteurization conditions with the F90 °C/10 min values.



The required process times were obtained as average values from replicates and subsequently used with vegetables for quality comparisons. The computed process times for the nonacidified low-acid vegetables (commercial sterilization) and acidified vegetables are summarized in Table 1. It is clear from Table 1 that there were only small differences in process times between the different vegetables for both processes. For the commercial sterilization process, the process (cook times after the pot reached 120 °C) varied from 11.9 to 12.2 min, and, for the pasteurization process in boiling water at 100 °C, the cook times varied from 11.7 to 13.3 min. The major difference was between low-acid vegetables, and acidified low-acid vegetables which existed with respect to the processing temperatures. The process temperature reduced from 121.0 °C to 100 °C. Both these processing conditions are expected to result in shelf-stable products. The actual Fo value achieved during the cook times varied between 5.1 and 5.3 min (at 121.1 °C) for commercial sterilization and the Po value for pasteurization varied between 10.4 and 11.3 min (at 90 °C) for the different vegetables.



Using the same Fo concept used for commercial sterility (Fo 5 min at 121.1 °C), the equivalent Fo values contributed under pasteurization will be equal to 10 min at 90, 1.0 min at 110 °C and 0.1 min at 120 °C. This indicates the process intensity under commercial sterilization of low-acid food conditions is about 50 times more severe. This will have an implication with respect to quality parameters, as will be discussed in the following headings. By the same approach, the energy consumption for pasteurization processing would be less than 2% of what would be required for the sterilization process.




3.2. Texture


The initial hardness values for the different vegetables are shown in Table 2. Hardness was defined as the peak force recorded during the first compression cycle. Carrots and beets showed a higher value of initial hardness than turnips and radishes. Carrots had the highest value, and radishes had the least.



The hardness values of processed vegetables of are shown in Figure 3. Blanching significantly reduced the firmness by approximately 45, 50, 49 and 76% in beets, carrot, white radish and turnip cubes. Blanching results in cell collapse and a breakdown in texture, which is consistent with the literature [30]. The loss of firmness in vegetables due to thermal processing can further be associated with the gelatinization of starch and rupturing of the cell walls due to degradation of pectic substances. Furthermore, ultrasound acidification with citric acid (only for acidified vegetables) also resulted in some decrease in the hardness values; although, they weren’t statistically significant in beets and carrots. This has been attributed to loss of cell integrity caused by cavitation and microjets formation during ultrasound treatments [24].



Conventional sterilization resulted in a major degradation of texture, while pasteurization treatment was found to result in only a minimal further loss in texture. This trend is also in line with previous studies carried out with carrots and mushrooms [36,37]. Processing at higher temperatures obviously results in a greater texture loss, and this has been found to be further associated with β-elimination reactions in conventionally processed vegetables [38]. Trends observed for gumminess and chewiness values for the different vegetables gave somewhat similar trends with small quantitative differences.



The effect of pasteurization and sterilization processes on the texture parameters can be expected to be associated with the overall thermal intensity of the process. Blanching is the first step, which is a brief heat treatment for the purpose of enzyme inactivation, and it resulted in the first breakdown of texture (common for all vegetables). Then the acidification process where the vegetable pieces were held in an acid bath and subjected to ultrasonic acidification resulted in some further softening as result of some texture disruption due to the sonication effect. After that, the vegetables were either pasteurized (milder processing in boiling water) or sterilized (at higher temperature for a long time, which was required to make the product commercially sterile). Between the two, pasteurization had a much milder effect on texture than sterilization. As mentioned earlier, the thermal severity for sterilization (5 min at 121.1 °C) is at least 50 times higher compared to that of pasteurization (10 min at 90 °C). The associated texture degraded in a likewise fashion.




3.3. Color


Parameters L, a and b, along with hue, angle and chroma were evaluated for the processed vegetable samples. Based on the different color and pigments present in beets, turnips, carrots and radishes, different colorimetric parameters were affected. The effect of the acidification process on color parameters can be more significant than texture because of chemical reactions. The initial values of L, a and b are listed in Table 2. In general, the initial color values varied significantly between the samples. Turnips had the highest L followed by radishes, carrots and beets, and these were somewhat consistent with their visual brightness appearance. Carrots and beets had higher positive “a values” (redness) as compared to turnips and radishes, indicating their redness. The yellowness factor, “b value”, was high with carrots, followed by turnips, and were much lower for the other two.



3.3.1. Beets


The changes in color of the beets are likely caused by thermal degradation of betaxanthin and betacyanin pigments. Figure 4 represents changes in colorimetric parameters during successive processing steps. Blanching treatment, acidification (for acidified vegetables), pasteurization and sterilization were found to increase the L-value of beets, which has also been reported in a previous study [39]. The increase in lightness during thermal treatment has been linked with the thermo-labile nature of betalain pigments. Acidification, on the other hand, caused a reduction in lightness, which indicates a different pigment degradation mechanism [40]. Pasteurization and sterilization treatments were not different with respect to sample lightness (p > 0.05).



Blanching also caused a reduction in a- (redness) and b- (yellowness) values, as shown in Figure 4, and this has been observed in an earlier study [41] and is associated with the leaching of water-soluble pigments [42]. As beets were processed further, the a-value was increased marginally in both pasteurization and sterilization treatments, while a relatively higher b-value was observed in the sterilization treatment, which depicts an overall shift towards a yellowish shade as a consequence of a betacyanin degradation reaction [43].




3.3.2. Carrot


A decrease in lightness was observed after each processing operation, although cubes after acidification were not found to be statistically different from its blanched counterpart (Figure 5). This darkening of the carrot color along with the reduction in redness values could have resulted from the thermal transition of carotenoid pigments [44]. In terms of the a-value, carrots processed using pasteurization treatment were similar to sterilization treatment. Carrot samples processed using sterilization had significantly higher yellow color relative to pasteurized carrots [36]. In addition, acidification did not affect the color of carrot pieces significantly, indicating minimal isomerization and degradation reactions in carotenoid pigments. Owing to a combination of factors, such as short exposure time, concentration of acid and carrot matrix, minimal effect on the color of carrots was found.




3.3.3. Turnip


The decrease in L-value during the heat treatments has been attributed to non-enzymatic with decrease in lightness being observed for turnips as well, which indicates non-enzymatic browning reactions (Figure 6). The a-value showed a shift towards a greenish color (negative a-values), and a decrease in b-value was observed during the heat processing operations. No significant difference was observed for the a-value for pasteurized and sterilized samples.




3.3.4. Radish


The changes observed with radishes were similar to those observed with turnips, possibly because of similar structural characteristics (Figure 7). Radish samples that underwent conventional thermal treatment were higher in yellowness, which depicts a relatively higher concentration of yellow pigment. Here, also the a-values showed a greenish trend with negative values.





3.4. De-Acidification


This study was carried out to test if the acidity incorporated to reduce the pH of low-acid vegetables during processing and storage can be effectively removed prior to their use as ingredients in food formulations. The change in the sample acidity (%) and sample pH of the acidified samples with the soaking time in water in a typical test run is shown in Table 3. Other samples demonstrated a similar, easy leaching of absorbed acid. The sample acidity decreased, and pH increased, as the soaking time increased. At 0 min, the initial percentage acidity was 0.15%, and soaking the samples in water for 5 min reduced it to 0.085%, which is nearly 55% of the initial acidity, and after soaking the samples for 20 min, the acidity was found to reduce to 40%. The sample pH prior to de-acidification was 4.5, and, with 5 min of soaking in water, it increased to 4.8 and reached 5.2 after 20 min of soaking. Hence, the de-acidification was rather easy. During the acidification process, the acid from the solution diffuses into the sample and mostly occupies the open cellular spaces (like in a typical rehydration process). This acid is expected to be loosely held and probably easily leached out to the surrounding water during the soaking. In cooking conditions, this would be even faster. Hence, the acidification process should not affect the final acid taste of the product in different formulations. When it is necessary to add more acid during formulation, the addition of acids could be adjusted during cooking to compensate for what is already present in the acidified vegetables.



Acidification was carried out using a rapid ultrasonic treatment (less than 10 min), which reduced the pH uniformly to 4.5. Acidified vegetables were processed, such high acid-foods in boiling water (F90 °C/10 min), while normal vegetables were processed under traditional low-acid processing conditions to an Fo (121.1 °C) value of 5.0 min. The acidified vegetables demonstrated a significantly higher texture retention without showing major changes in their color properties. The removal of acid after the process was simple and required about 15 min of soaking in water. Acidified thermal processing was, therefore, considered an attractive alternative to conventional processing of carrots, beetroot, radishes and turnips.





4. Conclusions


Thermal processing is a widely used method for food preservation. Several factors are important in establishing a successful thermal process, and, among them, pH is considered very important. Low-acid foods (pH > 4.6) can harbor the growth of many pathogenic and spoilage-causing bacterial spores. They require a more severe treatment, generally carried out under pressurized conditions at temperatures between 110 and 130 °C for appropriate times. Since the spores are inactive when the pH is lower than 4.5, for foods at a pH lower than 4.5, the process need not be targeted for bacterial spore inactivation. Therefore, these are carried out in boiling water conditions (pasteurization) under milder conditions. These conditions are conducive for better energy conservation and textural quality retention. This study demonstrated such a concept was feasible for several low-acid vegetables, which were externally acidified to bring the pH to 4.5 and processed similar to high-acid foods.
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Figure 1. Temperature and lethality values obtained for processed vegetable pieces (non-acidified) during the cooking at 120 °C [Fo (121.1 °C) values]. 
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Figure 2. Temperature and lethality values obtained for processed acidified vegetable pieces during the cooking at 100 °C [Po (90 °C) values]. 
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Figure 3. Hardness of evaluated vegetables at different unit operations including pasteurization and sterilization processes. Different letters indicate a significant difference (p < 0.05). 
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Figure 4. Lightness, redness and yellowness values of beetroot samples after different processing steps. Different letters indicate a significant difference (p < 0.05). 
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Figure 5. Lightness, redness and yellowness values of carrot samples after different processing steps. Different letters indicate a significant difference (p < 0.05). 
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Figure 6. Lightness, redness and yellowness values of turnip samples after different processing steps. Different letters indicate a significant difference (p < 0.05). 
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Figure 7. Lightness, redness and yellowness values of daikon radish samples after different processing steps. Different letters indicate a significant difference (p < 0.05). 
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Table 1. Commercial sterilization and pasteurization times for vegetables.
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	Vegetable
	Pasteurization Cook Time at

110 °C (min)
	Sterilization Cook Time at 120 °C (min)





	Carrots
	13.3 ± 1.06
	11.9 ± 0.12



	Radishes
	11.7 ± 0.56
	12.2 ± 0.16



	Beets
	12.7 ± 0.09
	12.1 ± 0.07



	Turnip
	12.9 ± 0.35
	12.1 ± 0.35
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Table 2. Initial quality parameters for fresh vegetable.






Table 2. Initial quality parameters for fresh vegetable.





	Vegetable
	L

Value

Mean
	Std.

Dev.
	a

Value

Mean
	Std.

Dev.
	b

Value

Mean
	Std.

Dev.
	Hardness

(N)

Mean
	Std.

Dev.





	Carrots
	52.9
	4.10
	39.0
	4.37
	49.5
	4.68
	32,800
	1074



	Radish
	70.4
	1.17
	–0.99
	0.04
	6.21
	0.55
	15,560
	786



	Beets
	15.3
	0.26
	19.4
	1.74
	6.23
	0.91
	31,720
	1237



	Turnip
	85.0
	2.40
	–0.50
	0.08
	11.0
	0.63
	21,530
	1171
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Table 3. Typical changes in acidity and pH of radish samples during de-acidification.
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	Time

(min)
	Acidity

%
	pH





	0
	0.150
	4.50



	5.0
	0.085
	4.80



	10
	0.068
	4.85



	15
	0.065
	5.00



	20
	0.062
	5.15
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