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Abstract

This research optimized the parameters of Ohmic Heating Pasteurization (OHP) for passion fruit
juice utilizing a Box-Behnken design. Researchers assessed how temperature (75-95 °C), holding time
(15-45 s), and voltage gradient (10-30 V/cm) influence the system performance coefficient (SPC), total
color difference (AE), and vitamin C retention. The optimal conditions were 82.5 °C, 25 s, and 18.5
V/cm, achieving a microbial reduction exceeding 5 log CFU/mL, 45% retention of vitamin C, minimal
color alteration (AE = 7.56), and an SPC of 0.85. Traditional pasteurization (85 °C, 25 s) preserved
merely 10% of vitamin C, induced a more significant color alteration (AE = 14.87), and resulted in a
reduced SPC (0.54). The OHP-treated juice demonstrated superior antioxidant activity and prolonged
shelf life (70 days at 8 °C) in comparison to conventionally processed juice (28 days). The research
assessed enzymatic activity (POD, PPO), demonstrating that OHP achieved superior inactivation,
thereby enhancing color stability and long-term product quality. These results indicate that OHP is a
promising and sustainable thermal technology for high-acid fruit juice pasteurization, combining
energy efficiency with superior quality retention and enzyme inactivation.

Keywords: passion fruit juice; ohmic heating; pasteurization; thermal processing; Box-Behnken
Design

1. Introduction

Pasteurization is a widely employed thermal technique in fruit juice processing, playing a crucial
role in ensuring food safety, extending shelf life, and enhancing product stability. However,
conventional pasteurization methods such as conduction and convection have notable drawbacks,
including non-uniform heat distribution, extended processing times, and degradation of heat-
sensitive nutrients. These limitations are particularly problematic in fruit juices, where excessive
thermal exposure can lead to significant losses in vitamin C and adversely affect sensory attributes
such as taste, color, and aroma, ultimately impacting consumer acceptance [1-3]. Consequently,
increasing attention has been directed toward alternative heating technologies that can achieve rapid
and uniform heat transfer while better preserving product quality [4].

Ohmic heating is an advanced thermal processing method that uses electric current to generate
internal heat uniformly throughout the food matrix. It offers several advantages over conventional
systems, including volumetric heating, minimal surface degradation, and improved retention of
color, flavor, and antioxidant content [5]. Extensively applied in liquid and semi-liquid food systems,
ohmic heating shows considerable promise for high-quality fruit juice pasteurization [6]. A key factor
influencing the efficiency of ohmic heating is the electrical conductivity (EC) of the food, which is
affected by temperature, ionic concentration, viscosity, and composition [7]. Generally, EC increases
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with temperature due to enhanced ion mobility and lower viscosity. Its relationship with total soluble
solids (TSS) is non-linear, as high TSS levels may reduce EC due to increased viscosity and limited
free water.

The Box-Behnken Design (BBD) has emerged as a robust statistical tool for optimizing
processing parameters in fruit juice production. By employing three levels for each factor, BBD
minimizes the number of experimental runs required while enabling comprehensive analysis of
response surfaces [8]. Its effectiveness has been demonstrated in optimizing various food processes,
such as pectin extraction from fruit peels [9] and improving fermentation conditions in functional
beverages [10]. The interpretability and efficiency of BBD make it a valuable approach for identifying
optimal processing conditions that enhance product quality and sustainability in the juice industry
[11].

In addition, recent advancements in electrode plate manufacturing, low-cost fiber optic
temperature sensors, and IoT-based control systems have revitalized interest in ohmic heating as a
viable pasteurization method for fruit juices and liquid foods [12]. According to Phonchan et al. [13]
indicate that the efficiency of ohmic pasteurization in maintaining quality of passion fruit juice is
mainly affected by pasteurization temperature, holding time, and voltage gradient. This agrees with
the observation reported by Priyadarshini et al. [11]. While different fruit juices, including madan
Juice [13], Carrot Juice [14] and Mandarin Juice [15] have been studied for ohmic heating application
under some pathogen periods, there is scarcity of data on the passion fruit juice especially with
respect to underlying enzymes inactivation mechanisms and shelf-life extension under optimized
pasteurization conditions. These constitute the gaps to address in order to make ohmic heating a
dependable and cost-effective pasteurization technology of tropical-based high-acid beverages.

Thus, the present study designed to explore the best conditions for pasteurization temperature
(75, 85 and 95 °C), holding time (15, 30 and 45s) and voltage gradient (10, 20 and 30 V/cm). According
to Phonchan et al. [12] suggest that the effectiveness of ohmic pasteurization in preserving the quality
of passion fruit juice is primarily influenced by pasteurization temperature, holding time, and voltage
gradient. This corresponds to the findings presented in the research report by Priyadarshini et al.
[11].

Although ohmic heating has several advantages, limited information is available on its impact
on the quality of fruit juice. Assawarachan and Tantikul [16] studied the electrical conductivity of
passion fruit juice and observed that which the highest thermal efficiency pasteurization was
achieved under a voltage gradient of 10-30 V/cm. Therefore, the results of that study were taken as a
reference to set up testing scope in this work. Thus, in the present study, these conditions optimize
temperature (75, 85 and 95 °C), holding time (15, 30 and 45 s) and voltage gradient (10 V/cm, 20 V/cm
and 30 V/cm) as obtained through Box-Behnken Design were assessed with their repercussions on
total color difference (AE), vitamin C content, and system performance coefficient (SPC) being
estimated. The best ohmic conditions will be compared with thermal pasteurization to evaluate
product quality and stability.

2. Materials and Methods

2.1. Materials

The passion fruit used in this study was developed from the Royal Project Development Center
in Mae Hae, Mae Hae District, Chiang Mai Province, Thailand. The juice was filtered and extracted
using thoroughly washed fruits. A digital refractometer (Hanna Instruments, HI 96801, Woonsocket,
RI, USA) was used to measure total soluble solids (TSS), which first registered at 11.5°Brix.
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2.2. Batch Ohmic Heating Unit for Laboratory Pasteurization

2.2.1. System Description

A laboratory-scale Ohmic Heating Pasteurization (OHP) system was developed under the Smart
Farm Engineering and Agricultural Innovation Program at the School of Renewable Energy, Maejo
University, Thailand, for batch pasteurization of passion fruit juice. The system comprises a 10-liter
mixer tank equipped with a mechanical stirrer, a solenoid valve for flow control, and an acrylic OHP
chamber (25 mm inner diameter, 10 mm length, 3 mm wall thickness). Three K-type thermocouples
are strategically positioned within the chamber to monitor temperature distribution during the ohmic
heating process. A programmable logic controller (Haiwell model D7-G, Xiamen, China) records real-
time voltage, current, and temperature data at 5 second intervals. After pasteurization, the treated
juice flows through a cooling coil, reducing the temperature to 10 °C before being directed into the
filling chamber equipped with a UV-C sterilization system. The final product is then packed in glass
bottles, which are further sterilized using a steam autoclave at 121 °C for 15 minutes to ensure
microbiological safety. This integrated OHP system ensures precise thermal treatment and hygienic
packaging, making it suitable for laboratory and pilot-scale applications in the food processing
industry.
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Figure 1. The diagram of the Ohmic Heating Pasteurization (OHP) system for passion fruit juice in the

laboratory.

2.2.2. Experimental Operation Procedure
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The experimental operation of laboratory-scale ohmic heating pasteurization (OHP) system was
performed as follows. The passion fruit juice was added to the mixer tank and stirred mechanically
to achieve a homogeneous mixture at an initial temperature of approximately 25 °C, valve 1 was
opened thereafter, so that a 200 mL portion of the passion fruit juice could flow into the ohmic
heating chamber (ohmic cell). The juice was then heated with the required volume up to, when the
valve was closed, and the juice was heated under the specified ohmic heating conditions. After
heating, the valve system switched automatically opening position and allowed treated juice to flow
by gravity into cooling unit, where temperature was cooled down quickly to below 10 °C. Water-ice
sludge was also formed inside the bottom part of this cooler. Then chilled juice exited from valve 3
and entered on glass bottles through filling unit. A UV-C sterilization lamp was installed in the filling
part to reduce microbial contamination of airborne particles during the packaging. All OHP lines
and the process chamber were steam sterilized prior to each run to achieve sterile operation while
avoiding carry-over from experiment-to-experiment. Filled juice samples were then refrigerated at
10 °C until further physicochemical and microbiological analysis.

The Ohmic Heating Pasteurization (OHP) principle is based on the generation of internal heat
from the conversion of electrical energy, which occurs as an alternating electric current flow through
the electrically conductive food matrix. The heat is produced volumetrically by Joule’s law (Q = I?Rt
where I is electric current, R the electrical resistance of the product and t heating time). OHP since
heating is uniform over the entire volume leading to lower temperature gradients and a reduced
thermal inertia compared with conventional surface heating techniques. This volume heating mode
can efficiently heat the product and cook it through in both thermal efficiency and quality, without
being overcooked around the surface to keep rich nutrients remaining in the bulk. In this study, to
achieve uniform energy dissipation and suppress electrochemical corrosion, a low-frequency AC (50
Hz) with stainless steel electrodes was used [11,12,16].

2.3. System Performance Coefficient

To assess the efficiency of the ohmic heating system, the system performance coefficient (SPC)
was determined as the ratio of the sensible heat absorbed by the juice to the energy supplied to the
system (1). Assuming a constant specific heat within the examined temperature range, SPC
was calculated using juice mass (), specific heat (Cp), voltage (V), current (I), processing time (%),
and temperature difference (T initial to T final).

(1)
SPC _ Heat,, _ mC, (T final ~ Tiiar)

Engergy,, ZV]Z

The specific heat capacity (Cp) of high-moisture foods’ juice above the freezing point can be
determined using the Seibel empirical formula, where Xm denotes the moisture content of the juice
[14,16].

C,= 335X @)
, = 3.35X,+0.837
where m is the mass of juice (kg), C, is the specific heat capacity (J-kg-°C™), T; and Trare the initial
and final temperatures (°C), V is the applied voltage (V), I is the electric current (A), and ¢ is the
processing time (s). The SPC is dimensionless and represents the ratio between the sensible heat
absorbed by the juice and the total electrical energy supplied to the system.

2.4. Optical Properties

The color of passion fruit juices was measured using a Chroma Meter (CR-400, Konica Minolta,
Inc., Tokyo, Japan) in the CIE Lab color space, with calibration performed using a white standard (Y
=93.9, x = 0.3160, y = 0.3323). Measurements were taken under D65 illumination with an 8§ mm
aperture. The L*, a* and b* values were recorded from three positions on each sample and averaged.
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L* indicates lightness, a* redness to greenness, and b* yellowness to blueness. Triplicate samples were
analyzed. Color difference (AE) from the control was calculated as:

% - s (e <l ®
where Lo*, a0%, and bo* refer to the values of the control or untreated sample.

2.5. Vitamin C

The ascorbic acid content was determined using a titrimetric method, employing 2,6-
dichlorophenol-indophenol (DCPIP) as the oxidizing agent. The juice sample was titrated against a
standardized DCPIP solution until a persistent pink endpoint was observed. The ascorbic acid
concentration was quantified by comparing the titration results with a calibration curve constructed
using L-ascorbic acid as the standard [11,13,15].

2.6. Shelf-Life Estimation

Samples of passion fruit juice, pasteurized using either ohmic heating or conventional heating
methods, were stored in ethylene vinyl alcohol (EVOH) bags at a regulated temperature of 8§ + 1 °C.
The shelf life of the processed juices was evaluated by examining key microbiological and enzymatic
quality indicators at consistent intervals of 7 days. The primary parameters analyzed were total
aerobic bacteria (AMB), yeast and mold counts, proxidase (POD) and polyphenol oxidase (PPO)
activity. The shelf life was established when the AMB count surpassed 10° CFU/mL or the yeast and
mold count exceeded 1 CFU/mL, in accordance with the microbiological quality standards for fruit
juices as stipulated by Thai safety regulations [17].

2.7. Enzyme Activity

POD and PPO activities were determined spectrophotometrically or by titration in centrifuged
juice supernatants to assess enzyme stability. Activity was expressed as U-min~-mg protein, with
residual activity calculated relative to the untreated control [18].

2.8. Statistical Evaluation

Design-Expert 13.0 (Stat-Ease Inc., Minneapolis, MN, USA) was used to improve the response
surface by applying the Box-Behnken Design (BBD) with three factors: temperature (75, 85, 95 °C),
holding time (15, 30, 45 sec), and voltage gradient (10, 20, 30 V/cm), leading to a total of 15
experiments. One-way ANOVA with Tukey’s test (p < 0.05) was used to compare ohmic and
conventional pasteurization. Analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY,
USA) under a Maejo University license. Results are presented as mean + SD.

3. Results

3.1. Effect of Input Variables on the Response Surface

The Box-Behnken Design (BBD) represents an effective statistical approach for optimizing
process variables in ohmic pasteurization (OHP), significantly enhancing both microbial safety and
processing efficiency through systematic evaluation of interactive effects among critical factors
[17,18]. Recent applications of similar design methodologies by Sittisart and Mahidsanan [21] for
quality control in juice processing have further validated BBD's relevance in thermal processing
investigations. Additionally, Alifaki and Barut Gok [22] demonstrated BBD’s robust capability in
optimizing combined thermal treatments utilizing ultrasound and ohmic heating technologies in
sour cherry juice preservation. Several studies have identified temperature, holding time, and voltage
gradient as the principal parameters that significantly influence OHP efficiency; notably,
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Priyadarshini et al. [11] established that OHP achieves optimal performance within the temperature
range of 75-95 °C, provided that voltage gradients remain below 30 V/cm to prevent electrode
degradation and subsequent iron oxide contamination.

Table 1. Effect of OHP parameters on the physicochemical of passion fruit.

DOE Temperature (°C) Holding Time (sec) SPC AE vitamin C
Voltage Gradient (V/cm) (mg/100 mL)
1 95 30 30 0.66 10.27 11.34
2 75 15 20 0.82 1046 17.94
3 75 30 30 0.61 10.14 16.42
4 85 15 30 0.76 7.88 18.85
5 75 45 20 0.77  10.27 15.82
6 85 30 20 0.86 6.21 20.91
7 85 15 10 0.72 7.41 19.11
8 95 45 20 0.74 14.65 10.37
9 85 45 30 0.75 9.63 17.87
10 75 30 10 0.63 9.27 16.82
11 95 15 20 0.71 12.24 11.34
12 85 30 20 091 7.27 22.62
13 85 30 20 0.88 6.58 21.49
14 95 30 10 0.63 11.71 12.28
15 85 45 10 0.73 8.42 18.05

In this investigation, BBD methodology was implemented to determine optimal OHP processing
conditions by systematically analyzing the effects of three critical parameters: processing temperature
(75, 85, 95 °C), holding time (15, 30, 45 sec), and voltage gradient (10, 20, 30 V/cm) on SPC, AE, and
vitamin C retention, as presented in Table 1.
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Figure 2. Response surface plots of the system performance coefficient (SPC) as affected by temperature (°C),
holding time (s), and voltage gradient (V/cm) (a,c,e) Three-dimensional plots; (b,d,f) Contour plots showing
interaction effects among the processing variables.
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Figure 3. Response surface plots of the total color difference (AE) as affected by temperature (°C), holding time
(s), and voltage gradient (V/cm) , (a,c,e) Three-dimensional plots; (b,d,f) Contour plots showing interaction

effects among the processing variables.
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time (s), and voltage gradient (V/cm), (a,c,e) Three-dimensional plots; (b,d,f) Contour plots showing interaction

effects among the processing variables.
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The research aimed primarily to maximize both SPC and vitamin C preservation while
simultaneously minimizing AE values. Response surface methodology and corresponding contour
plots (Figures 2—4) effectively illustrated the comprehensive influence of these parameters on quality
indicators, revealing that SPC, AE, and vitamin C content ranged from 0.61 to 0.91, 6.21 to 14.65, and
10.37 to 22.62 mg/100 mL, respectively. The developed multi-response optimization model
demonstrated statistically reliable results with high coefficient of determination values, confirming
its suitability for quadratic regression analysis and subsequent process optimization.

Figures 2-4 illustrate the relationships between responses and input variables by varying two
variables while maintaining the third at optimized levels [22,23]. The System Performance Coefficient
(SPC), defined as the ratio of heat absorbed to electrical energy input, serves as an indicator of thermal
efficiency in ohmic pasteurization (OHP). Low voltage gradients lead to prolonged come-up times,
resulting in energy losses and reduced SPC. Conversely, increasing voltage enhances heat transfer
and SPC until the system reaches thermal equilibrium. However, excessive voltage gradient can
diminish SPC due to electrochemical reactions, gas bubbles disrupting conductivity, and electrode
corrosion. Achieving an optimal SPC requires careful balancing of these factors [11,16].

Prolonged heat loss to the environment extends the time required to reach thermal equilibrium
within the system. As conductivity increases with rising temperature, heat transfer efficiency
decreases, leading to energy loss through evaporation, structural changes, and the formation of
oxygen bubbles. This phenomenon reduces the contact area between the liquid and electrodes,
further exacerbating energy losses. The influence of holding time on the system is considered an
ancillary factor, as depicted in Figure 2.

The study investigated the effects of passion fruit juice input variables on vitamin C content and
total color differences (AE). Figures 3 and 4 illustrate the relationship between these responses and
input variables using response surface analysis. The results indicated that temperature and holding
time significantly influenced vitamin C content and AE, while the voltage gradient did not have a
substantial impact on these parameters. These findings align with recent studies that have explored
the effectiveness of Ohmic Heating Pasteurization (OHP) in preserving food nutrients, with a
particular focus on ascorbic acid degradation and color changes. Basak et al. [15] examined the impact
of OHP on mandarin juice and observed significant nutrient retention at lower processing
temperatures. Similarly, Kumar et al. [19] emphasized the importance of maintenance times when
treating pineapple juice, noting that shorter holding times resulted in better nutrient preservation.
Furthermore, Giuliangeli et al. [20] confirmed that optimized ohmic conditions minimize color
degradation and ascorbic acid loss in various fruit juices.

The present study’s results, in conjunction with the existing literature, demonstrate that carefully
controlled temperature and holding time are crucial factors in maintaining the nutritional quality and
visual appeal of passion fruit juice during OHP. While voltage gradient played a less significant role
in this context, it remains an essential parameter for optimizing the overall efficiency of the OHP
process, as discussed in the previous section.

3.2. Analysis of Optimal Conditions for Ohmic Pasteurization

Identifying optimal processing conditions is essential for enhancing efficiency while maintaining
the nutritional and sensory attributes of fruit juices. This section identifies the optimal parameters for
ohmic pasteurization that concurrently improve vitamin C retention, reduce total color difference
(AE), and maximize the system performance coefficient (SPC), following the assessment of input
variable effects through response surface methodology (Section 3.1).

A multi-objective optimization utilizing the desirability function approach was performed to
attain the optimal compromise among the three responses. Optimal conditions were obtained from
predictive models created by quadratic regression analysis and confirmed through experimental
trials. The optimized parameters seek to achieve efficient microbial inactivation while reducing
energy losses and preserving quality. This section delineates the numerical optimization outcomes,
encompassing the amalgamation of temperature, holding duration, and voltage gradient that
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produced the highest overall desirability index. The anticipated values of the three primary responses
under these conditions are juxtaposed with actual experimental values to validate model adequacy
and practical feasibility.

Selecting an appropriate experimental design is crucial for constructing a mathematical model
to analyze responses during process optimization using Response Surface Methodology (RSM). For
systems exhibiting non-linear behavior or curvature, a second-order model incorporating linear,
quadratic, and interaction terms is necessary to accurately describe the system’s response.

The Box-Behnken design was chosen for this study due to its efficiency in reducing experimental
runs while providing sufficient data to estimate the parameters of the second-order model effectively.
This design facilitates the evaluation of main effects, quadratic effects, and two-factor interactions, as
represented in Equation (4), enabling the identification of critical points and accurate prediction of
outcomes under various experimental conditions [22].

“)
k k k
y = ﬂO +Zi:1 'Ble +Zi:1'3iiXi2 +Zl$i§j ﬂinin TE

where o, is the constant term i represents the coefficients of the quadratic parameter, Xi Xj
represents the variables, and e is the residual associated to the experiments.

Identifying critical points in non-linear systems requires a second-order polynomial equation
derived from experimental data. Setting the first derivative of the predictive model to zero yields the
independent variable values that result in maximum or minimum response levels. The critical point’s
nature (maximum, minimum, or saddle point) is evaluated using matrix techniques and eigenvalue
analysis for accurate classification.

Second-order polynomial equations were developed to predict key response variables: system
performance coefficient (SPC), vitamin C content, and total color difference (AE). Optimization goals
were defined to maximize SPC and vitamin C while minimizing AE, reflecting optimal juice quality
preservation. Equations (5)~(7) present the resulting predictive models and optimal conditions.

SPC x10? %)
= 44.48x10% —97.2096 X, — 6.0389.X, —6.1124X, +0.0122.X X,

(R*=
0.9633) +0.0537.X, X, —0.0085X, X, +0.5749. X7 +0.0996 X2 +0.0542.X 2

AEx10*> = (0)

~57.08x10% +14.4031.X, +4.5665X, +0.1149.X, —0.0007.X, X,
(R?=10.9633)
-0.0848.X,X,+0.0013X,X, —0.8539.X} —0.086 X7 —0.1075.X;
vitamin Cx10? = 7
~383.36+10.88X, —57.19.X, +2.56 X, —0.0076 X, X,

(mg/100 mL)
(R?=10.9488) +0.0078.X,.X, —0.0019.X, X, —0.0666.X> —0.0.0007.X > —0.0779.X 2

X1 represents Temperature (°C), X2 denotes Holding Time (seconds), and Xs indicates Voltage
Gradient (V/cm).

Numerical analysis was performed utilizing Design-Expert® version 13.0 to assess the impact of
key ohmic heating process (OHP) parameters specifically, temperature, holding time, and voltage
gradient on system performance and thermal treatment efficacy. The optimization objectives, as
outlined in Table 2, sought to enhance thermal uniformity and microbial inactivation capacity while
reducing quality deterioration. The analysis determined optimal process conditions within these
ranges: temperature between 81.14 and 83.29 °C, holding time between 19.76 and 28.09 seconds, and
voltage gradient between 14.82 and 21.09 V/cm. These ranges indicate the equilibrium between
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obtaining adequate ohmic heating energy input and maintaining product quality, especially
regarding nutrient retention and color stability.

Table 2. Optimized Ohmic Heating Conditions Based on Numerical Analysis of SPC, AE, and Vitamin C

Retention.
Optimization Numerical Results
Goals Temperature ( Holding Time  Voltage Gradient

°C) (sec) (V/em)
SPC maximize 81.14 19.76 19.78
AE minimize 83.35 28.09 14.82
vitamin C (mg/100 maximize 83.29 26.53 21.09
mL)

To ensure practical applicability under real-world processing conditions, the mean values of the
optimal ranges were selected and slightly adjusted to account for expected thermal inertia and
equipment limitations in pilot-scale operations. Consequently, the chosen parameters for the
experimental validation of the Ohmic Heating Pasteurization (OHP) system were a temperature of
82.5 °C, a holding time of 25 seconds, and a voltage gradient of 18.5 V/cm. These settings were
proposed to achieve effective pasteurization while minimizing thermal degradation, thus ensuring
microbial safety and preserving product quality. Table 3 compares the predicted values from the
mathematical models with the actual experimental results for the OHP parameters. No statistically
significant differences were observed (p > 0.05), verifying the predictive accuracy of the developed
models. The validated mathematical model allowed for the precise determination of optimal
conditions for the pasteurization process.

Table 3. Comparison of the predicted OHP parameters from mathematical models with actual experimental

results.
OHP parameters Mathemati.ca.l Models Actuall
Prediction Experimental
SPC 0.82 0.80£0.05 NS
AE 6.56 7.64+1.08 NS
vitamin C (mg/100 mL) 22.09 20.07+£3.18 N8

3.3. Comparison of Ohmic and Conventional Pasteurization on Quality and Shelf Life

After determining the optimal conditions for Ohmic Heating Pasteurization (OHP), researchers
conducted a comparative study to evaluate the quality and shelf life of passion fruit juice processed
using OHP and conventional thermal pasteurization. The purpose of this comparison was to validate
the practical benefits of OHP in real processing scenarios. The study focused on key quality indicators
such as vitamin C retention, color stability (measured by AE), and system performance coefficient
(SPC). As summarized in Table 4, the OHP-treated passion fruit juice exhibited superior
physicochemical attributes and extended shelf life under refrigerated storage conditions compared
to conventionally pasteurized juice. These findings support the potential of OHP as a more effective
and energy-efficient alternative to traditional thermal pasteurization techniques for passion fruit juice
processing.

As shown in Table 4, the pH of passion fruit juice decreased across all processing methods, with
values of 3.72 + 0.12 for fresh juice, 3.54 + 0.08 for conventional pasteurization, and 3.32 + 0.12 for
ohmic heating pasteurization (OHP). The reduction observed in the OHP-treated sample was
statistically significant (p < 0.05) compared to both fresh and conventionally pasteurized juices,
suggesting that OHP induces a more pronounced acidification effect. This phenomenon may be
attributed to electrochemical reactions, such as hydrolysis and ion release, occurring during exposure
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to high-temperature electric fields [24,25]. In contrast to the pH decrease, both pasteurization
methods resulted in a slight increase in total soluble solids (%TSS) due to partial water evaporation
during the heating process. The %TSS values were 14.2 + 0.3 for fresh juice, 15.1 = 0.2 for
conventionally pasteurized juice, and 15.4 + 0.4 for OHP-treated juice (Table 4). The increase in %TSS
was more pronounced in the OHP sample compared to the conventionally pasteurized one, although
the difference was not statistically significant (p > 0.05). This finding suggests that OHP may induce
a higher degree of water loss, possibly due to the combined effects of heating and electroporation on
cell membranes. Similar trends of %TSS increase after OHP treatment have been observed in other
fruit juices, such as orange juice [26].

Table 4. Physicochemical Properties and Shelf Life of Passion Fruit Juice Subjected to Various Pasteurization

Techniques.
Fresh Juice Convel}tiopal Ohmic Iilea‘Fing
Pasteurization Pasteurization

%TSS 11.74£0.98° 12.64+0.84° 12.42+0.51*
pH 3.7210.122 3.54+0.08* 3.3240.12°
CIE-L*a*b*
L*-value 46.21+3.41° 34.82+6.31° 41.39+4.61*
a*-value 16.12+2.82* 19.1145.73% 14.82+1.18*
b*-value 60.42+4.11° 48.29+3.67° 54.59+4.36%
AE 16.91+4.37° 7.68£3.35%
vitamin C (mg/100 mL) 27.6314.37 11.3415.62 20.21+4.72
Proxidase (POD) 100£0.00 32.5+£3.1
Polyphenol oxidase (PPO) 100+0.00 48.7+2.8 12.6 £2.1
Shelf-life (days) <7 <35 <63
SPC 0.54£0.08 0.85+0.07

Ohmic Heating Pasteurization (OHP) offers clear benefits over conventional methods in
microbial control, nutrient retention, and sensory quality. It reduces microbial loads effectively while
preserving heat-sensitive compounds [24]. In contrast, traditional pasteurization often causes
nutrient degradation and alters sensory attributes [25]. Basak et al. [15] reported a 42-day shelf life
for OHP-treated mandarin juice, while this study achieved 63 days in passion fruit juice. The
improved outcome may result from optimized parameters, fruit matrix differences, and rapid
thermal shock cooling. Priyadarshini et al. [11] found similar results in mango pulp. OHP at 75 °C,
19.5 V/cm, and 10 °Brix reduced microbial counts and preserved ascorbic acid at 129.39 mg/100 g dry
matter.

The residual activities of POD and PPO were significantly reduced after OHP treatment, with
only 8.4% and 12.6% remaining, respectively. In contrast, conventional pasteurization retained 32.5%
and 48.7% of POD and PPO activity, respectively (Table 4). These results confirm the superior enzyme
inactivation capability of OHP, contributing to the extended shelf life and color stability of the juice.
Alifaki and Barut Gok [22] showed that combining ultrasound with ohmic heating improved
microbial inactivation in sour cherry juice using lower temperatures. This hybrid approach shows
potential for enhancing juice quality while minimizing thermal damage. Taken together, studies
across passion fruit, mandarin, mango, and sour cherry confirm OHP’s versatility. It enables safer,
longer-lasting, and higher-quality fruit juice products with greater energy efficiency.
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4. Discussion

The current study has proven that OHP which involving Ohmic Heating Pasteurization (OHP)
is applicable to improve the quality and shelf life of passion fruit juice. The optimized conditions for
the product obtained by using Box-Behnken Design (82.5 °C, 25 sec and 18.5 V/cm) were found to
improve performance of the product by retaining higher vitamin C contents, decreasing total color
difference (AE), and increasing System Performance Coefficient (SPC). The juice was significantly
better in color stability, nutrient retention and shelf life than the conventional pasteurized foods.
These advances demonstrate OHP to be a technologically feasible alternative technology to
conventional pasteurization systems in high-acid fruit beverages. The better retention of vitamin C
and visual appearance by OHP-treated samples is due to volumetric heating nature of ohmic
processing. Because of this, heat is evenly produced throughout the juice matrix by electrical current
flow and there are no temperature gradients typically characteristic of surface-heating systems. This
fast, even internal heating results in less time at high temperatures, which suppresses oxidative
degradation and non-enzymatic browning. The profound inactivation of peroxidase (POD) and
polyphenol oxidase (PPO) also shows that OHP could cause the enzyme denaturation via both
thermal-denatured and electroporation effects, contributing to higher color retention as well as better
storage stability.

The higher SPC revealed in this study indicates the energy used by OHP is highly efficient.
Electrical energy is transformed directly into internal heat and this minimizes the loss of heat to the
surround. The excellent agreement between theoretical and experimental SPC values suggests that
the ohmic heating model proposed here is capable of successfully describing the energy dynamics of
the system. Box-Behnken Design allowed optimization of the critical parameters (temperature,
voltage gradient and holding time) for striking a balance between microbial inactivation and product
quality. This optimization it is in agreement with previously reported results on mandarin, carrot
and mango juices, where OHP resulted up to 5 fold better energy efficiency plus higher nutrient
retention than traditional preservation methods [11,14,15,19,20]. The decrease in pH and slight
increase in total soluble solids of juice OHP-treated are typical from mild electrochemical reactions
and controlled evaporation when processing is an at-hand behaviour. However, such modifications
did not result in reduced product acceptability and may contribute to the enhancement of
microbiological safety as a consequence of increased acidity. The considerable reduction of residual
enzyme activity (POD and PPO less than 15%) compared with conventional pasteurization
(approximatly 30-50%), indicates that OHP does not only allow for rapid heating, but may enhance
protein structural change of enzymes by electric fields-protein molecule interation. From the
viewpoint of process engineering, the optimized OHP system reveals that it is technically feasible
and industrially applicable. The combined operation of real-time monitoring, automatic flow control
and energy statistics into the system creates a sound platform for scaling up to continuous-flow
operation. This study shows that microbial safety can be ensured in the OHP system to a level similar
to that achieved by classic pasteurization but with reduced energy input and better product quality.
OHP is a trustworthy and eco-sustainable processing technology for high-acid drinks, especially if
color and vitamin C retention are the most important quality parameters. In the outlook perspective,
Ohmic Heating Pasteurization might be considered a source platform between present and future
high efficiency pasteurization technologies that will replace thermal ones. Classical pasteurization
methods are limited in terms of slow heat transfer and non-uniform temperature distribution
resulting to degradation fruit juice quality. In future on the contrary, ohmic-based systems coupled
with sophisticated process control, in-line monitoring and adaptive data algorithms, would enable
accurate thermal delivery, localized enzyme inactivation and efficient energy use. These advances
will revolutionize juice pasteurization, transcending thermal constraints of current systems, all the
while delivering better tasting/juicier products with higher nutritional quality.

5. Conclusions
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This research demonstrates the efficacy of the Box-Behnken Design as a robust tool for
optimizing Ohmic Heating Pasteurization (OHP) conditions. The identified optimal parameters (82.5
°C, 25 s, 18.5 V/cm) effectively preserve key quality attributes of passion fruit juice, such as vitamin
C content and color, while ensuring sufficient microbial reduction. Compared to conventional
thermal pasteurization, OHP-treated juice exhibits improved energy efficiency and significantly
extended shelf life due to the absence of heat transfer limitations. These results highlight OHP as a
promising and sustainable alternative to traditional methods, offering an innovative approach to
thermal processing in the fruit juice industry. The outcomes provide a foundation for future
advancements in pasteurization technologies aimed at enhancing product quality and energy
efficiency.
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