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Abstract
Dielectric discharge treatment and dielectric property analysis were applied to locally produced fruit juices within the microwave frequency range to assess their potential for shelf-life enhancement. To complement the dielectric evaluation, key physicochemical properties including pH, electrical conductivity, total soluble solids (TSS), and viscosity were determined for each juice sample. The physicochemical results indicated that tangerine (Citrus reticulata) exhibited the highest pH value (4.60 ± 1.20), followed by Julie mango (Mangifera indica L.), while Ibadan Sweet Orange (Citrus sinensis) recorded the lowest pH (2.45 ± 0.10). Julie mango juice showed the highest electrical conductivity (0.89 ± 0.30 mS cm⁻¹) and viscosity (145.1 ± 0.1 mPa·s). Dielectric characterization revealed that Julie mango juice possessed the highest dielectric constant and dielectric loss factor at lower frequencies and temperatures, with both parameters decreasing as frequency and temperature increased. Ibadan Sweet Orange juice exhibited intermediate dielectric values, whereas tangerine juice showed the lowest dielectric response; however, all samples followed similar frequency- and temperature-dependent trends. These variations are attributed to differences in water content, soluble solids, ionic concentration, and viscosity, which govern dipolar polarization and ionic conduction mechanisms. The reduction in dielectric parameters with increasing frequency and temperature reflects relaxation phenomena and thermally induced disruption of dipole alignment. These findings demonstrate that the dielectric response of locally produced fruit juices is strongly influenced by their physicochemical composition and frequency-dependent relaxation behaviour, highlighting the potential of microwave-induced dielectric discharge as an effective, energy-efficient approach for shelf-life extension while preserving quality attributes in small-scale juice processing. 
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1. Introduction 
The rising consumer's demand for minimally nutrient-rich processed foods has intensified research into non-thermal and mild-thermal preservation technologies [1-3]. Fruit juices derived from locally available fruits hold substantial nutritional and economic value; however, their short shelf-life, susceptibility to microbial spoilage, and rapid quality deterioration present persistent challenges for small-scale producers. Although conventional thermal pasteurization remains effective for microbial inactivation, it frequently compromises desirable sensory attributes and nutrient retention [4-6]. These limitations have driven interest in microwave-assisted preservation techniques, particularly dielectric discharge mechanisms, which provide rapid, volumetric heating and offer the potential for selective microbial inactivation.
The interaction of microwave energy with food matrices is governed primarily by their dielectric properties, especially the dielectric constant (ε′) and dielectric loss factor (ε″) [7]. These parameters determine the ability of a material to store and dissipate electromagnetic energy and, consequently, influence heating efficiency, penetration depth, and process uniformity. A clear understanding of the dielectric behaviour of fruit juices across microwave frequencies is therefore essential for optimizing processing conditions, ensuring uniform thermal distribution, and enhancing microbial safety while maintaining nutritional and sensory quality [8-10].
Despite the importance of dielectric characterization in food engineering, data on the microwave dielectric properties of locally produced fruit juices in Nigeria remain scarce, even though indigenous fruits constitute a major component of household and commercial juice production. This study addresses this gap by characterizing the dielectric properties of selected local fruit juices over a microwave frequency range and evaluating their response to dielectric discharge treatments. The findings are intended to establish a scientific foundation for microwave-assisted shelf-life enhancement and to provide practical insights that support small-scale processors in adopting efficient, quality-preserving preservation technologies.
2. Theoretical Background 
2.1. Dielectric Properties of Liquid Foods
The interaction of electromagnetic waves with food systems is governed by their dielectric properties, which describe how materials store and dissipate electrical energy. These properties are commonly expressed through the complex permittivity:
					 					(1)
where ε′ (dielectric constant) represents the ability of the material to store electrical energy, and ε″ (dielectric loss factor) quantifies the energy dissipated as heat due to molecular relaxation and ionic conduction. The ratio of these parameters is known as the loss tangent,
					,					(2)
Equation (2) indicates the efficiency with which absorbed electromagnetic energy is converted to heat.
Studies indicate that in aqueous liquid foods such as fruit juices, dielectric behaviour is strongly governed by their high-water content, dissolved sugars, organic acids, and ionic constituents [11,12]. At microwave frequencies, dielectric losses arise mainly from dipolar relaxation of water molecules and ionic conduction, both of which are highly sensitive to changes in frequency and temperature.       


2.2. Microwave-Material Interaction
Microwave heating is based on the conversion of electromagnetic energy into thermal energy within the material or product. Research indicates that under microwave irradiation, molecular dipoles within fruit juice attempt to align with the oscillating electromagnetic field, and this repeated reorientation results in significant energy absorption and thermal generation [13, 14]. The depth to which microwaves penetrate a material, known as the penetration depth (dp), is given according to [15]

			 				(3)
where  is the microwave frequency and c is the speed of light. Materials with high dielectric loss exhibit shallower penetration depths, leading to more rapid heating but requiring careful control to avoid localized overheating [16,17].
2.3. Dielectric Discharge and Microbial Inactivation
Dielectric discharge refers to the rapid release of stored electromagnetic energy within a material when exposed to high-frequency fields in liquid foods. Studies have shown that dielectric heating can create microscale hotspots, promote vigorous molecular agitation, and induce structural damage within microbial cells, thereby enhancing inactivation efficiency [18, 19]. In contrast to conventional pasteurization, which depends on conduction-based heating, dielectric discharge produces volumetric heating, allowing energy to be deposited throughout the entire juice matrix. This reduces temperature gradients and shortens processing time. Microbial inactivation under microwave treatment occurs through a combination of rapid thermal effects, which cause denaturation of essential cellular proteins, and non-thermal effects, where the oscillating electromagnetic field may disturb membrane integrity and intracellular organization. Furthermore, microscale hotspots formed at regions with varying dielectric properties can amplify local temperatures and accelerate cell destruction. The efficiency of these mechanisms depends on the dielectric loss factor (ε″), ionic composition, viscosity, and relaxation dynamics of the juice. Juices with higher ε″ values show enhanced microwave absorption and are therefore more responsive to dielectric discharge processing.
2.4 . Relevance to Shelf-Life Improvement
Studies have established that the shelf-life of fruit juices is predominantly constrained by microbial proliferation, enzymatic activities, and gradual physicochemical deterioration [20, 21]. Microwave-induced dielectric discharge offers a promising strategy for addressing these challenges by facilitating rapid microbial inactivation without prolonged thermal exposure. The markedly shorter processing times associated with microwave treatments help preserve thermolabile nutrients that are typically degraded under conventional pasteurization. Moreover, the volumetric and relatively uniform heating profile reduces thermal gradients and mitigates quality losses linked to surface overheating. This mode of energy delivery also enhances the retention of key sensory attributes, as rapid electromagnetic energy absorption contributes to the preservation of characteristic flavour, aroma, and colour.


3. Methodology
3.1. Sample Collection and Preparation
Fresh, ripe orange and mango fruits of different species, commonly used for locally produced juices in Nigeria, were obtained from local markets. The fruits were carefully selected, washed, peeled, and manually processed using a hygienic cold-press juicer to preserve their natural composition. The extracted juices were subsequently filtered through a fine muslin cloth (≤200 µm) to remove large particulates and stored in airtight, food-grade containers at 4 °C prior to analysis. Before conducting dielectric and microwave-processing experiments, all samples were equilibrated to room temperature (25 ± 1 °C).
3.2. Physicochemical Characterization Procedures
To complement the dielectric analysis, fundamental physicochemical properties of each fruit juice sample were measured following standard analytical protocols. All measurements were conducted at room temperature (25 ± 1 °C) and performed in triplicate. 
Determination of pH: pH was measured using a calibrated digital pH meter. The instrument was allowed to warm up and stabilize prior to use, after which it was calibrated with standard buffer solutions at pH 4.00, 7.00, and 10.00, following the manufacturer’s specifications.
Approximately 20 mL of each juice sample was transferred into a clean beaker. The electrode was rinsed with distilled water, gently dried with lint-free tissue, and immersed into the sample to fully submerge the sensing tip. The pH reading was recorded once the meter stabilized within 60 s. The electrode was rinsed thoroughly between samples to prevent cross-contamination.
Determination of Electrical Conductivity (EC): Electrical conductivity was determined using a digital conductivity meter previously calibrated with a 0.1 M KCl standard solution of known conductivity (12.88 mS/cm). A 20 mL aliquot of each juice was placed in a clean beaker, and the rinsed conductivity probe was inserted carefully to avoid trapping air bubbles around the sensor. After stabilization of the meter reading, the conductivity value (mS/cm) was recorded. The probe was rinsed with distilled water before subsequent measurements.
Determination of Total Soluble Solids (TSS): Total soluble solids were quantified using a digital refractometer calibrated to 0 °Brix with distilled water. Each juice sample was homogenized by gentle stirring. A small volume (approximately 2–3 drops) was placed on the refractometer prism, the cover plate was closed to ensure uniform spreading, and the °Brix value was recorded while directing the instrument toward a light source. The prism surface was thoroughly cleaned using tissue and distilled water between samples.
Determination of Viscosity: Viscosity was measured using a digital rotational viscometer equipped with an appropriate spindle (spindle numbers 1–3, depending on juice thickness).
Approximately 250 mL of each juice sample was transferred into a beaker, ensuring that the liquid depth met the spindle immersion mark. The spindle was attached and carefully lowered into the sample without contact with the beaker walls or bottom. The viscometer was operated at 30 rpm, consistent with manufacturer guidelines. Once the reading stabilized (after approximately 60 s), viscosity was recorded in mPa·s. The spindle was washed and dried thoroughly before subsequent measurements.


3.3. Dielectric Property Measurement
Dielectric properties of the fruit juice samples were characterized using a Keysight ENA Network Analyzer E5063A (Figure 1), coupled with an open-ended coaxial probe system (Keysight 85070E Dielectric Probe Kit).[image: E5063A ENA Vector Network Analyzer | Keysight]
Figure1: Keysight ENA Network Analyzer E5063A
 Prior to measurement, the analyzer was powered on and allowed to stabilize, and the probe was calibrated using standard open–short–load procedures recommended by the manufacturer to ensure measurement accuracy. Each juice sample was transferred into a clean beaker with sufficient depth to fully immerse the probe tip, avoiding air bubbles at the probe–sample interface. The open-ended coaxial probe was carefully inserted into the sample, and control measurements (e.g., air or distilled water) were taken separately to verify calibration.
The dielectric constant (ε′) and dielectric loss factor (ε″) were recorded over a frequency range of 1–20 GHz, with 2.5 GHz increments, at 8-hour intervals to monitor temporal variations. Additional parameters such as static permittivity (εₛ), high-frequency permittivity (ε∞), complex permittivity, relaxation time (τ), ionic conductivity (σ), and relaxation frequency were computed using the probe system software, which derives these values from the phase and amplitude of the reflected electromagnetic signal at the probe sample interface.
3.4. Data Modelling and Analysis
The experimentally obtained dielectric spectra were fitted using the Debye and Cole–Cole relaxation models to describe frequency-dependent polarization behaviour. The quality factor (Q-factor) for each juice sample (orange and mango varieties) was calculated at selected frequencies and temperatures using:


are shown in Figure 7 – 9.
4. Results and Discussion
The variations in dielectric constant (ε′) and dielectric loss factor (ε″) for Julie mango, Ibadan sweet orange, and tangerine, as fitted using the Debye and Cole–Cole relaxation models, are presented in Figures 1- 6.
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Figure 1: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Julie mango fitted using the Debye relaxation model
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Figure 2: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Julie mango fitted using the Cole-Cole relaxation model[image: ]
Figure 3: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Ibadan sweet orange fitted using the Debye relaxation model
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Figure 4: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Ibadan sweet orange fitted using the Cole-Cole relaxation model
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Figure 5: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Tangerine orange fitted using the Debye relaxation model
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Figure 6: Variation of the dielectric constant (ε′) and dielectric loss factor (ε″) of Tangerine orange fitted using the Cole-Cole relaxation model
The dielectric responses of Julie mango, Ibadan Sweet Orange, and tangerine juices (Figures 1–6) are characterized by higher dielectric constant (ε′) and small dielectric loss factor (ε″) at lower frequencies and temperatures. This behaviour is primarily governed by dipolar relaxation and ionic conduction mechanisms, which depend on the physicochemical composition of the juices. Higher total soluble solids, ionic concentration, and viscosity particularly pronounced in Julie mango juice enhance polarization density and charge mobility, resulting in increased energy storage (ε′) and dissipation (ε″). At lower frequencies, the condition  (where  and τ is the dipolar relaxation time) is satisfied, allowing dipoles, especially water molecules, to follow the oscillating electric field effectively and maximize dielectric response [22-25].
As frequency increases, the system approaches the relaxation condition (), beyond which dipolar reorientation becomes increasingly hindered. Consequently, both ε′ and ε″ decrease at higher frequencies due to the inability of dipoles to align with the rapidly oscillating field, a hallmark of dielectric relaxation behaviour. This effect is further intensified at elevated temperatures, where increased thermal agitation disrupts dipole alignment and shortens relaxation times, leading to reduced effective polarization and ionic conduction despite enhanced molecular motion [26-27].
The frequency dependence of ε″ is particularly important for microwave heating applications. The observed peak in ε″ at intermediate frequencies corresponds to maximum energy absorption, where dielectric losses are greatest. Beyond this peak, ε″ decreases as relaxation processes can no longer follow the applied field. This dispersion behaviour is more pronounced in the Cole–Cole model, indicating a broader distribution of relaxation times associated with the heterogeneous composition of fruit juices.
From a microwave processing perspective, these dielectric trends have direct implications for heating efficiency and penetration depth. The microwave penetration depth (δₚ), which is inversely related to the dielectric loss factor, decreases for materials with high ε″ values. Thus, Julie mango juice, exhibiting higher ε″ at lower frequencies and temperatures, absorbs microwave energy more efficiently but exhibits shallower penetration depth, necessitating careful control to avoid localized overheating. Conversely, juices with lower ε″ values, such as tangerine, allow deeper penetration but exhibit reduced heating rates.

Overall, the frequency- and temperature-dependent dielectric behaviour observed in these juices reflects their relaxation dynamics and composition-dependent polarization mechanisms. These findings underscore the importance of tailoring microwave frequency and power levels to the dielectric properties of specific fruit juices in order to optimize volumetric heating, ensure uniform energy distribution, and enhance microbial inactivation while preserving product quality.
4.1. The Behaviour of the Quality Factor (Q-factor) against Frequency at different Temperatures


Figure 7: The behaviour of Q-factor of Julie mango against the frequency at different temperatures 


Figure 8: The behaviour of Q-factor of Ibadan sweet orange against the frequency at different temperatures 


Figure 9: The behaviour of Q-factor of Tangerine against the frequency at different temperatures 
The quality factors (Q-factors) of the fruit juices, presented in Figures 7–9, were higher at lower temperatures and decreased progressively with increasing temperature. A high Q-factor indicates dominant energy storage, lower dielectric losses, and reduced conversion of electromagnetic energy into heat. In contrast, the lower Q-factor observed at elevated temperatures signifies increased energy dissipation, higher dielectric losses, and enhanced microwave heating efficiency.
This behaviour reflects the temperature dependence of the dielectric parameters, where the dielectric loss factor (ε″) increases with temperature due to enhanced ionic conduction and molecular agitation, while the dielectric constant (ε′) either decreases or exhibits only weak variation. Consequently, the loss tangent (tan δ) increases, leading to a reduction in Q-factor. From a microwave heating perspective, higher Q-factor values at lower temperatures imply that the juices store electromagnetic energy and absorb less power, resulting in slower heating rates. Conversely, at higher temperatures, increased dielectric losses promote greater energy absorption, yielding faster and more efficient heating. Overall, these results indicate that microwave heating effectiveness increases with temperature, albeit at the expense of reduced energy storage capacity.
The quality factor (Q-factor) of the fruit juices was found to be relatively low at lower frequencies and increased progressively with rising frequency. This behaviour indicates that at low frequencies, the juices dissipate more energy as heat, whereas at higher frequencies, they become more efficient at storing electromagnetic energy with reduced losses [28]. At low frequencies, the dipoles and charge carriers in the juice can readily follow the oscillating electric field, resulting in higher polarization losses and energy dissipation. Conversely, at higher frequencies, the dipoles cannot keep pace with the rapidly oscillating field, leading to lower energy loss and a higher effective Q-factor. Overall, this trend demonstrates that fruit juices are more lossy at low frequencies but increasingly energy-efficient at higher frequencies, highlighting the interplay between dipole relaxation and dielectric losses across the frequency spectrum.
5. Conclusion 
The dielectric behavior of Julie mango, Ibadan Sweet Orange, and tangerine juices is strongly dependent on frequency, temperature, and juice composition. At low frequencies and temperatures, the juices exhibit higher dielectric constant (ε′) and lower dielectric loss factor (ε″) due to effective dipolar relaxation and ionic conduction, with Julie mango showing the highest values owing to its higher soluble solids, ionic concentration, and viscosity. As frequency increases, dipolar reorientation is hindered, leading to decreased ε′ and ε″, a trend further amplified at elevated temperatures due to thermal agitation. The observed frequency-dependent peaks in ε″ highlight optimal energy absorption for microwave heating, while variations in dielectric loss affect penetration depth and heating efficiency. These findings underscore the importance of tailoring microwave processing parameters to the specific dielectric properties of each juice to achieve uniform heating, maximize energy efficiency, and preserve product quality.
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