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Introduction: The food industry faces significant challenges in balancing quality preservation, energy
efficiency, and environmental sustainability, especially when processing thermosensitive products. Date
syrup, a nutrient-rich sweetener abundant in monosaccharides, polyphenols, and micronutrients,
demands optimized concentration techniques to minimize the thermal degradation of its bioactive
compounds typically associated with conventional evaporation methods. Vacuum ohmic heating (VOH)
emerges as a promising innovation, integrating low-temperature vacuum evaporation with direct
electrical energy application to enhance heat transfer efficiency. This technology minimizes the risk of
Maillard reactions, preserves thermolabile nutrients, and reduces specific energy consumption compared
to rotary evaporators and membrane-based systems. This study systematically evaluates VOH against
conventional methods by analyzing physicochemical stability, microbial inactivation Kinetics, and
exergy efficiency, aiming to establish a framework for sustainable syrup production in line with circular
economy principles.

Material and methods: The vacuum ohmic heating (VOH) system consisted of a borosilicate glass
reaction chamber (10 x 10 x 25 cm) equipped with a programmable voltage regulator (0-250 V, £0.5%
accuracy), a precision power analyzer (0.1 mA resolution), and dual 316L stainless steel electrodes (2
mm thickness, 10 cm interelectrode gap). Process parameters were continuously monitored using
Teflon-insulated K-type thermocouples (x£0.1°C accuracy) and a vacuum control subsystem (55-100
kPa range), comprising a rotary vane pump (8 m3/h capacity), a baffle-type pressure equalization tank,
and a glycol-based condensate trap. A microcontroller-based data acquisition module recorded temporal
data for temperature, current, voltage, and power consumption at a sampling rate of 1 Hz. Experiments
followed a factorial design, varying applied electric field gradients (10, 15, 20, and 25 V/cm) and sub-
atmospheric pressure levels (55, 70, 85, and 100 kPa). Each condition was tested in triplicate (n = 3)
using standardized 250 g samples of date syrup with an initial Brix value of 35 £ 0.5°. Process
termination occurred upon reaching target soluble solids (74+0.3°Brix via digital refractometer), with
post-process samples stored under aseptic conditions at 4°C. Comparative conventional thermal
processing utilized a resistance-heated system (1000 W nominal power) with PID temperature control
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(x0.5°C). Both systems underwent rigorous sanitization protocols between trials (ultrasonic cleaning
with deionized water, ethanol sterilization). Thermokinetic analysis determined heating rates through
linear regression of temperature-time curves (R? > 0.98) during the initial conductive phase.
Physicochemical characterization included potentiometric pH measurement (ASTM E70 compliant) and
tristimulus colorimetry (CIELab space) using a standardized imaging system. Sensory evaluation was
conducted using a 5-point Likert hedonic scale with blinded panelists (n = 5 trained assessors). Energy
metrics were calculated based on first-law thermodynamic principles, while exergetic efficiency was
assessed using second-law analysis with a reference environment of 25°C. Statistical significance (o =
0.05) was determined through multivariate ANOVA followed by post-hoc Tukey tests, ensuring robust
interpretation of the effects of electric field gradients on process kinetics and quality parameters.

Results and discussion: This study systematically investigated the thermo-electrical dynamics of date
syrup concentration using a vacuum-assisted ohmic heating system. Experimental results revealed a
positive correlation between increasing voltage gradients (10-25 V/cm) and thermal ramp rates across
all pressure levels (55-100 kPa). Enhanced Joule heating effects at higher electric field intensities
increased molecular agitation, leading to a 42-67% rise in thermal energy generation compared to
conventional methods. Pressure modulation significantly influenced heat transfer mechanisms, with
atmospheric conditions (100 kPa) achieving the highest temperature elevation (AT = 77°C) due to
superior electrical conductivity (¢ = 0.78 S/m), while subatmospheric environments (55 kPa) reduced
by 29%, attenuating thermal kinetics (Tm.x = 82°C). Temporal analysis revealed an inverse relationship
between voltage gradient and processing duration, with optimal concentration achieved at 25 V/cm (11.2
min, 55 kPa) compared to 10 V/cm (23.1 min, 100 kPa). Energy consumption metrics displayed
nonlinear behavior: specific energy demand decreased by 18-31% with increasing voltage gradients,
attributed to accelerated evaporation kinetics. However, auxiliary vacuum pump operations led to a 22%
increase in total energy input at 55 kPa. Thermodynamically, reduced pressure lowered the syrup’s
specific heat capacity (Cp) and latent heat of vaporization (AH,) by 12% and 15%, respectively, reducing
evaporative energy thresholds. Thermal efficiency peaked at 55 kPa (nthermal = 68.3%), driven by
suppressed convective losses and enhanced ohmic coupling. Conversely, atmospheric operation
incurred efficiency declines (nthermal = 54.1%) due to parasitic energy dissipation. Exergetic efficiency
(nexergy = 21.5-41.1%) correlated inversely with vacuum intensity, as diminished ionic mobility under
low-pressure regimes attenuated Joule heating efficacy. Quality assessments identified pressure-
dependent chromatic alterations, with maximal lightness retention (L* = 58.4) at 75 kPa.
Subatmospheric conditions (55 kPa) induced non-enzymatic browning (AE > 8.2), linked to Maillard
reaction acceleration. pH stability remained unaffected by electrical parameters (ApH < 0.03), though
mild acidification (pH 4.83-4.88) occurred via non-volatile acid concentration. Sensory evaluations
confirmed superior organoleptic properties under vacuum ohmic processing, with optimal scores (color:
8.7/10; taste: 8.9/10) at 25 V/cm and 70 kPa, in contrast to the lower scores observed with traditional
methods (Ascore = 1.9-2.4). In conclusion, vacuum ohmic heating synergistically optimizes energy
efficiency and product quality in date syrup processing. Parametric optimization at 20-25 V/cm and 55—
70 kPa balances rapid evaporation (t < 15 min), minimal thermal degradation, and energy economy,
establishing this method as a viable alternative to conventional thermal concentration.

Conclusions: This study investigated vacuum ohmic heating (VOH) for date syrup production,
demonstrating its superiority over conventional thermal methods. Optimizing operational parameters to
a 25 V/cm voltage gradient and 55 kPa vacuum pressure enhanced thermal efficiency, reducing
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processing time by 23% while minimizing specific energy consumption (SEC) and achieving 90%
energy efficiency. VOH mitigated thermal degradation, as evidenced by reduced AE values (color
variation) and preserved sensory attributes (taste, aroma), indicating retention of thermolabile
constituents. pH stability confirmed minimal disruption to acid-base equilibrium, critical for product
shelf life and organoleptic quality. The technology’s electrothermal mechanisms enabled rapid, uniform
heating with lower Maillard reaction kinetics. These findings advocate VOH as a sustainable alternative,
optimizing energy utilization and maintaining bioactive integrity in viscous food matrices, aligning with
industrial scalability and eco-efficient food processing paradigms.

Keywords: Date syrup, ohmic heating, vacuum, energy efficiency, color changes, sensory evaluation.
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Fig 1. Schematic and image of a resistive heating vacuum system
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Table 1. Effect of Pressure and Voltage Gradient on the Color Parameters of Date Syrup Processed by Resistive Heating

Color Pressure Voltage gradient (V/cm)
parameters (kPa) 10 15 20 25
L 29.48 | 29.48 | 29.48 | 29.48
a 0.50 0.50 0.50 0.50
55kPa
b -1.27 | 127 | -1.27 -1.27
AE 4.81 5.28 5.49 5.49
L 3118 | 31.18 | 31.18 | 31.18
a 0.96 0.96 0.96 0.96
70kPa
b -3.52 | -352 | -352 -3.52
AE 5.79 5.69 5.50 5.81
L 26.78 | 26.69 | 26.61 | 26.57
a 0.57 0.58 0.25 0.73
85kPa
b -1.18 | -2.76 | -1.39 -3.30
AE 5.22 9.48 5.65 7.37
L 27.62 | 27.62 | 28.16 | 27.80
a 0.04 0.04 0.74 0.27
100kPa
b -1.41 | -141 | -3.17 -1.99
AE 5.36 6.88 5.77 7.88
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Fig 8. Sensory Evaluation Results for Color, Taste, and Aroma Parameters of Date Syrup Processed Under Different Conditions
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