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Abstract 

This study aimed to enhance the nutritional and functional profile of spreadable chocolate by replacing butter with olive oil-based emulgels structured with beeswax (6–12%). Emulgels were first formulated and characterized for their physicochemical, thermal, structural, and antioxidant properties. Subsequently, they were incorporated into chocolate spread formulations at different replacement levels (0%, 25%, 50%, 75%, and 100%) to evaluate their performance as a functional fat substitute. Increasing beeswax concentration reduced gelation time from 6.40 min (6%) to 3.60 min (12%), while enhancing firmness from 4.12 N to 9.25 N and oil binding capacity from 92.30% to 97.35%. Peroxide values decreased from 3.85 to 2.95 meq O₂/kg, and rancimate stability increased from 5.80 to 8.30 h, indicating improved oxidative resistance. Fatty acid profiles remained relatively stable, with oleic acid as the predominant fatty acid (~71–73%). Total phenolic content ranged from 144.85 to 145.30 mg GAE/kg, and DPPH radical scavenging activity remained around 56%, demonstrating the retention of antioxidant potential. When incorporated into butter-based spreads, increasing emulgel content improved lightness (L*) and spreadability while reducing firmness and peroxide value. DSC analysis revealed lower melting enthalpy and onset temperatures with higher emulgel ratios, confirming enhanced softness and lower thermal resistance. Rheologically, all blends exhibited pseudoplastic behavior with decreasing viscosity and consistency index upon increasing emulgel substitution. These findings support the application of olive oil-beeswax emulgels as viable butter alternatives in spreadable products with enhanced functional and nutritional attributes. Overall, olive oil-beeswax emulgels offer a promising functional alternative to butter in spreadable chocolate, combining improved oxidative stability and desirable texture with preserved antioxidant activity.
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1. Introduction 
Chocolate is one of the most widely consumed confectionery products worldwide, appreciated for its rich flavor, smooth texture, and indulgent mouthfeel (Kohler, 2024). However, traditional chocolate spreads are often formulated with high levels of saturated and trans fats, typically derived from palm oil and hydrogenated vegetable oils (Amer, Barakat, & Zaki, 2024). These fats have been associated with adverse health effects, including cardiovascular disease, obesity, and metabolic syndrome (Darioli, Bovet, Banatvala, & Khaw, 2023). In response, global health authorities such as the World Health Organization have recommended limiting saturated fat intake to less than 10% of total daily energy (Organization, 2023). As consumer awareness of the health risks posed by conventional fats increases, there is growing demand for reformulated, health-oriented fat alternatives in confectionery products (Park & Maleky, 2020).
[bookmark: _Hlk200287373]In this context, oleogels and emulgels have emerged as innovative lipid-structuring systems with the potential to replace traditional solid fats in food products. Emulgels are semi-solid systems formed by immobilizing liquid oils within a three-dimensional network of structuring agents (Tanislav, Pușcaș, Mureșan, & Mudura, 2024). These systems can mimic the textural, sensory, and functional properties of conventional fats while offering improved nutritional profiles through the inclusion of healthier unsaturated oils (Palla, Dominguez, & Carrin, 2022). Structuring agents such as monoglycerides, ethylcellulose, and natural waxes like beeswax, rice bran wax, and candelilla wax are commonly employed to stabilize these systems (Valdivia-Culqui et al., 2024). Emulgels may also reduce fat absorption and lipid digestibility by physically hindering the access of digestive enzymes to triglycerides, thus contributing to improved lipid metabolism and reduced serum cholesterol and triglyceride levels (Plazzotta et al., 2022).
Among liquid oil options, olive oil stands out as a functional and health-promoting lipid source. A central component of the Mediterranean diet, olive oil is composed predominantly of monounsaturated fatty acids (MUFAs), particularly oleic acid (C18:1), and is rich in bioactive polyphenols (Jimenez-Lopez et al., 2020; Lozano‐Castellón et al., 2022). Extensive clinical evidence supports olive oil's role in improving cardiovascular health, lowering LDL cholesterol and blood pressure, and enhancing glycemic control (Sumi, Nagatsuka, Matsuo, Okazaki, & Goto, 2023). Importantly, its health benefits are attributed not only to its fatty acid profile but also to its antioxidant-rich phenolic fraction (Servili et al., 2009).
According to these foundations, this study aims to develop and characterize a chocolate spread formulation incorporating olive oil-based emulgel as a functional alternative to saturated fat-rich ingredients. Beeswax was selected as the oleogelator to structure olive oil into a semi-solid matrix, forming a spreadable emulgel system with improved nutritional attributes. The emulgels were evaluated for their physicochemical, rheological, textural, antioxidant, thermal, and oxidative properties, both in pure form and when partially replacing butter in chocolate spreads. By combining lipid structuring with functional oils, this research addresses the need for healthier fat systems in the confectionery industry, supporting the development of clean-label and nutritionally enhanced products for health-conscious consumers.
2. Materials and Methods
2.1 Materials
The extra virgin olive oil was obtained from Tor Sinai Farms - Egyptian Ministry of Agriculture – Sinai. The beeswax was provided by Kahlwax Co. (Kalh GmbH & Co., Trittau, Germany). All standards, chemicals, and solvents used were of analytical grade and purchased from Sigma Chem. Co. (St. Louis, MO, USA) and Merck (Darmstadt, Germany). Cocoa powder, butter, powdered sugar and full cream milk powder were obtained from local market at Kafr El-Sheikh City, Egypt.
2.2 Preparation of emulgels:
The preparation was in two distinct phases: an oil phase and an aqueous phase. oil phase: beeswax (6,8,10, 12% w/w) and lecithin (3% w/w) were added to olive oil (81, 79,77, 75% w/w) and heated to 70–80°C for 20 minutes under continuous stirring at 700 rpm using a magnetic stirrer (Salama et al., 2024). Heating was continued until the beeswax was completely melted and the lecithin was fully dissolved, ensuring a homogeneous oil phase. Aqueous phase: distilled water (10% w/w) was heated separately then added to the oil phase.the two mixtures were emulsified together using an Ultra-Turrax T25 homogenizer (IKA- Staufen, Germany) at 16,000 rpm for 5 minutes. The flask was covered to prevent water evaporation during the emulsification process. Finally, the final product was transferred into sterile containers and left at 20±2˚C overnight (24 h) for gelation and subsequently stored in the refrigerator at 4˚C (24 h) to stabilize the structure prior to its incorporation into the chocolate formulations.
2.3. Preparation of Spreadable Chocolate Samples:
Chocolate spread (control) was prepared by mixing cocoa powder, powdered sugar, and full cream milk powder in a dry blender to ensure homogeneity of the dry ingredients. The lipid phase (butter and/or olive oil emulgels) were added according to the specified ratios in each formulation in Table 1. The mixtures were blended using a high-speed cutter mixer (Moulinex® mixer) at 45–50°C for 15 minutes to achieve a smooth and homogeneous spread. After mixing, the samples were allowed to cool to room temperature and then filled into airtight containers. Samples were stored at ambient temperature in a shaded place until further analysis.
Table 1: Composition of spreadable chocolate samples formulated with different replacement levels of olive oil emulgels (% w/w).
	Ingredient
	Sample (1) (100% butter)
	Sample (2) (75% butter + 25% Emulgel)
	Sample (3) (50% butter + 50% Emulgel)
	Sample (4) (25% butter + 75% Emulgel)
	Sample (5) (100% Emulgel)

	[bookmark: _Hlk195654844]Cocoa powder
	15.0
	15.0
	15.0
	15.0
	15.0

	Powdered sugar
	40.0
	40.0
	40.0
	40.0
	40.0

	Full cream milk powder
	20.0
	20.0
	20.0
	20.0
	20.0

	Olive oil
	25.0
	18.75
	12.5
	6.25
	0.0

	Olive oil emulgel
	0.0
	6.25
	12.5
	18.75
	25.0

	Total
	100.0
	100.0
	100.0
	100.0
	100.0



2.3 Physicochemical Characterization of Emulgels:
2.4.1. Gelation Time:
[bookmark: _Hlk200662232]The gelation time was determined by melting the emulgel samples in glass tubes in a water bath at 90 °C and maintaining this temperature for 2 h. The tubes were then cooled at room temperature, and the time required for the gel to remain stationary upon a 90° tilt was recorded (Öğütcü, Arifoğlu, & Yılmaz, 2015).
2.4.2 Oil Binding Capacity (OBC):
One milliliter of molten emulgel was placed into pre-weighed Eppendorf tubes and cooled at 4 °C for 1 h. The samples were centrifuged at 9167×g for 15 min, and the released oil was decanted. The OBC was calculated using the following equation:


where a = weight of empty tube, b = weight after adding emulgel, and c = weight after centrifugation.
2.4.3 Color Analysis:
Color parameters (L*, a*, b*) were measured using a CR-400 colorimeter (Konica Minolta Sensing Inc., Osaka, Japan) based on the CIE Lab color system.
2.4.4 Acid and Peroxide Values:
Acid value (AV) and peroxide value (PV) were determined according to (AOCS, 2017). AV was expressed as mg KOH/g oil, and PV as meq O₂/kg oil.
2.4.6 Firmness:
Firmness was assessed using a CT3 Texture Analyzer (Brookfield, USA) equipped with a 12.7 mm cylindrical probe. Gel samples (30 g) were stored at 5 °C for 24 h prior to testing. Penetration depth was set to 5 mm at a speed of 0.2 mm/s. Firmness was recorded as the peak force during probe penetration.
2.5 Fatty Acid Composition:
Fatty acid profiles were determined via gas chromatography after fatty acid methyl ester (FAME) derivatization. A CP-Wax 52CB capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) was used with helium as the carrier gas (flow rate: 1 mL/min). Injector, oven, and FID detector temperatures were set at 200, 170, and 230 °C, respectively. One microliter of the sample was injected using a split ratio of 1:50, based on the method of Besbes, Blecker, Deroanne, Drira, and Attia (2004).
2.9 Oxidative Stability (Rancimat Method):
The oxidative stability of emulgel was assessed using a Metrohm® 743 Rancimat. Approximately 3.6 g of each sample was heated at 110 °C with an air flow rate of 20 L/h. The induction period (IP) was recorded as the stability index.
2.6 Extraction of Phenolic Compounds:
[bookmark: _Hlk200662913]Phenolics were extracted following a modified method from Steel, Dobarganes, and Barrera-Arellano (2005). Fifty grams of emulgel were dissolved in hexane and passed through a silica gel column preconditioned with hexane:methanol (1:1, v/v), followed by hexane:ethyl acetate (9:1, v/v). Methanol was used for elution. Extracts were concentrated under vacuum at 40 °C and stored at −20 °C under nitrogen.
2.7 Total Phenolic Content (TPC):
Total Phenolic Content (TPC) were determined using the Folin–Ciocalteu method. A 100 μL aliquot of extract was mixed with 750 μL Folin–Ciocalteu reagent and 750 μL of 7% Na₂CO₃ solution. After incubation for 45 min in the dark at room temperature, absorbance was read at 765 nm (Specord 250, Analytik Jena, Germany). Results were expressed as mg gallic acid equivalents (GAE) per 100 g of sample (Attard, 2013).
2.8 DPPH Radical Scavenging Activity:
Antioxidant activity was measured using the DPPH assay. A 0.1 mL sample was mixed with 2 mL of 0.2 mM DPPH solution and incubated in the dark for 30 min. Absorbance was recorded at 517 nm, and inhibition (%) was calculated as:

2. 11 Statistical Analysis:
All data are presented as mean ± standard deviation (n = 3). Statistical comparisons were conducted using one-way analysis of variance (ANOVA) in SPSS version 16.0. Differences were considered significant at p ≤ 0.05.
3. Results and discussion:
3.1 Impact of different beeswax concentrations on the physicochemical characteristics and oxidative stability of olive oil-based emulgel.
The physicochemical and oxidative characteristics of olive oil-based emulgels which were structured with increasing concentrations of beeswax (6-8-10-12%) in table (2) showed significant modifications, confirming the functional role of beeswax as a natural organogelator. Gelation time decreased from 6.41 min at 6% beeswax to 3.63 min at 12%. This behavior could be attributed to the higher content of crystalline wax esters and long-chain hydrocarbons in beeswax, which facilitate rapid network formation and oil immobilization at elevated concentrations (Toro-Vazquez et al., 2007). Similar trends were observed in beeswax-structured sunflower and soybean oil systems, where increased beeswax led to more efficient self-assembly and earlier gelation (Pakseresht, Tehrani, Farhoosh, & Koocheki, 2023; Yi, Kim, Lee, & Lee, 2017). The acid value slightly increased with increasing in beeswax content, ranging from 1.15 to 1.25 mg KOH/g. The values remained within acceptable limits for edible fats, the increase might reflect the minor free fatty acid content of beeswax itself, as documented by Ma and Zhang (2022), suggesting a need to consider raw wax quality in food-grade applications.
While, Peroxide values as indicative of primary lipid oxidation decreased with rising beeswax concentration, from 3.85 to 2.95 meq O₂/kg. This inverse relationship indicated improving in oxidative stability, likely due to the restricted oxygen diffusion within the denser emulgel network and the protective antioxidant compounds naturally present in beeswax (da Silva, Arellano, & Martini, 2019). Moreover, increased rancimate induction time from 5.82 to 8.32 hours further supports the protective role of beeswax in prolonging shelf-life, as also reported by Davidovich-Pinhas, Barbut, and Marangoni (2016) for similar systems. On the other hand, firmness increased progressively with rising beeswax content, ranging from 4.12 N at 6% to 9.25 N at 12%. This improvement in mechanical strength is attributed to the development of a more extensive crystalline and interlocking network at higher beeswax concentrations, which limits molecular mobility and reinforces the structural integrity of the emulgel matrix (Zetzl, Marangoni, & Barbut, 2012). Consistent with the observed results in firmness, the Oil Binding Capacity (OBC) also increased, rising from 92.34% to 97.35% with increasing in beeswax content. A higher OBC implied better structural integrity and minimized oil leakage—key parameters for the functional performance of emulgel in industrial applications such as spreads and bakery fats. These results are in agreement with previous studies, which have reported a positive correlation between wax concentration and OBC in emulgel systems (Patel & Dewettinck, 2015). 
Regarding color properties, increasing beeswax levels led to a reduction in lightness (L*) and yellowness (b*) values, while the green-red (a*) value slightly increased toward redness. The decrease in L* and b* could be linked to the intrinsic yellowish tint of beeswax and its partial masking of olive oil’s natural green hue (Szydłowska-Czerniak, Bartkowiak-Broda, Karlović, Karlovits, & Szłyk, 2011). Such color variations are expected and should be optimized depending on the target food application.
Overall, these findings confirm that increasing beeswax content enhances the structural and oxidative performance of olive oil-based emulgels while inducing subtle changes in acidity and color. This supports the potential of beeswax-based emulgels as promising alternatives to saturated or hydrogenated fats in food systems.
3.2 Impact of different beeswax concentrations on Fatty Acid Composition of Olive Oil and Olive Oil-Based emulgels:
In table 3, the fatty acid composition of olive oil-based emulgels structured with varying concentrations of beeswax (6-8-10-12%) exhibited only minor variations compared to the native olive oil, indicating that the addition of beeswax has limited influence on the overall lipid profile. This is expected, as the structuring process is physical in nature and does not involve chemical modification of fatty acids.
Oleic acid (C18:1) remained the dominant fatty acid across all samples, comprising approximately 71.11–73.21% of the total fatty acids. A slight decrease was observed with increasing beeswax content, which could be attributed to the dilution effect caused by the minor fatty acid components present in beeswax (Co & Marangoni, 2012). This high monounsaturated fatty acid (MUFA) content is desirable from a nutritional standpoint and confirms that the emulgels preserve the health-promoting characteristics of olive oil (Covas, 2007). A modest increase in palmitic acid (C16:0) and stearic acid (C18:0) was observed as beeswax concentration increased. Palmitic acid increased from 11.21 % in pure olive oil to 12.35 % at 12% beeswax, while stearic acid rose from 2.73 % to 2.94 %. This trend was consistent with previous studies, which showed that beeswax contains high levels of saturated fatty acids, especially C16:0 and C18:0 (Zbikowska et al., 2022). The slight enrichment in saturated fats contributed to the enhanced structuring ability and firmness of the emulgels without significantly compromising their nutritional value.
In contrast, linoleic acid (C18:2), a polyunsaturated fatty acid (PUFA), showed a mild decrease from 10.53 % to 9.93 % with increasing beeswax content. This might also be due to the lower PUFA content in beeswax compared to olive oil. Linolenic acid (C18:3) remained relatively constant (0.59–0.61%), confirming the stability of this minor component throughout the emulgelation process.
Overall, the fatty acid profile confirmed that beeswax structuring did not alter the functional lipid composition of olive oil. The slight increase in saturated fatty acids was beneficial for improving gelation properties and oxidative stability (Patel et al., 2015), while the MUFA/PUFA balance remained favorable for nutritional applications. These results were in agreement with similar studies using natural waxes for emulgelation in vegetable oils (Álvarez-Mateos et al., 2019; Davidov‐Pardo et al., 2012).
3.3 Impact of different beeswax concentrations on Total Phenolic Content and Antioxidant Activity (DPPH % radical scavenging activity) of Olive Oil-Based emulgels:
Results in Table 4 showed that the incorporation of beeswax at varying concentrations (6–8-10-12%) into olive oil to form emulgels did not produce differences in total phenolic content (TPC) or DPPH radical scavenging activity, with values remaining relatively constant across all formulations. TPC ranged from 144.85 for beeswax 12% to 145.32 for beeswax 6% mg GAE/kg, while DPPH inhibition remained in the narrow range of 56.10–56.45%. These results indicated that beeswax concentration did not markedly affect the antioxidant potential of the resulting emulgels.
The stability of phenolic content across formulations suggested that the emulgelation process using beeswax was a mild structuring method that did not degrade or leach polyphenols from the olive oil matrix. Olive oil is inherently rich in phenolic compounds such as hydroxytyrosol, tyrosol, and oleuropein, which are known to contribute substantially to its antioxidant potential and health benefits (Servili et al., 2009). The beeswax used as an organogelator contains minimal phenolic compounds itself (Álvarez-Mateos et al., 2019), thus its role was predominantly structural rather than functional in terms of antioxidant enhancement.
Similarly, the DPPH radical scavenging activity remained unchanged across all beeswax concentrations. This supported findings by Patel and Dewettinck (2015), who demonstrated that the antioxidant activity of emulgel was largely dictated by the base oil rather than the structuring agent, especially when the latter is inert with respect to free radical scavenging. Moreover, the hydrophobic nature of beeswax might provide a protective matrix that helped retain phenolic compounds by reducing their exposure to oxidation, even if it did not enhance antioxidant levels directly (Davidovich-Pinhas et al., 2016).
These results agreed with previous reports on olive oil-based emulgels structured with natural waxes, which found that antioxidant capacity was preserved during emulgelation and could serve as a valuable strategy for developing functional fat replacers (Marangoni & Garti, 2018; Zetzl et al., 2012). Importantly, the ability to retain the native antioxidant profile of olive oil made beeswax-emulgels as functional food applications aiming to replace saturated fats without sacrificing oxidative stability or health-related compounds.
3.4 Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Color, peroxide and acid values, total phenolic content and Antioxidant Activity (DPPH %) of Spreadable Chocolate:

Substituting butter with olive oil-based emulgel in varying ratios influenced the color characteristics, peroxide and acid values, total phenolic content and Antioxidant Activity (DPPH %) of the resulting Spreadable Chocolate (Table 5). As for color parameters, The L* value (lightness) increased with emulgel incorporation, peaking at 31.76 for the 100% emulgel formulation compared to 28.45 for the 100% butter formulation. This increase in brightness was likely due to the naturally lighter appearance of olive oil emulsified with beeswax compared to the yellow-tinted butter. The a* values showed a shift from redder tones (7.12) in the butter-rich sample to greener hues (6.35) in the emulgel-only sample, which aligns with the characteristic green tint of virgin olive oil due to its chlorophyll content (Hou et al., 2012). Similarly, b* values (yellowness) increased slightly in emulgel-dominant formulations, consistent with the carotenoid-rich profile of olive oil (Borello & Domenici, 2019). While, the peroxide value (PV) and acid value (AV) decreased as the emulgel ratio increased. Specifically, PV dropped from 1.35 ± 0.08 meq O₂/kg in the 100% butter sample to 0.85 ± 0.06 meq O₂/kg in the 100% emulgel spread. This trend demonstrates enhanced oxidative stability in olive oil-rich systems, likely due to the high content of monounsaturated fatty acids and natural antioxidants such as tocopherols and polyphenols in olive oil (Marangoni et al., 2012). Additionally, the slight rise in acid value in emulgel samples may be attributed to the presence of minor free fatty acids in beeswax, which has been reported previously (Serikkanov et al., 2022). However, the values remain well within acceptable limits for edible spreads. On the other hand, the total phenolic content (TPC) and DPPH radical scavenging activity were markedly higher in Spreadable Chocolate with higher emulgel content. The 100% emulgel formulation showed the highest TPC (2.18 mg GAE/g) and the highest DPPH inhibition (54.76) compared to 100% butter formulation which was 0.95 mg GAE/g and 22.34% for TPC and DPPH inhibition, respectively followed by 75% emulgel formulation. This enhancement in antioxidant activity is directly linked to the phenolic-rich nature of olive oil, particularly compounds like hydroxytyrosol, oleuropein, and tyrosol (Servili et al., 2009). Beeswax did not contribute to the phenolic profile, suggesting that the antioxidant effect arised almost totally from the olive oil matrix (Bascuas et al., 2021).
The data clearly demonstrated that replacing butter with olive oil-based emulgel improved the functional and nutritional profile of the product especially the sample that contains 100% emulgel without compromising physical stability or color acceptability. Such formulations could serve as healthier alternatives in spreadable fats, aligning with current dietary recommendations aimed at reducing saturated fat intake while enhancing the intake of bioactive compounds (EFSA Panel on Dietetic Products & Allergies, 2010).
3.5 Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on textural Properties of Spreadable Chocolate:
The substitution effect of butter with olive oil-based emulgel on the textural characteristics showed in table 6 notably firmness, spreadability, and cohesiveness of Spreadable Chocolate: 
As expected, the highest firmness (5.46 N) was observed in the 100% butter sample, while the lowest (2.18 N) occurred in the 100% emulgel sample. This decline in firmness with increasing emulgel content was attributed to the structural differences between the triglyceride-rich, solid-state fat crystals in butter and the semi-solid matrix of emulgels structured by beeswax. Beeswax forms a less dense and more porous crystalline network in oil-based systems, resulting in lower mechanical resistance (Zetzl et al., 2012). Similar trends were reported by Bascuas et al. (2021), who demonstrated that beeswax-structured emulgels yield softer textures than conventional solid fats.
Interestingly, the sample 3 (75:25) and the sample 4 (50:50) exhibited intermediate firmness (2.85–3.62 N, respectively) suggesting potential for texture optimization by tuning the emulgel-to-butter ratio. Such blends may meet consumer preferences for spreadable products without the excessive hardness of pure butter or the extreme softness of 100% emulgel. data in the same table observed an inverse relationship between firmness and spreadability, the sample 2 (100% emulgel) displaying the highest spreadability (28.45 mm), while the sample 1 (100% butter) was less spreadable (18.34 mm). This behavior confirmed that the softer matrix of emulgels enhanced ease of spreading, which is desirable for functional food applications such as low-saturated-fat spreadable chocolate (Patel et al., 2014). Improved spreadability with increasing emulgel ratio also reflected the lower internal resistance and higher plasticity of the emulgels matrix (Co & Marangoni, 2012).
While, cohesiveness values ranged from 0.66 for sample 2 (100% emulgel) to 0.72 for sample1 (100% butter). However, differences among all samples were not substantial. Cohesiveness, a measure of the internal bonding and resistance to fragmentation, was influenced by both the fat crystal structure and water-fat interactions in the matrix. The slightly lower cohesiveness in emulgel-rich samples might be attributed to the less compact microstructure of beeswax-based gels compared to saturated fat crystals (Silva, Martins, Fasolin, & Vicente, 2021). Nevertheless, the retention of similar cohesiveness across all formulations suggested that replacing butter with emulgel did not severely compromise structural integrity. Finally, these results demonstrated that increasing the olive oil-based emulgel content led to softer, more spreadable, and slightly less cohesive spreads. Such textural modifications are consistent with goals of reducing saturated fat intake while maintaining acceptable consumer qualities. Similar findings were observed in structured lipid systems developed for healthier margarine and bakery fat formulations (Davidovich-Pinhas et al., 2016). Therefore, adjusting the emulgel-to-butter ratio provides a practical strategy to improve the physical properties of spreads based on functional and nutritional requirements.
3.6 Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Rheological Behavior of Spreadable Chocolate:

The rheological analysis revealed that incorporating olive oil-based emulgel into butter formulations significantly influenced the viscosity profile, flow behavior, and consistency index of the blended spreads. The apparent viscosity at both low (10 s⁻¹) and high (100 s⁻¹) shear rates decreased with increasing emulgel substitution. The 100% butter sample exhibited the highest viscosity (45.32 Pa·s at 10 s⁻¹) followed by sample 25:75 (41.67 Pa·s at 10 s⁻¹) , while the 100% emulgel spread recorded a lowest value (26.48 Pa·s). This reduction was consistent with the softer structure of emulgels compared to the more rigid crystalline fat matrix of butter (Patel & Dewettinck, 2015). Butter contained saturated triglycerides forming dense crystal networks, whereas beeswax-structured emulgels possed a less compact microstructure due to weaker van der Waals interactions and a dispersed wax crystal phase (Zetzl et al., 2012). As a result, increasing emulgel-containing in blends reduced flow resistance under applied shear, facilitating easier spreadability.
At higher shear rates (100 s⁻¹), viscosity values also decreased across all samples and indicating shear-thinning behavior. This pseudoplastic flow behavior is desirable in spreadable products, enabling firmness at rest but improved spreadability under mechanical stress (Co & Marangoni, 2012).
In the same table, all blends showed flow behavior indices (n) less than 1 (0.42 to 0.49). The 100% butter sample had the lowest flow value (n = 0.42), suggesting higher shear-thinning capacity, while the 100% emulgel sample had a slightly more flow (n = 0.49). This trend was consistent with findings by Silva et al. (2021), who reported that wax-based emulgels exhibit more linear flow compared to crystalline triglyceride networks in butter.
The consistency index (K), representing resistance to flow, followed the same trend as viscosity, decreasing from (110.34 Pa·sⁿ) for sample1 (100% butter) to (65.27 Pa·sⁿ) for sample2 (100% butter). Intermediate blends (50–50% emulgel:butter) displayed transitional behavior, indicating that fine-tuning emulgel content allowed control over the textural and flow properties of the final product. These results were consistent with previous work demonstrating that partial substitution of saturated fats with emulgels modulates consistency without significantly compromising structural quality (Davidovich-Pinhas et al., 2016; Marangoni et al., 2012).
3.7 Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Thermal Properties of Spreadable Chocolate Assessed by DSC:
Differential Scanning Calorimetry (DSC) was employed to evaluate the thermal transitions of the blended Spreadable Chocolate, providing insights into the effect of olive oil-based emulgel incorporation on the melting characteristics of butter. As shown in table 8, The onset temperature (To) and peak melting temperature (Tp) exhibited a downward trend with increasing emulgel content. The 100% butter sample demonstrated the highest thermal transition temperatures (To = 28.45°C,  Tp = 33.62°C), followed by sample 25:75 emulgel:butter (To = 26.84°C,  Tp = 32.24°C) while the 100% emulgel sample recorded lower values (To = 21.62°C, Tp = 27.36°C),  . This shift was attributed to the substitution of saturated triacylglycerol-rich butter fat with olive oil, which was predominantly unsaturated and possessed a lower melting point (Wang et al., 2022). The trend confirmed that increasing unsaturated lipid content reduced the thermal stability of the fat matrix, aligning with earlier findings on structured lipid systems (Marangoni & Garti, 2018).
The gradual increase in both onset and peak temperatures with higher butter content (from 100% emulgel to 100% butter) further confirmed that the crystalline structure of butter, formed primarily by high-melting-point triglycerides such as palmitic and stearic acids, dominates the thermal behavior of the blend (Zbikowska et al., 2022). In contrast, the emulgel matrix formed by beeswax and olive oil features weaker and more thermolabile crystalline interactions, hence a lower thermal resistance. On the other hand, the enthalpy of melting (ΔH) followed a similar trend, decreasing significantly with increased emulgel substitution. The 100% butter sample exhibited the highest ΔH (78.24 J/g), reflecting the high energy required to melt its extensive crystalline fat structure. Conversely, the emulgel-only sample showed a lower ΔH (35.72 J/g), consistent with the softer, semi-crystalline network formed by beeswax in olive oil. These findings were in agreement with previous reports where the substitution of solid fats with emulgels or emulsified oils led to lower ΔH values due to reduced crystallinity and lower overall solid fat content (Patel & Dewettinck, 2015; Silva et al., 2021).
Intermediate blends (25–50-75% emulgel) exhibited a gradual reduction in ΔH (68.13 - 58.64 - 46.83 J/g, respectively) indicating a linear correlation between butter content and melting enthalpy. This thermodynamic modulation is important from a product development perspective, as it affects the spread’s plasticity, mouthfeel, and stability during processing or storage. Finally, the reduction in melting temperatures and enthalpy with increasing emulgel content suggested enhanced spreadability and a softer texture at refrigeration or ambient temperatures. However, it also implies that fully replacing butter may compromise thermal stability, which could affect shelf-life and product behavior under fluctuating temperatures. Therefore, partial replacement strategies (e.g., 50–75% emulgel) might offer a functional compromise between improved nutritional profile and acceptable thermomechanical stability (Meng, Qi, Guo, Wang, & Liu, 2018).
Conclusion 
The incorporation of beeswax-structured olive oil-based emulgels into butter spreads effectively improved structural, oxidative, and functional characteristics while maintaining key nutritional components such as monounsaturated fatty acids and phenolic compounds. Beeswax enhanced gel stability, firmness, and oxidative resistance without altering the fatty acid profile or antioxidant activity. Textural and rheological analyses confirmed the feasibility of emulgel integration for modulating spreadability and flow properties. Thermal analysis further validated the reduction in melting point and crystallinity with higher emulgel ratios, offering a softer and more user-friendly product. Overall, the results highlight the potential of these emulgels as healthier fat alternatives in the formulation of functional and clean-label spreads, supporting the transition toward reduced saturated fat consumption in line with dietary recommendations.




Table 2: Impact of different beeswax concentrations on the physicochemical characteristics and oxidative stability of olive oil-based emulgels.
	Sample 
	Gelation Time (min)
	Acid Value (mg KOH/g)
	Peroxide Value (meq O₂/kg)
	Rancimate (h)
	Firmness (N)
	OBC (%)
	L*
	a*
	b*

	Emulgel (olive oil + Beeswax 6%
	6.41 ± 0.22a
	1.15 ± 0.05b
	3.85 ± 0.13a
	5.82 ± 0.15d
	4.12 ± 0.08d
	92.34 ± 0.61d
	78.45 ± 0.31a
	-2.12 ± 0.05d
	17.31 ± 0.20a

	Emulgel (olive oil + Beeswax 8%
	5.22 ± 0.15b
	1.18 ± 0.04b
	3.45 ± 0.12b
	6.72 ± 0.12c
	6.08 ± 0.12c
	94.85 ± 0.50c
	76.93 ± 0.25b
	-1.95 ± 0.04c
	16.85 ± 0.18b

	Emulgel (olive oil + Beeswax 10%
	4.32 ± 0.12c
	1.20 ± 0.03ab
	3.23 ± 0.08c
	7.53 ± 0.12b
	7.92 ± 0.15b
	96.14 ± 0.45b
	75.40 ± 0.28c
	-1.83 ± 0.03b
	16.32 ± 0.16c

	Emulgel (olive oil + Beeswax 12%
	3.63 ± 0.12d
	1.25 ± 0.05a
	2.95 ± 0.07d
	8.32 ± 0.14a
	9.25 ± 0.18a
	97.35 ± 0.42a
	73.82 ± 0.31d
	-1.72 ± 0.03a
	15.85 ± 0.15d


Values are expressed as mean ± standard deviation (n = 3). OBC = Oil Binding Capacity; L, a*, b* = CIE color parameters representing lightness, redness/greenness, and yellowness/blueness, respectively. *

Table 3. Impact of different beeswax concentrations on Fatty Acid Composition of Olive Oil and Olive Oil-Based emulgels (% of Total Fatty Acids).
	Sample 
	Stearic (C18:0)
	Palmitic (C16:0)
	Oleic (C18:1)
	Linoleic (C18:2)
	Linolenic (C18:3)

	Olive oil
	2.73 ± 0.05b
	11.21 ± 0.13b
	73.12 ± 0.34a
	10.53 ± 0.15a
	0.60 ± 0.02a

	Emulgel (olive oil + Beeswax 6%
	2.85 ± 0.08a
	12.22 ± 0.12a
	71.25 ± 0.35b
	10.14 ± 0.15a
	0.60 ± 0.02a

	Emulgel (olive oil + Beeswax 8%
	2.87 ± 0.07a
	12.25 ± 0.11a
	71.23 ± 0.32b
	9.98 ± 0.14b
	0.61 ± 0.02a

	Emulgel (olive oil + Beeswax 10%
	2.88 ± 0.06a
	12.31 ± 0.12a
	71.15 ± 0.32b
	9.95 ± 0.13b
	0.60 ± 0.02a

	Emulgel (olive oil + Beeswax 12%
	2.94 ± 0.07a
	12.35 ± 0.13a
	71.11 ± 0.33b
	9.93 ± 0.14b
	0.59 ± 0.02a


Values are expressed as mean ± standard deviation (n = 3). 







Table 4. Impact of different beeswax concentrations on Total Phenolic Content and Antioxidant Activity (DPPH radical scavenging activity inhibition) of Olive Oil-Based emulgels:
	Sample 
	Total Phenolic Content (mg GAE/kg emulgel)
	Antioxidant Activity (DPPH%)

	Emulgel (olive oil + Beeswax 6%
	145.32 ± 2.53a
	56.22 ± 1.12a

	Emulgel (olive oil + Beeswax 8%
	144.95 ± 2.44a
	56.45 ± 1.05a

	Emulgel (olive oil + Beeswax 10%
	145.13 ± 2.45a
	56.13 ± 1.15a

	Emulgel (olive oil + Beeswax 12%
	144.85 ± 2.55a
	56.35 ± 1.24a


Values are expressed as mean ± standard deviation (n = 3). 














Table 5. Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Color, peroxide and acid values, total phenolic content and Antioxidant Activity (DPPH %) of Spreadable Chocolate:
	Sample
	Emulgel: Butter (%)
	L* (Lightness)
	a* (Red/Green)
	b* (Yellow/Blue)
	Peroxide Value (meq O₂/kg)
	Acid Value (mg KOH/g)
	Total Phenolic Content (mg GAE/g)
	Antioxidant Activity (DPPH %)

	1
	0:100
	28.45 ± 0.52b
	7.12 ± 0.19a
	12.76 ± 0.34c
	1.35 ± 0.08a
	0.65 ± 0.04a
	0.95 ± 0.06e
	22.34 ± 1.11e

	2
	100:0
	30.76 ± 0.61a
	6.35 ± 0.22b
	14.28 ± 0.29a
	0.85 ± 0.06c
	0.74 ± 0.03a
	2.18 ± 0.09a
	54.76 ± 1.37a

	3
	75:25
	30.12 ± 0.47a
	6.55 ± 0.20b
	13.94 ± 0.32b
	0.92 ± 0.05c
	0.71 ± 0.05a
	1.96 ± 0.08b
	49.82 ± 1.24b

	4
	50:50
	29.24 ± 0.59ab
	6.88 ± 0.17ab
	13.35 ± 0.30b
	1.08 ± 0.07b
	0.69 ± 0.04a
	1.55 ± 0.07c
	39.64 ± 1.15c

	5
	25:75
	28.90 ± 0.45b
	7.01a ± 0.18
	13.02 ± 0.28b
	1.22 ± 0.09a
	0.67 ± 0.03a
	1.32 ± 0.06d
	31.45 ± 1.02d


Values are expressed as mean ± standard deviation (n = 3). Emulgel:Butter ratios represent the percentage replacement of butter with olive oil-based emulgel. L, a*, and b* are CIE color parameters indicating lightness, redness/greenness, and yellowness/blueness, respectively. 


Table 6. Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on textural Properties of Spreadable Chocolate:
	Sample
	Emulgel:Butter (%)
	Firmness (N)
	Spreadability (mm)
	Cohesiveness (ratio)

	1
	0:100
	5.46 ± 0.23a
	18.34 ± 0.65e
	0.72 ± 0.04a

	2
	100:0
	2.18 ± 0.17e
	28.45 ± 0.74a
	0.66 ± 0.03a

	3
	75:25
	2.85 ± 0.21d
	26.18 ± 0.68b
	0.68 ± 0.04a

	4
	50:50
	3.62 ± 0.19c
	23.04 ± 0.71c
	0.70 ± 0.03a

	5
	25:75
	4.48 ± 0.22b
	20.12 ± 0.69d
	0.71 ± 0.03a


Values are expressed as mean ± standard deviation (n = 3). Firmness is measured in Newtons (N), spreadability is indicated by the diameter (mm) under standardized force.



Table 7. Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Rheological Behavior of Spreadable Chocolate:
	Sample
	Emulgel:Butter (%)
	Apparent Viscosity at 10 s⁻¹ (Pa·s)
	Apparent Viscosity at 100 s⁻¹ (Pa·s)
	Flow Behavior Index (n)
	Consistency Index (K, Pa·sⁿ)

	1
	0:100
	45.32 ± 1.27
	12.18 ± 0.84
	0.42 ± 0.02
	110.34 ± 3.26

	2
	100:0
	26.48 ± 1.11
	8.62 ± 0.73
	0.49 ± 0.03
	65.27 ± 2.91

	3
	75:25
	30.21 ± 1.06
	9.84 ± 0.68
	0.47 ± 0.02
	78.32 ± 3.08

	4
	50:50
	36.45 ± 1.22
	10.95 ± 0.70
	0.45 ± 0.02
	92.16 ± 2.74

	5
	25:75
	41.67 ± 1.38
	11.42 ± 0.79
	0.44 ± 0.02
	103.89 ± 2.85


Values are expressed as mean ± standard deviation (n = 3). 

Table 8. Impact of Substituting Butter with Olive Oil-Based Emulgel at Different Ratios on Thermal Properties of Spreadable Chocolate Assessed by DSC:
	Sample
	Emulgel:Butter (%)
	Onset Temp (°C)
	Peak Temp (°C)
	Enthalpy (∆H, J/g)

	1
	0:100
	28.45 ± 0.36
	33.62 ± 0.29
	78.24 ± 2.18

	2
	100:0
	21.62 ± 0.28
	27.36 ± 0.33
	35.72 ± 1.64

	3
	75:25
	23.05 ± 0.31
	29.44 ± 0.30
	46.83 ± 1.85

	4
	50:50
	25.10 ± 0.27
	30.85 ± 0.35
	58.64 ± 1.91

	5
	25:75
	26.84 ± 0.30
	32.24 ± 0.28
	68.13 ± 2.03


Values are expressed as mean ± standard deviation (n = 3). 
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