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Abstract

:

In this study, chitosan-based surfactants were synthesized by epoxy–amine chemistry to stabilize concentrated O/W emulsions at pH7. Chitosan was first depolymerized by nitrous deamination to obtain chitooligosaccharides (COS) with degrees of polymerization of 10 (DP10) and 20 (DP20). Then, three different epoxidized fatty chains, i.e., octyl/decyl glycidyl ether (C9), hexadecyl glycidyl ether (C16) and epoxidized cardanol (card), were grafted onto the amine groups of chitosan to form six amphiphilic structures. NMR measurements revealed grafting efficiencies ranging from 1 to 30% while HLB values ranged from 13 to 20. The relationships between these surfactant structures and their adsorption properties were investigated by tensiometric measurements, highlighting the need for a short hydrophilic moiety and high grafting efficiency to obtain the best adsorption. Subsequently, concentrated O/W emulsions (66% of oil) at pH7 were produced using COS-based surfactants and the impact of stirring time and speed during the emulsification process was described through rheological, droplet size and microscopy measurements. Finally, emulsions were stored over 2 months in order to study the destabilization phenomenon into the mixture, i.e., coalescence and creaming, by using laser granulometry and Turbiscan. Results demonstrated that stability could be enhanced by increasing emulsion viscosity, reducing droplet size or optimizing the adsorption layer at the O/W interfaces.
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1. Introduction


O/W emulsions are widely employed in industrial applications including cosmetics, food products, delivery systems and crop protection formulation, among others [1]. They are generally used to encapsulate active ingredients into oil droplets and distribute them evenly throughout the mixture. One way of improving the maximum concentration of active ingredients is to increase the oil content. From an oil mass ratio of 0.6, an emulsion is considered to be a concentrated emulsion [2]. Unlike dilute emulsions, the droplets in concentrated emulsions are crowded together thus increasing their interactions. Consequently, both their rheological properties and degree of stability might be different than that of diluted emulsions [3].



To enhance emulsion stability, surfactants are used as stabilizing agents. These surfactants, located at the droplet surface, exhibit the capacity to reduce interfacial tensions between water and oil, thereby sustaining emulsion stability for a certain time [4]. Nonetheless, a major challenge lies in the fact that surfactants commonly used on an industrial scale are derived from fossil resources, presenting significant toxicity and ecotoxicity risks for human health and ecosystems [5]. Over the last decade, scientific research has focused on the development of biobased surfactants possessing features such as biocompatibility, biodegradability and, most of all, nontoxicity. Biobased surfactants including lipopeptides [6], sophorolipids [7], polymeric surfactants [8] and seed oil compounds [9] are already available in the market [10] and mainly employed in food [11] and health [12] application. Some polysaccharides have been investigated as a hydrophilic part of surfactants such as chitosan [13], which is a deacetylated version of chitin. Chitin is derived from the exoskeleton of crustacea, insect’s cuticles, algae and fungi [14]. It is the most abundant biopolymer in biomass after cellulose [15], which makes it particularly interesting for the development of new biobased materials.



Chitosan exhibits significant potential for many applications including cosmetics, biotechnology, the food industry and medicine [16,17]. This is attributed to its inherent antimicrobial, antioxidative, biocompatible and biodegradable properties [18]. Furthermore, chitosan possesses both reactive alcohol and amine functions, which can be functionalized to form chitosan-based materials. These amines are potentially cationizable, enabling the formation of an ionic structure under low pH conditions. In addition, NH2 functions can enhance greater adhesion to the interface, improving stability [19]. Amphiphilic chitosan has been studied for its emulsifying properties across different applications [20,21]. Nevertheless, high molar mass chitosan exhibits high viscosity in solution and poor reactivity. By reducing the molar mass, chitooligosaccharides (COS) can be obtained [22], which are easier to functionalize [23] to reach amphiphilic branched structures capable of spontaneous self-assembly. Some papers demonstrated that branched surfactants outperform conventional surfactants in various aspects, because they exhibit lower surface tension, faster adsorption and better wetting abilities [24,25].



Generally, COS are modified with fatty acids leading to the formation of micelles employed in drug delivery applications [26], and their utility extends to other domains including direct O/W emulsion. Chapelle et al. [27] have developed a method to synthesize biobased chemically modified COS surfactants with epoxidized fatty chains, and have evaluated their potential use in O/W emulsion stabilization. Their work reveals that these surfactants exhibit fulfilling surface-active properties and can stabilize O/W emulsion for 55 days at pH = 2 (acidic conditions were used to activate the cationic character of these surfactants), as well as not being eco-toxic. These current COS-based surfactants should present the potential for broad applicability in diverse emulsion systems. However, a comprehensive understanding and optimization of emulsification conditions (surfactant structure, stirring time and stirring speed) are crucial to achieving optimal system performance over time.



Nonetheless, various destabilizing phenomena may manifest during emulsion storage such as coalescence, flocculation, or gravitational separation, leading to the emulsion breakdown. In addition, some undesirable phenomena including phase inversion and solid-like behavior at a high dispersed phase ratio may occur during the emulsification step, potentially compromising emulsion properties. Some papers have already highlighted these phenomena for conventional systems [28,29,30], or those incorporating polysaccharides as stabilizers combined with surfactants [31,32], but none on oligomeric branched surfactants such as COS-based surfactants.



The purpose of this paper is to understand the behavior of COS-based surfactants within a concentrated O/W emulsion and investigate the influence of various conditions during emulsion preparation on destabilization phenomena. First, COS-based surfactants modified with epoxidized fatty chains have been synthesized according to Chapelle’s protocol [33]. The surface-active properties of these surfactants were subsequently characterized through zeta potential, CMC and surface tension measurements. Then, these surfactants were employed at 5% by mass to emulsify a concentrated O/W emulsion at pH = 7, and the study of formulation and emulsification conditions were studied by monitoring the average droplet size and the viscosity over a 2-month storage period. Phase inversion phenomena and solid-like behavior were described using both microscopy and rheological measurements.




2. Materials and Methods


Chitosan (shrimp, 250 kDa, DA 9.4%) was purchased from Glentham Science and used as received. Cardanol glycidyl ether (NC513) was purchased from Cardolite. Octyl/decyl glycidyl ether (C9), hexadecyl glycidyl ether (C16), hydroxylamine hydrochloride (NH2OH), acetic acid (AcOH), sodium nitrite (NaNO2), sodium hydroxide (NaOH), hydrochloric acid (HCl) and acetone (>98%) were purchased from Sigma Aldrich and used without purification. Dimethylsulfoxide (DMSO) and methanol (MeOH) were obtained from VWR. Deuterium oxide (D2O) was purchased from Eurisotop.



2.1. Synthesis of Chitooligosaccharides (COS)


Chitosan (250 kDa) was depolymerized according to a protocol described by Chapelle [33]. Briefly, chitosan (1.0 g, 1 eq) was dissolved in a solution of acetic acid 1% v/v (800 µL in 80 mL of distilled water) with slow stirring at 50 °C overnight. The next day, an aqueous solution (10 mL) of NaNO2 (0.4 eq to obtain DP10, 0.2 eq to obtain DP20) was added to the solution. The reaction was carried out for 3 h at 50 °C. At the end of the reaction, the pH was raised to 10 by adding a concentrated solution of NaOH (1 M), then NH2OH (0.8 eq) was added and the solution was maintained at room temperature for 24 h under stirring. The desired product was precipitated dropwise in cold acetone (800 mL), collected by centrifugation, washed with cold acetone and vacuum dried to obtain COS as white/brown (respectively DP10/DP20) powder. To purify these COS, a solubilization in water/precipitation in acetone step was carried out, the final product was collected by vacuum filtration, washed again with cold acetone and vacuum dried.



1H NMR of DP10 (D2O, 400 MHz, 298 K) δ [ppm] (see Supplementary Materials, Figure S1): 7.43 (Hk), 4.87 (Ha’), 4.36 (Ha, Hi, Hj, Hl), 3.20–4.20 (Hb’, Hc, Hd, He, Hf, Hh, Hm), 2.58 (Hb), 1.94 (Hg)




2.2. Functionalization of COS with C9 or C16 Epoxy Fatty Chains


The synthesis of COS modified by C9 or C16 epoxy was inspired by a protocol described by Chapelle [33]. First, COS (1 g, 1 eq) was solubilized in a mixture of deionized water/MeOH (30 mL, 2:1 v/v) at 80 °C. To this solution, C9 or C16 (3 eq) in MeOH (10 mL) was added, and it was maintained at 80 °C for 24 h under stirring. The desired product was precipitated dropwise in cold acetone (300 mL), collected by centrifugation, washed with cold acetone and vacuum dried to obtain COS modified as white/brown (respectively DP10/DP20) powder. To purify these surfactants, a solubilization in water/precipitation in acetone step was carried out, the final product was collected by vacuum filtration, washed again with cold acetone and vacuum dried.



1H NMR of COS-DP10 + C9 (D2O, 400 MHz, 298 K) δ [ppm] (see Supplementary Materials, Figure S2): 7.43 (Hk), 4.87 (Ha′), 4.20–4.60 (Ha, Ha″, Hi, Hj, Hl), 3.26–4.00 (Hb′, Hb″, Hc, Hd, He, Hf, Hh, Hm, Hw, Hx, Hy), 3.24 (Hv), 2.71 (Hb), 1.94 (Hg), 1.45 (Hu), 1.19 (Ho, Hp, Hq, Hr, Hs, Ht), 0.77 (Hn)



1H NMR of COS-DP10 + C16 (D2O, 400 MHz, 298 K) δ [ppm] (see Supplementary Materials, Figure S3): 7.43 (Hk), 4.92 (Ha′), 4.20–4.60 (Ha, Ha″, Hi, Hj, Hl), 3.25–4.00 (Hb′, Hb″, Hc, Hd, He, Hf, Hh, Hm, HD, HE, HF, HC), 3.00 (Hb), 2.15 (Hg), 1.44 (HB), 1.14 (Ho, Hp, Hq, Hr, Hs, Ht, Hu, Hv, Hw, Hx, Hy, Hz, HA), 0.73 (Hn)




2.3. Functionalization of COS with Epoxidized Cardanol


The synthesis of COS modified by epoxidized cardanol was inspired by a protocol described by Chapelle [33]. First, COS (1 g, 1 eq) was solubilized in DMSO (30 mL) at 80 °C. To this solution, epoxidized cardanol (3 eq) in DMSO (10 mL) was added, and it was maintained at 80 °C for 24 h under stirring. The desired product was precipitated dropwise in cold acetone (300 mL), collected by centrifugation, washed with cold acetone and vacuum dried to obtain amphiphilic COS. To purify these surfactants, a solubilization in water/precipitation in acetone step was carried out, the final product was collected by vacuum filtration, washed again with cold acetone and vacuum dried.



1H NMR of COS-DP10 + epoxidized cardanol (D2O, 400 MHz, 298 K) δ [ppm] (see Supplementary Materials, Figure S4): 7.34 (Hk), 5.90–6.4 (HC, HD, HE, HF), 5,69 (Ho, Hq, Hr, Ht, Hu), 4.82 (Ha′) 4.15–4.55 (Ha, Ha″, Hi, Hj, Hl), 3.20–4.10 (Hb′, Hb″, Hc, Hd, He, Hf, Hh, Hm, HG, HH, HJ), 2.98 (Hb), 2.34 (Hg), 1.60–2.10 (Hp, Hs, Hv, HB), 1.28 (HA), 0.80–1.20 (Hw, Hx, Hy, Hz), 0.67 (Hn)




2.4. Calculation of the Grafting Efficiency


The grafting efficiency of epoxidized fatty chains onto chitosan amines was calculated using Equation (1) by using 1H NMR analysis. Fatty epoxy compounds are insoluble in water; thus, the signals correspond to a grafted oligomer. In addition, signal intensity corresponding to the proton in the alpha of the free amine decreased, meaning that free amines were consumed for the ring opening. To calculate the DS of free amines, the signals Hn between 0.70 and 0.85 ppm corresponding to the terminal CH3 of alkyl chains were compared to the total intensity of the amine Hb


  D S   %   =     1   3     I   H n         1   3     I   H n     +   I   H b     × 100  



(1)








2.5. HLB Calculation


HLB were calculated as follows with MH and ML being the molar mass of the hydrophilic and the lipophilic part, respectively (Equation (2)). MH is actually dependent on DP and it represents COS molar masses. For DP10 with one N-acetyl-β-D-glucosamine unit (MMN-acetyl-β-D-glucosamine unit = 203 g/mol), eight β-D-glucosamine units (MMβ-D-glucosamine unit = 161 g/mol) and one oxime unit (MMoxime unit = 160 g/mol) in the end-chain, MH = 1651 g/mol. For the same reasons, MH = 3303 g/mol for DP20. ML represents the fatty moieties (C9, C16 and Cardanol; MM = 200, 298 and 354 g/mol respectively) grafted onto COS. Finally, x is the number of fatty chains grafted onto COS


  H L B =     M   H       M   H   + ( x ×   M   L   )    



(2)








2.6. Zeta Potential


The zeta potential of COS-based surfactants was measured by dynamic light scattering using a Malvern Zetasizer nano ZS equipped with a He-Ne gas laser operating at a wavelength of 633 nm. The voltage applied to the electrodes of the electrophoresis cell was 40 V. The samples were concentrated at 1 g·L−1 in deionized water at pH7. The analysis was carried out at 20 °C, and measurements were conducted in triplicate. The cell was rinsed with deionized water before each measurement.




2.7. CMC and Surface Tension


The CMC and surface tensions at the water–air interface of COS-based surfactants were determined with a SCAT Dataphysics tensiometer by using the Wilhelmy plate method. A roughened platinum plate was used. Before each measurement, the plate was rinsed with distilled water, flamed and then left to cool down. Measurements were conducted in triplicate.




2.8. Preparation of the Emulsions


Refined soybean oil was used as a dispersed oil phase. O/W emulsions were produced as follows. Surfactant was dissolved in an adequate volume of deionized water at pH = 7 by magnetic stirring, and oil was added after. The mixture was then blended with a homogenizer ULTRA-TURRAX T25 (provided from IKA-Werke, Staufen, Germany), which has a dispersion modulus S25N-18G. Speed and time of mixing were modulated. Emulsifications were performed on 15 mL of liquid. Temperatures were monitored during the emulsification stage using a temperature probe, in the same way as the thermostated bath water used to cool down the system. Emulsions were stored at 20 °C for 2 months and regularly characterized by a particle size analyzer, rheometer and Turbiscan Lab.




2.9. Droplet Size


Determination of the variation in mean droplet size was performed on a particle size analyzer Malvern 2000 (Zetasizer software v7.13) coupled with a Hydro 2000S module and equipped with a He-Ne gas laser operating at a wavelength of 633 nm. Samples were diluted enough (200–400 times) to be accepted by the device and filtered on 0.45 μm nylon filters before use. Measurements were carried out in triplicate at 20 °C. The size taken into account in this study is D50, i.e., the mean diameter. A specific index (SPAN) was also calculated by the software to quantify size distribution width. A SPAN value close to 0 means that the distribution is more uniform and the size consistency is better (Equation (3))


  S P A N =   D 90 − D 10   D 50    



(3)




where D90 is the diameter where 90% of the distribution has a smaller size, and D10 is the diameter where 10% of the distribution has a smaller size.




2.10. Rheological Behavior


Rheological properties were carried out on an Anton Paar MCR 302 rheometer with a cone plate geometry (diameter: 25 mm, angle: 2°, cone truncation: 105 µm). The viscosity η was measured on a shear rate range of 0.001 to 1000 s−1 at 20 °C (upward curves only). Time-dependent behavior was studied for one of the surfactants, i.e., DP10-card, by applying an increase in shear rate from 0.001 to 1000 s−1, followed by 15 min at 1000 s−1 and finally a decrease from 1000 to 0 s−1.



The determination of the LVR (linear viscosity region) was carried out by strain sweep tests from 0.01% to 100% for two frequencies, i.e., 1 and 10 Hz. For both frequencies, the elastic modulus G′ remains constant up to 1% strain. Consequently, the modulus G′ and G″ were measured on a frequency rate range of 1 to 100 Hz at 20 °C with a shear strain of 0.1% in order to be in the LVR.




2.11. Turbiscan


In addition to measurements by the particle size analyzer and rheometer, the stability of emulsions was evaluated by static multiple light scattering (SMLS) using a Turbiscan Lab. Twenty milliliters of the emulsions were poured into a cylindric glass cell and scanned from the bottom to the top. The stability of the emulsions was determined based on changes in both backscattering (BS%) (Equation (4)) and transmission (T%) (Equation (5)) level as a function of time, which are directly linked to d the mean particle diameter (µm) and ɸ the oil volume fraction (v) of the sample with ri the internal radius of the measurement cell (µm), λ the photon transport mean free path (µm), λ* the photon transport mean free path corrected by a factor in the case of nonisotropic scatterers (µm) (Equation (6) and (7)), T0 the transmittance of the continuous phase, g the asymmetry factor and Qs the scattering efficiency factor. These two factors are both derived from Mie’s theory [34]


  B S =       1     λ   ∗           1   2      



(4)






  T =     T   0   e     −   2 r   i     λ      



(5)






   λ ∗  =   2 d   3 ɸ   1 − g   Q s    



(6)






  λ =  λ ∗  ( 1 − g )  



(7)







A destabilization index (TSI) was calculated according to the evolution of transmission and backscattering profiles. The instrument calculates the TSI value by comparing each scan to the previous one at a selected height and dividing the result by the total height (Equation (8))


  T S I =   ∑  i        ∑  h        s c a n   i     h   −   s c a n   i − 1   ( h )       H      



(8)




where scani(h) and scani−1(h) are the values of the backscattering level (when T = 0%) or transmission level (when T ≠ 0%) for a given scan “i” and the previous one “i − 1” obtained at a given height “h” and H is the total height of the sample. The TSI values change in the range 0–100. The increase in TSI value indicates a loss of emulsion stability [35].




2.12. Microscopy Measurements


Optical microscopy (Leica DM 6000M) coupled with a camera was used to observe the morphologies and the configurations of oil droplets dispersed on the emulsion. Samples were diluted between 200 and 500 times to obtain satisfying images and the objective used was ×50.



Fluorescence microscopy (EVOS FL) was also used to determine the type of the emulsion (O/W or W/O) and identify a phase inversion. The fluorescent marker for the aqueous phase is calcein. The objective used was ×50.





3. Results and Discussion


3.1. Synthesis and Characterization of COS-Based Surfactants


Three different fatty chains were grafted onto COS with different degrees of polymerization (DP). These syntheses led to six different structures. The originality of these oligomeric surfactants lies on their branched structure, which allows for better solvation, better adsorption and greater steric hindrance at the O/W interface than linear surfactants [25]. COS surfactants are named according to the size of the oligomer chain (DP10 or DP20) and the nature of hydrophobic chains (C9, C16 or card). For the grafting, three equivalents of fatty chains per glucosamine unit are employed in each synthesis. Table 1 shows their degree of substitution (DS), hydrophilic–lipophilic balance (HLB), zeta potential at pH = 7, critical micellar concentration (CMC) and surface tension at 1 g·L−1. The DS strongly depends on the COS length and the nature of the fatty chain, ranging from 1 to 30%. C9 fatty chain grafting generates the highest DS, and these values align with the findings reported in the literature [24]. Conversely, grafting onto DP20 leads to low DS.



The HLB values were calculated using an equation derived from Griffin’s (Equation (2)). An HLB greater than 7 indicates that the surfactant is water-soluble and capable of stabilizing an O/W emulsion. Here, all COS-based surfactants have an HLB value between 13.4 and 19.5, suggesting that these surfactants can be used as O/W emulsifiers. Regarding the ionic charge, chitosan possesses potentially cationizable NH2 functions with a pKa between 6.3 and 6.7. At pH = 7, these amines should be predominantly non-ionic. The zeta potential gives the electrostatic potential at the slipping plane of dispersed particles/droplets and indicates the degree of electrostatic repulsion between any two of them. This potential was measured at 1 g·L−1 of surfactant at 20 °C. As expected, these surfactants exhibit a zeta potential close to 0 mV, indicating that electrostatic repulsion in these systems should not occur.



The adsorption properties of COS-based surfactants can be evaluated according to the following two parameters: efficiency and performance. First, the efficiency of a surfactant is related to its critical micellar concentration (CMC). This CMC is defined at a given temperature as the concentration of surfactant from which the interface between air and water is saturated, and surfactant molecules spontaneous self-assemble in the medium to form micelles. Low CMC induces high surfactant efficiency. The lower the CMC, the more effective the surfactant. In this study, we were able to classify the surfactants as follows: DP10-C9 > DP10-card > DP20-C9 > DP20-card > DP10-C16 > DP20-C16. Then, the performance of a surfactant is related to the ability to lower the surface tension between two media and can be assessed by looking at values of surface tension at Csurfactants = 1 g/L, i.e., above the CMC. The lower the surface tension, the more stable the system, the better the surfactant performance. The COS-based surfactants can also be classified as follows: DP10-C9 > DP10-card > DP20-C9; DP20-card > DP10-C16 > DP20-C16. Chapelle et al. [24] had already explained the relationship between the surfactants’ structure and their adsorption properties at pH = 2. At pH = 7, these systems seem to behave similarly. First, these properties mostly depend upon the size of the COS. Oligomers are less efficient when the hydrophilic chain is longer, i.e., DP10 >> DP20. Then, the hydrophobic chain length and the DS can also influence the adsorption properties of these surfactants. A low DS, i.e., a few grafted fatty chains, decreases both performance and efficiency during the adsorption, i.e., DP10-C9 (DS = 29.3%) > DP10-card (DS = 23%) > DP10-C16 (DS = 6.6%). A sufficient number of chains is therefore required for the surfactant to adsorb as well as possible at the interface. However, grafting even more of these fatty chains onto COS is complicated due to the limit of reactivity of epoxy–amine chemistry. In addition, a too high DS may result in lower water solubility in this case.



As a consequence of these results, C16-based surfactants were not considered due to poor adsorption and low surface properties for the rest of this study.




3.2. Optimization of Emulsification Protocol


Concentrated O/W emulsions are particular emulsions with a high oil ratio, above 0.6. Both viscosity and droplet size were evaluated at the initial state (t0) for different stirring times and stirring speeds. First, the emulsion viscosity governs the kinetics of destabilization mechanisms such as gravitational separation, coalescence and flocculation, i.e., high viscosity slows down droplet movement, limiting collisions and migration [36,37]. This phenomenon is even more pronounced in a concentrated O/W emulsion where the viscosity is high enough to achieve gel-like behavior [38]. An increase in oil content therefore results in greater stability [39]. Romero et al. [40] showed that viscosity increases during the emulsification process, i.e., stirring time can influence viscosity. However, this phenomenon was not explained and will be investigated herein.



Regarding the second emulsion parameter, it is well-known in the literature that the stability of an emulsion is also dependent on the formed droplet size [41]. Generally, the smaller the droplet size, the greater the stability. This is because smaller droplets are less affected by gravitational phenomena, thus limiting creaming. However, the internal pressure in the smallest droplets is higher than in the largest droplets, favoring Ostwald ripening [42]. This phenomenon is even more prevalent in polydisperse emulsions. Several papers [43,44] have demonstrated that the most effective way to reduce droplet size is to supply high energy to the system during the emulsification phase by increasing the stirring speed.



Here, the emulsions were assessed with deionized water and refined soybean oil at pH = 7. The oil fraction was fixed at 0.66 to obtain a concentrated O/W emulsion, and a surfactant concentration of 50 g·L−1 (≈ 5% per weight (wt%)) was used. Jianguo Feng et al. [45] have shown that a high surfactant concentration is essential to optimize the O/W emulsion stability. They observed a decrease in droplet size as well as in SPAN value when the surfactant concentration was increased from 2 wt% to 6 wt%, results consistent with others O/W emulsion studies [46,47]. They also explained that when used at low concentration, surfactant molecules are unable to rapidly diffuse to the newly formed O/W interfaces and the amount of surfactant is insufficient to completely cover the exposed interfaces, thereby leading to droplet coalescence. Moreover, a high surfactant concentration can contribute to the formation of a high-strength interfacial film, thicker multilayer absorption and lower interfacial tension [48,49]. In addition, preliminary tests at different surfactant concentrations (1, 10, 30, 50 and 70 g·L−1) showed that 50 g·L−1 was the optimum concentration for obtaining both uniform and stable droplets. Indeed, at 1 g·L−1, i.e., close to the CMC, the system formed a phase inversion. This can be explained by the presence of a weak adsorption layer, which does not allow correctly stabilizing O/W interfaces. At 10 g·L−1 and 30 g·L−1, the adsorption layer is dense enough to prevent phase inversion, but microscopy images reveal a high presence of internal droplets (Figure 1), which decreases as the concentration increases. Finally, above 50 g·L−1, stable droplets are obtained. Because there were no significant differences between these two concentrations, 50 g·L−1 was chosen.



Evaluation of the modulation for emulsification conditions, i.e., stirring time and stirring speed, was first carried out on the emulsion with DP10-card surfactant. The aim is to achieve high viscosity and low droplet size.



3.2.1. Stirring Time


Stirring time during the emulsification step varied from 1 to 5 min. Viscosity and mean droplet size given by light scattering are shown in Figure 2. Size values have been confirmed by calculation performed on Image J from microscopy images (see Supplementary Materials, Figure S5). First, the viscosimetric analysis reveals that all emulsions exhibit non-Newtonian fluid behavior. It has been demonstrated in the literature that within a concentrated emulsion, the potential evolution of interaction forces can lead to thixotropic behavior in certain cases [50]. This behavior was investigated for one of the systems, i.e., DP10-card, and the results (see Supplementary Materials, Figure S6) show a weakly anti-thixotropic behavior with an increase in viscosity for a constant shear rate. Viscosity is regenerated when the shear rate returns to zero. This test exhibits that these emulsions have a time-dependent behavior. For the rest of this study, the viscosity profiles presented are upward curves results only.



Looking at the results below, increasing the stirring time from 1 to 4 min generates a slight increase in viscosity. While the droplet size remains largely unchanged with increasing stirring time, the size distribution (see Supplementary Materials, Figure S7) becomes progressively finer, contributing to enhanced homogeneity. In concentrated emulsions, a high homogeneity is indicative of a high droplet density of the same size. The droplets would be in a compact configuration within the system [51] unlike a common O/W emulsion, and the resultant inter-droplet frictional forces would bring a higher resistance to flow.



The viscosity profile of the emulsion reveals a significant drop in viscosity between the 4th and 5th minute. This drop in viscosity is indicative of a phase inversion [52]. This undesirable phenomenon occurs under specific emulsification conditions, resulting in the revert of the original O/W emulsion into a W/O emulsion [53]. To confirm this phenomenon, fluorescence microscopy images were taken at 3, 4 and 5 min where the aqueous phase was green-labeled by calcein (Figure 3). Until 4 min, dark oil droplets appear in a green aqueous phase, which proves the O/W emulsion. At 5 min, green water droplets are shown into the dark oil phase, confirming the appearance of phase inversion. Here, the DP10-card surfactant could therefore be at the boundary between O/W and W/O emulsion. Nevertheless, as evidenced by the viscosity profile at 5 min, DP10-card exhibits limited efficacy in stabilizing a W/O emulsion, resulting in the formation of unstable coarse droplets (Figure 3). The optimal approach is then to stir for 4 min to ensure a high level of homogeneity and to avoid reverse W/O emulsion.




3.2.2. Stirring Speed


Increasing stirring speed leads to a progressive decrease in the average droplet size up to a certain thermodynamic limit (Figure 2c). This limit, in our case, is approximately 6 µm and is attained at a stirring speed of 16,500 rpm. Beyond this threshold, a further increase in stirring speed does not affect the average droplet size (Figure 2c), Nevertheless, the size distribution profiles indicate an alteration in the width of the distribution. A comparison of the size distribution profiles (see Supplementary Materials, Figure S8) of emulsions generated at 16,500 rpm, 20,500 rpm and 24,500 rpm reveals a gradual shift toward a coarser and more heterogeneous distribution, accompanied by a noticeable increase in the SPAN value. Mehrina et al. [54] highlighted a similar phenomenon for W/O emulsions, explaining that the energy supplied to the system at high stirring speed can lead to forced coalescence by increasing the frequency of collisions between droplets during emulsification, thereby resulting in a more heterogeneous distribution. Additionally, the work of Chen et al. [28] on O/W emulsion with sorbitan monooleate as surfactant suggested that at high speeds, surfactants also may disconnect from the adsorption layer and weaken it during emulsification. Furthermore, the increased droplet collisions can lead to the formation of multiple emulsions within some droplets [55]. Here, optical microscope images were able to highlight these internal droplets, although sparsely present in the system (see Supplementary Materials, Figure S9).



Although less visible here, it is also possible to observe the trend described in the previous section concerning a slight decrease in viscosity when homogeneity is decreased, i.e., 16,500 rpm < 20,500 rpm < 24,500 rpm (Figure 2d). Given that this stability holds even greater significance for smaller droplet sizes, a stirring speed of 16,500 rpm was selected.




3.2.3. Surfactant Structure


Formulation and emulsification conditions are generally specific to the systems studied, but trends may emerge between different systems, particularly when the surfactants used have similar structures. After studying protocol optimization for the other systems, it was decided to keep the same emulsification conditions for all oligomeric surfactants. In the case of DP10-C9, which exhibits the most favorable adsorption properties at the water/air interface within this surfactant generation, emulsification experiments have revealed that this surfactant consistently triggers phase inversions whatever the conditions imposed. This observation suggests that DP10-C9 lacks the affinity necessary for stabilizing O/W emulsions. This behavior is likely attributed to the relatively short length of its fatty chains. Terreros et al. [56] demonstrated that linear surfactants with shorter hydrophobic chains contribute to reduced emulsion stability by promoting coalescence due to the low adhesion of these short chains into the oil droplet. In contrast, surfactants with longer fatty chains possess the capacity to penetrate deeper into the oil droplets, forming more robust hydrophobic interactions, and thus are more effective in preventing coalescence. Due to these considerations, this surfactant has been excluded from further investigation.



In the case of the DP20-C9 system, it also gives rise to phase inversion under particular emulsification conditions. However, when the previously established optimized protocol is employed, it successfully generates a stable O/W emulsion. This behavior can be attributed to the comparatively longer oligomeric chain length in DP20-C9 compared to DP10-C9, which imparts sufficient steric hindrance to avert coalescence and phase inversion under the specified conditions. In summary, stability assessment during storage will only be carried out for DP10-card, DP20-card and DP20-C9. Their average droplet size and viscosity at t0 with the optimized protocol are shown in Figure 4.



On one hand, the average droplet size of these three systems falls within a similar range, specifically between 5.5 and 7.5 µm. These results underscore the fact that altering emulsification conditions, particularly the stirring speed, exert a more pronounced influence on droplet size than the structural variations of the surfactant. DP20-C9 system appears to form the largest droplets, signifying that the C9 fatty chain exhibits lower affinity with the emulsion studied than cardanol. The system’s thermodynamic equilibrium tends toward smaller droplet sizes when the hydrophilic chain of surfactants is longer. Niraula et al. [57] have shown the same trend when using glucopyranoside surfactants with alkyl lengths ranging from C7 to C10.



On the other hand, the viscosity at t0 of these emulsions is close too. The disparity in viscosity between the emulsion containing DP10-card and that containing DP20-card could be explained by the hydrophilic chain length of these surfactants. Specifically, DP20-card features a longer hydrophilic chain, thus introducing a higher degree of steric hindrance. This, in turn, results in a slight elevation of inter-droplet friction forces, leading to an increment in viscosity. Regarding the DP20-C9 system, its viscosity is close to the DP10-card system. In summary, at the initial state, these three systems exhibit nearly identical optimal values for viscosity and average droplet size. The structural characteristics of these surfactants alone may give rise to variances in the study of destabilization mechanisms during storage.





3.3. Stability over 2 Months


The destabilization of these emulsions occurs via multiple destabilization mechanisms, including creaming, a phase separation process driven by gravitational forces, flocculation and coalescence, which involve the aggregation and fusion of droplets. The present investigation examines these various phenomena within concentrated oil-in-water (O/W) emulsions at pH = 7 and 20 °C over 2 months.



3.3.1. Aggregation and Fusion of Droplets


In the context of a highly concentrated emulsion characterized by closely spaced droplets, discussing flocculation becomes irrelevant. In addition, when emulsion is diluted, the flocculation rate is very low (see Supplementary Materials, Figure S10). Moreover, the small difference in average size given by light scattering and Image J (see Supplementary Materials, Figure S5) support this phenomenon. This highlights the fact that these chitosan-based surfactants greatly limit flocculation.



The evolution of droplet size over 2 months monitored by laser granulometry is presented in Figure 5. As we can see, flocculation/coalescence occurs mainly during the first few days of storage and then reaches a plateau. This phenomenon may be explained in part by the reorganization of surfactants at the oil–water interface to reach a more stable state, which is a long process of aging for a few days [24]. This reorganization within the adsorption layer can promote coalescence. When the system is thermodynamically more stable, coalescence still occurs, but is less intense.



An emulsion made with C9-based surfactant exhibits significant coalescence, transitioning from 7 µm at t0 to 25 µm after 60 days. This observation highlights the inadequacy of C9 groups, which possess a too short chain and therefore have a too weak compatibility with oil to effectively stabilize the O/W droplet interface. Conversely, the cardanol-based surfactant systems reveal that epoxidized cardanol is a good hydrophobic chain because the droplet remained stable over time, i.e., from 6.2 µm to 7.9 µm for DP10-card and from 5.8 µm to 6.5 µm for DP20-card. The lower increase in droplet size of the DP20-card system is linked to its higher viscosity, thereby restricting droplet mobility. In addition, the longer DP20 hydrophilic chain brings more steric hindrance to the adsorption layer, which limits droplets fusion. These results are in good agreement with the low values of flocculation/coalescence kinetics quantified with Turbiscan Lab (backscattering mean value evolution at the sample middle during the first 4 h) for DP20-card and DP10-card (respectively −0.03%BS/h and −0.28%BS/h) compared with the higher value of −1.19%BS/h for the C9-based surfactant (see Supplementary Materials, Figure S11).



To summarize, increasing steric hindrance, fatty chain length or viscosity helps control and even limits flocculation and coalescence.




3.3.2. Gravitational Separation


Because water is denser than oil, gravitational separation will occur during storage. Oil droplets will tend to migrate toward the surface, and an aqueous phase will form at the bottom of the emulsion. This phenomenon, known as creaming, leads to a system demixion. Turbiscan profile evolution can identify creaming into the emulsion and all nascent destabilization phenomena as flocculation (see Supplementary Materials, Figures S13–S15). At t0, no transmission and high stable backscattering values (Equations (4) and (5)) were observed for all systems, witnessing both homogeneous volume fraction and droplet mean size. After 1 day, there are two distinct phases for each system. The lower one is a serum phase without any oil traces (5–10% of the total emulsion) and the other one is the concentrated emulsion. For the emulsion with DP20-C9, a third phase appears at the top, representing the demixion oil phase.



All destabilization phenomena are quantified by TSI index (Figure 6a) and show that the emulsion with DP20-card surfactant exhibits the lowest gravitational destabilization. This result is mainly due to the high viscosity of the system (Figure 7d), which strongly limits droplet movement. Rheological analysis of both elastic (G′) and viscous (G″) modulus indicates a predominant elastic component resulting in gel-like behavior of this emulsion because G′ is higher than G″ (Figure 7b). As a reminder, G′ is a measure of the energy stored in a cycle of oscillation and G″ is a measure of the energy dissipated as viscous flow in a cycle of oscillation [58]. An intersection point can be observed at high frequency witnessing gel breaking. After a few days, when maximum creaming is observed, an increase in the emulsion phase rheological properties occurs due to higher oil concentration. This phenomenon tends to completely gel the system and block creaming, leading to solid-like behavior with a viscosity close to 600 Pa.s (Figure 7d). At the bottom of the emulsion, the increase in transmission percentage values over time allows determining the kinetics of aqueous phase formation during the first 5 days of storage using the slope at the origin (see Supplementary Materials, Figure S11). Here, the DP20-card system has obviously the lowest value of Vaq, i.e., Vaq(DP20-card) = 2.1 × 10−7 mm/min < Vaq(DP10-card) = 1.9 × 10−4 mm/min < Vaq(DP20-C9) = 7.3 × 10−3 mm/min.



The emulsion with DP10-card surfactant exhibits greater gravitational separation in the first few days due to lower viscosity (Figure 7c) and lower G′ and G″ values at t0 (Figure 7a), but quickly reaches a high viscosity close to the DP20-card system when the maximum height of the aqueous phase is reached. Indeed, water is expelled from the emulsion phase, leading to an increase in the viscosity. The C9-based system shows strong destabilizations due to the lack of affinity of its surfactant with this O/W emulsion, leading to low stability and oil demixing (see Supplementary Materials, Figure S15). It’s interesting to note that the height of the aqueous layer here is lower than that of the DP10-card system, but the rate of this aqueous layer obtention is higher (see Supplementary Materials, Figure S12). The small emulsion phase did not expel all the water and kept a relatively low viscosity compared to the cardanol-based systems.



However, these destabilizing phenomena are reversible when the emulsion is stirred to reincorporate the aqueous phase into the emulsion phase. After 2 months, emulsions can regain their original viscosity by simple agitation (Figure 8b) without affecting both droplet size and SPAN values (Figure 8a).



To summarize, increasing viscosity or reducing coalescence helps control and limit gravitational separation. In addition, this phenomenon is reversible by simply shaking.






4. Conclusions


In this work, the adsorption properties of chitosan-based surfactants and their ability to stabilize a concentrated O/W emulsion at pH = 7 were evaluated. COS of DP10 and DP20 modified with fatty epoxides (C9, C16 and cardanol) were investigated. This study demonstrated that surfactant properties exhibit dependency on both hydrophilic and hydrophobic chain lengths and grafting ratio, but mainly on the added fatty chain length. Surfactants functionalized with C9 appear to have better CMC and surface tension values at 1 g·L−1 than their analogs with longer alkyl chains. In addition, a too long hydrophilic part such as DP20 disadvantages surfactant properties due to their low adsorption. However, the evaluation of emulsifying properties into concentrated O/W emulsion demonstrates that adsorption properties alone cannot predict the behavior of these surfactants during stabilization. Good affinity and adhesion are both necessary to restrain destabilizing phenomena during emulsion storage, so the cardanol fatty chain is better than C9. High steric hindrance also limits coalescence, as has been proven with DP20-card surfactants. In addition, increasing viscosity by modulating the emulsification conditions limits both coalescence and creaming by reducing droplet movement, and a very high viscosity seems to prevent these phenomena by gelling the system. Finally, the reversibility of creaming was demonstrated after 2 months with no change in droplet size associated with viscosity recovery.



This understanding study of the adsorption properties at the air–water interfaces and stability properties of concentrated O/W emulsions of these COS-based branched surfactants can be very useful for designing new biobased surfactants for applications requiring stability with a large quantity of oil.
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Figure 1. Microscopy images of emulsions made with DP10-card at different surfactant concentrations. 
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Figure 2. (a) Average droplet size (in black) and SPAN value (in gray) as a function of stirring time; (b) viscosity profile of emulsions as a function of shear rate (from 0.001 to 1000 s−1) for different stirring time values; (c) average droplet size (in black) and SPAN value (in gray) as a function of stirring speed; (d) viscosity profile of emulsions as a function of shear rate (from 0.001 to 1000 s−1) for different stirring speed values. The surfactant used is DP10-card. 
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Figure 3. Fluorescence microscopy images of an emulsion made with DP10-card at different stirring times. Water is green-labeled by calcein. 
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Figure 4. (a) Average droplet size (in black) and SPAN values (in gray) as a function of surfactant structure; (b) viscosity profile of emulsions as a function of shear rate (from 0.001 to 1000 s−1) for different surfactant structures. 
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Figure 5. Evolution of average droplet size as a function of time. 
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Figure 6. (a) Evolution of TSI (destabilization index) as a function of time; (b) emulsions at t0 and at 60 days. 
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