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Abstract

:

Microcapsules are employed extensively in various applications; however, most are composed of synthetic plastics. Thus, substitution of their component materials is essential to prevent environmental problems associated with primary microplastics. Herein, we report the synthesis of eco-friendly silica core–shell microcapsules for fragrance retention. The silica shell was prepared via oil/water emulsion template synthesis using tetraethyl orthosilicate (TEOS), which was added to the immature silica microcapsules prior to complete formation of primary silica shells to promote seeded growth for further reaction of silica. The thickness of the silica shell increased from 42.29 to 70.03 nm, while the Brunauer–Emmett–Teller surface area and internal pore area decreased from 155.16 and 30.08 m2/g to 92.28 and 5.36 m2/g, respectively. The silica microcapsules with lower surface areas retained fragrance for more than 80 days, even in a harsh environment of 15% sodium dodecyl sulfate at 60 °C, whereas the fragrance compound in those without additional TEOS treatment was completely released within seven days. Practical qualitative evaluation of fragrance was also performed for application in fragrance delivery because of the enhanced long-term fragrance retention ability. Our findings show the widespread potential of microcapsules synthesized from eco-friendly materials in industrial applications.
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1. Introduction


The materials of microcapsules, composed of core–shell or matrix-embedded systems, have been extensively studied to control the use of active materials in various fields, including home care, cosmetics, pharmaceuticals, and food technology [1,2,3,4,5]. Synthetic polymers such as melamine [6,7], polymethacrylate [8,9], and polyurethane/urea [10,11] are widely used in the fabrication of microcapsules; however, they are difficult to degrade naturally [12,13,14]. Microcapsules are classified as primary microplastics because their materials are hardly biodegradable [15,16]; hence, most countries have issued fixed-term regulatory legislation recommending alternatives to microplastics [17,18].



Silica, which is widely used in anticaking agents, abrasives, moisture or oil absorbers, additives, etc., is one of the alternative material candidates [19,20,21,22]. Although the encapsulation of active ingredients using silica has been investigated, further work is needed to understand the mesoporous features of silica, so that its applicability can be extended to other areas such as fragrance microcapsule fabrication [23,24,25]. To compensate for the disadvantages of silica, microcapsules have been synthesized by hybridization with ethyl cellulose [26], polyurea [27], melamine [28], or have been hydrophobically modified by adding methyltriethoxysilane (MTES) and dimethyldiethoxysilane (DMDES) [29,30]. However, these microcapsules are not free of microplastics. During water/oil (W/O) emulsion template synthesis, the silica reaction proceeds more slowly in an acidic than in a basic medium, resulting in dense and less porous microcapsules [31,32,33]. Although the addition of tetraethyl orthosilicate (TEOS) can reduce the porosity, in contrast to our study, the phase of the studies was inverted and the encapsulated ingredient exhibited a retention time of only about 100 h in deionized (DI) water [33]. Products such as cosmetics and laundry detergents typically contain emulsifiers and have a shelf life of at least three years [34]. The fragrance in household products should be retained within the capsule for as long as possible; however, the fragrance retention of microcapsules in such products can be negatively impacted by harsh conditions, including high emulsifier concentrations, high temperature washing cycles, and irregular temperatures during distribution.



In this study, we developed fragrance microcapsules with low porosities composed entirely of silica. These microcapsules contain no microplastics and retain the fragrance for extended periods, even under harsh conditions. Using a fragrance O/W emulsion as a template, TEOS in the oil phase was hydrolyzed at the O/W interface to form silica shells under mild conditions (25 °C without pH adjustment). TEOS was subsequently applied to the premature silica microcapsules for additional silica coating owing to seeded growth. After the addition of TEOS, microcapsule thickness was assessed using focused ion beam scanning electron microscopy (FIB-SEM), and the specific surface area was determined by Brunauer–Emmett–Teller (BET) analysis. In addition, the fragrance retention time and practical qualitative fragrance were evaluated in a high-concentration emulsifier solution at a high temperature to mimic a harsh environment.




2. Materials and Methods


2.1. Materials


TEOS was purchased from Wacker (München, Germany), methyltrimethoxysilane (MTMS), DMDES, 3-aminopropyltriethoxysilane (APTES), and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and n-octyltriethoxysilane (n-OTES) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cetyltrimethylammonium bromide (CTAB), ethanol, and acetone were purchased from Daejeong (Siheung, Korea). Hexyl cinnamaldehyde was obtained from Firmenich (Geneva, Switzerland). Dihydrogenated tallowamidoethyl hydroxyethylmonium methosulfate (DTHM) was obtained from Osung chemical (Incheon, Korea). Syringe filters (0.22 μm, Millex®) were purchased from Merck Millipore (Burlington, MA, USA). Syringes (10 mL) were purchased from the Korea Vaccine Co., Ltd. (Seoul, Korea).




2.2. Synthesis of Silica Microcapsules


TEOS was mixed with hexyl cinnamaldehyde in a weight ratio of 1:1 in the oil phase. CTAB (10 wt%) was dissolved in DI water at 80 °C. After complete dissolution, the concentrated CTAB solution was diluted to 1.5 mM with DI water. The oil phase was gradually added to the aqueous phase and mixed using a homogenizer at 3000 rpm (T-25 Ultra-Turrax, IKA). The mixture was subsequently homogenized at 11,000 rpm for 10 min to form the fragrance O/W emulsion. The emulsion was maintained at 25 °C for two days, during which time microcapsules with premature silica shells formed. The thickness of the silica microcapsules was enhanced by adding varying amounts of TEOS (1, 3, 5 wt%) to the precapsule dispersion and mixing for 10 min with a mechanical overhead stirrer (Eurostar 20, IKA, London, UK) at 200 rpm. The reaction was allowed to proceed at 25 °C for three days, after which the silica microcapsules were centrifuged and rinsed with DI water. The resulting pellets were dried in an oven at 40 °C for 48 h.




2.3. Characterization


The fragrance compound in the silica microcapsules was completely removed prior to analysis of the various silica microcapsules. The dispersion process in ethanol, thorough crushing with a tip sonicator (Qsonica, Newtown, CT, USA), and precipitation by centrifugation was repeated six times. After centrifugation, the silica shell particles were freeze dried for 24 h and then dried at 100 °C for one week to obtain a pure silica shell.



The silica microcapsules were cross-sectioned using a focused ion beam scanning electron microscope (Helios 5UX, ThermoFisher, Waltham, MA, USA). The thickness of the silica shell was randomly measured at 150 spots in the SEM image with an Image J analyzer (IMAGE J 1.53k, Bethesda, MD, USA) to determine the average thickness of the shell.



The nitrogen adsorption isotherm was obtained at 77 K using a surface area analyzer (ASAP-2420, Micromeritics, Norcross, GA, USA), from which the surface area was calculated by BET analysis; the internal pore area was calculated using the t-plot model, and the pore size distribution was calculated using the Barrett–Joyner–Halenda (BJH) method. The samples were stored under vacuum at 200 °C for 24 h to completely eliminate gas and moisture from the surface and pores before any measurement was taken.



Before the microcapsules were dried, as mentioned in Section 2.2, the fragrance encapsulation efficiency was determined by adding 2 g of the reaction product to 98 g of the 1% SDS solution, which was immediately diluted with ethanol using a syringe filter after mixing. Further, the concentration of the fragrance compound was measured using a UV spectrophotometer (Lambda 365, Perkin Elmer, Waltham, MA, USA) at 285 nm, which is the maximum absorption wavelength of hexyl cinnamaldehyde. The fragrance encapsulation efficiency was calculated using Equation (1):


  Encapsulation   efficiency   ( % ) =  (  1 −    C S     C 0     )  × 100  



(1)




where CS is the concentration of the fragrance compound in the SDS solution (as it is unencapsulated fragrance) and C0 is the concentration of the initial fragrance compound before the synthesis of silica microcapsules. Cs was calculated using the absorbance vs. concentration standard curve of hexyl cinnamaldehyde concentration. Each sample was analyzed in triplicate.




2.4. Perfume Leakage Test


The fragrance silica microcapsules (0.2 g) were dispersed in 99.8 g of the SDS solution (15 wt%, pH 3.5). The samples were stored at room temperature and 60 °C for seven-day time intervals for a total of 113 and 84 days at RT and 60 °C, respectively. After each interval, the samples were filtered using a syringe filter and diluted with ethanol before the concentration of the fragrance compound leaked from the silica microcapsules was measured using a UV spectrophotometer. In addition, residual fragrance in the silica microcapsules remaining on the filter was assessed, those were dispersed in ethanol, and the corresponding shells were crushed by a tip sonicator and filtered using a syringe filter before the residual concentration of the fragrance compound in the microcapsules was measured using a UV spectrophotometer. The total fragrance concentration, which is the sum of the fragrance residual in the microcapsules and the fragrance leaked out from the microcapsules, is 100%. Total fragrance concentration was calculated using Equation (2). Each sample was analyzed in triplicate.



The leaked fragrance concentration was calculated using Equation (3):


  Total   fragrance   concentration   (  C T  ,   % ) =  C L  +  C R  = 100  



(2)






  Leaked   fragrance   concentration   ( % ) =  (     C L     C T     )  × 100  



(3)




where CL is the leaked concentration of the fragrance compound in the SDS solution from the fragrance silica microcapsules and CT is the concentration of the initial fragrance compound in the microcapsules.



CL was calculated using the same method as that used to calculate CS (described in Section 2.3). CR was calculated as follows. First, the silica microcapsules were dispersed in ethanol. Thereafter, the corresponding shells were crushed by a tip sonicator and filtered using a syringe filter, after which the residual concentration of the fragrance compound in the microcapsules was measured using a UV spectrophotometer.




2.5. Qualitative Evaluation of Fragrance


The fragrance silica microcapsules (0.2%) were dispersed in a 10% solution of dihydrogenated tallowamidoethyl hydroxyethylmonium methosulfate (DTHM), the key ingredient in fabric softeners, antistatic agents, and surfactants. The samples were stored at room temperature for specific point-in-time durations for 15 months (1 week, 2 weeks, 4 weeks, 8 weeks, 24 weeks, 40 weeks, and 60 weeks) and at 60 °C for time-point durations for 2 months (1 week, 2 weeks, 4 weeks, and 8 weeks).



To perform the fragrance qualitative evaluation test, we used a B-type washing machine (LG inverter direct drive 10.0 kg, Busan, Korea) that followed the ISO 6330 5.12 standards [35]. We used 20 cotton towels, which are a weight-compensation fabric for type B washing machines according to the ISO 6330 5.3 standards [35]. According to the standard test method, 20 g of the DTHM solutions including the fragrance silica microcapsules was added to 50 L of water, swirled for 15 min, and then drained for 6 min. Subsequently, the evaluation was carried out after air drying for one day.



Subjective fragrance evaluation was used to determine the fragrance retention strength of the finished fabrics. The evaluation test included 20 people aged between 25 and 40 (10 males and 10 females; all had completed at least graduate school). Each cotton towel was folded and rubbed by the panelists, who then sniffed the scent. They conducted a blind test in which they had no prior knowledge of the samples. The intensity of the scent was divided into 6 levels (5 = very strong scent, 4 = strong scent, 3 = medium scent, 2 = weak scent, 1 = very weak scent, and 0 = no scent). The response of each member on fabric fragrance retention was recorded.





3. Results and Discussion


3.1. Suitable Synthesis Conditions for Fragrance Silica Microcapsules


Silica microcapsules can be synthesized using several techniques. High temperature, sonication, and high or low pH can be employed to rapidly synthesize microcapsules by increasing the TEOS hydrolysis rate [33,36,37,38]. Before synthesizing fragrance containing silica microcapsules for our fragrance delivery system, we first examined the feasibility of each synthetic method.



After emulsifying the fragrance compound and TEOS mixture at 11,000 rpm at 25 °C, samples of the emulsion were subjected to the following reactions: (i) a 7-d reaction at room temperature, (ii) a 2-d reaction at 50 °C followed by a 7-d reaction at room temperature, and (iii) 1 h of sonication followed by a 7-d reaction. The silica microcapsules formed under each set of reaction conditions had the following characteristics (Figure 1G): (i) particle size of 1.18 μm and an encapsulation efficiency of 99.61 ± 0.003%, (ii) particle size of 0.87 μm and an encapsulation efficiency of 84.19 ± 0.464%, and (iii) particle size of 0.43 μm and an encapsulation efficiency of 99.13 ± 0.004%. The silica microcapsule (0.2 wt%) was added to a 15% SDS solution to assess the fragrance retention. The fragrance in the capsules synthesized at room temperature was retained for 1000 h (approximately 40 d), whereas the fragrance in capsules synthesized at 50 °C was completely released in 4 h and that in the capsules synthesized by sonolysis was completely released within 2 d (Figure 1H).



The fragrance retention of the silica microcapsules was also analyzed by measuring the concentration of hexyl cinnamaldehyde that leaked into the aqueous phase of the SDS solution from the silica microcapsules at room temperature by measuring the absorbance at 285 nm. The fragrance compound encapsulated in silica microcapsules, with silica coatings to reduce porosity, was added to a 15% SDS solution to mimic laundry detergent and fabric softener products. The leakage of the fragrance oil from the microcapsules was evaluated at various times and temperatures.



The fragrance silica microcapsules synthesized at room temperature were found to be the most suitable (Figure 1H). These microcapsules had dense less porous microcapsule shell structures because the reaction occurred slowly at the interface of the fragrance compound and the TEOS mixture [31,32]. However, even at room temperature, the fragrance oil leaked within 2 h at a higher silication rate due to the high temperature. Although the fragrance capsules synthesized at 50 °C and those at room temperature showed minor size differences, the rapid silica reaction presumably formed more porous structures at 50 °C (Figure 1A,B,D,E). Meanwhile, after ultrasonic homogenization into a fragrant nano-emulsion, the emulsion template reaction occurred, and the synthesized nanocapsules were narrowly dispersed to 400 nm in size (Figure 1C). However, these nanocapsules released the fragrance compound approximately 14 times faster than the microcapsules synthesized at room temperature, and the rate of leakage appeared to increase with increasing surface area (Figure 1E). The fragrance retention time of the microcapsules synthesized at room temperature (approximately 40 d) was too short for use in detergents; hence, the microcapsules required further treatment.



pH is also important for the formation of silica. The reaction rate is accelerated by increasing the pH; however, this also increases porosity to the extent that the structure of the microcapsules cannot be maintained. The reaction rate can be controlled by lowering the pH level; however, when the pH level decreases to <4, the hydrolysis rate exceeds the condensation rate [39]. Thus, the concentration of hydrolyzed TEOS is increased, and the rate of migration of hydrophilic TEOS to the exterior water phase is higher than the rate of incorporation at the interface. As a result, synthesizing the thick shell of silica microcapsules becomes difficult, and the hydrolyzed TEOS in the aqueous phase undergoes a sol–gel reaction, eventually resulting in the gelation of the entire phase. Furthermore, we confirmed that after preparing the fragrance emulsion, the pH level immediately decreased to <4, which resulted in the gelation of the entire phase after 3–4 d (data not provided).



In particular, monitoring the pH change during the reaction of silica microcapsules confirmed that the result ranged from pH 6.5 to pH 4.2 as the reaction proceeded. Microcapsules with the desired properties, such as a dense capsule wall and prolonged retention of the encapsulated compound, were synthesized at room temperature under mild conditions [36]. Therefore, unlike conventional microcapsules composed of melamine, polymethacrylate, and polyurethane/urea, the silica fragrance microcapsule we developed uses less energy (as it does not increase the temperature) and is eco-friendly (because it does not utilize or release dangerous compounds).




3.2. Enhanced Stability of Silica Microcapsules for Harsh Environments


To prevent or delay fragrance leakage from the microcapsules, we examined coating additional silica on the surfaces of previously synthesized silica microcapsules at room temperature. Hydrolyzed TEOS has stronger affinity with preformed silica surfaces compared with other hydrolyzed TEOS, resulting in seeded growth [40]. A thin silica layer grew on the surfaces of the silica microcapsules after post-silica coating (Figure 2A). The silica shells measured 102.3, 70.0, and 57.7 nm thick, on average, when additional TEOS concentrations of 5% (T5), 3% (T3), and 1% (T1), respectively, were added (Figure 2B). The untreated capsules (T0) had an average thickness of 42.3 nm. The thickness of the silica shell increased as the concentration of TEOS applied increased. However, although the thickness of T5 increased, SEM images revealed that this increase in thickness was less uniform than in the other samples. (Figure 2). Beyond a specific TEOS concentration, additional reactions occurred along with seeded growth on the surfaces of the microcapsules. The addition of more than 6% TEOS resulted in the formation of a gel throughout the phase (data not shown), which suggests that the maximum concentration of 5% TEOS can be added to the microcapsules.



Stirring speed also had an effect on the reaction during the introduction of TEOS. Hydrophobic TEOS emulsifies into small particles that disperse throughout the phase. However, stirring the mixture at less than 200 rpm for less than 10 min led to phase separation with a large emulsified TEOS phase and non-uniform coating or gelation in the partial phase. In addition, when hydrolyzed sodium silicate was added directly to the phase in place of TEOS, the sol–gel reaction occurred throughout the phase rather than selectively on the silica microcapsule surface (data not shown).



TEOS presumably hydrolyzed and slowly dissolved in the aqueous phase at pH 4.2, then bound to the silanol groups of the silica microcapsules, which have a stronger affinity for TEOS than other hydrolyzed TEOS, resulting in a seeded growth reaction [41]. However, as the TEOS concentration increases, whether by the higher rate of dissolution of hydrolyzed TEOS in the aqueous phase or, if TEOS is oversupplied, by adding additional TEOS, increasing the reaction temperature, changing the pH to acidic or basic, or adding sodium silicate, as examples, the silica reaction occurs not only on the surface of the microcapsules but the sol–gel reaction also take place in the aqueous phase; thus, the amount of TEOS added, temperature, and pH needs to be adjusted.




3.3. Mesoporous Controlled Silica Microcapsules


BET analysis was also employed to determine the specific surface area and internal pore area of the synthesized silica microcapsules. The adsorption isotherms of the silica shells exhibit type II behavior (Figure 3A), indicating the presence of mesopores (2–50 nm) and macropores (>50 nm) [42]. The size of the macropore is similar to or larger than the measured thickness of the silica shell, therefore does not affect the internal structure of the shell that influences fragrance oil leakage, and can thus be ignored (Figure 3B). The adsorption hysteresis loops are non-overlapping and narrow, exhibiting the characteristics of a slit-like pore structure (H3 type). As the amount of added TEOS increases up to 3%, the overall absorbed volume decreases. Seeded growth occurs after hydrolysis of TEOS, which appears to fill both mesopores and external pores on the surface of the shell.



The abovementioned data were calculated using the BET and t-plot methods. The total surface areas of the silica microcapsules and their respective surface areas are shown in Table 1. As the additional TEOS content increased from 0% to 3%, the total surface area of the silica shell decreased by 40.5%, and the micropore surface area decreased by a considerable 82.2%. The BJH distribution of average pore size versus incremental pore area and volume also revealed a reduction in both pore area and volume of both the macropores and mesopores (Figure 3B,C). The pores were clearly discernable by their distinct maxima centered at 2.36, 8.69, 44.2, and 101 nm in Figure S1. The pore sizes of 44.2 and 101 nm are not relevant because they are higher or similar to the thickness of the silica microcapsules, as described above. In particular, the reductions of 2.36 and 8.69 nm in the size of the mesopores were presumably directly related to the fragrance retention ability of the microcapsules.



The absorbed volume increased upon the introduction of additional 5% TEOS (T5) to the immature silica microcapsules (Figure 3A and Figure S2). The pores in the shells of the silica microcapsule were presumably filled by the addition of 3% TEOS as the capsule shell thickened. Further addition of TEOS resulted in a build-up of excess TEOS, forming a rough surface on the surface of the silica microcapsules (Figure 3A). Although the phase and number of additions were different, the results are surprisingly similar to those of Meaney et al. [33] when considering the concentration of TEOS added. In this system, multiple additions of TEOS are considered most effective. However, the addition of excess TEOS improves both the simplicity and the productivity of capsule synthesis.




3.4. Fragrance Retention Test


The primary goal of this work is to determine the correlation between capsule thickness and changes in porosity after the addition of TEOS, and their effect on fragrance retention. The fragrance retention of the silica microcapsule was assessed at a high temperature, representing harsher conditions than those in the previous experiment (Section 3.2). The concentration of the released fragrance compound was measured for up to four months at room temperature and 60 °C to determine the fragrance retention.



After 133 d, more than 60% of the fragrance compound remained within the T5 microcapsules, whereas 50% remained within the T3 microcapsules and only 25% remained within the T1 microcapsules at room temperature (Figure 4A). The fragrance encapsulated within the T0 microcapsules was completely released after 42 d. The fragrance leaked more rapidly at 60 °C (Figure 4B). Approximately 20% of the fragrance compound remained in the T5 microcapsules after 84 d. In contrast, all of the fragrance compound leaked from the T3, T1, and T0 microcapsules after 84, 40, and 7 d, respectively. Silica fragrance capsules with thicker shells exhibited more effective fragrance retention because of the additional silica at the surface of the microcapsule; however, this was only observed after the additional TEOS was adequately emulsified. A mechanical overhead stirrer speed of less than 200 rpm, or a short stirring time, resulted in lower fragrance retention (Table S1), which indicates that seeded growth occurs consistently when TEOS emulsions are uniformly distributed throughout the phase.



Silica microcapsules for fragrance retention should ideally be devoid of pores; however, because silica has mesoporous properties, pores should be minimized to ensure fragrance retention for long periods in harsh environments. Despite the low number of pores in the synthesized microcapsules, hexyl cinnamaldehyde molecules can leak from the capsule through the few slit-like mesopores in the shell structure. As schematically represented in Figure 5, the addition of TEOS to the microcapsules at 25 °C under weakly acidic conditions significantly reduces the internal pore area because of the low rate of hydrolysis, while the silica formed by seeded growth is gradually deposited in the pores.




3.5. Qualitative Evaluation of Fragrance


We confirmed that silica fragrance capsules maintain fragrance for an extended period of time, even in harsh conditions. The silica capsules designed for the fabric softener also had to be evaluated to ensure that they worked as intended. The fragrance evaluation was carried out with 20 panelists to determine the residual fragrance. The ISO 5.12 and 5.3 methods were used to assess the degree of fragrance retention in the silica fragrance capsules at different time durations and temperatures in the cationic polymer solution that was used for the fabric softener [35]. In this evaluation, T1 was not included. The number of samples should be minimized because the olfactory sense, which is the easiest to exhaust among the five senses in humans, causes difficulty in accurately measuring the intensity of fragrance. Although T1 revealed superior fragrance preservation to control the fragrance retention test, T3 and T5 were assumed to be more significant.



Similar to the fragrance retention test, the fragrance intensity of the T5 microcapsule sample was more than moderate after 60 weeks and the fragrance intensity of the T3 microcapsule sample was weak, while the fragrance intensity of the T0 microcapsule sample was very weak within 8 weeks (Figure 6A). The fragrance of the sample after 8 weeks at 60 °C was similar to that in the previous in vitro fragrance retention test (Figure 6B). The fragrance retention in T5 was higher than that in T3, and the fragrance in T0 almost vanished after two weeks. The fragrance intensity could not be further evaluated, since DTHM hydrolyzes at 60 °C after 8 weeks; however, the silica fragrance capsules preserved the fragrance during the period of use as a fabric softener product. Silica fragrance capsules are used to confer fragrance in fabric softeners, and it has been concluded that they can be used for fabric softeners because of their superior long-term fragrance preservation and effective fragrance release based on user demand.



Silica microcapsules have been synthesized elsewhere [33]. In the inverse phase, it was possible to synthesize microcapsules with dense silica shells composed only of silica, which, in turn, prolonged content retention. Although their research revealed that sustained release might be feasible, most of the compounds present in microcapsules released within 100 h. However, for our purposes, the results were insufficient because we had to keep the ingredient in microcapsules for a long time. In contrast to the hydrophobic fragrance oil used in our study, the encapsulated hydrophilic solute is supposed to release readily in water, which is an external phase. Another distinction is that, as stated in Section 3.1, the formation rate of the shell of silica capsules is slow below pH 4, whereas their reaction conditions were 0.1 M HCl (pH 1). It is difficult to compare them because there are no data on their capsule thickness. However, due to differences in the synthesis environment, the thickness of the silica shell is presumably thinner than our result; therefore, the encapsulated compound is likely to be released quickly. Considering that the purpose of this study was to maintain fresh fragrance for extended periods even in harsh environments, microcapsules that achieve this objective were successfully synthesized in this study. Furthermore, the synthesis of these microcapsules is facile, requiring little energy and no pH adjustment, rendering the procedure an efficient and eco-friendly manufacturing approach.





4. Conclusions


Eco-friendly silica microcapsules exhibiting improved fragrance retention and significant perseverance in harsh environments, including high temperatures and surfactant concentrations, were developed. In contrast to the existing methods that add hydrophobic moieties or apply surface treatments with MTMS, DMDS, n-OTES, and APTES, we employed a seeded growth method by applying a silica coating to immature fragrance silica microcapsules synthesized from an O/W emulsion template consisting of a mixture of the fragrance compound and TEOS. The FIB-SEM images and BET analysis of the silica microcapsules revealed that the silica shells of the microcapsules thickened with increasing TEOS concentration, while the porosities of the microcapsules decreased. More than 60% of the fragrance was preserved by the thickest silica-coated microcapsules after approximately four months with high surfactant concentrations at room temperature. Furthermore, the fragrance test on participants revealed that the microcapsules could effectively preserve fragrance even under harsh conditions. We believe that our study will usher in a new era in which microplastics are phased out in favor of more environmentally friendly microcapsule alternatives. In particular, the findings of this study will facilitate improved fragrance retention in household items and cosmetics, contribute to the targeted delivery of pharmaceuticals that need to be isolated from external environments, and assist in the retention of self-healing or phase-conversion materials in construction applications.
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Figure 1. Scanning electron micrographs of silica microcapsules synthesized (A) at room temperature, (B) at 50 °C, and (C) by sonication, (bar: 5 μm). Magnified image (D) of (A), (E) of (B), and (F) of (C) (bar: 1 μm). (G) Size distribution of silica microcapsules and (H) fragrance retention in a 15% SDS solution at room temperature. 
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Figure 2. (A) Scanning microscopy images of silica microcapsules synthesized following the addition of various concentrations of TEOS, (bar: left, 1 μm; right, 400 nm) and (B) silica shell thicknesses determined using the ImageJ software. 
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Figure 3. (A) Nitrogen adsorption/desorption isotherms of silica microcapsules synthesized following the addition of various concentrations of TEOS. (B) Incremental pore areas and (C) incremental pore volumes as functions of average pore size. 
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Figure 4. Fragrance retention in 15% SDS solution (A) at room temperature and (B) at 60 °C. 
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Figure 5. Schematic representation of the mechanism of silica microcapsule synthesis in the presence of TEOS. 
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Figure 6. Fragrance qualitative evaluation test in 10% solution of DTHM (A) at room temperature and (B) at 60 °C. 
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Table 1. Surface areas and porosities of fragrance-containing silica microcapsules synthesized following the addition of various amounts of TEOS.
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	Additional TEOS
	Total Surface Area (BET) (m2/g)
	Micropore Area (t-Plot) (m2/g)
	Total Pore

Volume (m3/g)
	Micropore

Volume (t-Plot) (m3/g)





	0%
	155.16
	30.08
	0.2456
	0.0134



	1%
	130.42
	20.71
	0.2128
	0.0089



	3%
	92.28
	5.36
	0.1821
	0.0015



	5%
	145.94
	31.93
	0.2272
	0.0144
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