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Abstract

:

Gallic acid, known for its biological activity contributing to human health, including antioxidant, anti-inflammatory, anticancer, and antimutagenic properties, was the focus of this study. The solubility of gallic acid was experimentally measured in pure and mixed solvents of water, ethanol, and acetic acid and predicted using the COSMO-SAC model and the Hansen solubility parameter. The Hansen solubility parameter method predicted a higher solubility of gallic acid in pure water than in pure ethanol, and in a mixed solvent, it predicted the maximum solubility at 80% water content, showing different results from the experimental data trends. However, using the molar volume obtained from COSMO calculations resulted in a tendency that matched the experimental results. The results revealed higher solubility in ethanol compared to water, with the solubility in mixed solvent falling within the range between them. Using the same method, the Hansen solubility parameter obtained was applied to acetic acid/water and acetic acid/ethanol mixtures, and similar trends were observed compared to experimental data. In particular, gallic acid in the acetic acid/water mixture solvent exhibited maximum solubility, and this phenomenon was well-predicted. As the temperature increased, solubility in both pure and mixed solvents also increased. While the COSMO-SAC model effectively captured this trend, the predicted solubility values were slightly lower than the experimental data. The solubility trends depending on solvent types were confirmed by comparing the σ-profiles of each compound. The σ-profile of gallic acid closely resembled that of ethanol, and this result led to higher solubility than water and acetic acid. The maximum solubility in ethanol/water and acetic acid/water mixed solvents could be anticipated when two solvents with significant differences in their σ-profiles are mixed in an appropriate ratio.
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1. Introduction


In modern society, with the widespread awareness that the consumption of chemically synthesized foods, additives, and drugs is linked to chronic illnesses, natural foods, additives, and herbal medicines have started to gain significant recognition within the pharmaceutical, food, and cosmetics industries [1]. Accordingly, there is growing interest in bioactive compounds for the creation of authentic natural products [2]. Bioactive compounds possess a number of nutritionally beneficial effects, such as antioxidants, anticancer, anti-inflammatory, antiobesity, and antiviral [2,3,4,5,6]. Therefore, the development and advancement of bioactive compounds with nutritional value, such as carotenoids (lutein, zeaxanthin) and flavonoids, are still being continuously carried out. These bioactive compounds are mostly extracted from raw materials, such as plants, and then processed to become final products [3]. In order to accelerate the development and advancement of these bioactive compounds, it is important to choose a method to increase the efficiency of extracting compounds from the raw source, which is the plant [4]. Therefore, the research on it is ongoing [5,6].



In the case of bio-active compounds, they can be denatured at high temperatures and are easily susceptible to damage depending on the conditions, and the efficiency and efficacy vary depending on the extraction method, so it is also very important to select the right extraction process. Representative examples include organic solvent extraction, supercritical fluid extraction (SFE) [7,8], and ultrasonic-assisted extraction (UAE) [9,10,11]. In the case of organic solvent extraction, the cost is low, and the yield is high depending on the type of organic solvent, but it may leave residues in the final product, which requires a lot of energy and cost for purification and may generate environmentally unfriendly wastewater [4]. For these reasons, research on extraction using supercritical fluid carbon dioxide (SCF-CO2), which is environmentally friendly and can utilize carbon dioxide, is being conducted, but due to the characteristics of supercritical fluids, it involves processes conducted under high pressure, raising safety concerns and facing issues related to the very low solubility of certain compounds. In the case of ultrasonic-assisted extraction, the efficiency is increased by destroying the cell walls in plant cells with ultrasound to extract bio-active compounds existing in plant cells [10,11], but this also uses organic solvents, so it has similar problems to organic solvent extraction. Due to this situation, it is currently best to proceed by improving the existing extraction methods.



Among the many biologically active compounds, gallic acid is a substance that can be obtained by hydrolyzing tannin, which gives an astringent taste in wine and persimmon [12,13]. Gallic acid has been used in the production of blue ink and photographic developers, but it has recently emerged as a high-value compound with important biological activities such as antioxidant [14,15,16,17,18,19], anti-inflammatory [17,18,19], anticancer [20,21,22,23], and antimutagenicity [24]. In order to use these high-value biologically active compounds, extraction must be carried out in the most efficient and environmentally friendly way. For this purpose, the solubility data of solutes in the chosen extraction solvent are essential [25]. However, the solubility measurement at a certain temperature and pressure entails significant time and cost consumption.



In the extraction process, conducting simulations using thermodynamic predictive models alongside experiments becomes significantly meaningful and important when considering the cost, time, and manpower involved in experiments to optimize the solubility in the process variables such as composition, temperature, and pressure. Due to these reasons, various researchers are concurrently performing simulations along with extraction experiments in their studies. Tung et al. [26] compared the measured solubilities of certain active pharmaceutical ingredients (APIs) such as lovastatin, simvastatin, rofecoxib, and etoricoxib at room temperature (~22 °C) and 45 °C with the solubilities predicted by NRTL-SAC [27] and COSMO-SAC [28] models. Chen et al. [29] used the COSMO-SAC model to screen over 40 solvents (alkanes, arenes, ethers, esters, ketones, etc.) for the solvent extraction of Phenol to determine the optimal extraction solvent. Oliveira et al. [30] predicted the solubilities of hydrophobic biomolecules—quercetin, curcumin, and gallic acid—after adding deep eutectic solvents (DESs) as additives, using COSMO-SAC [28] and COSMO-RS [31] based on the measured solubilities. Mitesh et al. [32] utilized the COSMO-SAC model to calculate the equilibrium solubilities between ionic liquids and hydrocarbons when selecting ionic liquids as co-solvents for extracting aromatic hydrocarbons from aliphatic hydrocarbons. Silveira et al. [33] predicted additional solubilities using the COSMO-SAC model based on the solubilities extracted using methanol + ethanol and methanol + 2-propanol solvent mixtures for nicotinamide.



In this study, we try to emphasize the fusion of experimental data and simulation through the application of thermodynamic models to enhance process optimization and forecast solubilities across diverse extraction scenarios. As mentioned above, in order to use gallic acid as a pharmaceutical substance, it is necessary to consider the toxicity of the extraction solvent. In the case of common organic solvents, the residual extraction solvent cannot be ignored due to their toxicity. For experimental solubility determination, the solubility of gallic acid in solvents was measured in safe solvents for consumption, such as water, ethanol, acetic acid, and their mixtures. To investigate the temperature effect on the solubility in pure water, ethanol, and acetic acid, the solubilities were measured at 298.15 K, 308.15 K, 318.15 K, 328.15 K, and 338.15 K under atmospheric pressure. Additionally, the solubility of gallic acid in solvents with various water/ethanol, water/acetic acid, and acetic acid/ethanol ratios were measured at 298.15 K, 318.15 K, and 338.15 K, respectively. The measured solubility data were compared with the predicted results using the Hansen solubility parameter method [34], which is a simple and long-standing approach with a theoretical framework, and COSMO-SAC [28], which is widely used to judge the affinity between the solute and the solvent [28,35,36,37].




2. Materials and Experiment


2.1. Materials


Gallic acid (99% purity, Shanghai, China) was purchased from ALADDIN and was used without additional purification. Ethyl alcohol (99.9% purity) and acetic acid (99.7% purity) were obtained from DAEJUNG, and deionized water (DI water) was prepared by Direct-Q® Water Purification System (Millipore Corporation, Burlington, MA, USA). The purity and supplier for used chemicals are reported in Table 1.




2.2. Solubility Measurement


The solubility of gallic acid was determined by measuring maximum absorbance using a UV–Vis spectrophotometer (Shimadzu UV-2600i, Kyoto, Japan) with quartz cells in the absorption wavelength range of 200–400 nm. For quantitative analysis of Gallic acid, a calibration curve (    R   2   = 0.9997  ) was determined over a concentration range of standard solution at 5–80 ppm (w/w). The standard solution was produced by continuous dilution of stock solution (1000 ppm (w/w)). Absorbance measurement was carried out at 267 nm for gallic acid. To determine the solubility, the shake-flask method is used. A schematic diagram for measuring solubility is shown in Figure 1.



To prepare the solution, three different solvents were used: DI water, pure ethanol, and a solvent mixture of deionized water and ethanol. The solvents were mixed in various molar ratios, and the weight of all solvents was carefully measured using an analytical balance (METTLER TOLEDO, Greifensee, Swiss, ME204). The mixed solvent was injected into a conical glass centrifuge tube, and excess solute was added to the solvent to create a supersaturated solution. The centrifuge tube was then placed in a ThermoMixer C (Eppendorf, Hamburg, Germany, 15 mL heating block) set to a constant temperature. The amount of excess solute was also accurately weighed using an analytical balance. The saturated solution was stirred in a heating block at a specified stirring speed for 16 h (600 rpm). After stirring, it was left undisturbed for 6 h to allow the saturated solution to settle. The supernatant was extracted using a glass syringe fitted with a syringe filter (PTFE, pore 0.45 μm), and the solubility was measured from the calibration curve of the absorbance using a UV–Vis spectrophotometer. The absorbance wavelength range measured for solubility measurement was 200–400 nm. To prevent precipitation of chlorogenic acid caused by temperature changes during extraction, the orbital shaking heating block was located in a glove box with temperature control. The air temperature inside the glove box was maintained at 5 °C higher than the extraction temperature, and the air was circulated using a fan to maintain a uniform temperature. Water was chosen as the dilute solvent because, unlike ethanol, it does not volatilize and is a solvent that is cut off in the UV–Vis spectrophotometer used in this experiment. A diluted solution was prepared in 0.1 mL of the extraction solution using a different dilution ratio (approximately 2500–7000 times) for each temperature.




2.3. Thermal Analysis


TGA (TA Instruments, New Castle, DE, USA, TGA 55) was used to investigate thermal stability and to determine the temperature range for differential scanning calorimetry measurement. TGA was measured in a temperature range of room temperature to 800 °C using nitrogen as a purging gas at a heating rate of 20 °C/min. To determine the melting enthalpy and melting point values, DSC (TA Instruments, DSC25 + RCS: refrigerated cooling system 90) was used.





3. Theory and Model


3.1. COSMO-SAC Model


The solubility of gallic acid (i) in solution is estimated from the equality of fugacity of the gallic acid in the solid and the solution phases under constant temperature T and pressure P. From the thermodynamic relationship, the solubility of a gallic acid in solution can be calculated from [38]


    ln  ⁡    x   i     = −   ln  ⁡    γ   i     +   ∆   H   f     R   T   m     ( 1 −     T   m     T   )  



(1)




where the Tm and ∆Hf of the gallic acid are obtained by measurement with DSC. Then, the activity coefficient of the gallic acid in the liquid phase is determined by the COSMO-SAC model [39].



The COSMO-SAC model [39] describes the activity coefficient due to interactions between molecules in contact, including a combinatorial (comb) and a residual (res) term,


    ln  ⁡      γ   i     C O S M O − S A C     =   ln  ⁡      γ   i     r e s     +   ln  ⁡      γ   i     c o m b      



(2)







The residual term describes non-ideal interactions due to differences in the attractive molecular interactions. In the COSMO-SAC model, this term is determined by the screening charge on the molecular surface. The arrangement of these screening charges on the molecular surface is derived from the COSMO calculations [28]. In these calculations, the molecule is dissolved in an ideal conductor. The electronic characteristics of the molecule manifest through induced screening charges on the surface of the cavity. To quantify the distribution of the screening charges, the molecular surface is divided into small segments. Additionally, the molecule’s surface is categorized into three types: non-hydrogen-bonding (nHB) surfaces, hydrogen-bonding (OH) surfaces from -OH groups in alcohols and water, and any other hydrogen-bonding (OT) surfaces, such as carboxylic acid (-COOH), carbonyl groups (C=O), and amide groups (-NH2) [39]. The combinatorial term describes the non-ideality of molecules based on differences in size and shape using the Staverman–Guggenheim relationship [40].




3.2. Hansen Solubility Parameter


Hildebrand and Scott [41] experimentally confirmed the hypothesis that solvents dissolve solutes that are similar to themselves more effectively. They introduced the Hildebrand solubility parameter, δ, as an experimental solubility parameter; however, Hildebrand’s parameter only represented the cohesion energy between the solute and the solvent. Hansen [42] modified this into the Hildebrand–Hansen solubility parameter. Hansen categorized the energy used by Hildebrand, the cohesion energy, into three types: first, δd for dispersion forces; second, δp for polarity; and finally, δh for hydrogen bonds between molecules.


     δ   d     =     ∑  i      F   d , i         ∑  i      V   i         ;     δ   p     =         ∑  i      F   p , i   2         1 / 2       ∑  i      V   i         ;     δ   h    =         ∑  i      E   h , i         ∑  i      V   i           1 / 2    



(3)







The Fd,i, Fp,i, Eh,i, and Vi values are obtained from the group contribution method [34] and COSMO calculation. The Hansen solubility parameters obtained through two different methods are presented in Table 2. The sum of these three types of solubility parameters represents the total solubility parameter, expressed by the following equation:


δ2 = δd2 + δp2 + δh2



(4)







The difference between the Hansen solubility parameters of the solute and the solvent can be represented by the Euclidean distance, as shown below [42]


  ∆   δ   i j   =  4   (   δ   d   i   −   δ   d   j   )   2   +   (   δ   p   i   −   δ   p   j   )   2   +   (   δ   h   i   −   δ   h   j   )   2       



(5)




where superscript i represents the solute, and j denotes the solvent (either pure solvent or mixed solvent). The three Hansen solubility parameters can be estimated through the group contribution method known as the Hoftyzer–Van Krevelen method [34]. The solubility parameter when using a solvent mixture composed of water and ethanol as the mixed solvent (j) is calculated using the equation below [43].


    δ   j   = ϕ   δ   m   +   1 − ϕ     δ   n    



(6)




where subscripts m and n represent solvent 1 and solvent 2, respectively. ϕ indicates the volume fraction of m in the mixed solvents (j) of m and n.





 





Table 2. Calculation results of Hansen solubility parameter.
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Chemicals

	
      δ   d      

        M P a     1 / 2      

	
      δ   p      

        M P a     1 / 2      

	
      δ   h      

        M P a     1 / 2      

	
      δ   t      

        M P a     1 / 2      

	
References






	
Group contribution

	
Gallic acid

	
33.0

	
17.2

	
35.4

	
51.4

	
This study




	
Water

	
15.6

	
16.0

	
42.3

	
47.8

	
[42]




	
Ethanol

	
15.8

	
8.8

	
19.4

	
26.5

	
[42]




	
Acetic acid

	
14.5

	
8.0

	
13.5

	
21.4

	
[42]




	
COSMO

	
Gallic acid

	
17.19

	
8.99

	
25.57

	
32.10

	
This study




	
Water

	
15.6

	
16.0

	
42.3

	
47.8

	
This study




	
Ethanol

	
21.31

	
11.84

	
21.76

	
32.67

	
This study




	
Acetic acid

	
20.46

	
20.42

	
22.12

	
36.40

	
This study











4. Results


Prior to measuring the solubility of gallic acid in solvents, a calibration curve was prepared for gallic acid calibration. Considering the detection limit of the UV–Vis spectrophotometer, the standard solutions up to 80 ppm [mg/kg] were prepared, and their absorbance was measured. The measured absorbance for standard solutions is shown in Figure 2, and the maximum absorption of gallic acid was observed at 267 nm. Figure 3 depicts the calibration curve. The determination coefficient is the value of 0.9997, meaning that linearity is high.



4.1. Thermal Analysis


Prior to measuring using differential scanning calorimetry (DSC), thermogravimetric analyzer (TGA) analysis was conducted by ramping from 293.15 K to 1273.15 K at a rate of 20.00 K/min to confirm the decomposition temperature of gallic acid. A significant weight loss was observed around 373.15 K, attributed to the loss of moisture in the sample. Therefore, gallic acid was dried at 313.15 K for 24 h using a vacuum oven (JEIO TECH, Deajeon, Republic of Korea, VO-10X) before proceeding with DSC measurements. DSC measurements were calibrated by using the difference between the measured value (Tm = 156.981 °C) and the reference melting temperature (Tm = 156.60 °C) of indium as the reference material. The melting point and melting enthalpy of gallic acid measured by DSC were reported in Table 3 with values from the literature [44,45,46] and were carried out from 303.25 K to 673.15 K at a ramp rate of 10.0 K/min. The standard uncertainty u for melting temperature is u(T) = 0.4 K and is estimated by the guidelines of NIST [47]. Furthermore, the group contribution method [48] was employed to estimate the melting enthalpy and melting temperature, demonstrating values closely aligned with experimental results. The TGA and DSC measurement results are presented in Figure 4.




4.2. Solubility in Pure and Mixed Solvents


In the case of pure solvents, solubility measurements were carried out at five temperature points of 298.15 K, 308.15 K, 318.15 K, 328.15 K, and 338.15 K under atmospheric pressure conditions and were performed at least twice. The measured solubility data are reported in Table 4. Figure 5 depicts the solubility of gallic acid in pure solvent at different temperatures. As shown in Figure 5, the solubility of gallic acid in pure water and ethanol, measured in this work, exhibited a relatively good agreement with solubility data measured by many researchers [49,50,51,52,53,54].



The solubility of gallic acid in ethanol exhibited a phenomenon of gradually increasing with temperature, and this phenomenon is greater than changes in solubility in water. Although the COSMO-SAC model accurately depicted the trend of solubility with temperature, it significantly underpredicted the values compared to experimental data. The solubility in the mixed solution was measured at 298.15 K, 318.15 K, and 338.15 K under atmospheric pressure conditions, and the results are presented in Table 5, Table 6 and Table 7 for water/ethanol, water/acetic acid, and acetic acid/ethanol mixed solvents, respectively. As shown in Figure 6a, it can be observed that the solubility of gallic acid decreases as the water content in water/ethanol mixed solvent increases. The results obtained in this study showed a tendency consistent with the literature data reported by Noubigh et al. [55], but the solubility data reported in this study were slightly higher at the low ethanol concentration range. Additionally, at higher temperatures, it is evident that the decrease in solubility of gallic acid due to increased water content is more pronounced. The significant decrease in the solubility of gallic acid in the presence of water in the mixed solvent, especially when the water fraction is above 0.4, suggests that water acts as an antisolvent for gallic acid in ethanol, leading to a salting-out effect. In other words, ethanol acts as a co-solvent for the solubility of gallic acid in water. As shown in Figure 6b, the solubility of gallic acid in acetic acid/water mixed solvent initially increased with an increase in the concentration of acetic acid, reaching its maximum solubility before decreasing. The predictions of the COSMO-SAC model also indicated the maximum solubility, although the predicted maximum composition point was somewhat higher. Figure 6c depicts the solubility of gallic acid in acetic acid/ethanol mixed solvent, where the solubility gradually decreased with an increase in the concentration of acetic acid. This trend was well-captured by the COSMO-SAC model as well.



The Hansen solubility parameter of gallic acid was calculated through the Hoftyzer–Van Krevelen method [43], and the values of the Hansen solubility parameter for the solvents (water, ethanol) were obtained from reference [42]. The Hansen solubility parameter represents the miscibility between the solute and the solvent rather than the actual solubility. A smaller difference in the solubility parameters between the solute and the solvent indicates a more active interaction, suggesting higher miscibility between them. In other words, a higher miscibility between the solute and the solvent implies a higher solubility. Figure 7 depicts a comparison between the Hansen solubility parameter and the experimental data. Figure 7a shows the molar volume of each component estimated using the Hoftyzer–Van Krevelen method [43] for predicting Hansen solubility parameters. Figure 7b presents the results obtained through COSMO calculation [28,56]. Mahmoudabadi and Pazuki [57] have pointed out the discrepancies between the values obtained for the molar volumes of pharmaceutical compounds and solvents using the group contribution method in Barton [58] and COSMO calculations. As can be seen in Figure 7, as you can see, the method calculated by the Hoftyzer–Van Krevelen method predicted a high solubility of gallic acid in pure water. It also showed maximum solubility at 80% water content. Meanwhile, the method based on COSMO calculations tended to align accurately with experimental tendency. These results indicate that the molar volumes estimated using the Hoftyzer–Van Krevelen method are not accurate, particularly concerning components with benzene groups. This suggests caution when applying this method to such aromatic components, a trend that has also been noted by other researchers [59].



Figure 8 compares the measured solubility of gallic acid in mixed solvents of acetic acid with water and ethanol to the results predicted by the Hansen solubility parameter method. In this case, the Hansen solubility parameter utilized the molar volume obtained through COSMO calculations. As shown in Figure 8a, in acetic acid/water mixed solvents, the solubility of gallic acid exhibited a trend of increasing to a maximum solubility point and then decreasing as the concentration of water increased. The experimental results and predictions from the Hansen solubility parameter method showed similar behavior. On the other hand, as illustrated in Figure 8b, in acetic acid/ethanol mixed solvents, the solubility of gallic acid showed a gradual increase with an increase in the ethanol content. This trend was well-predicted by the Hansen solubility parameter method.



The solubility difference of gallic acid in pure solvents and the solubility trend in mixed solvents can be explained by comparing the σ-profile. As shown in Figure 9, the σ-profile for non-hydrogen bonding in gallic acid is about three times larger than that of hydrogen bonds. This suggests that van der Waals interactions, which are non-hydrogen bonding interactions, play an important role in interactions between gallic acid and solvents [37].



The solubility difference between water and ethanol can be explained by comparing the σ-profile, which represents the surface charge density of molecules. Around the 0 σ-charge density area, the σ-profile of gallic acid shows a more similar trend to ethanol and acetic acid than water, with a significant difference. This difference can be confirmed by the higher solubility of gallic acid in ethanol. When considering the phenomenon of maximum solubility in ethanol/water and acetic acid/water mixed solvents based on the σ-profiles of each component, it can be anticipated that the maximum solubility occurs when two solvents with significant differences in their σ-profiles are mixed in an appropriate ratio. This phenomenon is also confirmed in the research results of Lee and Lin [37]. On the other hand, due to the relatively small difference in the σ-profiles for ethanol and acetic acid, the solubility of gallic acid is situated within the range between pure ethanol and acetic acid when dissolved in a mixed solvent.





5. Conclusions


This study measured the solubility of gallic acid, a biologically active compound contributing to human health improvement, and compared it with the predicted values using the COSMO-SAC model and the Hansen solubility parameter method. The solubility of gallic acid in pure solvents, water, and ethanol showed an increasing trend with temperature. The COSMO-SAC model predicted solubility values lower than the experimental values but well-captured the temperature-dependent trends. In mixed solvents, the solubility of gallic acid exhibited a sequential decrease as the water concentration increased, and this trend remained consistent at different temperatures (i.e., 298.15 K, 318.15 K, and 338.15 K). The Hansen solubility parameter method predicted a higher solubility of gallic acid in pure water than in pure ethanol, and in a mixed solvent, it predicted the maximum solubility at 80% water content, showing different results from the experimental data trend. However, using the molar volume obtained from COSMO calculations resulted in a tendency that matched the experimental results. These results indicate that the molar volume of gallic acid estimated by the Hoftyzer–Van Krevelen method is not appropriate. Using the molar volume obtained from COSMO calculations, the Hansen solubility parameter obtained was applied to acetic acid/water and acetic acid/ethanol mixtures, and similar trends were observed compared to experimental data. In particular, gallic acid in the acetic acid/water mixture solvent exhibited maximum solubility, and this phenomenon was well-predicted. The COSMO-SAC model accurately described this trend but predicted solubility lower than the experimental data. The solubility trends in both pure and mixed solvents were confirmed through a comparison of the σ-profiles of each compound. The σ-profile of gallic acid closely resembled that of ethanol, and this result led to higher solubility than water and acetic acid. The maximum solubility in ethanol/water and acetic acid/water mixed solvents could be anticipated when two solvents with significant differences in their σ-profiles are mixed in an appropriate ratio.
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Figure 1. The apparatus for solubility measurement: (1) temperature controller for air bath, (2) conical glass centrifuge tube, (3) thermoblock, (4) thermomixer, (5) rubber glove, (6) quartz lamp, (7) air bath, and (8) UV–Vis spectrophotometer. 
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Figure 2. Absorbance results of gallic acid at 267 nm. 
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Figure 3. Calibration curve of gallic acid. 
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Figure 4. Thermal analysis (a) TGA and (b) DSC measurement of gallic acid. 
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Figure 5. Temperature effect on gallic acid solubility in (a) pure water: Lu and Lu [49] (open circle), Dabir et al. [53] (open square), Dali et al. [52] (open diamond), Vilas-Boas et al. [54] (cross), Mota et al. [51] (open triangle), and Daneshfar et al. [50] (star); (b) ethanol: Vilas-Boas et al. [54] (cross) and Daneshfar et al. [50] (star); and (c) acetic acid. 
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Figure 6. Effect of temperature and the ratio of mixed solvents on gallic acid solubility in mixed solvents: (a) water/ethanol, Noubigh et al. [55] (open circle and open triangle); (b) water/acetic acid; and (c) acetic acid/ethanol. 
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Figure 7. Comparison of the experimental data and the Hansen solubility parameter using molar volume obtained from (a) Hoftyzer–Van Krevelen method [34] and from (b) COSMO calculation. 
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Figure 8. Comparison of gallic acid solubility for experimental and Hansen solubility parameter method in (a) acetic acid/water and (b) acetic acid/ethanol mixed solvents. 
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Figure 9. The σ-profile of each component. 
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Table 1. Information on chemical materials and their suppliers.
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	Chemical Material
	CAS Number
	Structure
	Molecular Weight [g/mol]
	Source
	Purity [%]





	Gallic acid

(C7H6O5)
	149-91-7
	[image: Separations 11 00036 i001]
	170.12
	ALADDIN, China
	99



	Ethyl alcohol

(C2H6O)
	64-17-5
	[image: Separations 11 00036 i002]
	46.069
	DAEJUNG, Republic of Korea
	Anhydrous, 99.9



	Acetic acid

(C2H4O2)
	64-19-7
	[image: Separations 11 00036 i003]
	60.052
	DAEJUNG, Republic of Korea
	99.7










 





Table 3. Melting temperatures and melting enthalpies of gallic acid measured by DSC.
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	Melting Temperature [K]
	Melting Enthalpy [kJ/mol]
	References





	533.64
	102.59
	This work



	545.85
	64.54
	Xue et al. [44]



	539.62
	94.36
	Celep et al. [45]



	535.84
	60.68
	Singh et al. [46]



	538.66
	97.64
	Group contribution method [48]










 





Table 4. The gallic acid solubilities in pure solvents (i.e., ethanol, water, and acetic acid).
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Temp. * [K]

	
Solubility in Ethanol

	
Solubility in Water

	
Solubility in Acetic Acid




	
ppm [mg/kg]

	
Mole Fraction

	
ppm [mg/kg]

	
Mole Fraction

	
ppm [mg/kg]

	
Mole Fraction






	
298.15

	
207,146.50 ± 1.35 × 104

	
0.0661 ± 5.09 × 10−3

	
10,519.97 ± 5.47 × 102

	
0.0011 ± 5.90 × 10−5

	
16,497.12 ± 3.36 × 102

	
0.0059 ± 1.21 × 10−4




	
308.15

	
219,026.47 ± 4.04 × 103

	
0.0706 ± 1.55 × 10−3

	
16,539.57 ± 3.88 × 103

	
0.0018 ± 4.24 × 10−4

	
23,576.01 ± 5.36 × 102

	
0.0085 ± 1.95 × 10−4




	
318.15

	
216,239.13 ± 1.06 × 104

	
0.0695 ± 4.05 × 10−3

	
28,517.65 ± 4.00 × 103

	
0.0031 ± 4.44 × 10−4

	
24,433.05 ± 8.67 × 101

	
0.0088 ± 3.16 × 10−5




	
328.15

	
244,750.77 ± 2.10 × 104

	
0.0807 ± 8.41 × 10−3

	
40,776.08 ± 9.50 × 103

	
0.0045 ± 1.08 × 10−3

	
26,432.66 ± 3.44 × 102

	
0.0095 ± 1.26 × 10−4




	
338.15

	
266,708.60 ± 1.07 × 104

	
0.0897 ± 4.43 × 10−3

	
63,324.04 ± 2.43 × 104

	
0.0071 ± 2.86 × 10−3

	
32,698.30 ± 1.94 × 103

	
0.0118 ± 7.14 × 10−4








* The standard uncertainty u for temperature is u(T) = 0.5 K and is estimated by the guidelines of NIST [47].













 





Table 5. The solubilities of gallic acid in different mixed solvents (water + ethanol).
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Temp.* [K]

	
Weight Fraction of Water

	
Solubility in Mixed Solvents




	
ppm [mg/kg]

	
Mole Fraction






	
298.15

	
0.1992

	
171,062.66 ± 1.28 × 103

	
0.0391 ± 0.0003




	

	
0.3973

	
132,922.31 ± 1.21 × 103

	
0.0237 ± 0.0002




	

	
0.6074

	
76,377.44 ± 7.01 × 101

	
0.0109 ± 0.0001




	

	
0.8087

	
27,100.20 ± 2.60 × 102

	
0.0033 ± 0.0001




	
318.15

	
0.1910

	
213,151.74 ± 6.68 × 103

	
0.0506 ± 0.0019




	

	
0.3762

	
179,696.23 ± 1.29 × 103

	
0.0335 ± 0.0003




	

	
0.5985

	
125,294.71 ± 4.59 × 103

	
0.0184 ± 0.0008




	

	
0.7763

	
65,494.35 ± 1.05 × 103

	
0.0082 ± 0.0001




	
338.15

	
0.1740

	
275,996.62 ± 5.69 × 102

	
0.0699 ± 0.0001




	

	
0.3403

	
257,167.66 ± 9.42 × 103

	
0.0518 ± 0.0024




	

	
0.5198

	
209,719.19 ± 6.52 × 103

	
0.0343 ± 0.0013




	

	
0.7115

	
144,023.67 ± 8.39 × 103

	
0.0195 ± 0.0013








* The standard uncertainty u for temperature is u(T) = 0.5 K and is estimated by the guidelines of NIST [47].













 





Table 6. The solubilities of gallic acid in different mixed solvents (water + acetic acid).
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Temp. * [K]

	
Weight Fraction of Water

	
Solubility in Mixed Solvents




	
ppm [mg/kg]

	
Mole Fraction






	
298.15

	
0.1848

	
30,326.71 ± 6.99 × 102

	
0.0076 ± 1.79 × 10−4




	

	
0.3720

	
38,269.95 ± 1.25 × 102

	
0.0073 ± 2.47 × 10−5




	

	
0.5597

	
40,188.55 ± 2.69 × 102

	
0.0062 ± 4.31 × 10−5




	

	
0.7661

	
28,551.78 ± 2.68 × 102

	
0.0036 ± 3.50 × 10−5




	
318.15

	
0.1803

	
53,892.58 ± 3.00 × 102

	
0.0137 ± 7.97 × 10−5




	

	
0.3598

	
69,692.63 ± 1.10 × 103

	
0.0137 ± 2.30 × 10−4




	

	
0.5393

	
75,314.83 ± 6.29 × 102

	
0.0120 ± 1.07 × 10−4




	

	
0.7989

	
63,058.33 ± 7.13 × 100

	
0.0083 ± 9.93 × 10−7




	
338.15

	
0.1732

	
91,435.66 ± 8.14 × 102

	
0.0240 ± 2.29 × 10−4




	

	
0.3365

	
129,925.60 ± 1.15 × 104

	
0.0270 ± 2.68 × 10−3




	

	
0.5037

	
136,361.92 ± 1.14 × 103

	
0.0231 ± 2.18 × 10−4




	

	
0.6967

	
116,533.44 ± 1.98 × 104

	
0.0161 ± 3.05 × 10−3








* The standard uncertainty u for temperature is u(T) = 0.5 K and is estimated by the guidelines of NIST [47].













 





Table 7. The solubilities of gallic acid in different mixed solvents (ethanol + acetic acid).
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Temp. * [K]

	
Weight Fraction of Ethanol

	
Solubility in Mixed Solvents




	
ppm [mg/kg]

	
Mole Fraction






	
298.15

	
0.1511

	
37,562.70 ± 1.46 × 103

	
0.0130 ± 5.18 × 10−4




	

	
0.3183

	
47,164.67 ± 2.15 × 103

	
0.0156 ± 7.35 × 10−4




	

	
0.4871

	
80,453.04 ± 3.25 × 102

	
0.0259 ± 1.11 × 10−4




	

	
0.6464

	
134,836.53 ± 3.28 × 103

	
0.0429 ± 1.15 × 10−3




	
318.15

	
0.1509

	
38,694.22 ± 2.56 × 102

	
0.0134 ± 9.09 × 10−5




	

	
0.3130

	
62,953.53 ± 5.89 × 102

	
0.0211 ± 2.06 × 10−4




	

	
0.4756

	
102,236.67 ± 1.51 × 103

	
0.0335 ± 5.32 × 10−4




	

	
0.6286

	
158,699.01 ± 8.63 × 102

	
0.0515 ± 3.16 × 10−4




	
338.15

	
0.1479

	
57,627.62 ± 2.23 × 103

	
0.0202 ± 8.11 × 10−4




	

	
0.3032

	
92,373.61 ± 1.08 × 103

	
0.0316 ± 3.94 × 10−4




	

	
0.4550

	
141,140.64 ± 2.15 × 103

	
0.0476 ± 8.05 × 10−4




	

	
0.6090

	
185,019.32 ± 3.05 × 104

	
0.0613 ± 1.16 × 10−2








* The standard uncertainty u for temperature is u(T) = 0.5 K and is estimated by the guidelines of NIST [47].
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