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Abstract

:

A comprehensive utilization of rebaudioside A (RA), stevioside (ST), and rebaudioside C (RC) from natural stevia resources was proposed. The influence of the solvent, solvent concentration, solid-liquid ratio, temperature, and time on the purity and recovery were investigated with response surface methodology. A 99% purity and 81% recovery of the RA were achieved by one crystallization of crude stevia under optimized conditions. Around a 95% purity and 80% recovery of the ST were easily achieved by the recrystallization of less value of mother liquor sugar (MLS) with a certain concentration of isopropyl alcohol–methanol aqueous solution. During the crystallization of the ST, the enriched RC in the liquid phase was more than three times higher than that in the crude stevia, which can provide cheaper RC raw material for the subsequent preparation of very expensive and high-purity RC.
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1. Introduction


Stevia sugar is a natural sweetener extracted from the natural plant stevia. Its sweetness is 200–300 times that of sucrose, and the calories are only 1/300 the calories of sucrose [1]. Since stevia is low in calories and is not absorbed in the body, it is widely used in the diet of people with obesity, high blood pressure, and diabetes. Stevia also have been widely applied in beverages, food, medicine, the daily chemical industry, and more. Therefore, stevia sugar is considered as the third generation of sugar source in the world due to its low calories, high sweetness, and safety [2], and it has attracted extensive attention in recent years.



The main components of stevia are rebaudioside A (RA), stevioside (ST), and rebaudioside C (RC). Their contents in natural stevia account for more than 90% [3]. Among them, RA has the highest sweetness and the best sweet quality [4]. ST has an anti-tuberculosis effect [5]. RC can be used as a sweetness enhancer [6] and has health functions, such as lowering blood pressure, lowering blood lipids, anti-allergy effects, and preventing cardiovascular disease [7,8].



The separation methods of stevia components, such as HPLC [9], droplet counter current chromatography [10], thin-layer chromatography (TLC) [11], supercritical fluid extraction, and capillary electrophoresis [12], have been reported, but the separation and purification of the components is very difficult because of the very similar molecular structure and polarity of these glycosides. Although most of the methods above are sensitive and rapid in operation, they are difficult for industrial application because of their high cost.



At present, the most common industrial method for separating RA from stevia sugar mixtures is crystallization [13]. Crystallization separation is mainly based on the solubility difference of each substance in a solvent [14]. A high purity RA product can be obtained after crystallization separation based on the solubility difference of RA and stevioside in different solvents; Ma Q [15] is mainly used as an ethanol-based mixed solution to recrystallize stevia for RA. After two crystallizations, a 95% purity of RA was obtained with 80% of product recovery.



Up to now, there are a few reports on the separation of ST from stevia. Chromatography could be used for the separation, but it requires a large amount of organic solvent and has a very high cost [16,17]. The separation of RC from stevia is much more difficult and is basically realized by HPLC or simulated moving beds [18]. In addition, the content of RC in stevia is very low, accounting for only 0.2% in the stevia plant [19]. Therefore, RC enrichment from stevia is necessary for preparing a high purity RC.



In view of the comprehensive utilization of natural stevia resources, industrial application, and low-cost solvent requirement, the authors performed a series of experiments for optimizing the recrystallization of stevia. It was hoped that pure RA could be obtained by using only one crystallization process and that the RA purity would be comparable to or higher than that of the similar method reported in the literature [20,21]. In addition, a high purity of ST could be achieved by the recrystallization from the mother liquor sugar (MLS) after the crystallization of RA once. The RC could be greatly enriched based on RC’s precipitated property in the recrystallization of RA and ST. It could provide a promising method for the comprehensive utilization of RA, ST, and RC from natural stevia resources.




2. Materials and Methods


2.1. Materials


Stevia crude sugar was provided by Xiaoye Herbal Bio-Technology Co., Ltd. (Chengdu, China); RA, ST, and RC standard (≥98% by HPLC) were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Acetonitrile (chromatographic grade) was purchased from Chron Chemicals (Chengdu, China). Methanol, ethanol, Isopropyl alcohol of analytical grade were purchased from Kelon Chemical Co., Ltd. (Chengdu, China). Ultrapure water was laboratory-made with the machine (UPH-I-10T) from Sichuan ULUPURE Ultrapure Technology Co., Ltd. (Chengdu, China).




2.2. Analysis of RA, ST, and RC


RA, ST, and RC were analyzed with HPLC. The quantitative analysis was performed on a high-performance liquid chromatographic system equipped with an LC-20AT pump, an SPD-M20A photodiode array detector, and a Class-VP workstation (Shimadzu, Kyoto, Japan). The analytical column was a Welch C18 (250 × 4.6 mm, 5 μm); mobile phase conditions: vacetonitrile/vphosphoric acid buffer solution = 32/68 (acetonitrile phosphate buffer); the flow rate of mobile phase: 1 mL/min; the detection wavelength: 210 nm; column temperature: 40 °C; the injection volume: 20 μL.




2.3. Preparing Standard Curves of RA, ST, and RC


A standard solution of RA: 0.0224 g of RA standard was accurately weighed and dissolved into 25 mL of acetonitrile phosphate buffer at 25 °C. Then, 8.00 mL, 5.00 mL, 4.00 mL, 2.50 mL, and 1.25 mL of the RA standard solutions were precisely taken and diluted to 10.00 mL. ST or RC standard solution was prepared according to the standard aqueous solution of RA. Finally, relation of concentration and peak area were measured by HPLC for different concentrations of the standard solutions and correlated to its standard curve.




2.4. Purity Determination of Various Components


Purity determination of components in solid: 0.1 g of solid sample was accurately weighed with 0.001 g accuracy and dissolved with acetonitrile phosphate buffer into 100 mL volumetric flask for sampling solution. A 20 μL of the solution was sampled for HPLC analysis and obtained its concentration or purity combined with its standard curve.



Purity determination of components in liquid: 0.1 mL of liquid sample was accurately weighed with 0.02 mL accuracy and dissolved with acetonitrile phosphate buffer into 50 or 25 mL volumetric flask for sampling solution. The HPLC analysis and concentration or purity was the same to that of the solid sample.



Recovery of one component was calculated as follows:


η = m1/m0



(1)







In the formula, m1 represents to the mass of certain component in solid obtained after crystallization and m0 represents to the mass of certain component in solid before crystallization, respectively.




2.5. Optimization of Crystallization for RA


Based on preliminary tests, main effect factors to crystallization for RA were recognized, including the crystallization solvents (methanol, ethanol, isopropyl alcohol), the solvent concentration (88~98% in v/v% of methanol aq.), the solid-liquid ratio (2 g/mL~10 g/mL), the crystallization temperature (15 °C~35 °C), and the crystallization time (4 h~24 h). A single factor analysis was performed before optimization with response surface methodology (RSM, Design Expert 8.0 edition) [22]. All experiments were investigated in triplicate, and error bars were obtained by mean value and standard deviations.



The crystallization experiment procedure for RA was as follows: 2 g crude stevia was added into some concentration of single or mixed solvent in a certain ratio of solid to liquid and stirred at room temperature for 15 min. Then, the mixture was stood still for some time at a certain temperature. After filtered and dried, RA product was obtained and sampled for HPLC analysis. It was mother liquor sugar (MLS) after it was evaporated and dried to solid from the first crystallization.




2.6. Optimization of Crystallization for ST


Based on preliminary tests, some main factors to pure ST included the crystallization solvents (methanol, ethanol, isopropyl alcohol), the volume ratio of mixed solvents (other alcohol to methanol: 10~50%), the crystallization temperature (15 °C~35 °C), and the crystallization time (4 h~24 h). A single factor analysis and multiple factor analysis with RSM were proceed successively, similar to the RA crystallization.



The crystallization experiment procedure for ST was as follows: 1 g MLS was added into some concentration of single or mixed solvent in a solid-liquid ratio (g/mL) = 1 g/6 mL and stirred at room temperature for 15 min. Then, the mixture was stood still for some time at a certain temperature. After filtered and dried, ST product was obtained and sampled for HPLC analysis.





3. Results and Discussion


3.1. HPLC Standard Curve and Component Content in Crude Stevia


The standard curve equation of a single component of stevia could be obtained by using the HPLC external standard method, as shown in Table 1. The x and y were the concentration of the corresponding stevia monomer (mg/mL) and the peak area, respectively. It could be satisfactory for the quantitative analysis of stevia. The standard curves were given in Figure 1.



Based on the standard curves, the content of RA, ST, and RC were calculated as 62.20%, 18.00%, and 7.50% to the total mass of stevia crude sugar extracted from the stevia plant. The rest was considered as impurities (IP). The HPLC chromatogram of the crude stevia is shown in Figure 1.




3.2. The RA Crystallization from Crude Stevia


The crystallization solvent, solvent concentration, solid-liquid ratio, temperature, and time were investigated for the purity and recovery of the RA. The properties of a solvent have a great effect on the crystallization, and three alcohols (methanol, ethanol, and isopropyl) were usually used as the main crystallization solvents [13,21]. Different solvents were investigated, as shown in Table 2. The typical results of the alcohols are shown in Figure 2. The isopropyl led to the lowest purity, but high purity and recovery were obtained in methanol and ethanol. The crystallization process took 24 h in the ethanol solvent; thus, only 16 h were spent in methanol. Further, methanol was feasible as a crystallization solvent [13,20,21,23]. Therefore, the methanol aqueous solution was selected as the crystallization solvent in this research.



The effect of the methanol concentration, solid-liquid ratio, temperature, and time were investigated, and their results are shown in Figure 3. As the methanol concentration increased, the RA recovery increased, while the purity dropped gradually (Figure 3a).



The RA purity did not change much after 16 h and tended to decrease slightly with the increase of time (Figure 3b). The purity and recovery rate of the RA gradually increased before 16 h. After that, the purity decreased somewhat and the recovery rate increased because a small amount of impurities would precipitate as time went on, leading to the decrease of purity.



The solid-liquid ratio had great influence on the recovery and less on the purity (Figure 3c). The crystalline solution was relatively viscous, and the crystal particles contained certain impurities, which led to the low purity of the RA in a low ratio of solid to liquid. The RA purity gradually increased until the solid-liquid ratio was 1:6. After that, the RA purity almost remained unchanged. However, the RA recovery always decreased with the increase in the solid-liquid ratio, which was attributed to that the increase in the solvent content could lead to the increase in the RA solubility.



The purity and yield of the RA gradually increased until the temperature was 25 °C (Figure 3d). The purity and yield of the RA began to decrease at higher than 25 °C. It may be possible that the RA solubility increased fast, so more RA dissolved into the solution at a higher temperature.



The purity and recovery were influenced by multiple factors, and the results were very different. Therefore, a comprehensive investigation with the response surface methodology proceeded (more details can be seen in the supporting material Figures S1 and S2 and Tables S1–S3) and the conditions for the RA crystallization were obtained as follows: 90% of methanol concentration, 1:6 of the solid-liquid ratio, 16 h of crystallization time, and 25 °C. For the RA solid, 99% purity and 80.7% recovery were achieved under the above conditions, as shown in Figure 4. The obtained RA was dried in a drying oven at 100 °C for 24 h, and its methanol residue was measured to be 6 ppm, less than the allowable amount of methanol in food additives. The RA, ST, and RC in the mother liquor after the crystallization were 26.50%, 52.30%, and 17.30%, respectively, and the rest was considered as impurities (IP), as shown in Figure 5. It was noticed that the concentrations of the ST and RC were, respectively, 1.9 times and 2.3 times higher than those of the crude stevia, which could be a benefit to preparing a high purity of ST and to enriching RC from the mother liquor.




3.3. The ST Crystallization and RC Enrichment from MLS


The solubility behaviors of the RA, ST, and RC were similar to that of the first crystallization in a single solvent (methanol, ethanol, and isopropyl alcohol) or isopropyl alcohol/ethanol solution. Different solvents were investigated, as shown in Table 3. However, the original dissolution balance of various components in methanol aqueous solution was broken after adding a certain amount of isopropyl alcohol, as shown in Figure 6a. In the isopropyl alcohol/methanol solution, the ST solubility decreased more obviously and the ST precipitated faster than the RA. So, the purity of the ST in the solid phase was higher than that of RA, which can be seen in the HPLC chromatogram of the solid phase after the second crystallization shown in Figure 2.



The purity and recovery of the ST gradually increased as the volume ratio of solvent 3 to solvent 1 increased until 30% (Figure 6b). Then, the purity and recovery of the ST decreased when the volume ratio exceeded 30%.



The variation of the crystallization time had an apparent influence on the recovery in 8 h and less effect on the purity (Figure 6c). The temperature variation showed great influence on the purity and recovery of the ST, as shown in Figure 6d, which was quite different from the first crystallization for the RA. The purity and yield of the ST increased as the temperature increased until 15 °C, but then decreased at higher than 15 °C. It could indicate that the increase of temperature is not conducive to the crystallization of the ST in a certain temperature range, which was quite different from in the first crystallization for the RA. The above results could provide useful information for comprehensive investigation with RSM.




3.4. The Analysis of the RSM for Pure ST


On the basis of the previous single factor experiment, the concentration of crystallization solvent, temperature, and time were selected to design the test scheme. The crystallization conditions were optimized by the response surface methodology to obtain the best conditions for the high purity and higher recovery of the ST from MSL. The influence of the interaction among the three selected factors on the experimental results was also explored.



The results of the variance analysis and credibility analysis of this regression model were shown in Table 4 and Table 5, respectively. Among them, the F value and P value were used to judge the significance of the model and various variables to the response results. According to Fischer’s theory, when the p value is < 0.05, it is significant in statistical analysis, and, when the p value is < 0.01, it is highly significant in statistical analysis. In this study, the quadratic regression model was highly significant (F = 46.75, p < 0.0001), and the loss of fit term was not significant (F = 0.54, p = 0.6778), indicating that the model was significant and no lack of fit existed.



The software was used to analyze the RSM experiment results in Table 2, and the quadratic regression model between the purity and the three selected factors could be obtained as follows:


S = 92.88 − 1.02A − 1.26B − 0.013C + 0.00AB − 0.15AC + 0.025BC + 0.097A2 + 0.27B2 − 0.83C2








where S, A, B, C, and D represented the ST purity, crystallization temperature, crystallization time, and volume ratio of isopropyl alcohol/methanol, respectively.



The fitting equations of the process were analyzed with the experimental results, and the fitting equations at all the levels were listed in Table 6. According to the data analysis in Table 6, the experiment conforms to the quadratic equation model, and the analysis of variance was shown in Table 5.



According to the RSM results, the optimal crystallization conditions predicted by the model were: crystallization temperature 15 °C, crystallization time 8 h, the volume ratio of mixed solvent (solvent 3/solvent 1 = 30%). Three experimental verifications were carried out based on the conditions of number 9, 11, and 14 in Table 2. A result of 95% purity and 83.6% recovery for the ST was achieved based on the optimized condition, which is shown in Figure 7 and under condition number 9 in Table 4.



It can be seen from Figure 1 and Figure 8 that there is almost no RC precipitation through this method. According to the standard curve analysis, a 25.4% concentration in the liquid phase and near 100% total recovery after the second crystallization were achieved. That means that the RC was successfully enriched by more than three times compared with the crude stevia in Figure 1. Cheaper RC raw material could be provided for the subsequent preparation of very expensive and high-purity RC with this method.





4. Conclusions


A high purity and high recovery of RA can be achieved by the crystallization of crude stevia once with an optimized methanol aqueous solution and other conditions. The solubility behavior of the RA and ST in the methanol aqueous solution could be greatly affected by adding a certain amount of isopropyl alcohol. The high purity and recovery of the ST could be easily achieved by the recrystallization of less value of MLS with a certain concentration of isopropyl alcohol–methanol aqueous solution. The RC does not precipitate nearly in the methanol aqueous solution or the isopropyl alcohol–methanol aqueous solution, so it could be efficiently enriched in the liquid phase after the recovery of the ST. All the solvents can be easily recovered and reused. It could provide an alternative method for the comprehensive utilization of natural stevia resources with the advantages of low-cost solvent and promising industrial application.
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Figure 1. HPLC chromatogram of crude stevia at 210 nm wavelengths. 
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Figure 2. Solvent effect on purity and recovery of RA. 
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Figure 3. Effect of (a) MeOH concentration (16 h, 1:4 of the solid-liquid ratio, and 25 °C), (b) recrystallization time (90% of methanol concentration, 1:4 of the solid-liquid ratio, and 25 °C), (c) solid-liquid ratio (90% of methanol concentration, 16 h, and 25 °C), and (d) temperature (90% of methanol concentration, 16 h, and 1:4 of the solid-liquid ratio) on purity and recovery of RA. 
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Figure 4. HPLC chromatogram of the solid phase after first crystallization at 210 nm wavelengths. 
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Figure 5. HPLC chromatogram of the liquid phase after first crystallization at 210 nm wavelengths. 
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Figure 6. Effect of (a) solvent composition (1:6 of the solid-liquid ratio, 16 h, and 25 °C), (b) volume ratio of mixed solvents (1:6 of the solid-liquid ratio, 16 h, and 25 °C), (c) recrystallization time (1:6 of the solid-liquid ratio, the volume ratio of mixed solvent (solvent 3/solvent 1 = 30%), and 25 °C), and (d) temperature (1:6 of the solid-liquid ratio, the volume ratio of mixed solvent (solvent 3/solvent 1 = 30%), and 16 h on purity and recovery of ST from MLS. 
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Figure 7. HPLC chromatogram of the solid phase after second crystallization at 210 nm wavelengths. 
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Figure 8. HPLC chromatogram of the liquid phase after second crystallization at 210 nm wavelengths. 
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Table 1. Retention time and standard curve equations of three components.
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	Component
	Retention Time (Min)
	The Standard Equation
	R2





	RA
	8.12~8.45
	y = 4971605x + 17037
	0.9998



	ST
	8.51~8.92
	y = 5949208x + 47857
	0.9994



	RC
	11.56~11.78
	y = 4806722x − 4224
	0.9997
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Table 2. Investigation of different solvents in one crystallization.
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	Name
	Solvent 1
	Solvent 2
	Solvent 3





	Solvent composition
	95% MeOH aqueous solution
	95% EtOH aqueous solution
	95% isopropyl alcohol aqueous solution
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Table 3. Investigation of different solvents in second crystallization.
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	Name
	Solvent 4
	Solvent 5
	Solvent 6
	Solvent 7
	Solvent 8





	Solvent composition
	90%MeOH aqueous solution
	90%EtOH aqueous solution
	90% isopropyl alcohol aqueous solution
	Solvent 6:Solvent 4 = 1

(Volume ratio)
	Solvent 6:Solvent 5 = 1

(Volume ratio)
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Table 4. Test design table and test results of response surface method.
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	Number
	Time (h)
	Temperature (°C)
	The Volume Ratio of Solvent 3 to Solvent 1
	St Purity of Solid (%)





	1
	15
	16
	0.4
	93.3



	2
	20
	16
	0.3
	93



	3
	20
	24
	0.4
	91.2



	4
	20
	16
	0.3
	93.2



	5
	20
	8
	0.2
	93.5



	6
	20
	16
	0.3
	92.6



	7
	20
	16
	0.3
	92.6



	8
	20
	24
	0.2
	91



	9
	15
	8
	0.3
	95.5



	10
	15
	16
	0.2
	93.2



	11
	20
	8
	0.4
	93.6



	12
	25
	24
	0.3
	91



	13
	20
	16
	0.3
	93



	14
	25
	8
	0.3
	93.6



	15
	25
	16
	0.2
	91.3



	16
	15
	24
	0.3
	92.9



	17
	25
	16
	0.4
	90.8
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Table 5. Variance analysis of response surface test results.
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	Source
	Sum of

Squares
	d f
	Mean

Square
	F Value
	p-Value

Prob > F
	





	Model
	24.37
	9
	2.71
	46.75
	<0.0001
	significant



	A-temperature
	8.40
	1
	8.40
	145.09
	<0.0001
	



	B-time
	12.75
	1
	12.75
	220.12
	<0.0001
	



	C- isopropyl alcohol(v): methanol(v)
	1.250E-003
	1
	1.250E-003
	0.022
	0.8874
	



	AB
	0.000
	1
	0.000
	0.000
	1.0000
	



	AC
	0.090
	1
	0.090
	1.55
	0.2527
	



	BC
	2.500E-003
	1
	2.500E-003
	0.043
	0.8413
	



	A2
	0.040
	1
	0.040
	0.69
	0.4333
	



	B2
	0.31
	1
	0.31
	5.40
	0.0531
	



	C2
	2.88
	1
	2.88
	49.77
	0.0002
	



	Residual
	0.41
	7
	0.058
	
	
	



	Lack of Fit
	0.12
	3
	0.039
	0.54
	0.6778
	not significant



	Pure Error
	0.29
	4
	0.072
	
	
	



	Cor Total
	24.78
	16
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Table 6. Calculation of fitted equations.






Table 6. Calculation of fitted equations.





	

	
Sequential

	
Lack of Fit

	
Adjusted Predicted




	
Source

	
P-Value

	
P-Value

	
R-Squared

	
R-Squared






	
Linear

	
<0.0001

	
0.0648

	
0.8201

	
0.7143

	




	
2FI

	
0.9654

	
0.0357

	
0.7721

	
0.3524

	




	
Quadratic

	
0.0011

	
0.6778

	
0.9626

	
0.9060

	
Suggested




	
Cubic

	
0.6778

	

	
0.9535

	

	
Aliased
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