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Abstract

:

Stripping crystallization (SC) is introduced in this work for chiral purification of R-phenylglycinol from the enantiomer mixture with an initial concentration ranging from 0.90 to 0.97. As opposed to the solid–liquid transformation in melt crystallization, the three-phase transformation occurs in SC at low pressures during the cooling process. SC combines melt crystallization and vaporization to produce a crystalline product and mixture vapor from a mixture melt due to the three-phase transformation. Thermodynamic calculations were applied to determine the operating pressure for the three-phase transformation during the cooling process in the SC experiments. To consider the possible deviations between the calculated and the actual three-phase transformation conditions, the product purity and the recovery ratio of R-phenylglycinol were investigated within a range of operating pressures during the cooling process.
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1. Introduction


Pure enantiomer is often needed for the desired therapeutic effect due to different pharmacological and pharmacokinetic processes for the enantiomers of drugs. However, separation of the enantiomers has long been a challenging task as the enantiomers have nearly identical physical and chemical properties [1]. Various enantioselective separation techniques, including enantioselective synthesis, chromatographic separation, and preferential crystallization, have been developed for chemical and pharmaceutical industries [2]. Preferential crystallization generally has been used as an attractive means to separate the conglomerate-forming enantiomers from racemate [3,4,5,6]. Although chromatographic separation has been investigated extensively [7,8,9,10], the synthesis of efficient chiral stationary phases in chromatographic methods is usually deemed a robust technology. Recently, Didaskalou et al. [11] reported the membrane-grafted asymmetric organocatalyst used as an integrated synthesis–enantioseparation platform. Rukhlenko et al. [12] explored the capabilities of the related enantioseparation method by analytically solving the problem of the force-induced diffusion of chiral nanoparticles in a confined region.



Phenylglycinol, also called 2-Amino-2-phenylethanol, is an important example of a chiral compound. Only R-phenylglycinol can be used as an important precursor of HIV-1 protease inhibitor [13]. Enantioseparation, using extractant impregnated resins [14] or liquid–liquid extraction [15,16] has been proposed to separate R-Phenylglycinol from the racemic mixture. Fundamentally, an enantioselective solvent is chosen and used as extractant for the enantioseparation of phenylglycinol.



Stripping crystallization (SC) is a new separation technology, which combines melt crystallization and vaporization to produce a crystalline product due to the three-phase transformation. SC has been successfully developed to separate the mixtures with close boiling temperatures, including mixed xylenes [17,18,19], the styrene/ethylbenzene mixture [20], and the S-ibuprofen/R-ibuprofen mixture [21]. As opposed to extractant impregnated resins or liquid–liquid extraction, no solvent is added in SC. Thus, no removal of solvent is required at the end of SC.



The objective of this research is to study the feasibility of SC in purification of R-phenylglycinol from a phenylglycinol mixture. The thermodynamic calculations are adopted to determine the three-phase transformation conditions for the SC experiments. The effects of various operating conditions on the enantiomeric purity and recovery ratio of R-phenylglycinol crystalline product are investigated




2. SC Model


As opposed to the solid–liquid transformation in melt crystallization operated at normal pressure during the cooling process [22,23,24,25,26,27], the three-phase transformation occurs in SC at low pressures during the cooling process. Thus, SC combines melt crystallization and vaporization to produce a crystalline product and mixture vapor from a mixture liquid or melt [17,18,19,20,21]. The SC process is simulated in a series of N stage operations shown in Figure 1, where each stage is operated at a three-phase transformation state. The SC process starts with a mixture liquid or melt. The vapor formed in each stage is removed, while the crystalline product and the remaining liquid or melt in each stage enter the next stage. Thus, only the crystalline product remains at the end of SC when the liquid or melt is nearly eliminated.



When SC is applied to purify R-phenylglycinol (B-component) from the mixture of S-phenylglycinol (A-component) and R-phenylglycinol, the SC process starts with a mixture melt of phenylglycinol. The corresponding three-phase transformation condition in each stage is determined based on the following assumptions: (a) The ideal gas law is assumed for the vapor due to low pressures; (b) The ideal solution for the melt is assumed due to the structure similarity between S-phenylglycinol and R-phenylglycinol; (c) The Clausius–Clapeyron equation [28,29] is adopted to describe the temperature dependence of the saturated pressure for each component in the melt; (d) The sublimation based on the solid–vapor equilibrium is not considered here as the mixture melt is used in the beginning of the experiments. Some physical properties of S-phenylglycinol and R-phenylglycinol are listed in Table 1. For simplicity, ΔHV = 2ΔHm is assumed in the thermodynamic calculations.



As SC is applied to produce R-phenylglycinol crystalline product from a mixture melt due to the three-phase transformation, both the solid–liquid equilibrium and the vapor–liquid equilibrium need to be simultaneously satisfied. The solid–liquid equilibrium is described by the Schroder–Van Laar equation [1,28,29], while the vapor–liquid equilibrium is described by Raoult’s law [28,29]. Consequently, as similar to a previous work reported by Shiau [21], the three-phase equilibrium equations can be derived in each stage. If Tn is specified in each stage, these equations can be simultaneously solved for Pn, (XA)n, (XB)n, (YA)n and (YB)n for n = 1, 2, …, N.



Figure 2 displays the thermodynamic calculations of P(T), XB(T), and YB(T) during the cooling process. Thus, the corresponding pressure, P(T), and the corresponding melt composition of R-phenylglycinol, XB(T), decreases during the cooling process for SC. In other words, Figure 2 reveals that, as XB(T) in a melt decreases, the corresponding temperature and pressure for the three-phase transformation conditions decreases.



As shown in Figure 1, the three-phase transformation occurs in the melt in each stage, leading to the formation of R-phenylglycinol crystalline product and mixture vapor. Sn and Ln represent the amount of R-phenylglycinol crystalline product and the melt, respectively, remaining in stage n, while Vn represents the amount of the mixture vapor formed and removed in stage n. The entire material balance in stage n can be described by


Sn−1 + Ln−1 = Sn + Ln + Vn



(1)




where Sn−1 + Ln−1 is the total amount of crystalline product and melt entering stage n. As Vn−1 represents the amount of vapor formed in stage n − 1 that is subsequently removed, it is not part of the equation for stage n. Thus, the amount of melt decreases and the amount of crystalline product increases during the stage operation.



Although both the melt and the vapor consist of S-phenylglycinol and R-phenylglycinol, only R-phenylglycinol crystalline product is formed in each stage based on the solid–liquid equilibrium described by the Schroder–Van Laar equation [1,28,29]. It is assumed that no impurity trapping occurs in the formation of R-phenylglycinol crystalline product based on the thermodynamic calculations. The material balance of R-phenylglycinol in stage n can be described by


Sn−1 + Ln−1(XB)n−1 = Sn + Ln(XB)n + Vn(YB)n



(2)







It is observed during the experiments that the three-phase transformation occurs in the melt very quickly in each stage, leading to the formation of R-phenylglycinol crystalline product and the mixture vapor. Therefore, it is assumed in each stage that the heat released in forming R-phenylglycinol crystalline product is quickly removed by vaporizing some portion of the melt. Thus, the energy balance in stage n can be described by


(Sn − Sn−1)ΔHm,B = VnΔHV,B



(3)




where Sn – Sn−1 represents the amount of crystalline product formed in stage n while Vn represents the amount of melt vaporized in stage n. Note that the heat of vaporization is assumed as ΔHV,B for a mixture melt due to ΔHV,A = ΔHV,B.



As only the mixture melt L0 with a known (XB)0 is injected into the sample container, one obtains S0 = 0. Equations (1) to (3) can be solved simultaneously for three unknown variables- Sn, Ln and Vn. Note that SN and LN represents the crystalline product and the melt, respectively, remaining at the end while the total amount vapor formed and removed at the end is given by ∑n=1NVn.




3. Experimental Section


The experimental assembly consisted of a 5-mL sample container in a 1.5-L chamber as shown in Figure 3. The stainless chamber was immersed in a constant temperature bath. A mechanical vacuum pump was used to lower the pressure in the chamber. A temperature probe was positioned in the center of the mixture melt and a pressure gauge was connected to the big chamber. Thus, the operating temperature and pressure could be adjusted mid-experiment. Crystallization and vaporization of the mixture melt during the three-phase transformation could be observed in the chamber via a transparent cover.



R-phenylglycinol (purity >98%) and S-phenylglycinol (purity >98%) were purchased from ACROS. In the beginning of the experiment, 1 g mixture melt with a known concentration was injected into the sample container stirred by a magnetic bar at 70 rpm. Then, the temperature was lowered gradually from the melting point (77 °C). The cooling rate generally started at 0.5 °C/min in the beginning and then increased gradually to 1 °C/min in the later stage. As the temperature decreased, pressure was adjusted downward based on Figure 2. Thus, a series of three-phase transformations occurred in the melt, leading to the formation of R-phenylglycinol crystalline product and mixture vapor. The experiments were generally ended at around 55 °C and 58 Pa within 25 min when vaporization was no longer observed in the chamber. Figure 4 illustrates the schematic diagram of the batch experiments, in which the melt was simultaneously vaporized and crystallized due to the three-phase transformation. Upon completion, the final product, including the crystals and melt, in the sample container were weighed.



The enantiomeric purity of the final product was analyzed by Polarimeter (Horiba, model: SEPA-300). The polarimetry was measured by dissolving 0.1 g final product in 20 mL 1 M HCl solution. First, a plot of the measured specific optical rotation versus the known enantiomeric purity within the range XB,0 = 0.9 to 1.0 was fitted with a linear regression line. Then, by measuring the specific optical rotation of the final sample the enantiomeric purity could be determined. Note that [α]D20 = −29.9° for R-phenylglycinol and [α]D20 = 29.9° for S-phenylglycinol. It should be noted that, as only crystallization and vaporization occurred during SC, polarimetry could be used to determine the enantiomeric purity of the final product.



From a practical point of view, some solvent might remain in the mixture melt before SC. To elucidate the effects of residual solvent on the final product purity and recovery ratio of R-phenylglycinol, 0.1 g ethanol was added into 1 g mixture melt in the beginning of the SC experiments. It was found that the final product purity and recovery ratio for 1 g mixture melt with 0.1 g ethanol were nearly the same as those for 1 g mixture melt without ethanol. Thus, all ethanol was vaporized when SC was operated at low pressures during the cooling process. Solvent inclusion in the formation of R-phenylglycinol crystalline product was nearly negligible.




4. Results and Discussion


SC was applied to purify R-phenylglycinol for various 1 g feeds: Feed 1 with (XB)0 = 0.90, feed 2 with (XB)0 = 0.95, and feed 3 with (XB)0 = 0.97. Table 2 lists the thermodynamic calculations for 1 g feed 1, where T0 = 72.7 °C is the initial three-phase transformation temperature for the mixture melt. As vaporization was no longer observed in the experiments at around 55 °C, TN = 54.6 °C was chosen for N = 15 with ΔT = 1.2 °C. Thus, Tn was specified in each stage for n = 1, 2, …, N using Tn−1 − Tn = ΔT. Pn, (XA)n, (XB)n, (YA)n, and (YB)n were determined in each stage by solving the thermodynamic equations while Sn, Ln, and Vn were determined in each stage by solving Equations (1) to (3) for L0 = 1 g and S0 = 0. Note that Pn, (XB)n and (YB)n in Table 2 were consistent with the results shown in Figure 2. Table 2 also indicates that, as n increased during the cooling process, Sn increased and Ln decreased. As SC was operated from 73 °C and 160 Pa (n = 1) to 55 °C and 58 Pa, (n = 15), only R-phenylglycinol crystalline product remain in the last stage (SN = 0.606 g) while the melt was nearly eliminated in the last stage LN = 0.098 g. Similar calculated results were obtained for feed 2 and feed 3.



The calculated purity of R-phenylglycinol in the final product, including the final crystalline product and the remaining melt, is defined as


XB,C=SN+LN(XB)NSN+LN



(4)




where SN, LN and (XB)N are determined in the last stage based on the thermodynamic calculations. The calculated recovery ratio of R-phenylglycinol is defined as


RC=SN+LN(XB)NL0XB,0



(5)




where L0 is the initial weight of the mixture melt and XB,0 denotes the initial purity of R-phenylglycinol in the mixture melt. For example, as shown in Table 2, feed 1 yields SN = 0.606 g and LN = 0.098 g with (XB)N = 0.549 in the last stage (N = 15), leading to XB,C = 0.937 and RC = 73% using Equations (4) to (5).



The experimental recovery ratio of R-phenylglycinol is defined as


Rf=WfXB,fL0XB,0



(6)




where Wf refers to the final weight of the product including the crystalline product and the remaining melt obtained at the end of the experiment, and XB,f represents the experimental purity of R-phenylglycinol in the final product.



Figure 5 shows XB,f of the final product plotted against XB,0 of the initial feed for various feeds. The Solid circles represent the calculated XB,C and the number in parenthesis represents the calculated RC. Thus, the thermodynamic calculations predict that feed 1 can be purified from XB,0 = 0.90 to XB,C = 0.937 with RC = 73%, feed 2 can be purified from XB,0 = 0.95 to XB,C = 0.979 with RC = 70%, and feed 3 can be purified from XB,0 = 0.97 to XB,C = 0.995 with RC = 69%.



Other symbols in Figure 5, including open circle, open triangle, cross sign, and open square, represent the average of the experimental XB,f for four repetitive experiments operated at the specified pressure and the error bar represents the 95% confidence interval for the experimental XB,f. The number in parenthesis represents the average of the experimental Rf with the 95% confidence interval for the experimental Rf. For example, cross sign represents the average XB,f when the operating pressures was controlled at P(T) during the cooling process. As a lower XB,f with a higher Rf was observed for each feed compared to the calculated XB,C and RC, it was speculated that the calculated pressure P(T) in Figure 3 might be higher than the actual three-phase transformation pressure, leading to less impurity (S-phenylglycinol) vaporized and more crystalline product formed from the melt during the cooling process.



To consider the possible deviations between the calculated and the actual three-phase transformation pressure, various operating pressures are compared during the cooling process. The open circle in Figure 5 represents the average XB,f when the operating pressures were controlled at 0.1 × P(T) during the cooling process. Similarly, the open triangle represents the average XB,f when the operating pressures were controlled at 0.5 × P(T). The open square represents the average XB,f when the operating pressures were controlled at 10 × P(T).



Figure 5 shows for each feed that XB,f increased with decreasing pressure while Rf decreased with decreasing pressure. For example, when SC was applied for XB,0 = 0.90, XB,f increased from 0.914 to 0.935 and Rf decreased from 86% to 46% as the operating pressure was decreased from P(T) to 0.1 × P(T). As shown in the figure, when 0.1 × P(T) was adopted for each XB,0, XB,f was close to XB,C with Rf (46% to 55%) < RC (69% to 73%). Consequently, compared to the calculated P(T) in Figure 3, 0.1 × P(T) should be closer to the actual the three-phase transformation pressure. On the other hand, when 10 × P(T) was adopted for each XB,0, XB,f was close to XB,0 with Rf = 93% to 99%, indicating that the feed was not further purified in the SC experiments.



Discrepancies between the thermodynamic calculations and the experimental results are attributed to (a) the assumption that each stage was operated at the three-phase transformation. However, experimentally, these might not always be achieved; (b) although pure S-phenylglycinol crystal should be formed based on the thermodynamic equilibrium, impurity trapping can occur under actual kinetic conditions. The scope of this work was to investigate the feasibility of SC in the purification of R-phenylglycinol from a phenylglycinol mixture. In future kinetic studies, the effects of process conditions (e.g., cooling rate) on the crystal growth kinetics and impurity inclusion will be explored based on the impurity trapping correlation proposed by Myerson and Kirwan [31,32].




5. Conclusions


SC was successfully applied for chiral purification of R-phenylglycinol from the phenylglycinol enantiomers. A lower pressure during the cooling process generally led to a higher experimental product purity with a lower experimental recovery ratio. When SC was operated under the optimal pressure, which was one-tenth of the pressure based on the thermodynamic calculations, the experimental product purity was close to the calculated product purity while the experimental recovery ratio was slightly lower than the calculated recovery ratio. In other words, when temperature and pressure was lowered from 72.7 °C and 15 Pa to 55 °C and 6 Pa during SC, the purity of R-phenylglycinol increased from 0.90 to 0.937, from 0.94 to 0.985, and from 0.97 to 0.995 respectively with the recovery ratio ranging between 46% to 55%.



As no solvent is added into the melt, SC is a clean separation technology. Compared to melt crystallization, neither solid/liquid separation nor crystal washing is required because no mother liquor adheres to the crystal surfaces upon completion. Although a portion of the phenylglycinol enantiomers is lost through the vapor stream of each stage, the vaporized mixture can be recycled for continuous operation or mixed with the feed in the next batch for batch operation. The major difficulty in application of SC lies in the required low pressures during the cooling process. Furthermore, the crystal growth kinetics and impurity trapping during SC need to be elucidated in order to design an apparatus for industrial application.
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Notation




	ΔHm,i
	heat of melting for component-i (>0), J/mol



	ΔHV,i
	heat of vaporization for component-i (>0), J/mol



	Ln
	mass of the liquid phase out of stage, n, g



	N
	an integer number (>2), dimensionless



	P
	pressure, Pa



	RC
	calculated recovery ratio, dimensionless



	Rf
	experimental recovery ratio, dimensionless



	Sn
	mass of the solid phase out of stage, n, g



	T
	boiling temperature of component-i, K



	Tb.i
	boiling temperature of component-i, K



	Tm.i
	melting temperature of component-i, K



	Ttri.i
	triple-point temperature of component-i, K



	Vn
	mass of the vapor phase out of stage, n, g



	Xi
	mole fraction of component-i in melt, dimensionless



	Yi
	mole fraction of component-i in vapor phase, dimensionless







Subscript




	0
	in the initial feed



	n
	in stage, n



	N
	in the last stage







References


	



Jacques, J.; Collet, A.; Wilen, S.H. Enantiomers, Racemates, and Resolutions; John Wiley & Sons: New York, NY, USA, 1981. [Google Scholar]

	



Subramanian, G. (Ed.) Chiral Separation Techniques; Wiley-VCH Verlag GmbH: Weinheim, Germany, 2000. [Google Scholar]

	



Elsner, M.P.; Ziomek, G.; Seidel-Morgenstern, A. Simultaneous preferential crystallization in a coupled batch operation mode. Part II: Experimental study and model refinement. Chem. Eng. Sci. 2011, 66, 1269–1284. [Google Scholar] [CrossRef]

	



Qamar, S.; Galan, K.; Elsner, M.P.; Hussain, I.; Seidel-Morgenstern, A. Theoretical investigation of simultaneous continuous preferential crystallization in a coupled mode. Chem. Eng. Sci. 2013, 98, 25–39. [Google Scholar] [CrossRef]

	



Kollges, T.; Vetter, T. Model-based analysis of continuous crystallization/reaction processes separating conglomerate forming enantiomers. Cryst. Growth Des. 2017, 17, 233–247. [Google Scholar] [CrossRef]

	



Majumder, A.; Nagy, Z.K. A comparative study of coupled preferential crystallizers for the efficient resolution of conglomerate-forming enantiomers. Pharmaceutics 2017, 9, 55. [Google Scholar] [CrossRef] [PubMed]

	



Kupai, J.; Rojik, E.; Huszthy, P.; Szekely, G. Role of chirality and macroring in imprinted polymers with enantiodiscriminative power. ACS Appl. Mater. Interfaces 2015, 7, 9516–9525. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, K.; Muraoka, T.; Oyubo, Y.; Takahashi, H.; Ohnishi, A. HPLC enantioseparation on a homochiral MOF-silica composite as a novel chiral stationary phase. RSC Adv. 2016, 6, 21293–21301. [Google Scholar] [CrossRef]

	



Han, X.; Huang, J.; Yuan, C.; Liu, Y.; Cui, Y. Chiral 3D covalent organic frameworks for high performance liquid chromatographic enantioseparation. J. Am. Chem. Soc. 2018, 140, 892–895. [Google Scholar] [CrossRef] [PubMed]

	



Bruno, R.; Marino, N.; Bartella, L.; Di Donna, L.; De Munno, G.; Pardo, E.; Armentano, D. Highly efficient temperature-dependent chiral separation with a nucleotide-based coordination polymer. Chem. Commun. 2018, 54, 6356–6359. [Google Scholar] [CrossRef] [PubMed]

	



Didaskalou, C.; Kupai, J.; Cseri, L.; Barabas, J.; Vass, E.; Holtzl, T.; Szekely, G. Membrane-grafted asymmetric organocatalyst for an integrated synthesis-separation platform. ACS Catal. 2018, 8, 7430–7438. [Google Scholar] [CrossRef]

	



Rukhlenko, I.D.; Tepliakov, N.V.; Baimuratov, A.S.; Andronaki, S.A.; Gun’ko, Y.K.; Baranov, A.V.; Fedorov, S.V. Completely chiral optical force for enantioseparation. Sci. Rep. 2016, 6, 36884. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.N.T.; Magueur, G.; Ourevitch, M.; Crousse, B.; Begue, J.-P.; Bonnet-Delpon, D. Analogues of Key Precursors of Aspartyl Protease Inhibitors:  Synthesis of Trifluoromethyl Amino Epoxides. J. Org. Chem. 2005, 70, 699–702. [Google Scholar]

	



Babic, K.; Driessen, G.H.M.; van der Ham, A.G.J.; de Haan, A.B. Chiral separation of amino-alcohols using extractant impregnated resins. J. Chromatogr. A 2007, 1142, 84–92. [Google Scholar] [CrossRef] [PubMed]

	



Steensma, M.; Kuipers, N.J.M.; de Haan, A.B.; Kwant, G. Influence of process parameters on extraction equilibria for the chiral separation of amines and amino-alcohols with a chiral crown ether. J. Chem. Technol. Biotechnol. 2006, 81, 588–597. [Google Scholar] [CrossRef]

	



Schuur, B.; Steensma, M.; Winkelman, J.G.M.; De Vries, J.G.; De Haan, A.B.; Heeres, H.J. Continuous enantioseparation by liquid-liquid extraction. Chim. Oggi-Chem. Today 2009, 27, 9–12. [Google Scholar]

	



Shiau, L.D.; Wen, C.C.; Lin, B.S. Separation and purification of p-xylene from the mixture of m-xylene and p-xylene by distillative freezing. Ind. Eng. Chem. Res. 2005, 44, 2258–2265. [Google Scholar] [CrossRef]

	



Shiau, L.D.; Wen, C.C.; Lin, B.S. Application of distillative freezing in the separation of o-xylene and p-xylene. AIChE J. 2006, 52, 1962–1967. [Google Scholar] [CrossRef]

	



Shiau, L.D.; Wen, C.C.; Lin, B.S. Separation of p xylene from the multicomponent xylene system by stripping crystallization. AIChE J. 2008, 54, 337–342. [Google Scholar] [CrossRef]

	



Shiau, L.D. Purification of Styrene from a Styrene/Ethylbenzene Mixture by Stripping Crystallization. Ind. Eng. Chem. Res. 2018, 57, 6759–6765. [Google Scholar] [CrossRef]

	



Shiau, L.D.; Liu, K.F.; Hsu, Y.C. Chiral purification of S-ibuprofen from ibuprofen enantiomers by stripping crystallization. Chem. Eng. Res. Des. 2017, 117, 301–308. [Google Scholar] [CrossRef]

	



Ulrich, J. Melt Crystallization: Fundamentals, Equipment and Applications; Shaker: Aachen, Germany, 2003. [Google Scholar]

	



Jiang, X.; Hou, B.; He, G.; Wang, J. Falling film melt crystallization (I): Model development, experimental validation of crystal layer growth and impurity distribution process. Chem. Eng. Sci. 2012, 84, 120–133. [Google Scholar] [CrossRef]

	



Beierling, T.; Osiander, J.; Sadowski, G. Melt crystallization of isomeric long-chain aldehydes from hydroformylation. Sep. Purif. Technol. 2013, 118, 13–24. [Google Scholar] [CrossRef]

	



Micovic, J.; Beierling, T.; Lutze, P.; Sadowski, G.; Górak, A. Design of hybrid distillation/melt crystallization processes for separation of close boiling mixtures. Chem. Eng. Process. Process Intensif. 2013, 67, 16–24. [Google Scholar] [CrossRef]

	



Jiang, X.; Li, M.; He, G.; Wang, J. Research process and model development of crystal layer growth and impurity distribution in layer melt crystallization: A review. Ind. Eng. Chem. Res. 2014, 53, 13211–13227. [Google Scholar] [CrossRef]

	



Fukui, K.; Fujikawa, T.; Satone, H.; Yamamoto, T.; Maeda, K. Application of solute distribution theory to melt crystallization of fatty acids. Chem. Eng. Sci. 2016, 143, 114–121. [Google Scholar] [CrossRef]

	



Smith, J.M.; Van Ness, H.C.; Abbott, M.M. Introduction to Chemical Engineering Thermodynamics; McGraw-Hill Book Co.: Singapore, 2001. [Google Scholar]

	



Sandler, S.I. Chemical, Biochemical, and Engineering Thermodynamics; John Wiley & Sons: Hoboken, NJ, USA, 2006. [Google Scholar]

	



ONeil, M.J. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals; Merck & Co., Inc.: Whitehouse Station, NJ, USA, 2006. [Google Scholar]

	



Myerson, A.S.; Kirwan, D.J. Impurity trapping during dendritic crystal growth. 2. Experimental results and correlation. Ind. Eng. Chem. Fundam. 1977, 16, 420–425. [Google Scholar] [CrossRef]

	



Myerson, A.S.; Kirwan, D.J. Impurity trapping during dendritic crystal growth. 1. Computer simulation. Ind. Eng. Chem. Fundam. 1977, 16, 414–420. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the compounds are not available from the authors










[image: Molecules 23 02901 g001 550]





Figure 1. Schematic diagram of the stripping crystallization (SC) operation where each stage is operated at a three-phase transformation state. 
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Figure 2. P(T), XB(T) and YB(T) based on the thermodynamic calculations for the three-phase transformation. 
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Figure 3. Schematic diagram of the experimental apparatus for the SC operation with the features: (1) Mechanical pump, (2) constant temperature bath, (3) thermocouple, (4) pressure gauge, (5) magnetic stirrer operated at 70 rpm, (6) 5-mL sample container in a 1.5-L chamber. 
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Figure 4. Schematic diagram of a batch SC experiment, where each stage corresponds to a three-phase transformation state at a given time: At t = 0, a mixture melt in the sample container; at 0 < t < tf, formation of R-phenylglycinol crystalline product and mixture vapor from a mixture melt due to the three-phase transformation; at tf, only R-phenylglycinol crystalline product and the remaining melt left in the sample container. Note that the vapor was condensed and collected outside the sample container in the chamber. 
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Figure 5. XB,f of the final product plotted against XB,0 of the initial feed for various 1 g feeds. The solid line represents XB,f = XB,0 indicating no further purification for the initial feed during SC. Solid circle represents the calculated XB,C and the number in parenthesis represents the calculated RC. Other symbols, including open circle, open triangle, cross sign, and open square, represent the average of the experimental XB,f for four repetitive experiments operated at the specified pressure and the error bar represents the 95% confidence interval for the experimental XB,f. The number in parenthesis represents the average of the experimental Rf with the 95% confidence interval for the experimental Rf. Note that no error bar is added for solid circle of the calculated XB,C. 
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Table 1. Some physical properties for phenylglycinol.
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	Property
	Phenylglycinol





	molecular structure
	 [image: Molecules 23 02901 i001]



	molecular weight
	137.2



	melting point a, °C
	77



	boiling point a, °C
	261



	triple-point pressure b, Pa (N/m2)
	198



	heat of melting c, J/mol
	2.57 × 104







a: The Merck Index [30]; b: Estimated by Clausius–Clapeyron equation [28,29]; c: Measured by Differential scanning calorimetry in this work.
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