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Abstract
The production of -Artemether, 3, 12-epoxy- 12h-pyrano (4, 3- j)- 1, 2- benzodioxepin, C16H26O5), an important active pharmaceutical ingredient for the treatment of malaria, uses crystallization as the purification step. This paper investigates the Metastable Zone Width (MSZW), nucleation and crystal growth kinetics of anti-solvent crystallization for-artemether in ethanol + water system where water is the anti-solvent. Using a turbidity probe, the effect of process variables on MSZW was investigated, including initial the mass ratio of the solute to solvent, temperature, introduction rate as well as introduction location of the anti-solvent. The prediction model for MSZW was calibrated and proved reliable for this system. For anti-solvent crystallization of -artemether in ethanol + water system, the chord length distribution data was collected using Focused Beam Reflectance Measurement, based on which the nucleation and crystal growth parameters were estimated using the method of moment. The crystal growth mechanism of -artemether was also studied using a hot stage and imaging system and was found to follow a layer-by-layer growth mechanism.
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1.  INTRODUCTION
-Artemether (3, 12-epoxy-12h-pyrano (4,3-j)- 1,2-benzodioxepin, C16H26O5) is probably the most effective active pharmaceutical ingredient (API) recommended by the World Health Organization (WHO, 2006) for treatment of malaria, a global killer of around 800,000 people a year and is second only to tuberculosis in its impact on world health. The parasitic disease is present in 90 countries and infects one in 10 of the world's population - mainly people living in Africa, India, Brazil, Sri Lanka, Vietnam, Colombia and the Solomon Islands. For this important API, crystallization is often used as a key purification process for quality control (Zhang et al., 2009) in its production, but there has been little data about its crystal growth kinetics in the public domain.
	As an important industrial separation and purification process, crystallization process control has been the subject of active research (Nagy and Braatz, 2012; Nagy et al., 2008; Nowee et al., 2008b; Yu et al., 2007), with the focus being on crystal size distribution (CSD) as well as polymorph and morphology control of the solid active pharmaceutical ingredients(APIs) or active ingredients for fine chemicals such as agrochemicals. These properties impact not only on the applied performance of crystalline products, but also on downstream processes such as filtering, drying, transportation and storage (Fujiwara et al., 2005; Nagy et al., 2013). CSD and crystal polymorph and morphology are determined by the  nucleation and crystal growth kinetics  (Barrett et al., 2010; Feng and Berglund, 2002; Lewiner et al., 2001; Yang and Nagy, 2013). Understanding of the kinetic models is, therefore, the prerequisite for achieving effective crystallization process control. However, to our best knowledge, there have been no reports concerning the fundamental crystallization kinetics of -artemether. In this paper, the crystallization kinetics of -artemether are investigated using on-line process analytical technology (PAT). Prediction models for metastable zone width (MSZW) and a kinetics equation of -artemether are developed and calibrated. In addition, the crystal growth mechanism is also investigated. 
Traditionally, off-line sampling was used for calibration of kinetic models, but the complicated sampling process is not only time consuming, but also means that the quality of samples cannot be assured, leading to inconsistency.  More recent recommendations are the use of advanced on-line PAT with high quality sensor probes. Concentration, particle size, and polymorphism can be measured in real time and batch to batch variations can be minimized or avoided resulting in improved efficiency of energy and materials (Borissova et al., 2008; Calderon De Anda et al., 2005; O'Sullivan et al., 2003; Zhang et al., 2011). 
Focused Beam Reflectance Measurement (FBRM) is used in the study. An immersed FBRM probe is used to obtain the chord length distribution (CLD) of particles in the range from 1nm to 1000nm in real time based on a backscattering mechanism. FBRM has been used by previous researchers to help characterize the metastable zone width (MSZW) and polymorphic transformation (Barrett and Glennon, 2002). Sullivan and Glennon (O'Sullivan and Glennon, 2005) utilized FBRM for research into cooling crystallization, including identifying polymorphic transformation. Barrett and Glennon (Barrett and Glennon, 2002) developed an on-line measurement method for solubility curves and MSZW using FBRM. FBRM was also utilized as the tool to characterize both the nucleation and crystal growth kinetics. Czapla et al. (Czapla et al., 2010) developed a FBRM model to quantify preferential crystallization of DL-threonine, the kinetic parameters of preferential crystallization were estimated based on FBRM CLD data. Trifkovic et al.(Trifkovic et al., 2008) researched the crystallization kinetics using FBRM and CLD was directly used for parameters estimation of crystal growth kinetics using the method of moment, which was regarded as a paradigm for kinetics measurement.

2.  Experimental
2.1.  Materials
-Artemether was obtained from the Pidi Pharmaceutical Co. in China with a stated purity > 99.5% by mass and an experimental melting point of 87.7 oC. All other reagents were of analytical grade and were purchased from Guangdong Guanghua Sci. Tech. Co. Ltd, China. All chemicals were used as obtained. Redistilled water was used in all experiments.
2.2. Experimental apparatus and procedure for measurement of MSZW
The experimental apparatus for measuring MSZW data is shown in Figure 1 and all MSZW measurements were performed in a 200 mL jacketed crystallizer. The turbidmeter (Mettler Toledo, Trb8300) was used for obtaining the turbidity information, and a thermostat (Ningbo Tianheng Instrument Inc., THD 0506) was used for controlling the temperature of the crystallizer. A metering pump (Shanghai Jingke Instrument, HL-2B) was used to manipulate the flow rate of water added to the crystallizer.
MSZW was measured using the following the procedure: prepared-artemether ethanol solution was added into the crystallizer first, then the temperature of the crystallizer was adjusted to set point. After making sure all the -artemether was dissolved, water was added and the on-line turbidity data was recorded simultaneously.
Single factor experiments were carried out to investigate the effect of process variables on MSZW, including the mass ratio of solute to solvent, temperatures, adding rates of anti-solvent and adding locations of anti-solvent. The selected experimental conditions were as follows, i.e., temperature 298.15 K, 303.15K and 308.15 K, adding rate for water 2 g·min-1, 5 g·min-1, 8 g·min-1, 12 g·min-1 and 15 g·min-1, stirring speed 200 rpm and 400 rpm, mass ratios of -artemether to ethanol 5/70 and 5/90, respectively. Also two adding locations for water were chosen, one nears the shaft, and the other nears the wall of the crystallizer.
2.3. Experimental apparatus and procedure for measurement of kinetics
The experimental apparatus used for kinetic measurement is shown in Figure 2. All kinetic experiments were conducted in a 500 mL semi-batch crystallizer.  A FBRM (Mettler Toledo, Redmond, WA) was used for collecting the CLD data. A metering pump (Shanghai Jingke Co., HL-2B) was used to manipulate the flow rate of water added to the crystallizer.
The procedure for kinetic measurement is described as follows: prepared -artemether solution containing -artemether and ethanol was added into the crystallizer, then the stirring speed was set. The temperature of the initial clear solution was kept at 5 degrees above the saturated temperature for 30 minutes, making sure all chemicals were dissolved in the solvent (Yang and Nagy, 2013). The measured particle number of initial solution shown in the FBRM was less than 150. Then the temperature of the prepared -artemether solution was lower to the set point to start the experiment, simultaneously the anti-solvent was added into the crystallizer for generation of supersaturation. All CLD data was scanned once every 20 s during the process. After particles were detected in the solution, the slurry was sampled and then filtered using a vacuum filter (1m mesh). Solution concentration and slurry density were calculated using the gravimetric method.
All kinetic experiments described in this work were carried out using unseeded crystallization. Experimental conditions for kinetics experiments were shown in Table 1, which includes eight different runs.  The adding rate of the anti-solvent was selected as 1.25 mL·min-1. Experimental temperatures were set at 288.15 K, 303.15 K, 308.15 K, 313.15 K, and 318.15K, and stirring speeds (Nr) were 250 rpm, 300 rpm, 350 rpm and 450 rpm, respectively.
2.4. Apparatus and procedure for identification of the crystal growth mechanism
An on-line image analysis system consisting of a Linkam hot stage (Linkam Scientific Instrument, LTS 350), a microscope (Olympus, TH4-200) and a high resolution CCD camera (Sony, XC-55) were used for identification of the crystal growth mechanism in this study. Before starting the experiment, a prepared supersaturated solution of -artemether in ethanol + water was added into the cell of the hot stage, then the temperature programme of the Linkam hot stage was set, crystal growth in the cell of the hot stage was observed using the microscope and pictures of the crystal were taken every 0.5 s using the CCD camera and recorded simultaneously.

3.  Results and Discussion
3.1.	Results of MSZW


 is the maximum excessive anti-solvent composition defined by , where A is the anti-solvent composition calculated at the outset of nucleation(t) detected by on -line turbidity probe, Asat is the anti-solvent composition of solution saturated with the solute (Kubota, 2008). In this study, Asat was calculated from the literature (Zhang et al., 2009). MSZW of the -artemether solution at different experimental conditions are given in Table 2. The process variables investigated included temperature, stirring speed, adding location and adding rate of the anti-solvent, and the mass ratio of solute to solvent.
3.1.1.  Effect of temperature on MSZW
MSZW of the -artemether in ethanol + water system at different temperatures is plotted in Figure 3. Figure 3 shows that MSZW increased significantly as crystallization temperature changed from 298.15 K to 303.15 K, and decreased as crystallization temperature changed from 303.15 K to 308.15 K. Actually, MSZW is affected by corresponding solubility data and the Gibbs free energy barrier. As the solubility increased with the increasing of temperature, it became more difficult to form nuclei in the solution. However, the change of Gibbs free energy will help formation of nuclei when increasing temperature. 
3.1.2.  Effect of initial mass ratio of solute to solvent on MSZW
The effect of initial mass ratio of solute to solvent on MSZW is given in Figure 4. Figure 4 shows that the MSZW of -artemether in ethanol + water system becomes narrow when the mass ratio of solute to solvent increases, which indicates that the lower initial concentration will delay the formation of nuclei. 
3.1.3.  Effect of the addition location of anti-solvent on MSZW
The effect of addition location on the experimental MSZW of -artemether in ethanol + water system is shown in Figure 5. Two adding locations were investigated, one near the shaft and the other close to the wall of the crystallizer. Figure 5 indicates that the MSZW of adding location for anti-solvent near the wall is wider than that of the adding location near the shaft, probably due to the difference in mixing efficiency. The mixing efficiency of the addition location near the shaft was considered better. Therefore the preferred addition location was chosen to be near the shaft.
3.1.4.  Effect of stirring speed on MSZW
The effect of stirring speed on MSZW is shown in Figure 6. Two stirring speeds were investigated, 200 rpm and 400 rpm, respectively. The result shows that stirring speed is an important impact factor for MSZW, when stirring speed increases, the MSZW becomes wider. It indicated that local supersaturation near the introduction point of anti-solvent is quite high when stirring is not sufficient.
3.1.5.  Effect of adding rate on MSZW
It can be seen from Figures 3-6 that MSZW becomes wider when increasing the adding rate of anti-solvent. This phenomenon is similar to the effect of cooling rate on MSZW during cooling crystallization.
3.1.6.  Development of a Prediction Model for MSZW
The nucleation rate can be expressed as Equation (1) (Nývlt, 1968):
	                                                                                                            (1)
Cmax was supersaturation in the solution, KB was the nucleation rate constant, γ was the constant coefficient.
The nucleation rate can also be expressed based on the generation rate of supersaturation, as shown in Equation (2):

	(2)


where b=dA/dt, which is the rate of addition of anti-solvent. q is deposited solid per unit solution, and, where, and R is the ratio of molecular weights of hydrate. As there was no solvate of -artemether, ξ equals 0 in this study.
For anti-solvent crystallization, maximum supersaturation can be expressed with the maximum allowable anti-solvent concentration, as shown in Equation (3) (O'Grady et al., 2007):
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Equation (3) can be transformed into Equation (4):

		(4)
Equation (4) can be abbreviated to Equation (5):

		(5)
During anti-solvent crystallization, stirring speed was considered as an important impact factor. In this work, effect of stirring speed (Nr) on the maximum allowable anti-solvent concentration was investigated and shown in Equation (6), Nr was stirring speed, Kmet, Omet, Pmet, and Qmet were calibration constant in Equation (6).

		(6)
The model for prediction of MSZW of -artemether in ethanol + water system based on the measured MSZW data was calibrated using the least squares method in MATLAB software, which is given as:

		(7)

	
Comparison between experimental MSZW data and the calculated MSZW value is given in Figure 7. The result shows that the deviation between calculated MSZW values and experimental MSZW data is acceptable.

3.2.  Results of Kinetics
To investigate the kinetics for the anti-solvent crystallization of -artemether, eight selected runs were conducted according to the given experimental conditions shown in Table 1, and typical experimental CLD results (run S5 in Table 1) of -artemether are given in Figures 8 and 9. In the early stage of anti-solvent crystallization, no particles were detected in the solution, however, the formed nuclei are detected by FBRM when anti-solvent was added after 3 mins, which indicated that nucleation occurred in the crystallizer. From Figure 8, CLD became wider with time elapsed from 0 to 19.0 mins, this indicated crystal particles grow lager and second nucleation occurs in the solution.
The population balance equation is the most useful method for development of the kinetics equation as shown in Equation (8) (Myerson, 2001): 

		(8)


where G is the crystal growth rate,  is the birth function,  is the death function, L is the crystal size , V is system volume, Q is the flow rate across the boundary, t is time, and n is the population balance function, which can be calculated using Equation(9):
		(9)
In Equation (9), N is the total number of particles. When aggregate and breakage can be ignored, and crystal growth obeys McCabe’s Law, Equation (9) can be abbreviated to Equation (10):

		(10)
In this work, the kinetics equation is calibrated using the method of moment, and the jth moment of population balance function is given in Equation (11) (Togkalidou et al., 2004):

	  j =0, 1, 2, 3	(11)
Thejth moment μjof population balance function n by differentiation with respect to time t are as follows(Nagy et al., 2008):

		(12)

		(13)

		(14)

		(15)
The jth moment of experimental CLD data obtained from FBRM can be calculated using Equation (16) (Trifkovic et al., 2009):

		(16)
where r and Ni are the chord length and particle number respectively. rave, k is the mean of chord length between two consecutive channels (i and i+1), k is the discrete time counter.
The experimental nucleation rate Bexp, j and crystal growth rate Gexp,j can be calculated from the 0th moment and the 1st moment based on CLD data (Trifkovic et al., 2009), as shown in Equations(17) and (18) (Sheikhzadeh et al., 2008):


                                                                   (17)

		(18)
During the anti-solvent crystallization process, the nucleation rate and crystal growth rate are functions of temperature, mass fraction of anti-solvent and supersaturation, as shown in Equations (19) to(23) (Nowee et al., 2008a):
		(19)
		(20)

		(21)

		(22)

		(23)
where Bpred,j and Gpred,j are the nucleation rate and crystal growth rate at j time, respectively. Kb and Kg are the nucleation rate constant and the growth rate constant, respectively. mw, k is the weight fraction of solvent in solvent mixture, Tj is temperature at j time, and γ1, γ2, g1 and g2 are constant coefficients.
Based on the experimental CLD data obtained from eight selected runs using FBRM, the equations of nucleation rate and crystal growth rate of -artemether in ethanol + water system are calibrated and given in Equations (24) and (25):

		(24)

	

		(25)
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From Equations (24) and (25), kinetic models for -artemether in ethanol + water developed in this work are of moderate accuracy, and the R-squared values in Equations (24) and (25) are lower than 0.8. Two reasons are ascribed to the moderate R-squared value. Firstly, the measured CLD and number of particles are affected by the location of the FBRM probe in the solution, and the FBRM probe for different experimental runs is hard to keep in the same position. Secondly, FBRM is restricted for poor conversion technology from CLD data to actual CSD of crystals. Although many studies have been reported in this field, complicated mathematical models for conversion from CLD to CSD were affected by the crystal shape and agglomeration behaviour of the particles, thus the mathematical conversion model from CLD to PSD remains a topic for research (Tadayyon and Rohani, 1998).

3.3.  Results of the Crystal Growth Mechanism
In this study, the crystal growth mechanism of -artemether was investigated using an imaging system. Figure 10 shows a typical picture for crystal growth of -artemether, which is observed using an on-line image analysis system. It indicates that the crystal growth of -artemether in an ethanol + water system obeys a layer by layer mechanism. According to this mechanism, crystals will grow uninterrupted under a lower solute concentration.

4.  Conclusions
[bookmark: OLE_LINK7]The effects of stirring speed, introduction rate of anti-solvent, temperature, initial ratio of  solute to solvent as well as introduction location of anti-solvent on the MSZW of -artemether crystallization in ethanol + water system were investigated using an on-line turbidity probe.  The model for prediction of the MSZW of -artemether in ethanol + water system based on the measured MSZW data is calibrated, which is given as follows:


Comparison between experimental MSZW data and calculated MSZW value shows the deviation between the two is acceptable.
CLD for anti-solvent crystallization of -artemether was monitored and measured using FBRM, and the nucleation and growth equations of -artemether in ethanol + water system are calibrated using the method of moment based on the CLD data. The equation of nucleation rate and crystal growth rate of -artemether in ethanol + water system respectively is as follows:




But the R-squared values indicate that the two kinetic models developed in this work are of moderate accuracy. The on-line process analytical technology is of great potential for the quality control of the anti-solvent crystallization process, but accurate prediction models still need improved measuring methods and apparatus.
Also a layer-by-layer growth phenomenon is observed on the face of the -artemether crystal, and the crystal growth mechanism of -artemether in ethanol + water is confirmed as following the layer-by-layer growth mechanism.
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Nomenclature
Latin symbols

		anti-solvent concentration, ganti-solvent gsolvent-1

		the maximum allowable anti-solvent concentration, ganti-solvent gsolvent-1

		nucleation rate, number gsolvent-1 min-1

		birth function

		adding rate of anti-solvent , g min-1

		concentration, gsolute gsolvent-1

		equilibrium concentration, gsolute gsolvent-1

		death function

		crystal growth rate, m min-1

		growth rate index

		constant coefficient [Equation (23)]

		nucleation constant [Equation (1)]

		growth constant [Equation (21)]

		crystal size, m

		mass of solvent, g

		weight fraction of solvent in solvent mixture

		total number of particles

		stirring speed, min-1  

		population balance function

		mass of crystalline substance deposited per unit of free solvent
Q		flow rate across the boundary

		chord length, m

		mean of chord length between two consecutive channels, (i and i+1)

		temperature, K

		volume, m-3

		maximum allowable supersaturation, gsolute gsolvent-1
Greek symbols

		jth moment of population balance function
γ		constant coefficient [Equation (1), Equation (20)]
γ1, γ2		constant coefficient [Equation (20)]
Subscripts

	experimental

	prediction
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TABLES

Table 1
Experimental conditions for kinetics of -artemether anti-solvent crystallization process
	No.
	T (K)
	
 (rpm)

	S1
	288.15
	250

	S2
	298.15
	250

	S3
	308.15
	350

	S4
	313.15
	300

	S5
	318.15
	350

	S6
	298.15
	350

	S7
	303.15
	300

	S8
	298.15
	450





Table 2
Experimental MSZW data of -artemether in ethanol+ water system
	[bookmark: _Hlk299297945]T (K)
	Nr (rpm)
	Adding location*
	Initial 
composition
	b (g·min-1)

	
	
	
	
	2
	5
	8
	12
	15

	[bookmark: _Hlk260572769]298.15
	200
	in
	5:70
	0.1791 
	0.3004 
	0.3267 
	0.3839 
	0.3946 

	298.15
	200
	out
	5:70
	0.2124 
	0.3124 
	0.3839 
	0.5153 
	0.4196 

	303.15
	200
	in
	5:70
	0.3199 
	0.4237 
	0.4889 
	0.5327 
	0.5784 

	308.15
	200
	in
	5:70
	0.3069 
	0.3949 
	0.4583 
	0.5316 
	0.5544 

	298.15
	200
	in
	5:90
	0.2323 
	0.3694 
	0.4250 
	0.5361 
	0.5611 

	298.15
	400
	in
	5:70
	0.2243 
	0.3171 
	0.3934 
	0.4296 
	0.4981 

	298.15
	400
	out
	5:70
	0.1429 
	0.2881 
	0.3496 
	0.4467 
	0.4731 


* In is the adding location near shaft, and out is the adding location near wall of crystallizer



Figures
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Figure1: Schematic diagram of the experimental apparatus for MSZW measurement
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Figure2: Schematic diagrams of experimental apparatus for kinetics measurement
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Figure3: MSZW of -artemether in ethanol + water at different temperatures
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Figure4: MSZW of -artemether in ethanol + water at different initial solution concentrations
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Figure5: MSZW of -artemether in ethanol + water at different adding locations
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Figure 6: MSZW of -artemether in ethanol + water at different stirring speeds
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Figure7: Comparison of experimental MSZW data and calculated MSZW
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Figure8: Variation of particle size distribution during anti-solvent crystallization
(No. S5)
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Figure 9: Typical plot of the total particle number and mean length chord length of particle with elapsed time (No. S5)
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Figure 10: A hexagon spiral on the face of -artemether crystal
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