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Introduction

The supercritical fluid antisolvent (SAS) technique has been used in a variety of particle formation processes [1]. The technology has been used primarily to produce ultrafine particles, which are difficult to handle by conventional size reduction methods. The main objective of prior research was to resize and modify the morphology of the macromolecular compounds[2,3]. Structural analysis of the particles produced has shown that it is difficult to form crystals of the larger molecules using the SAS process. During the SAS operation, the mixing process of the solvent and antisolvent generates high turbulence within the solution, which affects both the nucleation and growth of the resulting particles. These disturbed conditions, which exist during the particle formation process, interrupt the regular arrangement of molecules. Indeed, the crystallization of proteins and polymers requires tranquil conditions during the supersaturation and particle growth stages. Therefore, in normal SAS operation, the precipitated macromolecular compounds are more likely exist in the amorphous rather than the crystalline state unless the molecule itself has an exceptionally high level of crystalline structure, which might be induced by a molecular backbone of exceptional rigidity [3].
Previous research has shown that the slow injection of antisolvent into a solution produces quite different particles in terms of morphology and size compared with the continuous SAS operation, which involves extremely rapid contact between solvent and antisolvent[2,3]. In these systems, the particles are produced in either the amorphous or spherulitic state. These results encouraged us to investigate how the contact rate of antisolvent influences the system, particularly when the particles produced are crystalline in nature and they have well defined crystal structures. In this study, therefore, we select inorganic crystalline compounds (barium chloride and ammonium chloride) in order to investigate the impact of SAS operating conditions on the modification of the internal crystalline structure (crystal space lattice) and their external characteristics (crystal habit and size).
Experimental Methods

Barium chloride (BaCl2) and ammonium chloride (NH4Cl) with a minimum purity of 99.0 % were purchased from Aldrich Chemical Co. Dimethyl sulfoxide (DMSO) was selected as a solvent for the chlorides because of its high affinity to both compounds and the antisolvent. Carbon dioxide was employed as an antisolvent for the DMSO solutions. The experimental apparatus used in this study has a similar schematic to that in the literature [2,3]. Solutions of 3 and 5 wt% BaCl2 in DMSO and 10 wt% NH4Cl in DMSO were prepared. Normally 10 cm3 of the DMSO solution was loaded into the crystallizing chamber and its temperature was maintained at a constant value within ±0.2 ℃. Carbon dioxide was injected from the bottom of the chamber to achieve a pressure of 95.0 bar. The rate of carbon dioxide injection was controlled so that the pressure could increase at different rates in the crystallizing chamber. The rate of pressure increase ranged from 0.1 - 24.5 bar/min. The introduction of carbon dioxide and the pressure increase caused a concomitant expansion of the DMSO solution and the crystallization of dissolved compounds. The system was pressurized until the vapor (carbon dioxide rich) and liquid (DMSO rich) phases merged to become a single phase, at which stage the crystallization procedure was assumed to complete. The precipitated crystals were collected on a filter located at the bottom of the crystallizing chamber. Finally, the residual DMSO was removed by flowing carbon dioxide continuously through the crystallizing chamber for 2 hrs at 37 ℃ and 95 bar.

The morphology and composition of BaCl2 and NH4Cl crystals were examined using a scanning electron microscope (SEM, Hitachi, Model S-4200) equipped with an energy dispersive X-ray spectrometer (EDS). The internal structure of the crystals was analyzed by using a X-ray diffractometer (XRD, Philips, Model X'PERT). The particle size of the crystals was estimated based on the image size of randomly selected specimens on SEM photomicrographs.   
Results and Discussion

The crystallizations of BaCl2 and NH4Cl were performed by changing various operating conditions: injection rate of carbon dioxide into the crystallizing chamber, initial chloride concentration in DMSO, and temperature. The carbon dioxide injection rate is defined as the rate of pressure increase in the crystallizing chamber in bar/min. Two injection rates were used: slow injection (0.1±0.05 bar/min) and rapid injection (24.5±0.5 bar/min). Fig. 1 shows selected SEM photomicrographs of SAS processed BaCl2 and NH4Cl crystals.  Observations indicated that the initial chloride concentration in DMSO appeared to have little effect on particle size. However, the carbon dioxide injection rate obviously controlled both the size of crystals and the crystal habit. The change of carbon dioxide injection rate resulted in a modification of the crystal habit of BaCl2. Slow injection produced cubic-shaped crystals called equant habit while rapid injection generated flattened needle-like crystals called acicular habit [4]. The variation in crystal habit results from the alteration of the relative growth rates of crystal faces, which are governed by a number of factors. The degree of supersaturation of the mother liquor is known as one of the main factors which affects crystal habit. In general it is known that as supersaturation is increased, the crystal form tends to change from granular to needle-like [5]. In case of NH4Cl, equant habit was consistently observed in the slow injection mode. In rapid injection operation, the shapes of the crystals tended to flatten and this resulted in tabular habit which was accompanied by a tremendous reduction in crystal size. The size of NH4Cl crystals obtained from the slow injection experiments was nearly two orders of magnitude larger than crystals produced from the rapid injection operation. It was found that the crystallization temperature had practically no influence on the crystal habit and size within the temperature ranges investigated.         
The internal structure of the crystals was analyzed using an X-ray diffractometer with Cu-K( radiation. Fig. 2 shows the X-ray diffraction patterns of unprocessed and processed BaCl2 crystals. In these X-ray diffraction patterns, distinct differences are apparent, which are attributed to change in the arrangements of the molecules in the crystal lattices. The X-ray diffraction patterns were compared with the diffraction data from JCPDS - ICDD (Joint Committee of Powder Diffraction Standards - International Centre for Diffraction Data) cards. The result revealed that the internal structure of unprocessed BaCl2 crystal corresponds to the orthorhombic space lattice. On the other hand, the processed BaCl2 crystal was found to possess a hexagonal crystal structure. (the hexagonal crystal system is defined as: the elementary lengths and axes angles of a single crystal unit are described as  a ( b ( c and ( ( ( ( 90(, ( ( 120(). For reference purposes, according to the JCPDS data cards, BaCl2 may exist in three different lattice spaces, which are orthorhombic, hexagonal and cubic. The variation of experimental conditions such as temperature, initial DMSO concentration, and the carbon dioxide injection rate did not show any recognizable effect on the X-ray diffraction patterns. Fig. 3 shows the X-ray diffraction patterns of unprocessed and processed NH4Cl crystals. The result indicated that two diffraction patterns were identical and the internal structure of NH4Cl crystal was unchanged by SAS operation. According to the JCPDS diffraction data cards, the unprocessed and processed NH4Cl crystals both belong to cubic space lattice. Moreover, the carbon dioxide injection rate did not influence the diffraction pattern, and NH4Cl crystallized in the cubic space lattice form regardless of the experimental conditions used. In fact, the cubic space lattice is the only possible crystal system for NH4Cl as reported in the JCPDS data cards. However, it was observed that the relative intensity of each peak in the diffraction patterns varied depending upon the experimental conditions, including injection rate. The result suggested that the SAS operation probably alters the orientation of the crystal faces.  

In this research, it has been shown that the SAS process can be a useful technology to bring about a modification of internal structure (space lattice) as well as external shape (crystal habit) of crystals, which will affect the physical behavior of the crystalline particles so obtained. The various crystal space lattices exhibited by a single compound may result in different physical properties including its solubility and dissolution rates in solvents. The crystal habit modification is of importance in industrial applications because it allows control of the type of crystals produced. Certain crystal habits are undesirable in commercial crystals for many reasons, such as poor appearance, inefficient flow characteristics or difficulty in handling. In order to obtain the desired crystal habit, habit modifiers are frequently employed in crystallizing processes, especially in those involving inorganic compounds[6]. In this point of view, there is a strong possibility that the SAS process can provide an alternative method of controlling the internal and external structure of crystals and hence regulating the physical properties of crystalline particles. 
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Fig. 1. SEM photomicrographs of  (a) BaCl2  and  (a) NH4Cl  crystals.
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Fig. 2. X-ray diffraction patterns of the (a) unprocessed and (b) processed BaCl2 crystals. The diffraction patterns (a) and (b) correspond to the orthorhombic and hexagonal crystal systems, respectively
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Fig. 3. X-ray diffraction patterns of the (a) unprocessed and (b) processed NH4Cl crystals. Both the diffraction patterns (a) and (b) correspond to the cubic crystal system.
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