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A b s t r a c t  

A technique of developing a low expansion rate of solution under constant temperature was employed to examine the 
saturation behavior of expanded solutions and the growth of crystals in the gas anti-solvent crystallization. When 
solutions were expanded under pressure, three types of saturation behavior were observed. The behaviors are explicable 
using an ~ factor. The growth phenomenon, growth rate, and growth mechanism of crystals in the GAS process were 
similar to those usually found in the conventional processes of solution crystallization except that millimeter-sized 
inorganic crystals without well-defined faces cannot re-facet themselves. © 1998 Elsevier Science B.V. All rights 
reserved. 

Keywords." Gas anti-solvent crystallization; Expansion; Supersaturation; Crystal growth 

1. Introduction 

The conventional salting-out process is economi- 
cally inefficient as compared with other crystalliza- 
tion processes, because it requires a separation unit 
to recover the precipitant, which is usually a sol- 
vent or a liquid. Recently, gases at elevated pressure 
are found to be soluble in many organic solvents, 
and then to expand the solvents and reduce the 
solvent power of dissolving solid. This process is 
known as the gas anti-solvent (GAS) crystalliza- 
tion, using a compressed gas as the precipitant. The 
GAS process removes the obstacle of economic 
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inefficiency for recovering the precipitant, because 
the dissolved gas can be recovered easily by 
a simple pressure releasing. It also takes advantage 
of the fact that pressure can be readily programmed 
to make high-quality crystals [1,2] and to accom- 
plish fractional crystallization [3]. 

Gallagher et al. [1] first explored the GAS pro- 
cess and reported three findings: (1) Individual 
crystals of regular shape were nucleated at 
low expansion rates and low expansion levels; 
(2) While nitroguanidine was readily crystallized 
in a wide spectrum of operating conditions, 
naphthalene crystals was obtained only in a very 
narrow range of pressure and temperature; 
(3) Equilibrium expansion occurred within a few 
seconds under a given set of operating conditions. 
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After the publication of the pioneer work, invest- 
igations on various aspects of the GAS process 
have been conducted. A few authors measured and 
modeled the solute solubilities of the crystallization 
system [3-5]. Others demonstrated the applicabil- 
ity of the process to separate mixed solutes [6-9] 
and to control crystal size distribution [-2,10]. Re- 
cently, Tai and Cheng [11] studied the pressure 
effects of carbon dioxide on the expansion level and 
saturation behavior of various solutions saturated 
at atmospheric pressure. However, fundamental 
work on crystal growth is lacking. 

This study is a continuous work of Tai and 
Cheng [11] to investigate the saturation behavior 
of solutes, and the growth of crystals in the 
GAS process. Carbon dioxide was used to expand 
a number of solutions with a technique of low 
expansion rates, i.e. CO2 was introduced above 
the liquid and let it diffuse into the saturated solu- 
tion. Higher rates of expansion, either by stirring 
the liquid or by bubbling CO2 through the solu- 
tion, which caused a rapid rise in temperature, 
were excluded from this report. The distinct 
types of solute saturation behavior caused by solu- 
tion expansion were explained, and the growth 
phenomena of nucleated crystals and introduced 
seeds were interpreted with existing growth the- 
ories in the literature. Also, growth rates were mea- 
sured, and compared with those frona aqueous 
solutions. 

2. Experimental procedure 

In this experiment, various solutes and solvents 
were selected to prepare the solutions, including 
organic, metal-organic, and inorganic compounds 
for solutes, and acetone, ethanol, and ethanol-  
water mixtures for the solvent. The use of meth- 
anol-water mixture allows the investigation of 
many solids that are only sparingly soluble in pure 
organic solvents. 

The apparatus is schematically shown in Fig. 1, 
which is essentially the same as that used by Tai 
and Cheng [-11]. It was designed for observing the 
solution expansion and solute saturation behav- 
iors, and for measuring the expansion level and 
crystal growth rates during the expansion courses. 
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Fig. 1. Experimental apparatus. (1) Carbon dioxide cylinder; 
(2) Overflow cell; (3) Crystallization cell; (4) Seed-fixing needle; 
(5) Microscope; P: Pressure indicator, T: Temperature indi- 
cator, TC: Temperature controller, V~: Needle valve, V2: Ball 
valves, V3: Ball valves. 

The procedure of conducting an experimental 
run began by loading the cell with a saturated 
solution of 120 or 100 ml, depending on the expan- 
sion ratio, and inserting a seed crystal into it. The 
saturated solution was prepared at room temper- 
ature and atmospheric pressure, with the solubili- 
ties determined by the gravimetric method. The 
seed, either a single crystal of 0.5 to 1.0 mm or 
a compressed powder, came directly from the pur- 
chased chemicals without recrystallization. After 
loading the solution and inserting the seed, carbon 
dioxide (99% pure) was introduced into the cell 
above the top of the saturated solution to elevate 
the system pressure to a desired level, while the 
crystallization cell was kept at room temperature. 
Then, the solution was allowed to expand gradually 
by absorbing carbon dioxide. By this way, the solu- 
tion temperature would be able to remain constant 
and the saturation behavior of solution due to 
expansion alone can be identified. During the ex- 
pansion course, the volume of the solution was 
recorded with time to study the expansion profile 
and the seed was photographed to examine 
its change when it became immersed in the ex- 
panded solution. An experimental run was normal- 
ly stopped after the expansion process reached 
equilibrium, or the seed crystal dissolved entirely, 
depending on the solubility behavior of the system. 
The chemicals used in this study were purchased 
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from various sources, with all of them being reagent 
grade. 

3. Results and discussion 

The expansion levels and saturation behaviors of 
a saturated solution caused by the compressed car- 
bon dioxide have been reported by Tai and Cheng 
[11]. A solution saturated at atmospheric pressure 
may become highly, moderately, or negatively 
supersaturated when it is expanded to various 
levels at a slow rate, depending on the types of 
solvent and solute. As a result, solutes may precipi- 
tate by catastrophic nucleation from bulk solutions 
or by heterogeneous nucleation on container-walls, 
or they may not even precipitate at all. Generally, 
most inorganic solutes precipitate by the hetero- 
geneous nucleation and a few by the catastrophic 
nucleation; metal-organic solutes may precipitate 
either by the heterogeneous nucleation or by 
the catastrophic nucleation; and organic solutes 
may precipitate by the heterogeneous nucleation or 
may not precipitate at all. For  example, the 
NaCH3COO/ethanol  and LiC1/acetone systems 
belong to the catastrophic nucleation system; the 
acetominophen/ethanol, fructose/ethanol, NH4C1/ 
ethanol, and NaSCN/ethanol systems belong to the 
heterogeneous nucleation or growth system; the 
adipic acid/ethanol and naphthalene/toluene sys- 
tems belong to the undersaturation system. The 
classification of more solution systems is shown 
elsewhere [11]. Most of the expansion levels are 
between 10 and 30% of the original volume, under 
the carbon dioxide pressure below 61 bar. 

The diversity of supersaturation levels caused by 
CO2 expansion can be explained by considering the 
supersaturation of a solution originally saturated 
at atmospheric pressure. The supersaturation can 
be expressed as 

A C  = Co - C~ 

=Co-lC~o-t-f~'"(OCe/OCg)T,pdCg], (1) 

where Co is the solute solubility at atmospheric 
pressure, Ceo the solute solubility at an elevated 
pressure but with zero concentration of dissolved 

carbon dioxide, Ce the solute solubility in the ex- 
pansion course. Co, Ce0, and Ce are on a carbon 
dioxide free basis. Cg is the concentration of dis- 
solved carbon dioxide on a solute-free basis. As- 
suming that Ce0 departs little from Co at moderate 
pressures, Eq. (1) becomes 

A C  = - (~Ce /~Cg)T ,p  dCg = dCg, 
do 

(2) 

where :~ is defined as - (~Ce/~Cg)T,p. Eq. (2) shows 
that the supersaturation is controlled by the c~ fac- 
tor. The nucleation, growth, and undersaturation 
systems must have a large, moderate, and negative 
c~ values, so that they were accompanied by a high, 
moderate, and negative supersaturation respective- 
ly when they were expanded. 

The diversity of ~ values among the three groups 
of systems can be understood qualitatively by 
speculating on the complex thermodynamic inter- 
action among the solvent, solute, and carbon diox- 
ide of an expanded solution. Because the c~ factor 
physically means the change of solute concentra- 
tion with the dissolution of carbon dioxide for the 
solution to maintain equilibrium, its value is affec- 
ted in two ways. One is that the dissolved carbon 
dioxide reduces some of solvent dissolving power 
by decreasing the partial molar volume of the sol- 
vent [4]. The other is that the dissolved carbon 
dioxide itself becomes condensed and acts as an 
additional solvent for the solute. If the solute is 
insoluble in carbon dioxide, the solution will have 
a positive c~. This gives the nucleation and growth 
system. In contrast, if the solute is soluble in carbon 
dioxide, the solution will have a negative c~ when 
the increasing amount of carbon dioxide dissolving 
power surpasses the reduced amount of solvent 
dissolving power. This case is of undersaturation 
system. The nucleation systems have large :~ values 
probably because their solutes are insoluble in con- 
densed carbon dioxdide and the sensitivity of sol- 
vent-solute dissolving power to the concentration 
of dissolved carbon dioxide in the systems is high. 
The growth systems have moderate ~ values 
perhaps for the same reasons as is given for the 
nucleation systems except that now the sensitivity 
is moderate. These conclusions are supported by 
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the solubility data of condensed carbon dioxide in 
the literature. For  example, lithium chloride, which 
is a solute of the nucleation systems, and urea, 
which is a solute of the growth systems, are insol- 
uble in the condensed carbon dioxide, whereas 
naphthalene, which is a solute of the undersatura- 
tion systems, is soluble in the condensed carbon 
dioxide [12]. 

The growth phenomena of several single-crystal 
seeds have been studied. The organic seeds exhib- 
ited the same growth phenomena as those usually 
found in the crystal growth from liquid solutions. 
The acetaminophen seed without well-defined fa- 
ces, for example, finally developed into a 2 mm 
polyhedron that is bounded by light-reflecting faces 
in ethanol solution as shown in Fig. 2. The sucrose 
seed in a mixed-solution of methanol and water has 
the same growth phenomena as acetaminophen. In 
contrast, the inorganic seeds showed abnormal 
growth phenomena which are seldom found in con- 
ventional solution growth. For  example, instead of 
growing into larger single crystals bounded by 
well-defined faces the sodium chloride and potassi- 
um nitrate seeds without well-defined faces, pro- 
duced some small polyhedrons and needles, as 
shown in Fig. 3 for potassium nitrate. It seems that 
organic crystals of millimeter-size can re-facet in 
the GAS process, but inorganics cannot. 

The habit, face structure, average size, and 
growth rate of a number of crystals developed from 
the nuclei precipitated in the expansion course 
and/or from the compressed-powder seeds are sum- 
marized in Table 1. The habits of the crystals in- 
cluded polyhedrons, plates, needles, whiskers, and 
dendrites. Each of the organic and metal-organic 
crystals were of unique habit, e.g., polyhedrons for 
the sucrose, plates for the anthracene, needles for 
the urea, whiskers for the pentaerythritol, and den- 
drites for the monosodium glutamate crystals. In 
contrast, several of the inorganic crystals were of 
multiple habits although some others were found 
only polyhedrons. For  example, sodium chlorate 
crystals and ammonium perchlorate crystals 
(shown in Fig. 4) produced polyhedrons, plates, 
needles, and whiskers. These results suggest that 
tiny crystals in the GAS process may develop into 
larger ones with a variety of habits, just as in the 
conventional processes of solution crystallization. 

Fig. 2. Polyhedron developed from a single-crystal seed of acet- 
aminophen in ethanol/CO2 solution. 

Fig. 3. Abnormal growth of single crystal of potassium nitrate 
from solution expanded with carbon dioxide. 

In spite of the diverse habits, most of the produc- 
ed crystals were bounded by well-defined faces. For  
example, organic acetaminophen and sucrose poly- 
hedrons of 0.3 mm developed normally. Also, inor- 
ganic sodium chloride, ammonium chloride, and 
magnesium sulfate polyhedrons of 0.4, 0.2, and 
0.3 mm, respectively, were grown without exhibi- 
ting abnormal growth despite their rather large 
sizes. These results indicate that crystals generally 
undergo facet-growth in the GAS process, just as 
crystals usually do in conventional processes of 
solution crystallization. 
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Table 1 
Habits, face structures, average sizes, and growth rates of crystals developed from nuclei and/or powder-crystal seeds in the GAS process 

Solute Solvent Habit Face struct, b Ave. size Growth rate 
(mm) (10- 8 m/s) 

Acetaminophen Ethanol 
Fructose Ethanol 
Sucrose Meth80 a 
Anthracene Ethanol 
Urea Ethanol 
Pentaerythritol Meth60 
Monosodium glutamate Meth70 
NHzOH' HCI Ethanol 
NHeC1 Ethanol 
NaCI Meth80 
MgSO4- 7H20 Meth70 
NaSCN Ethanol 

NaClO3 Ethanol 

NH4CIO4 Ethanol 

Polyhedron W 0.3 1.4 
Polyhedron W, M 0.3 0.4 
Polyhedron W 0.3 0.3 
Plate W 0.6 0.9 
Needle - ! 6.2 
Whisker 0.1 0.3 
Dendrite - 1 1.7 
Polyhedron W, M 0.2 0.2 
Polyhedron W 0.2 0.2 
Polyhedron W, H 0.4 3.8 
Polyhedron W 0.3 1.4 
Polyhedron W, M 0.5 1.3 
Plate W 1 3.3 
Polyhedron W 0.1 0.2 
Plate W 0.3 0.3 
Needle W 0.3 0.4 
Whisker 0.4 0.5 
Polyhedron W 0.2 1.1 
Plate W 0.5 7.8 
Needle W 1 10 
Whisker 1 12 

"Meth X means methanol-water mixture of X wt% methanol. 
b w: well defined; M: parallel straight macrosteps; H: hopper faces. 

Fig. 4. Various crystal habits of ammonium perchlorate grow- 
ing on a single seed from ethanol/CO2 solution. 

Al though most  of the well-defined faces were flat, 
two part icular  structures were occasionally found. 
First, hopper  faces were observed on a few sodium 
chloride crystals. Second, parallel and straight 

macrosteps were seen on the fructose, hydro- 
xylamine hydrochloride,  and  sodium thiocyanate  
(Fig. 5) seed crystals. These structures imply the 
crystal growth mechanism in the GAS process, 
which will be discussed later. 

The growth rates of the various crystals in 
Table 1 ranged from 0.2 to 1.2 x 10- 7 m/s. Notable  
is that the growth rates are of the same order of 
magni tude  as those from aqueous  solut ions [13]. 
Also worth a t ten t ion  is that  the polyhedral  crystals 
generally grew more slowly than the crystals with 
other habits; e.g., the polyhedral  a m m o n i u m  per- 
chlorate crystals grew only one tenth as fast as the 
needle ones. This fact is also indicative of the mech- 
anisms of crystal growth in the GAS process, which 
is to be discussed in the following sections. 

The control l ing mechanisms of crystal growth in 
the GAS process can be deduced from the growth 
rates and growth phe nome na  by applying the two- 
step model of crystal growth [14 16]. According to 
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Fig. 5. Cross macrosteps on a grown NaSCN seed from ethanol/ 
CO2 solution. 

Fig. 6. Dendritic growth of monosodium glutamate crystal on 
the glass wall of growth cell. 

this model, the crystal-growth process is composed 
of a surface-integration step connected in series 
with a bulk-diffusion step. In stagnant solutions, 
different crystallographic faces of crystals show 
various growth rates because they encounter sim- 
ilar bulk-diffusion but different surface-integration 
barriers. Crystal faces under integration-control 
condition will grow much more slowly than those 
with minor surface-integration barriers, i.e., in the 
diffusion-control condition. Therefore, the fact that 
the polyhedral ammonium perchlorate crystals 
grew only one tenth as fast as the needle ones 
suggests that the polyhedrons were grown in the 
integration-control condition. In addition, the den- 
dritic habit of monosodium glutamate crystals, 
shown in Fig. 6, implies that the crystals were 
grown in the diffusion-control condition because 
only in such condition can crystals be found den- 
dritic [17]. In summary, crystal growth in the GAS 
process may be controlled either by the surface- 
integration step or by the bulk-diffusion step, just 
like crystal growth in liquid solution. 

In addition to distinguish the controlling step, 
several surface-integration mechanisms can be in- 
ferred from the growth phenomena by the existing 
crystal-growth theories in the literature. First, the 
multiple habits of ammonium perchlorate and so- 
dium chlorate crystals indicate the spiral mecha- 
nism according to Strickland-Constable [18] and 
Lewis [19]. Second, the hopper growth of sodium 
chloride crystals implies the mechanism of two- 
dimensional nucleation near the corners of crystal 

faces in light of the stability theory of crystal 
growth from solutions [-20]. Last, the parallel and 
straight macrosteps on the faces of fructose, sodium 
thiocyanate, and hydroxylamine hydrochloride 
crystals suggest the mechanism of two-dimensional 
nucleation near the edge of crystal faces [21]. 
Therefore, crystal faces exposed in the environment 
of a GAS process may integrate by the spiral mech- 
anism or by the two-dimensional nucleation mech- 
anism, similar to the conventional processes of 
solution crystallization. 

4. Conclusions 

The experimental technique employed in this re- 
search provides a convenient means for finding the 
expansion profile of solutions, for investigating the 
saturation behavior of solutes, and for studying the 
crystal growth in the GAS process. 

Solutions saturated atmospherically may be- 
come highly, moderately, or negatively super- 
saturated when they are expanded to low levels at 
low rates. As a result, solutes may precipitate by 
catastrophic nucleation from bulk solutions or by 
heterogeneous nucleation on container-walls, or 
they may even not precipitate at all. The diversity 
of the supersaturation levels can be explained by 
using an ~ factor. 

Crystals show a variety in habit and undergo 
facet-growth in the GAS process. Their growth 
rates are mostly around 10 -8 m/s. Their growth 
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process may be controlled either by the surface- 
integration step or by the bulk-diffusion step, and 
the crystal faces may be integrated by the spiral 
mechanism or two-dimensional nucleation mecha- 
nism. All of these experimental results are similar to 
what have been observed in conventional processes 
of solution crystallization. However, inorganic 
crystals of millimeter-size cannot re-facet themsel- 
ves in the GAS process if the seeds are not bounded 
by well-defined faces. 

Notation 

Ce solubility of solute in solutions expanded 
with carbon dioxide (on a carbon dioxide 
free basis), g solute/100 g solvent 

Ceo solubility of solute at an elevated pressure in 
solutions free of carbon dioxide, g sol- 
ute/100 g solvent 

Cg concentration of dissolved carbon dioxide 
(on a solute-free basis), g carbon dioxide/ 
100 g solvent 

Co solubility of solute at atmospheric pressure, 
g solute/100 g solvent 

AC supersaturation of solute, g solute/100 g sol- 
vent 

P pressure, bar 
t time of expansion, h 
T temperature, °C 
V0 volume of original solution, m 3 

a factor defined in Eq. (3) 
~0 relative mean square error, % 
AV volume increment, m 3 
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