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CRYSTALLIZATION IN THE PHARMACEUTICAL AND 
BIOPROCESSING INDUSTRIES 

DJ. Kirwan and CJ. Orella 

11.1. THE ROLE OF CRYSTALLIZATION IN BIOPROCESSES 

The application of crystallization in the pharmaceutical industry 
directly parallels crystallization in other industries. There is a need 
to control particle size distribution through control of crystal 
growth versus nucleation and to control the purification achieved 
through crystallization. The latter requirement often requires dif
ferent approaches and operating conditions than those for opti
mizing yield. Precipitation is commonly used in the pharmaceutical 
industry. [In this chapter, we shall use the term precipitation to 
mean the creation of a solid phase (crystalline or not) by the 
addition of an agent. Precipitation historically often referred to 
reactions resulting in the formation of a sohd phase.] What is 
unique in the pharmaceutical industry is the chemical complexity 
of the entities that are crystallized. This complexity and chemical 
diversity impacts the thermodynamics (solubility and crystal struc
ture) as well as the kinetics of crystallization. Several examples of 
the chemical diversity of products crystallized in the pharmaceut
ical industry are shown in Figure 11.1. In this chapter we will focus 
on low molecular weight pharmaceutical compounds while protein 
crystallization is discussed in Chapter 12. 

The majority of these pharmaceutical compounds are between 
100 and 1000 daltons, and exhibit a great diversity of functional 
groups ranging from ionic moieties to very lipophilic or hydro
phobic groups. Thus, their interactions with one another, with 
solvents or anti-solvents, and with co-solutes and impurities in 
solution are very diverse. The sohd phases (including polymorphs 
and various solvates) formed by such molecules are very poorly 
understood. The transformation rate between such solid phases 
may be kinetically limited. Therefore, sohds of differing character
istics or even immiscible hquid phases, "oiling out," might be 
obtained from different modes of crystallization. This complexity 
is compounded by the limited experimental studies on such com
pounds from which generalizations can be made. 

Owing to the final use of such compounds, strict control is 
required on their purity, crystal form and morphology, and par
ticle size distribution (PSD). All of these characteristics are governed 
by the crystallization process. Obviously, control of purity is of 
great importance for products intended for human medicinal use 
in order to minimize exposure to anything other than the intended 
therapeutic agent. But, equally important is the PSD, which can 
dramatically impact the in-vivo dissolution of a drug, especially 
one that is hydrophobic and has limited solubility in aqueous 
solutions. This "bioavailabiUty" can be strongly hindered if many 
larger particles are present, and is enhanced by the presence of 
predominantly smaller particles. Less obvious is that a change in 
crystal morphology (shape) or crystal structure can impact the 
bioavailabihty. In addition, these same properties of the crystals 
can play a dramatic role in the stabihty of the product; and, 
therefore, its purity at time of use. Whereas small particle size is 
generally good for bioavailability, it is a disadvantage to crystals 

subject to oxidation during processing or storage because of the 
greater surface area per crystal mass. 

Crystallization also is employed as an intermediate purifica
tion step in many processes because of good separation factors per 
stage and its effectiveness at low temperatures for thermally labile 
compounds. Particle size and habit are important in these steps 
as well because of their effect on filtration or centrifugation rates. 
The influence of crystallization conditions on morphology and 
PSD, and, therefore, on the "de-hquoring" characteristics is often 
overlooked when laboratory work is conducted. However, this 
becomes much more important in pilot- or full-scale manufactur
ing where slow "de-Uquoring" can result in low productivity and 
reduced stability. 

There are several common problems encountered in the use of 
crystalHzation in the pharmaceutical industry; (1) the control of 
supersaturation (and PSD) in a batch crystallizer; (2) the effective 
use of seed; (3) efficient measurement of solubilities in multiple 
solvent systems to maximize purification and yield; and (4) identi
fication and retention of the most stable polymorphic form. 

As stated above, control of the crystalHzation or precipitation 
process is essential to obtain crystals of biochemical compounds 
having appropriate properties. The phenomena, techniques, and 
analysis discussed in many of the previous chapters: solubility 
and supersaturadon, nucleation and growth kinetics, populadon 
balance methods, batch and continuous crystalUzers, and factors 
governing crystal purity, habit and morphology are all relevant to 
the discussion of the crystallization of pharmaceuticals. We shall 
analyze the crystallization/precipitation of biomolecules in terms 
of these concepts. 

11.2. SOLUBILITY AND THE CREATION 
OF SUPERSATURATION 

Crystallization obviously requires the creation of a condition 
where the equilibrium solubility value is below that of the concen
tration of solute in the solution. Both growth and nucleation rates 
are dependent upon the departure of the solution conditions from 
equilibrium values. Further, the single-step yield achieved in a 
given crystallization is directly related to the equilibrium amount 
of solute remaining in solution, after nucleation and growth have 
relieved supersaturation. Crystallization can be accomplished by 
reducing the temperature as in a cooling crystallizer, by removing 
solvent as in an evaporative crystalHzer, or by altering the compos
ition of the solution by the addition of acid, base, miscible anti-
solvents, or salts as in a precipitating crystallizer. These techniques 
also can be used in concert to accomplish the desired solubility 
reduction. While solubihty is a thermodynamic variable not influ
enced by the mode of crystallizing; in precipitation crystallization, 
the mode of addition in a batch crystallizer can be used to create 
very different transient conditions of solubility and supersaturation. 
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Figure 11.1 Molecular structures of various biochemicals. 

That is, adding nonsolvent to the solute in solution is very different 
from the "reverse addition" of solution to nonsolvent and both are 
different from a rapid in-Hne blending to the final proportions. 

11.2.1. TEMPERATURE EFFECTS ON SOLUBILITY 

Most solutes, whether biological in nature or not, exhibit increas
ing solubility with increasing temperature. For example. Figure 
11.2 shows the solubilities of citric acid and glutamic acid in water 
as a function of temperature. There can be complicating factors in 
the solubility behavior related to the actual form of the solute in 
the crystal phase and in solution as evidenced by the various forms 
of glutamic acid. For the case of citric acid a monohydrate exists 
below about 37 °C and the anhydrous form at higher temperatures. 
Although it can be useful to raise the temperature to increase the 
amount of material in solution for low molecular weight solutes 
prior to a crystallization step, such a practice may not be accept
able for temperature sensitive materials subject to thermal degrad

ation. The operational temperature range is limited, therefore, by 
the freezing point of the solvent (solution) at low temperatures and 
by thermal degradation of the solute at higher temperatures. Low 
temperatures generally minimize solubility and favor stability but 
slow kinetics. As with citric acid anhydrous forms can only exist 
above some temperature. The particular form may greatly affect 
kinetics as well as soHd stabiHty and morphology. 

11.2.2. pH EFFECTS ON SOLUBILITY 

The acidic and basic salts of glutamic acid exhibit very different 
solubiUty behavior as can be seen in Figure 11.2b. The solubility of 
amphoteric compounds such as amino acids or antibiotics are 
strongly pH dependent because the predominant form existing in 
solution changes with the hydrogen ion concentration. Acid/base 
solution equiUbria for a compound having one acidic and one 
basic group could be represented as 
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Figure 11.2 Temperature dependence of the aqueous solubility of (a) citric acid; and (b) glutamic acid. (Data from 
Samejima 1972.) 

K^ K2 

H2A+ = HA^ + H+ = A- + 2H+ (11.1) 

The crystal-solution equilibrium relates to that between a particu
lar form of the solute in solution and the same form in the crystal
line phase. The isoelectric (zwitterionic) form usually exists in the 
crystalline phase over most of the pH range. Such compounds 
usually exhibit the lowest apparent solubility at their isoelectric 
pH since at other pH's some fraction of the solute exists in solution 
in the acid or base form. However, at very high acid or base 
concentrations, a sah, e.g., H2A+Cr, could be the crystalhne 
form. 

Figure 11.3 shows the solubilities (defined as total solute dis
solved) of some /^-lactam antibiotics as a function of pH. All of 
these compounds exhibit a minimum in their solubihty, C*o, at the 
isoelectric point of the compound. At a pH significantly removed 
from the isoelectric point, the total (apparent) solubility is 
increased. The U-shape of the apparent solubility versus pH curve 
can be described by taking into account the acid-base equilibria of 
the antibiotic solute and assuming that the solute in the crystal is in 
the zwitterionic (isoelectric) form. 

C* = C * o ( l + ^ + ^ 
a^+ Ki 

(11.2) 

In Eq. (11.2) flH^ is the hydrogen ion activity. 
Further complications arise when the concentrations of salts 

formed at low or high pH exceed their solubility limit. Such an 
instance is shown in Figure 11.4 for L-isoleucine. At pH values 
above 2, the zwitterion is the dominant species in soludon and in 

the crystalhne phase. Upon addition of acid the solubihty reaches a 
maximum at pH = 1 corresponding to the formation of the chlor
ide salt. When the chloride ion is further increased whether from 
HCl or a chloride salt, precipitation of the chloride salt of leucine 
occurs (common ion effect.) 

11.2.3. REDUCTION OF SOLUBILITY WITH 
ANTI-SOLVENTS 

The use of miscible anti-solvent liquids to precipitate low molecu
lar weight compounds is quite common in pharmaceutical process
ing as it often can rapidly create higher supersaturations as 
compared to cooHng or evaporation. For example, aliphatic alco
hols such as isopropanol can be added to aqueous solutions of 
amino acids to reduce their solubility by orders-of-magnitude. Of 
course, this results in dilution of the stream. For compounds 
soluble in organic hquids, water or an alkane (heptane) may be 
the precipitating agent. The precipitating agent usually can be 
recovered by distillation for re-use in these processes. 

In Figure 11.5 are shown the solubihties of various amino 
acids at their isoelectric point as a function of isopropanol con
centration (Orella and Kirwan 1989). Simple theories suggest that 
the effect of the alcohol is to reduce the dielectric constant and 
thereby reduce solubility (Kirkwood 1936). In fact, the solubihty 
behavior is much more complex and significantly influenced by the 
nature of the amino acid side chain. For example, compare the 
behavior of phenylalanine (hydrophobic side chain ) and aspara-
gine (hydrophilic side chain) in Figure 11.5. Both hydrophobic and 
polar interactions between the mixed solvent and the various 
groups present on the molecule can occur. Correlation of the 
solubihty behavior in these soludons using Margules, NRTL, or 
Wilson activity coefficient equations can be successful (Orella and 
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