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ABSTRACT 

The crystallization kinetics of diphenylhydantoin 

(DPH) has been studied at constant conditions in a small 

mixed suspension mixed product removal (MSMPR) 

crystallizer . Supersaturation is created by changing the 

pH of a DPH solution in the crystallization vessel. 

Crystal size distributions (CSD's) are measured by an in 

situ zone sensing method. Effects of pH and supersatu

ration on crystallization kinetics and CSD are 

summarized. 

The effect of an additive on the crystal growth of 

DPH has been studied in a batch system. Avoidance of 

nucleation in the early stages of crystallization is 

essential to the effect investigated. 
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INTRODUCTION 

Diphenylhydantoin (DPH) is used widely in the 

treatment of epilepsy and cardiac arrhythmia. In most 

cases a serum concentration between 10 and 2 0 fiq/ml 

results in adequate anti-epileptic and anti-arrhythmic 

control without clinical signs of toxicity. This drug is 

subject to erratic bioavailability, sometimes with fatal 

consequences. The plasma concentration varies signifi

cantly among various brands and from various dosage forms 

following oral administration in humans. Numerous studies 

have documented correlations between crystal form (1), 

particle size (2,3), formulation (4-6) and manufacturing 

process (7) with bioavailability. These relationships 

have been attributed to differences in dissolution rate 

and solubility resulting from differences in particle 

size or crystal lattice. Several attempts have been made 

to improve the dissolution behavior and bioavailability 

of DPH preparations, such as conversion of crystal forms 

(8), pulverization of DPH crystals (1), coprecipitation 

with polyvinylpyrrolidone (9), and solubilization with 

methylcellulose (10). 
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DPH is a monoprotic acid, practically insoluble in 

water, the structure of which is shown in Fig. 1. It is 

manufactured in the solid form as tablets and capsules, 

in oral suspension and in solution for intravenous 

administration. In the latter case crystallization of DPH 

occurrs when phenytoin sodium is mixed with various 

intravenous fluids (11-15) and precipitation at the site 

of injection (16) has presented a serious problem during 

the course of its administration. Phenytoin sodium 

injection,USP, is formulated in a vehicle containing 40% 

propylene glycol and 10% alcohol in water for injection, 

adjusted to pH 12 with sodium hydroxide . Manufacturers 

of phenytoin sodium injection advise that the product 

should be administered by direct i.v. push and the 

maximum rate of administration should be limited to 50 mg 

per minute. However, many hospitals require physicians to 

administer all direct intravenous injections. In 

addition, severe cardiotoxic reactions may result from 

rapid administration. The intramuscular route is 

generally not recommended for situations requiring either 

rapid onset of effect or long term use. The highly 

alkaline phenytoin injection is potentially very 

irritating to tissue. Following IM injection, the drug 
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may precipitate at the site of injection due to changing 

pH. These drawbacks make "piggyback" administration 

desirable. Unfortunately when the phenytoin preparation 

is added to an intravenous fluid, the concentrations of 

propylene glycol and alcohol are diluted and pH is 

reduced. The solubility of phenytoin might be exceeded 

and result in precipitation. A few investigators have 

offered solutions to the problem of crystallization of 

phenytoin after dilution. 

The total solubility of DPH in aqueous solution is 

equal to the sum of the concentration of species 

appearing in solution at equilibrium, i.e.: 

Combining this equation with the Ka expression for the 

acid: 

Cs = [DPH] + [DP"] (Eq.l) 

[H+][DP-] 
Ka (Eq.2) 

[DPH] 

yields: 

Ka[DPH] 
Cs = [DPH] + — 

[H+] 
(Eq.3) 
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From Eg.3 and the Ka of DPH at 25°C (8.0xl0"9M) the 

solubility-pH profile of DPH has been calculated from 

the data of Schwartz, et al.(17), as shown in Table l and 

Fig.2. 

Several studies (18-20) have been conducted to 

predict the solubility of phenytoin sodium in various 

intravenous fluids. The solubility of phenytoin in i.v. 

admixtures depends on phenytoin's pKa and the solution's 

pH as well as the admixture volume and the water 

solubility of undissociated phenytoin. Although the 

solubility of phenytoin sodium injection in i.v. fluids 

can be calculated by using the Henderson-Hasselbalch 

equations , the time required for a precipitate to 

develop cannot be predicted (20). Lack of quantitative 

work in this area has resulted in unsuccessful attempts 

to obtain a suitable diluent for delivering DPH without 

precipitation. 

No work has been done to investigate the nucleation 

and growth rates in a dynamic situation. Therefore, the 

purposes of this work are to study: 

(1) the effect of pH on the nucleation and growth rates 

of DPH, 



(2) the effect of supersaturation on crystal size 

distribution (CSD), and 

(3) the effect of additives on the growth rates and 

crystal habits of DPH. 

The first part of the work will allow a better 

understanding of the crystallization phenomena of DPH. 

the second part, the influence of impurities on the 

crystal properties and crystallization process will be 

investigated. 
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Table l. pH-Solubility Profile of Phenytoin at 25*C 

PH Solubility Solubility 
(calc.) fig/ml (exp.) pq/ml 

12 160.28X103 
11 16.04x10;* 
10 1.62X103 
9 178.66 

8.3 50.38 56.8(2.8) 
8.2 43.7 44.7(2.2) 
8.0 34.4 32.4 (2.0) 
7.8 28.5 27.6(1.8) 
7.5 23.5 21.9(1.4) 
7.1 20.4 20.3(0.9) 
6.0 18.5 
5.0 18.4 
4.9 18.4 

( ) : standard deviation 
calc. : calculated 
exp. : experimental 
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BACKGROUND AND DATA ANALYSIS 

For crystallization to occur, three basic steps must 

proceed: (1) achievement of supersaturation, (2) nuclei 

formation, and (3) crystal growth. The driving force is 

the liquid-phase supersaturation. The supersaturation of 

a system can be generated by cooling, evaporation, the 

addition of a precipitant or by chemical reaction. The 

degree of supersaturation can affect the rates of growth 

and nucleation, and also the habit of the formed crystal. 

Steady-State Population Balance 

The starting point for CSD analysis and prediction 

of crystallization kinetics is the population balance 

(number-continuity). In a fixed subregion of particle 

phase space, the population balance for particles can be 

stated as 

accumulation = input - output + net generation (Eq.4) 

A form of this balance for a continuous crystallization 

process is given by Randolph and Larson (21) as: 

d  n .  3 f G  n )  Oo n 
d t + 3 L + V 

Oi ni 
V (Eq.5) 
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where n and n^ are population density of crystals at size 

L in the crystallizer and in the inlet stream, 

respectively, G is the linear growth rate, V is the 

suspension volume, Qq and are the outlet and inlet 

volumetric flow rate, respectively. 

For a system under steady state conditions 

(dn/dt =0), clear feed solutions (n^=0) and if growth 

rate is not a function of size, assuming that McCabe's AL 

law holds (G j= G(L) ) , Eq.5 can be reduced to: 

G (dn/dL) + n/r = 0 (Eq.6) 

with the solutions: 

n(L) = n' exp(-L/Gr) = (B°/G)exp(-L/GT) (Eq.7) 

i.e. In n = In n' - (L/Gr) (Eq.8) 

where n(L) = population density, no./ml micron; 

B° = nucleation rate, no./ml min; 

G = linear growth rate, microns/min; 

L = mean particle size (equivalent spherical 

diameter), micron; and 

r = residence time (equal to V/Q), min. 

From a plot of ln(n) against L, G can be calculated from 

the slope and n° can be calculated from the intercept. 
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Crystal Growth 

The mechanism of crystal growth from solution 

requires two successive steps: a diffusional step, where 

the solute is transported to the crystal surface; and a 

surface reaction step, in which the solute is integrated 

into the crystal lattice. 

If growth rate is limited by the rate of diffusion, 

the growth rate can be represented by the simple mass 

transfer equation 

where D is a diffusion coefficient, x  is a film 

thickness, A is the surface area of the crystal, C is 

solute concentration in the solution, and Cs is the 

equilibrium saturation concentration. Because crystals 

are usually sized on the basis of diameter instead of 

mass, it would be more useful to express the growth rate 

in terms of characteristic dimension L. The general 

growth rate equation may be written as: 

dm D 
A ( C - Cs ) (Eq.9) 

dt x  

dL 
k S 
g 

a 
G (Eq.10) 

dt 
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Thus, the crystal growth kinetics can often be 

approximated by supersaturation s, giving rise to the 

formulation of specific growth models. 

Garside categorizes growth theories as continuous 

growth, surface nucleation, and continuous step growth 

(22) , shown in Fig. 3. The continuous growth model 

assumes a rough interface which offers many potential 

"kink" sites for integration. Therefore,the growth rate 

is expressed directly by, G = k s. On the other hand, 

when the interface is smooth, two layer growth mechanisms 

have been proposed. The first is surface nucleation which 

describes that the appearance of kink sites requires the 

formation of two-dimensional nuclei on the smooth face of 

a growth crystal. The second and the most applicable 

model is the continuous-step growth. Burton, Cabrera, and 

Frank (23) introduced the concept of a screw dislocation. 

The presence of screw dislocations in the crystal lattice 

results in a self-perpetuating kink or ledge which is 

favorable to growth. The BCF theory predicts that the 

growth rate is related to supersaturation by 

G = A s2 tanh B/s (Eq.ll) 
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where A and B are constants. Their relationship follows a 

parabolic law at low supersaturations. Thus, 

G = k s2 (Eq.12) 

At high supersaturations, the relationship indicates a 

linear dependence. 

Nucleation 

Nuclei can be generated by either primary or 

secondary mechanisms. The various modes of nucleation can 

be classified (24) as: 

(1) Primary nucleation 

a. Homogenous nucleation—nucleation is spontaneous. 

b. Heterogenous nucleation—nuclei generation 

induced by foreign particles. 

(2) Secondary nucleation—nuclei generation requires 

the presence of the suspended solute crystals. 

For a homogenous nucleation to occur, the system has to 

overcome the activation energy AG*. Figure 4 shows the 

free energy change for homogenous nucleation. The gain 

in free energy due to formation of solid (AGV) must be 

large enough to overcome the loss in free energy 
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associated with the formation of a new surface of the 

nucleus (AGS). Only those solute clusters exceeding 

critical nucleus size rc will contribute to the 

nucleation process. Three main factors govern the rate of 

nucleation (24): temperature, degree of supersaturation, 

and interfacial tension. Both AG* and r0 decrease as 

supersaturation increases. Heterogenous nucleation and 

secondary nucleation are generally the most important 

mechanisms for new particle formation. The most important 

source of nuclei in mixed suspension is the secondary 

contact nucleation (21). The nucleation can be easily 

generated when crystals contact the agitator, flow lines 

or other crystals. 

Measurement of Growth and Nucleation Rates 

The growth rate G can be easily obtained from the 

population density plot (Eq.8) in a continuous system. 

The slurry density can be expressed in terms of the 

distribution as 

Mt = kyp/0°° nL3dL = SJCypn" (Gr) 4 (Eq.13) 

where ky. is the volume shape factor and p is the crystal 

density. A mass balance relates growth rate to the rate 
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of phase change. Thus, for a system that has only one 

mixed withdrawl point, the growth rate becomes 

% 
6 kyTpn" (Gr) 3 

(Eg.14) 

The nucleation rate, B*, can be represented by: 

B" = (dN/dt) L^.Q = dN°/dt (Eq.15) 

From the relation 

(dN/dt) L_^o = [(dL/dt) (dN/dLJlj^o (Eq.16) 

gives 

B' = n° G (Eq.17) 

Nucleation rate can also be obtained from the slurry 

density, MT, measurements: 

Mm 
B ° = (Eq. 18) 

6 k^p(Grj~rr 

From the dependence of growth and nucleation rates 

on the supersaturation (s) , 
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dL 
= G = f(S) (Eq.19) 

dt 

dN 
= B° = f(s) (Eq.20) 

dt 

eliminating s and assuming a power-law form for the 

relationship of G and B' gives 

B° - kN G1 (Eq.21) 

If one assumes: 

G = k s = k ( C - Cs ) (Eq.22) 

and substitutes for Cs (Eq.3), the growth rate becomes: 

G = k ( C - ( [DPH]( l+ka/[H+]))) (Eq.23) 

This relationship assumes the solid/liquid interfacial pH 

to be equal to that of the bulk solution and the growth 

order to be 1. It predicts (on a qualitative basis) that 

a decrease in pH would result in an increase in the 

growth rate for a given bulk concentration. 
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Effect of Supersaturation on CSD 

The level of supersaturation in a MSMPR (21) 

crystallizer often markedly affects the CSD of the 

product. In order to demonstrate the effect of supersatu

ration on CSD, two crystallizations are operated at 

different residence times T , while holding the slurry 

density constant. Thus, the following relationship can be 

expected: 

Mt = 61^^° (G1T1) 4 = Sk^png-(G2r2) 4 (Eq.24) 

or 

1^2 /n^ = ^ (Ec[.25) 

Using the relation of n° to G, Eq.25 can be rearranged as 

G2/Gx = ( t 1 / T 2 ) 4/(i+3) (Eq. 2 6 )  

Effect of Additives on Crystallization 

It has been known for many years that trace amounts 

of specific additives can have a pronounced effect on the 

crystal habit and crystallization kinetics. In some cases 

the effects are so dramatic as to be of real commercial 

interest to improve product performance. This effect 
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results from the differing effect the impurities have on 

the different crystallographic faces of a crystal. 

Recently the work of Addadi and his colleages (25) has 

provided an explanation for the habit modifying potential 

of an additive. By careful selection of crystallizing 

systems, they have shown that a habit modifying additive 

should have many of the structural characteristics of the 

host molecule but should differ in some specific way. For 

example, in the case of benzamide crystallizing from 

ethanol (26), additions of benzoic acid, o- and p- tolu-

amide retarded growth selectively in some of the faces. 

For the crystallization of amino acids, chiral additives 

have been shown (27) only adsorbed onto the surfaces of 

similar chirality. 

Davey (28) points out that facial growth rates may 

be increased, decreased, or remain the same in the 

presence of additives. The effect of impurities is 

generally thought to result from adsorption onto growing 

crystal surfaces. The adsorption of additives generally 

decreases the interfacial free energy resulting in an 

increase of growth rate. On the other hand, impurity 

adsorption will block growth sites, thus decreasing 

growth rate. There are a few organic systems reported in 
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the literature for which growth kinetic data are 

available: hexatriacontane growing in the presence of 

dioctadecylamine (29), sucrose growing in the presence of 

raffinose and stachyose (30), and trinitrotoluene growing 

in the presence of 2-chloro-2,4,6-trinitrostilbene (31). 

These examples are systems in which the additive could be 

incorporated stereoselectively into the growing surface 

via the host-like parts of the molecule and provide a 

modified portion which projects out of the surface and 

disrupts subsequent growth. In all cases a rapid decrease 

in growth rate occurred over a narrow range of additive 

concentration. However, the experimental studies in which 

adsorption isotherms of impurities on crystal surfaces 

have been measured, are rare. 

Recent studies on the morphology of glycine, 

L-asparagine and L-glutamic acid crystals grown in the 

presence of small amounts of amino acids indicate 

incorporation of the amino acid additive in the host 

crystal (25,26). The distribution of the impurities in 

the crystal was investigated. The results strongly 

support the idea that the impurity is situated only at 

the outer surface of the host crystals of opposite 
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chirality, whereas it is occluded uniformly through the 

bulk of the crystal of the same chirality. 

The effect of additives on nucleation is even less 

well understood. Recently the work of Harano and Yamamoto 

(32) on the crystallization of L-glutamic acid has 

demonstrated that some amino acids suppressed the primary 

and secondary nucleation of L-glutamic acid. But at this 

point, there is no clear picture of the mechanisms 

involved. 
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Figure 3. Crystal growth model: (a) continuous 
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dislocation. 
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Figure 4. Free-energy change for homogenous nucleation. 
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EXPERIMENTAL 

Continuous Experiments 

Effect of PH on Crystallization 

Effect of pH on crystallization studies have been 

carried out at constant conditions in a mininucleator, a 

small mixed suspension mixed product removal (MSMPR) 

crystallizer. 

Experimental Set-Up 

The experimental set up is shown in Figure 5, and 

consists of two feed solutions, mini-nucleator, 

temperature control water bath, impeller and liquid level 

controller. The crystallizer used in this work is a 

jacketed glass vessel of about 240 ml volume as shown in 

Figure 6. It was connected directly to a PDI Elzone 

particle counter (PDI-80XY, Figure 7) in order to 

obtain in situ crystal size distributions (CSD's) 

measurement and analysis. The crystallizer suspension was 

maintained well-mixed by using a width of 2.2 cm double 

blade glass impeller. The speed of the impeller was set 
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at 1800 rpm and determined by using a digital tachometer 

(Cole-Parmer Model 8211). 

Experimental Procedure and Conditions 

Supersaturation was created by decreasing the pH of 

the solution as the reagents were mixed in the 

crystallizer. Two sample solutions, a phosphate buffer 

( KH2P04, NaOH, at pH 6 or 8) and a DPH buffered solution 

(pH 12) containing sodium DPH (1.5 g/L) were added at a 

constant rate into the crystallizer. The sodium diphenyl-

hydantoin was used as obtained ( Sigma, lot number 84F-

0446). The ionic strength of the solution was adjusted to 

0.15 with potassium chloride. All the chemicals used were 

analytical grade. Deionized water was used to prepare 

all the buffer solutions. The water was from the Milli-Q 

water system (Millipore CDOF01205). Each feed solution 

was passed through an in-line Balston DFU 0.3 micron 

filter prior to entering the crystallizer. The rates of 

the feed solutions were adjusted by means of two ISCO 

metering pumps to give a residence time of 8 minutes. 

The outflow was controlled by a liquid level controller 

which kept the crystallizer solution volume constant. The 

experiments were conducted at constant temperature 
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maintained at 25"C. An example of the experimental 

conditions is shown in Table 2. 

PDI-80XY Description 

The PDI-80XY is a computerized, multichannel, 

analyzing system. The number and size of particles in an 

electrically conductive medium are measured by zone 

sensing method. A suspension of particles in electrolyte 

is drawn through the orifice which also passes an 

electric current. Each particle in traversing the 

orifice, causes a momentary resistance change propor

tional to the particle volume. The resultant sequence of 

electric particle-pulses is then amplified, scaled and 

counted, or electronically processed, to yield particle 

count and size distribution data. Because of the 

variations of conductivity in sample solutions, the PDI-

8OXY particle counter has to be calibrated before the 

experiment. Generally, the range of particle size 

applicability is from 4% to 40% of the orifice size. The 

orifice tube used in this study is 190 ^m. Thus ,the 

size of particle which can be measured is in the range 

of 7.6 /xm to 76 ^m. Polymer latex standards were used to 

calibrate the channel size. 
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Data Analysis 

(a) CSD Measurements 

A steady state operation was achieved after seven 

residence times. CSD measurements were done once per 

residence time for four residence times (8r to 11T). 

Particle counts obtained from PDI-80XY were then 

converted to population density and regressed on-line to 

the well known exponential plot of the MSMPR 

crystallizer. 

Because no sample dilution was made before CSD 

measurement, high particle coincidence counts can cause 

serious deviations in the expected straight line semi-log 

plot. Therefore, the values of B° and MT derived from the 

intercept of the cumulative number plot were not accurate 

enough for quantitative use. In order to demonstrate the 

validity of the growth rate data generated from the PDI-

80XY,a slurry dilution experiment was performed during 

this study. This experiment was carried out using the 

same procedures previously mentioned. At the end of a run 

(at 11 r or 12 r), a 24 ml sample was taken from the 

crystallizer suspension and diluted with 212 ml of the 

filtered liquor (from the same run). The diluted solution 

was then poured back into the crystallizer after 
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cleaning. The identical conditions were used. The diluted 

suspension was recounted. 

(b) Slurry Density Measurements 

The concentration of sodium phenytoin remaining in 

solution was determined spectrophotometrically using a 

Beckman DU-8 Spectro-photometer. The absorbance values at 

23 0 nm were compared to a standard curve. This allowed 

for the calculation of the slurry density: 

%  =  ( Q i / Q o J C i  -  C Q  ( E q . 2 7 )  

where and Qq are inlet and outlet flow rate, 

respectively; and CQ are inlet and outlet 

concentration, respectively. B° can consequently be 

calculated from the slurry density, by using equation 18. 

(c) Characterization of the Crystal 

Shape and surface characterization of the crystal 

was determined by scanning electron microscopy (ISI Super 

IIIA). Measurement of crystal energies was done by 

differential scanning calorimetry (DuPont 1090 Thermal 

Analyzer). 
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Effect of Supersaturation on CSD 

To study the effect of supersaturation on CSD, the 

experiments were conducted at steady state and slurry 

density was fixed at a given level by changing the 

residence time. The experimental procedures were the same 

as previously mentioned. Only the feed rates were 

adjusted to give different residence time. The 

experimental variables are presented in Table 3. 



39 

Feed 
Filter 

DPH in 
pH 1 2  Solution ^ Buffer 

Solution 

Figure 5. 240-ml Mini-nucleator flow diagram 



nimwn^iarn-

diameter • 5.7 cm 
height«13.0 em 
volume • 240ml 

Liquid-Level Control 

To Oroin 
eed (2) Feed(1? 

Circulating 
Water Outlet 

PDX-80*y— 
Sensing Probe 

Quartz Tube 
. »  

variable Soeefl 
impeller 

Circulating 
Water Jacxet 

Figure 6. 24 0-ml Mini-nucleator schematic 



41 

i'lpl. 
'rJ* 1 £w i 

&-

9 
nab 

• f f r  
j , —1 

• j ^SESID 

an 

A ® 'ggr ® 

a 

^it-

Figure 7. PDI Elzone particle counter (PDI-80XY), 
(Particle Data, Inc.) 



42 

Table 2. Experimental conditions 

Volume of Crystallizer 236 ml 

Temperature 2 5 ' C  

Residence Time 8 min 

Speed of Impeller 1800 rpm 

[NaDPH] 1.5 g/L 

Flow Rate 
(1) NaDPH in pH 12 buffer 
(2) pH 6 buffer 

2 ml/min 
27 ml/min 
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Table 3. Experimental conditions for changing 
residence times 

Run#l Run #2 Run# 3 

Volume of Crystallizer 236ml 23 6ml 236ml 

Temperature 25" C 25 ° C 25 ° C 

Residence Time (min) 8.1 11.24 16. 28 

Speed of Impeller (rpm) 1800 1800 1800 

[NaDPH] i•5g/L 1.5g/L 1.5g/L 

Flow Rate (ml/min) 
(1) NaDPH in pH 12 buffer 
(2) pH 6 buffer 

2 
27 

1.45 
19.55 

1 
13 . 5 
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Batch Experiments 

Batch experiments were carried out to study the 

effect of impurity on the growth rates of DPH. D-phenyl-

alanine (D-phe) was chosen as the impurity in this study. 

It is nontoxic and has some of the structure charac

teristics of the host crystal. The structure of D-phe is 

shown in Fig. 8. It is an aromatic amino acid with 

molecular weight of 165.2 gm. The amino acid molecule 

has acid and basic groups and the molecule may be in the 

form of monopolar ion or zwitterion depending on the pH 

of the environment. The isoelectric point of D-phe is 

5.91. This experiment was run at pH 6. Hence, only the 

effect of the zwitterion of D-phe on the crystallization 

kinetics of DPH will be investigated. 

The experimental set-up is similar to the continuous 

experiment. No constant feed in and no outflow are pre

sent in this system. The crystallizer used is a jacketed 

glass vessel of about 180 ml volume (97 mm X 60 mm). 

The phenytoin stock solution (6.5 mg/ml) was 

prepared with pH 12 buffer solution, while D-phenyl-

alanine stock solution (l mg/ml) was prepared with pH 6 

buffer solution. Both phenytoin (Sigma,lot number 124F-

0177) and D-phe (Sigma,lot number 86F-0060) were used as 
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obtained. All the solutions were filtered through a 

0.45 nm membrane before entering the crystallizer. The 

experiments were done at constant pH (pH 6) and constant 

temperature (25"C). The speed of the impeller was set at 

900 rpm. The crystallizer was filled with 180 ml pH 6 

buffer solution. Two sets of experiment were conducted; 

One without additive. The phenytoin stock solution was 

injected into the crystallizer once the temperature of 

the crystallizer reached 25°C. When impurity was added, 

D-phe stock solution was introduced into the pH 6 buffer 

solution prior to adding phenytoin solution. The 

concentration of D-phe is 10% (mole percentage) of the 

concentration of DPH in the crystallizer. The initial 

supersaturation ratio (C/Cs) of DPH ranged from 1.93 to 

3.86. Crystal size distributions were measured in situ, 

as a function of time with Elzone-180XY. The concen

tration of DPH was measured during the process by UV-

spectrophotometry. 

Because nucleation occurred at the very early stages 

of the experiment, there was probably no time for the 

impurity to be incorporated into the hast crystal and 

interfere with the growth. Therefore, an additional set 

of experiments was conducted at a low supersaturation 
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ratio of 2 and low impeller speed of 300 rpm to investi

gate the effect of impurity on the growth of DPH. A 600 

ml beaker (95 mm x 120 mm) was used instead of the mini-

nucleator. The stirrer is a teflon rod (length 203 mm) 

with three blades (diameter 17 mm) at a angle of 45°. 

Experiments in the presence of 5-10% D-phe and in the 

absence of additive were compared to see how long it will 

take to grow the visible crystal at room temperature. The 

characteristics of the crystals were identified by using 

a polarizing microscope (Olympus model POS) and Beckman 

IR33 . 
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Figure 8. The structure of D-phenylalanine (D-phe). 
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RESULTS AND DISCUSSION 

Effect of PH on the Nucleation and Growth Rates of DPH 

Evaluation of Growth and Nucleation Rates 

From the well known population density plot of the 

MSMPR crystallizer, values of the growth rate were 

calculated. Figure 9 is a typical output from PDI-8 0XY 

particle counter. The growth rate values obtained from 

the computer are different from the manually calculated 

values by a factor of 2 (sample calculation is shown in 

Appendix A ). Therefore, all the growth rate values have 

been corrected. 

Due to the coincidence effect , the crystal magma 

was diluted with a filtered solution of mother liquor and 

recounted. Figures 10 and 11 are the outputs of the PDI-

80XY, obtained before and after dilution of the 

crystallizer suspension. The straight line portion of the 

curves has the same slope in both cases. Table 4 presents 

the growth rate data for the slurry dilution experiment. 

This shows that the occurence of coincidence has no 

significant effect on the calculation of growth rate 

values. 
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However, due to the effect of coincidence on the 

intercept values, the nucleation rate (B°) was calculated 

by using equation 18. The MT or yield (C^-Cs) is only 

2 0.4 mg from a 240 ml suspension. Therefore, it is not 

accurate to weigh the filtered crystal directly. An 

alternative way of calculating is by doing a mass 

balance. The slurry density MT was measured independently 

from the concentration drop between feed and mother 

liquor. The lack of a well-defined UV absorption spectrum 

for DPH makes its determination by direct UV-spectro-

photometry difficult. Figure 12 shows the UV spectrum of 

DPH in pH 6 buffer solution. Wallace et al. (33) 

developed the first sensitive and specific spectrophoto

metry technique for DPH by oxidizing the parent drug to 

benzophenone. In the present study, we measured the DPH 

concentration by comparing the absorbance values at 230 

nm to a standard curve. The standard curve did show a 

good correlation as presented in Figure 13. 

Values for the nucleation and growth rates for the 

crystallization of DPH at pH 5.9 and 7.5 are summarized 

in Table 5 . The pH 5.9 and 7.5 are the actural pH values 

in the crystallizer. 
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Evaluation of the System 

Slurry density, r^, is very close to the initial 

supersaturation (C^-Cs) and the steady state supersatu-

ration (S) is very close to one. This system may be 

referred to as a high yield system (class II type) (21). 

In such a system, the per-pass yield is essentially 

constant, independent of the particle size distribution. 

Effect of t>H 

Growth rate is faster at the lower pH, because of 

the lower solubility of DPH in the bulk solution (i.e. 

higher supersaturation driving force at the lower pH). 

The result is consistent with the prediction from Eq. 23. 

The nucleation/growth rate ratio decreases as the pH 

is decreased resulting in an average size increase, even 

though the absolute solubility has decreased at the lower 

pH. 

Crystal shape was examined by scanning electron 

microscopy and was not affected by a change in pH (5.9-

7.5) and differential scanning calorimetry showed no 

difference in the crystalline state, as shown in Figures 

14-17. The enthalpy values of 32.1 and 34.1 KJ/mole at 
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pH 5.9 and 7.5, repectively, agree well with the values 

by Schwartz, et al. (17). 

Problem Encountered 

Fouling on the walls of the silica glassware 

apparatus is a significant problem during the experiment. 

Several teflon chips can be suspended in the crystal 

magma to help prevent the fouling problem. But the growth 

rate data show good reproducibility within a run and 

between various runs. 
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Crystal Size, L {fini) 

Figure 10. Population Density vs Size Plot 
pH 5.9, Mip = 8.10x10 mg/ml 
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Figure 11. Population Density vs Size Plot 
Dilution Curve 

pH 5.9, = 3.86x10 mg/ml 



55 

Table 4. Growth rate data for the slurry dilution 
experiment 

Sample Identification Time G (MM/MIN) 

Concentrate 9 r 0.94 
10 T 0.98 
11 T 0.98 
13 r 0.94 
15 T 0.98 

Average 0.96 

Dilution 

Average 

0.92 
0.98 
0.95 
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Figure 12. The ultraviolet absorption spectrum of 
diphenylhydantoin (in pH 6 buffer) 
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Table 5. summary of results from continuous crystal
lization of DPH at pH 5.9 and 7.5. 

pH (C-j-C )a 
(mg/mf) 

G 
(Atm/min) 

Mmb 
(mg/ml) 

B" 
(#/ml.min) h'P ( m )  

Sc 

5.9 

7.5 

8.lxlO-2 

7.2xl0—2 

0.97±0.04 

0.77+0.04 

7.6XlO~2 

6.9X10"2 

4750 

8214 

7 .76 

6. 16 

1.31 

1. 10 

(a) Initial supersaturation, s^ 

(b) Calculation from (C^-C0) 

(c) S = Cc/Cs 



Figure 14. Crystal products from pH 5.9 solution, 
magnification 650X, left bar scale 10 MID· 
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Figure 15. Crystal products from pH 7.5 solution, 
magnification 650X, left bar scale 10 ~m. 

60 
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Figure 16. Differential scanning calorimetry curve 
of DPH (pH 5.9) 
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Figure 17. Differential scanning calorimetry curve 
of DPH (pH 7.5) 
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Effect of Supersaturation on CSD 

Values for the nucleation and growth rates for 

crystallization of DPH at pH 6 and at various residence 

times are summarized in Table 6. These data confirm the 

relationship, that is , = G2t2. The kinetic order i 

(in Eq.26) is equal to 1. The size distribution is 

unaffected by changing residence time, even though growth 

rates increase in proportion with (T1/T2) • Figure 18 

shows the size-probability graph from three different 

runs. Operation at shorter residence times should have 

higher growth rates and hence higher supersaturations. 

However, the steady state supersaturation achieved was 

very close to one. Photographs taken from scanning 

electron microscopy are shown in Figures 19-21. 
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Table 6. Summary of results from continous crystal
lization of DPH at various residence times 

T (Ci-C5) G Mt B" L1/0 S 
(min) (mg/ml) (/im/min) (mg/ml) (#/ml.min) (jum) 

8.1 7. 69X10' -2 0. 92—0. 04 7. 33x10' -2 5390 7 .45 1. 19 

11.24 7. 69x10' -2 0. 66±0. 04 7. 13X10' -2 3833 7 .42 1. 30 

16. 28 7. 72X10' -2 0. 46+0. 02 7. 04X10 -2 2542 7 .49 1. 37 
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Figure 18. Crystal size distribution of DPH at three 
different residence times 
(8.1, 11.24, 16.28 min) 
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Figure 19. Crystal products at pH 6, r = 8.1 min, 
magnification 1120X, left bar scale 10 Mm 
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Figure 20. Crystal products at pH 6, r = 11.24 min, 
magnification 1160X, left /bar scale 10 ~m 
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Figure 21. Crystal products at pH 6, r = 16.28 min, 
magnification 1160X, left bar scale 10 ~m 

68 
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Additive Effect on Crystal Growth 

Measurement of Growth Rates 

In a batch system, growth rates can be evaluated from 

measurement of the cumulative size distribution, from the 

displacement AL in a time interval At. Figures 22 and 23 

are the typical cumulative size distributions from 

initial supersaturation ratios of 3.86 and 1.93, 

respectively. The growth rates also can be measured from 

the increment of the average size in a time interval. 

The nucleation is very much dependent upon the 

agitation. There were very few nuclei generated when the 

DPH stock solution was introduced onto the top surface of 

the crystallizer. Therefore, the DPH stock solution was 

injected into the crystallizer solution. Fouling was not 

observed in batch system; however, the total number of 

crystals decreased after a certain time due to particles 

floating on the top of the surface. Hence, the growth 

rates in this study were calculated at earlier times. 

The concentration of DPH was measured during the 

process by UV spectrophotometry. The concentration of 

D-phe in the suspension is only 4. 6x10"*3 mg/ml at most. 

The UV absorption spectrum of D-phe is shown in 
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Figure 24. The absorption of D-phe does not interfere 

with the absorption of DPH at 230 nm. A summary of the 

growth rate data for DPH and DPH with 10% D-phe is shown 

in Tables 7 and 8. The addition of D-phe seems to have no 

influence on the growth rates of DPH in this experiment. 

This is probably due to the fact that the nucleation 

occurs spontaneously at the very early stages, which give 

the additive no chance to incorporate into the crystal 

surface. 

Data Fitting 

The experimental data was fitted to the general 

relation, 

G = kg oa (Eq.28) 

where a is defined as (C-Cs)/Cs. The dependence of growth 

rate on supersaturation at 25°C is shown in Figure 25. 

Table 9 summarizes values of the growth rate constant, kg 

and growth order, a. There was no difference between the 

data from DPH alone and DPH with 10% D-phe. It is 

interesting to note that low supersaturation (S) of 1.77-

1.78 makes the growth data quite different. This may 

indicate a different growth mechanism at low 

supersaturation. We have tried to conduct the experiment 
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at supersaturation as low as 1.45, but it was 

unsuccessful due to slow nucleation and growth. 

Hvdrodvnamic Effects 

When the experiments were performed with 600 ml 

beaker at an impeller speed of 300 rpm, DPH alone only 

took 48 hours to grow visible crystal, while DPH with 5% 

or 10% D-phe took 115 hours. These results demonstrate 

that D-phe inhibits the nucleation and crystal growth of 

phenytoin. This phenomenon was not seen in the mini-

nucleator. Very often the mechanical factors of 

crystallizer design, especially the system geometry and 

the energy input due to agitation {hydrodynamics of the 

system), play an important role in the nucleation process 

(21) . 

The crystals obtained show no difference in shape 

under polarized microscope and no difference in IR 

spectrum (Figure 26). 
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Figure 22. Cumulative number distribution from 
crystallization of DPH at C/Cs = 3.86 
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Table 7. Summary of growth rate data from batch crystal
lization of DPH 

Supersaturation 
S, (C/Cs) 

Supersaturation 
(c-cs)/cs 

Growth Rate 
G (jxm/min) 

3.31 2.31 0.88 
3 .25 2.25 0.70 
2 .56 1.56 0.41 
2 .05 1.05 0.33 

1.77 0.77 0.089 

Table 8. Summary of growth rate data from batch crystal-
lion of DPH with 10% D-phe 

Supersaturation 
S, (c/Cs) 

Supersaturation 
a, (C-Cs)/Cs 

Growth Rate 
G (/um/min) 

3 .24 2.24 0.89 
3 .23 2.23 0.71 
2 .70 1.70 0.46 
1. 97 0.97 0.29 

1.78 0.78 0.076 
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Table 9. Summary of growth rate constants and growth 
order from batch crystallization 

Growth 
kg 

Rate Constant 
(fim/min) 

Growth 
a 
Order 

DPH (S:2.05-3. 31) 0.29 1. 2 

DPH+10% D-phe (S: 1. 97-3.24) 0.29 1. 2 

DPH (S:1.77—3. 31) 0.19 1. 8 

DPH+10% D-phe (S: 1. 78-3.24) 0.21 1. 7 

( ): supersaturation range 
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CONCLUSIONS 

Continuous Experiments 

1. The MSMPR crystallizer technique is automated, 

reproducible and rapid. This technique is useful for 

optimizing the crystallization conditions and the 

performance of crystals. The most persistant problem 

encountered in this system is fouling on the walls of 

the silica glassware. Fouling may be minimized either 

through surface coating or reducing feed concen

tration . 

2. Growth rate of DPH was higher at the lower pH and the 

nucleation/growth rate ratio decreased as the pH 

decreased resulting in an average size increase. 

Crystal shape was not affected by a change in pH (5.9 

- 7.5) and differential scanning calorimetry showed 

no difference in the crystalline state. 

3. The crystal size distribution (CSD) was unaffected by 

varying the residence time. Growth rates increase in 

proportion with (r-^/r2) • However, the steady state 

supersaturation achieved was very close to one. 
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Batch Experiments 

1. The set-up for batch crystallization is much simpler 

than that for the continuous process. Large amounts 

of data can be generated in a short period. One of 

the most important factors in batch crystallization 

is the control of nucleation. 

2. The additive, D-phenylalanine, seems to have no 

influence on the growth rates of phenytoin in batch 

experiments. This is due to the occurrence of 

nucleation at the very early stages of the 

experiment. However, by careful designing the system 

geometry and hydrodynamics of the system, the 

additive may have great impact on the growth and 

nucleation process of phenytoin. 
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NOMENCLATURE-

A Constant in BCF equation 

B Constant in BCF equation 

B* Nucleation rate 

C Bulk concentration 

Ci Feed solution concentration 

Co Concentration in crystallizer 

Cs Saturation concentraion, or solubility 

D Diffusivity 

dm Mass crystallized in a time interval 

dt Time interval 

G Linear growth rate 

AG* Critical free energy 

kg Growth rate constant 

L Crystal diameter 

^1,0 Population-average crystal size 

MT Slurry density 

n Population density 

rc Critical nucleus 

s Supersaturation, ( C - Cs )/ Cs 

s Supersaturation, C/Cs 

Qi Volumetric feed rate 

Qq Volumetric discharge rate 
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x Diffusion layer 

Greek Symbols 

p Crystal density 

T Residence time 

a Supersaturation, (C-Cs)/Cs 
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APPENDIX A 

SAMPLE CALCULATION OF GROWTH RATE 

BY MANUAL METHOD 
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• 6.17 42 97.67 34 13.63 142 34.94 4: 23,40 30 7,37 •: 39.38 1 .14 
4 8.32 (0 97.30 .3 14, C8 111 33.03 44 .1.82 54 4.70 3 40.31 J .13 
J 8.47 47 94.50 34 14.34 133 31.01 43 24.24 37 3.97 1 41.03 1 .11 
e 8.43 10 93.84 37 14.(0 143 49.13 44 24.70 54 3.21 •3 41,80 3 .09 
e e.j? 73 93,22 3a 14.87 134 47.21 47 23.14 34 4.44 S 42.34 1 .U3 

10 i.n 72 94.24 39 13.14 141 43.41 (6 23.42 32 3.97 "7 43.34 0 .04 
:i t.n 7? 93.27 40 13.42 144 43.32 69 24.03 34 3.54 9j 44.13 0 . •( 
i: 1« 92.21 41 13.70 144 41.33 70 24.34 3.0? « 44.94 0 
13 *.43 ei 90.80 42 13.99 131 39.42 71 27.03 29 2,74 43.74 1 .04 
14 t.tl 98 89.72 43 14.28 147 37.30 72 27.54 17 2.33 :01 44.40 1 .03 
11 v.et' 104 88.40 44 14.38 143 33.33 73 2S.03 l« 2.12 J:12 47.43 0 .01 
14 9.9$ 1:0 84.9B 43 14.88 1» 33.38 74 23.34 ;i 1.87 :o 48.32 0 .01 
!7 10.lt 104 83.37 44 17.19 133 31.97 75 29,W 19 t.36 14 43.21 0 .01 
13 10.13 10' 83.97 47 17.31 130 30.14 74 29.41 II 1.33 !vS 30.11 0 .01 
1? 10.54 173 82.51 48 17.83 147 28.14 77 30.14 II 1.18 104 31.02 0 .01 
20 10.73 124 80.83 49 18.13 111 24.17 78 30.71 12 1.03 1)> 91.94 0 .01 

10,92 114 79.14 50 11.49 137 24.4» 79 31.27 7 .87 114 32.91 0 .01 
22 It.12 ISt 77.43 3! 18.82 III 22.63 SO 31.64 10 .78 109 33.8S 0 .01 
23 11.33 137 73,90 32 19.17 134 21.27 81 32.43 A .44 1-0 54.84 0 .01 
14 11.54 128 74.04 33 19.32 100 19.47 82 33.02 3 .34 K1 9.87 0 .01 
2! 11.73 144 72.34 34 19.87 97 18.13 83 33.42 I .32 112 34.89 0 .<11 
11 U.U 143 70.41 33 20.24 113 14.82 8* 34.24 1 .44 113 17,93 0 .01 
27 i:.ie 113 48.49 ;.} 20.(1 119 13.2= £3 34,84 t .44 114 36. n (< .01 A» 

12.40 144 44.77 57 20.98 S3 13.48 et 33.50 2 .31 113 10.07 0 .01 
^ T i:.n ISO 44.81 It 21.37 79 12.34 67 36.13 3 .S4 :n (1.17 1 .01 
30 12.Si ISO 42.80 !• 21.74 7J 11.48 K 34.81 3 .30 

Ctrrtlt l lH Cwffictnt • 0.45 

Imrcttt * 11.904. SI in • -5,244 ItilM./ccl/ilcrtuttr 
Tm • 8.170 IIB. I  Rts • 1,000 Grw/cc. 
BO • 18090 it. Stent. 
G ' 0,44 iicrtn/iii. 
PtPiltflM-tnrUi mi • 3.78 uc/MI 
UllUI-tnriH « 13.121 Wmi 
HI > 2.90KOOt<01 irm/tc, 
Kucld fcultr • 390JI M./cc.-tlcrni 
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(2) Manual calculation 

Size %Larger AL AN AN/AL In n 

7.74 100.00 
8.95 93.93 1.21 190. 23 157.22 5.058 
10.73 80.52 1.78 420. 27 236.11 5.464 
12.86 62.77 2.13 556. 29 261.17 5.565 
14. 08 53.74 1.22 283. 00 231.97 5. 447 
15. 42 44.98 1.34 274. 54 204.88 5. 322 
16. 88 36.35 1.46 270. 47 185.25 5.222 
18.48 27.96 1.6 262. 94 164.34 5.102 
20.24 20.99 1.76 218. 44 124.12 4.821 
22.16 14.90 1.92 190. 87 99.41 4.599 
24.26 9.49 2.1 169. 55 80.74 4.391 
26.56 5.64 2.3 120. 66 52.46 3 .960 
29.08 2.89 2.52 86. 19 34.20 3.532 
32.43 1.03 3.35 58. 29 17.40 2.857 

a. Calculation of population densities (n): 

AN no. of particles 
where n 

AL micron, ml 

For example in the size range 7.74 fj, to 8.95 y., 

AN [(100 - 93.93)/100] 3134 
= 157.22 

AL ( 8.95 - 7.74 ) 

The population densities were evaluated for all the 

size intervals (8.95-10.73, 10.73-12.86, etc.). The 

results of these calculation are shown in the above 

table. 
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b. Linear regression results: 

In (n) = In (n#) - (L/Gr) 

Elzone Manual 

Size Range 12.86-32.43 n 12.86-32.43 fi 

Correlation Coefficient 0.49 0.99 

Intercept 11.904 7.447 

Slope -0.264 -0.134 
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