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Prediction of the Solubility of 6APA in Aqueous Phase and Optimum Control Scheme
for Batch Crystallization Process through pH Variation
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Abstract—Solubilities of 6APA in water at different pH and temperatures are measured. A three parameter model
is proposed for predicting the aqueous solubility of this amino acid. Predicted values are in good agreement with the
experimental data. The model may be used for quick and accurate evaluation of the aqueous solubility of other simple
ampholytes. The proposed correlation is combined with the population balance and kinetic equations for predicting
the optimum pH profiles required to maintain a constant supersaturation in a batch crystallizer. The suggested policy
leads to a more uniform crystal size distribution for 6APA with C.V of 23%.
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INTRODUCTION HA +H,0<> H,O"+A" @

6-aminopenicillanic acid (6APA) is an important intermediate Deviations from the thermodynamically ideal situation are
in the production of synthetic penicillin. Since the published datamainly caused by the ionic strength of the solution and are
on the aqueous solubility of 6APA in the literature are scare, a seria®latively small for some of the aqueous solutions of amino
of experiments is carried out to determine 6APA solubilities in aque-acids including 6-APA [Tewari and Goldberg, 1988]. Thus the
ous phase at different operating conditions. These data are espenization constants can be written as:
cially important for purification of 6APA through crystallization

process by pH variations. Effect of pH changes on the solubilites K, =w (5)

of some other amino acids are reported [Zhu et al., 1990; Brown [HA]

and Rousseau, 1994; Patrickios et al., 1994]. K _[H;O1[AT] ®)
,=ie A

In this work, A simplified model is also developed for predic- ["HA']
tion of the effect of pH and ter'r]perature on the aqueous SOIu.bmtywhere [HAT], [[HA'] and [AT] are the concentrations of cation,
of 6APA. The proposed solubility correlation is used in combina-_ .~ ~. . .
. . A ! .~ zwitterion and anion respectively.
tion with crystallization model to predict the programmed pH varia- Eq. (2) shows formation of the neutral zwitterion with its
tions required to provide a constant supersaturation. This is especiallgh :

important for controlling the product crystal size distribution arge distribution. The zwitterion can accept a proton, as
P 9 P Y " shown in Eg. (3) to form the positively charged species on the

left hand side of the equation. It can also donate a proton as
shown in Eq. (4) to produce a negatively charged species.
The solubility of the solute; cunder a given set of physical

1. Solubility iy . _ :
Ampholytes are compounds capable of functioning as acids 0}:ondmon (i.e. pH, ionic strength and temperature), is the sum

bases according to the medium in which they are dissolved. Thus %f the concentrations of these species:

simple ampholyte molecule HA (1:1 type, witkrz, the num- ¢ =[HA],=[HA+[*HA]+[A] (7)
ber of acid and base ionization constants respectively,
to unity) dissociates in two ways:

MODEL DEVELOPMENT

both equ%ombining Egs. (5)-(7), gives the zwitterion concentration as:
CKy[H]
L+K/[HT+KK/HT

SSince for a solid, the chemical potential is constant at a given
temperature and pressure, the equilibrium condition can be

HA™+OH <>HA+H,0<H,0'+A 1) ['HAT]= (8)

Typically in agueous solutions the ampholytes will have undergon
internal ionization

(HA) i (HA),, 2 written as:
The Eqg. (1) may be formulated as Mt =Meras =Mana +RT In @,0=constant 9)
HA*+H,0<>"HA +H,0" (3) Thus we have:
Burany=[ HA TYsua=cCONStaNt (10)
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sure and temperature gives: of 6-APA in distilled water at a given temperatuge\i@s recorded.

In order to determine the effect of pH variations on the solubil-
ity, a filtered saturated solution of 6APA in water at a given tem-
Considering pH=log[H"], Egs. (7) and (11) are combined to give: perature according to above procedure was prepared. A known
dHA®  dA- amount of 6APArfgrams) was initially added to the solution. For
—= +—+} (12) measuring the 6APA solubility in alkali (pH>pl), ammonia (17.5%)

dH'  dH was dropped into the vessel and the mixture was stirred until the
Combination of Eq. (12) with Egs. (5), (6) and (8) leads to the fol- solids in suspension were completely disappeared. The mixture was
lowing equation: left for an hour. When the solution remained clear, further small
dine  (N10)[K.K(10°") 1] amognt (e.g., 0.01 g) of 6APA was added .to the splution.

dpH =1+K (10’”1) jK KA10™) (13) This was donen(times) until the solids did not dissolve any-

! 12 more. One hour was left between each of these additions.
Eqg. (13) is an ordinary differential equation representing the influ- The solution pH was then recorded by calibrated digital pH meter.
ence of pH variations on the ampholyte solubilities in water at aMass of added 6APA was+0.016).Thus the solubility of 6APA
given pressure and temperature. at a constant temperature and a given pH can be calculated by:
2. Crystallization

For a perfectly mixed batch crystallizer in which crystal break-
age and agglomeration are negligible, the equations obtained bidding a different massnj of 6APA at constant temperature en-
moment transformation of the population balance equations [Ranabled solubility to be obtained at different pH values.
dolph and Larson, 1971] for size independent growth rate are:  To determine 6APA solubility in acids (pH<pl), a similar proce-

dure was adopted using nitric acid (30%) instead of ammonia. The
dm, =B 14) pH meter was recalibrated and the solubility was measured accord-

d['*HA J/dpH=0 11)

dc __ .
Gori~~(N10[H ][

¢ =(¢,+m+0.01)/(100 g solvent) (22)

dt ing to Eq. (22).
dm.; _ (+1)mG (15-17) The nucleation and growth kinetics of 6APA in aqueous phase
dt ' measured by s-plane analysis [Tavare and Garside, 1986] in a baffled

agitated 3 L batch crystallizer were correlated by Egs. (20) and (21)
ZareNezhad, 2001]. The crystal size distributions were measured

y a 256 channel Coulter Counter (Model Multisizer 11) interfaced
with a microcomputer.

where ngy(0) and ny(0) are zero, such that i=0, 1, 2
The mass balance in terms of the total mass deposition of th
solute at constant supersaturation can be written as:

de_dc __

dmg
i pck (18)

vdt RESULTS AND DISCUSSION

Eq. (18) can be expressed in terms of pH as follows: Effect of pH variations on the solubilities of 6APA in water at
w 1 . . .
dpH =_pckvdmsgdc 0 (19) 25 and 48C are showrj in Fig. 1 The predlctgd vqlugs by Eg. (13)
dt dt LipHU are also compared with experimental data in this figure.

The measured nucleation and growth kinetics of 6-APA in aque- Thg predicted solgbll!ty curves for GAPA. appear U-shaped with
. a,minimum at pl, which is about 4.27+0.05 in the range of 26:45
ous phase by a batch crystallizer [ZareNezhad, 2001] are correlateq . . . . .
. . . . ~This is in close agreement with value of 4.3 reported previously
by power law equations in terms of influencing parameters as:

B=9.1x 10AC*M, €% (20) o5

G=4.9x10"Ac** (21) —Eq.13 # 298K = 318K

whereAc, M; ande are the supersaturation, magma density and 0.4
specific power input, respectively.

The optimum pH profiles are determined by simultaneous solu-
tion of the Egs. (13-17) and (19-21). The modified fourth order
Runge-Kutta method with the time step size of 5 s is used for nu
merical calculations.

0.3

c* kg/kg solvent

EXPERIMENTAL SECTION o
An excess amount of 6APA crystals were added to 100 g dis
tilled water in a jacketed glass vessel connected to a thermostat 0 I ! ! L : ; «
waterbath. The solution temperature was controlled at a constar 0 ! 2 3 4 5 6 7 8
temperature with the tolerance of +8CL Vigorous stirfing was PH of the solution
performed and the solution was left two hours to reach equilibrium.Fig. 1. Comparison of the measured and predicted solubilities of
These experiments repeated seven times and the average solubility ~ 6APA in aqueous solution at different operating conditions.
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Fig. 2. Comparison of calculated aqueous solubiliies of 6APA by  Fig. 4. Comparison of the effect of linear and optimum pH pro-
Eq. (13) with measured values at 95% confidence limits. files on the 6APA crystal size distributions.

[ICI, 1995]. The solubility of 6APA at the isoelectric point changes the Ac is increased from 3 to 6 kginthe solution pH should be
slightly from 2.99 to 3.92 g/100 g solvent as the temperature in-decreased more quickly to the isoelectric value by the control sys-
creases from 25 to 46. The 6APA solubility at the isoelectric con- tem. The programmed pH variations are terminated in 202 and 38
dition measured at 2B is in good agreement with that reported minutes respectively after starting the operations as shown in Fig. 3.
by Mwangi [1994] which is about 3.02. Increasgtkads to the Fig. 4 represents the size distributions of the 6APA obtained from
upward movement of these curves. According to Fig. 1, the prethe batch crystallization process under the two different control types
dicted 6APA solubilities at different pH and temperatures are in goodhfter 2 hr operation. The main feature arising from this figure is the
agreement with measured data. significant differences in the width of the crystal size distribution.
In Fig. 2, All the measure solubility data of 6APA are compared The crystals were of a wider distribution (C.V.=37%) when the linear
with predictions of Eq. (13). Two dotted lines represent the 95%control scheme was employed and a narrower distribution of crys-
confidence limits. The relative deviation between predicted and meadals (C.V.=23%) was obtained when the proposed optimum pH pro-
ured values for these limits is £1.3%. file was applied. Since the amount of supersaturation is relatively
The predicted optimal pH-time curve at T of@5and N of 350  kept constant during the operation of the suggested control policy,
Hz at different supersaturated levels are shown in Fig. 3. It can béhe final crystal size distribution is much more uniform with a lower
seen that the supersaturation level is a crucial operating parameteoefficient of variation of 23%.
which greatly affects the optimum pH profiles. The high supersat-
uration levels lead to more nuclei and resulting crystals can grow CONCLUSIONS
faster under the higher driving force. The solute is subsequently
consumed much faster, so that the operating time is greatly short- Solubilities of 6APA in water at different temperature and pH
ened when the supersaturation level increases. Fig. 3 shows that ase measured. Also a simplified model for predicting the aqueous
solubility of 6APA as a function of both temperature and pH is de-
- veloped. The presented model is very convenient for use with three
parameters needed. Eq. (1) has been validated against 6APA solu-
bility data obtained in this work. The optimal control scheme for
the crystallization of 6APA through pH variation is established. The
S~ presented framework in this paper may be easily used for determi-
N nation of the ampholyte solubilities in the aqueous phase and the
\ programmed pH variations required to maintain a constant super-
\ saturation in batch crystallization process. The suggested policy gives
the narrowest crystal size distribution for 6APA in batch mode.

pH

NOMENCLATURE
Ac = 3kg/m?3
a : activity [kg/kg solvent]

B  :nucleation rate [number/kg-s]

¢ :solubility in the solution mixture [kg/kg solvent]
C, :solubility in the pure water [kg/kg solvent]

Fig. 3. Optimum pH profiles for controlled crystallization of 6APA. Ac  :supersaturation [kg/hsolvent]

0 50 100 150 200 250
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C.V. : coefficient of variation [standard deviation/mean size] ICI Technical Boultin, London, England (1995).

G :growthrate [m/s] Mwangi, S., “Chemistry Lab. Report; UMIST, Manchester, England
K, and K; : ionization constants [kg/kg solvent] (1994).
k, :volume shape factor Patrickios, C. S., Hertler, W. R., Abbot, N. L. and Haton, T. A., “Diblock,
M; : magma density [kg/kg solvent] ABC Triblock and Random Methacrylic Polyampholytes: Synthe-
m, :zeroth moment of crystal size distribution [number/kg] sis by Group Transfer Polymerization and Solution Behaviour;
m, :i" moment of crystal size distribution [no*ikg] Macromolecules27, 115 (1993).
t : time [s] Randolph, A. D. and Larson, M. A., “Theory of Particulate Processes;
p. :crystal density [kg/f Academic Press, New York (1971).
K :chemical potential [kJ/kg] Tavare, N. S. and Garside, J., “Simultaneous Estimation of Crystal Nu-
y : activity coefficient cleation and Growth Kinetics from Batch Experime@kgm. Eng.
€ : mean specific power input [watt/kg] Res. Des64, 109 (1986).
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