Growth Kinetics of Ammonium Sulfate in a Batch
Cooling Crystallizer Using Initial Derivatives

INTRODUCTION

A simple technique to deduce crystal growth kinetics from iso-
thermal batch experiments performed in the integral mode was
suggested by Garside et al. (1982). Evaluation of the zero time
derivatives from the initial portion of a single seeded isothermal
desupersaturation curve enabled the growth (or even dissolution)
kinetic parameters to be determined directly. Although the tech-
nique is sensitive to experimental error in the measurement of the
initial supersaturation decay, results reported (Garside et al., 1982;
Palwe et al., 1983) show that the method appears reasonably reli-
able and the accuracy of the resulting kinetic responses is probably
comparable to that obtained using more involved conventional
techniques.

The purpose of this research note is to extend this analysis to a
batch cooling crystallizer and show how the initial derivatives of
the supersaturation and ten.perature profiles obtained in a series
of integral batch experiments can be used to evaluate directly the
kinetic parameters in crystal growth correlations. The technique
will then certainly increase the experimental ease and flexibility
with which the growth kinetics can be determined for many
crystallization systems. Ammonium sulphate, an important inor-
ganic bulk chemical, was chosen as a working system. The crys-
tallization study of ammonium sulfate has received considerable
attention, and some progress has been made in determining the
applicable kinetic relationships (Mullin et al., 1970; Chambliss,
1966; Larson and Mullin, 1973; Klekar and Larson, 1973;
Youngquist and Randolph, 1972; Bourne and Faubel, 1982).

THEORY

The overall crystal growth rate kinetics are assumed to be given
by

R =k, exp(—E/RgT)Acs (1)

The effect of temperature on the overall growth rate is expressed

in Eq. 1 by an Arrhenius-type relation. In general, the overall rate

constant kg then depends on crystal size, hydrodynamic situation,

and presence of impurities. For a batch cooling crystallizer, the
mass deposition rate can be expressed as

Mr = AyR = Arkg exp(—E/R,T)Act (2)
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where A7y is the total crystal surface area available for the growth
and M is the total crystal mass both expressed per unit mass of
solvent. The mass deposition as a result of nucleation process is
assumed negligible. If the solubility relation for the crystallizing
salt over the range of operation is represented by

¢ =aT + b 3)
the supersaturation balance is then written as
Aé + aT + Arkg exp(—E/R,T)Acg = 0 (4)

Differentiating Eq. 4. with respect to time and rearranging for A¢
as

_(A¢ + aT) gArAé  EA;T

Ap = 5
T R Ac  R,T? %)
Combining Eqs. 2 and 5 evaluated at ¢t =0
dMr| T

dAT t=o0 = oho
- - At,lkg eXP(_E/RgTo)]zAC?)g (6)
Aéo + aTo + gAToAC;lAéaRo + (ATOTO/Rng)ERo
where L, is an average size of the seed crystals and o = 1.5p/F (see
Garside et al., 1982). Further rearrangement of Eq. 6 together with

Eq. 2 evaluated at t = 0 gives the following expression for the ki-
netic parameters:

E
—x1 + gxa +x3=0 (7)
R,
where
o + afy)Tool,
r = — (A¢, + aT;o) « (8)
T,
Aéy + aT,)AépaL,
o= - 8o 0 o
Co
x3 = (Aé, + aT,)al, + [(Aéy + aT,)2/Agp] (10)
and

(Ado + aTy)
[AC%ATG exp(_E/RgTo)]

Equation 7 is a linear equation in E/R, and g. Both the kinetic
parameters E/R,4 and g can be determined from Eq. 7 by the least

ke = — (11)
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Figure 1. Concentration, temperature, and supersaturation profiles.

squares multiple linear regression analysis of a set of x; data made
available from a series of experiments. Equation 11 will also yield
a set of k; values, which in turn may be correlated with other
variables by a least squares technique.

If the initial portions of measured supersaturation and temper-
ature profiles are approximated by nth order polynomials as

AC = i [liti (12)
and
T=3 bt (13)

and the zero time derivatives are given by
ACO =gy Aéo =day; Aéo = 202

To = b(); Tn = bl; 7;’o = 2b2 (14)

EXPERIMENTAL

Experiments were performed in a 25 L agitated draft tube baffled (DTB)
vessel fitted with a conical base baffle. Full details of the crystallizer have
been reported elsewhere (Jones and Mullin, 1973). In a typical run a hot
filtered solution of technical grade ammonium sulfate in distilled water
having a cancentration corresponding to a saturation temperature of about
50°C was charged into the crystallizer. The solution was maintained initially
at about 55°C by circulating hot water through the crystallizer draft tube.
A sample for the determination of initial solution concentration was taken.
The solution was then cooled slowly to about 50°C. When the desired
temperature was attained, the stirrer speed was adjusted to a desired level
and presized, accurately weighed cured seeds of uniform size (retained
between two successive sieves over the seed size range from 550 to 925 um)
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Figure 2. Graphical representation of parameter estimation.

were charged into the crystallizer, the overall crystal seed loading being
about 20 kg/m? of solution. This relatively high seed loading was used to
reduce the homogeneous nucleation to a minimum, as only low levels of
supersaturation were anticipated to be supported by the system. Seed curing
was accomplished by keeping the seeds in a small amount (~300-400 mL)
of saturated solution in a thermostatic bath with a gentle agitation for 2 h.
The entire contents were then charged into the crystallizer at the start of
the run. Just before starting the run, the heater in the circulating water
thermostatic bath was switched off and the cooling water fed to coils in the
bath was started at predetermined constant rate. The circulating water was
thus cooled at a slow rate and this in turn would then cool the crystallizer
contents.

At intervals of 10 min small (~15 mL) samples for concentration analysis
were taken from the crystallizer by means of a pipette fitted with a cotton
plug at the tip. Temperatures of the crystallizer and the cooling water bath
were noted at 5 and 10 min intervals, respectively, with an accuracy of
£0.1°C and the difference between them at any time was always less than
2°C. Only the first 7 samples for concentration and 14 readings for tem-
peratures were used. The concentration of solution samples was determined
by evaporating the samples to dryness (a gravimetric analysis). This gave
an estimated accuracy of better than £2 X 107* kg/kg. The solubility at
any time over the experimental range of temperature was determined from
the linear relation

¢, = 0.00276T — 0.05669 (15)

where ¢ is the solubility (in kg salt/kg water) at temperature T (in K). The
supersaturation at any time was then determined by subtracting the solu-
bility from the actual concentration. The supersaturation level so deter-
mined for the technical grade ammonium sulfate was higher during all the
experiments, the maximum being ~0.02 kg salt/kg water.

RESULTS AND DISCUSSION

A series of seven batch experiments was performed. Typical
variations of concentration and temperature during the initial
period of run 8 are shown in Figure 1. Second-order polynomials
in time were fitted by a linear least-squares technique for both
supersaturation (7 data points at 600 s intervals) and temperature
profiles (14 data points at 300 s intervals) in order to evaluate the
zero time derivatives and hence the coefficients x; in Eq. 7 for each
run. The values of the growth rate order g and the activation en-

AIChE Journal (Vol. 31, No. 10)



N D JO W
LI T ry
=3

-~
L]

)
L]

kg =4-12x10°N"®

kg =107 [kg/mzs (kg/kg)g]

~
L]

1 L 1 I i
8 10 12 % 1% 1B
N {rev/s)

Figure 3. Refation between growth rate coefficient and stirrer
speed.

ergy E were then determined by the linear least-squares technique
using the coefficients x; determined in seven runs. Overall rate
counstants for individual runs were determined from Eq. 11 and
subsequently correlated in terms of a power law term of stirrer
speed by a linear least-squares technique. The final kinetic corre-
lation is

44 X 108
R =412 X 1(°N138 exp(-— 7——4—T———) 2091 (16)
Alternatively, Eq. 7 may be rearranged as
st -
X3 E X3 E

Equation 17 is a linear relation in x5/x3 and x,/x3; the corre-
sponding experimental data are plotted in Figure 2. The solid line
in Figure 2 is drawn using the least-squares estimates of g and E
obtained from Eq. 7 in Eq. 17, and the dotted line represents the
best {it (in a linear least-squares sense) of Eq. 17 through the data
points. The correlation between the rate coefficient determined
by Eq. 11 and the stirrer speed is depicted in Figure 3.

The order of the growth process as presented in Eq. 16 is around
unity. Similar near-first-order growth kinetic results have been
reported by Mullin et al. (1970) and Klekar and Larson (1973). The
activation energy is about 62 kJ/mol, which is higher than that for
the diffusional process (<~25 k] /mol). Although the scatter in the
correlation represented in Figure 3 is apparent, the stirrer speed
shows a near-second-order dependence, indicating stronger in-
fluence on the overall growth rate. The overall growth rates pre-
dicted by Eq. 16 (~0.01-0.08 um/s) over the range of variables
are comparable to those derived from the population density in-
formation from the batch experiments (~0.005-0.1 um/s) and
from the continuous MSMPR crystallizer experiments (~0.02-0.25
um/s (Mullin and Larson, 1973; Chambliss, 1966; Bourne and
Faubel, 1982)).

CONCLUSIONS

The method presented here to evaluate the crystal growth ki-
netics from the integral mode batch experiments performed in a
cooling crystallizer required the determination of the first two
initial derivatives of supersaturation and temperature profiles with
time. The order of the growth process for ammonium sulfate was
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about unity and activation energy about 60 k] /mol. The kinetic
results were comparable to those obtained using conventional
techniques based on solid-side information.

NOTATION

a = temperature coefficient in solubility relation (Eq. 3),
kg/kg-K

ay = coefficients in polynomial (Eq. 12)

Ar = total crystal surface area, m2/kg solvent

b = constant in solubility relation (Eq. 3), kg/kg

by = coefficients in polynomial (Eq. 13)

Ac = concentration driving force, kg solute/kg solvent

s = solubility, kg solute/kg solvent

E = activation energy for growth process, J/mol

F = overall shape factor (ratio of surface to volume shape
factor)

g = growth order

i = index variable

kg = growth rate coefficient, Eq. 1, kg/m?2s (kg/kg solvent)s

L, = average seed crystal size, m

M7 = total crystal mass in suspension, kg/kg solvent
N = stirrer speed, rps

R = growth rate, kg/m2s

R; = gas constant, J/mol/K

t = time, s

T = temperature, K

Xi = variables in Eq. 7

« = 3p/2F, kg/m?

p = crystal density, kg/m3

Subscript and Superscripts

0 = valueatt =0
= derivative with respect to time
- = average quantity
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