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An improved method is described whereby knowledge of the supersaturation course during a run and
measurement of the final product crystal size distribution yield the growth rate of crystals and the
nucleation rate in a wide range of supersaturations from only a single batch experiment. The evalu-
ation method is refined by the interpolation of experimental data for short intervals of time. The
method is illustrated using potassium sulfate crystallization as an example.

Design-oriented kinetic data of crystallization are frequently obtained from continuous
MSMPR (Mixed Suspension-Mixed Product Removal) crystallizer experiments!. Al-
though batch experiments are usually simpler than continuous ones, they involve more
complicated evaluation of data. In this paper, we shall bricfly describe an improved
mecthod, which starts with the knowledge of the supersaturation course during the run
and of the final product crystal size distribution, and yiclds both the growth rate and
nucleation rate of crystals in the full range of achicvable supersaturation.

THEORETICAL

The batch experiment is very simple: it starts with a solution heated to slightly above
the saturation temperature T, cooled down to a little below this temperature, seeded
with a few crystals in order to control the metastable zone width, and then cooled down
to the final temperature T;. Either at short time intervals or continuously, the tempera-
ture and concentration of the solution are measured. The concentration can be moni-
tored by refractometry, densitometry, conductometry or by other methods. After
reaching T}, the suspension is stirred until a steady state has been established and the
product crystals’ size distribution is determined.

The supersaturation is calculated from measured conductivity data using two fixed
points for interpolation: the equilibrium conductivities of the saturated solution close to
60 or closc to 50 °C and of the suspension in equilibrium at the end of the experiment.
Mcasurements carried out at different temperatures show that lincar interpolation is
sufficient in the case of K,;SO4 solutions within this limited temperature range.
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Thus, from a batch experiment therc results a series of data time t—temperature
T—supersaturation Aw. The final crystal size distribution M(L) (oversize fraction) can be
described by the well known equation?

M(L) = 100 (1 +z+2%/2 + 2/6) exp(-2) )
with

z = 3(UL-Ly/Lt,, )

where 3/(Ltc) is the slope of the lines in a z-L diagram of the corresponding crystal size
distribution.
The total mass of crystals m_ is given by the mass balance?

m, = my(wy-w), (€))

where m is total mass of H,O in the batch and wy, w;are the corresponding initial and
final concentrations, respectively. Knowing the mass of crystals and their average size,
we can calculate their total number?:

2m,

- — 4
9(1 pl.‘ L;lean ( )

c

The product can now be subdivided into a large number (i.e. several hundreds or
several thousands, depending on the duration of the experiment) of fractions, k, accord-

ing to crystal size. Denoting the width of each fraction as AL, we can obtain the number

of crystals in each fraction and their mass*:

N.; = N.[exp(-z,) - exp(-z,)], )

c

where

2, = 3L, -Ly)/Lt,,  z = 3(L;-Ly+AL)/Lt,. (6)

For cach crystal size, the mass balance must be
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m.; = o P, Nc,i L? (7)
k
mc,tol = 2 mc‘i . (8)

Thus, in the next step, starting from the end of the experiment, a size decrease
(L;, -y = L;,) is sought for each instant that would give the correct mass of product
crystals® corresponding to the mass balance

m., = ”’O(WO'WI) = Mooy - &)

The concentration at a given instant is calculated by interpolation; the intervals must
be small enough to correspond to the calculated number of crystal fractions. Interpola-
tion at one-minutce intervals is rcasonably sufficient in our case. The crystal growth rate
is then

. L. - L.
L, - it - lAl 0 (10)
and the nuclcation rate
. Nc,l-l - Nc,/
Ny, = ==, )

where the difference in the number of crystals is given by the disappearance of frac-
tions whenL;, _, < 0. ]
The dependencies L(Aw) and Ny(Aw) can then be expressed by the power laws?

L

Ny = kAW, (12)

However, the temperature dependence of L must be taken into account?, because our
data from a cooling batch experiment are polythermal. From the theory of crystal
growth* it may be presumed that

dlnL

S = 05 (13)
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EXPERIMENTAL

The apparatus is identical to that described in the previous paper?. It consists of a jacketted glass
crystallizer with a two-blade stirrer and one baffle. The temperature in the crystallizer is controlled
by a thermostat containing a resistance thermometer. This thermostat in turn is controlled by a tem-
perature programmer which sets the initial temperature and the required cooling rate down to the
final temperature T;. The temperature in the crystallizer is measured using a resistance thermometer,
connected to a bridge. Its output signal is led to a digital meter and a registering device. In our ex-
periments, the concentration is measured continuously using a home-made conductometer designed
for concentrated clectrolyte solutions®. Its output signal again is read using a digital meter and a line
recorder.

Experiments starting with K,SO, aqueous solutions cooled down from 60 to 30 °C can serve as an
example. Four experiments with parameters given in Table I have been carried out.

TABLE |
Parameters of individual experiments

Experiment No. Ty, °C T, °C T, °C wo, kg/kgi,o t., min
1 55.45 49.90 29.99 0.166 160
2 64.0 60.0 29.77 0.183 260
3 64.5 60.0 324 0.183 365
4 66.0 60.0 32.97 0.183 380
1
M(L)
%
5 -
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100 ¢ Size distribution of product crystals from experi-
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RESULTS AND DISCUSSION

In all of the experiments, the product crystal size distribution (Table II) was evaluated
using the method of least squares applied to the Eq. (7). The linearized z-L plot of the
crystal size distribution of the product from experiment No. 1, shown in Fig. 1, may
serve as an example. This plot is based on Eq. (7): using an iterative method, values of
the dimensionless crystal size z have been calculated from experimental oversize frac-
tions M(L) and these values of z have then been plotted against the corresponding crys-
tal sizes L; the M(L) scale is again calculated from Eq. (I). The plot of the
supersaturation obtained in this experiment is presented in Fig. 2. In the beginning, the
supersaturation increases at an almost constant rate; when nucleation starts and precipi-
tation leads to a dccrease in concentration, the supersaturation decreases exponentially.
So rising supersaturation leads to nucleation, whereas the decreasing part yields the
growth rate. Corresponding plots from all the experiments are similar in character. The
calculated slopes of the crystal size distribution plots, as well as those of maximum
supersaturations, maximum crystal growth rates and maximum nucleation rates, are
summarized in Table III. The crystal growth rates and nucleation rates as obtained from

TasLe 11
Size distribution of product crystals from batch experiments 1 — 4

1 2 3 4
L
M(L) z ML) z M(L) z M(L) z

1.2 4029  4.16 3857 425
1.0 112 9.89 18.54  5.65 5338 3.1 5203  3.58
0.75 6345  3.06 66.68 291 64.12  3.03
0.6 85.73  2.00 80.55  2.27 7750  2.42
0.5 2199 5.34 9221 159 87.36 191 84.62  2.05
0.4 5382 3.49 97.86  1.04 94.46  1.41 9429  1.43
03 7854 2.37 98.83  0.86 96.68  1.19 96.84  1.17
02 9547  1.32 99.56  0.65 98.13  0.99 98.41 095
0.1 99.25 076 99.80  0.52 98.68  0.89 9890 085
0.08 99.89  0.44 98.94  0.84 99.15  0.78
0.075 99.94 037 9923 076 9936  0.72

LN, mm 0.054 0.11 0 0

L1, 0.0939 0.179 0.268 0.262

mm
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the equations listed in the theoretical section are plotted in Figs 3 — 7. Figure 3 shows
that the dependence of the linear growth rate on supersaturation is curved so the power
is greater than 1. From the logarithmic plot (Fig. 4) it follows that the exponent in the
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ment No. 1). The zone width denotes the prob-
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power-law Eqs (12) is g = 2. A similar exponential increase with supersaturation shows
the nucleation rate (Fig. 5) and from the logarithmic plot (Figs 6, 7) may be found n =
2 — 3 in the rcgion of low supersaturations and n =« 8 — 10 in the whole space of
supersaturations reached in our experiments, which corresponds to the litcrature®.

TasLe 111
Maximal values in experiments 1 — 4

Parameter 1 2 3 4
Aw . 10} 6.975 2.57 3.45 3.66
L. 108 25.6 9.24 4.73 5.69
NN 660 22 9 7
T 41.74 51.62 50.75 53.85

“ Temperature corresponding to the maximum of supersaturation, of the crystal growth rate and of the
nucleation rate.

3
logﬁu -1
2 N
N .
-4 5
FiG. 6 FiG. 7
Nucleation rate as a function of supersaturation Nucleation rate as a function of supersaturation
(logarithmic scale, all experiments). Notation of (logarithmic scale, experiments with lower
points as in Fig. 3. n=2(---- ), S(----), supersaturation). Notation of points as in Fig. 3.
10 (—) Full line for n = 2
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CONCLUSION

It can be seen from the figures that the growth rate data as well as the nucleation rate
data from individual experiments are consistent and that they can be compared with
available literature data. Values of the nucleation exponents are lower at low supersatu-
rations, where secondary nucleation due to crystal collisions prevails; at higher super-
saturations, high nucleation exponents indicate the prevalence of secondary nucleation
through adsorption layer mechanisms.

The reliability of the data is significantly improved using interpolated values of
supersaturation with narrower crystal size fractions.

We thus can conclude that the results, in particular for the growth rate, are satisfac-
tory and that it is possible to obtain design oriented kinetic data of crystalization from
any batch experiment provided that the supersaturation during the run and the final
crystal size distribution are known.

SYMBOLS
g growth rate order
k number of fractions
kG growth rate constant
kN nucleation rate constant
L crystal size
LN initial crystal size
Lumean mean crystal size
AL size increment
L linear crystal growth rate
M(L) crystal size distribution
mo total mass of solvent
me mass of crystals
M tot total mass of crystals at the end of a batch
Nec number of crystals
NN nucleation rate
n nucleation exponent
t time
te batch time
T temperature
Teq equilibrium temperature of saturated solution
To initial temperature
T¢ final temperature
w solution concentration
Wo initial solution concentration
wr concentration of mother liquor
Aw supersaturation
z dimensionless crystal size
a volume shape factor
Pe crystal density
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