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Abstract—To improve the filterability of hydroxybenzophenone crystal, a cooling strategy for the cooling crystalliza-
tion process is investigated by examining the solubility and growth kinetics of hydroxybenzophenone. The operating
strategy is divided into two steps. The first step is to generate the seed by dissolving the raw material and by changing
operating conditions. The second step is to grow seeds to the product with desired crystal size distribution. For each
part, an operating strategy has been proposed based on the solid-liquid phase equilibrium data in a ternary system and
growth kinetic experimental results. The strategy for the first step is experimentally determined under various operat-
ing conditions, and the second one is determined by theoretical modeling and model-based optimization. The average
crystal size resulting from the proposed strategy has been improved and the filterability has been enhanced compared

to an existing strategy used in the industry.
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INTRODUCTION

Tetrahydroxybenzophenone (THBP) is a light-sensitive material
used in the semiconductor, cosmetic and pharmaceutical indus-
tries [8]. For the industrial applications, purified THBP is generally
obtained by a batch cooling crystallization process from a mixed
solvent of acetone, water and other organic solvents [2]. THBP has
two types of morphology: granular- and thin needle-shaped crys-
tals [1]. The needle-shaped crystals are preferred in the industrial
production line since the granular form is an acetone solvate and,
consequently, it is not suitable for purification. However, the THBP
produced in the industrial processes has relatively low filterability,
which leads to high cost and long operating time for downstream
processes such as washing and drying because the thin needle-shaped
form crystal is prone to breaking and consequently exhibits high
resistance for filtering. The filterability is highly related to crystal
morphology, crystal size and crystal size distribution (CSD) [7].
Thus, many researchers have investigated the crystal size, morphol-
ogy and CSD to improve the filterability. However, cases of THBP
purification by crystallization have not been reported to our knowl-
edge. To obtain the improved product characteristics such as aver-
age crystal size and CSD, a cooling strategy in batch crystallization
process needs to be established.

In this study, the growth kinetics and solubility of THBP dis-
solved in a mixed solvent of acetone and water are experimentally
investigated. Based on the experimental data for the THBP-ace-
tone-water solution, an optimized operating strategy is proposed
for the batch cooling crystallization process. To verify the proposed
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strategy, several batch crystallization experiments were performed
under different cooling strategies as well as the existing industrial
strategy, and then the experimental results were compared in terms
of the filterability. It is concluded that the filterability achieved by
the proposed strategy is significantly improved compared to the
industrial production strategy.

METHODS

1. Experimental Apparatus and Material

THBP was purified as crystals by the cooling crystallization pro-
cess from a mixed solvent of water and acetone, which act as sol-
vent and anti-solvent, respectively. The acetone (purity>99.8%) was
purchased from Daejung Chemicals and Metals Co., LTD in Korea

Fig. 1.

Schematic diagram of the experimental apparatus.

A. Double-jacketed reactor
B. Optical sensor
C. Magnetic stirrer

D. Thermocouple
E. Bath circulator
E. Controller
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Fig. 2. Solubility of THBP.

and deionized water was used. The sample of THBP (purity>99.5%)
was obtained from an actual production plant. Three types of ex-
periments - the measurement of solubility, crystal growth rate and
crystallization under each operating strategy - were conducted and
an identical experimental apparatus was used for these three types
of experiments, which is illustrated in Fig. 1. The reactor (A) is a
100 mL double-jacketed conical-glass flask with a Teflon screw cover
with holes where a narrow glass tube and thermocouple are inserted.
The glass tube was used to feed seed crystals to the reactor. Cool-
ing water is circulated through the jacket of the reactor by the cir-
culator (E), and two thermocouples (D), which are calibrated by
the standard thermometer, measure the temperature of solution in
the reactor and the cooling water in the jacket. The temperature in
the reactor was controlled within the range of £0.05 °C using a pro-
portional-integral-derivative controller (F). The solution was agitated
by the magnetic stirrer (C), and the magma density of the solu-
tion was detected by the optical sensor (B), which can indirectly
measure the clouding point through the change of light intensity.
2. Solubility

The solubility of THBP in a mixed solvent of water and acetone
depends on temperature and the ratio of acetone to water. There-
fore, the solubility of THBP was measured from 298.15K to 328.15
K and acetone weight fraction to solvent from 0.16 to 0.44. The
gravimetrical method was used for the measurement of the THBP
solubility. An excessive amount of the solute was added to the acetone
and water mixture in the double-jacketed reactor whose temperature
was controlled and then the suspension was agitated for 2 hours to
attain equilibrium. The saturated solution was extracted by a syringe
which has a filter of 0.45 um pore size. Then, all solvent in the ex-
tracted solution was evaporated in a vacuum oven and only the
remaining dried solutes were measured. The solubility can be calcu-
lated through the mass change between the extracted solution and the
dried solute. The experimental solubility data are well correlated
with the following expression which is a function temperature.
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Table 1. Parameters for the THBP solubility correlation
Parameter o B N )
Value for x 2.9905 —2.7805 6.5891e-1 2.3539¢-2
Parameter a, 5 % oy

Value for x; —9.0384e+2 8.1412e+2 —1.7048e+2 —1.1743e+1

where C,; is the saturated concentration of THBP and T the solution
temperature. Parameters, x; and x;, are dependent on the weight
fraction of acetone to solvent and can be expressed by a polyno-
mial form.

K= W'+ W+ yW+6, @)
MﬂCErOVlf
YEM M 3

water acetone

Fig. 2 shows the measured solubility and calculated results from
the solubility model. The results from the solubility model have
good agreement with the experimental data. The parameters used
in the model are shown in Table 1.

3. Growth Kinetics

Crystal growth rate is essential for designing an operation strat-
egy in a crystallization process. However, it is difficult to measure
the crystal growth rate of THBP since the crystal shape of THBP
resembles a thin needle as shown in Fig. 3. In this study; the mea-
surement method published by Kim and Yang [3] was adopted for
measuring the THBP crystal growth rate. This method is an indi-
rect method which can obtain an averaged growth rate. Operat-
ing conditions were kept identical for each experiment except the
amount of seeds, and the nucleation point was measured. Using
the experimental data, parameters introduced in a growth kinet-
ics model were estimated, which match the points of nucleation.
The model for the crystal growth rate is expressed as:

G= % =kAC* 4
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Fig. 3. Crystal shape of hydroxybenzophenone.

AC=C-C, ©)

where k, and g are growth rate constant and growth order, respec-
tively.

Unlike an existing method which measures the growth rate of
each face of crystal, this method can provide the averaged crystal
growth rate by measuring the amount of solutes consumed by seeds,
which is the amount of seed grown, up to the point of nucleation.
This method is valid under the assumption that the nucleation
occurs at the same degree of supersaturation under a constant cool-
ing rate.

The change in the degree of supersaturation can be calculated by
using the mass balance equation and the parameters for the growth
kinetics can be obtained to match the measured points of nucleation
as depicted in Fig. 4. The experimental data are shown in Table 2. The
parameters obtained from these experimental data are k,=0.01398
and g=1.4975.
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Fig. 4. The depicted nucleation points for different amount of seeds.

July, 2015

Table 2. Experimental data of the nucleation points for the differ-
ent amount of seeds

Cooling rate Seed mass Nucleation point
No.
[K/hr] (g] (K] [sec]
1 10 0.001 325.85 756
10 0.09 325.55 864
3 10 0.15 325.15 1008
o
p=1
©
ﬂé_ Saturation temperature
2

I 11 time

Fig. 5. Crystallization strategy in industrial process.

4. Development of Operation Strategy

THBP is purified by the batch cooling crystallization process for
the industrial uses. After the synthesis process of the THBP, water,
acetone and the synthesized THBP are put together and mixed in
a crystallizer. Then, the mixture is heated to a specific temperature
which lies below its saturation temperature in order to leave some
THBP crystals un-dissolved, which play a role as seeds in the next
cooling step. Fig. 5 shows the cooling crystallization strategy used
in an industrial process for the production of the THBP. The crys-
tal size distribution (CSD) and mean size are the most crucial fac-
tors among other qualitative characteristics of the crystallized product
due to their influences on the performance of downstream pro-
cesses such as centrifuging, washing and drying. To improve the
product quality, a two-step method is proposed in this study, for
which the operating conditions need to be optimized. The first step
is to generate the seeds by dissolving a raw material in an optimized
operating condition, the seed preparation step. The objective of this
step is to obtain well-shaped seeds with a narrow CSD. In the second
step, the seeds generated in the first step will grow and the operat-
ing conditions are controlled for the crystals to grow to the desired
crystal size distribution. The second step is the crystal growth step,
which aims to grow the seeds with a large mean size and narrow
CSD through suppressing the nucleation. For each step, an opti-
mal operation strategy needs to be found by using the solid-liquid
phase equilibrium data in a ternary system and growth kinetic exper-
iments. The operating strategy for the first step is experimentally
determined by carrying out a number of operating scenarios, and
the second one is determined by the theoretical modeling and model-
based optimization.

An experimental procedure which was used to find an optimal
strategy for the seed preparation step is presented in Fig. 6. Initially,
the synthesized THBP solutes are mixed with only acetone in the
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Fig. 6. Seed preparation step (Left: the solubility profile; Right: temperature profile and anti-solvent feeding rate).

crystallizer and, therefore, all the THBP solutes in crystallizer are
dissolved due to the absence of anti-solvent, water. Then, water is
injected periodically as the temperature increases. As shown in Fig.
6, the higher temperature rises, the higher solubility becomes. On
the contrary, the solubility decreases as adding water. Therefore,
the solution becomes super-saturated while water is injected and,
consequently; the nucleation and crystal growth can occur. When
the water injection is stopped, the solubility increases again due to
the increasing temperature and the solution becomes un-saturated,
which induces the dissolution of the crystals. This method is simi-
lar to ‘temperature swing' and can provide well-shaped and uni-
form seeds.

In the crystal growth step, it is important to induce only the crys-
tal growth without nucleation. Therefore, an optimal temperature
profile which can achieve the desired condition needs to be found
through model-based optimization. An objective function for the
optimization is established as shown in Eq. (6), which represents
the maximization of the average crystal size. The cooling rate is
constrained not to exceed a fixed maximum cooling rate, which is
chosen to be 50 K/hr in this study; and the degree of the supersatura-
tion should always lie within the metastable region so as to mini-
mize the nucleation.

Maximize J=L(t)
u(t)

Subject to: 0<u(t)<50 ©6)
C(t)— C(t)<AC, s

The temperature profile is optimized by using a population bal-
ance equation along with the phase equilibrium and growth rate
kinetics. The model and optimization algorithm used is adopted
from the previous study [4]. Assuming that crystal agglomeration
and breakage are not present and crystal growth is not dependent
on crystal size, the population balance equation (PBE) for batch
crystallization is obtained as in the following form.

B(L,1)

Of(L,t) _ G() L @

ot

where f denotes the population density of crystals, t the time, L the

size of the crystals, and G the crystal growth rate as shown in Eq.
(4). To solve the population balance, initial and spatial boundary
conditions are required as follows:

£(0,t)= % (at AC>AC,,..)

L=0
£(0,0)=0  (at ACAC,,,) ®)
f(L,0)=f,

In this study, the spatial boundary condition at L=0 for the popu-
lation density of crystals can be set as shown in Eq. (8); f (0, t)=0,
since it is assumed that the nucleation does not occur if the pro-
cess is operated within the metastable zone. The experimental result
from the seed preparation step is used as an initial boundary con-
dition.

The population balance needs to be coupled with the mass bal-
ance. The mass balance for a batch cooling crystallizer is

dc__, dm
dti pc th (9)

where p, is crystal density, k, the volume shape factor and z4 the
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Fig. 7. The optimal temperature profile of crystal growth step.
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third moment of the population density. The definition of the third
moment is

= [fL7dL (10)
0

The optimal temperature profile for the crystal growth step is ob-
tained from the above set of equations and the result is shown in
Fig. 7.

RESULTS AND DISCUSSION

To evaluate the performance of the proposed strategy, six oper-
ating strategies (two strategies for the seed preparation step multi-
plied by three cooling strategies for the crystal growth step) were
conducted and experimental results were compared. For the seed
preparation step, the existing industrial strategy and proposed strat-
egy in this study were compared. For the crystal growth step, three
temperature profiles (industrial, linear and optimal) were used, as
shown in Fig. 9.

The generated seed crystals through the optimal strategy in the
seed preparation step are shown larger and more well-shaped than
those from the industrial strategy. Fig. 8 shows the images of the
seed crystals taken at the end of the seed preparation step with the
two different strategies. The final CSD resulting from the indus-
trial strategy is affected by the intermediate CSD after the THBP
synthesis process because the crystals from the synthesis process
are incompletely dissolved and the remaining crystals are used in
the next crystal growth step. However, using the proposed strategy,
all crystals from the synthesis process can be dissolved, and seed
crystals are prepared only by the concentration swing as described
earlier. As a result, there are hardly any effects of the previous syn-
thesis process on the seed preparation step.

The two different seed crystals produced in the first step are used
for three different types of cooling strategies for the second step,
which follows the industrial, linear and optimal temperature pro-
file. All strategies have same final temperature. In the linear cool-
ing strategy; the cooling rate is optimized while the final temperature
is maintained the same as other strategies for the same productiv-
ity of crystal production.

Figs. 10-12 show the crystal products obtained by the six opera-
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Fig. 9. Three types of temperature profile.

tion strategies. In Fig. 10, the industrial cooling strategy which has
large temperature drop initially results in a large amount of fine
particles regardless of seed preparation step. In Fig. 11, the linear
cooling strategy with optimal seed preparation results in better
product quality than the industrial cooling strategy. In Fig. 12, the
optimal cooling strategy with optimal see preparation results in
the best product quality. From these results, the cooling strategy
seems to be more important than the seed preparation strategy.

To compare the performance of the six strategies quantitatively,
the filterability of the final products produced has been measured
experimentally. The filterability can represent the performance of
the crystallization process in this study because it is highly related
to the performance of downstream processes such as centrifug-
ing, washing and drying [6]. If the product crystals have good fil-
terability, that means less amount of purified water and energy is
consumed for washing and drying, respectively. At a constant fil-
tration pressure, the following equations can be applied for the fil-
terability, which can be represented by cake resistance, « [5].

SR

Fig. 8. Crystals from industrial (left) and optimal (right) strategy for seed preparation.

July, 2015
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Fig. 12. Results of optimal cooling strategy (Left: with industrial seed preparation, right: with optimal seed preparation).

o= k!31— 5;’ (12)
Ep,d

where t is the total filtration time, y the filtrate viscosity, AP the
overall pressure difference across the filter, o the specific cake resis-
tance, A the cake area, V the total volume of filtrate collected during
the total filtration time t, R,, the filter-paper resistance, ¢ the cake
porosity, o, the particle density and ¢ the particle sphericity. In this
study; the total filtration time is measured while the constant pres-
sure difference and filtrated volume are maintained with the same

type of filter paper, which gives the same filter-paper resistance R,,.
For comparison, a relative cake resistance normalized by the cake
resistance of the products from the industrial seed preparation and
industrial cooling strategy is used. Table 3 presents the experimen-
tal results of the relative cake resistance. The lower value of relative
cake resistance indicates better filterability as shown in Eq. (11).
From the experimental results, the proposed optimal strategy (the
combination of the optimal seed preparation and optimal cooling)
shows the best performance for the filterability. The optimal cooling
strategy in the second step shows improved performance regard-

Korean J. Chem. Eng.(Vol. 32, No. 7)
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Table 3. Experiment results of the relative cake resistance

Step Experimental filtration time [sec] Relative cake
Seed preparation Crystal growth Exp. #1 Exp. #2 Exp. #3 Avg. resistance [-]
Industrial Industrial 26.94 28.22 28.39 27.85 1.0000
Industrial Linear 18.29 18.88 18.84 18.67 0.4700
Industrial Optimal 16.43 15.83 16.17 16.14 0.3241
Optimal Industrial 36.77 38.12 37.05 37.31 1.5464
Optimal Linear 12.86 13.55 13.36 13.26 0.1574
Optimal Optimal 11.21 11.35 11.82 11.46 0.0537

less of seed preparation step. Also, the optimal seed preparation
strategy enhances the filterability except for the case of industrial
cooling strategy, as similarly illustrated in the pictures above. This
result confirms the observation in Figs. 10-12, which show that the
cooling strategy is more important than the seed preparation step.

CONCLUSIONS

An optimal cooling strategy of the THBP production has been
developed. For the seed preparation step, an empirical method is
devised to exploit the solubility swing effect by adding an anti-sol-
vent. For the crystal growth step, an optimal cooling strategy has
been obtained by solving a model-based optimization problem
using the population balance model while imposing the constraints
of maximum cooling rate and degree of super-saturation. From
the images of the final products obtained from a microscopic analy-
sis, it can be concluded that the combination of the optimal seed
preparation and optimal cooling method provides large and well-
shaped crystal products compared to the existing methods. For quan-
titative comparisons, the relative filterability is measured and the
proposed method achieves highly enhanced filterability than does
the industrial method.
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