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Abstract

Background: Chlorzoxazone (CHZ) is a water-insoluble drug having bioavailability problems.

The absorption rate of such drugs can be improved by reducing their particle size. In this work,

the crystal growth kinetics of CHZ-ethanol for different degrees of supersaturation (SS) has

been studied.

Methods: The equilibrium solubility data of CHZ in ethanol is determined by the shake-flask

method within the 283.15-313.15 K temperature range. The mole fraction solubility of CHZ is

calculated and correlated with the modified Apelblat equation, Ah equation, van’t Hoff equation,

Wilson, and non-random two liquid (NRTL) equation. Batch crystallization experiments are

performed on three different degrees of SS-1.16, 1.18, and 1.20 at 293.15 K as a function of time.

Results: The maximum root mean square difference (RMSD) and relative average deviation
(RAD) values of 169.24x10° and 0.699 x107?, respectively, are observed in the NRTL equation
model. The dissolution properties such as standard enthalpy, standard entropy, and Gibbs free

energy are predicted using van't Hoff equation. Using a simple integral technique, the average

crystal growth rate constant K, is calculated as 1.58 (um/min) (mg/ml)" and the order n=1 for

CHZ-ethanol at 293.15 K.

Conclusion: The obtained result concludes that the crystal’s growth size is found to be varied at

different SS ratio in batch crystallization. The particle size control in batch crystallization can be

achieved by optimizing the operating conditions to get the desired size crystals.

Introduction

According to the Biopharmaceutical Classification
System (BCS), Chlorzoxazone (CHZ) is a Class II active
pharmaceutical drug whose limited dissolution rate
leads to the bioavailability problem.! CHZ drug is often
administered orally and is used as a relaxant and analgesic
drug in the treatment of skeletal muscle injuries and pain.
Its poor solubility of 0.2-0.3 mg/ml in water has resulted
in an extended dissolution rate.” The rate of dissolution
and absorption of the drug depends on the solubility,
permeability, stability, diffusion, and surface area of
crystals.’ Generally, the smaller sized crystals have a faster
dissolution rate than the larger sized crystals because
of their difference in surface area. In contrast, another
study pointed out that a reduction in particle size of
crystals has shown a lesser dissolution rate. For example,
theophylline drug crystals of size 30-50 um have shown a
faster dissolution rate in comparison to its 10 um crystals
due to agglomeration, thereby reducing its bioavailability.*
The particle size of crystals is hence an important factor
for the circulation of the active therapeutic drug in the
bloodstream and to be available at the site of action.**

A uniform particle size distribution of crystals is widely
chosen during the process of granulation, compression,
capsule filling, and tableting of drugs.® The uniform size
distribution of the crystals can be produced by carefully
controlling the supersaturation (SS) in the crystallizer.”
Nuclei are formed in the crystallizer containing
supersaturated solution by either primary or secondary
nucleation. Primary nucleation involves nuclei formed
directly from the dissolved solute molecules and is often
described by the classical nucleation theory (CNT).?
Primary nucleation requires high SS to overcome the
resistance and form a new phase, while secondary
nucleation can occur even at low SS. There are several
methods of crystallization to generate the degree of SS
in the solution, such as evaporation, cooling, change
of pH, and the addition of anti-solvent.”!® Hence, it is a
challenge to understand the concept of controlling SS for
the desired crystal size distribution. Batch crystallizers are
widely employed in industries for the production of fine
chemicals and drugs.'""

Controlling the degree of SS in the solution is a critical
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process in the nucleation and growth of crystals.'>!* Several
numerical models have been developed to determine
nucleationand crystal growth kinetics of crystalsin solution,
which are vitally important for crystallization processes.
In batch crystallization operations, nucleation and crystal
growth kinetic parameters are derived from the degree of SS
at constant temperature.”® Also, these conditions are often
regulated kinetically by other dependent parameters such
as temperature, agitation, cooling rate, and micrometric
drug properties (i.e., polarity, solubility, stability).” Based
on kinetic data applied to the selected model equation,
an average crystal growth rate can be calculated which
ultimately shows the final distribution of the crystal size.
The average crystal size distribution is determined at the
end of each run as a function of time for selected SS ratio.

Controlling the degree of SS in crystallization operations
can be achieved by developing a metastable zone width
region. Nucleation and crystal growth which affect
crystallization, cannot take place without SS.'° To the best
of our knowledge, there is no literature available on CHZ
kinetic data for the crystal growth rate. The experimental
solubility data of the CHZ in ethanol are determined,
and their reliability is evaluated through the models viz.,
modified Apelblatequation, Ah equation, van't Hoffequation
and Wilson and NRTL model equation.'”'® The knowledge
obtained from the solutions thermodynamic properties
is important for predicting a drugs dissolution process
in solvent molecules.”” The apparent thermodynamic
properties viz., standard enthalpy, standard entropy, and
standard Gibbs free energy in the dissolution process of
CHZ-ethanol are calculated using van't Hoft equation.
Further, batch crystallization experiments are conducted
at different degrees of SS and respective final crystal size
distribution as a function of time is determined to estimate
the growth rate kinetics.

Materials and Methods

Chlorzoxazone (5-chloro-3H-1,3-benzoxazol-2-one),
with the empirical formula C H,CINO, (CAS - ID 95-
25-0, molar mass-169.56, melting point 191.5°C, aqueous
solubility 0.2-0.3 mg/ml, purity >99.9%), is received as a
gift from a manufacturer in Chennai, India. The solvents
methanol, and ethanol are purchased with a purity >99.0%
from Changshu Hong sheng Fine Chemicals. All the
materials used in the research work are of analytical grade
and used without further purification.

Solubility measurements

The solubility value of CHZ-ethanol is calculated for
different temperatures from 283.15 K to 313.15 K using the
shake-flask method.?* CHZ drug is added in excess to the
test tube containing 2 ml ethanol to obtain the saturated
solution, and is placed in a jacketed glass vessel connected
to the circulating water bath fitted with a programmable
temperature controller. The glass reactor loaded with test
tubes is placed on the magnetic stirrer and the contents
are stirred using a Teflon coated magnetic pellet. The

agitation speed is maintained at 300 rpm for 6 hours at a
specified temperature. Then the agitation is stopped, and
the saturated solution is allowed to stand 18 hours at the
same temperature for settling. Then, 10 pl of the saturated
solution is pipetted out carefully from the supernatant
solution. The sample is diluted using methanol, and UV-
Vis spectroscopy is used to determine the concentration
of the dissolved CHZ drug at 283 nm. The same procedure
is repeated for other chosen temperatures. Each sample
is duplicated during the solubility experiment, and their
mean value is taken for further analysis.

A standard stock solution of known concentration is
prepared by dissolving CHZ in absolute methanol. The
working solutions are prepared at different concentrations
in the test tubes and diluted with methanol. The
concentration of the working solution is determined
by measuring the absorbance read at 283 nm using UV-
Vis spectroscopy. As reported in the literature, the UV
absorption peak of CHZ is found maximum at 2832 nm
when it is dissolved in absolute methanol.*!

Metastable zone width measurements

The metastable zone width of CHZ-ethanol mixture is
determined by the polythermal method.”” Based on the
solubility data at respective solubility temperatures, a set of
saturated solutions are prepared by dissolving 85,75,65,55
mg/ml CHZ in ethanol. Then, the saturated solution is
heated 10 K above the solubility temperature for 30 min
with constant agitation of 300 rpm to ensure the complete
dissolution of the drug. Now, the clear saturated solution is
allowed to cool at a rate of 0.4 K/min. The temperature of
the saturated solution is noted when nucleation or cloud
point is observed. For all chosen concentrations of drug
in equilibrium in the solubility curve, the procedure is
repeated, and all the respective temperatures are marked to
establish the metastable region.

Experimental method and determination of crystal
growth rate kinetics

The double-jacketed glass crystallizer of volume 100 ml
(80mm height x 45 mm width) is used in the present
study. The temperature of the glass vessel is maintained
using a water bath fitted with a programmable temperature
controller. The crystallizer is placed on the magnetic stirrer.
Figure 1 displays the experimental setup. The cooling
crystallization experiments are performed from 313.15 K
to 283.15 K. Hence, the isothermal batch experiments can
be performed in the entire cooling range to find the effect
of temperature. The initial part of the study is attempted
at 293.15 K at different SS to estimate the crystal growth
kinetics parameters. The SS ratio of 1.16, 1.18, and 1.20
are chosen at solubility temperature 293.15 K for the
experiments. Based on the SS ratio, the solution is prepared
in the crystallizer for the desired quantity of CHZ in 30 ml
of ethanol. The solution is heated to 303.15 K, above the
solubility temperature, where it is allowed to stand for 30
min to ensure the complete dissolution of all crystals. The
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Figure 1. Schematic representation of Experimental Setup.

solution is then allowed to cool at a rate of 0.4 K/min until
the set temperature (293.15 K) is reached. The solution
is allowed to stand at the same temperature to achieve
cloud point nucleation. The time at which the solution
turns cloudy indicates the nucleation point and the time
is taken as t=0. Then, the samples are withdrawn from the
solution using a syringe filter of Polytetrafluoroethylene
(PTFE) 0.2 um size at various time intervals.” The
concentration of samples is measured at 283 nm using UV-
Vis spectroscopy. To measure the mean crystal size, 1 ml
of sample is withdrawn simultaneously from the solution
at the same time intervals. The crystals are separated from
the sample solution through vacuum filtration and are
dried in the oven. Since the volume of the solution is 30
ml, only limited number of samples are taken at regular
intervals for analyzing particle size distribution. The mean
size of crystals is obtained by measuring 100 crystals
using the microscopic images taken using an optical
microscope (Olympus CX21i).?* The Magvision software is
used to measure the size of the crystals. The experimental
procedure is repeated at various time intervals for all SS
ratios to determine the concentration of the solution and
the corresponding crystal size distribution.

A precise and straight forward technique provided by
Rashid et al.” has been used in this study to determine the
kinetics of crystal growth. In this integral method, the rate
of growth was determined by fitting the data on crystal
size and SS. The empirical equation used for estimating the
growth kinetics is given by equation (1).

G ZKGACn Eq. (1)

In equation (1), G is the linear growth rate (= dL/dt), L is
the mean crystal size, ‘' is time, AC = C-C* is SS, where C
is the actual solution concentration and C* the equilibrium
solution concentration, n, is kinetic order and K is the
growth rate coefficient.”

Results and Discussion

Experimental solubility data of CHZ in ethanol

In a crystallization process, the preciseness in solubility
data is important for understanding the concentration of

the solute and solvent in thermodynamic equilibrium.”
Using the shake-flask method, the solubility of CHZ in
pure ethanol is determined from 283.15 to 313.15 K.*
The unknown concentration of CHZ in the solubility
experiment is determined from a calibration curve obtained
between the known concentrations of CHZ in methanol
versus absorbance. A calibration curve of absorbance
versus concentration of CHZ in methanol is determined.
From the plot, a R* value of 0.996 is obtained from the
linear fit model. The slope value is used in solubility
determination to calculate the unknown concentration of
CHZ in the sample.

The mole fraction solubility of the CHZ (x,) in ethanol is
determined using equation (2).

In equation (2), m, and m, are the masses of the CHZ and
ethanol, and M, and M, are the molar mass of the CHZ
and ethanol respectively. The density of the CHZ (1.5 g/
cm’) and pure ethanol (0.789 g/cm?) are used to calculate
the mole fraction of CHZ in the solution.

m,
M

m
+_B)

x,=(my /M )/ ( IY; .
y B q.

Thermodynamic model parameter estimation
Manythermodynamicsolubilitymodelsareusedto correlate
the solid-liquid equilibrium obtained experimentally
including activity-coeflicient for the solution. The widely
used semi-empirical temperature-dependent equations are
chosen for the present study to correlate the solubility data
such as modified Apelblat, van't Hoff, Ah equation, NRTL,
and Wilson models. The calculated solubility value obtained
from each model are correlated with the experimental
solubility data to determine the relative average deviation
(RAD) and root mean square deviation (RMSD). Using
MATLAB and NCSS Data Analysis software are used to
analyze the experimental solubility value of CHZ in pure
ethanol, and the model parameter values for the selected
thermodynamic models are obtained as explained in the
following section.

Modified Apelblat equation

The modified Apelblat equation is a semi empirical
equations appropriately used for polar and nonpolar
components in the solution. The modified Apelblat
equation given by equation (3) is used to correlate the mole
fraction solubility and temperature dependence.””

Inx, =4+ §+ C InT
T Eq. (3)

In equation (3), x, is the mole fraction solubility of CHZ
in ethanol, T is the absolute temperature (K), and A, B,
and C are empirical parameters. The equation contains
three adjustable parameters which is modified from the
simplified Apelblat equation which contains only two
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parameters.”” The values of A and B shows the variation in
activity coeflicients in the solution, and C shows the effect
of temperature on the fusion enthalpy as a deviation of
heat capacity.

Ah equation

The Ah equation is a semi-empirical equation (4) and is
used for the fitness of experimental data on solubility.***!
This equation is used to study the hydrogen bonding
solute solubility and solvent interactions along the line of
saturation with temperature."”

In(1+4 %)= g L.
xl T Tml

)
Eq. (4)

In equation (4), x, is the mole fraction solubility of CHZ,
and T'and T  are temperature and melting temperature
of CHZ in Kelvin. The A and h are the two adjustable
parameters, where A\ represents the non-ideality of the
solution system, and h denotes the enthalpy of the solution.
van't Hoff equation

The van't Hoff equation is an ideal equation which is used to
determine the temperature dependence solubility of solid-
AH, , AS,

In x,= - =T 2 Eq. (5)

liquid equilibrium. Equation (5) is also used to predict
values of enthalpy, entropy and Gibbs free energy for the
real solution. This gives the empirical relationship between
the mole fraction solubility of solute and the respective
temperature in real solution.’**

where x, is the mole fraction solubility of CHZ, T is
temperature, and R is the universal gas constant. AH, and
AS represent the standard enthalpy and standard entropy,
respectively.

Wilson model

It is a semi-empirical equation and also called as activity
coefficient model. The equation is used to measure the
activity coeflicient for a solid-liquid system at a given
pressure and temperature. It also an example of local
composition model mainly used to determine the cross
interaction energy parameters for respective solute-solvent
system.*® For a binary solute-solvent system, the logarithm

of solute activity coefficient described is given by equation
(6).17,32

A
X, +A X,

AZ]

12 _
X, +A21x1] Eq. (6)

Iny, =—1n(x1+A12x2)+x2{

where

v A4, v, (A
A, :V—Texp [RT2J A, :ﬁexp( /lzl)

In equation (6), A\, and A\, are the cross interaction
energy parameters that can be fitted with experimental

solubility data and V, and V, are the molar volume of

solute and solvent which are the adjustable parameters
with temperature. x, and x, are the mole fraction of
the solute and solvent.

Non-random two-liquid model (NRTL)

NRTL model is widely used to describe the solid-liquid
equilibrium. It is used to correlate the activity coefficients
Y, of a compound with its mole fractions x, in the liquid
phase. The concept of NRTL is to determine the non-
randomness at local molecular level in non-ideal solution
and so called as local composition model.**** The NRTL
model proposed by Renon and Prausnitz contains three
parameters per binary interaction, compared with the two
parameters of the Wilson model. The activity coeflicient of
this model can be expressed using the equation (7):*!7*

2
7,G5,
2
(x, +Gyx,)

Iny, =x2 __ 0l
b (¥, +Gypx,)’ Eq. (7)

In equation (7), G, G,, 1, and 1, are the model
parameters and can be determined, where

G, =exp (_(112712)

G, = exp(_azlle)

Ag,,
T, = —1=
12 RT
A
T, = g1
RT

where, Ag, and Ag, are the cross-interaction energy
parameters that can be fitted by experimental solubility
data, and o is the parameter related to the randomness of
the mixture with a ,= a, . a is also an adjustable parameter
which can be fitted by experimental solubility data together
with Ag and Ag, .

The models viz, modified Apelblat equation, Ah
equation, van't Hoff equation, Wilson, and NRTL
equation considered in this investigation are compared
with concentration values derived from the solubility
experiments. For all models, the values of parameters
derived by curve fitting in MATLAB are reported in
Table 1 along with the respective RAD and RMSD. The
reliability of all parameters estimated through MATLAB is
determined by repeating the parameter estimation using
NCSS Data Analysis software. The discrepancy between
the calculated values is very negligible for both tools. The
models with the estimated parameters are used to calculate
the solubility data and compared with the experimental
solubility data of the present investigation. Table 2 lists the
experimental solubility value for temperature 283.15 to
313.15 K together with the calculated values obtained from
the modified Apelblat equation, Ah equation, van't Hoff
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equation, Wilson equation, and NRTL equation and their
respective relative deviation.

The solubility error difference between the calculated and
the experimental values are calculated by relative deviation
(RD), RAD, and RMSD using equations (8), (9), and (10),
respectively:

cal

X
RD= (x* -2 )
x 7 Eq. (8)
RAD =L ¥(x _x” )
N e Eq. (9)
il
1 xcal 2 |2
RMSD = Z[x “r _exp)
N X Eq. (10)

In equation (8), N is the number of experimental points,
x* and x* are the mole fraction values of experimental
solubility and calculated solubility respectively.

The parameters calculated for the selected thermodynamic
models and their acquired values are listed in Table 1,
together with RAD and RMSD.

The calculated RAD values among the models are found to
beless than 3% with a smaller RMSD value, which indicated

Table 1. Parameters of the model equation for CHZ in ethanol.

that selected models could be comfortably adapted to the
experimental values. However, from the NRTL model
equation (Table 1), the RMSD value of 169.24 x10 and the
RAD value of 0.699 x102are found to be lower than other
thermodynamic models chosen in the present study. The
NRTL equation is found to be more accurate than the other
model equations selected for the present study in order to
correlate the solubility results of the CHZ-ethanol system.
These results concluded that the solubility values obtained
from the experiments can be used as essential data for
designing and optimizing the experimental process of
CHZ crystallization.

The experimental mole fraction solubility value of CHZ in
pure ethanol and calculated solubility values for selected
thermodynamic models are compared. The RD are found to
be least between the experimental and calculated solubility
values of selected models shown in Table 2. It is observed
that the solubility of CHZ drug increases, corresponding to
the rise in temperatures selected in the present study.

Apparent thermodynamic properties for the solution

The thermodynamic properties of the system viz., enthalpy,
and entropy are determined by the van't Hoft equation.
Figure 2 illustrates van't Hoff plot of the logarithm of
mole fraction solubility versus the reciprocal of absolute
temperature. From the plot of the linear curve, a significant
R? of 0.99 was obtained and hence data obtained from

Model Equation Parameters Values 100 RAD 10 RMSD
A -54.85

Apelblat B 14.12 2.004 345.05
C 8.922
A 0.4099

Ah h 6300.07 2.388 407.69
AH, (kJ/mol) 21.29

van't Hoff AS 2.507 427.37
d 38.49
(J/mol K)

] A, -3467.806

Wilson 2.533 456.56
A, 90619.64
A 0.1159015

NRTL 95, -12527.58 0.699 169.24
9, 24427.24

Table 2. Mole fraction solubility of CHZ in ethanol from temperature 283.15 to 313.15 K.

Experimental Calculated solubility values (x)

TIK Solubility i )

Value (x,) ":;:I'Eg‘: RD Ah RD ‘:_I"’:ﬁt RD  Wilson RD  NRTL RD
283.15 0.0124+0.96 0.01192 0.040 0.01184 0.047 0.01181 0.050 0.01188 0.044 0.01244 -0.002
293.15 0.0158%1.70 0.01622  -0.025 0.01627 -0.028 0.01627 -0.029 0.01638 -0.035 0.01599 -0.0122
303.15 0.02166+1.12  0.02184  -0.008 0.02193 -0.012 0.02195 -0.013 0.02212 -0.021 0.02157  0.004
313.15 0.02931x0.91 0.02914 0.005 0.02907 0.008 0.02906 0.008 0.02933 -0.005 0.02906 -0.008
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the plot are found to be reliable. The slope and intercept
values determine the dissolution enthalpy and entropy
respectively. The Gibbs free energy of the solution is
calculated using equation (11).%

AGy=AH,-TAS, Eq. (11)

In equation (11), AG, is the Gibbs free energy of the
dissolution process. Thermodynamic properties of
enthalpy, entropy, and Gibbs energy values are calculated
and listed in Table 3. The results show positive values
(AH, > 0), which indicated that the dissolution process
of CHZ in ethanol is endothermic. The values of AH,
showed that the enthalpy of the dissolution process is a
linear function of temperature where the heat capacity of
the solution is constant.”” The values of entropy are higher
than the enthalpy of the dissolution process to overcome
the cohesive force of interaction between the solute and
solvent molecules.”® The entropy (AS,) value is found to
be positive, and it is the driving force for the dissolution
process of the CHZ and ethanol system. The values of AG,
for the system are positive, and the value decreases with an
increase in the temperature of the solution. The variation
in Gibb’s free energy values denotes the dissolution process
in which the smaller value of AG has stronger dissolving
power. From the values, it can be inferred that a smaller
value of Gibb’s free energy is obtained with an increase in
temperature which showed the experimental values having
a stronger dissolving process.

Metastable zone width measurements

The metastable zone width of CHZ in ethanol is
determined using the polythermal method at 0.4 K/min
cooling rate and is shown in Figure 3. The metastable zone
is developed from the selected concentration of CHZ 85,
75, 65, and 55 mg/ml. In the present study, three different
ratios of SS-1.16, 1.18, and 1.20 are selected as shown in
Table 4. The selection of SS is based on the region between
solubility curve and metastable zone curve. At 293.15
K, three different points are chosen in order to estimate
the crystal growth kinetics between higher SS and lower
SS region. The SS-1.16 is found just above the solubility

-2.8

Equation y=a+bx
Weight No Weighting

Residual Sum 0.00267
of Squares
Pearson's r -0.9967
Adj. R-Square 0.99011

Value Standard Error|
Intercept 5.10667 0.48643
Slope 2512.6675  144.72332

-3.0

inx

-3.2 }

In x
w
S
T

-36 -

-3.8 |

1 1 1 1 1 1 1 1
0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345 0.00350 0.00355

1T (K7

Figure 2. van’t Hoff plot of mole fraction the solubility of CHZ.

curve and SS-1.20 is found just below metastable zone
curve. An intermediate SS-1.18 is also chosen. At low SS,
the nucleation is slower, whereas, at high SS region, the
nucleation is found to be faster and hence depletion of
solute concentration is faster.’* The region of metastable
zone width is the ideal zone for the crystal growth once the
nuclei are formed.* Crystal growth is observed from pre-
existing nuclei in the region of SS (i.e., solute concentration
is more than the solubility). The crystal growth is slow for
the lower SS, which ultimately produces on larger sized
crystals as crystallization proceeds. The size distribution of
crystals at three selected SS ratio is determined by batch
crystallization experiments operated at 293.15 K. The
results of three different degrees of SS and their respective
mean crystal size distribution and the final concentration
of the solution are shown in Table 4. The dried crystals are

Table 3. Predicted values of dissolution Enthalpy, Entropy and
Gibbs free energy.

Properties of Temperature (K)

solution 28315 293.15 303.15 313.15
AH,(kJ/mol) 2129 2129 2129 2129
AS,(J/mol K) 3849 3849 3849 3849
AG,(kJ/mol) 104  10.01 9.6 9.2
920
—=— Solubility Curve
a0 —=o— Metastable zone curve
E
> 70
£
_5 60 -
©
£ 50
(&)
c
(e}
O 404
30

280 285 200 205 300 305 310 315
Temperature (K)
Figure 3. Solubility and Metastable Zone width for CHZ-Ethanol.

S

//y\

s P
Figure 4. Optical image taken for a) sample between the time in-
tervals b) crystal size measurement.

45.84%
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Table 4. SS concentration at 293.15 K at respective time intervals and average crystal size distribution of CHZ.

Supersaturation Initial Concentration

Sampling time interval

Average crystal size Final concentration

Ratio (mg/ml) (min) (um) (mg/ml)
40 324.92+102.24 52.11
45 528.64+98.80 51.66
50 695.35+84.11 50.34
1.16 54
55 772.28+95.12 49.19
60 802.87+97.94 48.25
65 815.77+105.23 47.5
28 181.59+80.19 53.41
33 252.57+82.01 50.75
38 310.87+96.67 49.29
1.18 55
43 354.41+£105.77 48.81
48 422.52+115.25 47.74
53 476.70£117.20 46.94
10 374.66+89.63 55.25
15 491.48+108.13 53.59
20 541.22+99.23 52.01
1.20 56
25 569.17+111.88 50.70
30 585.70+121.46 49.03
35 595.98+113.44 47.12

used for image analysis to determine the average crystal
size distribution. The images are taken and then size is
measured for the sample of 100 crystals using optical
microscopy connected with Magvision software and are
shown in Figure 4a and 4b.

In a crystallization process, nucleation and growth
continue to occur simultaneously. SS is the driving force of
the crystallization; and the rate of nucleation and growth
is driven by the existing SS in the solution.” Depending
upon the conditions, either nucleation or growth may be
predominant over the other. The SS is higher at the initial
stages and hence the birth of new nuclei is faster. After that,
the crystals which achieve the critical crystal size start to

900

—a— Concentration

52 —a— Size -/._’- a F 800
- 700 —~
E - s
> 600 5
£ g
: L 500 =
©
o S
= 400 Q
g 5
c 300 [0
8 g
5 200 5
O >
100 <

47 T T T T T 0
40 45 50 55 60 65 70
Time (Min)

Figure 5. Solution concentration and average crystal size of a) SS-1

grow fast since the remaining SS is utilized for growth.
The crystal growth will reduce the solution concentration
and hence the SS also reduces. When the SS falls, the
crystal growth also starts reducing and becomes stable in
later stages of crystallization.

It could be observed from Figures 5, 6 and 7 that the
concentration of the solution decreases with time as the
crystallization proceeds. It is observed from the data that
the crystal nucleation begins around 40 min when the
SS is 1.16. But, when the SS increases, the time at which
nucleation starts decreases to 10 min. This is due to the
higher rates of collision that occur at higher solution
concentrations. From Figure 5a and 7a, it is understood
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that the growth of the crystals is faster initially and then
it decreases as the crystallization proceeds. The decrease
in the growth rate is due to the decrease in the solute
concentration as time increases. The mean size of the
crystals measured near the nucleation points for three
different SS- 1.16, 1.18, 1.2 are found to be 324+102.24 um,
181+80.19 um and 359+89.63 pm respectively. The mean
size at the end of the crystallization is 815+105.23 um,
476+117.20 pm and 595+113.44 um respectively for three
different SS ratios.

In higher SS, the number of nucleating particles is more
initially than in a lower SS. Further, as time progresses
in batch crystallization, the solute concentration in the
solution decreases which affects the nucleation and the
growth of crystals is limited. Similarly, results showed in
SS-1.18 that the more nucleated particles grow eventually,
and the mean size of crystals at the end of the crystallization
is found to be 476+117.20 um. In case of SS-1.16 the mean
size of crystal at the end of crystallization is 815+105.23
pum which is found to be larger than SS 1.18 and SS 1.20.
In lower SS-1.16 number of nucleating particles is less
and the decrease in solute concentration is also slower. In
addition, the possibility of critical nuclei (unstable nuclei)
that tend to adhere over the surface of larger crystals or
quickly incorporated in stable crystal lattice rather than
grow into a new crystal.* Hence, at lower SS-1.16, the size
enlargement of the crystals is of relatively larger size and
so SS-1.16 shows the variation in the mean average size

of crystals than other SS (1.18 and 1.20). The results have
concluded that at different SS the growth size of crystals
varied during batch crystallization. The physical factors
like solution stirring (rpm) shows its effect resulting the
crystal polydispersity. The control of the particle size in
batch crystallization can be achieved by optimizing the
operating condition to obtain desired size crystals.

Crystal growth kinetics

During the experimental runs, it is observed that the
growth rate of crystals is directly proportional to the SS
of the solution. The relationship between SS and growth
rate of crystals is an important parameter to determine the
growth rate constant.”” Equation (1) is an empirical power
law equation that describes the relationship between the
growth rate of crystal and the SS. The plot of log G vs log
AC gives the values of order (n) and growth rate constant
(K,) The slope of the line gives the order (n) of crystal
growth and the intercept yields a growth rate constant
(K,,)- The results indicated that the order of crystal growth
n~1 and growth rate constant K is 1.58 (um/min) (mg/
ml) ! of CHZ-ethanol at 293.15 K with the least deviations
as shown in Table 5. The growth rate-limiting step can be
identified from the value of the order which usually lies
between 1 and 2. More specifically, the value of n=1 means
that diffusion of the crystallizing molecules to the crystal
surface is the rate-limiting step. The value of n=2 means
that the incorporation of crystallizing molecules in the
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Table 5. Growth rate constant for different SS.

Parameter $S=1.16 $S=1.18 $S=1.20 Mean Standard Deviation
Order(n) 1.15 1.03 0.96 1.04 0.0975
Constant(K.,) (um/min) (mg/ml)" 1.76 1.48 1.50 1.58 0.1576
crystalline lattice is the rate-limiting step.® Similarly, the =~ References
order value (n~1) is found for each SS ratio, it indicates 1. Raval MK, Patel JM, Parikh RK, Sheth NR. Dissolution

that the growth rate of the crystal is limited by the diffusion
of the solute molecules to the crystal surface. Thus, the
results indicate that growth rate is a function of the initial
SS which determines crystal size distribution in the
crystallization operations.

Conclusion

The CHZ solubility in pure ethanol is determined using
the shake-flask technique at various temperatures ranging
from 283.15 to 313.15 K. The experimental results suggest
that CHZ solubility in ethanol is a function of temperature.
The experimental solubility data is correlated using the
modified Apelblat equation, Ah equation, van't Hoff
equation, Wilson, and NRTL equation. The results of
the correlation show that mole fraction solubility values
obtained from the NRTL equation are close to that of
the experimental mole fraction solubility values of CHZ
in ethanol. Hence, the NRTL equation is more accurate
in describing the solubility data compared with other
models. Using the van’t Hoff equation, the values obtained
for enthalpy, entropy are found to be positive and hence
the dissolution process of CHZ-ethanol is endothermic.
The Gibbs free energy values decrease with an increase in
temperature shows that ethanol has stronger dissolving
power for CHZ. The results of the batch crystallization
experiments are carried out for three different SS
ratios (SS-1.16, 1.18, and 1.20) operated at 293.15 K
demonstrates that the higher concentration (SS-1.20) leads
to a rapid growth of crystals than of lower concentrations.
The crystal growth rate is slower for lower concentration
(SS-1.16), but relatively large size crystals are observed at
end of the experiments. An empirical equation is used to
estimate the kinetic growth rate K is 1.58 (um/min) (mg/
ml)! and order n~1. The findings enable us to conclude
that optimizing the SS is important to obtain the desired
crystal size distribution.
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