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Abstract
Objectives:  Metastable zone width (MSZW) is a crucial parameter in designing co-crystallization process in order to achieve 
required crystal habits. The effects of operating parameters toward metastable zone width of carbamazepine-saccharin 
(CBZ-SAC) co-crystal were studied in this research. Methods/Statistical Analysis: Crystallization study was conducted 
using cooling crystallization method which involves polythermal method. A 250 ml scale size-reactor was used to study 
the effects of operating parameters on metastable zone width of CBZ-SAC co-crystal which tested with various mol ratio of 
SAC/CBZ, concentration of CBZ, cooling and heating rates and stirring speeds. Differential scanning calorimetry (DSC), X-ray 
powder diffraction (XRPD) and optical microscopy were applied to characterize the CBZ-SAC co-crystals. Findings: The 
results show that MSZW decreases as the mol ratios of SAC/CBZ increases, whilst also decreases with CBZ concentrations, 
cooling rates and stirring speeds. Application/Improvements: Cooling crystallization process is extensively used in the 
manufacture of pharmaceutical drugs.

1. Introduction
Co-crystallization is considered as an alternative to opti-
mize drug properties as it alters molecular interactions 
and composition of drug materials. An understanding 
in co-crystallization process is needed in order to have 
desirable crystal habits for materials. One of the stud-
ies important in designing co-crystallization process is 
kinetics study. In this work, carbamazepine (CBZ) and 
saccharin (SAC) were chosen as model compounds. 
Metastable zone width (MSZW) can be described as 
the contrast between the saturation temperature and 
temperature of which the first crystal is discovered at 

constant cooling rate1 and is one of the main impres-
sions in industrial crystallization. The method which 
commonly used to experimentally determine MSZW is 
polythermal method2. Polythermal method is a moment 
of lowering the temperature below freezing point at 
which “initial nucleation events” or “primary crystals” 
are detected in continuously cooled mixture at consis-
tent rate3. The temperature of solution is decreased by 
constant cooling rate from temperature above satura-
tion temperature to a point of temperature at which first 
crystals are detected4. MSZW is heavily influenced by 
the following parameters including temperature, concen-
tration, cooling rate, impurities and mechanical effects5. 
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Nucleation kinetics can be calculated using the Nyvlt’s 
approach3 from which the data of nucleation order, 
m and nucleation kinetic constant, k can be obtained. 
The purpose of this paper is to investigate the effect of 
concentration of CBZ, mol ratio values of SAC/CBZ, 
cooling rate and stirring speed on the MSZW of CBZ-
SAC co-crystal using polythermal method.

2. Materials and Methods

2.1 Materials
Carbamazepine (CBZ) and Saccharin (SAC) were 
obtained from ECA Corporation USA and Sigma Aldrich, 
respectively. Absolute ethanol (EtOH 99.4 %) was used as 
solvent in producing co-crystals.

2.2 Preparation of CBZ-SAC Co-Crystal
A 250 ml reactor supplied with a stirrer with stirring 
speeds of 250 and 300 rpm manufactured by Syrris 
Company was used in this research. The feed materials 
with the mol ratios of SAC/CBZ (1.0 and 2.0) and CBZ 
concentrations (19.14 and 17.96 mg/ml) in 200 ml etha-
nolic solution were prepared. Three heating and cooling 
rates (0.06, 0.08 and 0.10oC/min) were selected to be used 
throughout the experiments.

2.3 Determination of Crystallization 
Temperature and Dissolution Temperature
The initial mixture of 2.0 SAC/CBZ mol ratio and 19.14 
mg/ml of CBZ was heated to 60oC with 300 rpm of stir-
ring speed in approximately 1 hour. The mixture was then 
cooled at a rate of 0.06oC/min. The crystallization temper-
ature of the co-crystal formation was observed visually 
using eyes and noted. Similar methods were redone with 
other cooling rates; 0.08 and 0.10oC/min and after that 
with the various ratio of SAC/CBZ, CBZ concentration 
and stirring speed. To determine the dissolution tem-
perature, the solution containing the feed materials of 
predetermined SAC/CBZ mol ratio was dissolved at 60oC 
for 1 hour. After that the solution was cooled at cooling 
rate of 0.1oC/min. The solution was then kept constant for 
1 hour. The mixture then was heated at a rate of 0.06oC/
min to observe the first dissolution temperature. Similar 
steps were repeated for different heating rates (0.08 and 
0.10oC/min) and various mol ratio SAC/CBZ, CBZ con-
centration and stirring speed.

2.4 Solid-State Characterization
The melting point of the produced co-crystal was deter-
mined using differential scanning calorimetry (DSC). 
A mortar and pestle was used to grind the crystals for 
smaller sample size and more uniform thermal con-
tact with the standard crucible pan. Sample with weight 
between 2 to 3 mg was compressed in aluminium pan and 
analysed in the DSC from 30 to 300oC. The heating rate 
of 10°C/min was used and nitrogen gas with a flow rate of 
50 ml/min was applied to purge vapour product from the 
heating process. The produced co-crystal was identified 
using x-ray powder diffraction (XRPD) using RIGAKU 
(Miniflex II) diffractometer with Cu Kα radiation. The 
system was run at 30 kV and 15 mA with the 2θ (angle) 
from 3° to 40°. The step size was 0.01° and the step time 
was 1 second/step. The shape of the crystals was observed 
using a Carl Zeiss Model optical microscopy with 5x 
magnification.

3. Results and Discussion

3.1 Metastable Zone Width (MSZW)
The MSZW was measured by plotting the value of crys-
tallization temperature and dissolution temperature in 
linear form. The difference between dissolution and crys-
tallization temperature is taken as MSZW1. The values of 
MSZW with the effect of various process parameters of 
concentration, mol ratio, cooling rate and stirring speed 
were summarized shown in Table 1.

Table 1. MSZW values of CBZ-SAC

Stirring 
Speed 
(rpm)

Concentration (mg/ml)

19.14 17.96
Mol Ratio (SAC/CBZ)
2.0 1.0 2.0 1.0

300 17.49 19.81 14.99 17.46
250 12.74 13.37 9.02 12.86

3.1.1 Effect of CBZ Concentration and Mol Ratio 
on MSZW
In this work, the effect of CBZ concentration on MSZW 
was investigated using two CBZ concentrations of 17.96 
mg/ml and 19.14 mg/ml. The findings indicate that the 
MSZW is large for the high CBZ concentration as shown 
in Table 1. This finding is consistent to the previous work6. 
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Higher solution concentration lead to produce more 
molecules and results in higher probability of molecular 
collision7. Thus, supersaturation increased as the count 
of nuclei formed increased which is related with nucle-
ation rate becomes high8. The nuclei become stable when 
it reach higher supersaturation and grow faster7. This 
reveals that the nucleation is easy to occur when concen-
tration increase and result in large MSZW.

To determine the influence of mol ratio on MSZW, 
two mol ratio of SAC/CBZ (1.0 and 2. 0) were used in this 
study. Table 1 reveals that with the increase of mol ratio, 
the MSZW decreases for both stirring speeds and CBZ 
concentrations. An increase in co-former concentration 
can significantly increase the co-crystallization rate thus 
the co-crystal can form faster9 and as a result the MSZW 
decrease. This could be a determining factor for decreas-
ing MSZW values as the increase of co-crystallization rate 
enhance the nucleation and crystallization occurs sooner.

3.1.2 Effect of Cooling Rate and Stirring Speed on 
MSZW
The effect of cooling rate on MSZW was examined 
by three cooling rates (0.06ºC/min, 0.08ºC/min and 
0.1ºCmin) with various concentrations and mol ratios. 
From the finding it was found that the MSZW increases 
as the cooling rate increases. This finding agrees with the 
work of10. Higher cooling rates applied to the system are 
known able to produce higher solution supersaturation 
and results in the occurrence of more rapid nucleation 
rate11. Thus, a large amount of small nuclei start to grow 
with fast growth rate to form crystal12 and MSZW become 
increase. The increase of MSZW also possibly due to limit 
of time requires for the development of a nucleus to a 
detectable size. When the MSZW measurement process 
reaches a fast cooling rate as much, the limit time for the 
development of a nucleus to a detectable size can be dis-
regard and give a large MSZW13. This trend is believed 

due to the larger MSZW values as a result from increasing 
nucleation rate.

The effect of MSZW on stirring speeds was studied 
using two stirring speeds of 250 rpm and 300 rpm. In this 
work, the MSZW calculated is found to be higher for the 
higher stirring speed as compared to low stirring speed, 
as shown in Table 1. This result is in accordance with the 
literature14. Higher stirring speed increased the molecules 
collision and as a result the nucleation rate increased with 
high supersaturation15. As the supersaturation increase, 
the MSZW increase with increasing stirring speeds14. 
Thus, it is expected that the stirring speed is one of the 
important parameters for MSZW as the mechanical 
action applied to the solution make the solute fragments 
easily adhere to each other and build nuclei.

3.1.3 Nucleation Order, m and Nucleation Kinetic 
Constant, k of CBZ-SAC
The nucleation kinetic was estimated using the Nyvlt 
theory. The calculated values of m and k are revealed in 
Table 2. The finding shows that the nucleation order, m 
increases as the mol ratio of SAC/CBZ increases with 
decreasing MSZW. This result is similar to the finding 
obtained by a previous researcher6. The increase in mol 
ratio enhances the nucleation rate and results in faster 
formation of co-crystals in the solution9. This shows that 
the increase of nucleation order leads to the occurrence 
of nucleation and as a result the MSZW become small. 
However, the increases of stirring speeds do not give 
significant difference to the nucleation order16. On the 
other hand, the value of nucleation kinetic constant, k is 
found to increase with increasing concentration7 for low 
mol ratio of SAC/CBZ and also increase the MSZW. The 
results are expected as in higher concentration the super 
saturation become higher and higher nucleation rate pro-
duced which lead to high MSZW.

Table 2. Nucleation order, m and nucleation kinetic constant, k data of CBZ-SAC

Mol Ratio 
(SAC/
CBZ)

Concentration (mg/ml)
19.14 17.96

Stirring Speed (rpm) Stirring Speed (rpm)
300 250 300 250

m k m k m k m k
2.0 4.03 6.04x10-07 4.34 2.11x10-04 2.65 4.49x10-05 4.42 9.15 x10-04

1.0 1.97 3.69x10-04 2.99 3.08x10-05 2.40 1.84 x10-04 3.87 4.13 x10-06
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3.2 Characterization of CBZ-SAC Co-Crystal
A DSC was applied to discover the melting point of 
co-crystal formed. The peak profile for the CBZ-SAC 
co-crystal indicates the melting point of the produced 
co-crystal and has the same value with reported literature 
which is 177°C correlates with co-crystals form I17. An 
XRPD was used to identify the peak profile to confirm the 
CBZ-SAC co-crystal. The first peak has the value of 2θ = 
7.07 which in agreement with the reported literature that 
corresponds to the form I co-crystals17-19. Morphological 
characterization was used to observe the product crys-
tals obtained from cooling crystallization using optical 
microscopy with 5x magnifications. The morphology 
shown in Table 3 reveals that the CBZ-SAC co-crystals 
have the morphology of plate-like crystal for all tested 
cooling rates and stirring speeds and in agreement to the 
results obtained by previous studies19-21. The results also 
show that the size of co-crystals produced using higher 
stirrer speed is smaller. High mixing speeds has decreased 
the crystal size22. This is possibly due to the higher rate 
of collision between co-crystal with co-crystal, stirrer 
and reactor wall. With increasing of cooling rates, the 
size of co-crystal becomes smaller11. This is believed due 
to the increasing MSZW with the increasing cooling rate 
enhanced the nucleation and as a result the size of co-
crystal becomes smaller.

4. Conclusion
In this work, it is found that the CBZ concentration, mol 
ratio, cooling rate and stirring speed can strongly influ-

ence the MSZW. The findings revealed that an increase 
of CBZ concentrations, cooling rates and stirring speeds 
resulted in an increase of MSZW value due to higher 
supersaturation and nucleation rate. However, SAC/CBZ 
mol ratios increase as MSZW decrease. It is also found 
that an increase of stirring speeds and cooling rates pro-
duced smaller crystal size.
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