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Abstract

Batch crystallization studies of curcumin from hydrotropic solutions of so-
dium cumenesulphonate (NaCS) and of cinnamic acid from a photosensitive
hydrotropic medium of sodium cinnamate (Na-CIN) were carried out, in an
agitated reactor for the effect of alternate heating and cooling cycles on crystal
morphology. The crystal characterization by Scanning electron microscopy
(SEM) and crystal size distribution (CSD) showed formation of spheroidal
curcumin crystals while cinnamic acid formed porous aggregates when sub-
jected to thermal cycles. The UV irradiation of cinnamic acid however
showed no formation of the aggregates. The type of hydrotrope used and the
initial crystal morphologies of curcumin and cinnamic acid are shown to be
important factors to result in a different behaviour of the crystal morphology
upon thermal cycles. The CSD data were effectively used for estimation of
nucleation and growth rate parameters.
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1. Introduction

Crystallization is usually the final stage of purification of a product as it provides
the product of more acceptable purity. Stable crystals with purity, porosity, good
flowing properties, better transport and packaging and non-sticky nature are
important characteristics required for current industrial applications. A majority
of pharmaceutical products are crystallized from volatile organic solvents, such
as methanol, acetone, ethyl acetate and dichloromethane, because of ease of their

removal by vaporization but many of these solvents are being phased out to
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bring in “green solvents” which are more benign and acceptable. Water can be
the most preferred solvent, but suffers from poor solubilisation of many of the
drugs. Although, at higher temperatures the drug solubility can be increased, the
conditions may not be conducive for applications or the active molecule may
degrade because of excessive thermal shock.

We investigate here crystallization from aqueous solutions of hydrotropes
which are highly water-soluble amphiphilic salts of sulfonic or carboxylic acids
which have been extensively investigated by our group in extraction, solubiliza-
tion and crystallization processes [1] [2] [3]. Hydrotropes exhibit a remarkable
ability of dissolving considerable amounts of sparingly water soluble or other-
wise insoluble organic compounds. The solubilization capacity of the hydrotrope
solutions is a strong function; usually exponential, of the hydrotrope concentra-
tion and mere dilution with water is enough to recover the dissolved materials.
Alkyl-aryl carboxylate and sulfonate salts of alkali metals have been widely used
as hydrotropes for drug solubilization, detergent formulations and other appli-
cations [4]. Solubility enhancement of drugs like Norfloxacin, Telmisartan and
Lurasidone hydrochloride etc., which have poor aqueous solubility have been
well studied using hydrotropes and mixed hyrdotropy [5] [6] [7]. The efficacy
and better separation ability of hydrotrope solutions has been demonstrated for
partitioning of phenols between organic solvents and hydrotropic solutions,
crystallization of o/p-nitrochlorobenzenes, separation of naphthols, chloroben-
zoic acids and extraction of curcuminoids from turmeric [8]-[15]. These studies
indicate potential of hydrotropes in separation processes, as an alternative to
organic solvents, particularly in pharmaceuticals industry. The recovery of dis-
solved solute from aqueous hydrotrope solutions is an established fact, yet quan-
titative analysis of the process is reflected only in few reports.

Reactive precipitation of salicylic acid from sodium salicylate solution was the
first report using this novel technique, where sodium salicylate itself as a hydro-
trope was shown to dissolve a significant amount of salicylic acid that is formed
in the reaction giving an impression of its large supersaturation. [16] The
hydrotropic crystallization by dilution with water and by exploiting temperature
effect on solubility has been reported for crystallization of curcuminoids, the
potential antioxidants from turmeric and that of piperine, an alkaloid responsi-
ble for pungency of pepper, both from aqueous solutions of sodium cumenesul-
phonate [17] [18].

Two different chemical compounds namely, Curcumin (a polyphenolic com-
pound) and an acid which is cinnamic acid were chosen as the model com-
pounds for crystallization study using hydrotropes. Curcumin, being an
anti-cancer, anti-inflammatory and sparingly water soluble drug, has many other
pharmaceuticals applications [19] [20]. It is also a basic ingredient in food addi-
tives and has been studied extensively for it solubility enhancement techniques
by formation of solid dispersions, nano-crystals, co-crystals, polymorphs etc. [21]

[22] [23] [24]. Cinnamic acid and its derivatives have also shown pharmacologi-
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cal properties including hepatoprotective, anti-oxidant, and anti-diabetic activities
[25] [26] [27]. It is also used as an additive and as flavour in food industry.

The use of aqueous solutions, instead of conventional organic solvents is at-
tractive in many food and pharmaceutical industries, where contamination by
residual organic solvent is unacceptable. The hydrotropic solubilization of
cinnamic acid, aspartic acid, curcumin, thymol, and benzocaine as a function
of temperature, using sodium cinnamate (Na-CIN) as photosensitive hydro-
trope, has been reported which showed that the trans-cis isomerisation of
Na-CIN under UV radiation resulted in precipitation of dissolved solutes from
the hydrotropic solutions [28]. The use of photosensitive hydrotrope in the
crystallization process seems to be an interesting field to be explored, as isom-
erisation of the photosensitive hydrotrope may result in precipitation of crys-
tals, probably with different morphology, surface characteristics, crystal size
and distributions. Recently, classical molecular dynamic simulations studies
have shown the effect of hydrotrope on the solubility of the sparingly soluble
drugs [29].

The purpose of this paper was to investigate crystal habit of curcumin and
cinnamic acid precipitated out of the hydrotropic solutions. Curcumin is crystal-
lized from aqueous sodium cumenesulphonate (NaCS) solutions while cinnamic
acid is crystallized from a photosensitive hydrotropic solution of sodium cinna-
mate (Na-CIN). A unique method of cycles of heating and cooling was adopted
to change the crystal shape in the case of curcumin, while for cinnamic acid; the

effect of UV radiation is explored.

2. Materials and Methods

Cinnamic acid (AR grade) was procured from Molychem India Ltd., Mumbai.
Curcumin (95% pure) was obtained from K. Patel Phyto Extractions Pvt. Ltd.
Methanol, NaCS was obtained from M/s. Navdeep Chemicals, Mumbai, and was
used as such. Na-CIN was prepared by neutralizing cinnamic acid with sodium
hydroxide in methanol in stoichiometric quantities and the precipitated salt thus
obtained was thoroughly washed several times with de-ionised water to remove

traces of methanol and dried before use.

2.1. Solubility Studies in Hydrotropic Solutions

A fully baffled cylindrical glass reactor equipped with a reflux condenser and a
stirrer was used in a constant temperature bath. The aqueous hydrotrope solu-
tion was maintained at a desired temperature for every run in a range from
30°C to 100°C for about 6 h to reach the thermal equilibrium with the bath.
The powdered curcumin was added in excess to the solution with constant
stirring under reflux conditions. The stirring was stopped at predetermined
intervals of time for few minutes to allow the particles to settle down, while the
temperature was maintained constant. A small amount of the supernatant so-

lution was then taken in a heated pipette with a filter attached so as to obtain
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clear solution free from any un-dissolved particles and was diluted immedi-
ately with enough quantity of distilled water so that the excess curcumin did
not precipitate out of the solution. This diluted solution was then checked for
its curcumin content using a double beam UV-v is spectrophotometer (Spec-
trascan UV 2700, Chemito) for the wavelength scan from 200 nm to 800 nm.
The solubility of cinnamic acid in aqueous solutions of Na-CIN was also

measured in the same manner.

2.2. Crystallization Studies of Curcumin and Cinnamic Acid to
Modify the Crystal Structure

A fully baffled jacketed vessel equipped with a reflux condenser, stirrer and
heating and cooling arrangement using thermostat (Julabo FP 50) system was
used. According to known solubility of curcumin in 2 mol-dm™ NaCS solution,
a known weight of curcumin was added to saturate the solution at given tem-
perature. The suspension was first heated to a desired temperature to dissolve all
curcumin and the alternate heating and cooling cycles were given to the reactor.
The heating was done for 6 h at 80°C and 500 rpm followed by cooling at a con-
stant rate of 0.2°C-min". Once the reactor temperature reached at 20°C, it was
maintained for 12 h at the same temperature keeping the stirrer speed at 120.
This procedure was repeated 5 times and after every cooling cycle, the solid
crystals were collected and separated from the mother liquor and repeatedly
washed with distilled water to remove traces of NaC§, if any. The crystals were
then completely dried in an oven at about 100°C for 24 h and checked for Crys-
tal Size Distribution (CSD) and morphology using Beckman Coulter Counter
(LS-230) and the Scanning Electron Microscope (SEM), (JEOL, JSM-6380LA,
Japan), respectively.

The crystallization of cinnamic acid from aqueous solutions of Na-CIN was
carried out in the reactor in a similar manner as mentioned above for curcumin.
Crystallization studies were performed in a UV chamber by subjecting the solu-
tion to simultaneous exposure to UV radiation using a with Philips 8W UV
lamp.

The kinetic studies for both curcumin and cinnamic acid were carried out in
NaCS and Na-CIN solutions, respectively. The solution was heated to tempera-
ture of 80°C and maintained for about an hour followed by cooling at a rate of
0.2°C-min™" till the temperature reached 30°C. The samples were taken after

every 30 min and were analysed for CSD.

3. Results and Discussion

3.1. Solubility Data Interpretations

Figure 1 shows solubility of curcumin in 2 mol-dm~ aqueous NaCS$ solution, as
a function of temperature. Temperature plays a major role in the absorption
spectrum of curcumin and it shows dispersion in water at high temperatures and

aggregates upon cooling [30] [31]. With increase in temperature, solubility of
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Figure 1. Solubility of curcumin with respect to temperature in 2 mol-dm™ NaCS.

curcumin increased exponentially. At 100°C, the solubility of curcumin was
0.016 mol-dm™, which was four times higher than its solubility at 30°C. The re-
ported solubility of curcuminoids in 2.0 mol-dm™ aqueous NaCS$ solutions at pH
3 is 0.008 mol-dm™ [11]. Similar solubility values of curcuminoids in aqueous
solutions of different hydrotropes such as sodium salicylate, resorcinol and so-
dium benzoate and a surfactant, sodium lauryl sulphate (SLS) also have been
reported [32] [33]. Our other recent studies showed the effect of temperature on
solubility of curcumin as well as that of cinnamic acid in aqueous Na-CIN solu-
tions. The maximum solubility of curcumin and cinnamic acid in 1 mol-dm™ of
Na-CIN are reported to be 0.09 and 0.06 mol-dm™ respectively [28].

The increase in solubility of an organic molecule is linked to the aggregation
of hydrotropes in aqueous solutions, owing to their amphiphilic nature, in an
analogues manner to micelle formation of surfactants [34] [35] [36] [37]. The
aggregation of hydrotrope molecules is favoured by its own hydrophobic struc-
ture while opposed by electrostatic repulsion between similarly charged head
groups; therefore giving an optimum aggregation number () of these self as-
semblies. The total concentration of the hydrotrope (C,) and monomer concen-
tration [ /] have been correlated by the following Equation (1) [38] [39] [40]

_2H,

C; —K%—lj+exp(mK2Hl)} 1)

m

A solute molecule, when resides in the hydrotrope aggregate; may reduce the
electrostatic repulsion between similarly charged head-groups of adjacent hy-
drotrope molecules in the aggregate. The total amount of the solute associated
with the hydrotrope aggregates is given by Equation (2) [39]

S, ZZ(I;SJ[SIZ][eXp(mKZ [#,])-(1+K,[H,])] ()

, ) m

where, §, represents concentration of free solute molecules in aqueous phase, Ze.
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water solubility of the solute.The constants, K, and K, represent solute-hydrotrope
and hydrotrope-hydrotrope interactions, respectively in Equation (1) and Equa-
tion (2) and can be estimated from experimental solubility data as a function of
hydrotrope concentration. The amount of a solute associated with the hydro-
trope is related to hydrotrope concentration and both are measurable quantities.

The solubility of curcumin in NaCS solution was predicted using the above
equations by varying the constants K, K, and m such that it fits and matches the
actual experimental solubility values (see Figure 1 and supplementary informa-
tion) The optimum values of K, K, and m are thus obtained which are then
compared with the reported values in Table 1. The K, is much smaller than K|
implying weaker hydrotrope-hydrotrope interaction as compared to that be-
tween solute and the hydrotrope aggregate. With the increase in temperature, X
increase while K, shows a little variation. Temperature, therefore, can induce a
change in the hydrotrope aggregate structures in the solutions, causing more
solute molecules to get solubilised in the aggregates. The reported interaction
parameters for cinnamic acid in aqueous solutions of Na-CIN in reference [28]
are also given in Table 1 for comparison.

The SEM images of curcumin crystals after the first and the last cooling cycles
are shown in Figure 2(a) and Figure 2(b). The number of fine crystals reduced
with the heating and cooling cycles and the crystal surface became much
smoother and the shape of the crystals became more spherical. The irregularities

on the surface also reduced. The smaller particles which are in the solution and

Table 1. Interaction parameters obtained from modified association model for curcumin
crystallized out from 2 mol-dm® NaCS$ solution.

K, K, Aggregation
Temperature (°C
P 0 (dm3®mol™) (dm>mol™) number (m)
30 1812 0.130 £ 0.002
50 2702 0.137 £0.001
Curcumin in
. 70 310+ 3 0.141 £ 0.002 22
NaCS solution
80 3803 0.147 £ 0.003
100 5802 0.148 £ 0.004
30 742 0.070 £ 0.002
40 1053 0.071 £0.002
Curcumin in
50 170+ 3 0.072 £ 0.002 23
Na-CIN*
60 198 £ 4 0.071 £ 0.002
920 231+4 0.067 £ 0.002
30 67 +2 0.078 £0.003
Cinnamic acid in 40 96+3 0.075 + 0.002 2
Na-CIN* 60 165 + 3 0.072 % 0.002
920 177 £3 0.073 £0.003
*Values taken from the reference [28].
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Figure 2. (a) SEM image of curcumin after 1* cooling cycle; (b) SEM image of curcumin
after the 5™ cooling cycle.

adhering to the surface of the larger crystals tend to dissolve fast while larger
crystals have a lower rate of dissolution due to the phenomenon of Ostwald’s
ripening.

With the increase in temperature, the irregularities and the smaller particles
tend to dissolve first. When the temperature is reduced, the precipitation occurs
on the surface of the larger particles as they serve as the nucleation sites for the
new particle to grow. According to the Gibbs-Volmer theory, the units of crys-
tallizing substance arriving at the crystal face do not immediately form intocrys-
tal lattice and the equilibrium is established between the growing layer and the
bulk solution [41]. Thus, alternate heating and cooling resulted in the smaller
but smoother and more uniform spheroidal crystals of curcumin.

Figures 3(a)-(c) show SEM images of cinnamic acid, the crystals obtained af-
ter the first cooling cycle and those after the 5™ cooling cycle, respectively. The
study was done to investigate crystal morphology changes with increasing tem-
perature differences between the heating and cooling temperatures. The crystals
of pure cinnamic acid are irregular but are flat plate type flakes, with smooth
surfaces. The crystals after the 1¥ cooling cycle are smaller sharp needles.Although
there is no apparent increase in individual crystal size, but they form agglome-
rates of uniform size after repeated cooling cycles. These agglomerates are por-
ous in nature with non-uniform surface. After the repeated heating and cooling
cycles, the amount of the fine particles reduced significantly. The particle size
too became uniform. The heating provides the energy to the particles to dissolve.
The surface of the crystals or particles is the part which gets solubilized first but
growth starts with surface of least energy.

The crystallization of cinnamic acid in the presence of UV radiation showed a
difference in the crystal habit from that of crystals obtained without exposure to
UV radiation. Figure 3(d) shows that although there is aggregation of the crys-
tals but the aggregates are not compact or properly clustered and there are more
fine particles present in the samples. Similar crystal structures for cinnamic acid,
before and after UV radiations, can be seen in the earlier literature [28]. The UV

irradiation is responsible conversion of trans-Na-CIN form to the cis-Na-CIN
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Figure 3. SEM images of (a) Pure Cinnamic acid; (b) Cinnamic acid after 1% cooling cy-
cle; () Cinnamic acid after 5™ cooling cycle; (d) After the UV radiation.

form. The cinnamic acid, itself being a photosensitive molecule, also converts to
its cis formon exposure to the UV light. It is quite obvious that presence of an-
other form of a molecule interferes in the crystal building process. The clusters
are not well defined and the crystals remain more as individuals rather than
forming agglomerates. The shape of the crystals is also not uniform and they
tend to form thin, almost transparent flake like crystals.

Thus it could be observed that alternate thermal cycles did not result into
similar morphologies for both curcumin and cinnamic acid. The type of hydro-
trope used and the initial morphologies of curcumin and cinnamic acid are also

crucial for the final morphology of the crystals obtained.

3.2. CSD Data Interpretation and Kinetics of Crystallization

The CSD is very useful and effective tool for obtaining the kinetics of crystalliza-
tion reactions. A crystal population density or the number density (z), can be
defined as number of crystals per unit size per unit volume of the system and is
defined by Equation (3) [42]

AN dN

limAL_mE—E—n (3)

where, ANis number of crystals in the size range AL per unit volume. The value
of n depends on the value of L at which the interval dZ is taken. The number of

crystals in the size range L, to L, is thus given by Equation (4).
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L2
AN =| ndL 4)

L1

From the CSD data, the crystals of curcumin which had an average size of 83
um reduced to 66.3 and 30.7 pum after the 2" and the 5™ alternate cycles. Figure
4(a) and Figure 4(b) show the CSD for curcumin crystals after 2" and 5" cycles.
The CSD became narrower, more uniform and the number of fine crystals re-
duced.

For cinnamic acid, the four different regions of size distributions reduced to
merely two or three regions. Figures 4(c)-(e) show the CSD of pure cinnamic
acid, cinnamic acid after the 1** and the 5" cooling cycles, respectively. Pure cin-
namic acid has a narrow range of particle size with having a mean diameter of
176 um.

Table 2 shows the mean diameter of curcumin and cinnamic acid crystals, af-
ter every cooling cycle ie. after every 30 min. CSD is contributed by both nu-
cleation and growth phase of the crystal. The kinetic parameters of the crystalli-
zation were estimated from the CSD data assuming that the growth rate is inde-
pendent of the size. The relationship between the crystal size (L) and the popula-
tion density (72), which is number of crystals per unit size and per unit volume at
steady state conditions is given by Equation (5) [42] [43].

L
n=n, exp(—G—) (5)

T
where, n, is the population density of zero sized crystal and 7 is residence
time. The nucleation rate B and the growth rate G = % can be related to each
other as given in Equation (6).
B=n,G (6)
Figure 5 shows the variation of L with the time for both curcumin and cin-

namic acid. For curcumin, it shows a decrease with time while for cinnamic acid

Table 2. Crystallization kinetic parameters for curcumin and cinnamic acid.

Kinetics Time (min) AvgL (um) Logn n,(m™* G@ms?) B((m3s?)
30 805 13.6
Curcumin from 60 66+ 8 13.8

aqueous
i 920 44+ 6 14.3 3.48E+15 1.34E-06 4.68E+09
solutions of

NaCS$S 120 36+9 14.6
150 305 14.8
30 135+ 6 13.0
Cinnamic acid 60 275+ 8 12.0

from aqueous

i 920 3026 11.9 5.48E+13 5.85E—-06 3.21E+08
solutions of
Na-CIN 120 3185 119
150 3265 11.8
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Figure 4. CSD of curcumin crystallized out from 2 mol-dm™ NaCS solution (a) after 1*
cycle; (b) after 5th cycle; and (c) Pure cinnamic acid, CSD of Cinnamic acid crystallized
from 0.45 mol-dm® of Na-CIN solution; (d) After 1** cooling cycle; (e) After 5" cooling
cycle.

it shows that the growth of the crystal increases and limits in the first 100 min,
indicating that the surface energy was minimized and the crystal shape has be-
come stable. This difference in size variation with time for curcumin and cin-
namic acid can be due to the fact that the cinnamic acid forms aggregates and
thus shows overall increase in size, although the individual crystallize for both
curcumin and cinnamic acid decreases. The volume percentage V obtained from
the CSD graph for the mean value of the crystal size L was equated to the num-
ber of crystals as given by Equation (7),

V=vn 7)
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Figure 5. Variation of average crystal size L (nm) with time for curcumin and cinnamic
acid from aqueous solutions of NaCS and Na-CIN respectively.

where, vis the volume of one crystal of the mean size Z and n is the population
density or the crystal density. The values of n as obtained from Equation (7) are

given in Table 2. Thus log n obtained was plotted against L and the constants

L
n, and the slope (—G—) were estimated. The growth rate G and B are calcu-
T

lated using equations from (5) to (7) and are reported in Table 2.

These studies have brought out interesting aspects of the crystallization of or-
ganic molecules from aqueous solutions. Precipitation from aqueous solutions is
definitely attractive because of green label associated with water as solvent. The
hydrotropes being highly water soluble, are not expected to precipitate with the
solutes while water washing given to the precipitated solids can not only remove
the adhering layer of hydrotrope solutions on the solid surface but also the entire
amount of wash water can be used for dilution of the solution in the main crys-
tallization step by dilution, if required. Concentrating the diluted hydrotrope
solutions to the desired level by evaporation, however, forms the major energy
penalty in the process. Therefore, sensible heat transfer for heating and cooling
can be more acceptable process. Since the temperature is also limited by boiling
point of the aqueous solutions, even thermally sensitive materials can be purified
from the aqueous solutions. The most important point, however, is the different

crystal morphology, that one can achieve with these solutions.

4. Conclusion

Hydrotropes were successfully utilised for crystallization process to obtain crys-
tals of curcumin and cinnamic acid using alternate heating and cooling cycles.
Curcumin was crystallized from aqueous NaCS$ solutions to obtain more uni-
form spheroidal crystals of smaller size and smoother surface. The crystallization
of cinnamic acid in the presence of photosensitive hydrotrope Na-CIN, however,

resulted in formation of porous aggregate structures which should give a lower
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bulk density solid and probably higher surface area. But, the same crystallization
process which was subjected to UV radiation resulted in the different morphol-
ogy of cinnamic acid. It was seen that the obtained morphologies of curcumin
and cinnamic acid depended on the initial crystal morphologies of curcumin and
cinnamic acid, the type of hydrotrope used and the UV irradiation. Alternate
heating and cooling cycles were proved to be an efficient methodology to obtain
unique and different crystal habits of the compounds. The solubility values and
kinetics parameters of the crystallization processes are important in designing

crystallizers and scale-up.
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Symbols

m: optimum aggregation number

C; total concentration of the hydrotrope (mol-dm®)

[H,]: monomer concentration (mol-dm?)

S,: concentration of free solute molecules in aqueous phase (mol-dm?)
K: solute- hydrotrope interactions (dm*mol™)

K;: hydrotrope- hydrotrope interactions (dm’-mol™")

1 crystal density or population density (m™)

AL: crystal size range (m)

AN: number of crystals in the size range AL

1, population density of zero sized crystal (no. of particles. m™)
7. residence time (s)

B: nucleation rate (m™-min™")

G growth rate (m-min™")

V- totalvolume of the crystals (m?)

v: volume of single crystal of mean size L (m?)
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