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Crystallization of a-glycine by anti-solvent assisted by ultrasound
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Université de Toulouse, IMT Mines Albi, CNRS, Centre RAPSODEE, Campus Jarlard, F-81013 Albi CT cedex 09, France

ABSTRACT

Crystallization of a-glycine by addition of an anti-solvent (ethanol) assisted by ultrasound is studied. The ex-
periments of crystallization are conducted at 303.15K in a solution of 150 ml with continuous agitation by a
magnetic rod. Ultrasound is then applied at powers ranging from 8 to 41 W thanks to an ultrasonic horn at
20 kHz. The supersaturation ratio (S) is followed throughout all the experiment. At the end of the experiment,
the suspension is filtered, the solid is washed with ethanol and dried at 333.15K. The resulting crystals are
characterized by their final size distributions measured by laser granulometry, their morphologies observed by
scanning electronic microscope (SEM) and their crystalline structures by differential scanning calorimetry (DSC).
The influence of ultrasonic power (continuous 13, 28 and 40 W or pulsed modes), measured by calorimetry
method, is studied for different addition rates (0.05 to 0.36 g of ethanol/min). Ultrasound permits to reduce the
metastable zone width and to decrease the size of crystals due to an increase of the nucleation rate. The rate of
de-supersaturation is higher in presence of ultrasound, inducing a higher nucleation rate, a higher growth rate or
both. At 40 W, the decrease of supersaturation is faster, and the crystallization is finished in 40 min instead of
80 min (at 13 and 28 W) or 120 min without ultrasound. The use of pulsed ultrasound (50 on/50 off) is inter-
esting from an economic point of view because similar results are obtained: comparable size distributions and

resembling concentration profiles.

Keywords:
a-Glycine
Crystallization
Ultrasound

1. Introduction

The crystallization is an important step in the formulation of a solid
as it permits to control the solid properties like the size distribution, the
morphology and the crystalline structure. However, in a batch crys-
tallization process, it is difficult to control the phenomena involved in
the vessel (nucleation, growth and agglomeration) without the use of
seeding [1]. Ultrasound can be an interesting alternative to the use of
seeding.

The effect of ultrasound on crystal size is observed and reported in
many studies involving varied pharmaceutical drugs such as non-ster-
oidal anti-inflammatory drugs: ibuprofen [2], mefenamic acid [3], ke-
toprofen [4], phenylbutazone [5]; antibiotics or antifungals: itracona-
zole [6], sulfamethoxazole [6], sulfathiazole [7] and cloxacillin [8];
analgesics: piroxicam [9], salicylic acid [10], phenacetin [7]; anti-
epileptics: carbamazepine [11]; and antilipemics: gemfibrozil [12]. In
all these studies, the particles sizes of active drug obtained are finer
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than those obtained with conventional crystallization methods and the
size distributions become narrower in the presence of ultrasound. This
decrease of size permits for instance to increase the drug dissolution
rate and so, to improve the bioavailability of the drug. In addition to
reducing the crystals size, ultrasound allows to control the crystalline
structure. For example, in the case of piroxicam, the stable polymorphic
form I is created predominantly. However, the formation of amorphous
piroxicam and the metastable form of benzoic acid is also noted in the
presence of ultrasound [13]. The morphology of crystals can be
changed by the application of ultrasound: needles shaped crystals are
obtained without ultrasound for ketoprofen or mefenamic versus plate
crystals with ultrasound. Finally, ultrasound causes a decrease of the
induction time of metastable zone width at equivalent supersaturation
[14].

Different ultrasonic systems may be used: horn, transducer or bath;
with different frequencies (20 kHz—-20 MHz) and powers (few Watts to
hundreds of Watts).



Fig. 1. Crystallization experimental setup.
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Fig. 2. Example of the evolution of a-glycine concentration at 303.15K for a
mass ratio of 0.05 g ethanol/g water during the measurement of solubility.

Table 1
Solubility of a-glycine in an ethanol-water mixture at 303.15 K.

T (K) R (g ethanol/g water)  C (RLR)

(g glycine/g solution)

C (dry extract)
(g glycine/g solution)

333.15 0.000 0.219 0.212
333.15 0.025 0.202 0.197
333.15  0.050 0.186 0.182

Table 2

Dissipated power.
Level/Pulsations w) (W/kg)
3 (100%) 13 89
5 (25%) 8 55
5 (50%) 11 75
5 (75%) 13 89
5 (100%) 29 190
7 (100%) 41 271

Glycine is the smallest and simplest of the amino acids. It allows the
body to synthesize many proteins, especially in the skin and muscles. It
is one of the molecules found in more than 100 specialties like cataract
treatment, subcutaneous rehydration and parenteral nutrition). It pre-
sents three polymorphs: a-glycine, B-glycine and y-glycine. At room
temperature, the y-glycine is the most stable [15,16]. It is soluble in
water and insoluble in ethanol. The crystallization of glycine assisted by
ultrasound has been the subject of few studies. Previous works on
cooling crystallization of glycine with ultrasound in aqueous phase
showed that a purer crystalline phase is formed with more regular faces
with moderate ultrasonic [17] and a decrease of the induction time
when the ultrasonic power increases [18]. The effect of high frequency
ultrasound (between 1 and 10 MHz) on the nucleation and growth of
glycine has been explored by Lyczko et al. [19]. They showed that ul-
trasound only promotes a-nucleation and completely inhibits - and -
nucleation in the system glycine-water.

In our work, the crystallization of a-glycine by addition of an anti-
solvent (ethanol) assisted by ultrasound is studied. Effects of ultrasonic
power, addition rate and pulsed cycle application on the particle size
distribution and crystallization have been studied.

2. Materials and methods

Pure a-glycine (GPR RECTAPUR, 99.9% purity), ethanol (NORM-
APUR) for the crystallization experiments and ethanol (TechniSolv
96%) to wash crystals were purchased from VWR CHEMICALS.

2.1. Crystallization experiments

The setup used for batch experiments is shown in Fig. 1. It is similar
to the one used in a previous work [20]. It consists of a jacketed cy-
lindrical vessel with a diameter of 0.056 m, stirred with a magnetic bar.
The height of liquid at the end of experiment is 0.06 cm. The maximal
volume corresponding to this height is 150 ml. A thermocouple con-
nected to a temperature control system (connected to a LAUDA RC 20
CP) permits to maintain the temperature constant throughout all the
experiment. The temperature control system is provided by a computer-
controlled LAUDA RC 20 CP thermostat bath. For the sonocrystalliza-
tion, an ultrasonic horn of 1 cm tip diameter controlled by VibraCell
Bioblock Scientific generator is always positioned at the same height
(0.02 m from the bottom of the reactor). The frequency of the generator
is 20 kHz with a power range of 13-43 W.

A solution of concentration 0.27 kg a-glycine/kg water is prepared
at 308.15K (5K above the temperature of saturation). This solution is
then cooled at 303.15K.

Once the temperature is stabilized at 303.15K, ethanol is added at a
constant flow rate by means of a syringe pump (PHD 2000 infusion) and
a 20 ml disposable syringe (TERUMO®). The injection of ethanol is
carried out close to the ultrasound probe tip. The addition rate varies
between 0.05 and 0.36 g of ethanol/min.

During the course of the experiment, samples are taken and filtered
with syringe filters (0.2 pm).

Some experiments are performed three times in order to verify re-
peatability.



The refractive index of the filtrate is measured. The measurement of
refractive index of solution permits to follow the concentration of gly-
cine (Cgycine) all along the experiment. A calibration curve is de-
termined for a mass ratio R and a concentration of a-glycine ranged
respectively between 0 and 0.05 g ethanol/g water and 0 and 0.191 g a-
glycine/ g solution at 303.15K.

ggl lycine

Cx - giyeine (RI, R)[ ] = —7.2091 + 5.4121RI — 0.2547R

ey

8solution

where RI is the refractive index measured at reference temperature of
293.15K.

The supersaturation ratio (S) is calculated by the ratio of C,.
glycine(RI, R) and Cq.giycineseq(R,T). Co-glycineseq i the equilibrium con-
centration of a-glycine measured for this study as function of mass ratio
of ethanol at 303.15K.

At the term of the crystallization experiments, the resulting sus-
pension is filtered and the solid is washed with ethanol, then dried in a
stove (Hereaus) at 333.15K. The crystals are characterized by their
final size distributions measured by laser granulometry and their
morphologies are observed by scanning electronic microscope (Hitachi
TM3030 SEM). In order to verify the crystalline structure, an analysis
by differential scanning calorimetry (DSC, Q200 TA Instrument) with a
heating rate of 5 K/min between 293.15 and 473.15 K are conducted in
a crimped aluminum pan [15].

The influence of ultrasonic power (continuous or pulsed modes),
measured by calorimetry method, is studied for different addition rates
of ethanol. The limit supersaturation ratio Sj,;; and the beginning of
crystallization (time between S =1 and Sjmi) are followed and ob-
served.

2.2. Solubility determination

Different solubility data of a-glycine in water or alcohol aqueous
mixtures as a function of temperature and solvent composition are
given in the literature [21]. In order to calculate the supersaturation
ratio in crystallization operating conditions, the equilibrium con-
centration of a-glycine in water, C, . giycine,eq, is measured at 303.15K for
three mass ratio of ethanol 0, 0.025 and 0.05 g ethanol/g water in the
crystallization experimental set up. An excess of a-glycine solid is

Table 3
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Fig. 3. DSC analysis of three samples: raw material (right y-axis), glycine
crystallized without and with ultrasound (left y-axis) for a mass ratio of 0.05.

introduced in water at 303.15 K. The suspension is stirred at 900 rpm
during 24 h. Samples are taken and filtered with syringe filters. The
refractive index of filtrate is measured as a function of time.

3. Dissipated power

Temperature measurements are performed during the application of
ultrasound in the crystallization vessel. The vessel is filled with 150 g of
water and the jacket is empty in order to thermally insulate the system.

An energy balance leads to:

—1

o hs t+C

hS e mwater CPyater
hS (2)

_ Qstirring + Qultrasound

(Twaler - Tair) =

with Ty, being the temperature of laboratory (K), Ty the tempera-
ture of water (K), h the thermal transfer coefficient between air and
water (n%)’ Qm-m»ng and Qasound the power dissipated respectively by

Operating conditions of the crystallization experiments performed at 303.15 K with a mass ratio of 0.05 g ethanol/g water, the initial concentration of glycine was

0.27 kg a-glycine/kg water.

Addition rate of ethanol Ultrasound Time of experiment (min) das Beginning of crystallization (min) Slimit
(g/min) (um)
Dissipated power (graduation) Ultrasound on (%)

0.05 0 0 120 143 100 1.095
0.09 0 0 120 145 68 1.130
0.19 0 0 120 186 37 1.130
0.36 0 0 120 168 18 1.133
0.18 13 (3) 100 120 90 31 1.108
0.19 41 (7) 100 60 21 1.075
0.04 28 (5) 100 120 75 40 1.035
0.09 28 (5) 100 120 167 45 1.083
0.19 28 (5) 100 120 126 27 1.100
0.36 28 (5) 100 120 96 11 1.081
0.18 8 (5) 25 120 116 31 1.107
0.18 13 (5) 75 120 122 33 1.124
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Fig. 4. Supersaturation ratio as a function of time for different addition rates
and a mass ratio of ethanol in water of 0.05 g ethanol/g water in silent con-
dition (a) and with a dissipated power of 28.3 W (b). The full lines represent the
theoretical supersaturation ratio in absence of crystallization. The dotted lines
are drawn to show the trends. a- in silent condition (empty square marker
0.36 g ethanol/min, empty diamond marker 0.19 g ethanol/min, empty circle
marker 0.09 g ethanol/min, empty triangle marker 0.046 g ethanol/min). b-
with dissipated power of 28.3 W (filled square marker 0.36 g ethanol/min,
filled diamond marker 0.19 g ethanol/min, filled circle marker 0.09 g ethanol/
min, filled triangle marker 0.046 g ethanol/min).

the stirrer and by ultrasound (W), m,yqr, the mass of water (kg), Cp,q;.r

. J
the heat capacity of water (kg—K)

The coefficient h and the stirring power Qst,-,,ing are determined with
experiments respectively without stirring and without ultrasound and
with stirring and without ultrasound.

4. Results
4.1. Solubility

The Fig. 2 presents the evolution of a-glycine concentration as
function of time during the solubility measurement at 303.15K for a
mass ratio of 0.05g ethanol/g water. The liquid—solid equilibrium is
reached very rapidly because the concentration very slightly changes
over time between 0 and 1440 min (as each sampling has to be taken
into account in the mass balance). In this operating condition, the
equilibrium concentration is equal to 0.186 = 0.001 g glycine/g so-
lution.

The solubilities of a-glycine measured at 303.15K in three ethanol
water mixtures are reported in Table 1. The glycine concentrations
calculated from the refractive index are compared to those measured by
dry extract. A good agreement is observed between these two methods.
According to the literature, the solubility of a-glycine decreases with
the mass ratio ethanol-water [21,22]. Moreover, these a-glycine solu-
bility data are in agreement with those available in the literature data
(298 and 313K, and 0.053 g ethanol/g water) [22].

The concentrations given in the rest of document are estimated from
the measurement of the refractive index.

4.2. Dissipated power

The measured dissipated powers by ultrasound are reported in
Table 2 in W and in W/kg solution as function of the level of gradua-
tion. The measured dissipated powers are ranged between 8 and 41 W
(or 55 and 271 W/kg solution). During an operation of crystallization, it
is important to use moderate power in order to control the temperature,
and by that way, the supersaturation. Pulsed ultrasound is used in order
to reduce the energy consumption. A thermal transfer coefficient h of
10.5 4 is found. Since the transfer coefficient h is small, it can be
assumed that the system is adiabatic. The power dissipated by agitation
(0.07 W), is negligible compared to the power dissipated by ultrasound.

4.3. Crystallization experiments

Operating conditions of the experiments are reported in Table 3.
The initial concentration of glycine in water (0.27 g glycine/g eau), the
temperature (303.15K) and the final mass ratio of ethanol in water
(0.05 g ethanol/g water) are constant for all experiments. The influence
of four addition rates of ethanol, three dissipated powers and two
pulsed at one graduation on the particle size distributions and super-
saturation ration profiles have been studied.
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Fig. 5. SEM images of resulting crystals obtained with different addition rates and a mass ratio of ethanol of 0.05 g ethanol/g water.

To identify the form of glycine crystallized (y or a), DSC analyses
have been made. The presence of an endothermic peak around 441 K
corresponds to the phase transformation of y-glycine to a-glycine [23].
The Fig. 3 presents the thermograms obtained for three solids (raw
product, glycine crystallized with and without ultrasound). The absence
of an endotherm means that the pure metastable a-form is obtained
whatever the operating conditions. Ultrasound doesn’t modify in this
case the crystalline structure.

4.3.1. Influence of flowrate

Four addition rates of ethanol have been tested in silent condition
and with a dissipated power of 28 W. Profiles of supersaturation ratio,
morphologies and size distributions of final crystals and limit super-
saturation ratio Sy in silent condition and with a dissipated power of
28 W are reported in Fig. 4 to Fig. 5. For each experiment, three phases
are observed. In the first phase, logically, the supersaturation ratio in-
creases linearly with time due to the addition of ethanol. During this
phase, no crystallization occurs. A decrease of this supersaturation ratio
for S = Sjimic is then observed in a second phase due to the crystal-
lization (nucleation and growth) of a-glycine. A plateau is attained in
the last phase: S tends toward 1. The solution is considered saturated.
The limit supersaturation ratio (1.13 without ultrasound and 1.08-1.10
with ultrasound) does not depend of the addition rate of ethanol ranged
between 0.09 and 0.36 g ethanol/min (Fig. 4). This maximal super-
saturation ratio is lower (1.09 without ultrasound and 1.04 with ul-
trasound) at low addition rate 0.05g ethanol/min. In term of me-
tastable zone width, it increases when the addition rate increases in
silent conditions and with ultrasound. With the same flowrates, this
width decreases when ultrasound is applied.

Some information on nucleation can be deduced from the me-
tastable zone width as function of the addition rate of ethanol by
plotting the logarithm of the total amount of ethanol per water (Methanol
in kg ethanol/kg water) added as function of addition rate riypgno (kg
ethanol/kg water/s) according to the Nyvlt model [24,25]:

— dCe, .
ln(methanol) = [1 nln( . q) - %ln(kN)] + %ln(memanol)- The slope

n Myater dR

and the Y-intercept of the straight line obtained give the nucleation
parameters n and k,, (miy = kyAC") or complex functions m and K of
both nucleation and growth kinetics parameters if the first crystals are
not detected immediately. Values of n (or m) and ky (or K) are re-
spectively equal to 2.4 and 12.5kg ethanol/kg water/s in silent con-
ditions and 2.7 and 366.2kg ethanol/kg water/s with ultrasound
(28 W). The nucleation order values are in agreement with values
ranged between 2.47 and 2.65 found by Bazi et al. for the Dolder®
glycine obtained by antisolvent crystallization [16]. By considering that
the crystals are detected immediately, the nucleation rate increases in
presence of ultrasound.

The resulting crystals are smaller, and the crystal size distributions
are narrower when ultrasound is used (Fig. 6). The images obtained by
SEM are in agreement with the particle size distribution (Fig. 5). The
size distributions of crystals obtained in silent condition are very large
but few effects on mean volume diameter d, 3 are observed as function
of the addition rate. In presence of ultrasound, an increase of d, s is
observed with the addition rate (between 0.04 and 0.09 g/min), which
is in agreement with the works of Vishwakarma et al. [26] and is due, in
our case, to agglomeration and a decrease of this diameter with addi-
tion rate (between 0.09 and 0.36 g/min). No agglomerates were ob-
served at 0.19 and 0.36 g/min. At low addition rate, ultrasound seems
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Fig. 6. Size distributions of resulting crystals for the experiment conducted in
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0.36 g ethanol/min, filled diamond marker 0.19 g ethanol/min, filled circle
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Fig. 7. Supersaturation ratio as a function of time for the experiment conducted
with an addition rate of 0.19 g ethanol/min in silent condition and with ul-
trasound (13, 28 and 40 W). Filled square marker 40 W, filled diamond marker
28 W, filled triangle marker 13 W and empty diamond marker 0 W.

to favor agglomeration.

4.3.2. Influence of dissipated power

The Fig. 7 presents the supersaturation ratio for a mass ratio of
ethanol/water of 0.05 as function of time in silent conditions and with
three dissipated power: 13, 28 and 40 W; for an addition flowrate of
0.19 g/min, Sjm;; decreases in presence of ultrasound that is equivalent
to a narrower metastable zone width. However, no difference is ob-
served between experiments conducted with an ultrasonic power of 13
and 28 W. At 40 W, the decrease of supersaturation is faster, and the
crystallization is finished at 40 min instead of 80 min (at 13 and 28 W)
or 120 min without ultrasound. These observations suggest that an in-
crease of power linked with cavitation effects induces an increase of
nucleation and growth rates in agreement with previous results [26].
The shape of crystals obtained at 13 W is less regular than the shape of
those obtained without ultrasound or at 28 W (Fig. 8). Lots of ag-
glomerates are observed at 13 W.

Crystallization by anti-solvent effect is very sensitive to the mixing
between the solvent and the solution, and the effect of mixing intensity
on the properties of the crystals is well-known even in standard crys-
tallization conditions: a good mixing allows to avoid high-super-
saturation local spots in the vessel, and for example, the position of
ethanol addition itself is known to influence the crystal size distribution
[27]. In the present experiments under silent conditions, a rather poor
mixing is expected, resulting in large local supersaturation gradients,
which yield in turn very dispersed crystal sizes. Cavitation is known to
enhance mixing either by acoustic (macroscopic) streaming, acting as if
additional mechanical stirring were present [28-35], or by micro-
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Fig. 8. SEM images of the resulting crystals obtained with an addition rate of
0.19 g ethanol/min and a mass ratio of ethanol of 0.05g ethanol/g water in
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Fig. 9. Size distributions of resulting crystals for the experiment conducted with
an addition rate of 0.19 g ethanol/min in silent condition and with ultrasound
(13 and 28 W).

streaming caused by bubble spherical and/or non-spherical oscillations
[36-38], and bubble jetting [39-41]. Thus, under ultrasound, the in-
tense cavitation near the sonotrode tip may enhance mixing and smooth
out spatially the supersaturation, producing a narrower crystal size
distribution as evidenced in Fig. 9. It should be noted that the latter
figure also shows that crystals obtained at 13 W are slightly smaller
than at 28 W, with a comparable dispersity. This trend is opposed to
what is usually observed in sono-crystallization by cooling [14], and
suggests that this result might also be attributed specifically to mixing
effects. Whether the latter is connected with nucleation, growth or
agglomeration remains to be explained.

From these experiments, we can conclude that ultrasound has an
influence on the crystallization rate (nucleation and growth rates) due
to the fact that for the same profile of de-supersaturation, two different
size distributions are obtained. For a dissipated power ranged of 13 W
(minimal power), a mean volume diameter d, 5 of 90 um is observed
and for 28 W a value of 126 uym is obtained. The rate of de-super-
saturation is higher in presence of ultrasound inducing a higher nu-
cleation rate or a higher growth rate or both. From experimental re-
sults, modeling of crystallization will permit to conclude on
crystallization rates.

4.3.3. Influence of pulsation

Experiments with pulsed ultrasound are conducted with a mass ratio
of 0.05 g ethanol/g water and an addition flowrate of 0.19 g ethanol/
min: 50 on/50 off and 25 on/70 off equivalent to a dissipated power of
13.4 and 8 W. Results on morphology an in size distribution of crystals
are compared to results obtained with continuous application of ul-
trasound (Figs. 10 and 11). The size distributions and the profiles of
supersaturation ratio are identical (not shown) whatever the operating
conditions. The pulsed ultrasound condition (50 on/50 off) seems to be
interesting as similar results are obtained: comparable size distributions
and reassembling concentration profiles. However fine crystals (nee-
dles) are observed in the case of pulsed ultrasound at low power like
without ultrasound (Fig. 5).
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Fig. 11. Size distributions of resulting crystals for the experiment conducted
with continuous ultrasound (28 W) and pulsed ultrasound of 13 W (on 50/off
50) and 8 W (on 25/0ff 75).

5. Conclusion

In this work, the feasibility of a crystallization of glycine by anti-
solvent effect assisted by ultrasound is shown. At the operating condi-
tions tested, the metastable form of glycine (a-form) is generated.
Ethanol addition rates and ultrasound can modify the starting point of
the crystallization, the maximal supersaturation ratio (lower super-
saturation) and the crystal size distributions (obtained crystals are
smaller which may mean a higher nucleation rate). An identification of
nucleation kinetic parameters confirms that the nucleation rate in-
creases in presence of ultrasound.
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