Ultrasonics - Sonochemistry 69 (2020) 105276

Contents lists available at ScienceDirect

Ultrasonics - Sonochemistry

journal homepage: www.elsevier.com/locate/ultson

Evaluation of different cavitational reactors for size reduction of DADPS

Check for
updates

Sarvesh S. Sabnis”, Rakshit Raikar”, Parag R. Gogate™*

# Chemical Engineering Department, Institute of Chemical Technology, Matunga, Mumbai 40019, India
b Chemical Engineering Department, Siddaganga Institute of Technology, Tumkur 572101, Karnataka, India

ARTICLE INFO ABSTRACT

The present study deals with the size reduction based on the recrystallization (antisolvent approach using water)
of 3,3’-Diamino Diphenyl Sulfone (DADPS) using different types of cavitational reactors as an alternative to the
conventional process of mechanical size reduction, which is an energy intensive approach. Ultrasound was
applied for fixed time specific to the reactors namely ultrasonic probes at different power dissipation levels and
also ultrasonic bath. A High Speed Homogenizer was also used at varying speeds of rotation to establishing the
efficacy for size reduction. The processed sample was analysed for particle size and morphology using particle
size analyser and optical microscopy respectively. The final yield of recrystallization was also determined. The
power density in W/L and power intensity in W/m? calculated for each equipment has been used to establish
efficacy for size reduction since all devices had dissimilar configurations. Based on the studies of varying power
intensity of the different US equipment, it was established that larger the power intensity and power density,
smaller was the resultant final particle size after treatment for same time. Among the various ultrasonic devices
used, Sonics VCX750 probe yielded the best size reduction of 85.47% when operated at 40% amplitude for
60 min for a volume of 200 ml. A High Speed Homogenizer used at 7000 rpm gave 92.35% of size reduction in
15 min operation and also demonstrated the best energy efficiency. The work has elucidated the comparison of
different cavitational devices for size reduction for the first time and presented the best reactors and conditions
for the desired size reduction.
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1. Introduction

3,3’-Diamino diphenyl sulfone, also known as DADPS or DDS, is a
curing agent in epoxy resins and a crystalline organic compound having
molecular formula of C;5,H;5N50,S and a molecular weight of 248 with
white to light yellow colour and melting point range between 168 °C
and 175 °C [1]. It is also an intermediate in the production of heat-
resistant resins, polysulfones and other polymers. The range of appli-
cations also require the particle of DADPS to be within a specific size
range directing the use of reprocessing approaches for achieving the
desired size reduction. It is also required to reduce the particle size of
DADPS because, particulate nature of DADPS creates difficulty in
proper dispersion in the host resin/polymer (resulting in a non-homo-
genous situation), and this can result into non-uniform behaviour of the
resin/polymer.

The term ‘size reduction’ is applied wherever solid particles are cut
or broken in to smaller pieces. Most of the mechanical methods used for
size reduction fall into one of the following categories based on me-
chanism: compression (for coarse reduction of hard solids, to give re-
latively few fines); impact (gives coarse, medium or fine products);
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attrition (yields very fine products from soft, nonabrasive materials);
and, cutting (gives a definite particle size and sometimes a definite
shape, with few or no fines) [2]. A major drawback is that all these
approaches are highly energy intensive and may not yield desired size
distribution, and there may be large variations in particle sizes and
shapes. Also, when it comes to size reduction in a solid-liquid mixture
or a slurry, the above mentioned methods may not be able to yield
expected outcomes. Also, the aim in any reprocessing is not to hamper
the crystalline structure and any kind of mechanical operations would
disturb this structure, hence are not the best choice.

DADPS recrystallization and size reduction using antisolvent ap-
proach wasn’t reported until very recently. Antisolvent crystallization
approach offers an inherent advantage in the elimination of thermal
energy required in evaporative crystallization and hence avoids any
negative effects on heat sensitive materials. DADPS changes its colour
(from pale yellow to light brown) when heated beyond 80 °C and in any
crystallization or reprocessing it is always advisable to not heat this
compound or its solution beyond 70 °C. In our earlier work [3], ultra-
sound was effectively used for size reduction of DADPS during its re-
processing based on antisolvent crystallization, though using a fixed
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geometry of ultrasound equipment. It was reported that the size of
DADPS was reduced to about one third original size due to US treat-
ment under best treatment conditions. XRD analysis also confirmed an
improvement in percent crystallinity accompanying with reduction in
crystal size. Further literature analysis revealed that no work has been
reported on size reduction of the same material using ultrasonic
equipment of different configurations. There are multiple studies
available on ultrasound assisted size reduction or ultrasound assisted
crystallization using a fixed configuration of US source. For example,
Dennehy [4] explained that sonocrystallization is technique within the
‘Toolbox’ and one of the few methods available for chemists and en-
gineers for exerting control over particle size using generally applied
configurations of horn or bath [4]. Franco et al. [5] reported that ul-
trasound is an effective way for reducing the particle size of kaolinite in
the size range of 0.1 pm to 30 um to a size mostly lower than 5 pm after
sonication of 10 h using an US horn along with retention of crystallinity
and lamellar morphology. Lo$ et al. [6] studied the cleavage and size
reduction of graphite crystals using ultrasound and reported beneficial
results of reduction in the size of final processed samples. In an another
study, it was reported that carbon black pigment, used in UV inks, of an
initial size of 10 pm was reduced to an order of 50 nm using ultrasonic
horn between the frequency range 20-30 kHz [7]. Sumari et al. [8]
treated a slurry of 1% (w/v) of cellulose fibres with ultrasonic horn
operated at 300 W and 28 kHz and found that the fibre length reduced
from 80-120 um range to 30-50 um after 1 h sonication. Yamaguchi
et al. [9] used different ultrasound probes over the frequency range of
43-480 kHz for size reduction of liposome and concluded that short
durations of low frequency and high power ultrasound is more efficient
than long-duration of high frequency operation. The observed results
were attributed to the fact that small number of cavitation events with
stronger physical effects of disturbance (at low frequency operation) are
more efficient than the large number of cavitation events with weaker
physical effects. The analysis clearly revealed that studies have dealt
with same configuration of the ultrasonic reactors confirming the no-
velty of the current work.

Use of ultrasound for improving the antisolvent crystallization has
also been demonstrated mainly for pharmaceutical compounds [10,11].
Ultrasound is a proven way of achieving faster and uniform primary
nucleation at lower supersaturation levels and also leads to reduction of
agglomeration. Due to the use of ultrasound, a destruction of boundary
layers between the liquid-solid interface occurs at faster rates with
improvements in mass and heat transfer, which promotes the onset and
progress of crystallization. The cavitation bubble collapse induced by
ultrasound releases high amount of energy in terms of pressure, tem-
perature and shock wave. Local release of energy helps in attaining
supersaturation favourably inducing primary nucleation [12]. Cavities
implode near the formed crystals, due to which the solid agglomerates
break and result into smaller particles. Patil et al. [13] studied the effect
of ultrasonication on the antisolvent crystallization of high energy ex-
plosive materials and reported that ultrasound (ultrasound bath of
120 W and 20 kHz frequency) can be successfully applied to control the
mean size and size distribution with an increase in the final mass yield.
Work has also been reported for obtaining drug particles with opti-
mized size and morphology from the melt and also from solution by
applying sonocrystallization [14]. Sonocrystallization was also shown
to enable significant reductions in the processing times and result in the
generation of better quality crystals [15].

Hydrodynamic cavitation is the process of cavitation bubble gen-
eration and growth that occurs in a flowing liquid as a result of a de-
crease and subsequent increase in local pressure based on alterations of
geometry [16]. In pipe systems, cavitation typically occurs either as the
result of an increase in the kinetic energy (through an area constriction)
or an increase in the pipe elevation. Traditionally, hydrodynamic ca-
vitating devices such as various types of venturies, orifices are not used
for solid handling because of blockage problems. Even though a high
speed homogenizer works on the principle of hydrodynamic cavitation,
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it has not been reported for solid handling operations to the best of our
knowledge. The present work explored the use of high speed homo-
genizer based on this finding and the fact that configuration was able to
handle solids.

In this work, ultrasonic (especially probe based) devices operated
individually and in combinations have been used and based on the
analysis of the same, dependency between ultrasonic power intensity
and size reduction is established. Also, a High Speed Homogenizer
(HSH), employing hydrodynamic cavitation is evaluated for size re-
duction feasibility. The only use of hydrodynamic cavitation (orifice)
for size reduction has been reported in the case of natural cellulose
fibres [17]. The application of HSH in the current work is based on the
hypothesis that comparatively larger slits in the homogenizer (due to a
certain arrangement of rotor and stator) than venturi/orifice type de-
vices may not create blockage problems. An overview of the literature
showed that comparison of different ultrasonic equipment for their
effectiveness in size reduction and antisolvent crystallization hasn’t
been evaluated. Most studies have dealt with using a fixed configura-
tion and focused on understanding the effects of operating conditions.
Overall, the novelty of current work dealing with the use of different
ultrasonic reactors and HSH as hydrodynamic cavitation device is
clearly established. In addition for each reactor, important operating
parameters were varied to study the effect on the size reduction, also
enabling establishing the best treatment conditions.

2. Materials

DADPS was procured from The Dharamsi Morarji Chemical
Company Limited, Mumbai, India. Methanol (LR grade), obtained from
Thomas Baker Pvt. Ltd, Mumbai was used as the solvent. Distilled water
was used as antisolvent to crystallize DADPS from its solution in me-
thanol. Distilled water was prepared freshly in the laboratory using
Borosil distillation apparatus.

3. Experimental methodology
3.1. Energy efficiency, power density and power intensity

One of the most important aspect to be addressed for every sono-
chemical process with potential industrial application is the efficiency
in terms of transfer of applied energy into net effects. Cavitational in-
tensity is strongly influenced by the physical and chemical properties of
the solvent, treatment conditions and ultrasonic irradiation character-
istics [18,19]. From the concept of true and false sonochemical pro-
cesses, there are two types of applications of ultrasound, namely, those
based on the chemical effect (sonochemistry) and those based on the
physical effects generated by bubble collapse (sonoprocessing) [20].
The energy conversion (from electrical to acoustic) being a critical
factor in industrial applications, makes it indispensable for reduction of
electricity requirements for the scaled-up version of sonochemical re-
actors by evaluating their energy balance. But, this is a bit complicated
because of a simultaneous occurrence of mechanical and chemical en-
ergy forms in the reaction medium during sonication [21]. It is even
more rigorous to realistically characterize the energy consumed to
produce cavitation coupled with the thermal, viscous and radiation
losses. Instead, the energy efficiency concept is being generally applied
to determine the energy conversion in terms of the calorimetrically
measured acoustic energy dissipated into the sonicated medium [22].
This seems to be a reliable method to express the performance of so-
noreactors and compare different ultrasonic systems.

Effectiveness of any sonochemical rector is governed by ultrasonic
power dissipated in the reactor. Also, the important ultrasonic para-
meters are not independent, and hence a complex procedure must be
followed for an efficient optimization [23]. In this connection, the two
important parameters that are found to be crucial in the ultrasonic
optimization study are power density i.e. the amount of power
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3.3. Antisolvent crystallization of DADPS

The method followed for antisolvent crystallization has been de-
scribed in details in our earlier work of Sabnis and Gogate [3]. The
solubility of DADPS in methanol was found to be 6 g in 100 ml at 30 °C,
and this concentration was used as the saturated solution for all ex-
periments with distilled water as antisolvent. The addition rate of the
antisolvent in different cavitational reactors (constant for the specific
reactor) was different owing to variation in their capacities as high-
lighted in Table 1. The value of the flow rate used was 4 times the value
of the methanol volume (only considering the numerical values), for
example antisolvent addition rate of 400 ml/min was applied for
Dakshin 200 W reactor and Sonics 750VCX reactor since 100 ml me-
thanol was taken as starting solutions. This addition rate was decided
such that the antisolvent required equal time intervals to enter the
DADPS-methanol solution for each reactor. The idea behind using a
varying flow rate is to maintain the levels of supersaturation constant
based on the varying initial methanol content in the reactor.

In a typical experiment, the solution was initially sonicated for
1 min and with sonication in progress; distilled water was added as
antisolvent to crystallize out DADPS. The applied treatment time was
fixed as 60 min (unless specified otherwise) after trying multiple so-
nication durations from 10 to 90 min in the preliminary studies. While
using ultrasonic horn, a recommended method is to provide a pulsed
input so as to avoid any negative effects (overheating and possible
decoupling/erosion after prolonged use) on the transducer and achieve
a cost savings. Therefore, pulsed input was applied with duty cycle kept
constant at 50% i.e. ultrasound in ON condition for 5 s and OFF for 5 s
in a 10 s cycle for the entire sonication period (the actual irradiation
time will be half of the mentioned overall treatment time). The effect of
power dissipation on particle size was also studied. In the case of HSH,
experiments were performed at varying speed of rotation. After the
crystallization in the presence of ultrasound or HSH for the required
duration, obtained crystallized DADPS was filtered, dried in hot air
oven at 80 °C and subsequently used for characterization.

3.4. Equipment configurations

3.4.1. Ultrasonic probes (horns)

The schematic representation of the horn assembly used in the study
has been depicted in Fig. 1. As mentioned earlier, various ultrasonic
devices such as horns of different power rating and bath with long-
itudinal horn were used in the current study . Ultrasonic horns pur-
chased from two different manufactures namely Dakshin (Mumbai,
India) and Sonics, USA were used. A detailed information regarding
these equipment is given in Table 1whereas the geometry of the probes

Fig. 1. Schematic representation of the experimental setup for recrystallization
of DADPS using a ultrasonic Horn with generator.
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is illustrated in Fig. 2 for a better understanding. The obtained energy
efficiencies for ultrasonic horn type configurations were typically low in
the range of 6 to 15%.

3.4.2. Roop Telesonic Ultrasonix bath

Roop Telesonic Ultrasonix bath having tank dimensions of
350 mm X 120 mm X 200 mm used in the work operates at a rated
power of 1000 W and a frequency of 25 kHz. The resonator dimensions
are diameter of 50 mm and resonator length of 200 mm. The experi-
mentally determined energy efficiency was 23.75%. The actual power
density and intensity were 47.5 W/L and 5932 W/m? respectively.

3.4.3. High speed homogenizer (HSH)

The high speed homogeniser (Snowtech, Process equipment,
Mumbai, India) used in this study has power consumption of 105 W and
is depicted schematically in Fig. 3. It consists of a stainless steel rotor
with 13 blades and a stator with 9 blades which are 3 mm apart. The
rotor is driven by a variable voltage motor having a maximum oper-
ating voltage of 30 V or current of 3.5A. It can be operated at varying
rotational speeds in the range 1000-12,000 rpm. The gap between the
outer diameter of the rotor and the inner diameter of the stator is about
2 mm. The cavitation events are expected to occur downstream of the
stator essentially in all the vertical planar jets i.e. slots between the
stator blades. Energy efficiency of this HSH has been reported as 43% at
8000 rpm in a previous study [28]. Here, the total volume of DADPS-
methanol solution + water was 400 ml taken in a 1000 ml beaker for
treatment at different rotation speeds of 3750, 7000 and 10,000 rpm for
15 min (preliminary studies with 30 min indicated that there was no
further size reduction beyond 15 min and hence 15 min was fixed as the
treatment time). As hypothesized earlier, no blockage issues persisted
during the operation.

3.5. Operational details for cavitational reactors

For experiments involving ultrasonic horn 1 (Table 1), the tip was
dipped to 5 mm ( about 6 cm from bottom of beaker) into solution of
known concentration of DADPS dissolved in methanol taken in a glass
beaker of 250 ml capacity. No agitation was provided as ultrasound can
sustain the required mixing at this operating volume. For ultrasonic
horn 2 (Table 1), the tip was dipped up to a 2 cm from the bottom of the
reactor of volume 500 ml. Sonics VCX 1500HV probe (horn number 3)
being much bigger, and could process larger volumes, was used in a
2.5 1 reactor and was fixed at a height of 5 cm from the bottom.

In the experiments conducted using ultrasonic bath (Roop Telsonic
Ultrasonix), the total volume used was 4 1 and 5 1 with agitation using a
single pitched blade turbine impeller with four blades and 40 mm
diameter operated at 500 rpm. Stirring was used so that the entire
mixture could come in the vicinity of the resonator by proper mixing.
For the combination approach involving both ultrasonic horn and bath
as shown in Fig. 4, the reactor was kept in such a way that the level of
the coupling fluid i.e. water was well above the level of mixture .
During this, the probe depth was same as mentioned above for horn
number 3. Another experiment was conducted at the same operating
conditions, but without using the horn to evaluate the effect of indirect
sonication in the case of ultrasonic bath.

For the experiments involving HSH, a 1000 ml beaker was used
which contained 400 ml of mixture. HSH was dipped into the mixture
up to the level of submergence of the stator, so that the vertical liquid
jets could produce the desired effects.

3.6. Analysis of particle characteristics

Shimadzu SALD 7500 particle size analyser (measurement range of
10 nm-800 pm) was used for the particle analysis. This particle size
analyzer uses laser diffractometry based on the principle that laser
beam when incident on the particle, gets diffracted at a specific angle
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Fig. 2. Schematic representation of geometries of ultrasonic horns used for the study- Dakshin (200 W), (b) Sonics VCX 750, (c) Dakshin 250 W (cascade probe), (d)

Sonics VCX 1500 HV (cascade probe).
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Fig. 3. Schematic diagram of setup and crosssectional view of High Speed Homogenizer (HSH) applied for recrystallization of DADPS.

iy

Fig. 4. Schematic representation of the experimental setup for treatment using
a combination of ultrasonic bath and horn.

depending on the size of the particle.

Olympus 51X-TF optical microscope was used to study the crystal
shape and morphology of the DADPS crystals obtained after treatment
using different cavitational reactors. Analysis of untreated DADPS was
also performed for the sake of comparison. Objective lenses of 4X, 10X,
40X and 100X magnification were used for the analysis, though only the
best results have been illustrated in the form of figures in the discussion.

4. Results and discussions
4.1. Results for energy efficiency, power density and power intensity

Besides the obtained particle shape and size, energy efficiency and
power intensity are the main parameters to quantify the efficacies of
different ultrasonic devices. The obtained results for the energy effi-
ciency, power density and power intensity as calculated from Egs.
(2)-(4) are depicted in Table 2. For the sake of uniformity, all the ex-
periments for calorimetric power dissipation studies were performed at
a duty cycle of 50%, except ultrasonic bath, where no such provision
was available.

The calculated energy efficiencies, energy densities and power in-
tensities of all the US equipment are tabulated in Table 2. Energy
density has been calculated in terms of the volume of mixture taken for
each ultrasonic reactor that has yielded the best size reduction. Ac-
cordingly, reactors that can handle lager volumes in a single experiment
have lower energy densities than those handling lesser volumes. It can
be seen that the equipment with single radiating surfaces (1 and 3) have
greater power intensity because of a smaller surface area. The ultra-
sound bath with the longitudinal resonator has the least power intensity
because of large surface area of the resonator. The equipment num-
bered 2 and 4 are cascading probes i.e. with multiple radiating surfaces.
This results into an increase in the radiating surface area resulting into a
somewhat lower power intensity. It is also important to note that both
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Table 2
Energy efficiency and power intensity of the ultrasonic equipment used.

Ultrasonics - Sonochemistry 69 (2020) 105276

Sr No Equipment Calorimetric Efficiency, n (%) Power Density, PD (W/L) Power Intensity, PI (W/m?)
1 Dakshin (200 W) 6.9 43.12 64.996 x 10°
2 Dakshin (250 W) 14.7 54 57.203 x 10°
3 Sonics VCX 750 (750 W) 7.71 115.65 174.303 x 10°
4 Sonics VCX 1500HV (1500 W) 13.4 80.4 105.442 x 10°
5 Roop Telesonic Ultrasonix (1000 W) 23.75 47.5 5.932 x 10°
T 20
-
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Fig. 5. Microscopic image of original untreated DADPS sample at 4X and its Particle size distribution (PSD).
Table 3 60 mm x 120 mm. Initial methanol volume taken for the study was
Particle size analysis of original/untreated DADPS. 100 ml and subsequently antisolvent as water was added. The ultra-
Sample Mean (um) 259% (um) 50% (um) 75% (um) SD (um) sound paramet(?rs. and obta}med.partlcle. size results are shown in
Table 4. The minimum particle size obtained was 13.5 um at 140 W
DADPS 67.03 39.84 65.86 122.34 0.32 power and duty cycle of 50%. When compared to original DADPS

power density and the power intensity play a role in deciding the net
effects as also reported by Sivakumar and Pandit [23] for the de-
gradation of Rhodamine B.

4.2. Particle size characterization

4.2.1. Original DADPS sample

The 4X image of the original DADPS sample obtained using optical
microscope is given in Fig. 5 along with its particle size distribution.
The crystal structure of the captured DADPS sample is found to be non-
uniform and uneven as established by the microscopic image. The mean
particle size of DADPS sample was found to be 67.029 um (Table 3)
with a wide particle size distribution as evident from Fig. 5. Also, the
presence of particles of different shapes and sizes makes the PSD multi-
modal.

4.2.2. Treatment using Dakshin horn (200 W as rated power)
For the use of Dakshin horn (200 W), single batch volume used was

sample, the percent size reduction was found to be 79.86%.

4.2.3. Dakshin horn (250 W as rated power)

As this was a cascading type of probe, it was operated at relatively
larger total volume of 400 ml in a 500 ml beaker with dimensions of
75 mm X 142 mm with 200 ml as initial methanol volume. The horn
was operated at the conditions mentioned in Table 4 along with the
obtained particle size results. The minimum particle size obtained was
13.93 pm at 190 W power and duty cycle of 50%. When compared to
original DADPS sample, the percent size reduction was found to be
79.21%. The particle size distribution obtained in this case is wide as
illustrated in Fig 6b. The PSD of the sample and the microscopic image
at 40X magnification are shown in Figs. 6 and 7 respectively.

4.2.4. Sonics VCX750 probe (750 W)

Sonics VCX750 probe operates at a rated power of 750 W and can be
operated at a maximum amplitude of 40% as instructed by the manu-
facturer. A 250 ml beaker with dimensions of 60 mm X 120 mm was
used. Initial methanol volume was 100 ml. The observed energy effi-
ciency was 7.71% and power density was 115.65 W/L at 200 ml op-

200 ml in a 250 ml beaker with dimensions (diameter X height) of erational volume. The horn was operated between 30% — 40%
Table 4
Particle size analysis of DADPS treated using various horns.
US Equipment Time (min) Power (W) DC (%) Yield (%) Mean (um) 10% (um) 50% (pm) 90% (pm) SD (um)
Dakshin horn (200 W rated power) 60 100 50 77.25 22.02 6.14 25.21 30.51 0.26
60 120 50 77.25 19.37 5.73 23.49 28.54 0.26
60 140 50 79.3 13.5 7.52 17.69 32.65 0.28
Dakshin horn (250 W rated power) 60 150 70 78.21 23.74 7.71 26.12 29.89 0.29
60 180 50 76.07 19.04 12.04 24.24 31.39 0.25
60 190 50 75 13.93 8.97 16.03 27.29 0.45
Sonics VCX 750 horn 60 240 50 80.5 28.42 13.92 27.89 31.79 0.24
60 300 50 77 9.74 6.72 10.67 17.34 0.23
Sonics 1500HV horn 20 900 50 82.3 25.08 7.38 21.01 45.91 0.24
20 1050 50 81 20.83 12.75 20.16 34.87 0.36
20 1200 50 80.6 11.30 8.28 13.11 19.08 0.36
Bath + Horn 60 800 + 300 50 77.87 17.31 12.27 18.24 26.68 0.28
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Fig. 6. (a—e): Particle size distribution of DADPS after treatment using different
equipment.

amplitude which totals to around 225 W — 300 W input power. The
power intensity calculated was 174303 W/m? at 40% amplitude i.e.
300 W power. The obtained particle size results are given in Table 4.
The average particle size obtained was 9.74 um at 300 W power and
duty cycle of 50%. When compared to original DADPS sample, the
percent size reduction was found to be 85.47%. The particle size dis-
tribution is shown in Fig. 6¢c. In this case, higher power led to lower
particle size. Similar trend was also reported in the literature [3,29].

4.2.5. Sonics 1500 V probe (1500 W)
Sonics 1500HV probe can process 2000 ml of volume, at which the
calculated power density amounted to 80. 4 W/L. 1000 ml of methanol

Ultrasonics - Sonochemistry 69 (2020) 105276

was taken in a 3000 ml beaker (152 mm X 210 mm) for treatment. The
horn was operated at different amplitudes as 60%, 70% and 80% at a
fixed duty cycle of 50% for 20 min and the obtained results are men-
tioned in Table 4. It can be seen from presented results that as the
amplitude increased, the particles were reduced to lesser size. The
particle size obtained was 11.30 pm at 80% amplitude or 1200 W
power and duty cycle of 50%. The obtained trends are similar to that
reported by Kumar et al. [30]. When compared to original DADPS
sample, the percent size reduction was found to be 83.13%. The particle
size distribution obtained in this case has been depicted in Fig. 6d.
Unlike other ultrasonic devices, this probe was not operated for 60 min
because of excess heating observed during the operation.

4.2.6. Roop Telesonic ultrasonicx bath (1000 W)

The operating conditions and particle size results for ultrasonic bath
are mentioned in Table 5. Particle size obtained was 32.8 pm at 800 W
power for a processed total volume of 5 1. When compared to original
DADPS sample, the percent reduction was found to be 51.06%, much
lower to that obtained in other configurations of horns. If this volume
were to be reduced to 4 1, at same input power, the final size obtained
reduced to 14.81 um with a net size reduction of 77.9%. This is a clear
indication that larger processing volumes lower the power density and
hence the observed cavitational effects. The power densities calculated
for 41 and 51 as the processing volumes are 47.5 W/L and 38 W/L
respectively. PD for 4 1 volume being better, is considered hereafter. It is
worth mentioning that, even though the bath has the highest calori-
metric efficiency at 23.75%, its dissipated power doesn’t show the ex-
pected outcomes due to its lower power density, clearly illustrating the
importance of power density.

4.2.7. Combination of SONICS VCX750 probe and Telesonic bath

A beaker containing DADPS sample was suspended in the bath and
it was ensured that the water in the bath, which acts as coupling fluid,
completely surrounds the solution taken in beaker. Additionally, ul-
trasonic horn was dipped into the mixture. The ultrasonic irradiation
was carried out for 60 min and the particle size results are mentioned in
the Table 4. The mean particle size obtained was 17.31 um at power
input of 300 W from horn and 800 W from bath. A similar reactor with
same volume when treated using only Sonics 750 horn, gave a mean
size of 9.74 um with a size reduction of more than 85%. In another
experiment, size reduction was assessed with indirect sonication in the
bath, with the help of coupling fluid i.e. water. Here, after treatment of
60 min with 800 W power the final obtained mean size was 35.38 pm.
This undoubtedly indicates that indirect sonication is unproductive as
compared to the direct approach for size reduction. When compared to
original DADPS sample, the percent size reduction was found to be only
74.18%. It can be thus inferred that the combination approach hasn’t
worked well enough in comparison with only Sonics horn when it
comes to particle size. Here again, the main cause could be the indirect
mode of irradiation. On the contrary to the direct use of ultrasonic bath,
the mixture was not in direct contact of the resonator, but the transfer
of energy is by means of a coupling fluid i.e. water. Therefore, the ca-
vitation effects and shockwaves may not be adequate to cause desired
particle breakage. It can be thus established that direct irradiation gives
better results compared to indirect mode of operation.

4.2.8. High speed homogeniser (HSH)

The DADPS sample solution of 400 ml was treated in a 500 ml
beaker having dimensions as 80 mm X 115 mm using High Speed
Homogeniser over a speed range of 3700-10,000 rpm. The obtained
particle size results are given in Table 6. The particle size obtained was
5.13 um at 7000 rpm and at 10,000 rpm the obtained mean particle size
was 8.13 um. The particle size was about 38.86 um when the HSH was
operated at 3750 rpm. Thus, 7000 rpm could be stated as the optimum
speed of rotation for size reduction using a HSH in which a maximum
reduction of 92.35% was found. In a HSH, at very high operation
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(a) Dakshin 200 W — 40X (b) Dakshin 250 W — 40X (¢) Sonics VCX 750 — 40X

(d) Sonics VCX 750 — 100X (e) Sonics 1500HV — 40X () Sonics 1500HV — 100X

(g) Telesonic bath - 40X (h) Telesonic bath - 100X (1) Horn — bath combination - 40X

691

(j) Horn — bath combination-100X (k) HSH 7000 RPM — 100X (1) HSH 10000 RPM — 100X

Fig. 7. Microscopic images of treated DADPS samples.

speeds, the pressure of the liquid flowing through the openings nears driving lower mean sizes at the optimum speed of rotation as 7000 rpm.
the vapour pressure of liquid [31], possibly yielding too much cavita-

tion events leading to cushioning effects and reduces the cavitational 4.3. Effect of ultrasonic power on particle size and shape

effects. The size distribution obtained is wide and multimodal in this

case as shown in Fig. 6e. The vertical liquid jets generated at high speed The present work also depicts the effect of ultrasonic power on the
along with abrasion due to rotor-stator surfaces are responsible for final mean particle size over the range of 50 W to 1200 W using
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Table 5
Particle size analysis of DADPS treated using Roop Telesonic Ultrasonix bath.
Time (min) Volume (ml) Power (W) Yield (%) Mean (um) 10% (um) 50% (um) 90% (um) SD (um)
60 4000 800 84.7 3.99 13.99 26.41 0.29
60 5000 800 85.93 49.16 34.02 51.28 72.69 0.25
60 5000 800 84.22 32.80 25.49 29.68 49.57 0.19
Table 6
Particle size analysis of DADPS treated using High Speed Homogeniser.
Time (min) RPM Yield (%) Mean (um) 10% (um) 50% (um) 90% (pm) SD (um)
15 3750 79 38.61 28.86 39.47 52.83 0.19
15 7000 82.7 5.13 3.26 6.48 10.66 0.41
15 10,000 79.25 8.13 9.75 29.06 57.41 0.44
Table 7

Summary of the best particle size reduction results for DADPS using various US equipment with their power density and intensity.

US Equipment Time (min) Power (W) Yield (%) Mean Size (um) Size reduction (%) Power intensity (W/m?) Energy density (W/L)
TU Bath 60 800 84.7 14.81 77.91 5932 47.5

Dakshin 250 W 60 190 76.07 13.93 79.21 57,203 54

Sonics 1500 W 20 1200 80.6 11.30 83.13 105442.6 80.4

Dakshin 200 W 60 140 80.1 13.5 79.86 64,996 43.12

Sonics 750 W 60 300 77 9.74 85.47 174,303 115.65

different configurations of ultrasonic equipment. As depicted in the
Table 4, it can be seen that generally higher power input is responsible
for giving better size reduction. It can also be interpreted that, there is a
best power dissipation condition for each US reactor such that a
minimum particle size is obtained effectively. In their analysis of so-
nochemical reactors, Kumar et al. [30] inferred that the intensity of
cavitation is directly proportional to the power dissipated or the am-
plitude of oscillation. Thus, higher the power (amplitude), more in-
tensive is the cavitation, acoustic streaming and turbulence which re-
sults in lower size [3,32] based on particle breakage and reduced
agglomeration. Wilhelm et al. [29] studied the effect of power of ul-
trasound in the crystallization of potash alum and reported that higher
power resulted into a lower average crystal size. But, it was also re-
ported that the best power for the desired objective was not the ‘max-
imum power’ that can be dissipated into the system, meaning an op-
timum power specific to equipment exists.

A minute observation of microscopic images presented in Fig. 7,
reveals that low power irradiation for ultrasound yielded a slightly
better crystal shape. This can be clearly seen in Fig. 7 (a, b) which are
the results of power irradiation in the range 100 W-190 W. It is ob-
served that uniform shape crystals are obtained at lower power ranges
whereas, in Fig. 7 (f, g, h, i), distorted shapes with wide size distribution
are visible for higher ultrasonic powers between 300 W and 1200 W.
Such an observation is also reported by Wilhelm et al. [29] attributed to
the fact that enhanced ultrasonic power created more abrasion due to
higher number of cavitation events and hence lesser uniformity was
obtained in crystals of potash alum. Thus, it is important to understand
that the selection of best power will strongly depend on the final re-
quirement in terms of the lower mean size or the uniformity of shape of
crystals and type of size distribution.

4.4. Analysis based on microscopic images

Microscope image comparison shows differences in the morphology
of the crystals. The obtained images for untreated sample and the
treated samples using different approaches have been depicted in
Figs. 5 and 7 respectively. It can be seen that untreated DADPS con-
stitutes of large irregular shapes without any uniformity whereas
DADPS crystallized using antisolvent based approach in presence of

ultrasound shows uniform elongated hexagonal geometry particles
(uniformness depends on the type of equipment and operating condi-
tions) without substantial agglomerations. The crystal edges are also
quite clear and sizes seem to be more or less uniform for the processed
DADPS compared to original DADPS. It was clearly established that
there is clear deagglomeration occurring due to ultrasound. It has to be
also noted that the original DADPS sample at 4X magnification is much
bigger than treated samples at higher resolutions, say 40X and 100X. It
can be also seen that, the samples treated using ultrasonic horns at low
power (100 W-190 W), Fig. 7 (a, b) have a well-defined shape, more or
less hexagonal. A more or less similar shape, but with a wider size
distribution is found for Fig. 7 (c-f) for the DADPS treated using ul-
trasonic horns at higher power. DADPS treated in ultrasonic bath has
distorted shapes (Fig. 7 g,h). These crystal shapes can be attributed to
simultaneous sonication and agitation and lower power density of the
bath. The crystals obtained from high speed homogenizer have a
quadrilateral geometry (Fig. 7 k,1) with a wide distribution as also
evident from the size distribution plot (Fig. 6 €). A minute observation
established that 7000 rpm has given better size reduction compared to
10,000 rpm since both the images are at same magnification. The wide
size distribution in the case of HSH may be a result of intense throttling
effect due to high speed rotor and immobile stator assembly. Such an
assembly does also reduce the time spent by the crystals in the cavi-
tation zone at high rotation speeds leading to lower efficacy.

5. Conclusions

The particle size obtained after treatment of DADPS using different
ultrasonic reactors has been clearly demonstrated to depend on the type
of equipment used. Ultrasonic power intensity and power density were
used as unification criteria for comparison to avoid variations based on
power outputs and geometries of the devices. It was established that
higher power intensity has yielded higher percent size reduction of
DADPS as demonstrated in summary Table 7. In other words, greater
the power intensity, lower is the mean particle size for the processed
DADPS. Also, the microscopic images showed a crystalline structure for
ultrasound treated samples. Another noteworthy aspect of the work is
that, it was clearly established larger ultrasonic power (> 250 W) re-
sulted into to a certain degree of distorted crystals mainly due to
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abrasion. Effect of destructive interference of ultrasound is also ob-
served for the bath-horn combination approach which yields lower size
reduction. Experiments conducted using the High Speed Homogeniser
(HSH) gave the best results if the criteria was only percent size reduc-
tion. Moreover, it has the highest energy efficiency and can process
more amount of sample in a single experiment and also requires lesser
operating duration. Sonics VCX750 and Dakshin 200 W probes prove to
be the best because the treated DADPS crystals have uniform shape and
narrower size distribution coupled with smaller particle size. Of course,
these reactors will have some problems in going for scale up. The ul-
trasonic bath, too, has given some decent results which can be an al-
ternative to US horns for scale-up if the desired size reduction is in with
final size around 15 pm range. Overall, HSH is the best approach for
only size reduction in antisolvent crystallization while ultrasonic horn
at the established best power condition is superior when it comes to
obtaining desired crystal properties in terms of morphology and size
distribution.
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