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Ultrasonic micro-reactors are frequently applied to prevent micro-channel clogging in the presence of solid ma-
terials. Continuous sonication will lead to a sizeable energy input resulting in a temperature increase in the flu-
idic channels and concerns regarding microchannel degradation. In this paper, we investigate the application
of pulsed ultrasound as a less invasive approach to prevent micro-channel clogging, while also controlling the
temperature increase. The inorganic precipitation of barium sulfate particles was studied, and the impact of the
effective ultrasonic treatment ratio, frequency and load power on the particle size distribution, pressure and
temperature was quantified in comparison to non-sonicated experiments. The precipitation reactions were per-
formed in a continuous reactor consisting of a micro-reactor chip attached to a Langevin-type transducer. It was
found that adjusting the pulsed ultrasound conditions prevented microchannel clogging by reducing the particle
size to the same magnitude as observed for continuous sonication. Furthermore, reducing the effective treatment

ratio from 100 to 12.5% decreases the temperature rise from 7 to 1 °C.

1. Introduction

More than 80% of the chemical processes involve solids [1], either
as reactant, catalyst or product. Different methods have been developed
to increase the control of particle synthesis processes, and applying low
frequency ultrasound is one of them [2]. By changing ultrasound pa-
rameters like the load power, applied frequency, contact time or reac-
tor geometry, it was shown that ultrasound provides control on particle
size distribution for both organic and inorganic particles by preventing
agglomeration [3-5]. Jordens et al. [3] studied the effect of frequency
and applied power on the particle size distribution and morphology of
manganese carbonate. This precipitation reaction was carried out in a
batch reactor attached to a Langevin-type transducer. The studied fre-
quencies were 94, 577 and 1135kHz. It was observed that particle size
decreases when ultrasound is applied as a result of increased cavita-
tion activity. However, the observed particle size was independent of
the applied frequency. Barium sulfate precipitation has been studied by
Pohl et al. [6] in two different reactors called conical and cavitation
chamber reactors. Ultrasound was applied by using a 20 kHz sonotrode.
Results showed that ultrasound enhances mixing and nucleation, and
that the particle sizes and morphology changed with output power.
Dodds et al. [7] obtained uniform distribution of particles when study-
ing the sono-precipitation of barium sulfate. Reactions were performed
in semi-batch and continuous mode reactors. A 20kHz ultrasonic equip-
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ment was used. A monomodal and more narrow distribution was ob-
tained under continuous sonication compared to silent conditions.

However, a major drawback of applying low frequency ultrasound
and exploiting the cavitation phenomena is the increase in tempera-
ture due to the collapse of the bubbles. These collapses lead to the for-
mation of hot spots of high temperature (>5000K) and high pressure
(>1000atm). Such a temperature increase impacts on different scales:
for chemical reactions, it is important to have an accurate temperature
control, especially when working with temperature sensitive reactants,
as it can impact the quality and yield of the reaction [8]. This increase
in temperature can also affect the gas solubility and vapor pressure,
which will reduce the cavitation activity [9,10]. Two different temper-
ature control approaches have to be distinguished, i.e. external and in-
ternal temperature control. For the external temperature control, heat-
ing and cooling elements such as Peltier elements or air fans are usually
used. The common approach to control the internal temperature of the
reaction mixture is to use a circulating flow of a heat exchange fluid,
where water is mainly used [3,11,12]. For instance, Dalvi and Yadav
[12] used a jacketed batch reactor with an immersed ultrasonic horn
for curcumin anti-solvent precipitation. John et al. developed a temper-
ature controlled interval contact reactor [8], by combining a small-scale
ultrasonic bath with an ultrasonic interval contact reactor [13,14]. In
this work, we establish an ultrasound application strategy to achieve
both the external and internal temperature control of the micro-fluidic
device without the need for additional cooling.
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This is realized by adjusting the ultrasound contact time when using
pulsed ultrasound, which alternates a time under ultrasound (tyg) fol-
lowed by a time under silent condition (tg.,). Table 1 shows selected
organic and inorganic particle synthesis in batch reactors under pulsed
ultrasound conditions. It is observed that different definitions of the
duty cycle are used.

Despite the different definitions given by the authors, pulsed ultra-
sound showed some advantages. First, an increase in cavitation activity
is observed under pulsed ultrasound compared to continuous sonication.
Ashokkumar [23] studied this phenomenon by sonoluminescence mea-
surements. The pulsed ultrasound cycle corresponds to 4 ms under ultra-
sound and 12ms under silent conditions at a frequency of 515kHz. The
cavitation activity reaches a stable plateau after 16 cycles. Ciaravino et
al. [24] evaluated the effect of pulsed ultrasound on the cavitation activ-
ity by quantifying the release of iodine (Weissler reaction). A 1.06 MHz
ultrasonic equipment was used at intensities of 10, 20 and 30 W/cm?. A
duty cycle of 1:1 (equal times with and without ultrasound) was used,
and the results showed that the cavitation activity depends on the duty
cycle, load power and frequency [2]. It has been shown that optimizing
the pulsed ultrasound condition results in an increase of 6% of iodine re-
lease for intensities of 20 W/cm? and 30 W/cm? compared to continuous
sonication. Then, concerning the effect of pulsed ultrasound on parti-
cles, Zhu et al. [25] produced silver nanoparticles under different shape
under pulsed sonoelectrochemical conditions.

Table 1
Selected organic and inorganic particle synthesis in batch reactors under pulsed ultrasound
conditions.

Research
team Process Set-up Ultrasound conditions
Louisnard et Crystallization of 20kHz Duty cycle = tys/tgjent
al. [15] glycine ultrasonic
horn
immersed in
a batch
reactor
Gielen et al. Cooling 30kHz Duty
[16] crystallization of ultrasonic cycle = tyg/(tys + teiend)
paracetamol horn tys is kept constant at
immersed in 0.2s
a batch
reactor
Guo et al. Anti-solvent Titanium tyg = 28
[17] crystallization of probe tsilent = DS
roxithromycin immersed in
a batch
reactor
Rahmani et Cr/clinoptilolite- 20kHz tys = 0.3s
al. [18] ZrO2 nanocatalyst titanium tgilent = 0.1
synthesis horn in a
batch reactor
Boffito et al. Sulphated zirconia 20kHz Pulse ON/OFF: 0.1/0.9;
[19] and mixed zirconia/ ultrasonic 0.3/0.7; 0.5/0.5s and
titania prepared by horn in a continuous sonication
sol-gel synthesis water-
jacketed
reactor
Jiang et al. Silver nanoparticle Titanium Sonic pulse (tyg)
[20] sonoelectrochemical horn in a followed by a current
synthesis batch reactor pulse (teyrrentd)-
tys = teurrent = 3§
Zhu et al. Silver nanoparticle Titanium Sonic pulse (tys)
[21] sonoelectrochemical horn in a followed by a current
synthesis batch reactor pulse (tyrrend)-
tys/feurrent = 0.5 with
teurrent = 0.3
Hass et al. Copper nanoparticles Ultrasonic Pulsation conditions are
[22] sonoelectrochemical horn in a composed of current and

synthesis batch reactor ultrasound pulses
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As summarized above, experiments under pulsed ultrasound are
widely described and used under batch conditions. In this work, pulsed
ultrasound conditions will be applied to the synthesis of an inorganic
compound in a micro-reactor. The increasing demand for continuous
manufacturing of chemicals and pharmaceuticals led to the develop-
ment of micro- and milli-scale reactors due to their advantages like
enhanced heat/mass transfer, safer operation, enhanced process repro-
ducibility, and scale-up potential [26-28]. Nevertheless, despite those
advantages their inability to deal with solids still remains an impor-
tant issue. Applying continuous low frequency ultrasound [29-32] or
high frequency ultrasound (>1MHz) [33] in continuous micro- and
milli-scale reactors successfully prevents clogging. However, depending
on the applied frequency, different phenomena are observed. The ap-
plication of high frequency ultrasound results in acoustophoretic forces
which alter the trajectory of particles without destroying aggregates.
The application of low frequency ultrasound results in increased cavi-
tation activity which promotes the breakage of agglomerates. However,
the associated temperature increase and concerns regarding microchan-
nel degradation due to the high cavitation intensity [29] always accom-
panied the use of low frequency ultrasound. In this paper we study the
potential of applying pulsed low frequency ultrasound for clogging pre-
vention and its effect on the particle size distribution of barium sul-
fate precipitates. It is observed that reducing the effective ultrasound
treatment time from 100% to 12.5% per residence time is sufficient to
prevent clogging, while the choice of all ultrasound parameters enables
the synthesis of particles with different size distribution. Therefore, this
study presents an energy efficient process for particle synthesis in mi-
cro-reactors using milder ultrasound conditions.

2. Materials and methods
2.1. Chemicals

Barium sulfate particles (BaSO,) were obtained by mixing an aque-
ous solution of barium chloride dihydrate (BaCl,, 2H,0, Flasher Chem-
ical, Laboratory reagent grade, 0.043M) with an aqueous solution of
sodium sulfate (Na,SO,4, Accros Organics, 99% purity, 0.05M). To clean
the micro-channels after the reaction, the reactor was washed with a sat-
urated solution of sodium carbonate (Na,CO5, Accros Organics, 99.5%
purity) and then with acetic acid (Chemlab, 99-100% purity). All solu-
tions were prepared with deionized water.

2.2. Experimental setup

Experiments were carried out in an ultrasonic micro-reactor (USMR).
The USMR consists of a micro-reactor glued to a Langevin-type trans-
ducer [34-36]. The Langevin-type transducer is designed to vibrate
as a half-wavelength resonator in the longitudinal direction. The mi-
cro-reactor is made of silicon with a glass top as enclosure. The mi-
crochannel has a square cross-section of 0.6 X 0.6mm? and its total
volume is 0.513mL. A number of holes were drilled in the glass top
layer which act as reactant inlet and outlet, but also to insert a tem-
perature probe (Omega HH374 thermocouple). A pressure sensor (Elve-
flow sensor reader, 15psi) is connected to the Na,SO, line. Imped-
ance measurements were performed (Sinephase 16777k) to determine
the resonance frequencies of the USMR system. Two resonance fre-
quencies were observed, the first at approximately 21 kHz and the sec-
ond at approximately 46 kHz. The USMR is connected to a power am-
plifier (E&I, RF 2100L, 100W) and a waveform generator (Keysight
335008B, series waveform). The output signal is checked with an os-
cilloscope (Keysight DSOX1102A, Digital Storage Oscilloscope, 70 MHz
— 2GSa/s). Syringe pumps (Harvard pump PHD) were used to de-
channel at a

liver reactants in the reactor
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total flow rate of 0.2mL/min. The USMR arrangement and the experi-
mental setup is depicted in Fig. 1. Fig. 1b) and c) visualize the different
reactor outlets. For preliminary experiments to screen the effect of res-
idence time under silent conditions two outlets have been used, which
correspond to a reactor volume of 0.264 mL and 0.513 mL respectively.
In the sonicated experiments only one outlet is used corresponding to
the volume of 0.264 mL.

In addition to recording continuously pressure drop and tempera-
ture, particle size distribution offline measurements (based on volume)
were done after 10, 20 and 30 min of reaction using a Laser diffractome-
ter (Malvern, MasterSizer hydro SV). The volume of the cell is 7 mL.
The cell is filled with deionized water and after initializing the system,
1 mL of sample is added. For the analysis, the values Dv(10), Dv(50) and
Dv(90) corresponding to 10, 50 and 90% of the particles being below
a certain size, and the width of the distribution (Dv(90) — Dv(10)) are
plotted as function of the studied parameters.

Pulsed ultrasound conditions were studied to quantify the tempera-
ture increase when an entire ultrasound cycle equaling to the residence
time (t.) of 80s is split into a time under ultrasound (tyg) and a time
under silent conditions (te,). For these pulsed ultrasound conditions,
the effective ultrasonic treatment ratio is defined as the time under ul-
trasound divided by the residence time:

Effective ultrasonic treatment ratio
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This residence time has been determined during a preliminary study.
In these preliminary experiments the residence time was varied from
12.5s to 120s under silent conditions. In this studied range the resi-
dence time of t. = 80s was identified to result in a stable particle for-
mation over time without immediate reactor clogging. Hence, this resi-
dence time was used as reference for the sonicated experiments. There,
we first studied the impact of the effective ultrasonic treatment ratio at
this constant residence time. The ultrasonic irradiation is delivered in a
single pulse, and the studied effective ultrasonic treatment ratios were
0, 12.5, 50 and 100%, where 0 and 100% corresponds to silent and con-
tinuous sonication conditions respectively. Secondly, the effect of de-
livering the same energy input spread over 2 pulses was studied. For
this, the effective ultrasonic treatment ratio per residence time is fixed
at 12.5%, which is either delivered as a single pulse of 10s followed by
70s under silent conditions, or split into two pulses of 5s separated by a
time under silent conditions of 35s. Those sequences are repeated dur-
ing 30min, and their details are found in Table 2 and Fig. 2.

2.3. Calorimetric power measurement

Calorimetric measurements were performed to quantify the amount
of ultrasound power transferred to the fluid in the microchannel. The
transducer is composed of a piezoelectric material which converts elec-

_tys % 100 ith ¢ trical energy into mechanical energy, which is then converted into
T > W thermal energy. The calorimetric dissipation
= tus * Lsijens
Syringe pump | T b
BaCl, I emperature probe
Syrliggesgump Pressure sensor [ r Particle size measurement
A . .
. | Reactor plate Malvern MasterSizer
Amplifier
a) || Langevin’s
Waveform transducer
generator 21 and 46 kHz
Outlet

Inlet

Reactor plate

b) Vi = 0.513 mL
0.6 x 0.6 mm

Fig. 1. a) Ultrasonic micro-reactor experimental set-up consisting of a reactor plate attached to a Langevin’s type transducer. Syringe pumps are used to deliver the reactants, and a
pressure and a temperature sensor is connected. b) The micro-channel consists of a square cross-section of 0.6 X 0.6 mm?, with drilled holes for inlets and outlets. ¢) Photograph of the
ultrasonic micro-reactor consisting of the reactor plate and a dual frequency Langevin’s type transducer.



C. Delacour et al.

Table 2

Investigated effective ultrasound treatment ratio and operating conditions, where tyg cor-
responds to the time under ultrasound, tg.,, to the time under silent conditions and t,
represents the residence time in the micro-reactor which is defined by the applied flow
rates.

Effective ultrasound treatment ratio (%) tys (s) Esitent (8) £ (s)
0 0 80 80
12.5 10 70 80
12.5 2Xx5 2 x 35 80
50 40 40 80
100 80 0 80

power corresponds to the sum of (i) the energy responsible for increas-
ing the reaction mixture temperature, (ii) the energy absorbed by the
reactor wall and transducer and (iii) the energy lost to the ambient tem-
perature [37].

However, for the calculations, the energy absorbed by the reactor
wall and the transducer has been neglected as the reactor is made of low
thermal conductivity materials. The energy lost to the ambient air is due
to convective mode of heat transfer. Those effects have less significance
at laboratory scale than at larger scale, as the volume of reactors are in
the range of few mL. At larger scale, the surface in contact with air is
much more important so that the convective mode of heat transfer has
to be taken into account.

To quantify the calorimetric power, P 4, the change of temperature
AT was recorded for a time interval At corresponding to 5 reactor vol-
umes at a flow rate of 0.2mL/min,

‘T
P.,W)= me, =,

where m is the mass of liquid irradiated by ultrasound, and ¢, is the heat
capacity of the fluid.
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3. Results and discussions
3.1. Influence of effective ultrasonic treatment ratio

The influence of the effective ultrasonic treatment ratio on clogging
prevention and on the particle size distribution is investigated first. For
these experiments the frequency was set to 21 kHz at a load power of
11 W. The effective ultrasonic treatment ratio was varied between 0,
12.5, 50 and 100% (see Table 2), where 0% represents silent conditions
and 100% continuous sonication. Fig. 3 depicts the influence of the ef-
fective ultrasonic treatment ratio on the resulting particles size distrib-
utions. Upon sonication (both pulsed and continuous) the mean particle
size as well as the span of the size distribution decreases. Larger parti-
cle sizes are observed under silent conditions, which can be explained
by the presence of agglomerates. Thus, both pulsed and continuous ul-
trasound minimizes particle agglomeration by reducing the contact time
between particles and by breaking up agglomerates [38].

This observation is also confirmed by the narrow size distribution
obtained under ultrasound. This showed that a more uniform distrib-
ution is obtained due to the increase in mixing efficiency. This effect
has been observed by Pohl et al. [6] for the ultrasound precipitation of
barium sulfate. It has been shown that the number of small particles
increases when increasing the quality of micro-mixing. Enhanced mi-
cro-mixing quality will lead to a better distribution of the reactant along
the reactor channel.

Comparing pulsed and continuous ultrasound conditions, it is ob-
served that both the mean particle size and the span is similar for
an effective ultrasonic treatment ratio of 50% and 100%, whereas
a smaller mean size and span is found for 12.5%. This difference
can be explained by the micro-mixing effects provided by ultrasound.
Sonication will improve the mixing between the reagents, and con-
sequently an increase in sonication time will result in an increased
number concentration of small particles. This increase of concentra-
tion of small particles leads to the formation of stable aggregates due
to the large adhesive interaction potential of barium sulfate particles
[39,40]. This phenomenon might promote agglomeration, which il-

[L'S =10s Tsilgm =70s "l.‘S =10s tsilmt =70s
MW\ —H—[\/\+ ~
- »> +7 « »
- > Y7 < S
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a) Effective ultrasonic treatment ratio = 12.5 %
tys =55 lgew =355 fug=5s lgewm =358 tus =58 lgem =355 tyg =58 e =358
e - —— I\ P -
* i 77 Iy "IVt ”
< > Iy < »
< s < >
tr =80s [r =80s
b) Effective ultrasonic treatment ratio = 12.5 %
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c¢) Effective ultrasonic treatment ratio = 50 %

Fig. 2. Schematic of the studied pulsed ultrasound sequences. The length of each cycle corresponds to the mean residence time of 80s.
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Fig. 3. Effect of the effective ultrasonic treatment ratio on the characteristics dimensions Dv(X) of the volume based PSD obtained at a flow rate of 0.2mL/min and a concentration of

0.043M with an applied frequency of 21 kHz and at a load power of 11 W (t, = 805).

lustrates the fact that ultrasound can both promote and prevent agglom-

eration [41].

The pressure drop over the entire reactor was recorded for all ultra-
sound conditions. Under silent conditions the pressure drop is continu-
ously increasing which leads to channel clogging after 15min. For both
pulsed and continuous sonication, no pressure increase was observed
during 30 min of reaction, thus both pulsed and continuous sonication
can efficiently prevent clogging. It is worth noting that applying ultra-
sound for only 12.5% of the total 80s of residence time are sufficient to

ensure continuous operation.

3.2. Effect of number of sonication pulses at a fixed effective ultrasonic

treatment ratio

Next, the effect of the number of ultrasound application pulses at

the studied ratio is set to 12.5% at a frequency of 21kHz and a load
power of 11W. Two different ultrasound cycles are compared: i) the
12.5% of ultrasound irradiation will be delivered in a single pulse (la-
belled 1 son); ii) the 12.5% of ultrasound irradiation is delivered in two
pulses of 5s each separated by 35s (labelled 2 son). The corresponding
results are depicted in Fig. 4, and it is observed that both the Dv(10)
and Dv(50) are quite similar for both conditions. However, a narrower
size distribution is obtained in the case of two pulses per residence time.
This more narrow distribution might be explained by an enhancement
of the cavitation bubble activity as described by Gielen et al. [16]. Dur-
ing the time under ultrasound cavitation bubbles are formed and oscil-
late, and they dissolve during the silent time. Applying the second pulse
shortly thereafter allows to reactivate the cavitation bubbles.

The bigger particles observed in the case of 1 son compared to 2
son can also be explained by the different growth time (equaling the

a fixed effective ultrasonic treatment ratio is investigated. For this,

25
== Dv(10) (um)
==@==-Dv(50) (um)
20 A
-0~ Dv(90) (um)
—_ —— Dv(90) - Dv(10) (pm)
=
=15
— n-__
; Jb-.__.____‘ H"'"--.. .
2 ~~—es e
= 10 A ——— Se.eal
= T~
- -
5 3. R
! -
0 T
1 son 2 son

Number of ultrasound pulses

Fig. 4. Effect of the pulse number on the characteristic dimension D (X) of the volume based PSD at a fixed effective ultrasonic treatment ratio of 12.5% obtained at a fixed flow rate of
0.2mL/min, a concentration of 0.043 M, with an applied frequency of 21 kHz and at a load power of 11 W (t, = 805s).
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silent time). In the case of 1 son, particles have more time to grow and
to form agglomerates. This combined effect of ultrasound and growth
time also causes the narrower size distribution for the 2 son case. Par-
ticle agglomerates which grow during the first silent time are again re-
duced by the second ultrasound pulse. Moreover, it can be noticed that
the variability in the characteristic dimensions of the particle size dis-
tribution is enhanced when the effective ultrasonic treatment ratio per
residence time is divided in two pulses of 5s separated by a silent time
of 35s. This observation can be explained by the fact that the second
pulse allows the sonication of particles which were not yet generated
during the first pulse. This allows to increase the repeatability of oper-
ating conditions at a low effective ultrasonic treatment ratio.

Also in these experiments the pressure drop over the entire micro-re-
actor was recorded, and no pressure increase was observed for both con-
ditions. Thus, both pulsed ultrasound conditions prevent micro-channel

clogging.
3.3. Effect of ultrasonic parameters

The effect of both applied frequency and load power was studied at
an effective ultrasonic treatment ratio of 50% per residence time. To in-
vestigate the effect of frequency the load power was fixed at 11 W and
two frequencies were studied: 21 and 46 kHz. Those frequencies corre-
spond to the resonance frequencies of the USMR. The obtained results
are summarized in Table 3. The observed particle sizes are independent
of the applied frequency. This observation is in line with Jordens et al.
for the precipitation of manganese carbonate [3]. Lee et al. observed the
same phenomenon for the anti-solvent crystallization of sodium chlo-
ride [4]. Despite the fact that the cavitation activity changes with fre-
quency, particle sizes are independent of frequency. An explanation to
this observation is that the threshold in size is achieved at the studied
load power so that frequency will not impact the size distribution. This
threshold effect has also been shown by Jordens et al. [3] for the pre-
cipitation of manganese carbonate. In fact, at a low intensity of 5W/L,
particle sizes increased when increasing the frequency. This phenome-
non was not observed at an intensity of 49 W/L.

To study the effect of the load power the frequency was fixed at
21kHz and two load powers were studied: 11 W and 22W. The re-
sulting particle sizes are listed in Table 4, where a size decrease for
all size classes with increasing power is observed. This is due to the
increase in cavitation activity, which leads to the formation of more

Table 3

Effect of frequency on characteristic dimensions D,(X) of the volume based PSD obtained
at an effective ultrasonic treatment ratio of 50%, a flow rate of 0.2mL/min and a concen-
tration of 0.043 M, with an applied power of 11 W (t, = 80s).

Frequency Dv(10) Dv(50) Dv(90) Dv(90) — Dv(10)

(kHz) (um) (um) (um) (um)

21 2.63 +0.97 6.06 = 4.19 18.4 = 14.6 15.8 +13.7

46 1.94 +0.32 6.37 £ 1.22 16.4 = 4.44 14.5 +4.17
Table 4

Effect of load power on the characteristic dimensions Dv(X) of the volume based PSD ob-
tained at an effective ultrasonic treatment ratio of 50%, a flow rate of 0.2mL/min and a
concentration of 0.043M, with an applied frequency of 21 kHz (t, = 80s).

Load power Dv(10) Dv(50) Dv(90) Dv(90) — Dv(10)
() (um) (um) (um) (um)

11 2.63 +0.97 6.06 = 4.19 18.4 +14.6 15.8 £13.7

22 2.31 = 0.49 4.36 = 1.94 8.01 +7.62 5.70 = 7.14
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cavitation bubbles, and subsequent break-up of particle agglomerates.

The same effect of load power and frequency on particle size dis-
tributions were observed under pulsed ultrasound conditions compared
with continuous sonication [3-5].

3.4. Temperature profiles

One of the main drawbacks of using low frequency ultrasound is the
associated temperature increase [8,18]. This temperature increase can
have an impact on different scales. For chemical reactions, it is impor-
tant to have an accurate temperature control, especially when working
with temperature sensitive reactants, as it can impact the quality and
yield of the reaction. This increase in temperature can also affect the
gas solubility and vapor pressure, which will reduce the cavitation activ-
ity [9]. To quantify the effect of the different ultrasound conditions, the
temperature in the reactor channel was recorded for a time equaling 5
reactor volumes at a flow rate of 0.2 mL/min, with an applied frequency
of 21 kHz at a load power of 11 W.

Fig. 5 depicts the temperature profiles where the continuous line cor-
responds to continuous sonication and dashed lines to pulsed ultrasound
conditions. It is observed that for continuous sonication the temperature
continuously increases over the recording period and reaches 7 °C after
5 reactor volumes. Switching to pulsed ultrasound allows to decrease
the temperature of the reaction mixture during the silent time. Thus, the
overall temperature increase is reduced to 4°C for 50% effective ultra-
sonic treatment ratio and to less than 1°C for both conditions at 12.5%
effective ultrasonic treatment ratio after 5 reactor volumes. For the 50%
effective ultrasonic treatment ratio, the temperature of the reaction mix-
ture at the end of each cycle is not the same as the one at the beginning
of the ultrasonic cycle. This means that the micro-reactor transducer as-
sembly needs more than 40s to reach the initial temperature. This in-
crease of temperature, if not controlled can have an impact on the aging
of the piezoelectric materials. This aging of the piezoelectric element
is related to the Curie temperature, which corresponds to the tempera-
ture at which a change in the magnetic properties of the materials occur
[42]. The value of the slope at the origin of each curve is similar, which
highlights that the same load power is delivered for each condition at
different effective ultrasonic treatment ratios. This proves that the same
amount of energy is transferred to the reaction mixture for each pulsed
ultrasound condition

The same study was also performed at a load power of 23 W, where it
is observed that the temperature increase after 5 reactor volumes scales
with the applied load power. This increase is expected as the cavitation
activity increases with load power. Quantifying the calorimetric power
reveals that it increases from 0.18 W (11 W load power) to 0.36 W (23 W
load power), and that the calorimetric power was the same for each ef-
fective ultrasonic treatment ratio condition. In conclusion, the temper-
ature profiles clearly show that applying pulsed ultrasound minimizes
the associated temperature increase while still preventing clogging. For
the pulsed ultrasound conditions, it can be noticed that temperature in-
creases at the start of each sonication sequence. This can allow to reac-
tivate the cavitation activity.

4. Conclusions

The use of pulsed ultrasound conditions as a less invasive meth-
ods to prevent clogging in micro-channels for the synthesis of inor-
ganic particles has been successfully investigated in this article. Ex-
periments showed that applying a effective ultrasonic treatment ratio
of 12.5% allowed to achieve this goal. It has been shown that both
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Fig. 5. Influence of effective ultrasonic treatment ratio on temperature profiles recorded for a time equaling 5 reactor volumes at a flow rate of 0.2mL/min, with an applied frequency of
21kHz at a load power of 11 W (t, = 805s). Studied effective ultrasonic treatment ratio corresponds to 12.5, 50 and 100%. Concerning the 12.5% of effective ultrasonic treatment ratio the

cases with 1 and 2 pulses per reactor volume is studied.

pulsed and continuous sonication prevents clogging by breaking parti-
cle agglomerates, which lead to smaller mean particle size and a nar-
rower size distribution. The mean size of barium sulfate particles was
reduced from 20 pm under silent conditions to less than 6 um depend-
ing on the ultrasonic parameters. The study of the number of pulses
at a given effective ultrasonic treatment ratio showed that ultrasound
allowed to break agglomerates formed during the growth time. More-
over, pulsed ultrasound has been successfully implemented to control
the temperature of the reaction mixture. The temperature increase was
reduced from 7 °C under continuous sonication to less than 1°C at a duty
cycle of 12.5%. Thus, combining pulsed ultrasound with micro-reactors
enables to expand the applicability of these technologies in the chemical
field.
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