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a b s t r a c t

The efficacy of power ultrasound of 20 kHz in enhancing the volumetric mass transfer coefficient was

investigated in this study. Breakage and dissolution of sparingly soluble benzoic acid dispersed in either

water or 24% aqueous glycerol was monitored as a function of time and ultrasound power input. Particle

size measurements were carried out at intermediate times during the experiment to estimate the mean

particle size and surface area. Linear combination of lognormal distributions was found to fit the exper-

imental particle size distribution data. The De Brouckere mean diameters (d43) obtained from the particle

size distributions decreased with increase in the ultrasonic power level. Empirical correlations were

developed for the evolution of surface area as a function of ultrasonic energy input per unit mass. The

effect of ultrasound on the intrinsic mass transfer coefficient (kc) could be decoupled from the volumetric

mass transfer coefficient (kca) as the surface area was also estimated. Different approaches involving

either constant or variable intrinsic mass transfer coefficients were employed when carrying out the

delineation. Mass transfer rates were enhanced due to both higher ultrasound induced intrinsic convec-

tive mass transfer coefficient and additional surface area created from particle breakage. To delineate the

effects of particle breakage from solid dissolution, experiments were also carried out under non-mass

transfer conditions by pre-saturating the solvents with benzoic acid. Both the solid–liquid systems exam-

ined in the present study attained saturation concentration when the ultrasonic energy input per unit

mass was approximately 60 kJ/kg, irrespective of the ultrasonic power level setting.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid dissolution is an important industrial process which has

several multi-disciplinary applications. A batch solid–liquid mass

transfer process is modeled by the following equation:

dC

dt
¼ kc

S

V

� �

ðC� � CÞ ð1Þ

Factors such as concentration driving force, interfacial area and

the intrinsic mass transfer coefficient affect the rate of dissolution

of solid in a solvent as apparent from Eq. (1). These require inten-

sification in situations where the solid is sparingly soluble. The ver-

satility of ultrasound intensification of engineering processes has

been firmly established previously [1,2]. It potentially can influ-

ence all the parameters in Eq. (1) viz. the intrinsic mass transfer

coefficient (kc), interfacial area (S/V) and the concentration driving

force for mass transfer (C⁄ � C). Hence it is necessary to resolve the

volumetric mass transfer coefficient (kc S/V) to delineate the effects

of ultrasound on the intrinsic mass transfer coefficient and interfa-

cial area for mass transfer. In a previous study by Thompson and

Doraiswamy [3] it was claimed that ultrasound could induce sig-

nificant supersaturation in the dispersion whereby higher mass

transfer rates could be obtained. Sandilya and Kannan [4] found

that for the benzoic acid based aqueous systems involving water

and 24% (w/w) glycerol, the apparent supersaturation was induced

by the uncontrolled temperature rise arising from ultrasonic en-

ergy dissipation in the dispersion. Once the temperature was well

controlled, the apparent supersaturation effect disappeared. In this

study, the effect of acoustic cavitation on the remaining parame-

ters viz. intrinsic mass transfer coefficient (kc) and surface area

(S) are explored.

When the solid particles dispersed in a liquid are exposed to

power ultrasound, they are effectively fragmented. Further, the

ultrasound field creates intense mixing of the particles in the dis-

persion [4]. These phenomena involving creation of more surface

area as well as enhanced convection could be exploited to inten-

sify the mass transfer rates in sparingly soluble systems. Studies

involving the effect of power ultrasound on simultaneous size
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reduction and dissolution of particles are scarce in open litera-

ture. Lu et al. [5] studied the effect of power ultrasound

(20 kHz) on dissolution and particle size reduction in the context

of contaminated sediment treatment. Sandilya and Kannan [4]

presented briefly the volumetric mass transfer coefficients ob-

tained under ultrasound assisted solid dissolution. There are also

a few papers pertaining to the ultrasound-assisted solid–liquid

chemical reactions [6,7]. Ratoarinoro et al. [6] observed a signifi-

cant size reduction of potassium hydroxide particles in a solvent

(toluene) under sonicated conditions. Hagenson and Doariswamy

[7] monitored the particle size reduction of sodium sulfide when

it reacted with liquid benzyl chloride in the presence of ultra-

sound. They reported that the mean size of sodium sulfide parti-

cles was reduced from 40 to 16 lm during 15 min of reaction in

presence of sonication at 20 kHz. Ultrasound is utilized effectively

in the field of leather processing as well. Sivakumar et al. [8]

could reduce the particle size of lime from 38,299 to 1790 nm

during the liming process of ultrasound assisted leather

treatment.

In literature, the surface area variation in the presence of ultra-

sound was treated either in the presence of a chemical reaction or

in the absence of mass transfer [7,9,10]. But studies addressing the

effect of ultrasound on the creation of surface area in a solid

(dispersed)–liquid system in the presence of mass transfer alone

are very limited. While mass transfer may occur rapidly in the

presence of ultrasound, it may also concomitantly lead to loss in

surface area due to complete dissolution of particles and creation

of smaller particles from larger ones. These effects have to be delin-

eated from the non-mass transfer effects which only involve parti-

cle fragmentation and breakage. Hence the surface areas created

under identical operating conditions such as time of sonication,

frequency and ultrasonic power in a given system may still be

quite different depending on whether or not the particle breakage

is accompanied by solid dissolution. This differentiation may be-

come important in the design of ultrasound intensified mass trans-

fer equipment for dispersed systems. The estimation of the

intrinsic mass transfer coefficient (kc) instead of just the volumet-

ric mass transfer coefficient (kc S/V) in the presence of ultrasound

enables the estimation of Sherwood number which will be useful

in the design of suitable mass transfer equipment for process

intensification. A few studies have reported the effect of ultrasound

on the intrinsic mass transfer coefficient during phase transfer cat-

alyzed reactions [6,11]. In the present study, the effect of ultra-

sound on solid–liquid mass transfer was studied by conducting

experiments with benzoic acid particles dispersed in different

aqueous solvents. The effect of the ultrasound on particle size

reduction in these systems was also studied in the absence of mass

transfer.

2. Materials and methods

2.1. Materials

Benzoic acid particles as received from HiMedia, Mumbai (AR

grade) were sieved to give an average feed particle size of

1800 lm (size range of sieves: �2 +1.6 mm; DIN standards) in all

the runs. AR grade glycerol (Ranbaxy Fine Chemicals Limited,

New Delhi) and distilled water were used to prepare 24% (w/w)

aqueous glycerol solution. The distilled water aqueous solution is

termed as System 1 and the 24% (w/w) glycerol system is termed

as System 2 for the sake of brevity in the following discussions.

Using two different systems enabled the variation in viscosity

and hence the Schmidt number dimensionless group. The proper-

ties of these two systems are provided in Table 1.

Nomenclature

a correlation parameter in Eqs. ((6) and (7)), cm2 (or)
cm2/g

Ai blend factor of lognormal distribution, %
b correlation parameter in Eqs. ((6) and (7))
Bi standard deviation of lognormal distribution, m
c correlation parameter in Eqs. ((6) and (7))
C concentration of solute in aqueous solution, mol/m3

C⁄ saturation limit of sparingly soluble solute, mol/m3

Ci mean of lognormal distribution, m
d43 De Brouckere mean diameter, m
dp average particle size, m
dp,i average particle size of ith fraction, m
DAB diffusivity of solute (A) in solvent (B), m2 s�1

kc intrinsic mass transfer coefficient, m/s
kca volumetric mass transfer coefficient, s�1

kUS intrinsic mass transfer coefficient in presence of ultra-
sound, m/s

l length scale, m
mi mass of particles in ith fraction, kg
Re Reynolds number,-
ReUS Reynolds number based on specific energy dissipation

rate ¼ d
4=3

43
e1=3

m ; �
S surface area, m2

S0 specific surface area, m2/g
Sc Schmidt number ¼ l

qDAB
; �

Sh Sherwood number ¼ kcd43
DAB

; �
ShUS Sherwood number in presence of ultrasound ¼ kUSd43

DAB
; �

t time, s

t⁄ time taken by solid–liquid system to reach saturation, s
u velocity scale, m/s
V volume of solvent, m3

Greek letters
a correlation parameter in Eq. (11a)
b correlation parameter in Eq. (11a)
c correlation parameter in Eq. (11a)
d characteristic energy input per unit mass required to at-

tain saturation, kJ/kg and used in Eqs. ((6) and (7))
/ volume of particles in a particular size interval, %
U sphericity of particles, �
l viscosity of solvent, Pa s
m kinematic viscosity, m2/s
q density of solvent, kg/m3

qp density of particles, kg/m3

Subscripts

Expt related to experiment
Pred predicted values

Abbreviations
EM energy input per unit mass, kJ/kg
MT mass transfer conditions
NMT non-mass transfer conditions
SA surface area, cm2

SSA specific surface area, cm2/g
US ultrasound

510 K.S. Durbha, K. Aravamudan /Ultrasonics Sonochemistry 19 (2012) 509–521



2.2. Experimental setup

Particle breakage studies were carried out in a jacketed stainless

steel cylindrical vessel. A cryostat (Ultra Cryostat Circulator, Scien-

tific Instruments, Chennai, India) was used to maintain isothermal

condition. An ultrasonic probe (model VCX-500, Sonics and Mate-

rials Inc., USA), rated at 500 W with a resonating frequency of

20 kHz and a tip diameter of 13 mm was used to induce ultrasonic

waves in the process vessel. The particle size distributions at each

experimental combination of ultrasonic power level setting and

sonication time are measured using a laser particle size analyzer

(model S3500, Microtrac Inc., USA), which has a measuring range

from 0.025 to 1408 lm.

2.3. Experimental procedure

Two types of experiments were carried out to investigate the ef-

fect of ultrasound. In the first, ultrasound-assisted particle break-

age experiments were carried out in the presence of mass

transfer which occurred through solid dissolution. Pure solvent

was used at the beginning of these runs so that particle sizes were

influenced by simultaneous breakage and dissolution until satura-

tion conditions were attained. After saturation, the particle sizes

will be reduced only by breakage. In the second type of experi-

ments, particle size reduction occurs in the complete absence of

mass transfer and hence only through breakage right from the

beginning of the experiment. For this purpose, a separate set of

experiments was carried out where the distilled water or the 24%

(w/w) aqueous glycerol solvent was pre-saturated with benzoic

acid so that solid dissolution is prevented right at the outset. These

were termed as non-mass transfer runs.

In a typical run, (either with or without mass transfer), 10 g of

solute was charged as feed into the process vessel containing

800 mL of solvent. Actually, the solubilities of benzoic acid in the

solvents used were not high. The concentration of 10 g per

800 mL is about 2.8–3.1 times the saturation loading as may be

seen from the C⁄ values given in Table 1. In the earlier work of San-

dilya and Kannan [4] this concentration level was chosen in order

to check for occurrence of any supersaturation in the presence of

ultrasound. Hence, the same amount of feed for particle breakage

experiments was continued in the present work as well to main-

tain consistency. This concentration level also further ensured that

sufficient number of particles with a wide size range were still

present in dispersion even after saturation conditions have been

attained.

The ultrasonic probe was positioned at the centre of the process

vessel and ultrasonic generator was switched on at a desired

power level setting to initiate the run. Two levels of ultrasonic

power input expressed as a percentage of maximum setting were

used in continuous sonication mode. The ultrasonic power level

was applied in the continuous mode at 50% and 70% of maximum

setting. The actual power dissipated in each solid–liquid system as

a function of percentage setting was quantified using calorimetry

studies [7]. The setting of the ultrasonic device (50% and 70%) is

mentioned for easier comprehension of the percentage of maxi-

mum power possible that was applied to a particular run. How-

ever, in the correlation developed for surface area and the

parameter estimation calculations involved in the Sherwood

number correlation, the actual power dissipated as obtained from

calorimetric experiments were used. The actual power dissipated

as determined from calorimetric measurements at different oper-

ating conditions is provided in Table 7 and also captioned in Figs.

2 and 3. At 50% and 70% power level settings used in the present

work, the particles were found to be suspended and well dispersed

for both the systems studied.

The time of sonication varied between 3 and 45 min depending

on the power level setting. The contents of process vessel were

maintained at 30 ± 1 �C by means of a cryostat. Sonication was

switched off after a predetermined duration of time and the pro-

cess vessel contents were analyzed for particle size distribution.

In case of non-mass transfer experiments the concentration of

the solute was monitored in the middle and at the end of each

run and it was found that there was no change from the saturated

state. This ensured that the initial concentration (i.e., saturation

concentration of benzoic acid in distilled water for this illustration)

was maintained constant throughout the duration of the experi-

ment and that the particle size reduction was only due to ultra-

sonic irradiation. After sonication was switched off, samples were

taken from the dispersion for each batch and each sample was ana-

lyzed twice for the particle size measurement. The average value of

these measurements was then reported. The particle size analyzer

reports the histogram of the volume distribution of particles (in

percent) as a function of specified particle size intervals. The sphe-

ricity of benzoic acid particles was determined experimentally to

be 0.60 using the image analysis technique. ImageJ� software

was used to process the images of the particles taken in different

orientations so as to estimate the surface area of the particles.

2.4. Characterization of particle size distributions

The specific surface area of each experimental combination was

calculated from the respective particle size distribution using the

following equation [12]:

S0 ¼ 6

qpU

 !

P

ðmi=dp;iÞ
P

ðmiÞ
ð2Þ

The particle size distribution data were analyzed for the lognor-

mal distribution trends using the procedure outlined by Allen [13].

Data pertaining to every experimental condition was plotted on a

log-probability graph and the modality of the distribution (i.e.,

unimodal/bimodal/trimodal) were identified. The lognormal distri-

bution was fitted to the experimental data and the distribution

parameters were obtained by using the nlinsq toolbox of Matlab

(MATHWORKS, 2007). The parameters obtained from the nonlinear

regression approach were also confirmed with POLYMATH�

software which uses the Levenberg–Marquardt algorithm. The

multi-modal distribution was fitted using a linear combination of

lognormal distributions [14–19]:

d/

dðlndpÞ
¼
X

n

i¼1

Ai

Bi

ffiffiffiffiffiffiffi

2p
p exp � ½lnðdpÞ � Ci�2

2B2
i

 !

ð3Þ

where u represents the cumulative volume percentage of particles

added at each interval up to the particle size dp of interest. The LHS

of Eq. (3) is termed as the ‘‘density function’’. The differentiation in

Eq. (3) was carried out numerically using the backward difference

Table 1

Physical properties of the systems used in the preset study at 30 �C [4].

Item number Solvent Saturation limit of benzoic acid (g/L) Density (kg/m3) Viscosity (cp) Diffusivity of benzoic acid � 109 (m2/s) Sc (�)

1 Distilled water 4.04 996 0.85 1.12 762

2 24% (w/w) glycerol 4.44 1054 1.76 0.54 3098
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formula. The parameters of the model given by Eq. (3) viz. blend

factor (Ai), standard deviation (Bi) and mean (Ci) were thus esti-

mated for each experiment. They were then used to predict the

overall distribution of the particles. A typical comparison of the

experimental data and the lognormal model is illustrated in Fig. 1.

Three intersecting distributions contributing for the overall tri-

modal distribution may be easily perceived from this figure. The

contribution of each mode towards the overall tri-modal distribu-

tion in this case is quantified in terms of ‘‘percentage blend factors’’.

For the case depicted in Fig. 1, the first mode corresponding to smal-

ler particle sizes contributes 60% towards to overall distribution

whereas the second (medium size) and third (coarse size) modes

hold a share of 28% and 12%, respectively. The lognormal distribu-

tions were found to fit the experimental data satisfactorily and R2

value better than 0.97 in few cases and better than 0.98 in the

remaining were obtained. The statistical parameters (Ai, Bi, Ci) of

the fitted distribution is given in Table 2. The De Brouckere mean

diameter (d43) for the given particle size distribution is calculated

using the following general equation [13,20,21].

d43 ¼
R ln b

ln a
ðdp

d/
dlndp

Þdlndp

R lnb

ln a
ð d/
dlndp

Þdlndp

ð4Þ

The limits ln(a) and ln(b) represent the natural logarithm of the

lower and upper bounds of the experimental particle size distribu-

tion and varies from one run to another. The following analytical

expression may be derived from Eq. (4) to obtain the d43 for each

individual lognormal mode of the fitted multimodal particle size

distribution [11,22]:

d43jindividual ¼ exp Ci þ
1

2
B2
i

� �

ð5Þ

2.5. Estimation of interfacial area and intrinsic mass transfer

coefficients

The interfacial areas calculated from the particle size distribu-

tions were expressed empirically in terms of ultrasonic energy dis-

sipated per unit mass of the dispersion. The appropriate correlation

was embedded in the transient rate equation of solid dissolution

(Eq. (1)). The resulting expression was numerically integrated

using the ODE45 routine of MATLAB� (The MathWorks, Inc.). The

unknown parameter kc for each run involving mass transfer was

estimated by minimizing the sum of squares of the deviations be-

tween experimental concentration–time data and numerical pre-

dictions. The parameter estimation was carried out using the

NONLINSQ option of MATLAB�.

3. Results and discussion

First, the effect of ultrasound on average particle size is dis-

cussed in the presence and absence of mass transfer. The interfacial

areas calculated from the experimental particle size distributions

under mass transfer and non-mass transfer conditions are com-

pared. Typical distributions are presented in Figs. 5–7 to support

these discussions. The intrinsic mass transfer coefficients are then

presented for both systems.

3.1. Effect of sonication time on particle size

The effect of ultrasonic energy dissipated into the particle dis-

persion on the De Brouckere mean diameter (d43) is depicted in

Fig. 2. The De Brouckere mean diameter (d43) refers to the center

of gravity of the volume distribution [23]. The actual power dissi-

pated, as estimated from calorimetric measurements, are also gi-

ven in the legends of Figs. 2 and 3. Theoretical predictions of d43
shown in Fig. 2 were obtained by using the blended lognormal

model (Eq. (3)) in Eq. (4) and integrating between the appropriate

limits.

As shown in Fig. 2a, particle breakage at 50% power level setting

was not that effective as the cavitation events would be less

intense than those at 70% power level setting. In case of 70% power

level setting, the particle breakage was relatively more rapid. Ben-

zoic acid in System 1 had reached 99% of its saturation concentra-

tion in 9 min when operated at 70% power level setting. After this

time, there is a noticeable drop in the rate of particle size reduc-

tion. This rate-reduction may have been at least partially due to

absence of any further significant dissolution and presence of more

number of smaller particles created during solid dissolution.

After 6 min of operation at 70% power level setting, finer

particles with sizes less than 100 lm were just getting generated.

The cumulative mass fraction of such finer particles was 12% of to-

tal mass of particles at this juncture. This cumulative fraction of fi-

ner particles (<100 lm) increased to 30% after 9 min of sonication.

All the medium sized particles were reduced to finer size after
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Fig. 1. (a) Comparison of experimental data and lognormal model of probability

density functions for System 1 after 3 min of sonication at 70% power level setting

under mass transfer conditions and (b) individual lognormal models that are

blended to form the overall model for conditions in (a).

Table 2

Fitted lognormal parameters for mass transfer (MT) case depicted in Fig. 1.

Run ID:

PSAA6

Blend factor, Ai

(%)

Standard deviation,

Bi

Mean,

Ci

R2

Fit 1 59.56 0.356 6.305 0.995

Fit 2 27.81 0.262 6.773

Fit 3 12.63 0.039 7.156
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30 min of sonication. At this juncture, the cumulative mass frac-

tions of particles of size less than 10 and 100 lm were 13% and

95%, respectively.

At 50% power level setting, the process of size reduction became

slower after 3 min of sonication. Particles of sizes less than 100 lm
just started generating after 15 min of sonication (1% of the total

mass of particles at that moment). This cumulative fraction be-

came somewhat considerable after 21 min of sonication viz. 5%.

After 30 min of sonication, 13% by mass of the particles are of size

less than 100 lm at this juncture. There are no particles present in

the size range less than 10 lm even after 45 min of sonication at

50% power level setting. But the cumulative fraction of particles

of size less than 100 lm is significant at this point in time (45%).

Based on the trends depicted in Fig. 2a it appears that there are

three stages in the overall i.e., average particle size reduction. The

initial stage may correspond mainly to the rapid coarse particle

size reduction. The first stage occurs for about 3 min at both power

dissipations in System 1. The second stage corresponds mainly to

the intermediate particle size reductions while some coarser parti-

cles may also be breaking at this stage adding to the intermediate

particle size range. At 70% power level setting, the second stage

lasts between only 3 and 9 min. At 50% power level setting, the sec-

ond stage appears to last for a longer time i.e., between 3 and

21 min, approximately. The third stage corresponds to the slowest

rate of reduction of mainly smaller sized particles. It could be that

very large particles are broken instantaneously upon exposure to

ultrasound irrespective of the ultrasonic power level setting. How-

ever, for further breakage, ultrasonic power level dependent fac-

tors such as speeds of microjets, particle speeds in the dispersion

(which influence inter particle collisions) and shockwaves may

have greater say in average particle size reduction [7,24].

The particle size reduction in presence of mass transfer is a

combined effect of particle breakage and solid dissolution. As

may be seen from Fig. 2a, the reduction in d43 became gradual after

the system attained saturation concentration when operated at

70% power level setting (i.e., after 9 min of sonication). For 50%

ultrasonic power level setting, System 1 attained saturation con-

centrations only after 45 min and hence the d43 was seen to be con-

tinuously decreasing albeit somewhat slowly with respect to the

time of sonication (Fig. 2a). This confirms that the solid dissolution

also plays an important role in particle size reduction until the sys-

tem attains saturation concentration.

Fig. 2b depicts the influence of ultrasonic power level setting on

the d43 for System 2 in the presence of mass transfer. For System 2

the time taken to attain saturation at 50% power level setting was

15 min while it was 9 min at 70% power level setting. At 70% power

level setting, there was a decrease in the particle size reduction

rate after 9 min of sonication. However at 50% power level setting,

there was no discernible change in the average particle size reduc-

tion rate after the initial rapid decrease during the first 3 min of

sonication. Hence it appears that at low power level setting, the ef-

fect of solid dissolution in reducing particles of intermediate sizes

is not very significant. This may be explained also by lower rates of

solid dissolution at low power level setting in high viscous system

which may hence lead to slower rate of particle size reduction even

when saturation conditions have not been attained. Solid dissolu-

tion also requires higher convection along the solid–liquid inter-

face which is enabled at higher power level settings and lower

solvent viscosities.

Fig. 3a and b illustrate the variation of d43 for Systems 1 and 2 at

different ultrasonic power level settings under non-mass transfer

conditions, respectively. The particle size reduction for System 1
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Fig. 2. Variation of d43 with respect to ultrasonic power level setting under mass

transfer conditions: (a) System 1 and (b) System 2.
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Fig. 3. Variation of d43 with respect to ultrasonic power level setting under non-

mass transfer conditions: (a) System 1 and (b) System 2.
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was not rapid as it was in presence of mass transfer even at 70%

ultrasonic power level setting, the highest power level setting used

in the present investigation (Fig. 3).

For System 2, the particle breakage was not significant, even at a

power level setting of 70% (Fig. 3b). Higher viscosity of System 2

may have hindered the effects of cavitation and hence the particles

were not broken easily.

3.2. Evolution of surface area under mass transfer and non-mass

transfer conditions

The particle size distribution data obtained from the laser par-

ticle size analyzer was processed to determine the specific surface

area generated as a result of size reduction of particles. The meth-

odology was outlined in Section 2.4. The average sphericity of par-

ticles obtained from batches of experiments conducted under

different process conditions (ultrasonic power level setting and

time of sonication) was found to be 0.60. The sphericity of crushed

particles generally varies between 0.60 and 0.80 [12]. The average

value of sphericity measured in this work (0.60) was used to calcu-

late the experimental values of surface area (SA) and specific sur-

face area (SSA).

Empirical correlations for SA and SSA were developed as a func-

tion of ultrasonic energy input per unit mass (EM) using nonlinear

regression feature of POLYMATH� software. It was found for both

Systems 1 and 2, at an ultrasonic energy input per unit mass of

around 60 kJ/kg, near saturation concentrations of the solute in

the respective solvents were attained. For System 1 at 70% power

level setting, this value of EM (60 kJ/kg) corresponds to 9 min of

sonication and the concentration of benzoic acid had reached

99% of its saturation concentration by then (Table 3). In the case

of 50% power level setting it took 15 min for System 1 to reach

an EM value of 60 kJ/kg and the concentration of benzoic acid at

that juncture was quite close (94%) to saturation concentration.

In case of System 2 at 70% ultrasonic power level setting, the sys-

tem reached 99% of saturation concentration when the ultrasonic

energy input per unit mass was 58 kJ/kg, which corresponds to

9 min of sonication. It may be seen from Table 3 that System 2

had attained 99% of saturation concentration after 15 min of soni-

cation at 50% power level setting. This corresponded to an energy

dissipation of 58 kJ/kg.

Once the system reaches saturation concentration the particle

size reduction is a sole result of particle breakage. Hence, empirical

correlations for surface area and specific surface area were devel-

oped in two phases: the first phase corresponds to both solid dis-

solution and particle breakage (i.e., until the system had reached

saturation concentration) and the second takes care of breakage

alone (i.e., after the system had reached saturation concentration).

The general form of the correlations developed for the evolution of

surface area (SA) and specific surface area (SSA) with energy input

per unit mass (EM) under mass transfer and non-mass transfer

conditions are given in Eqs. ((6) and (7)), respectively. The corre-

sponding values of these correlation parameters are given in Tables

4 and 5, respectively.

SA ðorÞ SSA ¼ aþ b ðEMÞc if EM � d ð6aÞ

SA ðorÞ SSA ¼ aþ b ðEM� dÞc if EM > d ð6bÞ

SA ðorÞ SSA ¼ aþ b ðEMÞc ð7Þ

where d is the value of EM required for the solid–liquid mass trans-

fer system to reach near saturation concentration.

Fig. 4 compares the SA of particles generated in Systems 1 and 2

as a result of sonication for both mass transfer and non-mass

Table 3

Characteristics of different solid–liquid systems studied during ultrasound-assisted solid dissolution.

Solid–liquid system Ultrasonic power level setting

(% of maximum)

d (kJ/kg) Time taken by the system to

reach an EM of d (min)

Fraction of saturation concentration

attained by the system (%)

d43 Of solid

particles (lm)

Benzoic acid–distilled

water

50 60 15 94 714

70 60 9 99 177

Benzoic acid–24% (w/w)

aqueous glycerol

50 66 15 99 760

70 58 9 99 438

Table 4

Values of correlation parameters developed for the estimation of SA and SSA under mass transfer conditions.

Solid–liquid system US power setting (%) d (kJ/kg) EM (kJ/kg) SA (mass transfer) (cm2) SSA (mass transfer) (cm2/g)

a b c a b c

Benzoic acid–distilled water 50 60 660 413.34 157.78 0.31 41.33 13.23 0.50

>60 977.12 2.62 1.56 143.77 0.38 1.56

70 60 660 413.34 4.52 1.64 41.33 0.74 1.62

>60 4170.0 2.36 1.84 612.00 0.37 1.83

Benzoic acid–24% (w/w) aqueous glycerol 50 66 666 413.34 158.27 0.23 41.33 14.28 0.44

>66 835.00 2.62 � 10�6 4.68 140.00 2.29 � 10�8 5.37

70 58 658 413.34 0.07 2.44 41.33 0.07 1.98

>58 1767.0 4.26 � 10�3 3.42 271.33 7.11 � 10�5 3.41

Table 5

Values of correlation parameters developed for the estimation of SA and SSA under non-mass transfer conditions.

Solid–liquid system US power setting (%) SA (non-mass transfer) (cm2) SSA (non-mass transfer) (cm2/g)

a b c a b c

Benzoic acid–distilled water 50 413.34 53.38 0.69 41.33 5.33 0.69

70 413.34 0.18 2.09 41.33 0.02 2.09

Benzoic acid–24% (w/w) aqueous glycerol 50 413.34 36.58 0.70 41.33 3.66 0.70

70 413.34 18.84 1.01 41.33 1.88 1.01
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transfer cases. The predicted values of SA from empirical correla-

tions given in Tables 4 and 5 are also plotted in Fig. 4. It may be

seen from Fig. 4 that for both systems, the SA increased with re-

spect to ultrasonic energy applied per unit mass both under mass

transfer and non-mass transfer conditions. For mass transfer con-

ditions, the inflection in the SA trend observed at an EM value of

around 60 kJ/kg for both 50% and 70% power level settings demar-

cates the unsaturated conditions from the nearly saturation con-

centration conditions.

The surface area trends for different systems and power level

settings are discussed below.

3.2.1. 50% power level setting for System 1

Under mass transfer conditions, the increase in SA for System

1was relatively slow until saturation, and then it becomes more ra-

pid as there is no disappearance of particles due to dissolution

henceforth (Fig. 4a). In the presence of solid dissolution, SA rise

is slow as the surface area increase by breakage may have been

partially negated by a loss in SA due to loss of particles by dissolu-

tion. Once near saturation conditions were obtained, these parti-

cles did not dissolve as rapidly as before and the surface area

began to increase. The rapid increase in the surface area may be

attributed to creation of more surface area from existing moderate

sized particles by the sonication. More number of smaller sized

particles (<100 lm) also began to get generated after 15 min of

sonication. These particles also did not dissolve rapidly in the solu-

tion anymore as saturation concentration has been nearly reached.

Further breakage of these smaller particles also contributes to ra-

pid rise in surface area. On the other hand, under non-mass trans-

fer conditions, the existence of still moderate sized particles which

have not yet broken into numerous smaller particles cause the sur-

face area to increase only monotonically and gradually (Fig. 4a).

3.2.2. 70% power level setting for System 1

As shown in Fig. 4b, the increase in surface area during mass

transfer run at 70% ultrasound power level setting is higher when

compared to the corresponding non-mass transfer case. This indi-

cates that breakage becomes the dominating mechanism and leads

to substantial increase in surface area even in the presence of solid

dissolution. The rapid size decrease enabled by the combined

effects of mass transfer and sonication may have created smaller

particles which however did not dissolve as much as the larger

ones as the former individually had smaller surface areas. These

particles may have accumulated in the moderate and smaller size

ranges of the dispersion to a larger extent and contributed to a

higher surface area. At the end of 6 min of sonication, considerable

presence of coarse particles in the non-mass transfer case was ob-

served (Fig. 5a) whereas a substantial density of particles in the

intermediate and fine size range was evident under mass transfer

conditions (Fig. 5b). This trend continues even until 9 min of soni-

cation. At the end of 9 min, Fig. 6a shows significant presence of

coarse particles in the non-mass transfer case. However, Fig. 6b

shows substantial density of particles in the intermediate and fine

size range under mass transfer conditions.

Even after 30 min of sonication, the presence of larger particles

in the non-mass transfer case is considerably more significant than

in the mass transfer case even though solid dissolution had ceased

in the latter. This shows that there are more particles in the small-

est size range under mass transfer conditions creating more sur-

face area than in the non-mass transfer case. A major fraction of
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Fig. 4. Comparison of surface areas created under mass transfer (MT) and non-mass transfer (NMT) experiments for (a) System 1 at 50% power level setting, (b) System 1 at

70% power level setting, (c) System 2 at 50% power level setting and (d) System 2 at 70% power level setting.
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the particles was in the size range between 2 and 90 lm after

30 min of sonication at 70% power level setting in the mass transfer

case. On the other hand, for the same power level setting, non-

mass transfer conditions yielded particles mainly in the size range

between 12 and 245 lm after 30 min of sonication. The higher

power dissipation at 70% (115W/L) when compared to what was

obtained at 50% (69W/L) led to considerable particle breakage

and creation of greater surface area.

3.2.3. 50% power level setting for System 2

Under mass transfer conditions, the loss of surface area from so-

lid dissolution counterbalances the gain of surface area by particle

breakage in the first phase of the particle size reduction process.

This explains the slow initial increase in the surface area for the

mass transfer case shown in Fig. 4c. Under non-mass transfer con-

ditions, the absence of particle dissolution led to higher surface

area values. System 2 reached near 99% saturation conditions after

15 min at which point the energy dissipation was 66 kJ/kg (Table

3). The energy dissipation of 105 kJ/kg corresponds to 23.7 min.

Once the inhibiting effects of mass transfer in reducing area was

no longer important at energy dissipation levels close to 105 kJ/

kg, cavitation could increase the surface area faster.

As shown in Table 3, the d43 of System 2 is 760 lm after 15 min

when sonicated at a power level setting of 50% under mass transfer

conditions. At this juncture, most of the particles were distributed

around a mean particle size of 910 lm. A total sonication time of

30 min at 50% power level setting could only reduce the d43 to

597 lm. Even at this point in time, there existed a significant frac-

tion of coarsest particles distributed around the size range of

870 lm (ln(dp) = 6.77). This clearly illustrates that particle break-

age was rather mild for System 2 once it reached saturation condi-

tions at 50% power level setting. This is directly reflected in a slow

rise of SA at these conditions (Fig. 4c).

3.2.4. 70% power level setting for System 2

It may be seen from Fig. 4d that in the mass transfer case, there

is also a region of slow increase in SA between EM values of 58 kJ/

kg and approximately105 kJ/kg after which the increase in SA is

considerable with respect to the ultrasonic energy supplied. Sys-

tem 2 took 9 min to reach saturation conditions at 70% power level

setting at which point the energy dissipated was 58 kJ/kg. The spe-

cific energy dissipation 105 kJ/kg corresponds to 16.2 min at 70%

power level setting. There appears to be some time lag for further

surface area increase to take place once System 2 attained near

saturation conditions, as evident at both 50% and 70% power level

settings under mass transfer conditions as shown in Fig. 4c and d.

Significantly higher surface areas, obtained in systems where mass

transfer occurred initially, at higher energy levels may be attrib-

uted to the presence of a significant proportion of particles present

in the lower size range. This may be clearly seen from Fig. 7 for

System 2 after 30 min of sonication under mass transfer condi-

tions. It appears that as long as mass transfer was occurring, there

was some loss in surface area due to dissolution, but also smaller

particles were being simultaneously produced. Once the solid

dissolution stopped in the mass transfer situation, there were

many smaller particles left over in the dispersion. In the absence

of mass transfer, the particles, though not losing surface area due

to solid dissolution, still remained fairly large during the sonication

process (Fig. 7). In this case, the particles were breaking at a nearly

0

50

100

150

200

250

300

lnd p

D
en

si
ty

 f
u

n
ct

io
n

Expt

fit1

fit2

fit3

d43 = 938 µm non - mass transfer
(a)

0

50

100

150

200

250

300

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

lnd p

D
en

si
ty

 f
u

n
ct

io
n

Expt

fit1

fit2

d43 = 326 µm

mass transfer(b)

Fig. 5. Comparison of experimental data and individual lognormal models of

probability density functions for System 1 after 6 min of sonication at 70% power

level setting under (a) non-mass transfer and (b) mass transfer conditions.

0

20

40

60

80

100

120

140

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

lndp

D
en

si
ty

 f
u

n
ct

io
n

Expt

fit1

fit2

fit3

non - mass transfer

d43 = 542 µm

(a)

0

20

40

60

80

100

120

140

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

lndp

D
en

si
ty

 f
u

n
ct

io
n

Expt

fit1

fit2

mass transfer

d43 = 177 µm

(b)

Fig. 6. Comparison of experimental data and individual lognormal models of

probability density functions for System 1 after 9 min of sonication at 70% power

level setting under (a) non-mass transfer and (b) mass transfer conditions.
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uniform rate as may be seen in the consistent but gradual increase

in the surface area (Fig. 4d).

In Fig. 3b, the average d43 was decreasing only slowly in the

non-mass transfer case even at this high power level setting, while

it decreased more rapidly at the same power level setting in the

mass transfer case (Fig. 2b).

Sonication at 70% power level setting was able to break the par-

ticles in System 2 even after reaching saturation conditions. The

d43 at near saturation conditions obtained with this power level

setting was 438 lm (Table 3) and after a total sonication time of

30 min the d43 was 66 lm (Fig. 2b). Hence there was a remarkable

rise in SA for this system after it reached saturation conditions

when treated at 70% power level setting (Fig. 4d) when compared

to 50% power level setting (Fig. 4c).

It is, however, not that easy for cavitation triggered events such

as microjets to be very effective when the particle sizes are small.

Microjets fragment the particles present in the vicinity and are

responsible for pitting and erosion of solid surface [7]. The veloci-

ties of these microjets were estimated to be of the order of 100 m/s

[24]. However there seems to be a limit for the microjet induced

effects. Alex et al. [25] observed that when particles are smaller

than the cavitating bubble they do not influence cavity collapse

while particles larger than cavitating bubble sizes will act as a sur-

face for microjet formation. Suslick and Price [26] observed that

when the particles are smaller than 200 lm in size, the microjett-

ing phenomenon ceases to be effective at ultrasound frequencies in

the order of 20 kHz and the inter-particle collisions with great

force induced by shockwaves becomes important. Shockwaves

produced as a result of symmetric collapse of the cavitation bub-

bles will result in microstreaming which enhances the rate of mass

transfer [7]. Further, shockwaves are capable of causing fracture to

the solid surface [5]. The particle velocities created by shockwaves

depend upon particle size, solution viscosity, slurry density, etc.

Larger particles will be only minimally accelerated by cavitation

induced shockwaves. When the viscosity of the solution increases,

the velocities of inter-particle collisions in the liquids decrease

[27]. Hence there is a time lag and more energy has to be input into

the system for the smaller particles to be eventually broken with

consequent increase in the surface area. However, once these par-

ticles are broken by repeated effects of the cavitating bubbles, the

surface area increased significantly.

Typical distributions shown in Figs. 5–7 indicate a multimodal

form. The log-normal fit details of these distributions are given

in Table 6. Usually, multimodal particle size distributions observed

in ultrasound assisted particle breakage studies may be attributed

to a combination of factors [5,28–31]. Bimodal particle size distri-

butions arise due to solid characteristics and breakage forces [32].

Erosion was found to be responsible for the growth of secondary

distribution of fine particles [29]. In addition to the primary shears

from microjets and inter-particle collisions which fragment parti-

cles, there might be other kinds of damage to the particles which

result in the formation of fine particles. Weak spots on the solid

surface, outer corners and edges are susceptible for getting chipped

off and/or eroded and thus may contribute for a secondary distri-

bution. If one of the mechanisms causing the secondary distribu-

tion is extremely prevailing, then a third distribution begins [32].

This implies that the particles belonging to the second distribution

may get further eroded to form the third distribution.

3.3. Estimation of the intrinsic mass transfer coefficient

Usually in ultrasound experiments involving mass transfer, the

volumetric mass transfer coefficient (kca) is treated as a lumped

parameter for the process under investigation [33]. Kannan and

Pathan [34] reported intensification due to ultrasound on intrinsic

mass transfer coefficients as the surface area of the rotating ben-

zoic acid solid cylinder was nearly constant. The problem is more
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Fig. 7. Comparison of experimental data and individual lognormal models of

probability density functions for System 2 after 30 min of sonication at 70% power

level setting under (a) non-mass transfer and (b) mass transfer conditions.

Table 6

Fitted lognormal parameters for mass transfer (MT) case depicted in Figs. 5–7.

System Ultrasonic power level setting (%) Sonication time (min) Fit ID Non-mass transfer conditions Mass transfer conditions

Ai (%) Bi Ci R2 Ai (%) Bi Ci R2

1 70 6 Fit 1 18.61 0.122 5.925 0.994 30.47 0.446 4.838 0.998

Fit 2 34.01 0.369 6.548 69.53 0.305 5.921

Fit 3 47.38 0.069 7.126 – – –

1 70 9 Fit 1 5.42 0.326 5.218 0.999 55.84 0.489 4.659 0.998

Fit 2 30.44 0.338 5.965 44.16 0.271 5.501

Fit 3 64.14 0.234 6.450 – – –

2 70 30 Fit 1 25.81 0.492 4.525 0.994 85.38 0.480 3.936 0.996

Fit 2 29.89 0.242 5.298 14.62 0.235 4.757

Fit 3 44.30 0.181 6.783 – – –
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difficult in dispersed systems. However, in this work, the intrinsic

mass transfer coefficient (kc), could be obtained from the volumet-

ric mass transfer coefficient (kca) as the surface area data were

measured. The availability of kc also enables the estimation of

Sherwood number. The analysis was divided into two parts. In

the first part, the intrinsic mass transfer coefficient (kc) was as-

sumed to be a constant lumped parameter and independent of

batch dissolution kinetics. This represents a first approximation

and is discussed below (Section 3.3.1). In the subsequent analysis

(Section 3.3.2), the lumped parameter assumption is relaxed and

the intrinsic mass transfer coefficient is allowed to vary.

3.3.1. Constant intrinsic mass transfer coefficient (kc)

The intrinsic mass transfer coefficient (kc) was taken as constant

at each experimental condition. The empirical expressions ob-

tained for surface area as a function of ultrasonic energy per unit

mass (Eq. (6)) were substituted in Eq. (1) and the resulting expres-

sion was numerically integrated using the methodology given in

Section 2.5.

The estimated values of the intrinsic mass transfer coefficient

(kc) are summarized in Table 7. It can be seen from this Table that

the intrinsic mass transfer coefficient (kc) increases as the power

dissipated increases. This may be attributed to the enhanced

microturbulence in the solid–liquid film prevailing at higher power

level setting. This increase is observed in both the systems investi-

gated. The concentration values predicted are compared with those

obtained experimentally in Fig. 8 for System 1 treated at 70%

power level setting.

3.3.2. Intrinsic mass transfer coefficient (kc) accounting for variation in

particle size

Zanwar and Pangarkar [35] observed that the conventional def-

inition of Reynolds number in terms of a length and velocity scales

is not easy in ultrasonic applications as there is no information on

the nature of the turbulence. In well agitated dispersions, the

solid–liquid mass transfer is affected in a complicated manner by

bulk liquid turbulence, particle size and solute diffusivity, liquid

viscosity, etc. [36]. In the present work, the possible candidates

for length scale are ultrasonic probe tip diameter, vessel diameter

or average particle diameter. The ultrasound probe diameter is not

a standard parameter which has a definite geometric scaling rule

with the vessel dimensions as in a standard mixing vessel. The par-

ticle representative (i.e., mean) diameter is a more logical choice as

the particles movement relative to the liquid in the presence of

ultrasound influences the convective mass transfer coefficient.

Here, d43 is considered as the representative diameter. Even though

this parameter changes with time due to particle breakage and dis-

solution (Fig. 2), this has been measured in this work. Hence the

particle size distribution not only influences the interfacial area

of mass transfer but also plays an important role in defining the

intrinsic mass transfer coefficient itself. Further, ultrasound veloc-

ity scales are difficult to quantify and may vary with system prop-

erties and power dissipation levels. Further, different particles may

move with different velocities in the dispersion under the influ-

ence of ultrasound. Hence it is preferable if the ultrasound power

dissipation itself may be introduced in the Sherwood number cor-

relation for mass transfer rather than a velocity scale. This ap-

proach has been used previously by Kannan and Pathan [34]. The

equivalent stirrer speed approach introduced by Simon et al. [37]

for ultrafiltration applications was also tried in this work to corre-

late the intrinsic mass transfer coefficients in the presence of

ultrasound. However, the problem of suitable choice of length

dimensions in the Reynolds number term as discussed above arose.

Further, the fitted equivalent stirring speed values were very high

in the order of few thousands and the confidence intervals of this

fitted parameter were very broad. Hence this approach of equiva-

lent stirrer speed was not pursued further in our work.

After the above attempt, it was decided to test the Kol-

mogorrof’s method as suggested by Zanwar and Pangarkar [35].

Sänger and Deckwer [38] suggested this approach to circumvent

the modeling approach from the need to know the relative veloc-

ity. Gogoi and Dutta [36] also favored using this approach in three

phase sparged reactors where benzoic acid dissolution in turbu-

lent liquid medium was analyzed. The agitation in this applica-

tion was provided by aeration at different velocities. They

observed that the Reynolds number may be described in terms

of some measurable macroscopic quantities. This approach is

widely popular in modeling mass transfer systems and has been

considered for instance by Kawase and Moo-Young [39] and Arav-

amudan and Baird [40]. The energy dissipation term also is intro-

duced quite naturally in combination with the mixing length (l)

term to define the equivalent velocity scale as shown below.

The velocity scale (u) is given by

u ¼ ðleÞ1=3 ð8Þ

Since the Reynolds number is defined by

Re ¼ lu

m
ð9Þ

this leads to the following equation after substituting d43 for the

characteristic particle dimension l

Table 7

Predicted values of the intrinsic mass transfer coefficient (kc) for different ultrasonic experimental conditions.

Solid–liquid system Ultrasonic power level setting

(% of maximum)

Power dissipated

(W/L)

Intrinsic mass transfer coefficient

(kc) (cm/min)

Benzoic acid–distilled water 50 68.5 0.216

70 115.1 0.527

Benzoic acid–24% (w/w) aqueous glycerol 50 77.9 0.340

70 114.5 0.790
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ReUS ¼
d
4=3
43 e

1=3

m
ð10aÞ

This form of the Reynolds number was chosen as the particle’s

length dimension was greater than (m3/e)1/4. For particle dimension

smaller than (m3/e)1/4, an alternative form of ReUS is used [36]:

ReUS ¼
d43e1=4

m3=4
ð10bÞ

For example, even if the average particle size is in the order of

102 l (500 lm during mass transfer would be a very conservative

estimate), this was greater than the length scale obtained (10 lm)

as estimated by (m3/e)1/4 for the present systems under investiga-

tion. The Sherwood number in the presence of ultrasound is de-

fined as follows:

ShUS ¼ aðReUSÞbðScÞc ð11aÞ

where ShUS ¼
kUSd43

DAB

ð11bÞ

Since the local Sherwood number is difficult to measure along

the particle surface, its average value is required. However, it can-

not be calculated for each particle in the dispersion. Hence, the

average Sherwood number for the entire dispersion at a given in-

stant is characterized in terms of instantaneous average particle

size (d43) in the dispersion. This length scale is used both in the

Sherwood number correlation as well as in the Reynolds number

group. The exponents of the Sherwood number correlation (Eq.

(11a)) were obtained in the following manner.

The variations of d43 with time as shown in Figs. 2a and b for

different systems and different conditions were each fitted with

a suitable piecewise polynomial expression with regression coeffi-

cient of practically unity. The resulting polynomial expressions for

d43 were embedded in the correlation for Sherwood number (Eq.

(11)). Now the Sherwood number or equivalently the intrinsic

mass transfer coefficient also becomes time dependent as it is a

function of the time dependent d43. Next, the Sherwood number

correlation form (Eq. (11a)) and the surface area correlations (Eq.

(6)) were embedded in Eq. (1). The parameter fitting was carried

out as described in Section 2.5 to yield the exponents of the

Sherwood number correlation as shown in Eq. (12).

ShUS ¼ 0:6732Re0:4360US Sc0:3366 ð12Þ

Typically, in mass transfer correlations, the exponent of

Schmidt number in boundary layer controlled situations is 1/3. In

the present work, the exponent of the Schmidt number (c) is in-

cluded along with a and b for estimation in the nonlinear estima-

tion of parameters. The exponent of Reynolds number is typically

0.5 or 0.8 in conventional processes i.e., where ultrasound was ab-

sent. However, Zanwar and Pangarkar [35] observed the exponent

for Re to be only 0.217 and concluded to be due to low utilization

of ultrasonic power.

From Eqs. ((11b) and (12)), the intrinsic mass transfer coeffi-

cient may be obtained as a function of time, for different systems

and power dissipations, using the same piecewise polynomial

expressions for d43 obtained as described above. Fig. 9 depicts

the variation of the intrinsic mass transfer coefficient as a function

of normalized time for System 1 at 50% and 70% ultrasonic power

level settings. The time of sonication was divided by the time taken

by the solid–liquid system to attain saturation to get the normal-

ized time. The solid and dashed lines correspond to the values of

the intrinsic mass transfer coefficient (kc) obtained from the

lumped system approach previously outlined in Section 3.3.1.

The trends with symbols represent the values of kc obtained by

accounting for the change in particle size (d43). It may be easily

perceived from this figure that there exists a significant difference

in the magnitude of kc predicted by these two approaches. The

variation in kc for System 1 was found to increase with an increase

in the power level setting for both the approaches. It may be

observed from Fig. 9 that the increase in kc is rapid at 70% power

level setting. This may be due to higher effect of microturbulence

in case of 70% power level setting when compared to 50% power

level setting. Higher power level setting leads to enhanced particle

breakage and hence more number of smaller particles. The micro-

turbulence occurring in the solid–liquid interface of each of these

numerous smaller particles may contribute to augment the overall

kc of the dispersion.

The variation of kc for System 2 is illustrated in Fig. 10. At 50%

power levels, the interfacial area for mass transfer did not change

significantly during most of the run (Fig. 4c, MT conditions). Hence

the variable intrinsic mass transfer coefficient does not vary too

much from the value predicted by the lumped parameter model.

The significant variation in kc observed in case of 70% power level

setting System 1 is not evident for System 2 at the same 70% power

level setting. In fact, the intrinsic mass transfer coefficients are

even somewhat comparable with the mass transfer coefficients

obtained at 50% power level settings (Fig. 10). This may be due

to the higher viscosity of System 2. The constant (i.e., lumped) kc
approach under predicted the kc values for System 1 and over pre-

dicted for System 2 at all ultrasonic power level settings used.

Actually, the particle size distribution’s variation with time not

only influences both d43 which appears in the Reynolds number

and Sherwood number terms in Eq. (11) but also influences the

surface area evolution with time for mass transfer. Hence the
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Fig. 9. Variation of intrinsic mass transfer coefficient as a function of dimensionless

time for System 1 at different ultrasonic power level settings based on d43.
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trends involving intrinsic variable kc when associated with signifi-

cant changes in d43 and surface area are rather complex.

From Figs. 9 and 10, it may be seen that the variable mass trans-

fer coefficient approach predicts higher intrinsicmass transfer coef-

ficients for the pure water based System 1 than the glycerol based

System 2. This would be usually expected on the basis of higher dif-

fusivity of System 1 than System 2 as shown in Table 1. However,

the lumped mass transfer coefficients approach, as indicated by

the straight lines of Figs. 9 and 10, shows opposite trends. This

approach assumes a constant intrinsicmass transfer coefficient that

is invariantwith time and therefore this approachmay be treated as

a first approximation only as was already mentioned in Section 3.3.

Hence, due to the significant variations in the predictions by the

lumped intrinsic mass transfer coefficients it is recommended to

use the variation of particle size to predict the time-dependent

values of kc if the particle size data at various sonication times are

available. Fig. 11 shows the typical experimental and predicted con-

centration trends obtained for System 1 by using variable kc ap-

proach when operated at 70% power level setting. For this case,

the predictions are slightly higher than the experimental values.

Another important consideration here is the use of appropriate

particle size distribution and surface area information when

designing ultrasonically intensified mass transfer equipment. The

Sherwood number correlations used in the design must incorpo-

rate average particle size diameter and interfacial area obtained

under mass transfer conditions. There is wide disparity in these

data as discussed earlier, between the mass transfer and non-mass

transfer runs. Hence, the data generated under non-mass transfer

conditions, may not be used for mass transfer applications. This

is somewhat similar to studies in extraction equipment where

the drop hydrodynamics prevailing under mass transfer conditions

are distinct from the hydrodynamics encountered under non-mass

transfer conditions. In such cases, the solute transfer from the dis-

persed phase to continuous phase induces coalescence of drops

due to interfacial tension gradients thereby leading to much lower

surface areas than those obtained in conditions where the drops

were not induced to coalesce [41,42]. Hence correlations devel-

oped for dispersed phase holdup and interfacial area in the absence

of solute transfer cannot be automatically extended to cases where

mass transfer is also present.

4. Summary

The major findings from this work are listed below

a. A detailed study on the evolution of surface area of benzoic

acid particles with time has been made under both mass

transfer and non-mass transfer conditions.

b. The evolution of particle size distributions and the average

diameter (d43) has been compared for both mass transfer

and non-mass transfer conditions.

c. The ultrasonic energy input required to saturate benzoic

acid particles in aqueous solvents has been identified.

d. A Sherwood number correlation has been proposed to esti-

mate ultrasound induced intrinsic mass transfer coefficient.

The system properties and ultrasound power input levels are

used in this correlation. This correlation will be useful in the

design of commercial ultrasonic process equipment used for

simultaneous particle size reduction and dissolution.

5. Conclusions

The multimodal particle size distributions obtained with ultra-

sound induced particle breakage could be described in terms of a

combination of lognormal statistical distributions. The variation

of De Brouckere mean diameter (d43) as a function of ultrasonic en-

ergy input and sonication time were investigated both under mass

transfer and non-mass transfer conditions. This study clearly dem-

onstrates the intensification provided by ultrasound in creating

smaller particle sizes and hence enabling greater surface area espe-

cially at higher ultrasonic power levels.

The surface area created as a result of ultrasound-assisted par-

ticle breakage and dissolution for each system investigated was

quantified with respect to ultrasonic energy per unit mass for both

the mass transfer and non-mass transfer cases. Under mass trans-

fer conditions, both the solid–liquid systems studied reached near

saturation concentrations in presence of ultrasound at an ultra-

sonic energy input per unit mass of about 60 kJ/kg. Further, the

estimation of interfacial area could delineate the intrinsic mass

transfer coefficient from the volumetric mass transfer coefficient

and aid in the development of a design correlation for Sherwood

number. The intrinsic mass transfer coefficients for both the

solid–liquid systems studied were estimated numerically under

sonicated conditions by two methods viz. constant kc approach

and varying kc approach. The variable kc approach provided an in-

sight into the temporal effect of ultrasound on the intrinsic mass

transfer coefficient.

Initial solute transfer before saturation was found to create par-

ticle size distributions that were considerably different from those

obtained in the complete absence of solute transfer. This has impli-

cations on the temporal variation of the average particle size and

the surface area. Hence, in the design of ultrasonically intensified

mass transfer equipment, Sherwood number correlations ought

to be based on particle size distribution data obtained under solute

transfer conditions.
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