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A B S T R A C T   

Ultrasound-mediated method, which can effectively disperse agglomerates or even eliminate agglomeration, has 
received more and more attentions in industrial crystallization. However, the ultrasound-mediated de-agglom-
eration mechanism has not been well understood, and no general conclusions have been drawn. In this study, the 
crystallization and de-agglomeration process of ceftezole sodium agglomerates under ultrasound irradiation were 
systematically investigated. Kapur function was selected to investigate the de-agglomeration process under 
different ultrasonic powers. The results revealed that ultrasound could efficiently inhibit agglomeration. Besides, 
the de-agglomeration of large sized agglomerate particles was found to be easier to occur in comparison with 
small sized particles due to its higher specific breakage rate. Finally, the de-agglomeration mechanism under 
ultrasonic irradiation was proposed on the basis of the calculated cumulative breakage functions.   

1. Introduction 

Agglomeration, as a common phenomenon in industrial production, 
could affect the downstream processing units, end-use properties, as 
well as the range of applications [1–3]. For example, ceramic agglom-
erates would depress the shrinkage rate of ceramic powders during 
sintering and further hamper densification of ceramic parts [4]. For 
paints, agglomerates of the pigmentary particles would degrade the 
uniformity of paint [5]. For active pharmaceutical ingredients, irregular 
agglomerates can decline the efficiency of filtration, washing, drying, 
and reduce the purity of the product as mother liquor and impurities 
would entrap into the agglomerates [6]. Thus, further unit operations 
need to be adopted to ensure the high quality of the final products in 
industrial manufacture, which is undesirable in industry due to higher 
time and cost consuming. Therefore, it is of great importance to elimi-
nate agglomeration and reduce the negative effects as much as possible 
in the crystallization process. 

Ultrasound-mediated method, which can effectively disperse ag-
glomerates or even eliminate agglomeration without the introduction of 
additives, has received more and more attentions recently [7–13]. It has 
been confirmed that the dispersion efficiency of agglomerate particles 

under ultrasonic irradiation is much larger than that of mechanical 
stirring at lower input power [14]. Besides, many researches have shown 
that particles obtained under ultrasonic irradiation can not only have a 
favorable dispersion, but also show desirable physicochemical proper-
ties. Mahbubul’s group investigated the effect of ultrasonication on the 
dispersion and stability of nanofluids with direct sonication. The results 
showed that ultrasonication had a positive impact on dispersion prop-
erties of TiO2 – water nanofluid. Moreover, the obtained nanofluid 
under 150 min of ultrasonication yielded the highest stability [15]. 
Mendoza’s group performed a series of experiments focused on the ef-
fects of irradiated volume, sonication time, as well as sonication power 
on the de-agglomeration of NaX zeolites. The investigating results 
demonstrated that the agglomerates population was reduced after ul-
trasonic irradiation, while the tapped density of NaX zeolites was 
improved in comparison with the absence of ultrasonication [16]. 
Shahcheraghi’s group showed that nano-copper oxides with certain 
particle size could be rapidly produced in an ultrasonic system, and the 
nanoparticles had high purity [17]. 

Besides, some researches explored the de-agglomeration mechanism 
of ultrasonic irradiation. Kumar’s group reported that the predominant 
mechanism for the breakup of agglomeration of hydrophilic famed silica 
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nanoparticles was erosion based on the scattering light characterization 
[18]. Sauter’s group put forward that ultrasound mediated de- 
agglomeration of SiO2 particles was considered to be mainly a result 
of cavitation [19]. Jone’s group suggested that agglomeration was 
inhibited as the cavitation bubbles collapse to break the interaction 
between fine crystals and agglomerates [20]. Gerven’s group suggested 
that ultrasound introduction enhanced suspension micromixing, which 
increased interparticles collisions frequency, leading to preventing 
forming agglomerates [21], while Suslick’s group found that high ve-
locity interparticles collisions could lead to extreme heating at the point 
of impact, which could result in local melting and further formed ag-
glomerates [22,23]. Thus, the mechanism of de-agglomeration under 
ultrasonic irradiation has still not been well understood and no general 
rules or theories have been established. More systematic researches need 
to be conducted to further unveil the ultrasound-mediated de-agglom-
eration mechanism, especially for the organic compounds (active 
pharmaceutical ingredient et al.), which are rarely studied compared to 
inorganic compounds. 

Hence, in this study, ceftezole sodium, a first-generation cephalo-
sporin antibiotic, was selected as the model compound to investigate the 
de-agglomeration process and explore the de-agglomeration mecha-
nism. Firstly, sonocrystallization process of ceftezole sodium was 
investigated under different ultrasonic powers and sonication time. 
Subsequently, the ultrasound-mediated de-agglomeration was explored 
at various ultrasonic powers on the basis of the Kapur function. Finally, 
the de-agglomeration mechanism was proposed depending on the 
calculated cumulative breakage distribution functions. 

2. Theories 

Breakage function and selection function are used in the Kapur 
functions to characterize the breakage. The selection function (Si) is the 
breakage rate constant of particles size xi. The cumulative breakage 
function (Bi,j) gives the distribution of fragments from breakage of size xj 
to have a size less than xi [24,25]. The cumulative oversize fraction used 
during Kapur function analysis for batch breakage can be written as the 
following equation [25,26] 

R(x, t) = R(x, 0)exp

[
∑P

k=1
K(k)(x)

tk

k!

]

(1)  

where R(x,t) is the cumulative oversize fraction above particle size x at 
any instant of time t. R(x,0) is the corresponding cumulative oversize 
fraction at the beginning of breakage. The terms in the bracket are 
known as the Kapur function from which the approximate specific 
breakage rate (Si) and cumulative breakage function (Bi,j) can be 
derived. At any time t, a residual ratio can be defined as: 

f (x, t) =
R(x, t)
R(x, 0)

(2) 

For short breakage time, Eq. (1) can be simplified to the following 
equation 

f (x, t) = exp
(
K(1)t

)
(3) 

The first Kapur function K(1) can be obtained by plotting ln f(x,t) 
against time. Then, the specific breakage rate and cumulative breakage 
function at different particle size classes can be calculated as the 
following equations. 

Si = − K(1)
i (4)  

Bi,j =
K(1)

i

K(1)
j

(5) 

The available breakage time for estimating the breakage parameters 
using Eq. (3) may be different for different systems, as the different 

properties of the materials and the efficiency of the equipment. The 
available breakage time, which could define Eq. (3) could be used or not 
for estimating the breakage parameters, can be determined by the 
following equation 

T = 100
[
1 − e− S1 t] (6)  

where S1 is the breakage rate constant of particle class 1, t is the actual 
breakage time. T is the dimensionless time. If T is above 95%, Eq. (3) is 
not recommended for estimating the parameters [27]. 

Numbering of the particle size classes is done in reverse order. 
Namely, the coarsest size class is named as 1, and the class numbering 
ascends toward the finest size. Then, the curve Bij against xi/xj can be 
used to determine the breakage mechanism: fracture and abrasion. 
Fracture mechanism is defined as original particles are split into variably 
sized smaller particles. In contrast, abrasion is the mechanism by which 
smaller particles are chipped away from the edges and surfaces of the 
original particles [24,25,28]. If the curve is nearer to the extreme frac-
ture curve, the breakage mechanism would be dominantly controlled by 
fracture and vice versa. 

3. Experimental 

3.1. Materials 

Ceftezole sodium (99%) was provided by Shandong Lukang Phar-
maceutical Co., Ltd., China. Anhydrous ethanol with analytical reagent 
grade was purchased from Tianjin Yuxiang Chemical Reagent Co., Ltd., 
China. Deionized water was prepared by the Millipore water system 
with a resistivity of 18.2 MΩ∙cm at 298.15 K. All of the chemicals were 
used without further purification. 

3.2. Sonocrystallization experiments 

25 mL of 11% (w/v) ceftezole sodium aqueous solution was prepared 
and filtered into a 120 mL jacketed crystallizer by 0.22 μm syringe filter. 
Then 80 mL anhydrous ethanol was pumped into the solution at a speed 
of 2 mL/min by a peristaltic pump (BT100-1F, LongerPump, China). At 
the same time, two kinds of ultrasonic irradiation were applied into the 
working solution until the end of the poor solvent addition: continuous 
and intermittent ultrasonic irradiation. For continuous ultrasonic irra-
diation, a series of ultrasonic powers (80–320 W) were applied into the 
solution all the time. For intermittent ultrasonic irradiation, a fixed 
power of 80 W was applied with sonication of 1 min duration after the 
addition of every 6 mL, 14 mL, 38 mL anhydrous ethanol. Thus, the total 
sonication time corresponded to 10 min, 5 min, 2 min, respectively. For 
the comparison, the crystallization without ultrasound introduction was 
also conducted at the similar condition of ultrasound introduction. A 
summary of the experimental conditions was summarized as category 1 
in Table 1. At the end of the experiments, 2 mL suspensions were taken 
out to analyze the crystal size distribution with the dispersed phase of 
cold anhydrous ethanol which was beforehand stored in the jacketed 
crystallizer using a Malvern Mastersizer 3000 (Malvern Instruments 
Ltd.). The jacketed crystallizer and the experimental temperature was 
kept at 283.15 K controlled by thermostatic water bath (CF41, Julabo, 
Germany) and the stirring speed of 250 rpm was controlled by magnetic 
stirrer (ZNCL-BS, Xingke Sci. Ltd., China). During all the experiments, 
ultrasonic irradiation frequency was fixed at 20 kHZ using an ultrasonic 
processor (UP-400S, Jingxin, China) with the tip diameter of 5 mm 
providing a maximum irradiation power of 400 W. 

3.3. Particle de-agglomeration experiments 

Ceftezole sodium particles with the mean particle size around 55.5 
μm (2.0000 ± 0.0010 g) was suspended into 210 mL anhydrous etha-
nol–water mixed solvents (Vethanol:Vwater = 3.2) at 283.15 K and stirring 
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speed of 250 rpm. Then continuous ultrasonic irradiations of 80–320 W 
with 80 W interval power were introduced to the suspension, and which 
was lasted for 30 min. The experimental conditions were summarized as 
category 2 in Table 1. Then 2 mL suspension samples were taken at the 
beginning of the de-agglomeration experiments and with a constant time 
interval after the ultrasonic introduction. These suspension samples 
were dispersed into the cold anhydrous ethanol which was beforehand 
stored in the jacketed crystallizer for analyzing particle size distribution 
with a Malvern Mastersizer 3000 (Malvern Instruments Ltd.). The tem-
perature of the jacketed crystallizer was maintained at 283.15 K by the 
thermostatic water bath (CF41, Julabo, Germany). 

4. Results and discussions 

4.1. Sonorystallization experiments 

The effects of the ultrasonic power and sonication time on the 
sonocrystallization of ceftezole sodium were investigated systemati-
cally. In this work, the increase of ceftezole sodium particles size is 
mainly ascribed to the spherical agglomeration of ceftezole sodium 
particles, which is a fast process, as shown in Fig. 1. Therefore, the 
change of particles size is related to agglomeration process. The contour 
plots of the particle size distributions under different ultrasonic powers 
and sonication times are shown in Fig. 2. It could be seen from Fig. 2(a) 
that the mean particle size decreases with the increasing of sonication 
time under the ultrasound introduction, whose detailed data are shown 
in Table S1 in the Supporting information. Moreover, the width of 
particle size distributions in the contour plot under ultrasound is larger 
than that without ultrasound. The coefficient of variation (CV) could 
characterize the particle size distribution. It could be calculated by CV =
(PD84% − PD16%)/2PD50%. The smaller the CV value is, the more uni-
form the particle size will be. It could be found that CV value becomes 
larger with the ultrasound application (Table S1). It means poorer uni-
formity of particle size of the product. Moreover, from Fig. 3(b, c), both 
smaller agglomerates and single crystals could be observed. The CV 
value gets smaller under the sonication time of 10 min, indicating the 
presence of more uniform particles. From Fig. 3d, little agglomeration 
exists after 10 min of sonication time. All the results indicate that less 
agglomerates existed and more fine single crystals existed with the 
increasing of sonication time. Similarly, the mean particle sizes under 
different ultrasonic powers decrease to be almost 10 μm, as shown in 

Fig. 2(b). Furthermore, the mean particle size declines with the 

Table 1 
The experimental parameters used in sonocrystallization and de-agglomeration experiments.  

Conditions Sonocrystallization experiments category 1 Conditions De-agglomeration experiments category 2 

Ultrasonic power Sonication time Ultrasonic power Sonication time 

Continuous ultrasound 1 80 W 40 min 1 80 W 30 min 
2 160 W 40 min 2 160 W 30 min 
3 240 W 40 min 3 240 W 30 min 
4 320 W 40 min 4 320 W 30 min  

Intermittent ultrasound 5 80 W 0 min    
6 80 W 2 min    
7 80 W 5 min    
8 80 W 10 min     

Fig. 1. The microscopic photos showing the spherical agglomeration process of ceftezole sodium.  

Fig. 2. The contour plots of particle size distributions under different soni-
cation times at the fixed ultrasonic power of 80 W (a) and different ultrasonic 
powers at the fixed sonication time of 40 min (b). 
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ultrasonic power increasing (see Table S1). In addition, the widths of the 
particle size distribution also decline with the increasing of ultrasonic 
power (Fig. 2(b), Table S1). It means the particle size distribution of the 
products tends to be more uniform. It could also be found from Fig. 4 
that the obtained products are almost fine dispersed crystals. All the 
results indicate that products with more fine dispersed crystals would be 

obtained under higher ultrasonic power. 
Therefore, it could be concluded that agglomeration could be 

inhibited with the application of ultrasound. The reasons may be that 
the cavitation bubbles prefer to attach to the agglomerates surface due 
to the large particle size and the collapse of bubbles would cause shock 
wave to break the interaction between the agglomerates and the fine 

Fig. 3. Microscope images for ceftezole sodium crystals obtained at different sonication time and fixed ultrasonic power of 80 W. a) intermittent ultrasonic irra-
diation at 10 min. b) intermittent ultrasonic irradiation at 5 min. c) intermittent ultrasonic irradiation at 2 min. d) without ultrasonic irradiation. 

Fig. 4. Microscope images for ceftezole sodium crystals obtained at fixed 40 min of sonication time and different ultrasonic powers. a) continuous ultrasonic 
irradiation at 80 W. b) continuous ultrasonic irradiation at 160 W. c) continuous ultrasonic irradiation at 240 W. d) continuous ultrasonic irradiation at 320 W. 
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particles, and thus discrete and fine dispersed particles reattachments 
will be prevented [20]. As the ultrasonic power and sonication time 
raise, the cavitation is intensified [29]. More cavitation bubbles 
attached onto the agglomerates surface would also enhance the 
breakage of agglomerates. Therefore, de-agglomeration will be more 
efficient under higher ultrasound power and longer sonication time. 

4.2. Kinetic modeling of de-agglomeration 

In order to further determine the de-agglomeration mechanism at 
ultrasonic irradiation, cumulative breakage functions under different 
conditions were investigated. Firstly, it is confirmed that stirring speed 
of 250 rpm in this study has a negligible effect on the particle de- 
agglomeration as tested by the mean particle size under stirring over 
60 min without ultrasound, as shown in Fig. 5. The mean particle size is 
55.5 μm at the beginning and 55.0 μm after 60 min stirring. Therefore, 
the effect of stirring at 250 rpm on particle size can be ignored and the 
ultrasound should be the main factor to cause the particles de- 
agglomeration. 

As shown in Section 2, T is used to determine whether Eq. (3) could 
be used or not for estimating the breakage parameters. Considering T 
should not be above 95, Eq. (3) could be used for estimating the 
breakage parameters. In this study, t is selected as 12 min for further 
analysis, so that the T in all cases is below 95. Subsequently, the kinetic 
modeling via Kapur function was carried out to determine the breakage 
rate of the particles. Firstly, 10 particle size classes were classified for 
particle size ranging between 4.03 and 76.01 μm, as shown in Table 2. 
Then, the residual ratios f(x,t) could be obtained for each particle class 
by Eq. (2). Then, the first Kapur functions were obtained from the slopes 
of the plotting of ln (f(x,t)) versus time and the results are shown in 
Fig. S1. Then, the specific breakage rate, Si, can be determined by the Eq. 
(4). The obtained results are listed in Table S2, which shows good fitting 
results with R2 exceeding 0.95. Special breakage rates of particle class 1 
under 80 W, 160 W, 240 W, and 320 W ultrasonic powers are 1.29 ×
10− 3 s− 1, 1.74 × 10− 3 s− 1, 2.09 × 10− 3 s− 1, and 4.10 × 10− 3 s− 1, 
respectively, while particle class 10 show lower breakage rates, namely, 
6.05 × 10− 6, 6.42 × 10− 6, 6.52 × 10− 6, and 7.05 × 10− 6 s− 1 under the 
corresponding conditions (Table S2). The specific breakage rate of 
particle class 1 under 320 W ultrasonic power is almost three times 
larger than that under 80 W ultrasonic power. However, specific 
breakage rate of particle class 10 under 320 W ultrasonic power is 
almost one time larger than that under 80 W ultrasonic power. 

To show clearly the effect of ultrasonic power on specific breakage 
rates of different particle size products, the specific breakage rates of the 
products with different particle size classes under different ultrasonic 

powers are shown in Fig. 6. As shown in Fig. 6, the specific breakage rate 
of all particle size classes increases as the ultrasonic power increases. 
The specific breakage rates of products with large particle size increases 
dramatically than those of small particle sized products with ultrasonic 
power increasing. It indicates that products with larger particles size not 
only possess larger specific breakage rates, but also are more strongly 
affected by ultrasonic power. Therefore, it could draw a conclusion that 
the de-agglomeration is much easier to occur under higher ultrasonic 
power, and de-agglomeration of large sized agglomerate particles is 
more remarkable than that of small sized particles. Based on the specific 
breakage rates, the cumulative breakage functions Bi,j for different ul-
trasonic powers were calculated by Eq. (5). Bi,j for various particle size 
classes under different ultrasonic powers are shown in Fig. 7. It could be 
seen from Fig. 7 that Bi,j generally lies around the extreme curve of 
fracture. Moreover, Bij is nearer to the fracture curve under the higher 
ultrasonic power, such as 320 W. It means that the de-agglomeration 
mechanism under ultrasound of particles is dominated mainly by 
fracture. 

4.3. De-agglomeration mechanism 

By the above analysis, a proposed de-agglomeration mechanism is 
given to understand the de-agglomeration process as shown in Fig. 8. 
When the ultrasound is introduced into the solution, the cavitation 
phenomena which is the formation, growth, and collapse of bubbles is 
created by the pressure variation [30–32]. Cavitation bubbles may 
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Fig. 5. The particle size distributions of ceftezole sodium products agitated for 
0 min and 60 min under no ultrasound. 

Table 2 
Definition of particle size classes.  

Particle classes i,j Particle size range, μm 

1 >76.01 
2 66.90–76.01 
3 58.88–66.90 
4 51.82–58.88 
5 45.61–51.82 
6 31.10–45.61 
7 21.21–31.10 
8 14.46–21.21 
9 8.68–14.46 
10 4.03–8.68  

Fig. 6. The specific breakage rates of products with different particle size at 
different ultrasonic powers. The particle sizes used in this figure corresponded 
to the minimum particle size of each particle size class. 
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prefer to attach to the agglomerates with the large particle size and have 
a high significance on the agglomerates. During the compression and 
rarefaction of phases, cavitation bubbles attached onto the agglomerates 
collapse and release shock waves. The released shock waves might break 
the agglomerates mainly by fracture, namely, splitting the agglomerates 
into smaller sized particles. Therefore, the agglomeration is inhibited 
during the sonocrystallization process. 

5. Conclusions 

In this study, the behaviors and de-agglomeration mechanism of 
ceftezole sodium were investigated under ultrasound irradiation. Par-
ticle size distribution and Kapur function were selected to investigate 
agglomeration of ceftezole sodium agglomerates under ultrasonic irra-
diation. All the results indicated that the application of the ultrasound 
could efficiently inhibit agglomeration. Moreover, de-agglomeration of 
large sized agglomerate particles was more facilitated to occur in com-
parison with small sized particles due to the higher breakage rate, which 
was positive relevant to ultrasonic power. Depended on the calculated 
cumulative breakage functions, the de-agglomeration mechanism under 
ultrasonic irradiation was proposed as cavitation bubbles attached onto 
the agglomerates collapsed and released shock wave to split the ag-
glomerates into smaller sized particles mainly by fracture. 
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