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Abstract:  

The resistance to deagglomeration of spray-dried agglomerated particles of submicron size was 

investigated using an ultrasonication system in water. Submicron agglomerates consisting of 

water-insoluble primary particles with size of 10 or 100 nm were prepared in different shapes by 

varying the heating profile during spray drying. Deagglomeration experiments were performed 

using a low-power sonication device. Spherical agglomerates were found to be more resistant to 

ultrasonic forces, while dent- or doughnut-shaped agglomerates tended to break down. The 

results show that the shape of the agglomerate plays an important role in the energy balance of 

the ultrasound operation. The energy produced from the collapse of cavitation bubbles in the 

ultrasound vessel may be used to promote motion of the agglomerates and deagglomeration. 
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Introduction 

Advanced control of particle morphology is attracting attention. Nanoparticles, including colloidal systems, are often 

used to produce dry agglomerates with nanostructures and are widely used in pharmaceutical, dental, and ceramic 

manufacturing [1-3]. The spray method is one of the promising methods for producing dry agglomerates (mainly in the 

range of several micrometers) with controlled size and shape by combining with a drying process [4]. Some applications 

may require the produced agglomerate to deagglomerate into primary particles or particles finer than the agglomerate 

[5-9]. Several mechanisms have been proposed for the deagglomeration of nanoparticle networks; however, the strong 

bonds between primary particles cannot be broken by simple hydrodynamic stresses. A high shearing force is required 

to break down the network of nanoparticles, and rotor–stator mixers, high-pressure homogenizers, and ultrasonic 

(irradiation) devices have been tested for this purpose [10-12].  

Compared to other shearing methods, ultrasound irradiation can produce finer particles with a narrow size 

distribution, making it an attractive method for deagglomeration. Another advantage is that the particles in the ultrasonic 

system rarely come into contact with the probe or vessel walls, minimizing the effect of contaminants on the product 

[13,14]. In an ultrasonic system, the propagation of sound waves in a liquid medium produces bubbles, owing to 

cavitation during continuous cycling at high and low pressure. In general, cavitation occurs below 1 MHz [15,16]. When 

a cavitation bubble collapses, a high-pressure shockwave is created in a small region, resulting in a higher velocity of 

the fluid. This generates a strong force that contributes to the size reduction (deagglomeration) of particles [17,18]. 

Details of the mechanism in the role of the morphology of agglomerated particles in the deagglomeration process using 

ultrasonic forces have not been fully explained. There have been no studies on the deagglomeration of agglomerates of 

submicron size. 

The present study proposes an experimental approach to estimate the strength of spray-dried agglomerates consisting 

of monodispersed insoluble particles of nanometer and submicron size. Furthermore, we determine the role of the 

morphology of spray-dried agglomerates using low-power sonication, which is considered to be less affected by the 

increase in water temperature during the operation. Spray-dried agglomerates were collected on a filter and placed in an 

ultrasonic bath. The relation between ultrasound energy and morphology changes caused by the collapse of single 

cavitation bubbles is also discussed. 
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 Fig. 1 Spray drying system. The generated few micron droplets travel through a tubular system carried by compressed 

air, and the dried agglomerates are collected by a filter unit. 

 

Experimental methods 

We used Spray drying (SD), deagglomeration, and numerical approaches to understand the effect of the particle 

agglomerate shape (related to the temperature profile during SD) on the strength of the agglomerates. The SD process 

of submicron agglomerates consisted of three main steps (Fig. 1): 1) an ultrasonic spraying process that converted a 

suspension into micrometer-sized droplets; 2) heating of the droplets by a hot wall tubular furnace, followed by solvent 

evaporation, to form agglomerates; 3) a final stage in which the particle agglomerates were separated from the gas 

stream and collected. The collected agglomerates were then detached from the collection filter by an ultrasonic cleaning 

device (Fig. 2).  

Aqueous colloidal silica particles with average sizes of 10 and 100 nm (Snowtex O and ZL, Nissan Chemical Corp., 

Japan) were used as model insoluble particles. The density of the silica particles was 2.2 g/cm3. The solid content (wt.%) 

is defined as the mass of the silica particles relative to the total mass of the suspension. Suspensions for spray drying 
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were prepared by diluting the initial silica suspension with water. One gram of silica suspension (10 or 100 nm) was 

diluted with 10 mL of distilled water. The pH values of colloidal silica particles after dilution were 4.52 (10 nm) and 

8.98 (100 nm), respectively. 

An ultrasonic nebulizer (NE-U17, 1.7 MHz, Omron, Japan) was used as spraying device to generate suspension 

droplets. Because the average droplet size reported for pure water is between 4 and 5 μm [19], these droplet sizes were 

adopted for the suspension used in this study as well, if necessary. In each experiment, approximately 4.0 mL of liquid 

was used and sprayed for 5 min. The cooling water in the ultrasonic nebulizer was changed after each experiment (5 

min) to prevent temperature increases. The generated droplets were introduced into a hot wall glass tube at a rate of 2.0 

L/min under atmospheric pressure, using clean air passed through a high-efficiency particulate air (HEPA) filter. 

The inner diameter of the tube and the length of the heating unit were 20 and 700 mm, respectively. The droplets 

evaporated while passing through the heating unit and silica gel dryer (inner diameter 23 mm, length 500 mm), and the 

water vapor was removed. As the water evaporated, the nanoparticles in a droplet self-organized into spherical 

agglomerate. Finally, the agglomerates were collected on a filter (PTFE, PF-050, Advantec, Japan). Assuming that the 

flow was laminar, we estimated that the floating time of the aerosol from the formation of droplets by ultrasonic spraying 

to their collection as solid particles by the filter was approximately 20 s. We continuously monitored the temperature 

and relative humidity between the silica gel dryer and the filter unit. Different heating temperature profiles were also 

considered, in order to obtain agglomerates with different morphologies. To improve the reproducibility of the results, 

the spray drying experiments were repeated three times for each temperature profile. Each filter used to collect the 

particles was cut into eight parts and then introduced in the sonication system. Using a phthalate buffer solution (pH 

4.01, As-One, Japan) and distilled water, the particles collected on the filter were deagglomerated in an ultrasonic 

cleaner.  
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Fig. 2 Schematic image of ultrasonication setup. A filter loaded with spray-dried agglomerates is placed in the 

ultrasonication system and the agglomerates are dispersed in water. 

 

Fig. 2 shows a schematic diagram of the ultrasonic treatment. In this process, the agglomerates supported on the 

filter were detached and dispersed in water. A low-power ultrasonic cleaner (AS38A, 35 W, 42 kHz, As-One, Japan) 

was used. 10 milliliters of distilled water (or a buffer solution having pH 4.01) was added to a polypropylene 

container/cup (thickness 0.50 mm) placed in the ultrasonic cleaner, and then was sonicated for 10 s. The collected 

particles were observed by field-emission scanning electron microscopy (FE-SEM, JSM-6330FS, JEOL, Japan) before 

and after the detachment process. The size distributions of the detached particles were measured by a liquid-based 

particle size analyzer [dynamic light scattering (DLS) method, ZEN3600, Malvern Panalytical, UK]. The geometric 

diameter was determined from the FE-SEM images using an image processing software (ImageJ, NIH, USA). More 

than 300 particles were analyzed in each condition. 

Results and discussion 

In the spray drying setup, the maximum temperature was set to 400, 600, or 800 °C, and the solvent evaporation rate of 

the droplets was varied by changing the heating profile. According to the analysis of FE-SEM images (Fig. 3), the 

particle size distribution peaked at ~ 0.7 μm in all conditions, indicating that there was no significant difference in the 

particle size of the agglomerates prepared with different temperature profiles. The ratio of non-spherical particle (α) on 

FE-SEM images was counted. When the heating temperature (T) was 400 oC, α was 6.8 % (number of particles N = 
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307), but higher T, α was higher. When T was 600 oC, α was 21.5 % (N = 438). When T was 800 oC, α was 22.2 % (N 

= 639). 

The shape of the agglomerates changed as the heating temperature increased. When the heating temperature was 

400 °C, regardless of whether the size of the primary particles of the suspension material was 10 or 100 nm, the products 

were tightly agglomerated and spherical. On the other hand, when the heating temperature was 600 or 800 °C, some of 

the agglomerates were observed to become dent-, hollow-, or doughnut-shaped. The different shapes of the obtained 

agglomerates are due to the difference in evaporation flux during spray drying [9,20,21]. As the evaporation flux of the 

droplet increases, the outward radial flow, referred to as Deegan flow, governs the movement of colloidal particles 

within the droplet [22]. Thus, the particles in the droplet will loosely agglomerate into a dent, doughnut, or hollow shape. 

Unfortunately, the surface structure of the agglomerates with a primary particle size of 10 nm could not be observed in 

the FE-SEM images; however a grape-like surface structure was observed for the agglomerates with a primary particle 

size of 100 nm. The energy required to break up the agglomerates is also strongly related to the van der Waals forces 

between the particles. 
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Fig. 3 Shape/morphology and size distribution of spray-dried agglomerates prepared at different heating 

temperatures. (a, c) FE-SEM images of agglomerates formed from primary particles of 10 and 100 nm. (b, d) 

Particle size distributions of agglomerates obtained by image analysis (counts include more than 300 particles 

in each case). 

Fig. 4 Particle size distributions in water measured by the DLS method, and FE-SEM images of agglomerates after 

ultrasonic treatment. (a) and (e): primary particle size distribution of 10 nm and 100 nm particle, (b)-(d): size 

distribution of 10 nm particles’ agglomerates (prepared by 400, 600, 800 oC) after sonication, (f)-(h): size 

distribution of 100 nm particles’ agglomerates (prepared by 400, 600, 800 oC) after sonication 

 

After sonication, we analyzed the particle size distribution in water, whereas the shape of the particles was inspected 

by FE-SEM. Fig. 4 shows the particle size distribution of the agglomerates in water (primary particle size = 100 nm) or 

in phthalate buffer solution at pH 4.01 (primary particle size = 10 nm). The obtained particle size distributions in water 

show that the agglomerates consisting of 10 and 100 nm particles did not redisperse until they reached the primary 

particle size shown in the upper part of Fig. 4. However, the particle size distribution after ultrasonic treatment shifted 

to lower size values as the heating temperature (of spray drying) increased. In the case of the spherical agglomerates 
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prepared at 400 °C, the shape was maintained; however, fragmentation was observed in the dent- and doughnut-shaped 

agglomerates prepared at 600 and 800 °C.  

    The deagglomeration in water is strongly related to the collapse of bubbles produced by ultrasound irradiation. It is 

well established that cavitation bubbles are created by sound waves propagating through a liquid medium during a series 

of high- and low-pressure cycles. When the bubble collapses, shockwaves and turbulence are generated. This cavitation 

usually occurs in the range of 15 to 100 kHz. Herein, we assess why only the dent- and doughnut-shaped agglomerates 

were destroyed by ultrasound exposure. For instance, we need to compare the energy associated with collapse of 

cavitation bubbles with the van der Waals force, which is the adhesive force that maintains the agglomerates together.  

The possibility of fragmentation is expressed by fragmentation number [23, 24], which is the ratio of applied shear 

stress (τ) to the cohesive strength of the agglomerate (σa) expressed by the following equation: 

𝐹𝑎 =  
𝜏

𝜎𝑎
                                                                                                                                                                               (1) 

where 𝜎𝑎is estimated by the following equation: 

𝜎𝑎 = 1.1 × 
1−�̅�

�̅�
 
𝐸𝑎𝑓

𝐿𝑝
3                                                                                                                                                           (2) 

where 𝜀̅ is average porosity,  𝐸𝑎𝑓  is the energy required to break-up the particle-particle connection, and Lp is the 

primary particle size. 

In ultrasonication system, the stress generated by cavitation bubble dynamics can be calculated using the Rayleigh–

Plesset equation [25-27]: 

𝜌𝑙  ( 𝑅�̈� +  
3

2
 �̈�2 ) =  𝑝𝑔𝑎𝑠(𝑅, 𝑡) − 𝑃(𝑡) −  𝑃0 +  

𝑅

𝑐𝑙
 

𝑑

𝑑𝑡
 𝑝𝑔𝑎𝑠(𝑅, 𝑡) − 4𝜂𝑙

�̇�

𝑅
 −  

2𝜎

𝑅
                                 (3) 

where R(t) consists of dynamical pressure terms (ρl = 1000 kg m− 3 is the density of water), P0 (1 atm) is the constant 

ambient pressure, and P(t) is the ultrasound driving pressure. The right-hand side of equation (3) models the influence 

of the surface tension at the bubble–water interface (σ = 0.073 kg s−2), of the water cosity (ηl = 1.00 × 10−3 Pa s), and 

of sound waves emitted from the bubble (the speed of sound in water, cl = 1481 m s−1). Finally, pgas(R,t) is the gas 

pressure inside the bubble [28]. Based on equation (3), we calculated the radius of the bubble (R [µm]), pressure (P 

[atm]), and force (F [N]) values at each time (t [µs]), as shown in Fig. 5 (a). Fig. 5 (b) shows a schematic illustration of 

a collapsing bubble and of an agglomerate. 
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Fig. 5. Calculated cavitation dynamics parameters and schematic illustration of bubble–agglomerate interaction. (a) 

Time profiles of bubble radius, pressure, and force values; (b) schematic illustration of bubble collapse. The size ratio 

of the bubble and agglomerate is based on their real sizes. 

 

According to the modeling, the energy produced by the collapse of a single cavitation bubble (Etot) can be calculated as 

1.24 ×  10−9 J and the shear stress was calculated as 3111 atm (= 3.15 x 108 Pa).  

The particle–particle interaction energy can be obtained by following equation [29]: 

𝐸𝑎𝑓 =  
𝐴

12 𝜋
                                (4) 
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where A is the Hamaker constant (0.63 × 10−20 J) [29–32]. The energy required to separate one pair of attached interfacial 

particles could be calculated as 1.67 × 10–22 J. 

The strength of the agglomerates is influenced by the coordination number of the primary particles forming the 

agglomerate, and the shape of the agglomerates plays an important role in the coordination number [33–35]. For a 

coordination number of 3, 6, or 12, the energy required to break the agglomerate would be 5.01 × 10−22, 1.00 × 10−21, 

and 2.00 × 10−21 J. Assuming the agglomerate has dense structure (for example, 𝜀 ̅= 0.01), the 𝜎𝑎 could be calculated as 

5.46 × 104 – 2.18 × 105 (Lp = 100 nm) and 54.6 × 102  – 2.18 × 102 (Lp = 10 nm), respectively.  

Substituting the calculated values, it was turned out that Fa become minimum (1.44 × 103) when Lp = 10 nm and 

coordination number = 12 in our experimental condition. Bałdyga, et al. demonstrated that Fa > 100 (or shear stress > 

1.0 x 108 Pa) cause fragmentation of the agglomerate [24]. Thus, the shear stress applied from ultrasonication system 

was strong enough to rupture the agglomerate. However, the fragmentation occurred on the dent- and doughnut-shaped 

agglomerates but it did not occur on the spherical agglomerates. 

The fragmentation number shows that the energy associated with the collapse of a single cavitation bubble is much 

greater than that required to break the agglomerate. The question, then, is why spherical agglomerates do not break, 

whereas dent- and doughnut-shaped agglomerates do. The reason for this behavior can be understood by clarifying the 

different effects of cavitation. Aqueous ultrasonic processing has various effects, such as particle migration, particle 

fragmentation, and heat. While each effect has been reported, their overall energy balance in the system has not been 

examined. Detailed calculations taking into account the energy balance associated with the collapse of a single cavitation 

bubble in a vessel are reported in the previous paragraphs. 

 

𝐸𝑡𝑜𝑡 =  𝐸𝑎𝑚 + 𝐸𝑎𝑓 +  𝐸𝑜            (5) 

 

Equation (5) represents the energy balance associated with collapse of a cavitation bubble in the deagglomeration 

process. The energy produced by the collapse of a single cavitation bubble (Etot) could be calculated as 1.24 ×  10−9 J 

by the Rayleigh–Plesset equation. There are several possible forms of energy transport in the system. The first is the 

kinetic energy associated with the motion of an agglomerate (Eam), which can be calculated using the velocity of a 

micrometer-sized (spherical) particle estimated in previous studies [36,37] (see Appendix A.1 for the detailed 

calculations). The second is the energy (Eaf) required for the agglomerates to break down. This energy can be calculated 
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from the van der Waals forces between the particles that make up the agglomerate, as described in the previous section, 

and the calculated value is 1.67 × 10−22 J, depending on the coordination number. Other possible forms of energy are 

heat, sonoluminescence, and chemical reactions (Eo) (see Appendix A.2 for the detailed calculations) [38–41]. Owing 

to the complexity of the system, it is difficult to perform all the energy-related calculations. As a result of the present 

study, the ratio between Eam, Eaf and Eo changes depending on the shape of the agglomerates affects, and the energy 

balance of the system is affected. If the agglomerates are spherical, more energy is used for their motion, while if they 

are dent- or doughnut shaped, more energy is used for their fragmentation. It is now clear that fragmentation occurs only 

in dent- and doughnut-shaped agglomerates. 

 

Conclusion 

A spray drying process using groups of droplets with an average size of a few micrometers enabled the formation of 

agglomerated particles with different shapes. Experiments were carried out to study the deagglomeration process in 

water using ultrasonic energy. Fragmentation occurred for dent- and doughnut-shaped agglomerates, but not for 

spherical agglomerates. Among the agglomerates investigated in the present study, the spherical agglomerates had the 

highest strength. It can be assumed that the energy originating from the collapse of the cavitation bubbles is mainly used 

for the motion and fragmentation of the agglomerates. The calculated results show that all agglomerates can be fractured 

in the present experimental system. In the deagglomeration experiment, it is shown that the shape of the agglomerate 

affects the energy balance in the system to which the ultrasonic force is applied. The present study shows that 

fragmentation of submicron-sized agglomerates may occur even with a low-power ultrasonic device. Therefore, it is 

expected that further fragmentation will occur in the case of high-power ultrasonic processing. 
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Appendix  

A.1: Kinetic energy for agglomerate motion (Eam) 

Tan and Yeo experimentally estimated the velocity of the agglomerate associated with cavitation bubble collapse in 

a multi-bubble ultrasonic system. According to their results, the velocities of 1–50 μm particles were in range of 8–40 

m/s [36,37]. If this velocity can be applied to submicron agglomerates, the velocity of the agglomerates examined in the 

present study can be calculated by the following equation: 

𝐸𝑎𝑚 =
1

2
 𝑚 𝑣2         (A1) 

where Eam is the kinetic energy used for the agglomerate motion, while m and v are the mass and velocity of the 

agglomerate, respectively. The mass of the agglomerates can be estimated by the following equation: 

𝑚 =  
4

3
 𝜋 𝑅3 ×  𝜌        (A2) 

where R and 𝜌 are the radius and density of the agglomerate, respectively. Thus, the kinetic energy associated with 

the agglomerate motion was estimated as 1.01 ×  10−13 –  2.53 ×  10−12 J. 

A.2: Other effects 

Cavitation bubbles cause some other effects, such as heat, sonoluminescence, and chemical reactions. The energy 

associated with these additional effects is denoted as Eo [38-41]. 

𝐸𝑜 =  𝐸𝐻𝑒𝑎𝑡 +  𝐸𝑠𝑜𝑛𝑜𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 + 𝐸𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + ･･･           (A3) 

 

The heat transferred to the system by the cavitation bubbles is assumed by the following equation. 

 

𝐸𝐻𝑒𝑎𝑡 =  𝐻𝑒𝑎𝑡𝑠𝑖𝑛𝑔𝑙𝑒 𝑏𝑢𝑏𝑏𝑙𝑒 ×  𝑁𝑏 + 𝐻𝑒𝑎𝑡𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑤𝑎𝑣𝑒 = 𝑚 ×  ∆𝑇 ×  𝐶𝑝  (A4) 
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Where EHeat is the total energy transferred to the system as heat, 𝑁𝑏is the number of generated bubbles (unknown), 

m is the mass of water, ∆𝑇 is the temperature change of the media liquid between before and after ultrasonication, and 

𝐶𝑝 is the heat capacity of water. 

Because the number of generated bubbles is unclear, we cannot determine the quantity of heat generated by the 

bubble dynamics. Temperature changes before and after ultrasonication can be measured. Other effects, such as 

sonoluminescence and chemical reactions, are discussed in previous studies, but the energy balance they involve has 

not been clearly discussed. 
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