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Abstract 

 

The particle size of the primary particles is an important parameter influencing the 

drying behavior of droplets. In this work the influence of the particle size on the drying 

kinetics and the grain properties has been analyzed for droplets containing silica, 

microparticles and their mixtures. The presence of microparticles has been found to 

increase the drying rate and the shrinkage of the droplet. The drying curves have been 

modeled using the REA model. Finally, different suspensions were dried in a pilot-

scaled spray dryer in order to prove the influence of the particle size obtained in the 

levitator tests.  
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1 Introduction 

 In many industrial applications (detergents, food products, etc.) it is very 

important to control the drying behavior and the final microstructure of the powder 

obtained by spray drying [1]. This powder is usually the final product which must be 

optimal to ensure a correct further use. Depending on the final application, different 

microstructures and physical properties can be required: degree of hollowness, porosity, 

grain size, mechanical properties, etc. 

 One of the properties of the suspensions to be dried, which can be modified in 

order to improve the spray drying process, is the particle size of the raw materials. It is 

well known that the particle size distribution of the primary particles influences the 

packing of the particles and the viscosity of the suspension [2-4]. In mixtures of 

particles of different sizes, the final packing fraction depends on the absolute size of 

each sort of particle, the size ratio and the fraction of coarse and fine particles.  

The drying behavior and the final properties of powders obtained from 

traditional slurries containing microparticles can be improved by adding nanoparticles, 

as this modifies the particle packing. In polydisperse suspensions, the packing fraction 

is increased as fine particles are added to the coarse particles, because the small ones 

can occupy the voids between the larger ones. The packing is improved up to a 

maximum packing fraction, when all the voids are filled.  Further additions of solid 

force the coarse particles apart and the packing is no longer improved. The evolution of 

the viscosity with the fraction of fine or coarse particles, present an inverse trend to the 

evolution of the packing density. When the packing of particles is increased, voids are 

removed and fine particles act as lubricant for the coarse particles, reducing the 

viscosities of the suspensions. 
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The influence of the particle size on the drying kinetics can be explained through 

the Peclet number, Pe, which characterizes the relative importance of the time scale for 

diffusion (rd
2/DS) with respect to that of the convective drying time (t) [5-7]: 

t
Dr

Pe Sd /2

=                   (1) 

The diffusion coefficient, DS, can be calculated from the Einstein-Stokes 

relation: 

p

dB
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⋅⋅⋅
⋅

=
ηπ6

                 (2) 

 Low Peclet values are achieved when the particles diffuse easily or the drying 

time is long enough for the particles to diffuse toward the centre of the droplet during 

the first drying period. In these cases, the droplet surface is maintained saturated for a 

longer period of time, and consequently, the first drying period is longer, the critical 

moisture content (onset of second drying period) is lower, the shrinkage of the droplet is 

higher and the final grain diameter is smaller. On the contrary, for high Peclet values, 

the particles are not able to diffuse and the shell is formed earlier in the drying process. 

Droplets result in bigger grains, higher critical moisture content and shorter first drying 

period. In this case, more liquid is evaporated during the second drying period, in which 

the drying rate is slower and hence, the complete drying process becomes slower. 

 The decrease of the viscosity when the packing of the particles is increased leads 

to a faster diffusion of the particles and Peclet values lower than for monomodal solids. 

Therefore, the modification of this variable can significantly affect the process as 

mentioned above. As a result of introducing nanoparticles into a microparticle slurry, 

the drying is faster and the grain size is smaller. 
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 Previous studies have shown the influence of the primary particle size on the 

porosity and microstructure of the grains [8-10]. However, the mixtures were composed 

of different microparticles or nanoparticles, but no mixtures of both sorts of particles. 

Moreover, the drying curves were not obtained and any mathematical model was used 

to model the drying kinetics. In this way, modeling the drying kinetics is of great 

interest to predict the influence of the variables involved in the process on the drying 

behavior and on the final grain properties. 

 In last years, drying models based on the Reaction Engineering Approach (REA) 

have been successfully used to model the drying kinetics of different materials dried 

under different experimental conditions. The main theory of the model considers the 

drying as an activation process in which an energy barrier has to be overcome for 

moisture removal to occur. In the mathematical expression of the model, the vapor 

concentration gradient is considered the driving force of the drying. The water removal 

process is represented by an activation energy which value is zero when the solid is 

fully covered by water, and increases as the moisture content decreases, due to the 

difficulty of the water removal for low contents. Authors have found this model 

promising due to its simplicity and its high accuracy at different drying conditions. 

Putranto et al. [34, 35] applied the model to roasting of barley and coffee, drying of 

grains of food products (rice, maize…) and fruit tissues under constant and intermittent 

drying, and drying of biomaterials. The reaction engineering approach model has been 

also successfully used to model the drying kinetics of thin and thick layers of food 

materials with accuracy [20, 36]. Finally, the model has been used to to predict the 

drying kinetics of droplets of different liquids and suspensions (skim milk, whole milk, 

lactose, proteins, sucrose, maltodextrin, glucose, silica nanofluids) [11-19, 37].  In all 

cases, the correlations needed for the activation energy were obtained so the 
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mathematical model for the drying curve could be used to perform CFD simulations. In 

2011, Zhu et al., [38] combined the drying-by-desorption method and the REA method 

in order to estimate the drying kinetics of skim milk droplets and predict gas-feed 

parameters in a pilot-scales spray dryer.  

However, in all the previous works mentioned above the experimental data for 

the drying of single droplets were obtained by means of the glass filament method. This 

method has the disadvantage that the droplet is in contact with the filament and it is not 

completely isolated. In the last decade acoustic levitators has been extensively used to 

study the drying behavior of pure liquids, multi-component liquids and liquid–solid 

suspension droplets [19, 21-28] since there is no mechanical contact with the droplet, do 

not require any specific physical properties of the sample and provides stable sample 

position, easy access to the sample and low costs for supply and operation [29]. 

 In a previous work the influence of the drying conditions on the final grain 

diameter and the internal microstructure of nanostructured grains was studied [39]. In 

that work authors found that the packing fraction of the particles inside the shell is 

constant but the shell thickness and the degree of hollowness of the grains denpend on 

the drying conditions and the grain diameter, which can be calculated from the critical 

moisture content. 

In this work single droplets were dried in an acoustic levitator. The drying 

behavior of droplets of suspensions containing nanoparticles (fine), microparticles 

(coarse) and their mixtures was studied. Four different volumetric fractions for the 

coarse particles were studied: xC = 0, 0.40, 0.85, 1. Moreover, the pH of the suspensions 

was modified (pH =2, 10) and two initial droplet volumes were analyzed (V0 = 0.3, 0.8 

μl). The drying curves (X=f(t)) were experimentally obtained for each test conducted 

and the REA model was used to model the experimental data. The influence of the 
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volumetric fraction of coarse particles on the activation energy was also obtained. The 

evolution of the final grain diameter with the coarse fraction was also obtained and 

compared with theoretical values previously calculated. To check the applicability of 

the results obtained in the levitator, three different compositions were dried in a pilot-

scaled spray drier. The powders obtained were characterized in terms of particle size 

distribution, final moisture content and microstructure.  

2 Experimental set-up and measurement techniques 

2.1 Drying of single droplets 

Single droplets were dried in an acoustic levitator. The experimental set-up and 

the operational conditions were described in detail in a previous work [25]. An acoustic 

levitator consisting of an ultrasonic 58 kHz horn and a concave reflector (tec5 AG 

Sensorik und Systemtechnik) was used.  

All the drying process was recorded and the images were processed with Matlab, 

so that the equivalent diameter and the position of the droplet during the drying process 

could be obtained. This information was used to calculate the mass transfer rate of the 

two drying periods and the moisture content at each time of the process.  

In order to calculate the mass transfer rates, equations 3 to 5 were derived from 

the work by Kastner et al. [23]. The instantaneous mass transfer rate for the first drying 

period (mL,1) is calculated by the decrease of the droplet volume. This mass transfer rate 

is defined as, 

21

3
2

3
1

1, 6 tt
ddm LL −

−
−= ρπ                (3) 

where the sub-indexes 1 and 2 denote two consecutive instants during the drying 

process. 
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The mass transfer rate of the second drying period (mL,2) is calculated using the 

position of the droplet inside the acoustic field: 

2122

21

21

21
2,

)(
yy
yty

tt
MmL −

−
−

=                    (4) 

where y21 and y22 are the droplet positions at the beginning and the end of the second 

drying period respectively, y(t) is the instantaneous position of the droplet, and M21 is 

the liquid mass content in the droplet at the end of the first drying period previous to the 

shell formation.  

 With the initial water content and the liquid evaporation rates, the quantity of 

water present in the droplet/grain at each moment, can be easily calculated. The dry 

basis moisture, X,  is defined as the ratio between the water and solid contents: 

S

L

M
tMX )(

=                   (5) 

2.2 Spray drying 

 Suspensions were dried in a pilot-scaled spray drier Mobile Minor (GEA Niro, 

Denmark). The suspension was atomized using a two-fluid nozzle (1.5 mm of inner 

diameter) located in the cone of the drying chamber, spraying upwards. Atomization is 

created by compressed air at a pressure of 1.4 bar. The drying air is introduced at 340ºC 

in the centre of the chamber roof, being the outlet temperature of 110ºC. This sort of 

dryer, also known as mixed-flow dryer, combines counter-current and co-current 

layouts and ensures a longer residence time of the droplets inside the dryer. 

 After leaving the drying chamber, the air passes through a cyclone where the 

finest powder is retained. Both materials were collected, the coarse powder obtained at 

the bottom of the cone and the fine powder retained in the cyclone. 
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2.3 Characterization of the spray dried powder 

 The powder obtained from the spray drying tests carried out in the pilot-scaled 

spray drier, was characterized in order to obtain its final properties. 

 The grain size distribution was measured using a Mastersizer 2000 (Malvern 

Instruments Ltd., UK). The spray dried powder was dry dispersed, and the laser light 

scattering principle was used to determine the size distribution. 

 The moisture content of the powder was measured using a thermobalance 

(Mettler Toledo SAE, Spain) which determines the percentage of water present in the 

sample analyzed. 

 Finally, the powders were observed by means of Scattering Electron Microscopy 

(SEM) using a Leica-Zeiss LEO 440 microscope. Powders were embedded in a resin 

and the surface was then polished to better observe the internal microstructure and the 

morphology of the grains.  

3 Materials and suspensions 

All the experiments were carried out with silica-water suspensions. Two sorts of 

particles, different in size, were used. For the nanoparticles, commercial fumed silica 

provided by Degussa was used. The chosen silica was Aerosil 200, which consists of 

amorphous hydrophilic silica nanoparticles with primary units of 12 nm, which form 

agglomerates with a median particle size of 181 nm measured by DLS as can be 

observed in Figure 1. 

The microparticles used in this work were purchased from Sigma-Aldrich. The 

median particle size measured by laser light scattering was 2.81 μm, but the particle size 

range varied from 0.5 μm to 10 μm, as can be also observed in Figure 1. In Figure 2 
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micrographs of both materials taken by SEM are shown, so the differences in size and 

shape can be seen. 

The procedure to prepare the suspensions depends on the amount of fluid 

required. For the drying tests in the levitator, small quantities are needed. In this case, 

the suspensions were prepared by adding the defined amounts of solids to distilled 

water. The dispersion was made using an ultrasonic probe (UP400s from Hielscher 

Company) that has been checked to be the most effective dispersion system [30]. In the 

cases in which pure components were used (either nanoparticles or microparticles) the 

suspension was submitted to a sonication treatment for 3 minutes. Afterwards, the pH of 

the suspension was modified by adding HCl or NaOH solutions (2.75 M). For the 

suspensions containing mixtures of nanoparticles and microparticles, first the 

nanoparticles were dispersed in water and an additional sonication treatment (2 minutes) 

was applied before the introduction of the microparticles. Then, the mixture was 

sonicated and the pH was modified.  Finally, after adjusting the pH to ensure a correct 

dispersion of all the components, the suspensions were submitted to another sonication 

treatment during 2 minutes.  

For the spray drying of suspensions, higher amounts of suspension were needed. 

In order to simplify the process all the components in the suspension were put together 

and stirred using a mechanical stirrer. When all the solids were completely wetted by 

the liquid and the mixture was homogeneous, a sonication treatment was applied for 10 

minutes to disperse the agglomerates. Finally, the pH of the medium was modified and 

the suspension was stirred again. 
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4 Results and discussion 

4.1 Drying of single droplets 

 Single droplets of silica-water suspensions containing nanoparticles (xC = 0), 

microparticles (xC = 1) and their mixtures (xC = 0.40 and xC = 0.85) were dried at 120ºC. 

The suspensions tested contained a 20% wt. of solid content and two different pH 

values were studied (pH=2 and pH=10). Moreover, the initial droplet volume was 

modified and droplets with two different volumes were dried (V0=0.3 μl and V0=0.8 μl). 

 For each experiment carried out, the evolution of the squared-diameter and the 

position of the droplet were obtained from the processing of the images recorded. 

Equations 3 to 8 were used to calculate the moisture content at any time of the drying 

process and hence, the drying curves. Figure 3 shows the drying curves obtained for 

each experimental condition. It can be observed that for small droplets (V0=0.3 μl) the 

drying behavior is modified by the presence of particles different in size (Figure 3 (a) 

and 3 (b)). The suspensions containing only nanoparticles, form agglomerates that 

provide looser packing and higher viscosities, as can be seen in Table 1. The higher the 

viscosity of the liquid medium, the lower the diffusion coefficient. That means that the 

diffusion of the particles towards the inner part of the droplet is more complicated and 

therefore, the collapse of the particles and the formation of the shell occurs earlier in the 

drying process. The first drying period is shorter and the most part of the water content 

is removed during the second drying period through the pores of the shell. 

Consequently, the contraction of the droplet is lower and the drying process is slower. 

 When microparticles are added to the suspension, the packing of the particles 

increases and the viscosity decreases. As a result of the lower viscosity, the particles can 

diffuse faster towards the centre of the droplet, allowing the saturation of the droplet 



 12

surface during a longer period of time. Therefore, as the fraction of coarse particles 

increases, the duration of the first drying period also does and the droplet dries earlier. 

The contraction of the droplet increases too and the final grain size is smaller, as can be 

observed in Figure 4. 

 The packing of the particles increases up to reach a maximum value and then, 

further additions of microparticles lead to a reduction in the packing fraction. The 

packing fraction for microparticle suspensions (xC = 1) is lower than for xC = 0.85 but 

higher than for the nanoparticle suspension (xC = 0). These intermediate conditions also 

provides intermediate viscosities and the drying behavior is between the two extreme 

cases (xC = 0 and xC = 0.85). 

However, the fraction of coarse particles does not influence the drying process 

for big size droplets (V0=0.8 μl) (Figure 3 (c) and 3 (d)). In these cases, it seems that the 

droplet volume slows down the drying process so that the particles can diffuse inside 

the droplet independently of the diffusion coefficient. 

Application of REA model 

The drying curves obtained (Figure 3) were modeled using the REA model, 

which was previously used to model the drying kinetics of nanoparticle suspensions 

providing good results [20]:  

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ Δ
−−= av

d

V
satv

S

m

TR
E

M
Ah

dt
dX

,, exp ρρ               (6) 

 The acoustic field inside the acoustic levitator, results in an acoustic stream that 

provides a drying mechanism stronger than the natural convection and dominates the 

process [31]. In consequence, the available correlation provided by Ranz and Marshall 

in 1952 [32, 33] for the Sherwood number cannot be used and the mass transfer 
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coefficients, hm, must be experimentally determined under the corresponding drying 

conditions. This coefficient depends on the temperature and droplet volume. So, for 

each droplet volume, the mass transfer coefficient was obtained at the drying 

temperature, from the drying of pure liquid droplets by means of the mass conservation 

equation. For V0= 0.3 μl, the mass transfer coefficient resulted in hm= 0.0798 m/s, 

whereas for V0= 0.8 μl, the mass transfer coefficient resulted in hm= 0.0796 m/s. More 

details can be found in Mondragon et al. [20]. 

The temperature of the droplet can be considered uniform through the droplet for 

Biot numbers less than 0.1 [13]. In this work, the value of this parameter is less than 

0.07 for all tests and therefore and the droplet temperature could be considered uniform. 

The evolution of the droplet temperature was calculated by means of the energy balance 

equation with the help of the experimental data obtained for the drying curves. 

( )
dt

dmHTTAh
dt

dT
Cm L

vdC
d

dpd Δ+−=,                        (7) 

were md is the overall mass of the droplet, Cp.d is the specific heat capacity of the 

droplet, hC is the heat transfer coefficient, ΔHv is the latent heat of water evaporation 

and dmd/dt is the change of liquid content inside the droplet during the drying process.  

 In Figure 5 the evolution of the droplet temperature during the drying process is 

plotted together with the corresponding drying curve for one of the tests carried out. It 

can be observed that during the first drying period the droplet temperature remains 

constant and equal to the wet bulb temperature. During the second drying period the 

droplet temperature increases up to the drying air temperature. 

The activation energy, which depends on the material and the drying conditions, 

can be fitted to the expression: 
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[ ]c
eqV XXbaE )(exp −−=Δ                           (8) 

where parameter a was found to be constant, while parameters b and c depended on the 

solid content, YS, and the air temperature, T, for a specific material. 

 In the previous work carried out the parameters of the activation energy were 

established for the silica-water nanoparticle system. Parameter a was found to be 

constant, a = 3.15·107, parameter c was found to depend on the solid content, 

582.1310·178.1735.0 −−−= SYc , and parameter b was found to depend on the solid 

content and the air temperature, TYTYb SS 250.010·233.9193.29217,1 3 −++= − .  

In this work, as the solid content and the drying temperature were kept constant, 

parameters a and c, were found to be constant. However, parameter b depended on the 

fraction of the coarse particles and the droplet volume, as can be seen in Figure 6. As 

mentioned before, the drying behavior for big droplets, is not influenced by the coarse 

fraction and therefore the b parameter was also found independent of it. For smaller 

droplets, the b parameter depended on the coarse fraction and its evolution is the same 

that found for the packing fraction [2]: increases as the coarse fraction increases up to a 

maximum value and then decreases, being the value for full microparticles intermediate 

between xC = 0 and xC = 0.85. Comparing with the drying curves, it can be conclude that 

the higher the value of b, the longer the first drying period and the higher the 

contraction of the droplet.  As it can be seen in the results, the influence of the pH was 

negligible. Just for the suspensions containing only nanoparticles, the pH value modifies 

the viscosity due to the change in the surface forces acting on the particles, and at pH=2 

(there is no electrostatic repulsion), the lower viscosity makes slightly easier the 

diffusion of the particles. However, the influence for the droplet volume range analyzed 
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in this work can not be considered of importance. In Table 2 the values for the b 

parameter for each coarse fraction and droplet volume are given. 

Once the drying kinetics has been modeled, the final grain diameter can easily 

be obtained from the drying curves. This variable is related to the critical moisture 

content, Xcr, by the following equation previously applied to the drying of different 

materials [39, 40]: 

3

0
,0

SL

ScrL
dcrG X

Xddd
ρρ
ρρ

⋅+
⋅+

⋅==                                      (9)  

where dcr is the critical diameter equal to the final grain diameter (the shrinkage of the 

droplet stops at the critical moisture content), d0,d is the initial droplet diameter, X0 is the 

initial moisture content and ρL and ρS are the densities of the liquid and the solid 

respectively. 

That critical moisture content, Xcr, represents the beginning of the second drying 

period and can be obtained from the drying kinetics of a single droplet. From the drying 

test, and the evolution of the droplet diameter and position recorded and processed, the 

critical moisture content was obtained for each experimental condition. The final grain 

diameter was calculated by means of equation 9. Figure 7 shows the good agreement 

between the theoretical values and the experimental values obtained from the image 

processing, confirming that the equation is still valid for any sort of material being 

dried. 

4.2 Spray drying 

 The results obtained from the drying of single droplets in the acoustic levitator 

were checked by drying suspensions in a pilot-scaled spray drier. The three suspensions 
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chosen to spray dry, namely hereinafter 1, 2 and 3, were: 1) xC = 0 and pH = 10; 2) xC = 

0 and pH = 2; and 3) xC = 0.85 and pH = 10. 

 Figure 8 shows the drying curves of the three chosen suspensions, previously 

obtained in the drying tests of small single droplets (V0=0.3 μl) in the acoustic levitator. 

Although the natural convection inside the spray dryer provides higher mass transfer 

coefficients and faster drying, the drying behavior and the influence of the variables 

must be the same that found in the levitator tube. On the other hand, the nozzle of the 

spray dryer generates a spray of droplets with a smaller droplet size than those tested in 

the levitator. All these factors promote a faster drying that makes more important the 

diffusion time of the particles inside the droplets, and therefore the influence of the 

input variables on the final powder properties is enhanced. From the curves in Figure 8, 

it was expected that, if the residence time of the droplet inside the dryer is constant, the 

moisture content of powder 1 must be higher than that of powder 2 and both higher than 

the moisture of powder 3. Besides, and according to the duration of the first drying 

period and the contraction of the droplet, the particle size was expected to be the highest 

for suspension 1 and the smallest for suspension 3.  

 Both the coarse powder obtained at the bottom of the dryer and the fine powder 

obtained at the end of the cyclone were collected for each of the three suspensions. The 

droplet size distribution within the spray is wide and leads to a particle size distributions 

which finest particles are easily kept within the cyclone and never fall to the bottom. 

The mass fraction of coarse (wC) and fine (wF) solids collected were calculated and are 

shown in Table 3. It can be observed that no significant difference for suspensions 1 and 

2 in the amount of coarse and fine grains was found. Although the drying curves were 

different for these two suspensions, and the corresponding particle sizes were also 

expected to differ, the powders was still coarse enough to be collected at the bottom of 
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the dryer in the same proportions. However, for suspension 3 the contraction of the 

droplets was so high that most of the powder was collected at the cyclone and only a 

little amount fell down the dryer.   

 In Table 3 it can also be seen the final moisture content of the obtained powders. 

For both, the fine and the coarse powder, powder 1 is wetter than powder 2 and wetter 

than powder 3, confirming the trend obtained in the levitator tests. 

 Due to the so small grain size of the fine powder, which resulted in intangible 

powder, the next analyses were only performed with the coarse powders. The grain size 

distributions were measured for powders 1, 2 and 3 are plotted in Figure 9. The median 

grain size, dG,50, of the powders is shown in Table 3. As expected, the smallest grain 

size is obtained when a mixture of nanoparticles and microparticles is used confirming 

the trend obtained in the levitator tests. 

 Finally, the internal microstructure and the morphology of the coarse powders 

obtained from the drying of the three suspensions were observed by means of SEM. In 

Figure 10 the observed micrographs can be seen. In these images the evolution of the 

grain size with the pH and the coarse fraction can also be observed. As obtained for the 

grain size distributions, the grain size decreases at pH = 2 due to the lower viscosity and 

the faster diffusion of the particles. Besides, the smallest grains were obtained from the 

mixture of nanoparticles and microparticles. Regarding the microstructure, when 

microparticles were added, the highest particle packing achieved produced grains with 

smaller shell thickness. For grains with the same final diameter, that means that the 

hollowness of the grain is higher as can be observed in the grains identified in the 

micrographs. Moreover, suspension 3 led to a powder with grains more irregular in 

shape. The presence of particles with different size produces a more heterogeneous 
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surface of the shell and leads to a different magnitude of the capillary forces acting on 

the particles. As a result the shrinkage of the droplet was more irregular. 

5 Conclusions 

 The influence of the particle size of the primary particles on the drying kinetics 

of silica-water single droplets was analyzed. Droplets containing nanoparticles, 

microparticles and mixtures were dried at 120ºC under different experimental 

conditions of pH and droplet volume. 

 For bigger droplets (V0 = 0.8 μl) the particle size did not influence the drying 

kinetics due to the slower drying that provides enough time to the particles to diffuse 

inside the droplets independently of the diffusion rate. For smaller droplets (V0 = 0.3 μl) 

the drying behavior depended on the particle size. The slowest drying was provided by 

the nanoparticle suspension, which presented the looser packing. As long as the packing 

of the particles was improved by addition of microparticles, the viscosity decreased and 

the particles could diffuse more easily leading to a higher contraction of the droplets and 

a shorter drying. The two limit cases were the nanoparticle case (xC = 0) and the mixture 

that provided the best packing (xC = 0.85). 

 The drying curves were modeled using the REA model. In the activation energy 

only the parameter b depended on the particle size for small droplets. The trend was the 

same followed by the packing fraction. The lowest value was obtained for the 

nanoparticle system, while its value was increased when microparticles were added to 

the suspension, increasing the particle packing. The maximum value was achieved at xC 

= 0.85, and further additions of coarse solid decreased the packing fraction and the b 

parameter.  
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 In order to validate the results obtained in the acoustic levitator, three different 

suspensions were dried in a pilot-scaled spray dryer. The results obtained in both cases 

showed a good agreement. The suspension prepared at xC = 0.85 generated the powder 

with the lowest moisture content and the smallest grain size, confirming the trend 

obtained in the levitator tests. This means that single droplet tests could be used to 

simulate the drying behavior of spray died droplets and to predict the final properties of 

the grains. 
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Nomenclature 

A  droplet surface area [m2] 

d  droplet diameter [m] 

D  diffusion coefficient [m2/s] 

hm  mass transfer coefficient [m/s] 

kB  Boltzman constant 

m  mass transfer rate [kg/s] 

M  mass of component [kg] 

r  radius [m] 

R  gas constant [J/mol·K] 

T  temperature [ºC] 

t  drying time [s] 

V  volume [m3] 

w  mass fraction [kg solid/kg total] 

X  dry basis moisture content [kg water/kg dry solid] 

x  volumetric fraction [m3 solid/m3 total] 

y  droplet position [m] 

ΔEV  activation energy [J/mol] 
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η  viscosity [kg/(m·s)] 

ρ  density [kg/m3] 

 

Subscripts 

a  air 

C  coarse 

d  droplet 

eq  equilibrium 

F  fine 

G  grain 

L  liquid 

p  particle 

S  solid 

sat  saturation 

surf  surface 

Sus  suspension 

v  water vapor 
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Figure captions 

Figure 1. Particle size distribution for silica nanoparticles and microparticles. 

Figure 2. SEM micrographs of (a) silica nanoparticles and (b) silica microparticles. 

Figure 3. Drying curves: experimental data and REA model. (a) V0=0.3 μl, pH=2, (b) 
V0=0.3 μl, pH=10, (c) V0=0.8 μl, pH=2, (d) V0=0.8 μl, pH=10. 

Figure 4. Evolution of the grain diameter with coarse fraction and pH for small droplets. 

Figure 5. Evolution of moisture content and droplet temperature for Ys=0.20, pH=10, 
T=120ºC, V0=0.8μl, xC =0.85. 

Figure 6. Evolution of b parameter with coarse fraction, droplet volume and pH. 

Figure 7. Final grain diameter determined experimentally and theoretically. 

Figure 8. Drying curves for the spray dried suspensions. 

Figure 9. Grain size distributions for spray dried powders 1, 2 and 3. 

Figure 10. SEM micrographs of powders (a) 1, xC=0, pH=10, (b) 2, xC=0, pH=2 and (c) 
3, xC=0.85, pH=10. 
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Figure 1. Particle size distribution for silica nanoparticles and microparticles. 
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(a) 

 
(b) 

Figure 2. SEM micrographs of (a) silica nanoparticles and (b) silica microparticles. 
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Figure 3. Drying curves: experimental data and REA model. (a) V0=0.3 μl, pH=2, 

(b) V0=0.3 μl, pH=10, (c) V0=0.8 μl, pH=2, (d) V0=0.8 μl, pH=10. 
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Figure 4. Evolution of the grain diameter with coarse fraction and pH for small 
droplets. 
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Figure 5. Evolution of moisture content and droplet temperature for Ys=0.20, 
pH=10, T=120ºC, V0=0.8μl, xC =0.85. 
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Figure 6. Evolution of b parameter with coarse fraction, droplet volume and pH. 
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Figure 7. Final grain diameter determined experimentally and theoretically. 
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Figure 8. Drying curves for the spray dried suspensions. 
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Figure 9. Grain size distributions for spray dried powders 1, 2 and 3. 
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(a) 

  
(b) 

  
(c) 

Figure 10. SEM micrographs of powders (a) 1, xC=0, pH=10, (b) 2, xC=0, pH=2 and 
(c) 3, xC=0.85, pH=10. 
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Table captions 

Table 1. Viscosity of suspensions at 20% wt., pH = 2 at different coarse fraction. 

Table 2. b parameter depending on the coarse fraction and the initial droplet volume. 

Table 3. Coarse and fine solid fraction, moisture content and particle size. 
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Table 1. Viscosity of suspensions at 20% wt., pH = 2 at different coarse fraction. 
 

Coarse 
fraction, xC 

Viscosity, η 
(Pa·s) 

0 0.013 

0.40 0.006 

0.85 0.003 

1 0.004 
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Table 2. b parameter depending on the coarse fraction and the initial droplet 
volume. 

Coarse fraction, xC 
 

0 0.40 0.85 1 

V0 = 0.3 μl 2.50 3.60 4.75 3.90 

V0 = 0.8 μl 2.75 2.95 3.10 2.95 
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Table 3. Coarse and fine solid fraction, moisture content and particle size. 
 wC  

[%] 
wF  

[%] 
XC [kg water/kg 

dry solid] 
XF [kg water/kg 

dry solid] 
dG,50 
[μm] 

1) xC = 0, pH = 10 52.5 47.5 0.245 0.029 105.40 

2) xC = 0, pH = 2 53.3 46.7 0.130 0.016 30.00 

3) xC = 0.85, pH = 10 31.0 69.0 0.027 0.005 12.88 

 


