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Abstract 

Monodisperse alumina microspheres were shaped by making use of the vibrational droplet 

coagulation technique. A combination of both physical and chemical parameters provided a flexible 

basis to widely regulate the size of the microspheres. The controlled granulation is based on a stable 

alumina suspension containing sodium alginate. The sodium alginate binder is used to coagulate the 

microspheres jetted into a bath of CaCl2. Several parameters have been varied to study the impact on 

the suspension’s rheology. This in turn dictates the physical parameters required for controlled 

shaping by the vibrational droplet coagulation technique. The decomposition of the calcium alginate 

in the alumina microspheres was monitored during the thermal post processing. In this step, the 

formation of CaCO3 was revealed, resulting in the presence of CaO during the calcination process. 

Subsequently, this existence of CaO in the alumina matrix leads to the formation of calcium 

hexaluminate (CaO.6Al2O3) during sintering.  

Keywords: Alumina, microspheres, vibrational droplet coagulation, physical and chemical control, 

calcium alginate coagulation 

  



J.Pype et al., Accepted, Journal of the European Ceramic Society, 2016 
 

2 
 

1. Introduction 

Ceramic microspheres are widely used in a broad range of applications [1]-[4], all with their own 

demands concerning the ideal correlation between properties versus performance, required in the 

processes. For example, when applied as catalysts or catalyst supports in fluidized bed reactions, 

their mechanical attrition resistance is strongly influenced by their uniform spherical shape and 

narrow size distribution, respectively [5]. Furthermore, the uniform size and shape together with a 

fine control of the porosity features are also essential when using the ceramic microspheres as 

sorbent materials in packed bed columns reactions [6]. All of the microsphere applications have in 

common that the size will have an impact on the performance. In order to comply with these 

different requirements depending on its application, the granulation needs to offer good control of 

the microspheres properties. Many granulation methods have been developed over the past decades 

such as  spray drying [7], extrusion dripping [8], complex coacervation [9], interfacial polymerization 

[10] and vibrational droplet coagulation [11], all with their own benefits and limiting process 

parameters. According to Whelehan et al. [12] the different encapsulation techniques to create 

spherical particles can be divided in three categories, based on the force controlling the shaping 

technique: mechanical (spray drying and extrusion-based methods), physicochemical (complex 

coacervation) and chemical (interfacial polymerization) processes. Mechanical controlled 

encapsulation techniques have the advantage that they can easily control the size and shape of the 

produced microspheres. One example is the vibrational droplet coagulation, where a suspension or 

solution is dripped through a vibrating nozzle. By making use of an external force in the form of a 

vibration with defined frequency, the extruded liquid is broken up in droplets when it is passed 

through the nozzle. This way, it is possible to enhance the size control and productivity of the shaped 

microspheres in contrast to the extrusion dripping where the process is driven by a gravitational 

force [13][14]. Additionally, a coagulation mechanism is applied to chemically fixate the structure in 

the droplet shape. This coagulation mechanism adds an extra dimension of control to the shaping 

process and the final properties of the material, allowing a very broad structural and physicochemical 



J.Pype et al., Accepted, Journal of the European Ceramic Society, 2016 
 

3 
 

control of the obtained materials. This technique has already been applied for the controlled shaping 

process of silica xerogel microspheres [15][16] and alginate-silica hybrid materials for separation 

purposes [17]. However, the relationship between suspension composition and control of shaping 

was not elucidated. 

The droplet generation in the process of vibrational droplet coagulation is determined by two 

parameters: the composition of the ceramic suspension and the physical parameters of the shaping 

process. Both define the shaping process and process window itself and affect at the same time also 

the final properties of the microspheres and are hence closely interrelated. In order to shape the 

microspheres, the suspension has to contain different components allowing solidification of the 

droplets. Therefore, besides inorganic particles dispersed in the solvent, sodium alginate is applied as 

a binder to solidify the droplets by means of the ionotropic gelation.  Sodium alginate is a naturally 

occurring polysaccharide, consisting of two monomers: 1,4-linked β-D-mannuronic (M) and α-L-

guluronic (G) acid residues. The sodium alginate is capable of forming a rigid three-dimensional 

structure as a result of the interactions of the guluronic acid residues with divalent or trivalent ions 

[18]. Moreover, as the shaping process is controlled by the laminar flow of the suspension through 

the nozzle, the viscosity of the alumina suspension has to be controlled. Typically ceramic 

suspensions exhibit a non-Newtonian relation resulting in shear-thinning behaviour at high shear rate 

[19][20].  

The present study deals with the preparation of α-Al2O3 microspheres. Sodium alginate has been 

applied in combination with  α-Al2O3 for gelcasting alumina shapes[21][22][23], where direct casting 

can be induced by calcium iodate Ca(IO3)2 [24]. In this case, all kind of shapes have been casted but 

the use of the iodate salt induces the gelation only over longer timespans. Since the shaping of 

microspheres requires an immediate reaction to retain the spherical shape, gelling agents with 

higher complexation kinetics are required. It is reported that the use of other Ca2+  salts such as 
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chlorine or nitrates, instantaneously complex with the alginate polymeric chains and consequently 

produces a rigid network on the droplet surface, which is maintaining the spherical shape [25] . 

Recent work on shaping of alumina microspheres by extrusion dripping indicates an influence of 

calcium on the densification while sintering [13]. The alumina grain distribution after sintering shows 

the presence of needle like grains in the matrix of the microspheres. These results indicate that the 

presence of Ca2+ ions has an impact upon sintering the obtained microspheres. Nevertheless, a 

systematic elucidation of the influence of the suspension composition on the materials properties 

has not yet been reported.  

A substantial amount of work has been reported in literature on the influence of the experimental 

parameters on the vibrational droplet technology in alginate systems [26][27][28]. However, none of 

these effects have been transferred to the ceramic loaded vibrational droplet technology. 

Nevertheless, some work has already been done on the incorporation of alumina in an alginate 

loaded system, a technology combining these two processes has not yet been demonstrated. Here 

we show how a combination of both physical and chemical parameters provides a flexible basis to 

broadly regulate the size and shape of the dense alumina microspheres in the granulation process. In 

addition, the boundaries of the system are explored, based on the knowledge of the pure alginate 

system. Calcium is inherent present due to the ionotropic gelation mechanism. Therefore, its impact 

on the sintering process is studied in detail. Different alumina suspensions are used in the research to 

link the alginate and powder content in the suspension to the resulting characteristics of the sintered 

microspheres. In this way, it is possible to tune the microsphere characteristics by controlling both 

the physical and the chemical parameters in the shaping and the sintering processes.  

  



J.Pype et al., Accepted, Journal of the European Ceramic Society, 2016 
 

5 
 

2. Materials and methods 

2.1. Materials 

α-alumina (A16 SG) was purchased from Almatis with a d50 of 0.5 µm and specific surface area of 9 

m²/g. Two different sodium alginate types were supplied by Brace GmBH (Alzenau, Germany): 

sodium alginate Br-W (low viscosity denoted as LA) and sodium alginate Br-GM (high viscosity 

denoted as HA). Furthermore, calcium chloride (Sigma Aldrich, anhydrous, powder ≥97 % pure), 

precipitated calcium carbonate (Acros organics, >99 % pure), ammonium polymethacrylate 

dispersing agent (Darvan C, Vanderbilt Minerals, Norwalk, CT), isopropyl alcohol (98 %) and RO water 

(<5 µS/cm) were used in this work.   

2.2. Preparation of the ceramic suspensions and solidification bath 

The preparation of the ceramic suspension can be divided in 3 steps. At first the alumina powder was 

dispersed in RO water with 0.5 wt% Darvan C. In order to eliminate agglomerates in the alumina 

slurry, grinding balls (3 mm yttrium stabilized zirconia in ratio 2:1 powder/grinding balls) were added 

and the dispersion is kept in motion on the rolling bench for several hours. Secondly, a sodium 

alginate solution (4 wt% in water) and extra RO water was added to the alumina slurry. The various 

prepared alumina suspensions are denoted in Table 1 showing the variations in powder and alginate 

content and the alginate type.   

The solidification bath, containing the reacting salt to establish an ionotropic gelation, was made by 

dissolving 4 wt% calcium chloride in tap water. Isopropyl alcohol was sprayed on top of the 

coagulation bath to reduce its surface tension. 
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Table 1: Ceramic suspension composition for different alumina slurry’s 

Suspension Powder loading  

(wt%) 

Type of alginate Alginate loading 

(wt%) 

20P/0.56LA 20 LA 0.56 

20P/0.66LA 20 LA 0.66 

20P/0.88LA  20 LA 0.88 

20P/0.88HA 20 HA 0.88 

40P/0.66LA 40 LA 0.66 

40P/0.88LA 40 LA 0.88 

20P/1.48LA 20 LA 1.48 

2.3. Shaping microspheres 

The alumina microspheres were shaped by making use of the Spheronisator M (Brace GmbH, Alzenau 

Germany). The apparatus was set up as presented in Figure 1. The ceramic suspension was loaded in 

the feed tank, which contained a magnetic stirrer to prevent powder sedimentation during the 

process. By applying a constant pressure on the feed tank, a laminar flow was obtained through the 

nozzle. Following Rayleigh’s jet instability theory [12][29], the flow was broken up in uniform droplets 

by applying a vibration with a defined frequency (185-2050 Hz) and amplitude (1500-3000 mV). A 

stroboscopic lamp was set at the same phase of the frequency as used at the nozzle, in order to 

visualize the falling droplets. The droplets were collected and solidified in the coagulation bath. The 

obtained solid microspheres were kept in the coagulation bath overnight to complete the 

solidification. Afterwards, the microspheres were thoroughly washed with tap water followed by RO 

water to remove the excess of ions and finally isopropyl alcohol to reduce capillary pressure during 

drying. The samples were dried at 80 °C, calcined (1h) at 600 °C and sintered (1h) at 1540 °C or 1650 

°C (heating rate 2 °C/min) under ambient air and pressure conditions.  
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Figure 1: Schematic representation of the vibrational droplet coagulation set-up. (1) Feed vessel with 
magnetic stirrer; (2) Air pressure controller; (3) Vibration generator with frequency and amplitude control; 
(4) Nozzle; (5) Stroboscopic lamp; (6) Coagulation bath 

2.4. Characterization techniques 

The rheology of the alumina containing suspension was measured with a Haake mars rheometer 

(Germany, cup Z43 DIN 53018 and rotor Z41 DIN 53018). Rheology curves were provided in a shear 

rate interval between 0.1 and 1000 s-1 and data points are collected when decreasing the shear rate. 

Viscosity screening in the shear rate interval took 7.5 minutes.  The temperature was controlled by a 

thermostatic bath set at 25 °C.  

The size distribution and sphericity of the obtained microspheres were measured by optical 

microscopy using a Zeiss Discovery V12 stereomicroscope, equipped with a Plan Apo S 1.0x FWD 60 

mm objective. Images are taken by an Axiovision MRc digital camera connected to the microscope. 

Image processing was performed by Axiovion Rel. 4.8 software. The raw images were processed to 

obtain a binary image containing individual particle silhouettes by subtracting the background [8]. 
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The image analysis was performed on at least 200 microspheres. The analysis was performed in wet, 

dry and sintered stage to obtain information about the shrinkage of the microspheres. 

The feret ratio (or aspect ratio) is one of the most used shape factors in various applications to 

determine the sphericity of microspheres [30][31][32]. Following the definition of the Axiovision 

software, the average feret ratio was determined as the ratio of the maximum and minimum 

diameter of the microspheres. These values can vary between 0 and 1 [33]. Microspheres with feret 

ratio close to 1 are accepted as having a good sphericity [34].  

The mechanical strength of the sintered microspheres was assessed by side crushing strength (SCS) 

testing using an Instron 5582 Universal Testing Machine. The strength of a single microsphere loaded 

between two diametrically opposed contact points was determined.  The crushing strength σf (Pa) is 

calculated using the following equation  as described by Couroyer et al. [35]: 

 𝜎𝑓 = 2.8 
𝑃𝑓

𝜋𝐷2     

where Pf (N) is the load at the breaking point and D the diameter (m) of the microsphere. Reported 

values were calculated as the average crushing strength on a single shaped microsphere (at least 10) 

prepared under specific conditions with respect to process parameters and suspension compositions.  

The cross-section of the sintered microspheres was examined using a cold field emission scanning 

electron microscope (FEGSEM) of the type Nova Nano SEM 450 (FEI, USA) at 20kV. Thermally treated 

samples were encapsulated with an epoxy resin and cured at room temperature. Afterwards, the 

samples were cut and polished in order to analyse the cross-section of the microspheres. The 

porosity of the microspheres was determined from the cross-sections using the image analysis 

software ImageJ [36]. The calcium dispersion was detected by a Bruker XFlash Detector 5030 and a 

Bruker QUANTAX-200 EDS system.  

The calcium content in the microspheres was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES analysis, Perkin Elmer, Optima 3000DV) equipped with a cyclonic 
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spray chamber and a GemCone nebulizer. In order to liberate the calcium ions out of the alumina 

matrix, a destruction at high temperature was performed. For this acid digestion of the sample, 0.1 

to 0.2 g of the test portion was weighed and transferred into a PTFE digestion vessel (DAB-3, Berghof, 

Germany). Subsequently, 7 ml of hydrochloric acid 32-35 % (Optima Fisher Chemicals) and 3.5 ml of 

ultrapure water were added. The digestion was performed using a high-pressure PTFE digestion 

bomb, consisting of a PTFE inner vessel and an outer stainless steel pressure jacket. The digestion 

was performed in a heating block (DAH-904 Berghof, Germany). The microspheres were heated to 

250 °C in 180 minutes and were held at this temperature for 720 minutes. After digesting, the 

content of the high pressure PTFE digestion bomb was transferred quantitatively and diluted to 50 ml 

with ultrapure water. For the quantification of Ca, the emission line at 317.933 nm was used. The 

results were corrected by using rhodium as an internal standard. 

Thermogravimetric analysis (TGA) was recorded on a STA 449C Jupiter (Netzsch, Germany) and 

performed in dry air (70 mL/min). The samples were heated from ambient temperature to 1400 °C 

with a heating rate of 5 °C/min. The TGA equipment was coupled online to an mass spectrometer 

Omnistar GSD 301 O2 (Pfeiffer Vacuum, Germany).  

In order to examine the sintering behaviour of the microspheres, dilatometry analyses are 

performed. However, direct dilatometry on the microspheres was not possible due to plastic 

deformation of the microspheres by the push rod during the analysis. Therefore, dry (green) 

microspheres were crushed and die pressed into pellets. The analysis on pellets allowed the 

comparison with pellets of pure alumina. Dilatometry measurements were performed on a 402 C 

dilatometer (Netzsch, Germany) in dry air (60 mL/min). The samples were heated from ambient 

temperature to 1650 °C with a heating rate of 3 °C/min.  

The crystal phases of the alumina microspheres were investigated by X-ray diffraction (XRD) on the 

powders obtained by milling the microspheres. The XRD spectra were recorded on a PANalytical 

X’Pert PRO MPD diffractometer with filtered Cu Kα radiation. Measurements were done in the 2Ɵ 



J.Pype et al., Accepted, Journal of the European Ceramic Society, 2016 
 

10 
 

mode using a bracket sample holder with a scanning speed of 0.04 °/4 s continuous mode. Rietveld 

analysis was applied to identify and quantify the crystal phases. 

3. Results and discussion 

3.1. Ceramic suspension 

First step in the shaping process is the characterization of the alumina-alginate suspension by 

rheological analysis. Since the suspension exhibits a non-Newtonian flow behaviour, it is necessary to 

characterize the complete viscosity curves of the different suspensions (Table 1). Figure 2 shows the 

viscosity curves for the different suspensions as a function of the shear rate. The rheology profile of 

all of the suspensions exhibit a shear thinning behaviour at increasing shear rates. At high shear rates 

the agitating action in the suspension breaks down the rigid structure by reducing the particle-

particle interaction. This results in a decrease of the viscosity. This shear thinning behaviour is 

dependent on the powder content of the suspension as shown in Figure 2. Increasing the powder 

content inhibits the free movement of the particles in the suspension, resulting in increase of 

viscosity at lower shear rates. Therefore, the shear thinning behaviour is more distinct in suspension 

40P/0.88LA. Besides powder content, also alginate concentration and type have an influence on the 

shear thinning behaviour of the alumina suspension. Increasing the alginate concentration results in 

a rheological behaviour with a more distinct decrease of viscosity in the shear rate range of the 

shaping process (20P/1.48LA compared to 20P/0.56LA).  Changing the alginate type increased the 

overall viscosity in the whole measured shear rate range.   
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Figure 2: Rheology of the ceramic suspensions 

The shear rate at the nozzle depends on the following process parameters and can be estimated by  

the method described by Martinez et al. [37]. The shear rate �̇� is calculated from the superimposed 

flow rate Q (m³/s) and the nozzle radius R (m): 

 γ̇= 
4. Q

π. R3  

This method enabled the estimation of the working shear rate for each suspension composition at 

the different nozzles sizes used in this article. The shear rate of the 20P/0.56LA and 20P/1.48 LA 

suspensions in the used nozzle size ranges varied between 7000 and 360000 s-1 (supplementary data 

figure A). This shear rates exceed the limits of the conventional rheology measurement apparatus. 

Therefore, the actual viscosity at the nozzle could not be determined.   

3.2. Influence of physical parameters on the shaping of microspheres 

The key point of controlled shaping of microspheres by vibrating nozzle technology is a jet break-up 

of the suspension. A stable shaping process is determined by a uniform size distribution of the 

droplets, uniform distance between the droplets and no disturbing movement of the droplets in the 
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flow. The vibrational droplet coagulation technology is physically controlled by the frequency and 

amplitude of the vibration and the feed pressure on the suspension. Moreover, the nozzle diameter 

dictates the prior parameters. Sakai et al. [38] reported the influence of frequency, amplitude and 

liquid velocity on jet break-up of Newtonian liquids. Later, the same effects were reported by 

Heinzen et al. [11] on the jet break-up of pure alginate solutions. The current work correlates the 

physical parameters and the jet break-up to the shaping process making use of a powder loaded 

alginate suspension. Although reported differently in literature [38], experiments have shown 

minimal impact in varying the amplitude at constant nozzle size. Therefore, in this study, the 

amplitude was kept constant at a value of 1500 mV for the all the experiments at nozzle size 500µm. 

When the nozzle size is changed, the amplitude does play a role. Decreasing the nozzle size implies 

an increase in amplitude (up to 3000 mV) following the same trend as the frequency.  

3.2.1. Influence of nozzle diameter  

One of the parameters influencing droplet generation is the nozzle diameter. These diameters varied 

in this research between 100 and 1000 µm. Suspensions rheology plays a restrictive role in the choice 

of the nozzle sizes [27]. Therefore, the influence of the nozzle size is investigated using two 

suspensions with different viscosity behaviours. Both suspensions contain the same amount of Al2O3 

powder (20 wt%) but different alginate concentrations, 0.56 wt% (sample 20P/0.56LA) and 1.48 wt% 

(sample 20P/1.48LA), respectively. The linear relation between the nozzle diameter and the average 

microsphere size is illustrated in Figure 3. High suspension viscosity (20P/1.48LA) involved a size 

range between 530 and 1160 µm, since the nozzle size range was limited between 300 and 1000 µm. 

Shaping microspheres using small nozzles , e. g. with sizes between 100 and 200 µm, was not 

possible as the highest pressure limit (1000mbar) was inadequate to obtain a stable laminar flow for 

this high viscosity suspension. This could be overcome by decreasing  the alginate content in the 

suspension, causing a lower viscosity, which enabled the shaping of microspheres through a 100 and 

200 µm nozzle. As such, dry microspheres with sizes between 150 and 900 µm are obtained. 

Additionally, the corresponding feret ratio of these microspheres is shown in Figure 3. The feret ratio 
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indicates the sphericity of the microspheres and it should be noted that the smaller microspheres 

(100 and 200 µm) obtained using the 20P/0.56LA suspension seem to have a slightly lower feret 

ratio. This can be explained by the higher frequencies needed to break-up the jet, causing the 

droplets to fall in the coagulation bath with less distance between them. The smaller the distance, 

the more chance to obtain two attached microspheres (twins). Since twins have typically an 

elongated shape, smaller feret ratios are obtained. The resulting data indicated that low viscosity 

suspension is better suited to obtain small microspheres while higher suspension viscosity is better 

suited for larger microspheres formation.  

 

Figure 3: Influence of nozzle diameter on average dry microsphere size (filled bullets) and the feret ratio 
(open bullets) for two different ceramic suspensions: 20P/0.56LA (red square) and 20P/1.48LA (blue 
diamond). 

3.2.2. Influence of process variables  

In conjunction with the nozzle diameter, it is possible to modify the shaping process by varying the 

pressure and frequency.  

Figure 4 depicts the influence of these process variables on the average size of the wet microspheres. 

The results are obtained from the wet microspheres, to avoid the effects of the drying behaviours of 
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the different suspensions. Four different suspensions (Table 1) were shaped with a 500 µm nozzle at 

different frequencies and pressures that allowed a stable jet break-up. All four suspensions had a 

specific stable pressure and frequency range, dependent on their viscosity, visible as the range in 

which data points are collected. For example, starting with the 20P/0.88HA suspension a range of 

320-370 mbar at a constant frequency of 300 Hz was applied. In addition, it was possible to vary the 

frequency between 185-330 Hz at a constant pressure of 350 mbar.  

Two correlations between the average size of the wet microspheres and the process variables, 

pressure and frequency, are found.  

The first correlation is visible on the pressure results. Figure 4A shows the influence of the applied 

pressure (and thus the flow of the suspension) on the average size of the microspheres for the four 

suspensions. Pressure differences can be applied to change the microsphere dimensions but the 

absolute range is always dictated by the composition of the suspension. It is clear that the average 

microsphere size increases with increasing pressure in each suspension applied. Furthermore, 

increasing the suspensions viscosity necessitates an increase of pressure on the feed tank. By 

increasing the pressure, the microspheres also enlarged due to the increased amount of suspension 

in a droplet of the liquid jet. The viscosity of the suspensions is compared at a shear rate of 1000 s-1 

and assuming linear behaviour above this shear rate:  20P/0.88LA > 20P/0.88HA > 40P/0.66LA > 

20P/1.48LA. A specific case is the sample 20P/1.48LA. As seen in Figure 2, the viscosity of this 

suspension is nearly four times as high as the viscosity of 20/0.88LA. This required a higher pressure 

to induce a good jet break-up, resulting in larger microspheres.    

The second correlation between average size and process variables was established by changing the 

frequency at a constant pressure of 350 mbar in (Figure 4B). Contrary to the pressure, a decrease in 

microsphere size is observed when the frequency of the vibration was increased within each 

suspension. This decrease in microsphere size is due to the concept of the jet break-up. Each 

vibration at a certain frequency represents a droplet. When pressure is kept constant, the same 
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amount of suspension is flowing through the nozzle and breaks into smaller droplets as a result of the 

increased frequency. Small influences of the suspension’s viscosity were observed on the frequency process 

window. Low viscosity (20P/0.88LA) required higher frequencies to obtain a stable jet break-up. The three 

other suspensions with a higher viscosity all showed a stable jet break-up in the same frequency range. When 

looking at the size ranges for each suspension obtained by varying pressure or frequency, it is clear that 

changing frequency allows a much larger size range within one type of suspension.  

 

 

Figure 4: Influence of process variables on the shaping of wet alumina microspheres using different ceramic 
suspensions and a 500 µm nozzle at A: constant frequency of 300 Hz and B: constant pressure of 350 mbar. 
40P/0.66LA (green diamond), 20P/1.48HA (yellow square), 20P/0.88HA (red dot), 20P/0.88LA (blue triangle). 
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However, when taking into account all three parameters: frequency, pressure and suspension 

composition, a much wider range of microsphere sizes can be designed applying the same nozzle 

size. Changing the average microsphere size by varying the pressure and frequency had no impact on 

the sphericity of the microspheres. (Supplementary Figure B) Therefore, a stable process window for 

shaping alumina microspheres with constant nozzle size was established. This allows a wide control 

of the average microsphere size by tuning the suspension and process variables. In this case wet 

microspheres are shaped in a size range between 900 and 1400 µm with a nozzle of 500 µm.   
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3.3. Post processing of alumina microspheres 

After shaping the microspheres, another crucial step in obtaining alumina microspheres is the 

thermal post processing step to remove the organic matter and produce dense alumina 

microspheres. The impact of the post processing will be explained on the 20P/1.48LA microspheres, 

shaped with a single nozzle with an inner diameter of 500 µm.  

3.3.1. Calcination 

In order to control and understand the calcination of the calcium alginate in the alumina 

microspheres, several thermal analyses were performed. By performing the thermogravimetric 

analysis coupled with a mass spectrometer (TGA-MS), the calcination process was simulated showing 

weight losses at several temperature intervals and their corresponding calcination products as a 

function of the heating temperature. The weight loss and derivative of the weight loss profiles 

(TG/DTG) and MS data are shown in Figure 5 and Figure 6.  

The TG/DTG profiles show a first weight loss in the temperature range of 30 to 200 °C with a DTG 

maximum at 95°C corresponding to the evolution of H2O (m/z=18) in the MS data (Figure 6). This may 

be attributed to the desorption of physically absorbed water and removal of structural water 

(dehydration reactions). The oxidation of the calcium alginate occurs in a two-step process with DTG 

maxima at 245 °C and 375 °C and is confirmed with the detection of H2O and CO2 (m/z=44) starting at 

175 °C [39]. Parallel to the oxidation of the calcium alginate, the concomitant formation of crystalline 

CaCO3, calcite is identified in the ex-situ XRD analysis (Figure 7). As visible in these XRD analysis, the 

calcite formation occurred at temperatures above 300 °C. Further, the DTG profile indicates weight 

losses between 400 and 600°C which could be attributed to a decarboxylation reaction, since only 

CO2 is visible in the mass spectra. Based on the ex-situ XRD analysis, the decomposition of CaCO3 

occurred above 600°C, but no CO2 signal was reported in the mass spectra. Since the decomposition 

occurs in a broad temperature range, low concentrations of CO2 were released per temperature unit, 

resulting in signals below the detection limit of the mass spectrometer. Signals of CaCO3 remained 
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visible up to 1000°C on the ex-situ XRD analysis. The detailed mechanism of the solid state reaction 

between CaCO3 and Al2O3 in function of temperature are described in detail later in the section 3.3.2.  

Based on the TGA-MS data, a calcination step of 1 hour at 600 °C was introduced in the thermal post 

treatment of the microspheres.  

 

Figure 5: TG and DTG of the 20P/1.48LA microspheres in function of temperature under air flow 

 

Figure 6: Mass spectra of the gaseous components evolving during TGA of 20P/1.48LA microspheres in 
function of temperature 
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Figure 7: Ex-situ XRD of the calcium alginate calcination in the 20P/1.48LA microspheres at discrete 
temperature intervals selected based on the TGA weight losses and MS data 

3.3.2. Sinter effects 

According to the specifications of the pure α-Al2O3 powder (SG16), a sintering step of 1 hour at 1540 

°C was required in order to complete full densification[40]. Therefore, these conditions were used as 

a starting point for sintering the alumina microspheres obtained in the present study.  

The SEM analysis on the cross section of sintered microspheres by using this sinter profile (Figure 

8A), revealed 14% of porosity. In order to obtain full densification of the microspheres, a higher 

sinter temperature (1650 °C) was used for further sinter tests as suggested by Santos et al [13]. The 

total porosity decreased to 1.5 % and pore sizes enlarged due to the merging of small pores in the 

densification process as observed in Figure 8B.  
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Figure 8: SEM images of the cross sections of the 20P/1.48LA  Al2O3 microspheres sintered at 1540 °C (A) and 
1650 °C (B) 

Besides the decreased porosity, the SEM images reveal the presence of an extra crystal phase (the 

lighter parts in Figure 8B) in the α-Al2O3 matrix. This extra crystal phase can be correlated with the 

presence of calcium forming an extra phase in the calcination and sintering process, respectively. As 

suggested in the ex-situ XRD, CaCO3 is present after the calcination of calcium alginate. A solid state 

reaction between CaCO3 and α-Al2O3 leads to the formation of a calcium hexaluminate phase, 

CaO.6Al2O3, as illustrated by the following suggested reaction sequence between CaCO3 and Al2O3 

described in literature [41][42]:   

CaCO3 + Al2O3  CaO + Al2O3 + CO2 (gas)         (1) 

CaO + Al2O3  CaO.Al2O3          (2) 

CaO.Al2O3 + Al2O3  CaO. 2Al2O3        (3) 

CaO.2Al2O3 + 4Al2O3  CaO.6Al2O3        (4) 

Several stable calcium aluminate phases could be formed in the reaction sintering of Al2O3 

microspheres shaped with alginate. As indicated by the ex-situ XRD analysis (Figure 7), the evolution 

of calcium aluminate phases is driven by increased temperatures. Starting at 1000 °C the first 

intermediate product (CaO.Al2O3) becomes visible in the X-ray diffractogram, next to the residue 
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CaCO3 of the calcination process. XRD analysis on the sample heat treated at 1300°C shows a 

combination of both CaO.Al2O3 and CaO.2Al2O3 in the α-Al2O3 matrix and no more CaCO3 is detected. 

The CaO.Al2O3  and CaO.2Al2O3 phases reacted both in CaO.6Al2O3 when sintering the microspheres 

at 1650°C. This is visible in the XRD analysis in Figure 9. The combination of α-Al2O3 and CaO.6Al2O3 at 

1650°C is in correlation with the phase diagram of Al2O3/CaO [43]. Tungsten carbide (TC) originates 

from the sample preparation of the XRD analysis. 

 

Figure 9: XRD analysis of 20P/1.48LA microspheres sintered 1h at 1650 °C 

Several factors should be considered when studying the grain growth and orientation of the 

CaO.6Al2O3 phase, such as the calcium content and the pore size and distribution, respectively. It is 

well known that calcium as a dopant in α-Al2O3 materials causes elongated grain growth in the 

sintering process [44][45]. As it was previously reported by Dominguez et al. [41], larger pore sizes in 

the calcined material promotes the formation of elongated grains of CaO.6Al2O3. The smaller the 

pore sizes in the material, the more grain boundaries are formed around the α-Al2O3 grains, which 

further inhibit the grain growth of the hexaluminate. Figure 10 represents  SEM-EDX analysis on the 

cross section of the 20P/1.48LA microspheres after sintering at 1650 °C.  It can be seen that the 
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calcium is spread homogenously in the microspheres, leading to a homogenous network of the 

calcium hexaluminate. No distinct correlation between the CaO.6Al2O3 presence and porosity was 

found in the cross section of the microspheres.  

 

Figure 10: SEM-EDX analysis of calcium presence and porosity in 20P/1.48LA microspheres sintered at 1650 
°C. 

Besides the influence on the microstructure, a second effect of the calcium on the sintering occurs. 

Dilatometry results are represented in Figure 11. When compared to pure alumina, which started to 

densify at 1032 °C,  the presence of the calcium aluminate phases raised the onset temperature to 

1265 °C for the 20P/1.48LA sample. Dilatometry analyses on the microspheres with different 

compositions are represented in Supplementary Figure D. It is shown that all onset temperatures 

increased compared to the pure Al2O3 pellet. Onset temperatures of the samples with a constant 

powder content increased in relation with the increased calcium content (Table 2): pure Al2O3 < 
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20P/0.88LA-20P/0.88HA < 20P/1.48LA. This relation designates that the formation of CaO.6Al2O3 

hindered the sintering of the samples. This effect is in correlation with previous work done on the 

sintering of Al2O3/CaO.6Al2O3 composite materials [46]. Sample 40P/0.66LA does not follow the 

relation as described above, which could be correlated to the higher powder content resulting in a 

different calcium distribution in the sample.  

 

Figure 11: Dilatometry analysis on pellets of pure alumina and 20P/1.48LA microspheres 

3.3.3. Shrinkage behaviour 

In the interest of controlling the entire shaping process of alumina microspheres, shrinkage of the 

wet microspheres during drying and sintering was examined. Shrinkage was homogeneous in all 

directions of the microspheres, resulting in dried microspheres with a similar feret ratio as the wet 

microspheres (Supplementary Figure C). By following the shrinkage throughout the whole process, it 

is possible to predict the resulting sintered microsphere size for a constant suspension composition 

(Figure 12). The shrinkage from wet to dry microspheres is controlled by the evaporation of the 

water inside the microspheres. In order to promote this process, the water was replaced by isopropyl 
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alcohol in the washing step. This resulted in a decrease of capillary forces in the microsphere, 

retaining the spherical shape during drying.  

 

Figure 12: Shrinkage overview of the different alumina microspheres over the various post processing steps 

It can be observed (Figure 12) that the shrinkage degree from wet to dry microspheres is larger when 

using a higher concentration of alginate (20P/1.48LA) or an alginate with a higher viscosity 

(20P/0.88HA). When looking at total shrinkage behaviour, as expected, a lower shrinkage degree (-43 

%) was visible when the powder loading was doubled in the feed suspension (40P/0.66LA). This is 

mainly due to a diminished shrinking upon drying. In addition, less sinter shrinkage was noticed when 

sintering the 20P/1.48LA microspheres. This difference may be well correlated with the reactive 

sintering into the CaO.6Al2O3 phase, which is characterized by a lower density (3.79 g/cm³) in 

comparison with the α-Al2O3 phase (3.89 g/cm³). As the 20/1.48LA sample has a double amount of 

CaO.6Al2O3 in its structure (Table 2), this might be responsible for the difference in sinter shrinkage.  
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3.4. Material characteristics  

Table 2: Overview of material characteristics of the alumina microspheres, sintered 1h at 1650 °C 

 Average 

microsphere 

size (µm) 

 

 

 

 

Ca2+  

mg/kg  

dry  

weight 

 

 

wt%  

CaO.6Al2O3 

(Calculated) 

 

 

Wt% 

CaO.6Al2O3 

(Rietveld)  

Compressive 

strength 

(MPa) 

Porosity 

(%) 

20P/0.88LA 505 ± 10  4260   7  7 456 ± 108 2.0 ± 0.1 

20P/0.88HA 538 ± 10  4350   7  7 396 ± 144 1.9  ± 0.4 

40P/0.66LA 700 ± 16  1900   3  3 470 ± 75 1.7 ± 0.3 

20P/1.48LA 646 ± 7  8430   14  13 810 ± 177 1.5 ± 0.1 

 

The overview of the material characteristics (Table 2) shows the different amounts of Ca2+ (analysed 

by ICP-OES) present in the microspheres after sintering. These differences are correlated to the 

variation of alginate content in the feed suspension and in accordance to the weight losses in the 

thermal post processing (Supplementary data Figure E). In the present experimental conditions, a 

low amount of sodium alginate in the ceramic suspension leads to the presence of less calcium ions 

in the resulting microspheres. The calcium content may be correlated with the CaO.6Al2O3 crystal 

phase allowing the quantification of this additional phase. Assuming that all the calcium present in 

the matrix is incorporated in the CaO.6Al2O3 phase during the solid state reaction in the sintering 

step, the theoretical amounts of the CaO.6Al2O3 phase can be calculated (see Table 2). Moreover, to 

verify if calcium could be present in other phases, the wt% of CaO.6Al2O3 was quantified by XRD 

analysis using the Rietveld analysis method. When comparing these results, it is shown that the 

stoichiometric calculation can be correlated to the measured amount in the low calcium containing 

sample (20P/0.88LA sample), while a small difference can be observed in the 20P/1.48LA sample. In 

this case it seems as if not all the calcium has been incorporated in the CaO.6Al2O3 crystal phase. 
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Since the calcium content is in relation to the initial alginate content it is possible to tune the amount 

of CaO.6Al2O3 crystal phase in the obtained microspheres by manipulating the initial suspension 

composition.  

Table 2 gives an overview of the compressive strength of the microspheres and the resulting porosity 

after sintering as determined by SEM on the cross-section. No large changes in resulting porosity 

were visible when the alginate and alumina content were varied. The SEM analysis on the surface of 

the alumina microspheres after sintering at 1650 °C (Figure 13 and Supplementary Figure F) revealed 

the presence needle-like grains in the microspheres. According to the previous work of Santos et al. 

[13] the higher compressive strength of the microspheres could be due to this needle-like shape. 

Further work on these effects is beyond the scope of this article.  

 

Figure 13: SEM analysis of the outer surface of sintered (1h at 1650 °C) Al2O3 microspheres. A: 20P/0.88LA B: 
20P/0.88HA C: 40P/0.66LA D:20P/1.48LA 
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4. Conclusions 

The vibrational droplet coagulation system proved to be a successful method to produce alumina 

microspheres with a uniform size distribution and shape, making use of a sodium alginate loaded 

alumina suspension. The combination of both physical as well as chemical parameters provides a 

flexible process and broad window of control and regulate the size of the microspheres while 

retaining a uniform shape. By changing the powder content, alginate type and concentration, it was 

possible to tune the viscosity, which further allowed the production of wet microspheres in the range 

of 900 to 1400 µm by using only a 500 µm nozzle. This was enabled by varying the pressure and/or 

frequency between the borders of the stable area and/or changing the suspension formulation. The 

results obtained on the 500 µm nozzle, can be transferred generically to different nozzle sizes, 

expanding the limits of the current model system. In this way, it is possible to tune the process 

parameters, in order to meet the requirements of the different applications.  

Moreover, the obtained alumina microspheres were characterized by the combination of several 

techniques, such as TGA-MS, ex situ XRD, SEM and ICP-OES to further elucidate both microstructural 

characteristics and phase transformations during calcination and sintering post processing steps. As 

indicated by the TGA-MS data, a CaCO3 phase was present in the calcination process leading to CaO 

at elevated temperatures, which in combination with α-Al2O3 led to the formation of an extra crystal 

phase with elongated grain distribution (calcium hexaluminate CaO.6Al2O3) in the sintered materials. 

The amount of sodium alginate in the feed suspension controlled the calcium concentration in the 

sintered microspheres. Therefore, it was possible to tune the microstructure and amount of 

CaO.6Al2O3 in the end material by tuning the alginate content. Shaping dense alumina microspheres 

is only the first step in the development of a controlled granulation technique to obtain alumina 

microspheres. The vibrational droplet coagulation technique can be much more flexible in its ability 

to make ceramic microspheres as it can be adapted to obtain microspheres with varying sizes, 

porosity and microstructure.  
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Supplementary data 

 

 

Figure A: Shear rate in function of nozzle radius 

 

Figure B: Influence of process variables on feret ratio of wet alumina microspheres using different 
suspensions and a 500 µm nozzle at A: constant frequency of 300 Hz and B: constant pressure of 350 
mbar. 40P/0.66LA (green diamond), 20P/1.48HA (yellow square), 20P/0.88HA (red dot), 20P/0.88LA 
(blue triangle). 
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Figure C: Influence of process variables on feret ratio of dry alumina microspheres using different 
suspensions and a 500 µm nozzle at A: constant frequency of 300 Hz and B: constant pressure of 350 
mbar. 40P/0.66LA (green diamond), 20P/1.48HA (yellow square), 20P/0.88HA (red dot), 20P/0.88LA 
(blue triangle). 

 

 

Figure D: Dilatometry data in function of time and temperature of pellets prepared from the four 

suspensions and pure alumina.  
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Figure E: Thermogravimetric data (TG) of the four suspensions with total weight loss at 1400 °C 
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Figure F: SEM image of the microstructure on the surface of the alumina microspheres.  

(Sintered 1h @ 1650 °C) 


