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Abstract 

The versatile use of droplet coagulation to recycle complex waste resources (fly ash FA, 

rice husk ash RHA and alum sludge AS) was investigated. Monodisperse microspheres 

were shaped, creating higher impact on the applicability of the waste resources. In order to 

obtain a suspension with appropriate rheological properties, pre-processing was required 

for the AS powder in contrast to the RHA and FA powders. Furthermore, the impact of the 

shaping process and waste stream properties on the calcination and sintering was 

determined and correlated to the microstructure of the sintered spheres. The porosity of the 

sintered AS microspheres was significantly lower (4%) as compared to the FA (50%) and 

RHA (67%) microspheres. Consequently, the crushing strength of the sintered 

microspheres varied for the different waste resources. Due to the enhanced densification, 

the highest crushing strength (185 MPa) was obtained for the AS microspheres.  
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Highlights 

 Microsphere properties are affected by waste origin, composition and morphology 

 Pre-processing of AS is required to obtain a suitable rheology for the droplet 

coagulation suspension 

 Influence of the coagulation precursor (Ca2+) on thermal processing of waste 

resources 
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1. Introduction 

There is a growing awareness that current material consumption is not sustainable. This 

requires the prevention of loss of materials out of the material cycles in an economical way. 

By reusing waste streams as valuable raw materials in industrial applications, it is possible 

to close the material loop[1][2]. Thereby, it is preferred to add extra functionalities, allowing 

it to be used in added-value applications[3][4] while limiting the hazardous issues of 

handling fine-grained waste streams[5]. The fine-grained waste streams often contain 

crystalline silica that could cause silicosis, certainly when their dimensions are small. A 

colloidal method such as droplet coagulation is used as shaping method, to limit dust 

formation and create higher impact on the applicability of these resources. Fine-grained 

inorganic powders are an important category of solid waste streams varying in origin, 

chemical composition and morphology. These waste streams are often mixtures of different 

oxides (silica, alumina, iron oxide, calcium oxide, etc.) and the degree of impurities varies 

according to the origin of the waste stream[6][7][8]. The aim of this research is to study the 

generic use of droplet coagulation on waste resources with variety in origin, composition 

and morphology.  

 

One of the key industrial activities that produce these kinds of solid waste streams are 

combustion processes. The worldwide coal firing for power generation causes an annual 

production of 750 million tons of fly ash[9]. Since the chemical composition of the fly ash is 

determined by the type of coal, a wide variety of compositions is described in literature. 

However, it could be noted that the principle components are silica, alumina, iron oxide and 

calcium oxide[9]. The depletion of fossil fuels for the generation of power supply has 

stimulated the utilization of biomass as a source of fuel, creating a different type of 

combustion based waste streams. Among the various biomass resources, rice husk is one 

of the key residues for the energy production[10]. The combustion of the rice hulls, in order 

to acquire energy, leads to the production of rice husk ash consisting of high amounts of 

silica[7]. Another type of fine-grained waste powders is generated by a very different type 

of process: waste water treatment. One of the typical sludges produced is alum sludge, 

which originates from the addition of an aluminium salt (e.g. Al2(SO4)3) to the polluted 

water. The Al3+ ions enable the coagulation of natural organic matter (NOM) in the sludge. 

In the subsequent processes (flocculation, sedimentation and centrifugation), the NOM is 

collected in the sludge together with the ions of the aluminium salt[11]. Typically, the alum 

sludge consists of a high amount of alumina polymorphs and organic material in 

combination with minor amounts of silica and other impurities. There is still little information 
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on global alum sludge production, however the large sludge volumes and environmental 

drawbacks (discharge of aluminium in residuals causing a threat to aquatic life [12]) are an 

incentive to investigate the valorisation of this waste product[8]. Current research stipulates 

the valorisation of these waste streams by making use of gel casting such as the here 

described droplet coagulation.  

 

Gel casting is typically achieved by the polymerization of specific monomers, using binders 

which are present in the casting suspension (e.g. acrylamides) [13][14]. One of the 

disadvantages of this method is the emission of toxic volatiles during thermal post 

processing. A suitable alternative to overcome this aspect is the use of bio-binders, such as 

sodium alginate[15][16][17]. Sodium alginate is a natural polysaccharide composed of two 

monomeric units: 1,4-linked β-d-mannuronic (M) and α-l-guluronic (G) acid residues. The 

solidification of the sodium alginate is achieved by the ionotropic gelation of the guluronic 

acid residues with a non-monovalent ion (e.g. Ca2+). These non-monovalent ions, inherent 

to the coagulation mechanism, are incorporated in the microspheres and have a distinct 

effect on the thermal post processing of the microspheres[18]. However, the impact of the 

coagulated Ca2+ has been elucidated on pure alumina, other influences might be expected 

when using different waste fines. Here we show how the unique composition of the waste 

fines interacts with the coagulated calcium upon sintering. Shaping microspheres by use of 

the droplet coagulation technique is based on an extrusion dripping principle[19]. In this 

method, a ceramic suspension containing sodium alginate binder is extruded through a 

nozzle at low volumetric rates. The detachment of the droplet is driven by the gravitational 

forces on the droplet[20]. The droplets are collected in a coagulation bath containing 

calcium ions as solidification agent. So far, droplet coagulation has only been 

demonstrated on pure ceramic suspensions and not on powder resources with variation in 

composition and origin[21]. The wide variation in composition might cause some difficulties 

by interaction with the sodium alginate of the gel casting suspension. One of the key 

requirements for being able to shape an inorganic powder into microspheres by droplet 

coagulation is the ability to prepare a stable suspension. If not possible, pre-processing of 

the powder would be required prior to the suspension preparation[22]. The necessity of 

pre-processing waste powders for droplet coagulation has not yet been elucidated.  

 

The complexity of waste powders (e.g. inhomogeneity of the components, leaching 

behavior, presence of specific impurities) could cause difficulties in the shaping process. 

Our aim is to reveal the impact of the varying chemical composition and morphology of 

waste powders on the different aspects of the shaping process. Therefore, three different 
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inorganic waste powders were selected to investigate the generic approach and flexibility of 

the droplet coagulation technique to produce microspheres from recovered waste.  

 

Changes originating from the differences in chemical and physical properties of the 

powders can be expected in different parts of the microsphere formation: during 

suspension preparation, the coagulation process as well as the thermal post processing. 

Studying the impact of the waste type, its origin (e.g. sludge or powdered from combustion 

processes), composition (e.g. Si/Al ratio) and morphology, on these different aspects is the 

focus of this work. Vice versa, the impact of the shaping process on the final materials 

properties is revealed. 

2. Materials and methods 

2.1. Materials 

Alum sludge (AS) was collected at the water production center (Kluizen, Belgium). The 

sludge is generated by a coagulation-flocculation process to purify the waste waters, 

requiring the addition of AlCl3 as coagulant, flocculant (Superfloc 100-N, non-ionic 

polyacrylamide) addition[23] and pH adjustment (H2SO4). The AS was dried 24 hours at 

100 °C prior to characterization of the powder and listed as AS-D. Siliceous coal 

combustion fly ash (FA) from the Tarong Power Station (Australia) was used as fly ash 

source. Silpozz (NK Enterprises, India) was used as the source of rice husk ash (RHA). 

Characteristics of the waste materials are described in section 3.1. Sodium alginate Br-W 

was supplied by Brace GmBH (Alzenau, Germany). Furthermore, calcium chloride (Sigma 

Aldrich, anhydrous, powder ≥ 97 % pure), isopropyl alcohol (98%) and RO water (< 5 

µS/cm) were used in this work. 

2.2. Shaping microspheres by droplet coagulation 

Dried AS-D was calcined (1h) at 600 °C (heating rate 2°C/min) under ambient air and 

pressure to obtain calcined alum sludge granules. Afterwards, the calcined granules were 

ball milled at 400 rpm for 30 minutes using tungsten carbide grinding balls of 30 mm (20 

wt% powder per milling jar) in order to obtain the calcined alum sludge powder (AS-C). AS-

C was washed with milli-Q water in a ratio of 1:10, by shaking it 5 minutes prior to 

centrifugation at 4000 rpm. The pure milli-Q water contained 7.8 µg/l Al3+ and 139 µg/l Ca2+. 

The washing water was decanted before drying the washed alum sludge at 100°C for 24h. 

The final alum sludge after 2 wash cycles and drying is listed as AS-C-2W. The RHA and 

FA powders were used as received. For all waste powders, a ceramic suspension 
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containing 30 wt% of the waste powder was prepared by planetary mixing it with 1 wt% of 

alginate Br-W and RO water. The suspensions containing RHA or FA were loaded in a 

syringe connected with a 600 µm nozzle (Nordson EDF). Droplets were generated by 

manual pressure on the syringe and collected in the coagulation bath containing CaCl2 and 

left inside overnight to complete the solidification. Instead of using manual pressure on the 

syringe, alum sludge droplets were generated by air pressure. As indicated in literature[24], 

little effect is visible on the size and shape of the spheres when applying different 

pressures. Therefore, the produced RHA, FA and AS microspheres (RHA-MS, FA-MS, AS-

MS) are comparable in this work. After completing the solidification, the microspheres were 

thoroughly washed with tap water followed by RO water to remove the excess of calcium 

ions. As a last step in the washing procedure, the microspheres were washed with 

isopropyl alcohol to reduce the capillary pressure during drying. Subsequently, the samples 

were dried at 105°C for 24 hours and sintered 1 hour at varying temperatures with a 

heating rate of 2 °C/min under ambient air and pressure conditions.  

2.3. Characterization techniques 

The chemical composition of the starting powders was determined by a high performance 

energy dispersive XRF (X-ray fluorescence) spectrometer with polarized X-ray excitation 

geometry (HE XEPOS, Spectro Analytical Systems, Kleve, Germany). The instrument was 

equipped with a 50 W tungsten end window tube (max. 60 kV, 2 mA) and a Silicon Drift 

Detector. All analyses were performed under He atmosphere. The samples were ashed at 

1000 °C during 4 hours in a muffle furnace (Thermolyne, Iowa, USA). About 0.9 g of the 

ashed sample was subsequently mixed in a platinum crucible with a 100% 

lithiumtetraborate flux (XRF Scientific, Brussels, Belgium) in a flux:sample ratio of 10:1. The 

fusion was performed with an automatic fusion system (XrFuse 2, XRF Scientific, Brussels, 

Belgium), in which the sample was fused at 1250°C during 11 minutes. An ammonium 

iodide tablet (XRF Scientific, Brussels, Belgium) was added as release agent. The fused 

sample was removed from the furnace and poured into a pre-heated mold. During cooling, 

fan-forced air was applied to accelerate the solidification of the beads. For the XRF 

measurement, the fused bead sample was placed in the auto sampler of the EDXRF 

system.  

Furthermore, the raw waste powders were examined using a cold field emission scanning 

electron microscope (FEGSEM) of the type Nova Nano SEM 450 (FEI, USA) at 5 kV. In 

addition, sintered microspheres were measured using the FEGSEM at 20 kV. Before the 

measurement, the microspheres were encapsulated in epoxy resin and cured at room 

temperature. Subsequently, the samples were cut and polished in order to analyze the 
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cross-section of the microspheres. Element mappings of the raw RHA and FA powders, 

pre-processed AS-C and cross-sections of the sintered microspheres were performed with 

a Bruker XFlash Detector 5030 and a Bruker QUANTAX-200 EDS system.  

The cation concentration in the wash water was determined by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) on a 5100 ICP-AES of Agilent. Sulfate 

concentrations were determined by ion chromatography (IC) on a Metrohm 850 

Professional IC, connected with a Professional UV/VIS detector.  

Rheology of the suspensions was analyzed with a Haake Mars Rheometer using a 

concentric cup measuring geometry (cup Z43 DIN 53018 and rotor Z41 DIN 53018). The 

dynamic viscosity was recorded in function of the shear rate (0.01 – 1000 s—1) and data 

points were collected when decreasing the shear rate. The rheology analysis was 

performed at a controlled temperature of 25 °C.  

The shaped microspheres were analyzed by optical microscopy using a Zeiss Discovery 

V12 stereomicroscope, equipped with a Plan Apo S 1.0 w FWD 60 mm objective. Images 

of the microspheres were taken by an Axiovision MRc digital camera connected to the 

optical microscope. Image processing was performed by Axiovision Rel. 4.8 software using 

the same procedure as explained in earlier work [18]. Image analysis was performed on at 

least 20 microspheres. The average microsphere size is reported with its standard 

deviation.  

Thermogravimetric analysis (TGA) was recorded on a STA 449 F3 Jupiter (Netzsch, 

Germany) under a flow of dry air (50 ml/min). The samples were analysed from ambient 

temperature to 1500 °C with a heating rate of 10 °C/min. The TGA apparatus was coupled 

online with a quadrupole mass spectrometer TGA/STA-QMS 403 D Aëolos (Netzsch, 

Germany) by a heated capillary (200 °C) 

The dilatometry analyses were performed on a DIL 402 C dilatometer (Netzsch, Germany) 

in dry air (70 ml/min). Pellets were pressed from the waste powders and crushed 

microspheres. The FA and RHA raw powders required the addition of 1 wt% alginate Br-W 

to enable pressing. Dilatometry analysis (10°C/min) on the RHA and FA (powder and 

microspheres) pellets was limited to 1350 °C due to the melting of the sample. The 

dilatometry analysis on the AS pellets was performed up to 1600 °C.  

In addition, the crystal phases of the microspheres were analysed by X-ray diffraction 

(XRD) analysis. The sintered microspheres were ball milled before performing the analysis. 

The diffraction spectra were collected on a PANalytical X’Pert Pro MPD diffractometer with 

filtered Cu Kα radiation. The analysis was performed in the 2Ɵ mode using a bracket 

sample holder with scanning speed of 0.04°/4s continuous mode. Phase identification was 
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made by searching the ICDD (International Centre for Diffraction Data) database for 

inorganic compounds.  

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

testing using an Instron 5582 Universal testing machine. Couroyer et al. [25] calculated the 

side crushing strength σf using the following equation: 

 𝜎𝑓 = 2.8 
𝑃𝑓

𝜋𝐷2 

Pf is the load (N) at the breaking point of the microspheres and D the diameter (m). The 

strength of a single microsphere is collected between two diametrically opposed contact 

points. At least 10 spheres are crushed to calculate the average strength of a single 

shaped microsphere. The standard deviation of the results was calculated and reported 

along the average crushing strength.  

3. Results and discussion 

3.1. Waste powder characteristics and pre-processing 

requirements 

Shaping microspheres of the fine-grained waste powders using droplet generation requires 

a stable suspension. One of the main differences between the waste powders applied in 

this study is the presence of organic additives such as the flocculant in the alum sludge. 

This flocculant is added to waste water to induce agglomeration of microflocs, leading to 

larger and denser flocs. However, the presence of these flocs in the alum sludge hampers 

the preparation of a stable suspension with high solid loading for droplet coagulation. 

Therefore, the flocculant has to be removed by thermal treatment. In order to interpret the 

thermal decomposition of AS-D and the other materials, calcination profiles were 

determines. Thermogravimetric analysis coupled with a mass spectrometer (TGA-MS) was 

used to acquire TG/DTG profiles and mass spectra as shown in Figure 1 and Figure 2. 

Besides a difference in calcination profile, distinct differences in loss on ignition (LOI) can 

be noticed between the waste powders originating from high temperatures processes (FA 

and RHA) and the humid waste powder (AS-D). After heating at 1000 °C (completion of 

calcination), FA and RHA lost respectively 0.9% and 3.2% of their matter, in contrast to the 

higher loss of 43.6% of the dried alum sludge.  

Small amounts of hydrated water are lost up to 200 °C in RHA and FA, as confirmed by 

signals of H2O (m/z = 18) in the MS data. The thermal decomposition of the RHA powder 

starts at 250 °C with a DTG maximum at 445 °C. The CO2 (m/z = 44) signal in the MS data 

can be correlated to the oxidation of residual carbon of the rice hulls[26][27]. The minimal 
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thermal degradation of the FA powder is characterized by a higher onset temperature 

compared to the RHA powder. The thermal decomposition starts at 510 °C (DTG 

maximum: 645 °C), corresponding to the CO2 signal in the MS data. The weight loss in this 

temperature range can be correlated to the carbon oxidation of its carbonaceous material 

after coal combustion, according to the following chemical reaction [28]:  

2C + xO2  2COx (x = 1 or 2) 

 

Figure 1: TG and DTG of the waste powders (RHA, FA and AS-D) in function of 

temperature 

 

Figure 2: Mass spectra of gaseous components of RHA, FA and AS-D evolving in function 

of temperature 

The calcination profile of the dried AS-D indicates a more complex process with a broad 

weight loss up to 700 °C. The multiple simultaneously occurring events makes it an 
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ambiguous identification. However, the main processes can be identified based on the 

evolution of gaseous components. The MS data in the temperature range from 100 to 800 

°C reveals the evolution of H2O and CO2. The loss of water can originate from multiple 

processes such as the phase transformation of the amorphous aluminium hydroxide of the 

sludge into stable phases by increasing the temperature[29]. Here, H2O will be formed due 

to the decomposition of the hydroxide. As indicated earlier in this work, the alum sludge 

contained natural organic matter (NOM) and flocculant (Figure A1), which also decompose 

in this temperature range, resulting in the evolution of H2O and CO2. The TG analysis of the 

alum sludge shows another DTG maximum in the temperature range of 800-1000°C, 

corresponding to the signal of SO2 (m/z= 64) in the mass spectrum. The presence of sulfur 

can be explained by the pH buffering step of the waste water treatment, causing the 

formation of Al2(SO4)3 in the alum sludge during thermal processing. The decomposition of 

this aluminium sulfate occurs at temperature up to 800 °C [30].  

Al2(SO4)3  Al2O3 + 3SO2 + 1.5 O2   

TGA-MS analysis on the pure flocculant indicates its complete removal at 600 °C (Figure 

A1). As pre-treatment, the dried alum sludge was therefore calcined for 1 hour at 600 °C, 

resulting in large irregular granules. To obtain a size distribution comparable to the ashes 

(Figure A2), the calcined alum sludge (AS-C) was subsequently ball milled. The resulting 

calcined and milled alum sludge (AS-C) was further characterized similar to the other two 

waste powders.  

Component  RHA FA AS-C 

Si % 43.1 32.7 5.2 

Al % - 12.7 39.1 

K % 1.0 0.5 - 

Ca % 0.7 - 1.4 

Ti % - 0.8 - 

Mn % 0.1 - 0.1 

Fe % 0.3 1.4 - 

Table 1: Elemental analysis of the waste powders determined by XRF on the melt 

Earlier work on droplet coagulation indicated the importance of controlling the composition 

of the suspension on shaping and sintering microspheres[18][31][32]. The presence of 

various elements plays a role in the thermal post treatment of the ceramics, inducing the 

formation of different polymorphs.  The elemental composition of the waste powders varies 

with the origin of the waste process as visible in Table 1 and Figure 3. The two main 

elements, present in the here applied waste streams, are Si and Al in varying ratios. RHA 
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contains primarily silicium in its matrix in the presence of minor impurities such as K, Ca, 

Mn and Fe. Analog to the RHA, FA contains mainly silicium in its matrix, with the prevailing 

presence of aluminium. One of the common impurities in FA is Fe, as is also indicated in 

literature[9]. AS-C contains the highest concentration of Al in combination with a minor 

fraction of Si. Since the here applied alum sludge originates from drinking water treatment, 

calcium is present as one of the main impurities. SEM-EDX reveals the (in)homogeneity of 

the various elements in the waste powders in combination with their morphology. 

Knowledge on the morphology is important as it will have an impact on the powder packing 

in the microspheres during shaping and drying (Table A1 and Figure A2). The RHA powder 

consists of irregularly-shaped powder particles since they originate from the processing of 

fibrous rice hulls. Mapping of the chemical composition revealed a heterogeneous mixture 

of the impurities in the SiO2 matrix, indicated by distinct grains of Al2O3, CaO and K2O. The 

FA powder is a combination of heterogeneous and homogeneous particles. The iron 

impurities are observed as separate grains in the mixtures, where Al2O3 and SiO2 are 

merged in the same particles in varying concentration. Additionally, a different morphology 

was revealed with the clear presence of spherical particles (cenospheres) caused by the 

combustion process of the coal. In contrast to the waste powders produced in high 

temperature processes, a homogeneous mixture of elements was visible in the AS-C 

powder. Ball milling of the calcined granules resulted in a broad size range of irregular 

shaped grains.  
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Figure 3: SEM-EDX analysis on the RHA, FA and AS-C powders 

The fine-grained waste powders (RHA, FA and AS-C) were added to the sodium alginate 

solution and water in order to prepare the suspensions. The RHA and FA powders 

dispersed homogenously in the suspension, in contrast to the AS-C powder. Mixing the AS-

C powder in a similar powder loading with sodium alginate resulted in an inhomogeneous 

rigid structure. Some blocks of coagulated alginate could be distinguished from alum 

sludge agglomerates. Therefore, only suspensions with very low powder content could be 

obtained. As indicated in literature, significant amounts of soluble salts are present on the 

alum sludge even after calcination[22]. 

 

As shaping of microspheres is controlled by the ionotropic gelation of sodium alginate in 

the ceramic suspension induced by the non-monovalent cations in the coagulation 

bath[33], free cations in the ceramic suspension can interact with the alginate, leading to 

increased viscosity. To avoid this partial coagulation in the suspension, the AS-C powder 

was washed with milli-Q water to lower the cation concentration in the powder. The 

effectiveness of the washing procedure was followed by ICP-AES and ion chromatography 

to determine the ion concentration (Figure 4). 
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Figure 4: Concentration of cations and sulfate ions in function of the number of wash steps. 

An elevated concentration of calcium cations and sulfate ions was determined in the first 

eluate. Calcium is often reported as the model cation to induce the ionotropic gelation of 

sodium alginate due to its high efficacy[34]. In the eluate of the following washing steps, the 

amount of calcium ions decreased substantially. However, an increase in concentration of 

aluminium ions is observed in function of the wash steps, clearly visible after wash step 3. 

The amorphous alumina phase tends to leach from the sludge. In addition, a decline in 

SO4
2- was determined in the wash water. Although no clear impact of the sulfate ions is 

expected on the suspension, the difference in sulfate concentration will diminish the 

formation of sulfate phases during the calcination and sintering.  

 

Based on the leaching of calcium cations after the first washing step (124000 µg/l to 23000 

µg/l), it was presumed that shaping microspheres with AS-C powder after one wash step 

(AS-C-1W) would be possible. However, rheological analysis on the suspension revealed 

shear thinning behaviour indicating that even at these concentrations, there were 

indications of the presence of a gel network in the suspension (Figure 5). The free 

movement of the powder particles in the suspension was inhibited due to the gel network, 

resulting in increased viscosity at low shear rates. In addition, small gel clots were 

observed in the suspension after standing for 30 minutes. Therefore, the AS-C powder was 

washed for a second time (AS-C-2W) prior to suspension preparation. In this case, no gel 

clots could be observed over several hours and the rheological data of the suspension 

shows similar behaviour to the suspensions prepared using raw RHA and FA powders. All 

of them are shear thinning at elevated shear rates (above 10 s-1) with indistinct effect as 

compared with AS-C-1W. This minimal shear thinning behaviour has no effect on the 
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droplet formation of the suspensions at the nozzle, since this time the gel network can be 

broken up in definite droplets. [35]. 

 

Figure 5: Rheology of the RHA, FA and AS-C suspensions in function of the shear rate. 

The influence of washing steps on the calcined alum sludge waste powder is denoted as 

1W and 2W 

3.2. Shaping microspheres 

The suspension droplets were collected and solidified in a CaCl2 coagulation bath by the 

exchange of monovalent sodium ions with divalent calcium ions. The obtained 

monodisperse microspheres were collected after ageing in the bath for 24 hours followed 

by rinsing with RO water, isopropyl alcohol and drying. No variation in wet microsphere size 

of RHA-MS and FA-MS could be observed, despite the differences in viscosity of the 

suspension (Table 2). In contrast, distinct differences in shrinkage were observed during 

drying, resulting from differences in powder packing as caused by the variations in powder 

size and shape (Table 2). The water remaining in the alginate gel network is eliminated by 

increasing the temperature up to 100 °C, causing a rearrangement of the powder particles 

in the microspheres. Figure A2 shows the correlation between particle size distribution and 

feret ratio of the particles. The elongated RHA grains inhibit a compact powder packing 

during drying, resulting in limited shrinking and thus larger microspheres (2560 ± 69 µm). 

The FA-MS displayed more shrinkage from wet to dry (19%), due to a higher degree of 

powder compaction. A twofold effect could be noticed. The FA powder has a broader 

particle size distribution and higher sphericity level, both increasing the powder compaction 

in the microsphere. The AS-C powder has an even broader particle size distribution, 

enhancing the powder compaction even more and causing the highest degree of shrinkage 

(22%). Dry AS-MS microspheres had the lowest size of 2164 ± 63 µm.  
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 Av. 

Diameter 

Wet (µm) 

Av. 

Diameter 

Dry1(µm) 

% 

Shrinkage 

Wet to 

dry1  

Av. 

Diameter 

Sintered1 

(µm) 

% 

Shrinkage 

Dry to 

sinter 

% 

Porosity2

,*  

Crushing 

strength 

(MPa)* 

RHA-MS 2893 ± 88 2560 ± 63 12% 2489 ± 63 3% 67% 0.7 ± 0.1 

FA-MS 2820 ± 92 2283 ± 95 19% 2217 ± 48 3% 50% 5.3 ± 1 

AS-MS 2774 ± 34 2164 ± 63 22% 1384 ± 42 36% 4% 185± 57 

Table 2: Overview of microsphere properties. 1 Optical microscopy, 2SEM analysis on 

sintered cross section (* Sintering: RHA-MS/FA-MS at 1400 °C and AS-MS at 1600 °C) 

3.3. Calcination and sintering 

After shaping, a controlled thermal post processing of the microspheres is required to 

obtain their final properties and strength. The calcination process of the dried microspheres 

was simulated in the TGA-MS (Figure 6 and 7) and correlated to the analysis on the waste 

powders (Figure A3, Figure A4 and Figure A5) to be able to distinguish the mass loss 

induced by the incorporated calcium alginate and the mass losses of the waste powders 

itself. Analog to the evolution of physisorbed water in the FA and RHA powder, weight 

losses in the temperature range of 30 – 200 °C were visible. The DTG maxima of the RHA-

MS (83 °C) and FA-MS (50°C) are sharp and well defined in contrast to the DTG profile of 

AS-MS in this temperature range. The weight losses induced by the desorption processes 

and those of calcination are not resolved in the DTG and thus visible as one broad 

asymmetric signal. Our previous work on shaping alumina microspheres indicated a two-

step oxidation process of the calcium alginate[18], with the intensive evolution of H2O and 

CO2, released by the oxidation of the glycosidic bonds. The first DTG maxima of this 

process are observed at 280 °C for both the RHA-MS and FA-MS sample. Based on the 

evolution profiles of H2O and CO2, it can be concluded that simultaneously oxidation of the 

alginate and decomposition of Al(OH)3 occurred within the temperature range of 150 to 600 

°C in case of the AS-MS samples. The oxidation of calcium alginate is confirmed by the 

detection of H2O and CO2 (m/z = 44), whereas the Al(OH)3 decomposition only generates 

H2O. Concluding from the differences between H2O and CO2 signals, the first oxidation 

step of the calcium alginate appeared analogue in all samples. However, at higher 

temperatures, differences start to appear. The DTG profile of the RHA microspheres 

indicates a broad peak between 330 and 600 °C with a maximum at 446 °C. The weight 

loss in this temperature range is correlated to the oxidation of carboneous material of the 

RHA powder itself and the second decomposition step of the calcium alginate 

(decarboxylation). In contrast to the oxidation of the calcium alginate in the RHA-MS 

sample, an additional peaks can be observed in the FA-MS sample between 330 to 600°C 
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as compared to the pure FA powder. The First DTG maximum at 380 °C correlates to the 

further oxidation of alginate fractions corresponding to the H2O and CO2 signals. As 

observed in the CO2 signal of the MS, the decarboxylation has shifted to higher 

temperatures with a DTG maximum at 510 °C. The DTG profile of the AS-MS sample 

revealed additional weight losses above 800°C in contrast to the RHA-MS and FA-MS 

samples. The decomposition of aluminium sulfate, as determined in the alum sludge 

powder, occurs between 800 and 1000 °C with its corresponding SO2 signal in the MS 

data. However, a slight increase in Al2(SO4)3 could be determined (+0.3%) in contrast to the 

dried alum sludge (AS-D) (Figure 1 and Figure A5). By calcination of AS-D for 1 hour at 

600 °C in the pre-treatment, the flocculant structure is decomposed and consequently the 

flux of released aluminium ions are stabilized by SO4
2- of the sludge. This extra Al2(SO4)3 is 

decomposed in the same temperature range as the initial aluminium sulfate. Alongside the 

Al2(SO4)3 decomposition, CO2 could be observed in the MS data which could be correlation 

to the decomposition of CaCO3 of the alum sludge as it is also visible in AS-D. An 

additional weight loss is detected in the AS-C-2W and AS-MS samples compared to AS-D 

in the temperature range of 1100 to 1300 °C contributed by the decomposition of calcium 

sulfate into calcium oxide and sulphur dioxide by the following equation [36][37].  

CaSO4  CaO + SO2 + ½ O2 

Together with the aluminium stabilisation of the flocculant in the sludge, also calcium was 

adsorbed on the flocculants surface[38]. Therefore, the calcined flocculant also released 

calcium in the sludge, resulting in the form of CaSO4 and causing a similar TGA pattern at 

temperatures above 1000°C as the microspheres (AS-MS). Due to the low solubility of 

CaSO4, only little amounts are expected to be leached during the washing procedure of the 

calcined alum sludge[38].  
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Figure 6: TG and DTG of the dried microspheres (RHA-MS, FA-MS and AS-MS) in function 

of the temperature 

 

Figure 7: Mass spectra of the gaseous components evolving during TGA of RHA-MS, FA-

MS and AS-MS in function of temperature 
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Figure 8: Dilatometry analysis (dL/Lo and dL/dt) on pellets of RHA, FA and AS-C-2W raw 

powder (1wt% alginate was added as binder in the RHA and FA pellet and therefore listed 

as RHA-1A and FA-1A) in correlation to pellets of the microspheres (RHA-MS, FA-MS and 

AS-MS) 

The sintering behaviour of the different powders in correlation to their microspheres is 

shown in Figure 8, with their dilatometry data in Table A2. A distinct difference in sintering 

behaviour of RHA, FA and AS-C-2W can be noticed, due to their unique chemical 

composition and morphology. In addition, the dilatometry data shows the impact of the 

calcium of the sodium alginate coagulation in the sintering of the microspheres compared 

to the waste powders. In the initial stage, the calcium is present as calcium carbonate, 

which decomposes at higher temperature into calcium oxide. As visible in Figure 8, the 

RHA powder (RHA-1A) started to sinter at 700 °C with a total shrinkage of 4.8%. 

Introducing calcium in the microspheres inhibited the sintering process, shifting the onset 

temperature to 870 °C and limiting the shrinkage to 1.8%. Sintering of the FA samples 

started at approximately 800 °C, in correlation with previous work on Tarong fly ash[39]. 

The presence of calcium had no impact on the onset temperature in contrast to the rice 

husk ash and alum sludge samples. However, the initial FA-1A sample revealed a higher 

degree of total shrinkage (-4.6%) compared to the FA-MS microspheres (-2.5%) which 

followed a more gradual shrinkage between 790 and 1200 °C. Sintering alum sludge 
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occurs in different steps due to the decomposition of Al2(SO4)3 and CaSO4[36]. The first 

sintering step is observed at 1132 °C for the raw powder (AS-C-2W) in contrast to a lower 

sinter onset (1050 °C) after shaping into microspheres. However, the maximum sinter 

temperatures (dL/dt max) are approximately the same for both samples. The difference in 

onset temperature could be correlated the higher amount of calcium in the microspheres. A 

sinter plateau was reached at 1250 °C, due to the release of SO2 gas upon decomposition 

of CaSO4[36]. The densification process restarted at about 1320 °C, reaching its maximum 

densification at 1600 °C with the highest level of densification (28.4 %). Due to the 

differences in sintering behavior of the samples, different variations in sintering 

temperatures were selected to illustrate the impact on the final microsphere properties. The 

RHA-MS and FA-MS were sintered between 1200 and 1400 °C. Above 1400 °C, the 

microspheres began to deform and further examination of the properties was not possible. 

The AS-MS were sintered between 1400 and 1600 °C, to obtain densification of the 

microspheres.  

  

3.4. Microsphere properties 

In order to identify the impact of sintering on the polymorphs of the microspheres, XRD 

analyses were performed (Figure 9). The XRD pattern of RHA-MS revealed the presence 

of two main crystalline components, cristobalite (ICDD card 071-6240) and tridymite (ICDD 

card 074-8989). It has been reported in literature that the formation of tridymite is promoted 

by the presence of potassium oxide (K2O) in rice husk ash [3][40]. Tridymite is the silica 

crystal phase with the lowest density, enabling the incorporation of interstitial cations, such 

as K+, into its open structure. Even though K+ could be detected via elemental analysis and 

SEM-EDX of the waste powder and the elemental analysis of the microspheres (Table A3), 

no potassium could be determined on the SEM-EDX maps of the microspheres (Figure 10). 

The presence of calcium, however, is clearly visible in both the EDX and as lighter dots in 

the SEM images of the cross section of sintered RHA-MS. XRF analysis of the 

microspheres in correlation to their initial powder confirmed the enrichment of calcium in 

the spheres (Table A3). Nevertheless, no impact of the calcium is visible in the XRD 

patterns as it gives rise to the formation of an amorphous calcium silicate phase, as known 

from the phase diagram of CaO and SiO2[41].  
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Figure 9: XRD patterns of the microspheres sintered at different temperatures. The 

different crystal phases are indicated as: α-alumina (A), mullite (M), calcium aluminium 

silicate (CA), cristobalite (C), quartz (Q) and tridymite (T) 

 

The diffraction peaks of FA-MS after sintering revealed the presence of a mixture of mullite 

(ICDD card 079-1457) and cristobalite due to the high concentration of alumina and silica in 

the initial FA powder. The XRD pattern at 1200 °C revealed the presence of quartz (ICDD 

card 079-1913), which is one of the initial polymorphs of fly ash. Increasing the sinter 

temperature to 1350 °C eliminated the α-quartz peak simultaneously with the relative 

increased intensities of cristobalite and mullite[42]. The SEM-EDX confirms the presence of 

this mullite structure in the SiO2 matrix via its typically elongated grains [43]. The small 

amount of iron in the structure (~1.3 % Fe) present as magnetite is expected to transform 

into hematite based on what has been described in literature[44]. However, due to low 

intensity of the signal no peaks of magnetite nor hematite were observed. Nevertheless, a 

much more homogenous spread of iron could be distinguished on the cross section of the 

sintered microspheres as compared to the Fe distribution in the waste powder (Figure 10 

versus Figure 3). The XRD diffractogram of AS-MS shows the presence of α-Al2O3 (ICDD 

card 088-0826) and mullite after sintering at 1600 °C. α-Al2O3 is the end product of the 

thermal conversion of the initial amorphous Al(OH)3 and γ-Al2O3 into a stable high 

temperature polymorph. Additionally, alumina is known to react into mullite in the presence 

of silica during thermal post treatment[45]. XRD patterns at 1400 °C and 1500 °C show the 

presence of calcium aluminium silicate (ICDD card 070-0287) in the matrix, induced by the 

presence of calcium. As described in earlier work, some interaction of calcium with the 
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alumina phase could be expected[18]. Due to the melting of the calcium aluminium silicate 

at 1553 °C[46], an amorphous phase was formed in the crystalline structure of alumina and 

mullite at 1600 °C. Considering this melting behaviour, small amounts of liquid phase were 

present in between the Al2O3 grains enhancing the diffusion along the grain boundaries 

during sintering. As visible in Figure 10 and Figure A6, several large Al2O3 grains can be 

observed in the mullite and calcium aluminium silicate matrix. SEM-EDX revealed these 

enlarged grains by the lack of Si and Ca. In addition, the cross-section shows the presence 

of several of these grains in the microsphere. Consequently, the impurities of the alum 

sludge enhance the abnormal grain growth (AGG) of Al2O3 [47].  

 

Figure 10: SEM-EDX analysis on the cross section of the microspheres after sintering 1 

hour at 1600 °C 

 

Due to the differences in powder morphology and chemical composition, differences in 

drying and sintering and hence also in residual porosity after sintering could be observed 

on the SEM images of the cross sections (Table 2 and Figure A6). The irregular shape of 

the RHA powder hampers a good powder packing in the microspheres, inhibiting grain 

diffusion during sintering. The total porosity of RHA-MS after sintering at 1400 °C is 67% as 
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determined by SEM analysis of the cross section. Sintering the FA-MS at 1400 °C resulted 

in a lower total porosity (50%). As indicated in the drying behaviour, more compact powder 

packing occurred in the FA-MS due to the broad size distribution of FA powder. This 

enhanced the densification of the FA-MS microspheres. In addition a unique microstructure 

could be observed on their cross section. The initial FA powder consists of a combination 

of dense and hollow spherical particles. The incorporation of these hollow cenospheres 

gives specials features, allowing shaping lightweight microspheres.  

The porosity of AS-MS is significantly lower (4%) with only a few pores visible on the cross 

section. The dilatometry analysis revealed an enhanced densification for the AS-MS 

microspheres, in correlation to the lowest total porosity after sintering at 1600 °C. The 

densification and by consequence the residual porosity in the microspheres has an impact 

on the crushing strength of the microspheres. Due to the crystallization of tridymite in the 

RHA-MS, the densification was restrained and therefore low strengths and high porosity 

were determined. The higher strength of FA-MS could be correlated to two factors: the 

decreased total porosity and the presence of elongated mullite grains. The elongated 

grains are the most effective morphology to deflect the propagation cracks in the 

microspheres, by twisting the crack front in between the powder particles[48]. Highest 

crushing strength of 185 MPa was obtained for the AS-MS, despite the AGG of Al2O3 in the 

mullite and amorphous calcium aluminium silicate[49].  

 

Current work stipulates the impact of the waste composition and morphology on the 

properties of the sintered microspheres. Consequently high porosity and low strengths 

were obtained for the siliceous waste resources. Despite the limited flexibility of shaping 

microspheres with high strength from these waste fines, it would be promising the exploit 

their opportunities. Previous work indicated the possibility of mixing fly ash or rice husk ash 

with alumina to obtain mullite[43][50]. Mullite is a good candidate for structural applications 

because of its good chemical stability and high strength. Therefore, further work has to be 

done on smart mixing the waste streams to enhance their mechanical properties.  

4. Conclusion 

The versatile use of droplet coagulation to recycle complex waste resources was illustrated 

by shaping fine-grained waste powders. Rice husk ash (RHA), fly ash (FA) and alum 

sludge (AS) were selected due to their distinct differences in waste origin (e.g. sludge 

versus high temperature), composition (e.g. Si/Al ratio) and morphology. The distinct 

differences enabled us to investigate the generic use and impact of different waste 

powders on the pre-processing, shaping and post processing into microspheres via droplet 
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coagulation. RHA and FA originated from a high temperature process, allowing impurities 

to be embedded in the powder structure and resulting in low levels of organic materials, 

posing no substantial impact on the suspension and coagulation process. Only in the 

thermal post-processing, influences of differences in both composition and morphology in 

combination with the introduced calcium were observed. The alum sludge (AS) is produced 

in the waste water treatment and required extra pre-processing steps due to the presence 

of organic additives and NOM (natural organic matter). Prior to suspension preparation, AS 

had to be dried, calcined and milled to obtain a fine-grained powder. In addition, some 

washing steps were essential to decrease the free calcium content from 124 mg/L to 12,9 

mg/l in order to prevent premature coagulation of the sodium alginate, negatively affecting 

rheology. Once a fluid suspension was obtained of the different powders, shaping could be 

performed without any impact of the powder characteristics. The effect of shaping was 

specific for all three waste materials, in correlation to their chemical composition. Besides 

the presence of calcium introduced in the microspheres via the coagulation mechanism, an 

effect of the initial waste impurities on the microspheres properties could be distinguished. 

The porosity of the FA and RHA microspheres after sintering remained relatively high (50% 

for FA and 67% for RHA), in contrast to the densified AS microspheres (4%). The 

differences in microstructure caused low mechanical strength for the FA and RHA 

microspheres. Highest crushing strength were obtained for the AS microspheres (185 

MPa).  
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