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Abstract In this study, alumina-zircon granules were prepared under various conditions using a spray dryer. The
primary challenge of this research was phase separation resulting from the density difference between alumina
and zircon. Therefore, identifying optimal spray-drying conditions to obtain granules without zircon segregation
was the main objective. Alumina suspensions containing 15 wt.% zircon and 2 wt.% dispersant were prepared at
pH values of 4, 9.5, and 11, and granules were produced using a spray dryer equipped with a 700 pm nozzle. In
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Ahf)mina-zircon Suspension another part of the study, the effect of spray dryer nozzle size on the morphology and flowability of the granules
Granulation, was investigated. The granules obtained from the alumina-zircon suspension containing 2 wt.% dispersant at pH
Spray Drying, 9 and prepared using a spray dryer equipped with a 1.5 mm nozzle exhibited excellent flow properties, including

Suspension pH,

a repose angle of 28°, apparent density of 1.02 g/cm?®, tapped density of 1.13 g/cm?, Hausner ratio of 1.11, and

Flowability Carr’s index of 9.9, making them suitable for pressing.
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1. INTRODUCTION

Alumina-mullite-zirconia ~ (AMZ)  composites,
composed of mullite and zirconia particles in an
alumina matrix, have attracted significant attention due
to their superior mechanical strength and thermal shock
resistance compared to conventional alumina-mullite or
alumina-zirconia composites (Yu et al., 2025). These
materials are widely used in glass-melting furnaces,
such as tubes, orifice rings, and spouts, owing to their
excellent corrosion resistance and high-temperature
performance (Majidian, Nikzad, Farvizi, Razavi, &
Behzadi, 2025).

A cost-effective approach to producing AMZ
ceramics involves using readily available zircon and
alumina as raw materials. Powder pressing is a
practical and reproducible shaping method, but
obtaining pressed parts with optimal properties requires
granules with controlled size, density, and flowability.
Spray drying is an effective technique for producing
such granules, where the preparation of a stable, high-
fluidity suspension is essential for achieving uniform
and high-quality granules (Ewsuk, 2001; TSUBAKI,
YAMAKAWA, MORI, & MORI, 2002). While
previous studies have investigated alumina or zirconia
granules prepared by spray drying, their quality and
flowability have not been comprehensively addressed
(Chen, Yang, Xu, Cheng, & Lu, 2021; Durmus &
Ozgen, 2015; Hohne, Mieller, & Rabe, 2020). For the
first time, biphasic AlLOs;—ZrSiOs granules were
fabricated by spray drying. The effects of suspension
pH and nozzle diameter on the quality of the resulting
granules were investigated.

2. MATERIALS AND METHODS

Two powders were used as the primary raw
materials in this study: reactive alumina (Al2Os,
AH221, 99.5%, Aria Arad Lian Faravar, Iran) and
zirconium  silicate (ZrSiOs, KFS, 98.5%, Kamenas,
Italy). Based on previous studies, two common
dispersants suitable for alumina-based systems are
Dolapix and polyacrylic acid (PAA). However, an
attempt was made to use a domestic dispersant in this
study. Therefore, ORM-430M, an Iranian dispersant
manufactured by Kimia Ceram Zarrin Company, was
selected to facilitate cost-effective large-scale
production in the future. In addition, sodium
tripolyphosphate (TPP) was used as a secondary
additive to further improve the rheological behavior of
the suspensions. A low-molecular-weight polyvinyl
alcohol (PVA, molecular weight = 7000 g/mol;
Taiwan) was employed as the binder.

Alumina-zircon suspensions were prepared from 85
wt.% alumina, 15 wt.% zircon, 2 wt.% dispersant, and
0.2 wt.% TPP in water (55 wt.% solids). The powders
were gradually added to the aqueous dispersant
solution and stirred in a 5 L jar mill for 5 h, followed
by the addition of a 1.25 wt.% PVA solution and a
further 2 h of stirring. The resulting suspension (pH =
9.5) was labeled AZ-2. For acidic and alkaline
conditions, HCI or KOH was added to produce AZ-2-H
and AZ-2-OH, respectively.

Granulation was performed using two spray dryers:
Soha Electric (700 um nozzle, inlet/outlet temperatures
of 190/110 °C) and GEA Niro A/S (1.5 mm nozzle,
inlet/outlet temperatures of 250/75 °C). The suspension
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feed rate was 15-20 mL/min, with 500 mL processed
per run. During granulation, the suspension was
continuously stirred to prevent sedimentation.

The shear stress-shear rate and viscosity-shear rate
behaviors of the prepared suspensions were evaluated
using an MCR 301 rheometer equipped with a
cylindrical cup geometry at 25 ©°C. Before
measurement, the suspensions were pre-sheared at a
shear rate of 500 s for 3 min to ensure a reproducible
initial state. Subsequently, the shear rate was gradually
increased from 0.1 s7! to 1000 s™!, with 50 data points
recorded over this range. Granules were evaluated
using several standard tests. The angle of repose (JIS R
9301-2-2), apparent density (DIN EN ISO 23145-2),
tapped density (determined by tapping the sample 200
times with a displacement of 3 mm, EN ISO 787-11),
Hausner ratio, and Carr index were used to assess
granule quality. Optical microscopy (OM, Olympus
BX61) and scanning electron microscopy (SEM,
FESEM MIRA3 TESCAN-XMU) were employed to
investigate granule morphology, particle size, and
phase distribution.

3. RESULTS AND DISCUSSION

The prepared alumina-zircon granules were
characterized by optical microscopy, SEM, XRD, angle
of repose, apparent and tapped density, and Hausner
ratio. Optical images revealed that granules from both
acidic (AZ-2-H) and alkaline (AZ-2-OH) suspensions
were generally spherical with broad size distributions.
Using the first spray dryer (700 pm nozzle), granules
smaller than 50 um were obtained (average ~ 25 pm,
ImagelJ), while the second spray dryer (1.5 mm nozzle)
produced coarser granules smaller than 150 pm
(average ~ 100 pm), indicating that nozzle diameter
strongly affects granule size. The pH had only a minor
effect on granule size for the first device.

The angle of repose measurements indicated that
the finer granules produced by the first device
exhibited higher angles, corresponding to poorer
flowability, whereas the coarser granules produced by
the second device exhibited better flowability (=27-
28°). Granule shape, size distribution, and surface
smoothness influenced flowability; spherical, smooth
granules exhibited lower repose angles, whereas
polydisperse  or irregular  granules increased
interparticle friction. Acidic suspensions reduced
electrostatic repulsion between particles, promoting
aggregation and increasing repose angles. In contrast,
alkaline suspensions increased electrostatic repulsion,
yielding more uniform, smoother, and smaller granules
with improved flowability.

SEM images confirmed the granule morphology
and surface quality. The alkaline suspension (AZ-2-
OH) produced smoother and more spherical granules,
whereas the acidic suspension (AZ-2-H) yielded
granules with rougher surfaces. The wall thickness of
the granules ranged from 5 to 15 pm. Some AZ-2-H
granules exhibited visible intergranular boundaries due
to their rigidity, whereas AZ-2-OH granules were
softer and displayed indistinct boundaries.

XRD patterns of the AZ-2 granules matched those
of the initial alumina-zircon powder mixture, showing
only alumina and zircon phases, with no additional

phases formed. The phase composition remained
consistent with that of the starting mixture, indicating
that no zircon loss occurred during suspension
preparation or spray drying.

Overall, granule properties, including size,
flowability, sphericity, surface smoothness, and phase
composition, were strongly influenced by suspension
pH, viscosity, and spray dryer nozzle size, which are
critical parameters for producing high-quality granules
suitable for pressing and subsequent ceramic
processing (Figure 1).

Fig. 1. XRD patterns of (a) the alumina-zircon
mixture prior to granulation and (b) the AZ-2 granules.
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Figure 1. XRD patterns of (a) the alumina—zircon
mixture prior to granulation and (b) the AZ-2 granules

4. CONCLUSION

Biphasic granules of alumina-zircon powders were
successfully prepared in this study. The effects of
parameters such as suspension pH and spray dryer
characteristics were investigated to obtain functional
granules through spray drying. Achieving a
homogeneous distribution of zircon within alumina
granules was the primary challenge, which was
successfully addressed through the proper selection of
spray-drying  parameters. Overall, this study
demonstrates that the combined control of suspension
pH and spray-drying nozzle diameter plays a decisive
role in tailoring the dispersion state, rheological
behavior, and final granule characteristics of alumina-
zircon systems. Acidic conditions (pH = 4) favor
flocculated systems with lower viscosity and lead to
finer granules, whereas alkaline conditions (pH = 11)
promote strong electrostatic stabilization, resulting in
well-dispersed suspensions and larger, denser, and
more uniform granules. The intermediate condition (pH
= 9.5) represents a transitional regime with balanced
interactions and moderate granule characteristics.

In parallel, nozzle diameter directly controls the
atomization process and droplet size distribution,
thereby governing granule size and packing behavior.
Larger nozzle diameters produce coarser droplets and
consequently larger granules with improved flowability
due to reduced interparticle cohesive forces, whereas
smaller nozzles generate finer and more uniform
particles but may compromise powder flowability.

In summary, granule formation during spray drying
is governed by a coupled set of parameters, including
surface chemistry (pH) and process hydrodynamics
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(nozzle diameter), which together control droplet
formation, drying kinetics, and particle packing.
Therefore, optimization of these parameters is essential
to achieve a balance among suspension stability,
processability, and the desired powder properties for
downstream forming applications.
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