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Abstract

The pyrolytic reactive granulation process, yielding ceramic spherical porous granules, is simple,
consisting of typical ceramic processing methods, viz., wet-ball milling of powders, vacuum drying,
granulation via sieving through a screen mesh, and one-step heat treatment for local reactive
sintering within each granule. Here, the microstructural development of spherical porous granules
was successfully visualized by in situ high-temperature confocal laser-scanning microscopy during
the heating up to 1400°C in air. Based on the result of the in situ observation, a simple but powerful
size-controlling process of spherical porous granules, viz., multiscreen sieving after the heating was
demonstrated. Nearly monodispersed spherical porous granules composed of pseudobrookite-type

MgFeNbOs were easily obtained.

Keywords: spherical porous granule (SPG), in situ observation, confocal laser-scanning microscopy
(CLSM), pseudobrookite, MgFeNbOs

1. Introduction

Spherical porous granules (SPGs) are promising for many applications, e.g., heterogeneous
catalysts, catalyst supports, drug delivery carriers, healing of defective bones and so on [1-8]. A
variety of processes have been developed to form SPGs; they are mostly liquid-based processes,
particularly spray drying [1,2], suspension hardening [3,4], drop-in-oil [5], sol-gel granulation [6]
and freeze-granulation [2,7]. Solid-based processes are rarely realized for the SPG production,
except the mechanical granulation method with a rotating fluidized bed [8]. Recently, we have
reported a new solid-based process to synthesize SPGs by a one-step heat-treatment of the
MgCOs(basic)-a-Fe,03-Nb,Os mixed powder. Pseudobrookite-type MgFeNbOs SPGs with 3-D
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network structure, typically 50-100 um in diameter, were successfully obtained (Fig. 1) [9].

This pyrolytic reactive granulation (PRG) process is really simple, consisting only of typical
ceramic processes, viz., wet-ball milling of starting powders, vacuum drying, granulation via sieving
through a screen mesh, and a simple heat treatment (without pressing). Nevertheless, this new
mechanical and solid-based process yields porous granules with relatively high sphericity [9]. This
PRG process is similar to the pyrolytic reactive sintering process used to obtain bulk porous
ceramics [10-12]; emitted CO, or H,O gas in starting carbonates, hydroxides etc. formed a uniformly
open porous 3-D network structure with pore diameter of ~1 um. The final diameter (typically
50-100 um) of SPGs by the pyrolytic reactive granulation is probably governed by the opening size
of sieving mesh (< 150 um) used in the powder process before the heating.

Previously [9], microstructure development during heating was investigated with ex situ (i.e.,
ordinary) SEM observation for the samples after heating at intermediate temperatures. With an ex
situ  SEM observation, dynamic microstructure development cannot be followed. In situ
high-temperature (HT) microscopy is effective to dynamically pursue the microstructure
development during the heating. Depending on the sample size/shape and the required resolution,
optical microscopy (OM), scanning electron microscopy (SEM) [13-15], transmission electron
microscopy (TEM) [16-18] and scanning probe microscopy (SPM) [19] have been combined with
HT observation. Recently, confocal laser-scanning microscopy (CLSM), an advanced type of optical
microscopy, can be utilized for the HT observation, where an infrared image furnace enables the HT
observation up to as high as 1800°C in air. The HT-CLSM is increasingly being used in metallurgy
and ceramic fields [20-23].

Here the primary purpose is to clarify the microstructural development during the heating of
SPGs by using the HT-CLSM. The secondary purpose, based on the outcome from the HT-CLSM, is

to develop a facile size-control method for SPGs.

2. Experimental
2.1. Materials

As  before [9], commercially available MgCO; (basic) (hydromagnesite,
Mgs(CO3)4(OH),+4H,0, 99.9%, Kojundo Chemical Laboratory), a-Fe,0O3; and Nb,Os (99.9% each,
Wako Pure Chemical Ind.) powders were used as the starting materials. Prior to the weighing,
TG-DTA analysis (up to 1000 °C) on the MgCO; (basic) powder was conducted to determine the
weight-loss during the heating. The MgCOs; (basic), a-Fe,Oz and Nb,Os powders (Mg:Fe:Nb = 1:1:1
in mole fraction) were wet-ball milled for 24 h in ethanol with ZrO, balls, vacuum dried and sieved

through 100 mesh screen (<150 um).

2.2. In situ high-temperature observation
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A confocal laser scanning microscope using a 408 nm violet laser (VL2000DX, Lasertec,
Japan) equipped with a high-temperature in-situ observation system is used with an infrared image
furnace (SVF17SP, Yonekura, Japan, as shown in Fig. S1). The Mgs(CO3)4(OH),*4H,0
—Fe,03—Nb,05 mixed powder in a small alumina crucible (6.5 mm¢) was observed up to 1400°C
under flowing air with a ramp rate of 200°C/min for R.T.-800°C and 20°C/min for 800-1400°C.

2.3. Synthesis and size control of spherical porous granules

The Mgs(CO3)4(OH),*4H,0—Fe,03;—Nb,0O5 mixed powder in an alumina crucible was heated
to 1300°C in a box furnace (ramp rate: 5°C/min) with 30 min holding at the maximum temperature.
The temperature of the furnace was verified using TempCHEK pellets (Orton, USA). The
constituent phases of SPGs were analyzed by X-ray diffraction (XRD, Cu-Ka, 40 kV and 40 mA,
Multiflex, Rigaku, Japan). Quantitative composition analysis of the Pt-coated SPGs was carried out
with SEM-EDS (SU-70, Hitachi / INCA System, Oxford) at the acceleration voltage of 15 kV.
Based on the preliminary result of HT-CLSM observation, we decided to use multiple screens for
the classification of spherical porous granules (Fig. 2); it is an old-fashioned way, but is really cost
effective and compatible with industrial powder processes. Using 3 meshes with different openings
(150, 100 and 75 um), SPGs were classified with manual vibration for ~5 min. The classified SPGs
were observed by SEM, and their diameter values (500 granules for each sample) were determined

by image analysis using Image-J software.

3. Results
3.1. In situ high-temperature observation

Figure 3 shows the microstructure development of SPGs observed by HT-CLSM. Percentages
in photos show the diameter change of a selected granule during the heating. Shrinkage of the
granules is clearly observed from 120 to 900°C, which is mainly attributed to the pyrolysis of
Mgs(CO3)4(OH),*4H,0. At around 1100-1300°C, the sphericity improves caused by the reactions
and rearrangements of the constituent grains, in particular for larger granules. The MgFeNbOs
porous granules retained their spherical shape up to ~1350°C (with gradual densification), but began
to be consolidated at ~1400°C due to local eutectic liquid phase formation. The in situ
high-temperature observation clearly demonstrates the size change during the pyrolytic reactive
granulation, which suggests that the classification (unification of the size) of rigid MgFeNbOs SPGs

should be much easier after heating than that of soft agglomerates before heating.

3.2. Synthesis and size control of SPGs
Figure 4 shows an XRD pattern of SPGs, showing almost single-phase pseudobrookite-type

MgFeNbOs with a trace of spinel phase, as seen in the previous work [9]. Some isolated intermediate,
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but rather stable, spinel grains co-existed in the porous structure. Figure 5 shows a result of
SEM-EDS wide-area analysis of an MgFeNbOs SPG. Semi-quantitative analysis using INCA
software indicated that the SPG was composed of 11.6 at.% Mg, 11.9 at.% Fe, 12.1 at.% Nb and
64.5 at.% O, which are close to the ideal composition of 12.5 at % of each metal and 62.5 at % of
oxygen. Note that the estimated error by Pt coating is less than 1 at.% in this study. The uniformly
open-porous structure is composed of somewhat elongated grains with irregular shapes as commonly
observed for pseudobrookite-type ceramics.

Figure 6 shows SEM micrographs and particle-size distributions for SPGs after multiscreen
classification/sampling: (a) between 100 and 150 um openings (sample A), and (b) between 75 and
100 pum openings (sample B). Due to the mild manual vibration/sieving, some finer granules still
remained for both samples in Fig. 6. However, nearly monodispersed granules can be easily obtained
by such an "old-fashioned" but versatile method. Note that some granules with ellipsoid-like or
irregular morphologies passed through the mesh possessed somewhat larger sphere-equivalent
diameters. It is also noteworthy that, as is seen in HT-CLSM, larger granules tend to have better
sphericity, which is confirmed by the aspect ratio analysis.

The BET surface area of samples A and B were 0.52 m?/g and 0.57 m?/g, respectively. These
values are similar to those of bulk UPC-3D (uniformly porous ceramics with 3-D network structure)
as before [10,11].

4. Discussion
4.1. Microstructure development of SPGs

For the ex situ SEM observation [9], sample preparation steps (e.g. fixation of granules on
carbon tape using a spatula) somewhat affected the macroscopic sample shapes, particularly for the
soft granules. After the pyrolysis of Mgs(CO3)4(OH),*4H,O phase (i.e., MgO nanoparticle
formation) at intermediate temperatures, the mechanical strength of the granules seems be weak, and
hence, the macroscopic sample shapes can be easily collapsed. A major advantage of the in situ
method, as here, is that it avoids a deformation of the shapes of granules during the preparation
necessary in the ex-situ method [9]. Another advantage is to avoid the secondly atmosphere effect of
H,0 and CO; in air reacting with e.g. MgO nanoparticles,

The diameter of a selected granule (Fig. 3) decreased by 50-60% of the initial size. This
shrinkage for SPG was more extensive than that for bulk green samples with pre-pressing. Without
macroscopic liquid phase formation, each granule can unrestrictedly deform. Based on the in situ
HT-XRD [9] and the HT-CLSM analyses in this study, the microstructure development of SPGs
during the heating is schematically illustrated in Fig. 7. Even before the heating, the mixed powder
was composed of "spherical-like" granules with somewhat large size distribution. During the heating,

pyrolysis of Mgs(CO3)4(OH),*4H,0O occurred, and thus, the granules were shrunk. Formation of
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intermediate binary oxides (MgNb,Og (ss), MgFe,O4 (ss) and FeNbO, (ss)) and ternary oxide
(MgFeNbOs) helped to rearrange the grain networks, and thereby improved the macroscopic
sphericity. Up to 1350°C, without macroscopic liquid phase formation, the porous granules retained

their spherical shapes.

4.2. Size control of SPGs

As is stated in Section 3.1, the classification (unification of the size) of rigid MgFeNbOs SPGs
with 3-D network structure after the heating should be much easier than that of soft agglomerates of
the mixed powder before the heating. It is demonstrated (Fig. 6) that some SPGs by furnace heating
(not by the in situ observation) had the diameter of ~150 um, which implies the size shrinkage under
the slower heating rate became milder. Formation of the 3-D network structure may result in such

mild shrinkage (or even expansion) during the heating [24].

4.3. Potential applications of SPGs

Although the base compound, MgTi,Os, does not show high catalytic activity (except
photocatalytic activity), these ternary compounds, MgFeNbOs and MgFeTaOs (as originally reported
by Bayer [25]) may be useful as redox catalysts. The specific surface area of the SPGs is relatively
small, but the spherical granular shape with open pores should be favorable for heterogeneous
catalysis. Moreover, MgFeNbOs SPGs might be applied for biomaterials because MgFeNbOs is

composed only of biocompatible elements.

5. Conclusions

We have attempted in this study (1) to clarify the microstructural development during the
heating of SPGs by using the HT-CLSM, and (2) to develop a facile size-control method of SPGs.
Thus,
(1) The size and morphological change of SPGs during heating was successfully observed by in situ
HT-CLSM. At around 1100-1300°C, the sphericity seems to be quite improved caused by the
reactions and rearrangements of the constituent grains, in particular for larger granules.
(2) The classification via multiscreen sieving for the rigid MgFeNbOs SPGs after heating was
effective for the size-unification. This very simple, old-fashioned technique enabled nearly

monodispersed SPGs.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

SEM images of (a) the Mgs(CO3)4(OH),*4H,0—a-Fe,03—Nb,Os mixed powder and (b) its
heat-treated-only product (SPGs) at 1350°C; (c) digital optical microscope image of SPGs.
Reproduced with permission from [9] with the license No. 4032800187654. Copyright
2016 Elsevier.

Multiple screens for the classification of spherical porous granules.

Microstructure development of spherical porous granules (SPGs) observed by in situ
high-temperature confocal laser-scanning microscopy (HT-CLSM). Percentages in photos

show the diameter change of a selected granule during the heating.

XRD pattern of spherical porous granules, showing almost single-phase MgFeNbOs with

trace spinel phase.

SEM-EDS wide-area analysis of a MgFeNbOs SPG, showing 11.6 at.% Mg, 11.9 at.% Fe,
12.1 at.% Nb and 64.5 at.% O, which are close to the ideal composition of MgFeNbOs:
12.5 at % of each metal and 62.5 at % of oxygen.

SEM micrographs, particle-size distributions and aspect ratio for spherical porous
granules (SPGs) after multiscreen classification: (a) sampling from the screens between
100 and 150 um openings, and (b) sampling from the screens between 75 and 100 um
openings.

Schematic illustration of the microstructure development during the heating.
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Supplement

Fig. S1 Appearance and controller of a high-temperature confocal laser-scanning microscope.
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