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tion and a subsequent heating process in either an Ar + 1% H, (Po; = 1072° Pa) or N, (Po; = 1 Pa) gas
atmosphere. Fe30,4 formed due to carbon and hydrogen gas generation of thermal decomposition of citric
acid, even under reduction conditions with a P, below 1023 Pa. The COOH-Fe30, particles heated in an
Ar + 1% H; or N, atmosphere were porous (40% porosity) and about 1.2 to 1.3 pm in diameter. The par-
ticles consist of nano-sized COOH-Fe;0,4 crystallite about 7 nm in diameter. The specific surface area
increased from 116 to 127 m?/g by increasing the heating time in an Ar + 1% H, atmosphere from 10
to 20 h. The saturation magnetization of the COOH-Fe;0, particles (38.7 A-m?/kg) heated in Ar + 1% H,
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f,}fgi,ﬁéfer_sized particle for 10 h was much higher than that of commercial magnetic microbeads (17 A-m?/kg) and the coercivity
Heating conditions was 0 kA/m. These superparamagnetic COOH-Fe;0, particles dispersed in distilled water were attracted
to a NdFeB magnet for 7-10 s under a 400 Mt external magnetic field, compared with 10 s for commercial

magnetic microbeads.
© 2021 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder
Technology Japan. All rights reserved.
1. Introduction Fm = (41 /3) M grad H (1)

where Fm is the magnetic force, r is the microbead diameter, M is
the saturation magnetization, and H is the magnetic field gradient.
For example, the particle size of commercial magnetic microbeads,

Magnetic microbeads are becoming increasingly important in
diagnostics for detecting viruses [1-7], cancer markers, and hor-
mones using chemiluminescent immunoassays [8-12]. Most appli-
cations require superparamagnetic particles with high saturation such as MS160/Carboxyl (JSR Life Sciences, Tsukuba, Japan) is
magnetization because these particles show high dispersibility in 1.6 pm.
solution since they tend to not magnetically interact with each Based on this background, preparing spherical and micrometer
other [13]. Also, highly magnetized particles respond quickly as magnetic particles in a simple, rapid, and harmless process is
they generate greater magnetic flux densities when exposed to highly desirable. The spray pyrolysis is an effective method for
an applied external magnetic field. Moreover, magnetic microbe- preparing micrometer-sized particles with spherical shapes in a
ads (>1 pm) with a high specific surface area likely adsorb many one-step process at a large scale. The method comprises droplet
antibodies towards viruses compared to general magnetic generation, solvent evaporation, and reaction to product [18-22].
microbeads having a low Fe content and low specific surface area We previously reported the first synthesis of superparamagnetic
[14-17]. Magnetic microbeads provide separation advantages in carboxyl (COOH) modified-magnetite (Fes04) (COOH-Fe304)

solution due to their large diameters (>1 pm), as shown in Equa- micrometer-sized porous particles by spray pyrolysis and a subse-
tion (1): quent heating process (unpublished results). The starting reagents

were 0.1 M Fe(NO3)3-9H,0 solution and 0.15 M citric acid (CA) (CA/

Fe = 1.5). The saturation magnetization (Ms) of the synthesized

* Corresponding author. beads (51 A-m?/kg) is much higher than that of commercial mag-
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The specific surface area is 109.3 m?/g, which is thirty times higher
than that of commercial microbeads. In contrast, ferromagnetic
COOH-Fe30, micrometer-sized dense particles were formed (CA/
Fe = 1). Ms of these beads is 19 A-m?/kg and their coercivity is
5.5 kA/m. The specific surface area is 14.0 m?/g [1-34]. In the spray
pyrolysis process, a solution of Fe(NOs)3-9H,0 and CA misted into
droplets is carried by gas into a hot zone, where they are rapidly
heated and decompose to form an amorphous product and CA resi-
due composites [23,24]. Subsequent heating in Ar + 1% H, atmo-
sphere for 10 h results in the crystallization of Fe304 and
decomposition of CA. A high CA content (CA/Fe = 1.5) clearly
enhances the evaporation and decomposition of CA, resulting in
the formation of a large number of pores on the surface and inside
of the aerosol particles. Thus, it is considered that the larger CA/Fe
effect on the magnetic and particle properties such as specific sur-
face area of COOH-Fe30,4 particles.

The spray pyrolysis process typically forms sub-micrometer- to
micrometer-sized particles, which is adequate for magnetic
bioseparation. The micron-sized particles consist of multiple
nano-sized crystallites which form a three-dimensional network
[23,24]. We, therefore, attempted to prepare micron-sized mag-
netic particles consisting of multiple nano-sized crystallites
exhibiting superparamagnetic properties. In general, superparam-
agnetic properties of Fe;0,4 require small crystallites ranging from
1 to 30 nm [13]. We recently showed by transmission electron
micrographic observation that the crystallite size of superparam-
agnetic COOH-Fe;04 particles (CA/Fe = 1.5) is about 9 nm, and
the edge-to-edge separation of the crystallites is about 8 nm (un-
published results). In contrast, the crystallite size of ferromagnetic
COOH-Fe304 particles (CA/Fe = 1) is about 3 nm, and the edge-to-
edge separation of the crystallites is about 3.2 nm. Superparamag-
netic particles likely exhibit both increased dispersibility of COOH-
Fes0, crystallites below 30 nm in diameter and tend to not mag-
netically interact with each other.

Superparamagnetic COOH-Fe30,4 particles hold promise as mag-
netic beads for chemiluminescent immunoassays. However, the
mobility of COOH-Fe;04 particles in solution and the ability of
antibodies to bind to the particles also depends on the specific sur-
face area, COOH group content, and magnetic properties. In partic-
ular, Fe304 formation depends on the partial oxygen pressure (Pgz)
of the atmosphere and temperature [25]. The spray pyrolysis using
reducing agents such as ethanol, ethylene glycol, and formic acid is
useful for hydrogen gas generation of thermal decomposition of
reduction agents [26]. Thus, CA is also considered to be useful for
reduction agents for the generation of hydrogen gas. However,
higher content of CA, the heating condition such as partial oxygen
pressure (Po,) of atmosphere on the magnetic and particle proper-
ties such as specific surface area has not been reported.

In the present study, we prepared micrometer-sized porous
particles by spray pyrolysis using a higher CA content and a subse-
quent heating process. We investigated the effect of heating condi-
tions, such as various Pg, values and heating time in the kiln
furnace, on the microstructure and magnetic properties of the
resulting COOH-Fe304 particles.

2. Materials and methods
2.1. Synthesis of Fes0,4 porous particles

Fe(NO3)3-9H,0 (99.9%) was
Chemicals (Osaka, Japan).

Citric acid (99.9%) was purchased from Kanto Chemicals (Tokyo,
Japan). Fe(NO3)3-9H,0 (0.1 M) and citric acid (0.2 M) were dis-
solved in water. This metal precursor solution was then atomized
using an ultrasonic wave generator and the mist was reacted in a

purchased from Fujiwako-
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four-zone furnace at 423, 473, 573, and 673 K under airflow
(10 L/min). The produced precursor powders synthesized by spray
pyrolysis were heated to crystallize the precursor powders and
decompose CA in the kiln furnace at 573 K for 10 or 20 h in an
Ar + 1% Hy or N, gas atmosphere and their flow rates were
0.05 L/min. The sample names and heating conditions in the kiln
furnace for each sample are shown in Table 1. The Pg, of the
Ar + 1% H, and N, gas measured by ZrO,-type oxygen sensor (Dai-
ichinekken Co., Ltd., Hyogo, Japan) at 1011 K were 1072° and 1 Pa,
respectively, and their flow rates were 0.05 L/min.

2.2. Analysis of the synthesized particles

The precursor and heat-treated powders were analyzed by
powder X-ray diffraction (XRD) using a RINT Model 2000 spec-
trometer (Rigaku Denki Co., Ltd., Tokyo, Japan) with a CuKo X-
ray source operated at 40 kV and 40 mA. The crystallite size was
estimated by Scherrer’s equation. Fourier transforms infrared (FT-
IR) spectra of the precursor and heat-treated powders were ana-
lyzed by the KBr method using an FT-IR/NIR Spectrometer Frontier
(Perkin Elmer Co., Ltd., Kanagawa, Japan) to confirm the functional
groups in the powders. The C and Fe content (wt %) of the particles
was examined using a combustion infrared absorption method
using an EMIA-110 (HORIBA Ltd., Kyoto, Japan) according to JIS R
1603 [27] and inductively coupled plasma emission spectrometry
using an IRIS Advantage ICAP (Thermo Fisher Scientific Inc. Wal-
tham, MA, USA), respectively. The C/Fe atomic ratio was calculated.

Scanning electron microscopy (SEM) images of the surfaces and
cross-sections of the heat-treated particles were obtained to exam-
ine the morphology of the particles. For cross-sectional observa-
tion, the particles were embedded in a resin and sectioned by
argon milling with an IM4000 (Hitachi Co., Ltd., Tokyo, Japan).
The porosity of the heat-treated particles was obtained by cross-
sectional SEM image analysis (n = 3). The cross-sectional SEM
image of the particles was converted into a binarized image. The
number of black pixels, which corresponded to the pores, in the
converted image was counted. Then, the porosity was measured
as the ratio of black pixels against total pixels.

The size distribution of the heat-treated particles was deter-
mined by image analysis of 20,000 particles, using a Morphologi
4-ID (Malvern Panalytical Ltd., Tokyo, Japan). For comparison, the
particle size distribution of a commercial magnetic particle pro-
duct, MS160/Carboxyl was also determined. The specific surface
area of the heat-treated particles was determined using
Brunauer-Emmett-Teller (BET) theory and a sorption analyzer
(BELSORP-mini II, MicrotracBEL, Osaka, Japan). The tap density of
the COOH-Fe;0,4 particles was determined according to JIS R
1628 [28].

2.3. Magnetic properties of the particles

The Ms and coercive force (Hc) of the heat-treated particles
were characterized from the hysteresis loop measured using a
vibrating sample magnetometer (VSM) (PPMS-VersalabTM, Quan-
tum Design, Tokyo, Japan) in magnetic fields up to 10 kA/m at

Table 1
Heating conditions used to generate the particles synthesized by spray pyrolysis in a
kiln furnace.

Sample Heating condition in kiln furnace
Gas Temp (K) Holding time (h)
Precursor - - -
N-10h N, 573 10
H-10h Ar + 1% H, 573 10
H-20h Ar + 1% H, 573 20
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room temperature. Ms is the value at 2000 kA/m. For comparison,
commercial MS160/Carboxyl was also characterized.

3. Results and discussion

Fig. 1 shows the XRD patterns of the precursor and heat-treated
particles. The precursor powder synthesized by spray pyrolysis
was an amorphous-type product (Fig. 1(a)). In contrast, Fe304 sin-
gle phases (ICDD card #19-0629) with higher crystallinity were
formed after heating in either an N, (Poy: 1 Pa) or Ar + 1% H, atmo-
sphere (Poy: 1072° Pa) at 573 K for 10 or 20 h (crystallite sizes of
7.22 (b), 7.09 (c) and 7.56 (d) nm, as estimated by Scherrer’s for-
mula). Fe30,4 is generally formed in a reducing atmosphere with
a Py, 0f 10735 to 10722 Paat 573 K [25]. Interestingly, a Fe;0, single
phase was formed in both Ar + 1% H, (Pg2: 1072 Pa) and N, (Pos:
1 Pa) atmosphere, irrespective of the Pg, value above 10723 Pa.
Therefore, pyrolysis and heating residues such as carbon [29]
formed in the particles and hydrogen gas generation [26] of ther-
mal decomposition of CA are likely useful for attaining a reducing
atmosphere under a Pg, of 1073 to 10722 Pa to form Fes0..

Fig. 2 shows the FT-IR spectra of the precursor and heat-treated
particles. A strong adsorption band around 570 cm ™! relates to the
vibration of the Fe—O functional group [30] of Fe304 and is
observed for all particles, clearly indicating the presence of the
Fes0,4 or Fe;04 precursor. Three adsorption bands around 1410,
1545, and 2940 cm™! related to the carboxylate group of CA [31]
are observed for all particles, indicating residual CA after thermal
pyrolysis. The intensities of these peaks are largest in the precursor
particles and decrease the following heating in the kiln furnace.
Heating of the Fe304 precursors provided new bands at 1610 and
1720 cm! [32-34] (Fig. 2 (b)-(d)) absent in the precursor spec-
trum (Fig. 2 (a)), confirming an interaction between the Fe atoms
of Fes04 and the carboxylate group of CA that provides fractional
single bond character to the carbonyl. This FT-IR spectra data
showed introducing the COOH group to the surface and inside of
Fe;0,4 particles. However, it is essential to evaluate the amount of
COOH group and antigen—antibody reaction for chemiluminescent
immunoassays in the near future.

During the spray pyrolysis process, when the particle tempera-
ture exceeds the melting point of CA at 426 K, the CA melts and
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Fig. 1. Powder XRD patterns of particles synthesized by the spray pyrolysis and

heating process. a) Precursor, b) N-10h (7.22 nm), c) H-10h (7.09 nm), and d) H-20h
(7.56 nm). The crystalline sizes obtained by XRD are given in parentheses.
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Fig. 2. FT-IR spectra of particles synthesized by the spray pyrolysis and heating
process. a) Precursor, b) N-10h, c) H-10h, and d) H-20h.

acts as a high-temperature solvent. The reactants can then dis-
solve, react, and, upon exceeding the solubility limit, precipitate
in the solvent [24]. These processes can remarkably enhance mass
transfer due to the liquid-state solvent. Since CA can spontaneously
diffuse onto many Fes;0, crystallites, CA can wet the surface of the
crystallites, possibly aiding the dispersion of the crystallites in the
secondary particles. Moreover, aerosol particles suspended in the
air at 423 to 673 K undergo the CA and Fe304 precursor reaction,
dispersion, and CA evaporation and decomposition. If a large
amount of CA pyrolysis residue remains in the secondary COOH-
Fe304 particles, the content of C which was derived from CA
against Fe is high. The C and Fe content of the particles was exam-
ined using infrared absorption and inductively coupled plasma
emission spectrometry, respectively. The C/Fe atomic ratios of
COOH-Fe3;04 particles for precursor, N-10h, H-10h, and H-20h
were 1.30 = 0.03, 0.87 + 0.01, 0.89 + 0.02, and 0.80 * 0.01 (n = 3),
respectively, revealing that more CA remained in the precursor sec-
ondary particles than in heat-treated particles. The evaporation
and decomposition of CA were enhanced with increased heating
time.

Fig. 3 shows surface and cross-sectional SEM images of N-10h
(a), H-10h (b), and H-20h (c) particles. Spherical and porous
COOH-Fe304 particles were formed in all cases. The microstructure
of the COOH-Fe304 particles was similar, irrespective of the heating
atmosphere and temperature and thus the microstructure of
COOH-Fe30, particles depends on the CA/Fe ratio (unpublished
results). The secondary particle size distribution was almost the
same for N-10h (1.28 + 0.34 um), H-10h (1.26 + 0.32 pm), and
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Fig. 3. SEM images of the surface (upper and middle) and cross-sections (bottom) of COOH-Fe30, particles synthesized by the spray pyrolysis and heating process. (a) N-10h,

(b) H-10h, and (c) H-20h.

H-20h (1.31 + 0.42 um), whereas MS160/Carboxyl (1.68 + 0.38 pm)
was larger than that of COOH-Fe;0, particles (Fig. 4). The BET sur-
face areas were 103.0, 116.2, and 126.9 m?/g for N-10h, H-10h and
H-20h, respectively. The specific surface areas of these COOH-
Fe;04 particles increased with increasing time and were thirty

Number of particles (%)

0 0510 1520 25 30 35 40 45 50

Particle size (1m)

Fig. 4. Secondary particle size distribution of COOH-Fe30, particles synthesized by
the spray pyrolysis and heating process. (a) Commercial MS160/Carboxyl
(1.68 + 0.38 um), (b) N-10h (1.28 + 0.34 pm), (c) H-10h (1.26 + 0.32 pum), and (d)
H-20h (1.31 £ 0.42 pm). The average particle size and standard deviation are given
in parenthesis.

times larger than that of the commercial product MS160/Carboxyl
(3.4 m?%[g). Clearly, a CA content (CA/Fe = 2) enhances the evapora-
tion and decomposition of CA, resulting in the formation of many
pores inside of the COOH-Fe;04 particles. The porosity of the
COOH-Fe304 particles estimated from the cross-sectional SEM
images in Fig. 3(b) for H-10h was 40 %, which is larger than that
of previously reported COOH-Fe;0,4 (CA/Fe = 1.5, porosity 39 %,
specific surface area 109.2 m?/g) (unpublished results). The heating
condition of CA/Fe = 1.5 was the same as that of H-10h. The higher
porosity of CA/Fe is useful for forming COOH-Fe;0,4 particles with a
high specific surface area. Thus, the tap density of H-10h (0.48 g/
cm?®) was smaller than that of COOH-Fe;04 (CA/Fe = 1.5, 0.69 g/
cm?).

The magnetic properties of COOH-FesO; and commercial
MS160/Carboxyl particles were determined by VSM analysis at
room temperature. The saturation magnetization as a function of
the applied magnetic field is shown in Fig. 5. The magnetization
curve shows superparamagnetic behavior for all COOH-Fe;0, par-
ticles. The saturation magnetization was 35.7, 38.7 and 35.2 A-m?/
kg for N-10h, H-10h, and H-20h, respectively, which are larger than
that of the commercial product MS160/Carboxyl (16.7 A-m?/kg)
but smaller than that of COOH-Fe30, particles (CA/Fe = 1.5) (un-
published results). This is due to the high C/Fe value of COOH-
Fe304 (CA/Fe = 2) compared with that of COOH-Fe30,4 particles



M. Hashimoto, S. Takahashi, K. Kawahara et al.

Advanced Powder Technology 33 (2022) 103412

50
0 |— (d) 1
T (C) /’0/ 8
30 [ = (b) =L~ 0'6
20 | = (@) i i )
= e 04
210 S 2 o2
Moy ‘_ N
. FC £ 0
< 10 ~ & =k
< ~L_ S 04
= 20 e o
30 108
40 Tt —
Y 4 B 2" 4 0 1 2 B3 4
-2000 -1500 -1000 -500 O 500 1000 1500 2000

H (KA/m)

H (kA/m)

Fig. 5. VSM spectra of COOH-Fe30, particles synthesized by the spray pyrolysis and heating process. (a) Commercial MS160/Carboxyl, (b) N-10h, (c) H-10h, and (d) H-20h.

(CA/Fe = 1.5). No hysteresis or remanence was observed, and the
behavior was completely reversible at 300 K. The coercivity for
N-10h, H-10h, and H-20h was 0.3, 0, and 0.56 kA/m, respectively,
N-10h and H-10h are smaller than that of the commercial product
MS160/Carboxyl (0.48 kA/m). We previously reported that the
superparamagnetic properties of COOH-Fe;04 particles are due to
the COOH-Fe30,4 crystallites being below 10 nm in diameter, and
these crystallites are dispersed in the secondary particles and do
not magnetically interact with each other. In this study, the crys-
tallites for N-10h, H-10h and H-20h were about 7 nm in diameter,
as estimated from Fig. 1. Although the edge-to-edge separation
was not measured, crystallites about 7 nm in diameter dispersed
in the secondary particles and did not interact magnetically.

Fig. 6 shows a digital photo image of a suspension of H-10h in
distilled water (a), the magnetic attraction of H-10h particles
(2 mg/2 ml) (b), and H-10h resuspension after pipetting (c). The
superparamagnetic COOH-Fe3;04 particles of H-10h could be dis-
persed in distilled water after sonication for 10 min, and the resul-
tant suspension responded to an external magnetic field of 400 mT
(Nd-Fe-B magnet) for 7-10 s (compared to 10 s for commercial MS-
160/Carboxyl). H-10h particles were redispersed in distilled water
after pipetting due to their superparamagnetic property.

"~ (b)

Fig. 6. Digital photographs of (a) H-10h suspension in distilled water, (b) magnetic attraction of H-10h particles, and (c) H-10h resuspension after pipetting.

5

4. Conclusion

Superparamagnetic micron-sized COOH-Fe30,4 porous particles
were synthesized by spray pyrolysis of 0.1 M Fe(NOs)3-9H,0 and
0.2 M citric acid solution, followed by heating either under an
Ar + 1% H, (Po2: 1072° Pa) or N, (Poy: 1 Pa) gas atmosphere at
573 K for 10 or 20 h. In general, Fe;04 is formed in a reducing
atmosphere with a Po, of 1073° to 10723 Pa at 573 K. In this work,
the reduction condition for forming Fes04 was probably attained
by carbon residue derived from the thermal pyrolysis of CA and
hydrogen gas generation of thermal decomposition of CA. The
microstructure of the COOH-Fe;0, particles was porous (40%
porosity) and the specific surface area was about 120 m?/g. This
high specific surface area was due to the inside pores of COOH-
Fe;0,4 particles. The saturation magnetization of the COOH-Fe304
particles was almost 39 A-m?/kg, which is much higher than that
of commercial magnetic microbeads (17 A-m?/kg). The superpara-
magnetic H-10h COOH-Fe30, particles dispersed in distilled water;
were attracted to a magnet and redispersed upon pipetting after
removing the magnet. The content of the COOH group and the anti-
gen-antibody reaction of superparamagnetic porous COOH-Fe30,4
particles should be examined in the near future.
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