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In this study, sodium cobalt(i) hexacyanoferrate(i) (NaCoHCF)
nanoparticles were synthesized and incorporated into electrospun
nanofibers to enhance their ammonium adsorption capacity. We
successfully synthesized nanosized NaCoHCF using microfluidics
and incorporated it into the nanofibers. This resulted in an approxi-
mately three-fold improvement in adsorption performance com-
pared to that of micro-sized NaCoHCF.

Ammonium (NH,") is a crucial compound in the nitrogen cycle
and is widely present in the environment owing to both natural
processes and human activities.»” However, excessive ammonium
can cause severe toxicity in both the environment and living
organisms. For example, in many vertebrates, an increase in
ammonium concentration in the body can lead to acute ammonia
poisoning, followed by convulsions and ultimately death.> This
phenomenon is believed to result from its effects on the central
nervous system.** Additionally, whereas ammonium serves as an
essential nitrogen source for plants, excessive uptake has also
been reported to induce ammonium toxicity in them.*” To
prevent toxicity associated with ammonium accumulation, tech-
nologies for removing it from wastewater, industrial effluent, soil,
and even blood are of considerable importance.

Among various methods, adsorption is known to be a highly
effective method of removing ammonium, and several ammonium
adsorbents—including zeolites and activated carbon—have been
developed.®** Among these, sodium cobalt(n) hexacyanoferrate(n)
(NaCoHCF), as reported by Y. Jiang et al in 2018, has attracted
considerable attention owing to its exceptionally high ammonium
adsorption capacity via ion exchange reactions, as well as its high
selectivity for ammonium, making it a promising material for
various applications."* Rather than using NaCoHCF in powder
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form, incorporating it into a substrate to create a filter offers
several advantages, including the prevention of powder leakage,
enhanced reusability, and multifunctional capabilities. However,
when powdered adsorbents are used in liquid media, aggregation
can occur, potentially reducing the adsorption efficiency. None-
theless, incorporating NaCoHCF into a filter can help prevent
aggregation and maintain the adsorption performance.

In this study, electrospun nanofibers were selected as sub-
strates for incorporating NaCoHCF. Electrospinning is a technique
for fabricating nanofibers through the application of a high voltage
while extruding a polymer solution through a needle from a
syringe. This method not only allows for the simple fabrication
of nanofibers but also has the advantage of being able to produce
nanofibers from various polymers by optimizing multiple para-
meters—such as the solution concentration, applied voltage, injec-
tion distance, and flow rate.”” Additionally, nanofibers produced
by electrospinning exhibit extremely fine fiber diameters and high
specific surface areas, which are considered to be beneficial for
ammonium adsorption.’®® In our previous study, nanofibers
containing micro-sized NaCoHCF were fabricated via electrospin-
ning and their ability to adsorb ammonium from solution was
successfully demonstrated.'® However, the micro-sized NaCoHCF
particles were entangled with multiple nanofibers due to their size.
Therefore, it was hypothesized that if nanosized NaCoHCF could
be incorporated within a single nanofiber, more efficient adsorp-
tion could be realized. To achieve this, it would be necessary to
synthesize NaCoHCF with particle sizes smaller than the fiber
diameter.

In this study, we focused on the synthesis of NaCoHCF
nanoparticles and their incorporation into nanofibers to improve
their ammonium adsorption performance. Two different synth-
esis methods were employed to compare the NaCoHCF micro-
particles (micro-NaCoHCF) and NaCoHCF nanoparticles (nano-
NaCoHCF). Micro-NaCoHCF was synthesized by mixing aqueous
solutions of Na,[Fe(CN),]-10H,O and Co(NOj3),-6H,0 in a beaker
under stirring, followed by freeze-drying of the resulting particle
dispersion. By contrast, nano-NaCoHCF was obtained by mixing
the two aqueous solutions within a Y-shaped microchannel, with
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Fig. 1 Illustration of the experimental set-up for the synthesis of nano-
NaCoHCF.

the particles forming during the process, followed by freeze-drying
of the obtained dispersion (Fig. 1).

In this synthesis method, turbulence can occur when the two
solutions collide, promoting nucleation and suppressing particle
growth, thereby enabling the synthesis of nanoparticles. The
synthesized micro- and nano-NaCoHCFs can then be incorpo-
rated into poly(ethylene-co-vinyl alcohol) (EVOH) nanofibers via
electrospinning. The incorporation state can be observed using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), followed by an ammonium adsorption test to
evaluate the adsorption performance.

In this study, the particle sizes of the synthesized micro- and
nano-NaCoHCF were measured using dynamic light scattering
(DLS), the results of which are presented in Fig. 2(a) and (b).
The average particle sizes calculated using the cumulant
method were 4473.2 and 45.9 nm, respectively, confirming that
the nano-NaCoHCF had a particle size approximately 1/100th that
of the micro-NaCoHCF. Additionally, the nano-NaCoHCF exhib-
ited a lower polydispersity index (PDI), suggesting that the parti-
cles were monodispersed. This was likely owing to turbulence
during the mixing of the two solutions in the microchannel,
leading to the formation of multiple locally supersaturated
regions that enhanced nucleation. Consequently, a large portion
of the solute was consumed during nucleation, suppressing
particle growth and resulting in smaller particle sizes and lower
PDI values.”® Moreover, synthesis was conducted with various
flow rates of the mixed solutions; however, particles of approxi-
mately 50 nm were obtained regardless of the flow rate, indicating
no major change owing to flow rate variations (Fig. S1, ESIt). The
minimum flow rate used in this study was 5 mL min™~". However,
even under these conditions, sufficient turbulence was achieved
to facilitate nanoparticle synthesis. A previous study by Yamamoto
et al. also reported that the particle size of ZIF-8 decreases with
increasing flow velocity during mixing, but above a certain flow
velocity, there is no change in particle size.”*

NaCoHCF SEM images are presented in Fig. 2(c)-(f). The
SEM images confirmed that the nano-NaCoHCF had a smaller
particle size than the micro-NaCoHCF. However, the nano-
NaCoHCF particle size observed in the SEM images was
approximately 200 nm, which was larger than that from the
DLS measurement results. This discrepancy was likely because
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Fig. 2 (a) and (b) Intensity-weighted size distributions of the micro-
NaCoHCF and nano-NaCoHCF particles measured by dynamic light
scattering (DLS). The average diameters and polydispersion index (PDI)
were calculated using the cumulant method. (c)-(f) SEM images of the
synthesized NaCoHCEF particles. (c) Micro-NaCoHCF with low magnifica-
tion, (d) nano-NaCoHCF with low magnification, (e) micro-NaCoHCF with
high magnification, and (f) nano-NaCoHCF with high magnification.

of particle aggregation that occurred during the drying of the
nano-NaCoHCF dispersion, which was necessary for SEM sam-
ple preparation. Moreover, owing to the resolution limitations
of SEM, the accurate observation of the nano-NaCoHCF mor-
phology can be challenging. Consequently, additional observa-
tions were made using TEM (Fig. S2, ESIT), which revealed the
presence of particles of approximately 100 nm in size and cubic
structures constituting the particles themselves. Because
NaCoHCF has been reported to have a cubic crystal structure,
it could be inferred that these crystals aggregated to form the
observed particles.

Nanofibers containing micro- and nano-NaCoHCF were
fabricated using electrospinning, the SEM images of which
are shown in Fig. 3(a) and (b). In the EVOH/micro-NaCoHCF
nanofiber, inclusions of approximately 20-50 pm diameter
could be observed, which were presumed to be micro-
NaCoHCF. Instead of being embedded within the nanofibers,
the micro-NaCoHCF particles were present on the nanofiber
sheet, which was covered by a thin polymer layer. By contrast,
no such inclusions were evident in the EVOH/nano-NaCoHCF
nanofibers. Because the nano-NaCoHCEF particle size was smal-
ler than the nanofiber diameter, it could be inferred that the
nano-NaCoHCF had been incorporated into the nanofibers.

To verify this, TEM imaging was conducted, the results of
which are shown in Fig. 3(c). Inclusions were evident within the
nanofibers and elemental analysis using energy-dispersive X-
ray spectroscopy (EDX) confirmed the presence of Fe and Co
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Fig. 3 (a) SEM image of the EVOH/micro-NaCoHCF nanofibers. (b) SEM
image of the EVOH/nano-NaCoHCF nanofibers. (c) EDX mapping of the
EVOH/nano-NaCoHCF nanofibers.

atoms in these inclusions. As the EVOH contained only carbon
and oxygen atoms, the detected iron and cobalt atoms evidently
originated from the NaCoHCF. These findings suggest that the
nano-NaCoHCF had been successfully incorporated into the
nanofibers.

Thermogravimetry/differential thermal analysis (TG/DTA) was
performed to determine the NaCoHCF content of the EVOH/nano-
NaCoHCF nanofibers and EVOH/micro-NaCoHCF nanofibers
(Fig. S3, ESIf). In the thermogravimetric curves, both nano-
NaCoHCF and micro-NaCoHCF showed similar mass loss beha-
vior, suggesting that both have similar thermal tolerance. The
NaCoHCF content in the nanofibers was calculated from the final
residual mass to be 48.6 wt% for EVOH/nano-NaCoHCF and
51.5 wt% for EVOH/micro-NaCoHCF, confirming that the content
was almost the same as the preparation ratio.

To evaluate the effect of the NaCoHCF particle size on the
ammonium adsorption performance, adsorption tests were
conducted using EVOH/micro-NaCoHCF and EVOH/nano-
NaCoHCF nanofibers, the results of which are shown in Fig. 4.

The amount of ammonium adsorbed per unit mass of
NaCoHCF did not increase for the EVOH nanofibers alone,
confirming that the EVOH nanofibers possessed no ammonium
adsorption capability. By contrast, both the EVOH/micro-
NaCoHCF and EVOH/nano-NaCoHCF nanofibers exhibited an
increase in ammonium adsorption over time—that is, after 2 h
of testing, the ammonium adsorption amounts were 38.1 and
126.8 mg g, respectively. The nano-NaCoHCF exhibited more
than three times the adsorption performance of the micro-
NaCoHCF. This result could be attributed to the higher specific
surface area of the nano-NaCoHCF. In the case of the micro-
NaCoHCF, ammonium was likely adsorbed only onto surface
adsorption sites, with the internal adsorption sites not being
utilized efficiently. By contrast, the nano-NaCoHCF—with its
higher specific surface area—permitted increased utilization of
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Fig. 4 Change of ammonium adsorption capacity of NaCoHCF in the
EVOH/micro-NaCoHCF and EVOH/nano-NaCoHCF nanofibers (n = 3).

the adsorption sites, leading to enhanced ammonium adsorption
performance. Previous studies also observed that smaller particle
sizes resulted in higher adsorption performance, consistent with
the findings of this study.?* Furthermore, in a paper published by
H. Ming et al. in 2012, Prussian blue nanoparticles of different
sizes were synthesized. For nanoparticles of the same size as those
in our report, they reported a surface area of 254 m® g~ ' and a
pore diameter of around 8 nm.*

In summary, this study successfully synthesized nano-
NaCoHCF particles of approximately 50 nm size and incorpo-
rated them into nanofibers. Consequently, the ammonium
adsorption performance of the NaCoHCF within the nanofibers
was considerably enhanced, exhibiting more than three times
the adsorption capacity of the microparticles. This value sur-
passed those of commonly used ammonium adsorbents—such
as zeolites (approximately 8-50 mg ¢~ *)'° and biochar (approxi-
mately 5-43 mg g ')’—indicating that the material offered
practical adsorption performance. Moreover, because the
NaCoHCF was embedded within the nanofibers, the risk of
leakage could be minimized, making it a promising candidate
for various applications as an ammonium adsorption filter.

The findings of this study are not limited to NaCoHCF but
are applicable to a wide range of adsorbent materials, suggest-
ing the potential for further development of electrospun nano-
fiber/inorganic hybrid materials.
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