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Effects of synthesis parameters
on the properties of iron nanoparticles
synthesized via the borohydride method

Tien Hiep Nguyen, Ho Thanh Nghi, Nguyen Van Minh, Nguyen Manh Hung

This study investigates the influence of solution pumping speed and ultrasonic wave amplitude on the properties of
iron nanoparticles synthesized via the borohydride reduction method of iron (I1) sulfate (FeSO,) and iron (ll1) chloride
(FeCl,) precursor solutions. The results indicate that combining a high-amplitude ultrasonic wave with a high NaBH,
solution pumping speed yields nanoparticles with an optimal size distribution and improved dispersion in both cases.
Iron nanoparticles synthesized from iron (I1) sulfate (FeSO,) exhibited better size uniformity and dispersion compared
to those synthesized fromiron (I1l) chloride (FeCl,). In both cases, the iron nanoparticles obtained from the borohydri-

de reactions formed relatively dense, irreqularly shaped clusters with sizes ranging from 53 to 72 nm.
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INTRODUCTION

The significant interest of the scientific and technical
community in nanostructured systems stems from their
unique properties, structural diversity, and practical ap-
plications. Among various nanopowders, iron (Fe) nano-
particles have been widely utilized in science, enginee-
ring, and technology. For instance, they serve as effective
magnetic adsorbents for soil remediation and wastewater

treatment, efficiently removing toxic pollutants [1-10]. Tien Hiep Nguyen, Nguyen Manh Hung

Due to their large specific surface area, high adsorp- Department of Materials Science & Engineering,
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tion capacity, low cost, environmental safety, and rapid

reactivity, Fe nanoparticles are particularly suitable for Ho Thanh Nghi
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purifying contaminated water [11]. Additionally, they are
used as nano-modifiers in powder metallurgy to produce Nguyen Van Minh
bulk materials (Fe-based) or as raw materials for 3D metal Institute of Technology, Hanol, Vietnam
printingand are applied in many different fields of science
and technology [12-16].

Fe nanopowders are typically synthesized using either
physical or chemical methods. While physical approa-
ches require expensive equipment, chemical methods
often suffer from low productivity and high energy con-
sumption [11, 12]. For example, the chemical-metal-

lurgical method employed by the authors to synthesize
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iron-group nanoparticles offers advantages such as scala-
bility at the laboratory level and relatively clean products.
However, its efficiency is limited by the slow reduction
rate in hydrogen gas during the heat-holding stage. Mo-
reover, excessive reduction temperatures can lead to
severe nanoparticle agglomeration, resulting in particles
exceeding the nanoscale. Additionally, the multi-step
process requires substantial energy input [17-18].
Alternatively, studies have demonstrated that transition
metal nanoparticles can be synthesized via the borohydri-
de method. Although fundamentally a chemical approa-
ch, this technique offers distinct advantages: it is simple,
involves fewer steps, and reduces energy costs by direct-
ly converting metal salt solutions into nanoparticles using
borohydride (BH,), without the need for high-temperatu-
re pyrolysis or multi-stage reduction [19, 20].

Given these findings, the borohydride method is a viable
route for synthesizing Fe nanopowders. Although this
method has been used, current studies have mostly fo-
cused on selecting precursors for the chemical reaction
without systematically investigating the simultaneous
influence of the pumping speed of the solution and ul-
trasonic wave amplitude on the size and dispersion of
the iron nanoparticles. The novelty of this study resides
in the combination of high-amplitude ultrasonic and a
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high pumping speed of the solution for the synthesis of
iron nanoparticles, irrespective of whether the precursor
salt is Fe?*(FeSO,) or Fe*(FeCl,). The optimal parameters
established in this study allow the method to be scaled
up for the preparation of iron nanoparticles beyond the

laboratory scale, with fewer intermediate synthesis steps.

MATERIALS AND METHODS

Iron nanoparticles were synthesized via borohydride re-
duction using two precursor salts: iron (I1) sulfate hep-
tahydrate (FeSO,-7H,0) and iron (I1l) chloride hexahydra-
te (FeCl,:6H,0). Sodium borohydride (NaBH,) was used
as the reducing agent. Prior to the reduction reactions,
aqueous solutions of both iron salts (5 wt.%) were freshly
prepared.

The experimental setup included a Hielscher UIP1000hd
ultrasonic disperser, a pumping system comprising a KNF
N 816.3 KT.18 vacuum diaphragm pump and a Heidolph
PD 5201 peristaltic pump, together with standard labora-
tory glassware. A schematic diagram of the synthesis ap-

paratus is presented in figure 1.
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(1) NaBH, solution; (2) Reactor containing FeSO/FeC[a solutions; (3) Pumping system;

(4) Ultrasonic disperser; (5) Blichner funnel and flask

Fig.1 -Schematic of iron nanoparticle synthesis by borohydride method.
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To optimize the synthesis parameters for iron nanoparti-
cles via the borohydride method, the effects of two pro-

cess variables were investigated: the pumping speed of
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the NaBH, solution - V(NaBH,) and ultrasonic wave ampli-
tude - A . The experimental parameters are summarized
in table 1.

Tab.1 - Experimental parameters.

Concentration Concentration Concentration
V(NaBH,), Ay
Sample No. C(FeSO)), C(FeCl), C(NaBH), .
ml/min pm
% % %
1.1 3.8 40
Serie 1 1.2 5 5 3.8 80
1.3 1.9 80
2.1 3.8 40
Serie 2 2.2 5 5 3.8 80
2.3 1.9 80

The borohydride reduction reactions proceed according
to the following equations:

FeSO, + 2:NaBH, + 6:H,0 - Fel + Na,SO, + 2:B(OH), + 7:H,1, (1)
2'FeCl, + 6:NaBH, + 18:H,0 —» 2:Fel + 6NaCl + 6:B(OH), + 21-H,1, (2)

During the synthesis process, ultrasonic mixing was em-
ployed to homogenize the reactant solution, as well as to
disperse the aggregates of the forming Fe nanoparticles.
The resulting precipitate (Fe nanoparticles) was washed

6
PSa

where p represents the theoretical density of iron (7870

kg/m3) and S, denotes the specific surface area (m2/kg).

Phase composition was analyzed by X-ray diffraction
(XRD) using a Difrey-401 diffractometer (Russia) with
Cu-Ka radiation. Morphological characterization was per-
formed using scanning electron microscopy (SEM) on a

Tescan Vega 3B instrument (Czech Republic).

RESULTS AND DISCUSSION

After preparing six Fe nanoparticle samples (both Series 1
and 2) according to the experimental procedure outlined
in table 1, the particle size distribution of these samples
was analyzed using dynamic light scattering (DLS). The
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with distilled water via the Bichner funnel and flask. Sub-
sequently, the powders were ground using a Fritsch Pul-
verisette 2 grinder (Germany).

Particle size distributions were determined using dynamic
light scattering (Malvern Zetasizer Nano ZS, UK). Specif-
ic surface areas were measured via nitrogen adsorption
isotherms using the BET method (Nova 1200e analyzer,
USA). The average particle diameter (D,) was calculated

from surface area measurements using the formula:

(3)

results are presented in figures 2 and 3.

Analysis of the Fe nanoparticle size distribution diagrams
(figures 2 and 3) revealed some important findings, name-
ly: The widest particle distribution was observed in sam-
ples Ne3 (1.3 and 2.3 - with lower solution pumping speed
value: V(NaBH,) = 1.9 ml/min), while samples Ne2 (1.2 and
2.2 - with higher solution pumping speed value: V(NaBH,)
=3.8 ml/min and larger ultrasonic wave amplitude A, = 80
p) showed the smallest maximum particle size. For both
sample series, decreasing the solution pumping speed
tended to broaden the particle distribution, while increas-
ing the ultrasonic wave amplitude resulted in smaller

maximum particle sizes.
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Fig.2 - Plot of the maximum particle size distribution depending on the concentration of NaBH, samples: 1.1 (a); 1.2
(b); 1.3 (c); 2.1 (d); 2.2 (e); 2.3 ().
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Fig.3 - Particle size distribution graph of the jointly studied samples.

This phenomenon can be attributed to the fact that a high
NaBH, solution pumping speed, when reacting with iron
(1) and iron (I11) salts, increases the nucleation rate. As a re-
sult, more nucleation centers are formed, leading to a larger
number of nascent nanoparticles and consequently limiting
their growth space, which results in smaller nanoparticles. In
the case of high-amplitude ultrasonic waves, the increased
energy input likely disrupts crystalline clusters, thereby
promoting the formation of smaller particles and enhancing
their dispersion.

Moreover, several studies have shown that low-concentra-
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tion iron salt precursors (5-10 wt.%) are effective for pro-
ducing metal nanoparticles. However, in borohydride re-
duction, although a high NaBH, pumping speed improves
reaction kinetics, an excessive amount may lead to an over-
abundance of NaBH,—an active foaming agent—which in-
creases the viscosity of the solution and impedes crystal
nucleation.

Furthermore, the results clearly demonstrate that com-
bining a high-amplitude ultrasonic wave with a high NaBH,
solution pumping speed (samples Ne2, i.e., 1.2 and 2.2)

yields nanoparticles with the most favorable size and disper-
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sion in both precursor cases. A comparison between sam-
ples Nel (1.1 and 2.1), Ne2 (1.2 and 2.2) and Ne3 (1.3 and 2.3)
indicates that variations in ultrasonic wave amplitude have a
more pronounced impact on particle size than changes in
solution pumping speed.

When comparing Series 1 samples (1.1, 1.2, 1.3), synthe-
sized using FeSO,, with Series 2 samples (2.1, 2.2, 2.3), syn-
thesized using FeCl, as the precursor, itis evident that Series
1 exhibits better nanoparticle size and dispersion. This can
be attributed to the fact that the reduction of Fe?"ions (from
FeSO,) to metallic iron nanocrystals is more straightforward
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tion of Fez, followed by the reduction to Fe, as illustrated in
the reactions below:

Fe¥* +e—Fe(4)

Fe? +2e - Fe(5)
Based on the evaluation of the particle size distribution
graphs of the synthesized nanoparticles, samples Ne2 (1.2
and 2.2), representing both iron (I1) and iron (I11) salt precur-
sors, were selected for further characterization studies, as
they exhibited the best dispersion and particle size distri-
bution. The XRD results of these two samples, along with

elemental analysis by EDX from SEM images, are presented

than the reduction of Fe**ions (from FeCl,). The reduction of  in figure 4.
Fe¥to Fe typically proceeds in two steps: the initial forma-
A-Fe
(a) (110)
j (200)
1) A
4L
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(al, b) Sample 1.2; (a2, c) Sample 2.2

Fig.4 - The XRD patterns and elemental analysis by EDX of the samples.

Results from the XRD analysis (figure 4a) show diffraction
peaks corresponding to the (110) and (200) planes of the
pure a-Fe metallic phase, in accordance with JCPDS file no.
65-4899. No additional phases or impurities were detected
in the XRD patterns.

Elemental analysis by the EDX from SEM image data (fig-
ures 4b, 4c) reveals a small amount of carbon in the sam-
ples, which is attributed to the carbon substrate used during
sample preparation. A detectable amount of oxygen (rang-
ing from 3.3% to 6.2%) is also present. This is expected, as
a small portion of Fe nanoparticles can oxidize during the
borohydride synthesis process when no inert gas environ-

ment is maintained.
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The presence of oxygen detected by the EDX, coupled with
its absence in the XRD analysis, suggests that the oxide layer
formed during synthesis is either amorphous or present as
an extremely thin crystalline layer. Consequently, this layer
lacks sufficient structural order to generate detectable dif-
fraction peaks in the XRD pattern [21-23].

SEM images of the two nanoparticle samples (1.2 and 2.2),
synthesized via the borohydride method from iron (1) and
iron (I11) salt solutions, respectively, along with their particle
size distributions (derived from SEM image data), are pre-
sented in figure 5. In addition, the specific surface area anal-
ysis and the corresponding calculated particle sizes (based

on these measurements) are summarized in table 2.
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b

Fraction of particles, %

5.5 605
Particle size, nm

695 785 B8BTS 965

105.5 114.5 1235

(d)

Fraction of particles, %

04
215 M5 455 %68

675 TRS 895
Particle size, nm

1005 1005 1225 1335 1445

(a, b) Sample 1.2; (¢, d) Sample 2.2

Fig.5 - SEM-images and Particle size distribution of the samples.

Tab.2 - Specific surface area and particle size calculation results.

Sample S, m?/g D, nm Degps NM DI, nm D, ors), NM
Ne 1.2 (FeSO, + NaBH,) 155+0.8 4912 56+3 53+3 38+2
Ne 2.2 (FeCl, + NaBH,) 11.9+0.6 64+3 794 724 51+3

In both cases, the obtained Fe nanoparticles form relati-
vely dense clusters with undefined shapes. When redu-
cing the iron (I1) salt solution (FeSO,) using the borohy-
dride method, the resulting nanoparticles have a smaller
average size (53 nm) compared to those obtained from
the reduction of the iron (I11) salt solution (FeCl,), which
average around 72 nm.

Although DLS typically measures larger hydrodynamic
diameters due to the inclusion of the solvation layer, the
and D,,,/D,, in
this study can be rationalized as follows. DLS is conducted

observed differences between D__
on suspensions prepared by dispersing the powder in a li-
quid using high-intensity ultrasound, which breaks down
clusters into individual particles or small agglomerates,
leading to smaller recorded sizes. Conversely, BET and
SEM are performed on dry powder samples, where drying
and grinding promote aggregation into larger, dense clu-
sters, resulting in larger measured diameters. Hence, the

results are fully consistent with one another,
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CONCLUSIONS

Six iron nanoparticle samples, divided into two series,
were synthesized via the borohydride method using two
different precursors (FeSO, and FeCl,), with variations in
solution pumping speed and ultrasonic wave amplitude.
It was found that the combination of a high-amplitude ul-
trasonic wave and a high NaBH, solution pumping speed
yielded nanoparticles with optimal size and dispersion in
both cases.

When iron (I1) sulfate (FeSO,) was used as the precursor,
the resulting nanoparticles exhibited better size and di-
spersion compared to those synthesized from iron (I11)
chloride (FeCl,).

In both cases, the Fe nanoparticles obtained via the bo-
rohydride reduction formed relatively dense clusters with
irregular shapes, and their sizes ranged from 53 to 72 nm.
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