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Abstract

In this work, WO3 nanoparticle decorated magnetic polyamidoamine (PAMAM) dendrimer
nanocomposites were fabricated and used as a catalyser for the reduction of 4-nitrophenol (4-NP).
Fe304superparamagnetic iron oxide nanoparticles were used as magnetic core. Magnetic iron oxide
nanoparticles were produced using co-precipitation method. Magnetic nanoparticle core was
covered with PAMAM dendrimers. The dendrimers used in the covering process was 2™
generation dendrimers which proposed to protect nanoparticles from losing their magnetic
characteristics. PAMAM coated core@shell structure was decorated with WO3 nanoparticles
where Fe3;04@G2/WO;3 magnetic dendrimer composites were obtained. Structural characterization
of magnetic dendrimers was performed using microscopic, spectroscopic and crystallographic
methods where SEM, TEM, EDX, XRD methods were used. Vibrating sample magnetometry was
used in the assessment of magnetic characteristics. Catalytic performance of the magnetic
dendrimers were tracked using UV-vis spectroscopy. Magnetic dendrimers were used for the
reduction of 4-NP. Reaction rate coefficient k., was calculated and found as 4x10™*s™.
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WO;3; KATKILI MANYETIK DENDRIMERLERIN KATALITIK
DAVRANISLARININ INCELENMESI

Oz

Bu c¢alismada, WO3 nanoparcaciklar ile dekore edilmis manyetik poliamidoamin (PAMAM)
dendrimerler iretildi ve 4-nitrofenoliin indirgenmesi isleminde kullanildi. Bunun i¢in Fe3O4
siiperparamanyetik demir oksit nanopargaciklar manyetik cekirdek olarak iiretildi. Uretimde
birlikte ¢oktiirme yontemi kullanildi. Manyetik ¢cekirdegin manyetik 6zelliginin kaybolmamasi i¢in
ikinci jenerasyon PAMAM dendrimerler ile kaplandi. PAMAM kapl ¢ekirdek@kabuk yap1 WO;
nanoparcaciklar ile dekore edildi ve Fe3;04@2G/WO3 manyetik dendrimer nanokompozitler elde
edilmis oldu. Elde edilen yapilarin yapisal 6zellikleri SEM, TEM, EDX, XRD gibi mikroskobik,
spektroskopik ve kristalografik metotlar ile incelendi. Manyetik 6zellikler titresimli numune
magnetometresi ile incelenirken 4-NP UV-vis spektroskopisi ile incelendi. Manyetik dendrimerler
4-NP’nin indirgenmesinde kullanildi. Tepkime hiz sabiti k4, degeri ise 4x10* s olarak belirlendi.

Anahtar Kelimeler: Fe;O4 Nanopargaciklar; Manyetik Dendrimerler; WO3 Nanoparcaciklar; 4-
Nitrofenol

1. INTRODUCTION

Nanoparticles were used in various medical and engineering applications since they have a unique
structure which enables users to tune their characteristics by altering their structure, shape, and
size[1]-[3]. Such alteration often leads to a drastic change in optic, electronic, catalytic, and
magnetic properties [1]-[5]. Up to now, various types of nanoparticles were reported. Among
those, metallic nanoparticles were found to be quite interesting since they can provide paramount
characteristics which make them suitable candidates for catalytic, electronic and optoelectronic
applications[5], [6]. Metallic nanoparticles have high electron density with low electron affinity.
Some metal nanoparticles illustrate ferromagnetic or superparamagnetic characteristics which
made them a suitable candidate for magnetic applications[4], [7]. Different forms of nanoparticles
such as nanocomposites, nanoalloys, nanofilms, nanocubes, efc. were reported in the literature [5].
Nanocomposites are smart nanotools which can exhibit multifunctional characteristics. For
example, nanocomposites can illustrate good magnetic and catalytic properties with high stability.

To be able to do this, magnetic nanoparticle core such as Fe3Os, Co304, NiO, etc. were often
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preferred [8]-[10]. In this regard, Fe3;O4 nanoparticles are a good candidate as core material
illustrates outstanding magnetic saturation with low coercivity [11]. Covering such a magnetic core
with protective organic shell layer often provides stability in magnetic characteristics, since the a
protective layer limits interaction with the surrounding environment [6], [12]. Different organic
molecules or dendrimers were used as shell layers in core@shell structures. The shell layer can
also be doped with different molecules and/or nanoparticles which enables inorganic-organic
core(@shell structure to be functionalized [6], [12]. Where multifunctional properties could be
obtained. Decorating magnetic core@shell structure with material with high catalytic properties
can enable us to obtain functionalized magnetic nanocomposites.

In this regard, magnetic nanocomposites have the potential to be used in catalytic applications.
Catalytic materials are needed for different applications and can be applied in different fields,
antimicrobial applications, environmental applications, medical applications, efc. Organic and
inorganic pollutants are often released to nature and degradation and/or reduction of such
compounds were needed for a better, cleaner, and healthier environment. Nitrophenol-based
compounds were found in industrial and agricultural waste waters and were known as common
organic pollutants [13], [14]. Degradation and/or removal of nitrophenol-based products from
waters were found to be expensive and compelling [13], [14]. Nitrophenol derivatives are also toxic
to the marine life, ecosystem and living organisms [15], [16]. Nitro derivatives should be degraded
or reduced to amine-based derivatives since such derivatives could naturally be decomposed or
biologically degraded [15], [17]. 4-nitrophenol (4-NP) is vastly used in different industrial products
and is often produced as an intermediate product. To reduce the toxic and deleterious effects of 4-
NP, it should be reduced to 4-aminophenol (4-AP). Such a reduction process may be difficult
and/or costly. Catalytic materials could help users to speed up the reduction process with minimum
cost. In this regard, metal based nanoparticles provide promising, fast, reliable results with

minimum production and operation costs [18]-[22].
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Figure 1. Fabrication of Fe;04@G2/WO3 magnetic nanocomposites.

In our work, we produced functional Fe3O4@G2/WO3 magnetic nanocomposites and used them as
a potential catalyser for the reduction of 4-NP to 4-AP. In our previous studies, we managed to
produce Fe3Os magnetic nanoparticles with a high saturation rate [17], [23]. We used such
magnetic nanoparticles as magnetic core and covered them with 2™ generation PAMAM
dendrimers [23], [24]. Core@shell structure was decorated with WO3 nanoparticles where novel
Fe304@2G/WO3 magnetic nanocomposites were obtained with good catalytic properties.
Structural characterization of the nanoparticles was performed with the scanning electron
microscope (SEM) equipped with energy dispersive X-ray spectra (EDX) apparatus. X-ray
diffractometry was also used for crystallographic characterization. The catalytic activities were
investigated using UV-vis spectroscopy. The catalytic performance of novel multifunctional
nanocomposite was assessed, and the results were compared with the results previously reported

in the literature.

2. MATERIALS AND METHOD

2.1. Materials and Reagents

Tungsten (VI) oxide nanopowders (with nanoparticle size < 100 nm) was obtained from Sigma-
Aldrich. Chemical regents such as 3-Aminopropyl) triethoxysilane (APTES), iron salts
(FeCls.6H,O and FeCl,.4H>O), methylacrylate, etracthylortasilicate (TEOS), 28% ammonia
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(NH3), ethylenediamine, methanol, ethanol, were purchased from Sigma-Aldrich.

2.2. Synthesis of Fe;04@G2/WQO; Magnetic Dendrimer

Fe304 magnetic nanoparticles used as a core was produced according to the method we previously
describe in our previous reports [23], [24]. Fe;O4 magnetic core was covered with 2™ generation
PAMAM dendrimers and Fe3;Os@G2 PAMAM structures were obtained. To decorate the
core@shell structure 0.2 g Fe;04@G2 PAMAM was dissolved in 20 mL methanol and sonicated
for 20 min. 20 mg of WO3 nanopowder was added to the suspension and the suspension was stirred
for 24 h under nitrogen flow. As a result, novel Fe;O4@G2/W O3 multi-functional nanocomposites
were obtained. Nanocomposites were collected using a magnet. Nanocomposite powder was
washed with ethanol and pure water and kept in over for 12 4 at 40°C. Please see the Figure 1 for

the detailed schematics of the production.

3. RESULT AND DISCUSSION
3.1. Characterization of Fe;04,@G2/WQO3; Nanocomposites

Results about Fe3Os magnetic core and Fe3O4@2G structures were discussed in our previous
reports where results pertaining to FTIR, XRD, TGA, VSM, and different elemental analysis
methods were provided [11], [23], [24]. In this section, the characterization of Fe3;04@G2/WO3
nanoparticle composites will be discussed. Figure 2 illustrates EDX spectrum and SEM image of
Fe304@G2/WO3 nanocomposites. EDX spectrum illustrates apparent Fe, O, W, and C peaks. Si
and N peaks that appeared in the spectrum are related to TEOS and APTES support. SEM image
shows Fe304@G2/WO3 nanocomposites. As can be seen from the image, nanocomposites were in
granulated form. The particle size was found to be around 100 nm. To confirm the nanostructure

in detail, TEM images of the nanocomposites were also obtained.
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Figure 2. SEM image and EDX spectrum and SEM image of Fe304@G2/WO3 nanocomposites

TEM image of the Fe304@G2/WO3 nanocomposites were illustrated in Figure 3. The figure also
confirms the granulated form of the nanocomposites. Granulated parts seemed to be clustered
where agglomerated clusters could be seen. Also, very dark, dark, and light sections could be seen
in the figure. In the branched clusters, dark sections could be seen inside where lighter clusters
covers them. Darker sections were thought to be Fe3;Os magnetic cores. The very dark sections
placed outside of the branched clusters were thought to be WO; nanoparticles. Lighter parts around
darker spheres are organic shells consisting of PAMAM, APTES and TEOS. The size of the
nanoparticles in the dendritic structure alters where the Fe3O4 nanoparticles were found to be
around 10-20 nm. The WOs3 nanoparticles were found to be around 20 nm. Nanocomposites
consisting of agglomerated nanoparticles and organic dendrimers were measured around 100 nm.
Nanocomposites were found to be agglomerated form. Since PAMAM dendrimers are in branchy
structure, nanoparticles are stuck between organic branches and tend to agglomerate. The branches

also tend to stick to each other where slightly bigger chain like cluster groups were formed.
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Figure 3. TEM images of Fe304@G2/WOs3

Magnetic characteristics of the iron (II/IIl) oxide core and Fe;O4@G2/WO3 nanocomposites were
investigated using vibrating sample magnetometry (VSM). Figure 4 illustrates VSM results of
Fe304 and Fe3;04@G2/WO3 nanocomposites. VSM plots of the iron oxide core and magnetic
nanocomposites exhibit superparamagnetic characteristics where almost no coercivity was
observed for each sample. The magnetic saturation value of the magnetic iron (II/II) oxide core
was found as 63.7 emu/g while the magnetic saturation value of the magnetic nanocomposites was
found as 22.9 emu/g. A dramatic decrease in magnetic saturation value was obtained after covering
magnetic nanoparticles with PAMAM dendrimers and decorating them with WO3 nanoparticles. It
is highly possible that covering iron oxide nanoparticles with the outer shell and decorating them
with WOs change their electronic structure which causes a rapid decrease in magnetic saturation
values. It was seen that our magnetic nanoparticles exhibit outstanding magnetic characteristics
where the saturation value of the nanoparticles was found to be quite high compared to the different

organic-inorganic core@multi-shell nanocomposites.
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Figure 4. Magnetic hysteresis of Fe304 and Fe;04@G2/WO3; magnetic nanocomposite

Table 1: Comparison of magnetic saturation values

Sample Magnetic Saturation Values Reference
(emu/g)
| FesOs | 63.7 | 23] |
Fe;04@Si02 48.7 [23]
Fe;04@G2 34.7 [23]
Fe;04@G2/WO3 22.90 ™

TW: This work

3.2. Catalytic Activity
The catalytic performance of the Fe3O4 nanoparticle core for the degradation of 4-NP to 4-AP was
assessed in our previous studies [23]. In this work, the catalytic performance of Fe3:04@G2/WO3
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magnetic nanocomposites was assessed for the reduction of 4-NP to 4-AP in the presence of
NaBHas. In the catalytic reaction, 10 mg of Fe304@G2/WO3 magnetic nanocomposites were used
as a catalyser for the reduction of 0.1 mM 4-NP where 0.2mM NaBH4 was used as support material.
The catalytic reaction was tracked using UV-vis spectrometry. UV-vis spectroscopy consecutively
scans the solution. The schematic illustrating the experimental procedure was presented in Figure
5. For the initial scan. A peak related to the 4-NP was seen in the absorbance spectra at around 400
nm. The peak is a 4-NP related peak, and the peak strength is related to the concentration of 4-NP.
After the presence of NaBHy4, a sudden peak appears around 310 nm. The peak at 310 nm is a 4-
AP related peak indicating the existence of 4-AP. However, in the measurement where no catalyser
was added to the solution the intensity of the peak at 400 nm did not change. The case indicates
that the peak at 400 nm is definitely related to the 4-NP. In addition, the strong peak at 325 nm
illustrates that 4-NP is directly reduced to 4-AP without any side reaction. Figure 5 illustrates the

reaction mechanism and the measurement process.

25
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Figure 5. Experimental process and reduction of 4-NP to 4-AP was illustrated in the figure.

UV-vis spectrum related to the reduction process for Fe3O4@G2/WO3 magnetic nanocomposites

were illustrated in Figure 6. 1h later of addition of Fe304@G2/WOs3; nanocomposites 89% of the
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reduction process was completed. In the catalysis reaction, NaBH4 concentration was found to be
much higher than 4-NP; therefore, NaBH4 concentration was assumed to be stable during the
reaction. Hence, the catalysis reaction should be accepted as a first order pseudo reaction which
depends on the concentration of 4-NP. Catalysis reaction was accepted as a first order reaction
since In (Ay/Ao) is a time dependent reaction. Thus, Eq.1, Eq.2 and Eq.3 were used to assess the

reaction rate coefficient “k”.

9=dC/dt=—k*C (Eq.1)
n =1 assuming;
Ct t
Joo dC/C =~k [ dt (Eq.2)
Ct At
In(S) =n (L) = —kxt (Eq.3)

where ¥ reaction speed, n reaction order, C; time dependent concentration, Cy initial reaction, k
reaction rate coefficient, t time, A time related absorbance value, Ao is the absorbance value when
t=0.

Figure 6b illustrates a time related In(At/A0) plot where the reaction rate coefficient was able to be
calculated. The reaction rate of our nanoparticles and similar results in the literature was presented
in Table 1. For Fe;04@G2/WO; nanoparticles, the reaction rate ky,, was defined as 4x10* s, It
was seen that the reaction rate obtained by the Fe304@G2/WO3 nanoparticles for the reduction of
4-NP to 4-AP is much better than the results previously reported in the literature. It was found that
our nanoparticles exhibit outstanding catalytic performance with magnetic properties that magnetic

nanoparticles could easily be collected from the solution via magnets.

Table 2. Comparison of the results of this work with other reported methods in the reduction of 4-
NP to 4-AP.

Catalyst The amount of  4-NP NaBHs  kyp Ref.
catalyst

Fe;04@PS@PAMAM-Ag 10 mg 0015g/LL.  4¢g/L 0.131 min'  [25]

Ag-DENs 5uM 600 uM 0.1 M 2.51x10%s"  [26]

Fe304@CS-Starch/Pd 0.01 mol% 2.5 mM 025mM 0.58min!  [27]

Fe;04@G2/WO0; 10 mg 0.1 mM 02M 4x10*s! ™

TW: This work
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Figure 6. UV—vis spectra obtained in the 4-NP reduction in the presence of Fe304@G2/WOs3 (a)
nanostructures and plot of the In(A¢/Ao) against the reaction time (b)

4. CONCLUSION

In this work, we managed to produce Fe3Os@G2/WO3 nanocomposites. Nanocomposites
consisting of iron oxide magnetic superparamagnetic core which was covered with organic
PAMAM shell and decorated with WOs nanoparticles. Structural characteristics of the
nanocomposites were confirmed where the dendritic structure was achieved with magnetic
characteristics. VSM results illustrate that the magnetic core has 63.7 emu/gr magnetic saturation
rate whereas Fe3;04@G2/WOs has 22.9 emu/gr magnetic saturation rate. It was seen that covering
the magnetic core with organic molecules and decorating it with WO; decreased the overall
saturation rate. We compared our results with the results reported in the literature. Our results show
that our nanocomposites have still relatively high magnetic saturation rates. Magnetic saturation
rates of our nanoparticles were found to be higher than similar magnetic nanoparticles previously
reported in the literature. The catalytic performance of the nanoparticles was assessed for the
reduction of 4-NP to 4-AP. It was concluded that nanocomposites exhibit good catalytic
performance. In our work, we compared the reaction rate coefficient of the nanocomposites with
the reported works. We found our nanoparticles exhibit better performance than similar
nanoparticles and nanocomposites which were reported in the literature. It was concluded that our
nanocomposites are multifunctional materials, and they illustrated astonishing catalytic

performance with outstanding magnetic characteristics.
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