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ABSTRACT: In thiswork, Ni NPs have been in-situ synthesized using hydrazine as a reducing agent
and immobilized on nanofibrillated cellulose (Ni/NFC) and magnetic nanofibrillated cellulose
(Ni/FesO,@NFC) as green supports. The structure and morphology of the Ni/Fe;0,@NFC
nanocomposite clarified high purity single-phase spherical- shaped Ni nanoparticles of about 30 nm
distributed on the surface of nanocellulose as compared to the larger size of star shape particle
in Ni/NFC. The catalytic activity of both nanocomposites was investigated for the reduction
of 4-nitrophenol (4-NP), Methyl Orange (MO), and Methylene Blue (MB). The results demonstrated
high catalytic efficiency toward the removal of water pollutants in a short reaction time.
The reduction rate constants (k) of freeze-dried Ni/FesO,@NFC catalyst were 30 <102 s?, 17.3x103 s,
and 6.9 x107% s%, for 4-NP, MO, and MB respectively, which were higher than those of synthesized
Ni/NFC and other reported Ni-based catalysts. Moreover, the catalyst could be easily magnetically

recoverable and reusable in other cycles.
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INTRODUCTION

Dyes such as 4-NP and MO are known common
organic pollutants according to the Environmental
Protection Agency (EPA). 4-NP belongs to the class of
impurities, which is stable in the environment and
resistant to biodegradation. Whereas 4-aminophenol (4-Ap),
as reduced form of it, is a safety compound, less toxic,
and it is regarded as a critical intermediate that can be
used in many industries such as pharmaceutical, textile
industries, photographic, and agrochemical. Methyl
Orange (MO) as an azo dye is toxic, genotoxic,
mutagenic, and has carcinogenic effects on aquatic living
organisms [1, 2]. MB is a toxic cationic dye, which used

in the textile industry. This dye may cause health
problems [3].

Nanoscale magnetic metal crystals such as Fe, Co, Ni
and Pd have attracted a lot of attention due to their unique
properties, and diverse applications in various fields such
as catalysts, Fuel cells, drug delivery, medical diagnosis,
lithium-ion batteries, magnetic recording, solar cells,
textile industry, optical filters, antibacterial activity and so
on [4-12].

FesO, NPs are very effective catalysts for the
degradation of dye-containing water because of their
excellent adsorption efficiency, surface reactivity,
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and large surface area. Previous reports showed that the
degradation rate by adding another metal such as Ni, Cu,
Co, Pd, Ag, and Pt with iron oxide nanoparticles might be
improved, and prevents oxidation in the air [13-16]

Pure metallic nickel nanocrystals are synthesized
using the sonochemical method, Chemical VVapor Deposition
(CVD), microwave plasma deposition, ball milling,
chemical/electrochemical methods, polyol process, spray-
pyrolysis method, chemical reduction in the liquid phase,
and many others. However, the preparation of nickel nano-
structure materials is complex because they are easily
oxidized. To overcome this problem, Ni nanoparticles
have also been synthesized in the host matrix, such as
Al,O3, activated carbon, AI-MCM 41, or in the polymer
matrix [5, 17-20].

On the other hand, it is more effective to develop
biocomposites as a renewable resource instead of synthetic
polymer-based composites. Cellulose is an abundant,
natural, and biodegradable biopolymer. It is created by
repeating units of cellobiose. Nanocellulose is in the form
of fibers or crystals having nano dimensions in length and
high mechanical characteristics, and low density.
Nanocellulose materials, through their unique properties,
can be divided into three types: nanofibrillated
cellulose (NFC), cellulose nanocrystals (CNC), and
bacterial nanocellulose (BNC) [21, 22]. The unique
morphology and reactive hydroxyl groups on the surface
of nanocellulose make it suitable support for the synthesis
of nanoparticles. The cellulosic nanocomposites have
unique properties owing to the synergistic effect compared
to nanomaterials alone. Nanocellulose also is a good
stabilizer for metal nanoparticles, which can prevent
aggregation and promote the homogeneous nucleation of
nanoparticles [23]. Recently some groups have reported
nanocellulose-based nanometal composites to degrade 4-
NP, MO, and MB [24-30].

There are still some challenges in introducing a novel
catalyst for removing toxic and non-biodegradable dyes
from the environment. Therefore, this study aims to
develop an effective method for removing organic
pollutants from industrial-colored wastewater using a
novel, green, and reusable magnetic catalyst based on
nitrocellulose. Herein we report the in-situ synthesis of Ni
nanoparticles with homogeneous distribution on the
surface of different supports, including Fe;O,@NFC
(Ni/FesO4 @NFC), and NFC (Ni/NFC) by hydrazine as a
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reducing agent. Then, the nanocomposites were
characterized and further compared their catalytic activity
to reduce three types of organic pollutants (4-NP, MO,
and MB). Also, the reusability of Ni /Fe;0, @NFC
nanocatalyst was investigated.

EXPERIMENTAL SECTION
Materials and methods

Nanofibrillated cellulose (NFC) was purchased from
a nanonovin polymer company, Iran. All other chemicals
were purchased from Merck Company and were used
without any further purification. The X-Ray Diffraction(XRD)
patterns were recorded in a Rigaku Ultima IV
X-ray diffractometer using Cu-Ka radiation at 40 kV and
30 mA. Fourier Transform InfraRed (FT-IR) spectroscopy
spectra were collected on a Bruker Tensor 27 spectrometer
using KBr disk. Field Emission Scanning Electron
Microscopy (FE-SEM) was performed on a TESCAN
MIRA3. The Energy Dispersive Spectroscopy (EDS)
analysis was done using a SAMx-analyzer. ICP-OES
vista-pro Varian-Inc. A UV-vis spectrophotometer was
performed using Lambda-25 UV-Vis spectrometer
(Perkin-Elmer, United States). TEM images have been
taken with a Philips, model EM208S, instrument.

Synthesis of FesOs@NFC

The magnetic nanocellulose was prepared according to
the previous report [33] as follows: 1.75 g FeCls.6H,0 and
0.64 g FeCl,.4H,0 were added to 20 mL of nanofibrillated
cellulose hydrogel (0.65 wt%) in 50 mL acetic acid solution
(0.05 M) and stirred at 80 °C. After 4 h, 2.88 mL of 25%
NH,OH was added dropwise into the reaction mixture
under constant magnetic stirring for 30 min. Then, the
product was easily separated by an external magnet,
washed with distilled water and ethanol for several cycles,
and dried at 60 °C in a vacuum oven.

Synthesis of Ni /Fe3O4 @NFC and Ni/NFC

For the preparation of Ni/FesO,@NFC nanocomposite,
1.78 g of NiCl,-6H,0 was dissolved in 30 mL deionized
water. Then 30 mL of NoH4-H,0 was added and stirred for
15 min (700 rpm). After that, the NaOH solution (2 M) was
used to basify the pH to around 13. The obtained solution
was added to 1 g Fes0,@NFC and reflux at 100°C under
N2 atmosphere until the black residue precipitated. After
cooling to room temperature, the precipitate was separated
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Scheme 1: Preparation of Ni/FesOs@NFC nanocatalyst

by a magnet and washed several cycles with ethanol and
deionized water mixtures [31]. The product was dried
using freeze-drying (-60 °C, 16h). For comparison,
Ni/NFC composite was also synthesized using 1.2 g of
NFC hydrogel (0.65%) at 80 °Csimilar to the above
procedure.

Catalytic Reduction of organic dyes

In a typical experiment, An aqueous suspension of 0.02
g of the dried composite was added into 0.25 mL of 20 mM
aqueous solution containing dyes (4-NP or MO) (0.25 mL,
20 mM). Afterward, 0.25 mL of 5M freshly prepared
sodium borohydride solution and 19.5 mL DI water were
added under stirring at room temperature. Then, at
appropriate time intervals, 0.5 mL of the reaction mixture
filtered and the absorbance was recorded using a UV- vis
spectrophotometer.

RESULTS AND DISCUSSION
Characterization

FesO,@NFC and NFC were used as supports and
reducing agents for the synthesis of Ni NPs; however, no
changes were observed on magnetic nanocellulose even
after 24 h stirring under reflux conditions without an
external reducing agent. So, using hydrazine hydrate as a
reducing agent for the synthesis of Ni NPs is necessary
(Scheme 1).

In the XRD pattern of prepared nickel nanoparticles
(Fig. 1), three diffraction peaks at 26 = 44.5°, 51.9°, and
76.6° corresponded to the (111), (200), and (220)
crystallographic planes of the face-centered cubic (FCC)
structure of metallic nickel (JCPDS No. 04-0850) [32].
Other weak diffraction peaks at 20 values of 30, 35.3, 57.3,
and 62.7 related to (220), (311), (511), and (440) planes
could index to the FCC structure of Fe3O4 nanoparticles
(JCPDS No0.87-2334) [33]. The sharp peaks and lack of
any impurities phases of NiO or Ni(OH), showed the
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Fig. 1: XRD pattern of Ni/FesOs@NFC.

perfect phase purity, the excellent crystallinity character,
and large particle size of Ni NPs.

The crystallite size (D) of Ni in the Ni/Fes0.@NFC
composite was also calculated using the Debye-Scherrer’s
formula (Eq. 1);

D = 0.9A/(Bcos B) (D

Where, 4 is the wavelength of the X-ray source (0.154
nm), B is the full width at half maximum intensity
(FWHM) and 6 is the angle of reflection measured in
radians [34]. The (111) peak, the most intense for Ni in the
composite, was used for the calculation of the crystallite
size. The crystallite size was calculated to be 16 nm for Ni
NPs in the Ni/Fes0s@NFC composite.

FT-IR spectra of Fe;O.@NFC, Ni/ NFC, and
Ni/FesO4@NFC were presented in Fig. 2. The absorption
bands at 3446 cm™ and 2925 cm™ are attributed to the
stretching vibrations of OH, and C—H bonds, respectively.
In the Fes04@NFC, the peaks at 800 cm™, 577 cm, and
466 cm* are related to the lattice vibration of tetrahedral
and octahedral coordination compounds in the spinel
structure of Fe—O groups [35-37]. The absorption bands
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Fig. 2: FTIR spectra of a) FesOs@NFC, b) Ni/ NFC, c)
Ni/FesOs@NFC.
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Fig. 4: FE-SEM micrographs of a, b) Ni/FesOs@NFC, and c) Ni/NFC.

at 421 cm™ corresponding to the Ni-O stretching vibration
modes [38].

UV-Vis spectrum of Ni NPs supported on NFC is shown
in Fig. 3. The maximum absorption band at 280 nm is due to
the formation of Ni nanoparticles. Li and Komarneni have
reported that the Surface Plasmon Resonance (SPR) band
at around 300 nm is related to Ni NPs [17].

The morphology of the as-prepared composites was
investigated by the FE-SEM micrograph (Fig. 4). For
Ni/Fe304@NFC nanocomposites, the clusters of spherical
agglomerated nanoparticles were observed in the images
(Fig. 4a, b). While Ni particles are star shapes in Ni/NFC
nanocomposite (Fig. 4c).

More characterization to determine the elemental
analysis and the immobilization of Ni species on the
surface of the magnetic nanofibrillated cellulose also was
carried out using EDX element color mapping
measurements. The EDS analysis of Ni/Fes0.@NFC
nanocomposite confirmed that Fe and Ni elements
deposited homogeneously on the surface of the
nanocellulose. The Ni content in the Ni/Fes0s@NFC
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nanocomposite catalyst as determined by ICP-OES
analysis was 21.04 %.

As shown in Fig. 6. The TEM micrographs of the
synthesized particles showed atypical core—shell structure
with some agglomeration because of their magnetic nature.
The dark internal core is found with a size range of about
30 nm and approximately spherical morphology in
Ni/FesO4@NFC (Fig. 6a, b) While, in Ni/NFC (Fig. 6c, d)
the star shape particles around 50-150 nm were observed
which are comparable with FE-SEM results. The light
external shell could be related to nitrocellulose.

The evaluation of the catalytic performance

The catalytic activity of the as-prepared nanocomposites
was investigated in the reduction of 4-NP, MO, and MB with
sodium borohydride (NaBH4). According to the ratio of dye
to reductant, an excessive amount of sodium borohydride
was used in this reaction. Therefore, its concentration remains
constant and the reaction occurs under pseudo-first-order
conditions. The reduction of 4-NP, MO and MB
spectrophotometrically followed at Amax 0f 400 nm, 465 nm
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Fig. 6: TEM image of a, b) Ni/FesOs@NFC at different magnification (50 nm, 50 nm (inserted image), and 100 nm) and c)
Ni/NFC nanocomposite at different magnification (500 nm and 200 nm (inserted image).

al_wd 664 nm, respectlve_ly [33]. The _plot of InA; versus time In(A/A,) = —kt )
yielded a linear correlation for the Ni/Fe;O,@NFC as shown
in Fig. 7. The pseudo-first-order rate constants (k) were Where, A; and Ao are absorbance at time t and initial
calculated from Eq. (2) [39] to be 30 x 10%,17.3 x 10°¥s* and absorbance and k is the rate constant.
6.9x 103 s! for the reduction of 4-NP, MO and MB, Furthermore, the calculated activity parameter values
respectively. (k' =k/m), where m is the mass of the catalyst (g), and k is
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Fig. 7: UV-Vis spectra and the plot of Ln (Av/Ao) versus time (a, b) freeze- dried and (c, d) air-dried Ni/FesOs@NFC catalyst. (e, f)
UV-Vis spectra and the plot of Ln (At/Ao) versus time by Ni/FesOs@NFC freeze-dried catalyst for the reduction of MO, and (g, d)
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for the reduction of MB.
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Fig. 8: UV-Vis spectra and the plot of Ln (At/Ao) versus time for the reduction of 4-NP by (a, b) freeze- dried and (c, d) air-dried
Ni/ NFC catalyst. (e, f) UV-Vis spectra and the plot of Ln (Av/Ao) versus time by Ni/ NFC freeze-dried catalyst for the reduction of
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Table 1: Comparison of catalytic performance of as-prepared Ni catalysts with other reported catalysts in reduction of 4-NP.

/ Entry

Catalyst

Cunp (MM) k x 1073 (s?) Ref \

1 Ni/CS-FP

100 1.93 [27]

2 Ni NPs/MCC

0.14 56 [28]

3 P(MAC)-Ni

10 125 [40]

4 Ni - RGO

0.1 1.8 [41]

5 Ni-Pd/NrGO

0.05 17 [42]

6 Ni/ NFC

20 14 This work

NI/Fe304@NFC

k 7

20 30

This work /

the apparent rate constant (s™') were determined 1.5,
0.86 and 0.34 st g* for reduction of 4-NP, MO, and
MB, respectively (Fig. 7). Whereas, the apparent rate
constant (k and k') of the Ni/NFC were calculated to be
14.0x 103%stand 0.7 s* g%, 10.4 x10° s and 0.52 s7*
g%, and 11.8 x103 st and 0.59 s* g* for reduction of
4-NP, MO, and MB, respectively (Fig. 8). The results
indicated that the Ni/FesOs@NFC nanocomposite had
higher catalytic activity than the Ni/NFC. The enhanced
catalytic activity of the Ni/Fes0s@NFC could be
attributed to the presence of both the Fe;O4 and the Ni
nanoparticles with smaller particle size on the surface
of nanocellulose and the effect of increased surface
areas of composite. Moreover, it could be observed that
the catalyst prepared by freeze-drying as compared to
air-drying method demonstrated higher catalytic
activity investigated in the previous report [33].

Considering previous literature [13], a plausible
catalytic mechanism for the reduction of dye molecules
has been suggested. In the reaction, BH; as a nucleophile,
transfers electrons to Ni/FesO4 nanoparticles and the dye
molecule as the electrophile accepts the electrons leading
to the reduced form. In this process, both nucleophile and
electrophile are absorbed on the catalysts resulted in
reduction of dyes.

The reusability of the catalyst was investigated
repeatedly up to five cycles in 4-NP reduction. The
nanocatalyst was magnetically separated after each run
and washed with water for the next cycle under the same
reaction conditions. As can be seen, the catalytic efficiency
[39] decreased gradually which may be due to the loss
of catalyst after each catalytic run and the decomposition
of the surface intermediates (Fig. 9).

The catalytic activity of the present Ni/Fes0s@NFC

3300
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Fig. 9: Reusability of for the degradation of 4-NP. All
experiments for catalyst reuse were performed for 60 s

catalyst was compared with the other reported Ni catalysts
(Table 1), which indicates the higher catalytic activity of
the synthesized catalyst for the degradation of 4-NP.

CONCLUSIONS

In summary, synthesis of novel Ni/Fe;0.@NFC and
Ni/NFC composites using the simple method by
nanofibrillated cellulose as inexpensive and green support
resulted in spherical and star-shaped particles. The new
Ni/Fe304@NFC magnetic nanocomposite showed the best
catalytic activity to remove hazardous substances (4-NP,
MO, and MB) under mild reaction conditions as compared
to other reports. The catalyst also could be easily
magnetically separated and reused for other cycles.
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