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ABSTRACT: Nitroanilines are environmentally toxic pollutants which are released into aquatic °® .,
systems due to uncontrolled industrialization. Therefore, it is crucial to convert these hazardous PBA
nitroanilines into a harmless or beneficial counterpart. In this context, we present the chemical e
reduction of 4-nitroaniline (4-NA) by NaBH, utilizing Prussian blue analogue (PBA) as 1 ) |

nanocatalyst. PBAs can serve as inexpensive, eco-friendly, and easily fabricated nanocatalysts. 14
PBA cobalt tetracyanonickelate hexacyanochromate (CoTCNi/HCCr) was stoichiometrically
prepared by a facile chemical coprecipitation. Chemical, phase, composition, and molecular
interactions were investigated by XRD, EDX, XPS, and Raman spectroscopy. Additionally, SEM and
TEM micrographs were utilized to visualize the microstructure of the nanomaterial. The findings
revealed the synthesized PBA of the cubic phase and their particles in nanosheets. The band gap was \A- 270 sec
estimated from the optical absorption within the UV—vis region to be 3.70 and 4.05 eV. The : i e
catalytic performance of PBA for the reduction of 4-NA was monitored by UV—vis spectroscopy. 20 Vavelength (nm)
The total reduction time of 4-NA by PBA was achieved within 270 s, and the computed rate

constant (k) was 0.0103 s™'. The synthesized PBA nanoparticles have the potential to be used as efficient nanocatalysts for the
reduction of different hazardous nitroaromatics.

1. INTRODUCTION catalysis), and harmful effects of the utilized chemicals.
However, it was found that reduction utilizing NaBH, could
be initiated in the presence of appropriate catalysts by releasing
the corresponding hydride."® This technique is characterized
by its simplicity, effective conversion rates, absence of sludge,
energy, and time savings. It does not require an energy source,
expensive working setups, or convenient selection of potential
window as in the electrochemical removal. Therefore, it is
desirable to synthesize a low-cost, highly stable catalyst for the
reduction of nitroaromatic chemicals.

Various nanoparticles have been synthesized that exhibit
interesting behavior such as conductive'®'” and catalytic and
optical characteristics dependent on size and surface
modifications. From this perspective, the use of nanocatalysts
in the reduction of nitroaromatics has received a lot of
attention in the last years. They catalyze the reaction by
offering a significantly greater surface area for the transfer of
the electrons compared to ordinary powdered catalysts.

Many nanocatalysts have been reported in the literature for
catalytic reduction of nitroarenes including Au NPs'*'” and Ag

Environmentally hazardous pollutants, particularly pigments
and dyes, are produced from various industries such as
cosmetics, textile, leather, and food processing.l’2 Nitro-
aromatic compounds are environmental contaminants that
are spread into the wastewater environment by numerous
textile industries. Nitroanilines represent a significant class of
environmentally harmful hazardous compounds.” They are
typically carcinogenic substances that can harm human lung
tissues and cause cancer." Continuous efforts are exerted to
either remove these hazardous compounds from the environ-
ment or alternatively break down these hazardous compounds
into harmless chemicals. The breakdown of nitroanilines from
environmental wastewater has been demonstrated utilizing
different strategies, including microbial degradation,” catalytic
reduction,” photocatalytic degradation,” and adsorption.”

The reduction of nitroaromatics to aminoaromatics is a
crucial step in eliminating them and maximizing the benefits.
These amino derivatives are essential intermediates in the
synthesis of polymers, dyes, surfactants, and pharmaceutical
products. Numerous techniques, including electrolytic reduc-
tion,” photoreduction,w’11 homogeneous catalysis,12 heteroge-
neous catalytic hydrogenation'” and the use of reducing agents
like hydrazine hydrates,'* are available for reducing nitro-
aromatics to the respective aminoaromatics. However, these
procedures have one or more drawbacks, such as low efficacy
(microbial degradation), overpriced photosetups (photo-
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NPs catalysts.”””" Although they exhibit efficient catalytic
activity, however, the need for more affordable and simple
nanocatalysts has driven more research in this field.

Prussian blue (PB) and its analogs metal hexacyanometal-
lates have gained wide attention from many research groups
owing to their exceptional chemical and electronic properties
as well as their outstanding applications. Prussian blue
analogues (PBAs) are widely utilized in fuel cells, super-
capacitors, medicine, and energy storage systems depending on
their small particle size, redox chemistry, high charge transfer,
flexible molecular structure, and photomagnetic characteristics.
Owing to their high electronegativity and spectroscopic
features, the cyanide group (CN”) can combine with the
transition-metal results in producing large diversity complexes
with a great variety of coordination modes.”*~** Moreover, PB
exhibits a special structure anchored to the extended porosity
and transfer of charge carriers from cyanide bridge CN through
nitrogen or carbon atom to a metal center creating 1D, 2D,
and 3D nanomaterials with open frameworks.”>*> Despite the
aforementioned advantages, the PBAs have some drawbacks
such as low conductivity and molecular aggregation. To
optimize their performance and avoid these problems,
conductive nanoparticles including carbon nanotubes
(CNTs) or graphene could be combined with the PB
framework.”*>’ Moreover, a change in the transition metal
that linked nitrogen molecules to manganese (Mn), zinc (Zn),
iridium (Ir), ruthenium (Ru), cadmium (Cd), copper (Cu),
cobalt (Co), chromium (Cr), and palladium (Pd) creates novel
complexes with excellent structural, optical, magnetic, and
electrical properties.”*™>*

In this work, the PBA cobalt tetracyanonickelate hexacya-
nochromate (CoTCNi/HCCr) nanoparticle has been synthe-
sized to be used as nanocatalyst for catalytic reduction of 4-
nitroaniline. This modification potentially enhances the
catalytic activity and performance in the reduction process of
nitroaniline.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Sodium borohydride 98%
purity, 4-nitroaniline >99% purity, potassium tetracyanonick-
elate (II) [K,Ni(CN),] >99.9% purity, cobalt chloride
hexahydrate 98% purity, and potassium hexacyanochromate
(1II) [K5Cr(CN)g] 99.99% purity were purchased from Sigma-
Aldrich (Germany). Ultrapure water was obtained from
“Aquatron” Automatic Water Still A4000, Bibby Sterillin
Ltd., (Staffordshire, UK).

2.2. Preparation of PBA CoTCNi/HCCr. Separately, 0.6
mol of potassium tetracyanonickelate and 0.2 mol of potassium
hexacyanochromate were dissolved in 20 mL of double-
distilled water for 2 h using a magnetic stirrer. After that, the
metal cyanide salts were added together while continuously
stirring at room temperature for another 2 h. Cobalt chloride
hexahydrate (0.9 mol) was dissolved into double-distilled
water and then added dropwise to the mixture of metal cyanide
salts with continuous stirring for 3 h until a homogeneous
precipitate powder was formed. The obtained precipitate was
filtered with filter paper,d washed several times with double-
distilled water to remove the salt ions, subsequently dried at 70
°C for 20 h, and eventually calcined at 200 °C for 10 h.

2.3. Characterization. The synthesized PBA surface
morphology was examined via an electron microscope (SEM;
Japan Electro Company) connected to energy-dispersive X-ray
analysis for elemental mapping (EDX) to record the main

elemental composition and purity of the nanoparticles. The
mean size and microstructure of the nanosheets were identified
by transmission electron microscopy (TEM; Hitachi-H-7500,
Japan) worked at 200 kV. A Thermo Fisher Scientific
ESCALAB, USA was used for X-ray photoelectron spectros-
copy (XPS) analysis. To investigate the crystal structure of the
CoTCNi/HCCr complex, X-ray diffraction (XRD) (Model;
Rigaku Smart Lab.) was carried out at a wavelength 1.540 A
using Cu Ko radiation over a 26 range of 5—60°. The phase
content and composition were recorded by Raman spectros-
copy (Horiba Lab RAM HR Evolution). A PBA thin film was
deposited on glass substrates by spin coaters (SpinNXG-
P1AC). UV—vis optical absorbance was measured by a
spectrophotometer (Jasco-V-570) for studying the optical
properties of the thin film.

2.4. Study of the Catalytic Activity of PBA toward
Reduction of 4-Nitroaniline. The reduction of 4-NA to
pPDA was carried out in an aqueous medium utilizing sodium
borohydride as a reducing agent and PBA as nanocatalyst. The
UV—vis spectrophotometry method was utilized to track the
reaction’s progress. In this experiment, a quartz cuvette was
filled with 2.5 mL of ultrapure water, 100 pL of an aqueous
solution of 4-nitroaniline (C = 3 mM), 400 L of an aqueous
solution of NaBH, (C = 300 mM), and 50 uL of an aqueous
suspension of PBA (C = 1000 g mL™"). The UV—vis spectra
were recorded over the scanning range of 200—550 nm at
predetermined intervals. The progress of the reaction was
monitored by measuring the absorbance of 4-NA at various
time intervals at 380 nm at ambient temperature. Blank
experiments were additionally done by repeating the same
steps but in the presence of NaBH, only without catalyst.

3. RESULTS AND DISCUSSION

3.1. Structural, Composition, and Molecular Inter-
action Analysis. The XRD pattern of the PBA CoTCNi/
HCCr calcined at 200 °C in the air was presented in Figure la.
The diffraction peaks at 20 = 17.61°, 24.88°, 35.51°
corresponding to the reflection planes (200), (220), (400)
are well indexed to a face-centered cubic phase and matched
with the standard card (JCPDS No. 82-2284, space group
Fm3m).””*° As described, the pattern of broadening weak
peaks with low intensity suggests poor crystal structure and
small crystallite size of the nanomaterial PBA. The structure
disorder is attributed to the prepared PBA’s low annealing
temperature or the rapid reaction rate due to the
coprecipitation approach. Additionally, the presence of Cr-
(CN)g vacancy significantly impacts the PBA structure leading
to lattice strain induce porosity production especially when the
particle size of the PBA is reduced to the nanoscale
dimensions.*”"

The atomic composition and purity of the synthesized PBA
nanoparticles were recorded by EDX spectrum as described in
Figure 1b. The spectrum revealed the coexistence of the main
elements carbon (C), nitrogen (N), cobalt (Co), nickel (Ni),
and chromium (Cr) elements without further impurities or
unreacted ions.”> Despite the prepared nanomaterial’s high
purity, two EDX peaks were observed at 0.525 and 1.978 keV,
which were attributed to the presence of oxygen (O) and
iridium (Ir) inside the host framework material. It is important
to note that the spectrum of oxygen is owing to annealing the
sample at 200 °C in the air whereas the iridium element is
associated with coating the sample to improve its conductivity.

https://doi.org/10.1021/acsomega.2c05694
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Figure 1. (a) XRD, (b) EDX, (c) Raman spectra, and (d) XPS survey
for CoTCNi/HCCr nanoparticles.

The structure, phase, and molecular interaction of CoTCNi/
HCCr were visualized by Raman spectroscopy through the
wavenumber range from 200 to 3000 cm™". Raman spectra for
the PBA show the most intense Raman peak between 2100 and
2300 cm™" which is assigned to the cyanide stretching region.
For the PBA precursors, potassium tetracyanonickelate (II),

and potassium hexacyanochromate (III), cyanide stretching
has been reported in the literature to be 2132 and 2130 cm ™/,
respectively,”** and the cyanide peak is shifted when the
cyanometallate salt is coordinated with metal.” Figure 1Ic
shows four vibrational modes, the main strong Raman peak
located at around 2193 cm™' ascribed to Ni—~C=N-Co
molecular interaction. Generally, cobalt ions are octahedrally
connected to the nitrogen side of the (C=N)~ anion group
whereas nickel ions are connected to the carbon side of the
PBA framework. Additionally, the broad weak Raman band
observed at 520 cm™ is attributed to the chromium—carbon
Cr—C stretching vibration.>®*” In addition, the weak band
located at wavenumber 830 cm ™" belongs to the metal—oxygen
molecular interaction, which may be owing to chromium—
oxygen (Cr—O) vibration.”® Further, because of the highly
sensitive spectroscopic behavior of the cyanide group to the
coordinated metals, the weak Raman modes may be associated
with Cr—C=N-0 vibration. Moreover, the weak band at 320
cm™! is owing to Co—O stretching. It is worth noting that the
weak Raman bands is attributed to the lattice disorder or
presence of defects inside the lattice which are clearly matched
with the XRD pattern.””*’

The chemical composition of the nanomaterial surface was
investigated by XPS as a sensitive technique to explain the
surface compositions and chemical states of the pure PBA, and
the results are displayed in Figure 1d. The XPS survey spectra
reveal the presence of a characteristic peak at binding energy
equal to 398.60 eV related to the nitrogen atoms where the
peak for C 1s appearing at 286.98 eV confirmed the presence
of the nitrile group (C=N).””*' In the Ni 2p spectrum as
shown in the Supporting Information (Figure S1), two nickel
species could be identified in the Ni 2p XPS spectra; the Niy,
XPS spectrum corresponds to Ni** located at 856.0 and 873.9
where the Ni, 5, at nearly 856.06 and 873.57 eV os related to
Ni2*.*"** Furthermore, the O 1s region deconvoluted into one
peak at the 533.32 eV binding energies can be assigned to the
core level of oxygen in adsorbed water. Two intense peaks at
the 781.93 and 796.57 eV binding energies correspond to Co
2p3/, and Co 2p;, orbits appearing at a high-resolution XPS
spectrum of the Co 2p region. The survey spectrum of the
nanoparticles reveals the appearance of two peaks with their 3/
2 branch at 576.82 and 587.58 eV, which is associated with
Cr** where the peak at 578.58 eV binding energy can be
correlated to the presence of Cr®*.*

3.2. Microstructure and Morphological Analysis. The
microstructure, surface morphology, and particle distribution
of the PBA were identified from SEM and TEM demonstrated
in Figure 2. The SEM micrograph (Figure 2a) described the
particle growth in the nanosheet-like structure of high density
on the surface.*” The TEM at different magnifications shows
the prepared nanomaterial of irregular ultrathin sheets with a
large surface area. The mean size of the nanosheets was
estimated to be around 100—200 nm.™ As seen, some of the
nanosheets were aggregated together attributed to the high
surface energy and the size confinement effect.

3.3. Absorbance, Diffuse Reflection, and Energy Gap
of the CoTCNi/HCCr Thin Film. The UV—vis optical
absorbance of CoTCNi/HCCr coated on a glass substrate
thin film was measured through the UV—vis spectrum as
illustrated in Figure 3a. The spectrum has a strong absorption
band at 282 nm attributed to the interaction of incident
photon energy and the particles of PBA.***'Figure 3b
demonstrates the diffuse reflection of CoTCNi/HCCr as a

https://doi.org/10.1021/acsomega.2c05694
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Figure 2. (a) SEM and (b, c) TEM micrographs of PBA CoTCNi/
HCCr.

function of applied wavelength. The film exhibited peaks and
valleys inside the UV region attributed to the strong photon—
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Figure 3. (a) Absorbance spectrum, (b) reflectance spectrum, and (c)
energy gap plot of the PBA thin film.

electron interaction and scattering of the incident photon
energy on the film surface at different angles.””** The band gap
(Eg) is an important optical parameter that defines the
electronic characteristics and type of electron transition of the
nanomaterial. E, of the fabricated thin film was determined

g
from Tauc’s formula given by eq 1%

A
a=—(hv - E)"

hv( & (1)
where hv is the incident optical energy, A is the optical
absorbance, and @ is the optical absorption coeflicient
expressed as eq 2"
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_2.303A reaction mixture solution changed from bright yellow to
t 2) colorless after the reaction was finished.

where t is the thickness of the film was 300 nm. The E, was
evaluated by extending the straight line part of the (ahu)2
curve on the Y-axis to the energy on the X-axis at (ahv)> = 0
(Figure 3c) indicating a wide band gap of allowed direct
transitions.”” The optical behavior indicates the direct
transition of electrons through an optical band gap in the
range 3.70—4.05 eV. The photon energy greater than the band
gap means that more electrons transfer from to the conductlon
band leading to an increase in the free charge carriers.”
Further, the wide optical band gap materials have peculiar
properties in the biomedical field and chemical sensor devices
that can operate at much higher applied frequencies and high
temperatures. Also, it can easily absorb or emit ultraviolet light
with high performance.

3.4. Catalytic Reduction of 4-Nitroaniline Using PBA.
Nitroanilines are hazardous environmental contaminants
which are released by several industries. Therefore, it is
necessary to transform them into less harmful compounds, like
p-phenylenediamine (p-PDA). The catalytic activity of PBA
was investigated by reducing 4-NA to utilize NaBH, as a
reducing agent in aqueous media as presented in Figure 4. The

NH
2 NH,
NaBH,4
NO, PBA (CoTCNi/HCCr) !
4-nitroaniline p-phenylenediamine

Figure 4. Reduction of 4-nitroaniline to p-phenylendiamine by
NaBH, using PBA (CoTCNi/HCCr) as nanocatalyst.

reduction process was monitored by UV—vis spectrophotom-
etry by scanning at definite intervals.”’ It was found that the
peak of 4-NA gradually decreased at 380 nm with time and
completely vanished after 270 s as shown in Figure S.
Furthermore, a new peak corresponding to p-phenylenedi-
amine (p-PDA) was simultaneously observed at 240 nm.”” The

14
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~ 1.0 1
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Figure 5. UV-—vis spectra for the reduction of 4-nitroaniline
compound by PBA (CoTCNi/HCCr) at various time intervals.

Additionally, reduction of 4-NA utilizing NaBH, was tested
in the absence of the nanocatalyst, Figure 6. It was found that a

14 380 nm
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038 -

056

Absorbance (a.u.)

04
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0.0 T T T
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Figure 6. UV-—visible spectra for the reduction of 4-nitroaniline
compound without using a catalyst.

very small amount of 4-NA was reduced to p-PDA in 15 min
due to the slowness of the reduction reaction. Even though the
reduction of 4-NA by NaBH, is thermodynamically favorable,
the substantial energy barrier between the electron donor and
electron acceptor species makes it kinetically unfavorable.”
Consequently, PBA plays a crucial role in the transport of
electrons from BH, ' to 4-NA by overcoming the energy
barrier and, hence, quickens the reduction process.

A pseudo-first-order kinetic model was utilized to assess the
rate constant for reduction of 4-NA because the NaBH,
concentration was present in excessive amount relative to 4-
NA concentration. As a result, it was assumed that the rate of
reaction was solely reliant on the concentration of 4-NA. The
utilized pseudo-first-order kinetic equation is described as
In(C,/C,) = —kt>* However, the ratio of C/C, can be
computed in terms of absorbance ratio A,/A, since it is equal at
380 nm. A plot of In (A,/A,) against time for the reduction of
4-NA utilizing PBA (CoTCNi/HCCr) as a catalyst is
illustrated in Figure 7. It was observed that the value of
In(A,/A,) decreased with time due to a decrease in 4-NA
concentration, and k was determined from the slope of the

0.5 Time (seconds)

0

100 150 200 250 300

-0.5
—_ -1
< 4
~ K=0.0103 sec!
E 2
2.5

Figure 7. Kinetics plot of In(A,/A,) against time for reduction of 4-
nitroaniline using PBA (CoTCNi/HCCr) as nanocatalyst.
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illustrated plot which was found to be 0.0103 s™'. Moreover, a
comparison of the catalytic activity of the proposed PBA
(CoTCNi/HCCr) was done with the other catalysts reported
in the literature, and the results are illustrated in Table 1. It is
clear that PBA (CoTCNi/HCCr) has excellent catalytic
activity in the reduction of 4-nitroaniline when compared to
the other catalysts in the literature.

Table 1. Comparison of the Catalytic Efficiency of the
Suggested Prussian Blue Analogue (PBA) (CoTCNi/HCCr)
with the Other Reported Catalysts for Reduction of 4-
Nitroaniline

Total Reduction

Catalyst Time K Ref
RGO-Ni NPs 190 min 1.296 X 107> min™" 55
Cu—CuO 8 min 0.305 min™* 56

nanocomposite
CuNi/Co;0, 21 min 171 X 107 min™" 57
(PbA) (CoTCNi/ 270 s 0.0103 57! our
HCCr) work

3.5. Effect of Catalyst Dose and pH of Medium on
Catalytic Activity of PBA (CoTCNi/HCCr) Nanocatalyst.
During optimization, the effect of the catalyst dosage was
initially investigated. It has been demonstrated that the
reaction was very fast upon increasing the catalyst dosage to
100 pg so the optimum utilized catalyst dosage was 50 pg as a
lower dose exhibited longer reduction time. Consequently, the
chosen catalyst dosage was 50 pg at which the total reduction
time occurred within 270 s with calculated rate constants (k)
equals 0.0103 s,

Moreover, the influence of pH on the catalytic reduction of
4-NA by NaBH, was examined under three various conditions
(acidic; pH S, neutral; 7 and basic; pH 9). The reduction rate
was investigated while maintaining the nanocatalyst concen-
tration and other factors constant. The optimum catalytic
reduction of 4-NA was found to be under neutral conditions
(pH 7). However, as the pH declined, the rate slowed down
and a very small amount of 4-NA (8%) was reduced in 14 min
probably due to the fact that NaBH, hydrolyzes quickly in
acidic medium. Nevertheless, the reduction rate was moderate

in the alkaline medium as the total reduction time occurred
within 330 s, which is slightly higher than the neutral pH.

3.6. Reusability of the Proposed PBA (CoTCNi/HCCr)
Nanocatalyst. The reusability of the suggested nanoparticles
PBA (CoTCNi/HCCr) was tested to evaluate their practical
catalytic applications. This was done by repeating the
reduction process using the same catalyst. A new batch of 4-
NA was added to the reaction mixture after finishing one
catalytic reduction cycle without catalyst regeneration. It was
found that the PBA (CoTCNi/HCCr) catalyst exhibited
nearly the same catalytic performance after five successive
reaction cycles. The total reduction time slightly increased.
Nevertheless, the PBA (CoTCNi/HCCr) was still able to
completely and quickly reduce 4-NA to p-PDA even in the
absence of regeneration, demonstrating good catalytic activity
and high stability of these PBAs in this process. Moreover, the
reusability experiments of the proposed nanoparticles demon-
strated that approximately 95% of 4-NA was reduced even after
the fifth cycle, which indicates that they have good perform-
ance stability (Figure 8).

4. CONCLUSION

In this work, novel PBA nanoparticles were successfully
synthesized via chemical coprecipitation to be used as an
efficient nanocatalyst for the reduction of nitroanilines. PBA
(CoTCNi/HCCr) was characterized by various techniques
such as XRD, EDX, XPS, Raman spectroscopy, SEM, and
TEM. The PBA nanoparticles are highly promising candidates
for fast reduction of the environmentally hazardous 4-NA into
the respective harmless p-PDA. The total reduction time of 4-
NA occurred within 270 s with calculated rate constants (k)
equal to 0.0103 s™'. Eventually, the proposed PBA nano-
particles could be used as potential nanocatalysts for the
reduction of other hazardous nitroaromatics and pave the way
toward future applications in biomedical and catalytic fields.
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