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Abstract

Nickel-ruthenium loaded on magnesium—aluminium hydrotalcite materials were prepared by a post-synthetic method. The
textural and physicochemical properties of the materials were systematically characterised by Fourier transform infra-red
(FT-IR), powder X-ray diffraction (XRD), scanning electron microscope (SEM), nitrogen sorption, and X-ray photoelectron
spectroscopy (XPS) analysis. The uniform distribution of bimetallic Ni-Ru on hydrotalcite support was evident from the
powder XRD and HRTEM analysis of the used catalysts. The hydrogen temperature-programmed reduction profile reveals
strong adsorption of hydrogen on the surface of the catalysts. The resultant materials show promising catalytic activity for
nitrobenzene reduction under ambient reaction conditions. The formation of metallic nickel and ruthenium on the surface
of hydrotalcite under the reaction conditions was evident through powder XRD analysis of the sample obtained under reac-
tion condition. The reaction showed first order kinetics with respect to nitrobenzene. Furthermore, the catalytic activity
remained intact for several cycles, and the catalysts also showed promising activity for the reduction of several substituted
nitroarene molecules.
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1 Introduction

The selective reduction of aromatic nitro compounds to
corresponding amine derivatives is an industrially impor-
tant process. Aromatic amines are important raw materials
and intermediates in the production of pharmaceuticals,
dyes, pigments, agricultural chemicals (pesticides and her-
bicides), photographic materials, surfactants, textile auxil-
iaries, polymers (mainly polyurethane), chelating agents,
and antioxidants [1-5]. The main challenge in the selec-
tive reduction of nitrobenzene to aniline is the formation
of toxic phenyl hydroxylamine intermediates, which are
unstable and form colored azo and azoxy derivatives [6,
7]. The oldest method used in the industrial production of
aromatic amines is the Bechamp reaction, which involves
the use of iron and water in the presence of hydrochloric
acid to reduce the nitro-group to the amine. However, it
has limitations due to serious pollution issues [8]. Now a
days, the large-scale manufacturing of aniline is carried
out by the catalytic hydrogenation of nitrobenzene over
a variety of transition metal-based catalysts such as Ni,
Cu, Co, Fe, Ag, Pt, Pd, Ru, etc., either in the liquid phase
or vapour-phase as well as electrochemical process [3, 4,
9]. Recently, we have demonstrated NiRu-hydrotalcite-
type material for the selective reduction of aromatic nitro
compounds to corresponding anilines [10]. However, a
comparatively high amount of (~ 4.2 wt.%) ruthenium pre-
sent in the catalyst (NiRu-1:0.2) may not be economically
viable. In the present study, following the limelight on our
previous work, we have attempted to develop environmen-
tally friendly, economically viable hydrogenation catalysts
for the selective reduction of nitrobenzene to aniline. In
this context, here, nickel ruthenium containing magne-
sium—aluminum hydrotalcite (MANR) catalysts were pre-
pared by supporting a bimetallic Ni-Ru redox system on
a magnesium-aluminium hydrotalcite (HT) support and
investigated for the above mentioned reaction. The choice
of bimetallic NiRu system on Mg—Al hydrotalcite support
was based on the significant properties such as relatively
inexpensive and highly abundant nickel and noble metal
characteristics of ruthenium [10, 11]. Further, metal oxides
derived from hydrotalcite precursors are widely used as
potential supports for the dispersion of metal nanoparti-
cles, since they possess excellent adsorption capacity, tun-
able acidic-basic properties, high surface area, structural
stability, etc. [10-18]. Hydrotalcite-derived metal oxides
as catalytic supports offer significant benefits for achieving
green organic synthesis, potential catalytic activity and
selectivity, tolerance of a wide range of reaction condi-
tions, and a simple work-up procedure facilitates easy
catalyst recovery and reuse [18-25]. In the present work,
a series of nickel-based bimetallic (nickel-ruthenium)
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catalysts have been prepared on Mg—Al hydrotalcite sup-
port and investigated the activity of the catalysts for the
reduction of nitrobenzene and its derivatives.

2 Materials and Methods

2.1 Preparation of MgAl Hydrotalcite Support
Having Different MgAl Ratios

Solution A was prepared by dissolving 34.72 mmol of
Mg(NOs;), and 17.48 mmol of AI(NO;), in 96 mL of water.
Solution B was prepared by dissolving 25.79 mmol of
Na,COj; and 125.89 mmol of NaOH in 85.6 mL of water.
Solution B was added to Solution A with constant stir-
ring at 60 °C for one hour. The resulting precipitate was
allowed to age for 18 h at 60 °C. The precipitate was filtered,
washed with deionised water, and dried at 70 °C overnight.
The obtained hydrotalcite material with Mg: Al ratio of 2:1
was calcined at 400 °C for 4 h and labelled as MA(2:1).
For comparison, MgAI-HT support with different magne-
sium to aluminium (Mg:Al) molar ratios of 1:1 and 3:1 were
also prepared using a similar procedure as described above,
and the resultant samples were labelled as MA(1:1) and
MA(3:1), respectively.

2.2 Wet-Impregnation of Ni and Ru
on the Hydrotalcite Support

The nickel and ruthenium with the molar ratio of 3:1 hav-
ing good alloying properties [26], which is equivalent to
about 2 and 1 wt. % of Ni and Ru respectively were intro-
duced on the surface of Mg—Al hydrotalcite as per the fol-
lowing procedure. A metal salt solution was prepared by
dissolving 0.75 mmol of Ni(NO;), 6H,0 and 0.25 mmol of
RuCl;.3H,0 in 4.45 mL of water (0.8 mL/g of support).
The resultant clear solution was introduced into the support
drop by drop with continuous agitation. The wet-impreg-
nated sample was allowed to age at room temperature for
3 h and dried at 70 °C overnight. Then, the sample was
calcined at 400 °C for 4 h and labelled as MANR(2:1). For
comparison, NiRh and Nilr supported on MgAl hydrotalcite
were also prepared using a similar procedure and labelled
MANRh(2:1) and MANI(2:1), respectively. The NiRu-sup-
ported catalysts were also prepared on the supports with
different Mg—Al ratios and labelled as MANR(1:1) and
MANR(3:1) respectively.

2.3 Characterization of the Catalyst
FT-IR spectra were recorded on a JASCO-4700 FT-IR spec-

trometer in the range of 400-4000 cm™! using KBr pellets.
These spectra were collected with 4 cm™! resolution and 60
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scans in the mid-IR (400—4000 cm™") region. Powder X-ray
diffraction (XRD) analysis of the samples was performed
on a Rigaku miniflex (300/600), Japan X-ray diffractom-
eter with Cu-Ka radiation (A =1.54059 A) in the 20 range
of 3-70° with a scan speed and step size of 0.005 min~!
and 0.05°min~! respectively. Thermal decomposition of the
samples was analysed using a thermal analyser (simultane-
ous thermal analyser 600, PerkinElmer). Diffuse-reflectance
UV-Visible spectra of the samples were recorded on Shi-
madzu UV-2600 double-beam spectrophotometer with the
help of BaSO, as reference. N, adsorption—desorption meas-
urements were carried out at—196 °C using an automatic
micropore physisorption analyser (Micromeritics ASAP
2020, USA) after the samples were degassed at 150 °C for
at least 10—12 h under 0.133 Pascal pressure prior to each
run. The Brunauer-Emmett-Teller (BET) surface area was
calculated in the relative pressure range of 0.05-0.3, over
the adsorption branch of isotherm. A Phillips Technai G>
T30 scanning electron microscope (SEM) at 300 kV was
used to analyse the morphologies and sizes of the resultant
materials. Transmission electron microscopy (TEM) images
were acquired on a FEI-TECNAI G*-20 TWIN with a LaBg
filament. The concentration of nickel and ruthenium pre-
sent in the fresh and used catalysts were determined using
ICP-AES (SPECTRO Analytical, Germany). A custom-built
ambient pressure photoelectron spectrometer (APPES; Pre-
vac, Poland) equipped with a VG Scienta R3000HP analyser,
and an MX650 monochromator was used for the X-ray pho-
toelectron spectroscopy of the sample. The reducibility of
the materials was determined by temperature-programmed
reduction (TPR) studies using BELCAT-M (JAPAN). After
the catalyst sample was purged with Ar at 100 °C for 30 min,
the gas flow (30 mL min™') was switched to a 5 vol.% H,
in Ar mixture before TPR analysis. The analysis was car-
ried out between 100 °C and 600 °C at a heating rate of
10 °C min™'. Hydrogen consumption was monitored using
a TCD detector.

2.4 Hydrogenation Reactions

In a typical catalytic reaction, 2.5 mmol of nitrobenzene
was dissolved in 1 mL of isopropyl alcohol (IPA) in a glass
batch reactor. About 0.05 g of the catalyst was added to the
solution with continuous stirring at 80 °C in nitrogen atmos-
phere. When the reaction mixture attained the desired reac-
tion temperature, 5 mmol of hydrazine hydrate was added
with continuous stirring for 6 h. After the completion of the
reaction, the reactor was cooled down to room temperature
and the products were extracted with 2 mL of IPA and ana-
lysed by gas chromatography (GC) (Mayura Analytical 1100
series gas chromatograph with FID detector, and ZB-5 col-
umn (Zebron, 30 m (Ilength) X 0.32 mm (i.d.), 0.25 pm (film
thickness)). The procedure of GC analysis was as follows:

an initial oven temperature was maintained at 70 °C and the
oven temperature was ramped at 10 °C min~! until it reached
250 °C and held for 2 min. The conversion of nitrobenzene
and the selectivity of the products were calculated based
on standard methods using authentic samples. The products
were confirmed by gas chromatography coupled with mass
spectrometry (GC-MS). Further, the kinetics of the reaction
studied by collecting samples at different time interval at
various reaction temperature.

3 Results and Discussion
3.1 FT-IR Characterization of the Catalyst

FT-IR spectra of the magnesium—aluminum hydrotalcite
(HT) support and various nickel-based bimetallic catalysts
on the support are shown in Figs. S1—S3. The supports
show three typical IR active vibrations of hydrotalcite-like
compounds, i.e. molecular vibrations of hydroxyl groups
(3000—3700 cm™!), lattice vibrations of octahedral lay-
ers (below 1000 cm™'), and vibrations of interlayer ani-
ons (1351 cm™!). The stretching and bending vibrations of
hydrogen-bonded hydroxyl groups present in the brucite-like
layers can be identified in the region of 3000—3700 cm ™.
The bending mode of interlayer adsorbed water molecules
appears at approximately 1635 cm™!. Lattice vibrations of
the octahedral layers can be observed below 1000 cm™!
region of the spectra, which can be assigned to the stretching
modes of the A1—O bond (approximately 777 and 551 cm™)
and stretching modes of the Mg—O bond (approximately
661 cm™!). The band found at approximately 1351 cm™' cor-
responds to the v; mode of the interlayer carbonate (CO5>")
anion. In the fundamental region of 400—1000 cm™ !, the
wet-impregnated calcined samples show three bands at
approximately 835, 792, and 660 cm™!, corresponding to
the M-O vibrations of the lattice frame work of octahedral
layers [19-21].

3.2 XRD Analysis of the Catalysts

Figure S4 shows the powder XRD patterns of synthesised
Mg-Al HT with different Mg/Al molar ratios. All the sam-
ples demonstrated well defined reflection patterns of seven
characteristic peaks of layered hydrotalcite structure cor-
responding to (003), (006), (012), (015), (018), (110), and
(113) planes at 20 values of 11.5 °, 23.2 °, 34.6 °, 38.9 °,
46.2 °,60.7 °, and 62.7 ° respectively [19-22]. XRD patterns
of the corresponding calcined (400 °C for 4 h) samples are
shown in Fig. S5. The obtained reflection pattern shows the
characteristics of mixed oxide derived from MgAl,O, spi-
nel and MgO periclase phases. The characteristic reflections
of spinel phase MgAl,O, appeared at 20 =~ 29.2 °, 31.8 °,
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33.2°,38.9°,47.6°,59.4 °, and 64.4 ° with a contribution
of MgO periclase phase at 20 =~ 35.2 °, 43.1 °, and 62.3 °
respectively [19-23].

Figure 1 shows the XRD patterns of NiRu on MgAl-HT
support. The X-ray reflection of the NiRu supported on
MgAI-HT exhibits XRD patterns similar to those of MA
samples. The obtained pattern shows the peaks correspond-
ing to Mg(AILNi)O periclase at 20 ~ 35.5 °,43 °, and 62.5 °
with the presence of MgAl,O, or NiAl,O, spinel phase. The
absence of any reflections corresponding to the RuO, can
be attributed to the uniform distribution of ruthenium spe-
cies in the form of solid solution with nickel on the surface
of HT matrix [24, 25, 27, 28]. Figure S6 shows the powder
XRD patterns of the catalysts prepared with NiRu, NiRh,
or Nilr on MgAI-HT support. Figure S6 shows that all the
samples exhibit presence of hydrotalcite, MgAl,O, spinel,
and Mg(AlNi)O periclase phases. In all these cases, there
is no segregated bulk oxide, which indicates the uniform
distribution of nickel and noble metal ions on the surface of
hydrotalcite support [24, 25, 27, 28].

3.3 Textural Properties of the Materials Using BET
and SEM Analysis

Figure 2 shows the N, adsorption—desorption isotherms of
the bimetallic nickel catalysts on the HT support. MANRh
(2-1) and MANI (2-1) exhibit type IV isotherms with
H3-type hysteresis, which is characteristic of porous solids
with non-rigid aggregates of plate-like particles with slit-
shaped pores. The MANRWC sample exhibits a type IVa
isotherm with a H2b hysteresis loop, which is associated
with mesoporous solids with a complex network-type pore
structure [29, 30]. Specific surface area values of these mate-
rials are summarized in Table 1, which are all in the range
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Fig.1 Powder XRD pattern of (a) MANR (1:1); (b) MANR (2:1);
(c) MANR (3:1). (White filled diamon)HT; (Black filled diamond)
MgAI204 or NiAl204 spinel; (Black filled downward triangle) Mg
(ALNi)O periclase
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Fig.2 Nitrogen sorption isotherms of (a) MANR(2:1), (b) MANRh
(2:1) and (c) MANI(2:1) (filled symbols represent adsorption and
open symbols represent desorption)

of the hydrotalcite matrix. SEM images of the nickel-ruthe-
nium, nickel-rhodium, and nickel-iridium on the Mg—Al HT
support are shown in Fig. S7. All the samples exhibited non-
uniform distribution of particles with irregular morphology.

3.4 XPS Investigation of the Catalysts

The surface oxidation states of the metal ions present in the
synthesised materials were determined by XPS measure-
ments. Figure 3 shows the XPS results of the Ni 2p core
level spectra of the MANR (2:1), MANRh (2:1), and MANI
(2:1). The binding energies of Ni 2p;,, and Ni 2p,,, appear
very similar in all these samples. The Ni 2p spectrum of all
the samples consists of a main peak of Ni 2ps, at the bind-
ing energy value of 855.8 eV with a broad satellite peak at
861.9 eV, whereas the Ni 2p,, located at the binding energy
value of 873.6 eV with a satellite peak at §79.7 eV. The
observed binding energy values could be assigned to the
species of Ni** (NiO), strongly interacting with the magne-
sium—aluminium HT support [10, 27].

Similarly, the XPS profiles of Ru, Rh, and Ir species pre-
sent in the materials are shown in Fig. 4. It can be observed
that Ru 3d;,, peak exhibits a binding energy value of 285 eV,
which corresponds to the hydrated RuO, present in the
Mg-Al HT-based support. Similarly, the Ir 4f core level

Table 1 Textural properties of the supported catalysts

Catalyst BET surface area  Pore volume Average
m’g™) (em’g™h) pore size
(nm)
MANR(2:1) 41.9 0.131 125
MANRh(2:1) 164.9 0.753 18.2
MANI (2:1) 54.8 0.324 23.6
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Fig.3 XPS of Ni 2p in (a) MANR (2:1), (b) MANRR(2:1) and ¢
MANT (2:1)

spectra of the MANI (2:1) sample shows a prominent peak
of Ir 4f,,, at the binding energy of 63.1 eV, indicating the
presence of Ir in the + 3 oxidation state. The Rh 3ds, spec-
trum for the MANRh (2:1) sample shows the peak at the
binding energy value of 305.36 eV with a satellite peak at
309.85 eV and can be assigned to trivalent rhodium species
present in the surface of the support [10, 27, 31, 32].

3.5 TPR Analysis of the Catalysts

TPR profiles of various MANR samples are shown in Fig. 5.
The redox properties of MANR materials prepared with dif-
ferent Mg—Al ratios were studied using TPR with hydrogen.
TPR studies can help us to understand the most suitable
reduction conditions for supported bimetallic nickel-ruthe-
nium catalysts. The presence of a single as-symmetric peak
in the temperature range of 400-600 °C suggests the pres-
ence of a uniform distribution of bimetallic Ni-Ru on the
surface of the HT support. It is observed that the increase
in the Mg—Al ratio increases the shift in the reduction peak

_— 561

TCD Signal (a.u.)

200 300 400 500 600 700
Temperature ( °C)

Fig.5 TPR profiles of (a) MANR (1:1), (b) MANR (2:1) and ¢
MANR (3:1)

towards the higher temperature region. This suggests that
a decrease in the aluminium content in the MgAI-HT sup-
port facilitates strong basic sites, which further increases the
metal-support interaction. The sample MANR (2:1) shows
the highest reduction temperature, which can be attributed to
the strong basicity of the sample resulting in strong interac-
tions with Ni** and Ru™" ions introduced by the wet impreg-
nation method. The sample MANR (1:1) has the lowest
metal reduction temperature and shows two distinguishable
reduction peaks corresponding to the non-uniform distribu-
tion of nickel and ruthenium ions present on the support
[10, 26, 33].

Figure S8 shows the TPR profile of various nickel-based
bimetallic (Ni-Ru, Ni-Rh, and Ni-Ir) catalysts. Among the
various catalysts, MANRh(2:1) shows the lowest reduc-
tion temperature in the range of 423 °C. The lowest reduc-
tion temperature may be attributed to the weakest interac-
tion of nickel-rhodium ions with the support. Moreover,
MANI(2:1) and MANR (2:1) samples exhibit higher reduc-
tion temperatures in the range of 550 °C, indicating their
strongest interaction with the support [10, 26, 33].

~ 2 Ru 3d3/2 b Rh 3d3/2 c Ir 4f
=
<
N’
@
~
=
=]
(=]
Q
292 288 284 280 276 312 308 304 300 68 64 60

Binding Energy

Fig.4 XPS spectra of a MANR (2:1) for Ru 3d level and b MANRh (2:1) at Rh 3d level and ¢ MANI(2:1) for Ir 4f level
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4 Catalytic Reduction of Nitrobenzene
Using Various Catalysts

The resultant nickel-based bimetallic catalysts were
explored for the reduction of nitrobenzene to aniline with
hydrazine hydrate as the hydrogen source and isopropyl
alcohol as the solvent (Scheme 1). The results are sum-
marized in the following section.

The reduction of nitrobenzene can take place in several
ways, i.e. either through direct route via the formation of
nitrosobenzene and phenylhydroxylamine as intermedi-
ates or through a condensation route via the formation
of azoxy benzene, azobenzene, and hydrazobenzene as
intermediates. The condensation route is favoured under
basic conditions. In the present study, NiRu, NiRh and
Nilr supported on magnesium—aluminium hydrotalcite
support gives aniline as the major product with a consid-
erable amount of azoxybenzene and azobenzene as the
by-products, thereby demonstrating that the reduction of
nitrobenzene proceeds through the condensation route
due to the basicity offered by the magnesium—aluminium
hydrotalcite support of the catalysts [10, 34-37].

4.1 Performance of Various Nickel-Based Bimetallic
Catalysts on MgAl Hydrotalcite Support Having
Different Mg/Al Ratios on the Reduction
of Nitrobenzene

Our initial efforts were focused on the reduction of nitroben-
zene using various nickel-based bimetallic catalysts, and the
results are shown in Table 2.

Among the various catalysts studied, Ru and Rh on
MgAl-hydrotalcite support with different Mg/Al ratios,
affording a complete conversion of nitrobenzene, and Ni-Ir
based catalyst shows comparatively less conversion. Among
all the catalysts supported on MgAl-hydrotalcite support,
those with Mg/Al ratio of 2:1 showed better conversion and
selectivity to aniline under the optimum reaction conditions.
The optimum basicity offered by the support compiled with
the redox properties of the bimetallic system may facilitate
better nitroarene conversion and aniline selectivity. The oxy-
anion present on the surface of hydrotalcite support facili-
tate to interact with nitrogen center of the nitrobenzene,
which enhances the electron density in the oxygen centers
of nitrobenzene and facilitate the abstraction of protons from
the metal surface (Scheme 2). Bimetallic nickel-rhodium
supported catalysts show a complete conversion with high
selectivity to aniline, irrespective of the Mg/Al ratio of the
support. The synergic effect of bimetallic Ni-Rh system on

Direct route

0 -0
\N.
@ 2H*4 @ +2H'+ 2¢ @ F2H'+ 2¢"
'“s()
nitrobenzene nitrosobenzene l’hcnylh_\idmxylammc Aniline
Condensation route a
| .
L ~
O-
N N N
~ ~ N
“N OH* N “N
— F2H + 2¢ H
-H,0 ——
Azoxybenzene Azobenzene

hydrazobenzene

Scheme 1 Possible reaction pathways for the reduction of nitrobenzene [10, 36, 37]
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Table2 Reduction of nitrobenzene using various nickel-based
catalysts*

Catalyst % Conver- % Selec- % Selectiv- % Selectivity
sion tivity ity azoben- azoxyben-
aniline zene zene
MANR(1:1) 100 55.5 15.8 28.5
MANR(2:1) 100 68.3 18.9 12.7
MANR@3:1) 100 332 28.4 384
MANRh(1:1) 100 87.9 10.5 1.5
MANRh(2:1) 100 90.4 8.5 1.1
MANRAO(3:1) 100 74.2 16 9.7
MANI (1:1) 339 96.9 0.5 2.5
MANI2:1) 67.3 62.2 4.9 329
MANI@3:1) 27.4 100 0 0
NiRw/ALO; 515 68.4 8.8 22.8
NiAl-HT 58.5 86 22 11.7

*Reaction conditions: Nitrobenzene 2.5 mmol, hydrazine hydrate
5 mmol, catalyst 0.05 g, T=80°Candt=6h

basic Mg/Al hydrotalcite support may help in controlling
the release of hydrogen by the decomposition of hydrazine
hydrate, which may favour the complete conversion with the
exclusive formation of aniline. However, the higher cost of
rhodium is the main drawback for its large-scale use; there-
fore, our focus has been devoted to the next best system,

T
--T

i.e. nickel-ruthenium on Mg/Al HT support. In the present
study, the MANR catalyst contains nickel and ruthenium in
the molar ratio of 3:1 and are supported on the surface of
Mg-Al hydrotalcite. The basis for selecting the typical cata-
lyst composition was the superior catalytic activity of NiRu-
hydrotalcite type materials possessing nickel and ruthenium
in the molar ratio of 3:1 for the hydrogenation of biomass
model compounds and nitroarenes as well as their high
alloying properties [10, 26]. Nickel-ruthenium on MgAl-
HT support with Mg/Al ratio of 2:1 (MANR (2:1)) resulted
in complete conversion of nitrobenzene with 68% selectivity
to aniline in the presence of a considerable amount of azoxy
and azobenzene as the side products. Furthermore, all these
studies have been carried out using a MANR (2:1) catalyst.
Bimetallic Ni-Ru on acidic support (NiRu/Al,O5) showed
only 51% conversion of nitrobenzene. The reaction did not
proceed without the catalyst, which showed only less than
1% conversion.

4.2 Influence of the Volume of Solvent
on the Conversion of the Reaction

The catalytic activity of the MANR (2:1) sample was further
studied using different volumes of solvent (isopropanol). The
results of our study are depicted in Fig. 6.

— ——
O ® ® o
-H,0 l
H HN_+ -H H r_N
®,. = - i 0% 5
| |:| B i l" H .
@ @ @ ;
-H,0 1
NH, H Hydrotalcite support

H
@,
1 H OH or O

‘ " Basic sites

Scheme 2 Plausible mechanism of the hydrogenation of nitrobenzene over the surface of MANR (2:1) catalyst
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—=&— % Conversion —®— % Selectivity of aniline
100 4 —A&— % Selectivity azobenzene —¥— % Selectivity azoxybenzene

I o ©
=) =] =
1 L 1

% Conversion / Selectivity
N
o
1

o
1

3 4 5

Volume of solvent (mL)

1 2

Fig.6 Effect of volume of solvent on the reduction of nitrobenzene®.
*Reaction conditions: nitrobenzene 2.5 mmol, hydrazine hydrate
5 mmol, catalyst=0.05 g, T=80°Cand t=6h

It can be noticed from Fig. 6 as the volume of the solvent
increases, the conversion of nitrobenzene steadily decreases.
The use of a minimum solvent facilitates better substrate-
active site interactions, resulting in complete nitrobenzene
conversion with 68% aniline selectivity. The preferential
adsorption of hydrogen species obtained from hydrazine
hydrate is the first step in the reduction of nitrobenzene
[38]. The concentration of adsorbed hydrogen species on
the catalyst surface and accessibility of the reactant to the
catalyst surface demonstrate a decrease in the presence of a
large solvent volume. The competitive adsorption of solvent
on the active surface could likely be the reason for the low
conversion of nitrobenzene when a large volume of solvent
was used. Therefore, in order to retain the maximum con-
version and selectivity, all the reactions were carried out in
1 mL of isopropanol.

4.3 Evaluation of Various Solvents on the Reduction
of Nitrobenzene

The catalytic activity of MANR(2:1) using different solvents
was investigated. The results of our investigation are shown
in Fig. 7.

The polarity index of the solvents used in the present study
is in the order: hexane < toluene < isopropanol < dimethylfor-
mamide (DMF). As can be seen in Fig. 7 the extremely polar
and protic nature of DMF solvent (polarity index 6.4) yields
a less conversion. The use of other solvents such as iso-
propanol, toluene and hexane, increased the conversion with
increasing polarity of the solvents. The use of the least polar
solvent i.e. hexane (polarity index 0.1), yielded 56% conver-
sion with selective formation of aniline as the product. In the
presence of non-protic moderate polar solvent like toluene
(polarity index 2.4), the reaction showed 76% conversion
with 63% aniline selectivity and with the formation of a
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% Selectivity of aniline
nzene N\ % selectivity of azoxybenzene
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% Conversion / Selectivity
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Fig.7 Evaluation of different solvents on the reduction of
nitrobenzene*. ¥Reaction conditions: nitrobenzene 2.5 mmol, solvent
1 mL, hydrazine hydrate 5 mmol, catalyst=0.05 g, T=80 °C and
t=6h

considerable amount of azo and azoxy byproducts. Isopro-
panol with a polarity index of 3.92 resulted in complete con-
version of nitrobenzene with 68% selectivity to aniline and a
considerable amount of azo and azoxy byproducts. It can be
concluded that the use of protic polar solvent does not favour
the reaction, whereas iso-propanol, with optimum polarity,
as the solvent facilitates a complete conversion. The forma-
tion of azo and azoxy byproducts was negligible when a less
polar solvent (hexane) was used for the reaction. Among the
various solvents studied (hexane, toluene, isopropyl alcohol
and dimethylformamide), isopropyl alcohol has the lower
reduction potential and can act as optimum hydrogen donor
under the reaction condition and facilitates better conversion
for nitroarene reduction [39]. The reduction of nitrobenzene
was also carried out without a solvent which yielded a bet-
ter conversion of 93% with 81% selectivity to aniline. The
improved nitrobenzene conversion and selectivity to ani-
line can most likely be attributed to the free accessibility of
hydrogen species on the active sites of the catalyst and the
ease of accessibility of the reactant to the catalyst surface in
the absence of solvent. Therefore, to improve the selectivity
to aniline, all the reactions were carried out without using
any solvent.

4.4 Effect of Hydrazine Ratio on the Reduction
of Nitrobenzene

To understand the role of isopropyl alcohol as a hydrogen
source, first the reaction has been carried out without using
the hydrazine hydrate and it is observed that the reaction
does not proceed further. This may be because under the
mild reaction condition, isopropyl alcohol may not be able
to act as a hydrogen donor. In order to improve the selectiv-
ity of aniline, the reaction was further explored by varying
the amount of hydrogen source, that is, hydrazine hydrate,
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and the results are shown in Fig. 8. It can be observed from
Fig. 8 that the conversion of nitrobenzene and selectivity
of aniline increased with increasing ratio of hydrazine. The
reaction carried out using nitrobenzene-to-hydrazine ratio of
1:3 yielded 100% conversion with 82% selectivity to aniline.
The selectivity of aniline remains almost unchanged on fur-
ther increasing the nitrobenzene-to-hydrazine ratio.

4.5 Effect of Substrate-to-Catalyst Ratio
in the Reduction of Nitrobenzene

The reaction was also studied by varying the substrate-to-
catalyst ratio, as shown in Fig. 9. As the substrate-to-catalyst
ratio increased, the conversion of the reaction decreased.
When the substrate-to-catalyst molar ratio was 120, the
reaction showed 100% conversion with 68.3% selectivity of
aniline. The reaction showed better conversion (92.6%) with
improved selectivity (81%) to aniline when the substrate-to-
catalyst ratio was 240. A further increase in the substrate-
to-catalyst ratio drastically decreased the conversion (67%).

4.6 Reduction of Nitrobenzene Using Various
Bimetallic Catalysts

In order to understand the importance of NiRu bimetallic
system for nitrobenzene reduction, the reaction was studied
using bare hydrotalcite, monometallic nickel, and ruthenium
supported on HT, and these results were compared with
that of MANR (2:1) catalyst. The results are summarized in
Fig. 10. The bare magnesium—aluminum hydrotalcite sup-
port shows only 49% conversion of nitrobenzene with 60%
aniline and 37.1% azoxybenzene and 2.8% azobenzene as
the products. Nickel impregnated MgAl-hydrotalcite support
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1:1 1:2 1:3 1:4
Nitrobenzene to Hydrazine Ratio

Fig.8 Effect of nitrobenzene to hydrazine ratio on the reduction
of nitrobenzene®. *Reaction conditions: nitrobenzene 2.5 mmol,
hydrazine hydrate 2.5 mmol, 5 mmol, 7.5 mmol and 10 mmol, cata-
lyst=0.05g, T=80°Cand t=6h
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Fig.9 Effect of substrate to catalyst ratio in the reduction of
nitrobenzene. ¥Reaction conditions: Nitrobenzene 2.5 mmol, hydra-
zine hydrate 5 mmol, T=80 °C and t=6h

catalyst showed 66% nitrobenzene conversion with 90%
aniline selectivity. Ruthenium impregnated on the MgAl-
hydrotalcite support catalyst showed 56% conversion of
the reaction with 76% aniline selectivity. Bimetallic NiRu
impregnated magnesium—aluminium hydrotalcite sup-
port catalyst showed 92% conversion with 81% selectivity
for aniline. The synergistic effect of the bimetallic Ni-Ru
catalyst on the Mg—Al hydrotalcite support showed better
nitrobenzene conversion than the monometallic catalysts.
The ruthenium species present in the catalyst support may
be reduced at the reaction temperature and promotes the
reduction of nickel species present in the catalyst surface
by hydrogen spillover effect [26]. The synergic effect of the
bimetallic nickel-ruthenium system combined with the opti-
mum basicity offered by the magnesium—aluminium hydro-
talcite support might be the cause for the observed higher
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=

(=

o
L

©
o
L

[=2]
o
1

S
o
1

% Conversion/Selectivity

N
o
1

§

C(2:1) MARWC(2:1)

MAN

MANWC(2:

a3

Fig. 10 Reduction of nitrobenzene over various catalysts*. *Reaction
conditions: Nitrobenzene 2.5 mmol, hydrazine hydrate 5 mmol, cata-
lyst 0.05 g, T=80°Cand t=6h
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conversion and improved aniline selectivity in the presence
of MANR(2:1) catalyst [10, 26].

4.7 Kinetic Study on MANR (2:1) Catalyst

The kinetic studies on nitrobenzene hydrogenation on the
surface of MANR(2:1) catalyst were carried out under the
optimized reaction condition in which complete conver-
sion of nitrobenzene takes place with maximum selectiv-
ity (2.5 mmol nitrobenzene,7.5 mmol hydrazine hydrate
(nitrobenzene-to-hydrazine ratio of 1:3), 0.05 g catalyst, and
without using a solvent).The initial rate of the reaction was
calculated at 50 °C, 60 °C, and 70 °C and the results are pre-
sented in Fig. 11. At low temperature (50 ‘C), the conversion
gradually increases with time, reaching a maximum of about
4.65% after around 40 min. An increase in reaction tempera-
ture (70 ‘C) leads to about 20% conversion being obtained
within 40 min. The rate of the reaction was steadily increases
with increase in reaction temperature. The reaction appears
to be first order with respect to nitrobenzene. The apparent
activation energy (Ea) was found to be 56.53 kJ/mol from
the Arrhenius plot by plotting In(k) versus 1/T, which is
comparable to the values reported in literature [40—43].

4.8 Characterization of the Used Catalyst

Further to understand the structure and property relation-
ship of the catalyst, the used catalysts were characterized by
powder XRD and HR-TEM analysis, UV—Vis spectroscopy
and TGA analysis, and the results are described in the fol-
lowing section.

The powder XRD pattern of the used MANR (2:1) catalyst
reveals the retention of layered HT structure under the reaction
conditions (Fig. 12). Further, in order to identify the actual
active species involved during the reaction, the catalyst was
treated with hydrazine hydrate under the reaction condition
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Fig. 11 Effects of temperature and time on the hydrogenation of
nitrobenzene over MANR(2:1) catalyst
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Fig. 12 XRD analysis of the used MANR (2:1) catalyst. (White filled
diamond) HT phase

and powder XRD pattern of the corresponding sample was
followed and the result is shown in Fig. 13. The catalyst shows
X-ray reflection corresponds to (003), (006), (009), (110) and
(113) planes at 20 values 11.27 °, 22.69 °, 34.47 °, 60.4 °,
and 61.7 ° which are characteristics of layered hydrotalcite
structure. The above fact support that the catalyst retaining its
layered structure under the reaction conditions. The catalysts
also showed an additional broad peak centered at 38.6 ° and
42.7 ° which can be assigned as (100) and (002) planes of
metallic ruthenium species formed under the reaction condi-
tions and dispersed on the hydrotalcite support[10, 26, 44].
The morphology (Fig. 14) of the used catalyst shows lattice
fringes corresponding to a layered structure in the presence of
nanosized metallic species dispersed on the HT-layer. Both
the studies revealed that the synergic effect of in-situ formed
metallic nanoparticles (NiRu—nanoparticles) on the HT surface
might be the active species for the chosen catalytic reaction
[10, 26]. The metal composition present in the fresh and used
MANR(2:1) catalysts were obtained from ICP-AES studies,

(003)
(006)
(009)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 13 Powder X-ray diffraction (XRD) pattern of MANR(2:1) sam-
ple under the reaction condition
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Fig. 14 TEM Images of used a MANR (2:1), b MANRh (2:1) and ¢ MANI (2:1) catalysts

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 15 DRUV-Visible spectrum of used MANR (2:1) catalyst

which reveals that the fresh catalyst contains 1.85 and 1.06
wt.% of nickel and ruthenium respectively. The correspond-
ing used catalyst contains 1.79 and 1.03 wt. % nickel and
ruthenium, which clearly evident that the active metal species
were stable and retain on the surface of hydrotalcite support
under the reaction conditions. Further, the oxidation status
of the metal species present in the used catalysts were ana-
lysed using DRUV-Vis spectrum and the result is displayed in
Fig. 15. The UV-Visible spectrum of recycled catalyst showed
three absorption maxima in the wavelength region of 263 nm,
365 nm, and 590 nm (Fig. 15) corresponds to the electronic
transition characterization of octahedral Ni** species present
in the used catalyst [10]. The catalyst actually existed in an oxi-
dized state, they could be reduced by hydrazine hydrate under
the reaction conditions which is evident from the powder X-ray
diffraction (XRD) pattern of MANR(2:1) sample under the
reaction condition (Fig. 13) and the TEM analysis (Fig. 14) of
used MANR(2:1) catalyst. The in-situ forming metallic species
(nickel and ruthenium) under the reaction condition might be
the active species for the reduction reaction of nitrobenzene.

100 4
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Weight (%)

80

70 ®

160 260 360 460 560 660 760 860 960
Temperature (°C)

Fig. 16 TGA profile of a fresh MANR (2:1) b used MANR (2:1) cat-
alyst

As the number of cycles increases the reducibility of the cata-
lyst may decrease and some of the active species may exist in
its oxidized state, which is evident from the UV—Vis spectra
of the used catalyst. This change in the oxidation state of the
metal could be one of the the reason for the slight decrease in
the activity of the recycled catalyst. In addition, to investigate
the adsorption of organics on the surface of the catalyst after
the reaction, thermo gravimetric (TG) analysis was performed
to evaluate the degree of adsorption and the results are dis-
played in Fig. 16. Both the fresh and used catalysts do not
showing weight loss before 150 °C. The used catalyst shows
a rapid weight loss in the temperature range of 150-450 C,
which is mainly caused by the burning of adsorbed organ-
ics on the catalytic surface. The weight loss in the range of
150-450 °C between the used (25%) and fresh catalysts (1%)
reflects the amount of adsorbed organic molecules on the cata-
lyst surface. The fresh catalyst shows a weight loss after 450 ‘C
which may be due to the decomposition of crystalline carbon
from the carbonate present in the material, since the gasifica-
tion of amorphous carbon takes place below 400 °C [45, 46].
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Table.3 Influence of the . SI. No Substrate Conversion (%) Product Selectivity (%)
substltuents on the reduction of
nitro-arene* 1 o 100 NH, 86.2
s
P
2 Q 100 H,N 96.3
Hey o
3 Q 100 H2N©\ 100
4 9 100 NH, 100
C
0
0
H,N
3 2 100 HN NH, 100
UNT NH, \©
6 Q 100 H,N 100
Q
(0)
NH,
NH,
7 9 82.6 NH, 100
X
X o
o~
Loy cr
e :
Cl
9 Q - H,N cl .
.O,N\©/CI \©/
10 o 46.7 /@,NHZ 100
eNS
Cl
11 o 2 H,N Br 100
.0,N+\©,Br \©/
12 9 41.2 /@,NHZ 100
N
0 :
Br
13 2.2 100

o

s

Z-0
T
N
éz

*Reaction conditions: MANR (2:1) 50 mg, 0.5 mmol substrate, 5 mmol Hydrazine, 1 mL IPA, 80 °C, 6 h

4.9 Influence of Substituents on the Reduction corresponding amines were studied using the MANR(2:1)
of Nitrobenzene catalyst, and the results are summarized in Table 3.

It is observed that better conversion is achieved when an

To evaluate the influence of substituents on the nitroarene  electron-donating group is attached to the nitroarene ring.

reduction, a variety of substituted nitroarenes to Irrespective of the position of the substituents (nitrotoluene
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Fig. 17 Recycling ability of MANR (2:1) catalyst in the reduction of
nitrobenzene*. ¥Reaction conditions: Nitrobenzene 2.5 mmol, hydra-
zine hydrate 5 mmol, catalyst 0.05 g, T=80 °C and t=6h

and nitroaniline) showed complete conversion with better
selectivity to the corresponding amine on reduction using
the MANR(2:1) catalyst. 2-nitroanisole gave 83% conversion
with 100% selectivity to the corresponding amine product.
Electron-withdrawing substituents on the nitrobenzene ring
decrease the reduction rate. The presence of electron-with-
drawing groups (halogens) at the para position gives bet-
ter conversion than its meta isomer. This can be explained
based on the ortho-para directing nature of the halide ions
due to their resonance stabilization. It is interesting to note
that the usual side products azoxy and azo compounds were
not observed or negligible in the reduction of substituted
nitrobenzene.

4.9.1 Recyclability Study of the Catalyst

Easy recovery of the catalyst from reaction mixtures and
reusability are the significant advantages of heterogeneous
catalysts for their large-scale industrial usage. The stability
of the MANR(2:1) catalyst was studied for the reduction of
nitrobenzene under identical reaction conditions. After each
experimental run, the reaction products were extracted using
isopropanol, washed several times with IPA, dried overnight
at 120 °C, and used for the subsequent run. The procedure
was repeated for four cycles, and the results are depicted in
Fig. 17. The results show that the catalytic activity gradu-
ally decreases in the initial runs and is almost constant after
the 3" run. The gradual decrease in conversion in the initial
stage may be due to the change in the oxidation state of the
metal ions on the catalyst support, which is evident from the
UV-Vis spectrum of the used catalyst or due to the adsorp-
tion of organics on the active sites of the catalyst, which is
evident from the TGA profile of the used catalyst. Although

the catalyst shows a reduction in conversion, the selectivity
of aniline remains constant in all the cycles.

5 Conclusion

Bimetallic Ni-Ru, Ni-Rh, and Ni-Ir on magnesium-alum-
nium hydrotalcite support catalysts were prepared using a
wet-impregnation method and their catalytic activity for
the reduction of nitrobenzene was explored. Among the
several catalysts studied the Nickel-ruthenium bimetal-
lic species on HT support (MANR(2:1)) catalyst shows
a complete conversion of nitrobenzene with good aniline
selectivity (68%). The selectivity of aniline was improved
to 81% by neat reaction (without solvent) on MANR
(2:1). Azobenzene and azoxybenzene were formed as
byproducts. The nickel-rhodium containing HT support
(MANRh) showed complete conversion of nitrobenzene
with similar selectivity of aniline. However, the nickel-
iridium containing HT (MANIWC) catalyst was the least
active for the reduction of nitrobenzene under identical
conditions. Recyclability studies showed that the activ-
ity of the MANR (2:1) catalyst decreased slightly in each
cycle, but the selectivity of aniline remained unchanged.
Further, the catalyst was found to effectively convert the
several substituted nitroarene molecules. The XRD and
TEM analysis of used catalyst revealed the in-situ forma-
tion of metallic Ni-Ru species as an active species.
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tary material available at https://doi.org/10.1007/s10562-021-03673-x.
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