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ABSTRACT
Monometallic Cu, monometallic Ni, and bimetallic Cu,Niy nanoparticles were
prepared by a wetness chemical reduction method. Cu-Ni alloy phase was formed in
the bimetallic CuxNiy nanoparticles. The bimetallic Cu,Ni, nanoparticles exhibited
higher catalytic activity for the hydrogenation of 3-nitro-4-methoxy-acetylaniline
(NMA) with H, to 3-amino-4-methoxy-acetylaniline (AMA) than the sole Ni
nanoparticles, which was ascribed to the effect of Cu-Ni alloy phase. When the
reaction was catalyzed over the bimetallic Cuy7Nig3 catalyst at 140 °C for 2 h, the
AMA selectivity was 99.4% at the NMA conversion of 95.7%. The reaction activation

energy for NMA hydrogenation was 19.74 kJ/mol.
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Introduction
Anilines are valuable chemicals in the production of pharmaceuticals, agricultural
chemicals, dyes, polymers, photographic and rubber materials, and chelating agents.
'3 3_Amino-4-methoxy-acetylaniline (AMA) is one of the most useful anilines in
great demand, which is widely used as a coupling component in many commercial
dyes because it can give high fastness properties to dyes on hydrophobic fibers and
deep shades.* There are two methods for the production of AMA, selective acylation
of 2,4-diaminoanisole and reduction of 3-nitro-4-methoxy-acetylaniline (NMA).
There are some drawbacks in the acylation process. Byproducts, 4-diacetamidoanisole
and 3-amino-6-methoxy-acetanilide, are formed and 2,4-diaminoanisole can be easily
oxidized, giving a low selectivity of AMA. Considering that NMA is commercially
available at a lower price, reduction of NMA is taken as a favorable process for AMA
production, in which the key point is the selection of effective reductant and catalyst.
Iron powder was used as a cheap reductant for the reduction of NMA to AMA
under acidic condition in industry. However, a large amount of iron-oxide sludge (1.2
kg sludge/kg product) was also produced, which is a heavy pollutant difficult to deal
with industrially.””” Hydrazine hydrate is commonly used as an efficient reductant for
the reduction of nitro-compounds at 50-70 °C and atmospheric pressure.*'® The
selectivities and yields of products are significantly affected by the concentration of
hydrazine hydrate. At a low concentration of hydrazine hydrate, amines are favorably

formed. However, the reduction rate is very low. At a high concentration of hydrazine
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hydrate, many by-products are formed, such as diimide, azoxybenzene, and
hydrazobenzene.11 Sodium borohydride also exhibits good activity for the reduction
of NMA to AMA, catalyzed by copper nanoparticles.'”> However, the prices of
hydrazine hydrate and sodium borohydride are very high, which are not suitable for
the reduction of NMA to AMA in industrial scale from the perspective of economy.
Catalytic hydrogenation of nitro-compounds using molecular hydrogen as hydrogen
source is considered as the most economical and environmental friendly method for
the production of corresponding amines. Metallic catalysts, such as nano Ni,"*™!’
Au-Ni,'® Raney Ni,? Pd/C,* Py/C,2 ™ and Ag,24 are reported active for the
hydrogenation reaction. There was hardly any by-product formed in this process,
giving a very high selectivity of amine. It is noteworthy that all of these researches
focused on the catalytic performances of noble metal and nickel catalysts, the

catalytic performances of copper-containing catalysts for the hydrogenation of NMA

were rarely investigated. It is well-known that metallic copper is a conventionally

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

used catalyst for hydrogenation reactions because of its high activity and stability as
well as cheap price.”° However, the monometallic copper catalysts are not so active
as noble metal and nickel catalysts for the hydrogenation of nitro-compound at a
lower reaction temperature. The optimal active temperature of monometallic copper
catalyst is over 200 °C, which causes energy consumption and side reactions at such
high reaction temperature. According to open literatures, Ni-containing Cu/SiO,
catalyst exhibited good catalytic activity for the selective synthesis of ethanol via

hydrogenation of dimethyl oxalate.””** The catalytic performance of bimetallic Cu-Ni
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nanoparticles for the hydrogenation of NMA is worth of study.

In our present work, bimetallic Cu,Niy nanoparticles were prepared by a wet
chemical reduction method in anhydrous ethanol using Tween-80 as the organic
modifier. The chemical structures of the bimetallic Cu,Ni, nanoparticles were
analyzed by XRD and HRTEM techniques. The as-prepared bimetallic Cu,Niy
nanoparticles were used as the catalysts in the catalytic hydrogenation of NMA with
H, to AMA. The effect of the Cu and Ni contents in Cu,Niy nanoparticles and reaction
parameters on the catalytic hydrogenation of NMA was investigated in detail. A
power function type reaction kinetic model was used to evaluate the reaction kinetics
of NMA hydrogenation over the bimetallic Cuy 7Nip 3 nanoparticle catalyst.
Experimental
Materials
The chemicals, copper nitrate (Cu(NOs3),-3H,0), nickel acetate (C4HgO4Ni-4H,0),
sodium  hydroxide = (NaOH), hydrazine  hydrate = (N,H4s-H,O,  85%),
polyoxyethylenesorbitan monooleate (Tween-80, C,4H4406), NMA, AMA, acetic acid,
and anhydrous ethanol were of reagent grade and were purchased from Sinopharm
Chemical Reagent Co., Ltd. China. Methanol was of chromatographic grade and was
purchased from Sinopharm Chemical Reagent Co., Ltd. China. All the chemicals were
used as received without further purification.

Preparation of Cu,Niy nanoparticles
Cu,Niy nanoparticles (x and y, mole fractions of Cu and Ni) were prepared by the wet

chemical reduction method using hydrazine hydrate as the reductant and Tween-80 as


http://dx.doi.org/10.1039/c7nj00066a

Page 5 of 31 New Journal of Chemistry
View Article Online
DOI: 10.1039/C7NJO0066A

the organic modifier, respectively. Considering that Tween-80 could effectively
control the particle sizes of metallic Ni and Au nanoparticles and induce the
morphology evolution of metallic Ag nanoparticles due to the interaction between
Tween-80 molecules and metallic crystallites,” ' Tween 80 was selected as the
organic modifier in our present work to control the particle sizes of Cu,Niy
nanoparticles. To completely reduce Ni** to metallic Ni, a strong reductant, hydrazine
hydrate, was used. Typically, given amounts of copper nitrate and Tween-80 (0.38 g)
were dissolved in anhydrous ethanol with the Cu®" concentration of 0.4 M. Prescribed
amount of nickel acetate ethanol solution (0.4 M) was added to the solution. After the
mixture was heated to 60 °C, 40 mL of NaOH (1.8 M) ethanol solution was added
dropwise into it to adjust the pH value to ca. 10. Then, a hydrazine hydrate ethanol
solution (25 mL in 75 mL anhydrous ethanol) was added dropwise into the mixture
and the reaction mixture was refluxed for 4 h under mild stirring. After reduction with

hydrazine hydrate, the color of the reaction solution changed to black, indicating that

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

Cu*" and Ni*" were reduced to metallic Cu’ and Ni’, respectively. The resultant
Cu,Niy nanoparticles were cooled to room temperature, centrifugated, washed with
anhydrous ethanol, and kept in anhydrous ethanol before they were characterized and
used as the catalysts for the hydrogenation of NMA. The preparation conditions of the
Cu,Niy nanoparticles are listed in Table 1. The inductively coupled plasma (ICP)
analysis showed that the contents of Cu and Ni in the CuxNiy, nanoparticles were close
to those calculated according to their precursors (Table 1).

For comparison, sole Cu and Ni nanoparticles were also prepared according to the
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above-mentioned procedures.

Characterization

The crystal phases of the as-prepared nanoparticle samples were determined by the
X-ray powder diffraction (XRD). The XRD spectra of the samples were recorded on a
diffractometer (D8 super speed Bruke-AEX Company, Germany) using Cu Ko
radiation (A = 1.54056 A) with a Ni filter at room temperature, scanning from 20° to
80° (20).

Transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) images were obtained on a microscope (JEM-2100) operated at
an acceleration voltage of 200 kV to characterize the morphologies and crystal
structures of the nanoparticle samples. Specimens for TEM analysis were prepared by
placing a drop of ethanol suspension of nanoparticle sample onto a copper grid coated
with a layer of amorphous carbon. The data used for the calculation of particle size
distribution for each sample were measured from the TEM images by counting at
least 100 individual particles. The average metal particle sizes of samples were
calculated by a weighted-average method according to the individual particle sizes of
the all counted particles. And the results are listed in Table 1.

The Cu and Ni contents of the CusNi, nanoparticles were analyzed using
inductively coupled plasma (ICP) technique (VISTA-MPX).

Catalytic test
Catalytic hydrogenation of NMA with H, was performed in a 500 mL capacity

stainless steel autoclave equipped with a magnetically driven impeller. The autoclave
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was charged with appointed amounts of NMA, methanol, and catalyst. Firstly, the
autoclave was purged with N, for 10 min to replace the air inside. When the autoclave
was heated up to given reaction temperature at a stirring speed of 100 rpm, pure H,
was pressurized into the autoclave. After raising the pressure to the desired value, the
hydrogenation of NMA started at a stirring speed of 400 rpm. After reacting for a
certain time period, the autoclave was cooled to ambient temperature and
depressurized for product analysis.

The concentrations of products and remained NMA were analyzed on an Agilent
HPLC system equipped with a reverse-phase column (Innoval ASB C18, 5um, 4.6
mm x 250 mm) and a UV detector (A = 254 nm) at 30 °C. A mixture of acetic acid
(0.5 wt.%) aqueous solution and methanol of chromatographic grade (v:v = 55:45)
was used as a mobile phase at a flow rate of 0.8 mL/min. The concentrations of

products and NMA were analyzed by the external standard method.

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.
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Table 1 The catalytic activities of the Cu,Ni, nanoparticles for the catalytic hydrogenation of NMA with H,

Raw materials (g)

Average

Selectivities (%)

) . particle sizes NMA d
Catalysts Cu(NOy),  C4HyOuNi CU/Nl.atimlc and size Conversions* TO_I:
SO 4O ratios distributions” (%) Hama  ama - (D

(nm)

Cu 3.87 0 / 7.3,4.0-11.2 0 0 0 /
CuygoNig 3.87 0.44 0.90:0.10 5.3,3.3-75 65.9 3.5 96.5 6.23
Cug7Nig 3 3.87 1.71 0.72:0.28 42,2.8-6.1 84.5 1.8 98.2 2.62
Cuy sNig s 3.87 3.98 0.52:0.48 4.6,3.3-6.4 822 1.5 98.5 1.51
Cuy3Nig7 1.94 4.65 0.33:0.67 4.8,3.4-6.7 76.3 0.8 99.2 0.98

Ni® 0 3.98 / 3.8,2.1-5.1 24.0 0.3 99.7 0.74

? The atomic ratios of Cu to Ni were determined by ICP.

® The metal particle sizes were determined from TEM images.

¢ Reaction conditions: NMA methanol solution, 150 mL, 0.2 mol Lfl; H, pressure, 0.8 MPa; reaction temperature, 120 °C; reaction time, 2 h; catalyst loading, 1.0 g;

and stirring rate, 400 rpm.

4TOF = The moles of converted NMA divided by moles of Ni in CuxNiy catalysts and reaction time, assuming that pure Cu nanoparticles had no catalytic activity

under our present reaction conditions.

¢ The amount of monometallic Ni nanoparticles used in the catalytic reaction was the same as that present in the Cuy7Ni 3 catalyst.

Page 8 of 31
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Results and discussion

XRD analysis

The XRD patterns of the monometallic Cu, monometallic Ni, and bimetallic CuNi,
nanoparticles are shown in Fig. 1. The XRD pattern of the monometallic Cu
nanoparticle sample showed three diffraction peaks appearing at 20 of 43.3, 50.4, and
74.1°, which are the characteristic peaks corresponding to the (111), (200), and (220)
planes of the face-centered-cubic (fcc) copper (JCPDS 04-0836), respectively. For the
monometallic Ni nanoparticle sample, three peaks appearing at 20 of 44.5, 51.8, and
76.4° corresponded to the (111), (200), and (220) planes of the face-centered-cubic
(fcc) nickel (JCPDS 04-0850), respectively.’> No impurity diffraction peaks of
copper and nickel oxides were detected, indicating that phase-pure monometallic Cu
and Ninanoparticles were prepared under the present experimental conditions. For the

bimetallic Cuy9Nig;, Cug7Nig3, and CugsNigs samples, three diffraction peaks

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

appeared at 20 of 43.4-43.6, 50.5-50.7, and 74.3-74.6°, respectively. These peaks
appeared between those of the monometallic Cu and Ni nanoparticles and the 26
shifted to large value upon increasing the Ni content, revealing that the Cu and Ni
components in the bimetallic Cuy9Nig;, Cug7Nig3, and CugsNips samples formed
Cu-Ni alloy. However, For the Cug3Nip7 sample, in addition to the alloy diffraction
peaks, three diffraction peaks appearing at 260 = 44.5, 51.8, 76.4° were indexed as the
(111), (200), and (220) planes of metallic Ni. When the mole fraction of Ni was
excessive in the bimetallic CuNi sample, in addition to Cu-Ni alloy, metallic Ni

nanoparticles were also formed.
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Fig.1. XRD patterns of Cu, Ni, and Cu—Ni samples. o, Cu; ¢, Ni; *, spent catalyst.

TEM and HRTEM analysis

TEM and HRTEM were used to determine the morphologies, structures, and particle
sizes of the monometallic Cu, monometallic Ni, and bimetallic Cu,Ni, samples. The
TEM and HRTEM images are shown in Fig. 2. For the monometallic Cu sample, the
TEM image shows that spherical Cu nanoparticles were formed with the average
particle size of 7.3 nm and the particle size distribution of 4.0-11.2 nm (Fig. 2al,
Table 1). The lattice fringes of the monometallic Cu nanoparticles were examined to
be 0.208 and 0.181 nm, being close to the (111) and (200) lattice spacings of fcc
metallic copper, respectively (Fig. 2a2). For the monometallic Ni sample, the
spherical Ni nanoparticles were formed with the average particle size of 3.8 nm and
the particle size distribution of 2.1-5.1 nm (Fig. 2fl). The lattice fringes of
monometallic Ni nanoparticles were examined to be 0.203 and 0.176 nm, which are
close to the (111) and (200) lattice spacings of fcc metallic nickel, respectively (Fig.

22).

10
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The TEM images (Figs. 2bl-e1) of the bimetallic Cuy9Nig;, Cug7Nig3, CugsNigs,
and Cug3Nig7; samples show that the as-prepared bimetallic nanoparticles had the
small average particle sizes of 4.2—5.3 nm and the narrow size distributions ranging
from 2.8 to 7.5 nm. The HRTEM images of the bimetallic Cuy¢Nip;, Cugy7Nig3, and
CugsNips nanoparticles show that the individual nanoparticles were formed by the
coalesce of metallic Ni and Cu nanoparticles (Figs. 2b2-d2). The lattice fringes of
0.208-210 nm were close to the (111) lattice spacing of fcc metallic copper while the
lattice fringes of 0.202 (or 0.203) and 0.175 (or 0.176) nm were close to the (111) and
(200) lattice spacings of fcc metallic nickel, respectively. The HRTEM results
certified the formation of Cu-Ni alloy in these bimetallic Cu,Ni, samples, being in
agreement with the results obtained by XRD analysis.

For the Cug3Nig; sample, in addition to the Cu-Ni alloy nanoparticles, the

individual metallic Ni nanoparticles were also detected according to the HRTEM

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

analysis (Fig. 2e2).
Hydrogenation of NMA with H, catalyzed by Cu,Niy nanoparticles
The catalytic hydrogenation of NMA with H, over the bimetallic Cu,Ni, nanoparticle
catalysts was carried out in a methanol solution at 120 °C and 0.8 MPa H, for 2 h. The
results are listed in Table 1. The monometallic Cu nanoparticles did not exhibit
activity for the hydrogenation of NMA. When the monometallic Ni nanoparticles
were used to catalyze the hydrogenation of NMA, the conversion of NMA was 24.0%
with the selectivity of AMA of 99.7%.

When the bimetallic CugoNigj, Cug7Nig3, CugsNigs, and Cug3Nip; nanoparticles

13
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were used to catalyze the hydrogenation of NMA, the bimetallic Cug7Nips and
CuygsNig s catalysts exhibited high catalytic activities for the hydrogenation of NMA,
giving the NMA conversions of 84.5% and 82.2%, respectively. When the
hydrogenation of NMA was catalyzed by the bimetallic Cug;Nig3; and monometallic
Ni catalysts with the same Ni content, the conversion of NMA over the former was
more than 3.5 times that over the latter. The results revealed that the formation of
Cu-Ni alloy favored the hydrogenation of NMA.

Upon increasing the mole fraction of Ni in the bimetallic catalysts, the selectivities
of AMA slightly increased from 96.5% to 99.2% while the selectivities of the
intermediate product, 3-hydroxamino-4-methyl-acetylaniline (HAMA) decreased
from 3.5% to 0.8%. The monometallic Ni nanoparticles gave the highest selectivity of
AMA and the lowest selectivity of HAMA among all the tested catalysts. It could be
concluded that high Ni content in the catalyst favored the hydrogenation of HAMA to
AMA.

According to TOF values, it was interesting to find that the TOF values over the
bimetallic CuxNi, catalysts were higher than that of the monometallic Ni
nanoparticles (0.74 h™"). The bimetallic catalyst with a lower mole fraction of metallic
Ni gave higher TOF value. It was reasonable to suggest that the alloying interaction
between Cu and Ni in the bimetallic Cu,Ni, nanoparticles favored the hydrogenation
of NMA.

Considering that the Cug7Nig3 catalyst exhibited high catalytic activity for the
hydrogenation of NMA to AMA, it was selected as the model catalyst for

14
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investigating the effect of other reaction parameters on the catalytic hydrogenation of

NMA.
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Fig. 3. Effect of reaction temperature on the catalytic hydrogenation of NMA over the
bimetallic Cug7Nig 3 nanoparticles. Reaction conditions: NMA methanol solution, 150

mL, 0.2 mol/L; H, pressure, 0.8 MPa; catalyst loading, 1.0 g; and stirring rate, 400
rpm.

Effect of reaction temperature

Fig. 3 shows the conversions of NMA and the selectivities of HAMA and AMA in the
hydrogenation of NMA catalyzed by the bimetallic Cuy7Nig3 catalyst at different
reaction temperatures. The NMA conversion and AMA selectivity increased while the
HAMA selectivity decreased upon increasing the reaction temperature. After reacting
at 140 °C for 2 h, the selectivities of AMA and HAMA were 99.4% and 0.6% at the
NMA conversion of 95.7%. The results revealed that a high reaction temperature
favored the catalytic hydrogenation of NMA to AMA through HAMA because only
HAMA was detected as a byproduct.

Effect of NMA concentration

The NMA conversions and product selectivities in the hydrogenation of NMA over
the bimetallic Cug;Nig3 catalyst under different NMA concentrations are shown in
Fig. 4. When the reaction was carried out at 140 °C and 0.8 MPa H; for 2 h, the
conversions of NMA and the selectivities of AMA decreased from 99.1% to 82.7%
and from 99.9% to 92.5%, respectively, upon increasing the NMA concentrations
from 0.15 to 0.25 mol/L. NMA was efficiently hydrogenated to AMA under the NMA
concentration of less than 0.25 mol/L.

Effect of H, pressure

When NMA was hydrogenated over the bimetallic Cug;Nig3 catalyst at different H,

16
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pressures and 140 °C for 2 h, the NMA conversion and AMA selectivity reached 100%
and 99.9%, respectively, upon increasing the H; pressure to 1.2 MPa (Fig. 5). High H,

pressure favored the catalytic hydrogenation of NMA to AMA.

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.
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Fig. 4. Effect of NMA concentration on the catalytic hydrogenation of NMA over the
bimetallic Cug7Nig 3 nanoparticles. Reaction conditions: NMA methanol solution, 150
mL; H, pressure, 0.8 MPa; reaction temperature, 140 °C; catalyst loading, 1.0 g; and

stirring rate, 400 rpm.
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Fig. 5. Effect of H, pressure on the catalytic hydrogenation of NMA over the

bimetallic Cuy7Nig 3 nanoparticles. Reaction conditions: NMA methanol solution, 150

mL, 0.2 mol/L; reaction temperature, 140 °C; catalyst loading, 1.0 g; and stirring rate,

400 rpm.
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Fig. 6. Effect of catalyst loading on the catalytic hydrogenation of NMA over the
bimetallic Cug7Nij 3 nanoparticles. Reaction conditions: NMA methanol solution, 150
mL, 0.2 mol/L; H; pressure, 0.8 MPa; reaction temperature, 140 °C; and stirring rate,

400 rpm.
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Effect of catalyst loading

The conversions of NMA and the selectivities of HAMA and AMA in the
hydrogenation of NMA catalyzed by the bimetallic Cuy7Nip3 catalyst at 140 °C with
different catalyst loadings are shown in Fig. 6. When the catalyst loading was 1.4 g,
the NMA conversion was 99.9% with the AMA selectivity of 99.6%. The results
demonstrated that high catalyst loading favored the conversion of NMA to AMA.
Reaction kinetics

Experimental conditions for Kinetic research

A power-function type reaction kinetic equation was used to evaluate the effect of the
NMA concentration, H, pressure, and reaction temperature on the reaction rate of
NMA hydrogenation. The bimetallic Cuy7Nig3 nanoparticle catalyst was selected as
the model catalyst because it exhibited good -catalytic performance for the

hydrogenation of NMA.

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

In order to eliminate the effect of diffusion, the bimetallic Cug;Niy 3 catalyst with
different loadings in the range of 0.6—1.4 g was used for the catalytic hydrogenation
of NMA (0.2 mol/L) at 140 °C for 0.5 h. Plotting catalyst loading vs NMA conversion
gave a straight line (Fig. S1). This result indicated that the initial hydrogenation rate
was controlled solely by chemical reaction rather than mass diffusion.**’

The power-function type reaction kinetic equation for the hydrogenation of NMA is
listed as follows.

ro=—dno/(dt Wey) = kCo" Py’ (1)

where k is the rate constant. a and b are the reaction orders with respect to the

21
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concentration of NMA and H, pressure. 7y is the initial reaction rate of NMA, mol/h-g.
Cy is the initial concentration of NMA, mol/L. Py is the initial H, pressure, MPa. W,
is the catalyst weight, g.

The rate constant & follows the Arrhenius equation Eq. (2).

k = Aexp(—Ea/RT) (2)
where A4 is the pre-exponential factor and Ea is the activation energy, kJ/mol. R is the
ideal gas constant, 8.314X 10 kJ/mol-K. T is the reaction temperature, K.

In the kinetic experiments, the H; pressure is taken constant because the consumed
H; mount is negligible as compared with the initial H, feed at a lower NMA
conversion. The initial NMA concentration is used as the value of NMA concentration
variable considering that the plot of NMA conversion vs reaction time can be taken as
a straight line at a lower NMA conversion.

Determination of Kinetic parameters
By taking the natural logarithm of both sides of the Eq. (1), a linear Eq. (3) is obtained
as follows.

Inrp = In(—dno/(dt- Wear)) = Ink + alnCy + bInPy 3)

To simulate the reaction orders of a and b according to Eq. (3), NMA methanol
solution with different concentrations was fed into the stainless steel autoclave and
then reacted over 1.0 g of Cuy7Nij; nanoparticle catalyst under different H, pressures.
The conversions of NMA at the reaction temperatures of 100—140 °C are listed in Fig.

S2. The initial reaction rates of NMA were calculated at the first 0.5 h.

22
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Fig. 7. Estimation of (a,b) the reaction orders and (c) the reaction activation energy

for the power-function type reaction kinetic equation over the bimetallic Cug7Nig3
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catalyst.

Fig. 7a shows the lines by plotting In7y vs InCy while Fig. 7b shows the lines by
plotting Inry vs InPy at the reaction temperatures ranging from 100 to 140 °C. All the
straight lines gave good linear correlations above 0.995. The slopes were close to each
other in each figure. The average values of the reaction orders, a and b, for NMA and
H, were 0.45 and 1.15, respectively, which were calculated according to the slopes
(Table 2).

According to Eq. (3), the rate constants (k) at different reaction temperatures were
calculated by using the obtained values of the reaction orders, a and b.

A linear Eq. (4) is obtained by taking the natural logarithm of both sides of the Eq.
(2).

Ink =Ind — (Ea/R)(1/T) 4)

By plotting Ink vs 1/T, a straight line with the correlation coefficient of 0.9936 was
obtained (Fig. 7c). The reaction activation energy (Ea) of 19.74 kJ mol™' and
pre-exponential factor (4) of 13.59 were calculated according to the slope and

intercept of the straight line (Table 2).

Table 2 Reaction orders, activation energy, and pre-exponential factor of the reaction
kinetics

Reaction Reaction orders £ Pre-exponential
temperatures Average Average Ink ‘< factor
a b /kJ-mol
T /°C a b A
100 0.45 1.16 -3.77103
120 0.45 0.45 1.15 1.15 -3.40485 19.74 13.59
140 0.44 1.13 -3.15587
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The reaction kinetic equation for the catalytic hydrogenation of NMA over the
bimetallic Cug7Nig 3 catalyst was written as follows.

ro=—dno/(dt Wey) = 13.59 exp(=19.74/RT)Co" Py’  mol/h-g  (5)
Catalyst recycling performance

The recycling performance of the bimetallic Cuy7Nig; catalyst for the catalytic
hydrogenation of NMA was also investigated and the results are shown in Fig. 8.
After reacting at 140 °C for 2 h, the used catalyst was centrifugated and washed with
anhydrous ethanol before next recycling. The XRD pattern of the spent catalyst was
the same as that of the fresh one (Fig. 1). The conversion of NMA and the selectivity
of AMA over the fresh Cug7Nig3 nanoparticles were 95.7% and 99.4%, respectively.
After recycling for 4 times, the NMA conversion and AMA selectivity slightly

decreased to 93.5% and 96.8%, respectively. It is clear that the bimetallic Cug7Nig3

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

catalyst exhibited excellent recycling performance and stability for the catalytic

hydrogenation of NMA to AMA.
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Fig. 8. Recycling performance of the bimetallic Cuy7Nig3 catalyst for the catalytic
hydrogenation of NMA. Reaction conditions: NMA methanol solution, 150 mL, 0.2
mol/L; H; pressure, 0.8 MPa; reaction time, 2 h; reaction temperature, 140 °C; catalyst

loading, 1.0 g; and stirring rate, 400 rpm.

Conclusions

Monometallic Cu, monometallic Ni, and bimetallic Cu,Niy nanoparticles with the
small particle sizes and narrow size distributions were successfully prepared by the
wet chemical reduction method using Tween as the organic modifier and hydrazine
hydrate as the reductant. Cu-Ni alloy phase was formed in the bimetallic Cu,Niy
nanoparticles. The formation of Cu-Ni alloy phase in the bimetallic CuyNiy
nanoparticles favored the hydrogenation of NMA with H, to AMA. The bimetallic
Cuo7Nip3 catalyst exhibited good stability without obvious deactivation after
recycling for 4 times. A power-function type reaction kinetic model over the
bimetallic Cug;Nig3 catalyst well fitted the experimental data, ro = —dno/(dt: Wea) =
kC00'45P01 '15, and the reaction activation energy was 19.74 kJ mol !, The bimetallic

CuxNiy, nanoparticle catalyst probably has potential application for catalytic
26
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hydrogenation of other reducible chemicals.

Acknowledgements

This work was financially supported by National Natural Science Foundation of
China (21506078 and 21506082 and), Research Foundation of Jiangsu University
(15JDG026), China Postdoctoral Science Foundation (2016M591786 and
2016M601739) and Jiangsu Planned Projects for Postdoctoral Research Funds

(1601084B).

References

1 J.H. Wang, Z.L. Yuan, R.F. Nie, Z.Y. Hou, X.M. Zheng, Ind. Eng. Chem. Res., 2010,
49, 4664—4669.

2 R.G. de Noronha, C.C. Romao, A.C. Fernandes, J. Org. Chem., 2009, 74, 6960—
6964.

3 X.C. Meng, H.Y. Cheng, Y. Akiyama, Y.F. Hao, W.B. Qiao, Y.C. Yu, F.Y. Zhao, S.
Fujita, M. Arai, J. Catal., 2009, 264, 1-10.

4 K.H. Sunwoo, D.C. Kim, K.J. Shin, K.H. Yoo, D.J. Kim, S.W. Park, Dyes and
Pigments, 1999, 41, 19-29.

5 C.A. Merlic, S. Motamed, B. Quinn, J. Org. Chem., 1995, 60, 3365—-3369.

6 Y.G. Liu, Y.S. Lu, M. Prashad, O. Repic, T.J. Blacklock, Adv. Synth. Catal., 2005,
347, 217-219.

7 T. Swathi, G. Buvaneswari, Mater. Lett., 2008, 62, 3900-3902.

27


http://dx.doi.org/10.1039/c7nj00066a

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

New Journal of Chemistry Page 28 of 31
View Article Online
DOI: 10.1039/C7NJO0066A

8 M. Benz, R. Prins, Appl. Catal. A: Gen., 1999, 183, 325—-333.

9 M. Kumarraja, K. Pitchumani, Appl. Catal. A: Gen., 2004, 265, 135—139.

10 M. Lauwiner, P. Rys, J. Wissmann, Appl. Catal. A: Gen., 1998, 172, 141—148.

11 A. Furst, R.E. Moore, J. Am. Chem. Soc., 1957, 79, 5492—5493.

12 Y.H. Feng, A.L. Wang, H.B. Yin, X.B. Yan, L.Q. Shen, Chem. Eng. J., 2015, 262,
427-435.

13 S.F. Cai, H.H. Duan, H.P. Rong, D.S. Wang, L.S. Li, W. He, Y.D. Li, ACS Catal.,
2013, 3, 608—612.

14 O. Beswick, D. Lamey, F. Muriset, T. LaGrange, L. Oberson, S. Yoon, E. Sulman,
P.J. Dyson, L. Kiwi-Minsker, Catal. Today, 2016, 273, 244-251.

15 V. Mohan, C.V. Pramod, M. Suresh, K. Hari Prasad Reddy, B. David Raju, K.S.
Rama Rao, Catal. Commun., 2012, 18, 89-92.

16 P. Lu, T. Teranishi, K. Asakura, M. Miyake, N. Toshima, J. Phys. Chem. B, 1999,
103, 9673-9682.

17 H. Goksu, S.F. Ho, O. Metin, K. Korkmaz, A.M. Garcia, M.S. Giltekin, S.H. Sun,
ACS Catal., 2014, 4, 1777-1782.

18 F. Cardenas-Lizana, S. Gomez-Quero, G. Jacobs, Y. Ji, B.H. Davis, L.
Kiwi-Minsker, M.A. Keane, J. Phys. Chem. C, 2012, 116, 11166—11180.

19 S.P. Bawane, S.B. Sawant, Appl. Catal. A: Gen., 2005, 293, 162—170.

20] U.K. Singh, S.W. Krska, Y.K. Sun, Org. Process Res. Dev., 2006, 10, 1153—1156.
21 A.J. Kasparian, C. Savarin, A.M. Allgeier, S.D. Walker, J. Org. Chem., 2011, 76,
9841-9844.

28


http://dx.doi.org/10.1039/c7nj00066a

Page 29 of 31

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

New Journal of Chemistry
View Article Online
DOI: 10.1039/C7NJO0066A

22 IL.M.J. Vilella, S.R. de Miguel, O.A. Scelza, Chem. Eng. J., 2005, 114, 33-38.

23 Y.X. Liu, Y.Y. Fang, X.L. Lu, Z.J. Wei, X.N. Li, Chem. Eng. J., 2013, 229, 105—
110.

24 G.D. Yadav, R.K. Mewada, Chem. Eng. J., 2013, 221, 500-511.

25 M.B. Gawande, A. Goswami, F.X. Felpin, T. Asefa, X.X. Huang, R. Silva, X.X.
Zou, R. Zboril, R.S. Varma, Chem. Rev., 2016, 116, 3722—3811.

26 Y. Wang, Y.L. Shen, Y.J. Zhao, J. Lv, S.P. Wang, X.B. Ma, ACS Catal., 2015, 5,
6200—-6208.

27 A.Y. Yin, C. Wen, X.Y. Guo, W.L. Dai, K.N. Fan, J. Catal., 2011, 280, 77-88.

28 Y.J. Zhao, S. Zhao, Y.C. Geng, Y.L. Shen, H.R. Yue, J. Lv, S.P. Wang, X.B. Ma,
Catal. Today, 2016, 276, 28-35.

29 A.L. Wang, H.B. Yin, H.H. Lu, J.J. Xue, M. Ren, T.S. Jiang, Catal. Commun.,
2009, 10, 2060-2064.

30 R.K. Upadhyay, P.R. Waghmare, S.S. Roy, J. Colloid Interf. Sci., 2016, 474, 41—
50.

31 A.L. Wang, H.B. Yin, M. Ren, Y.M. Liu, T.S. Jiang, Appl. Surf. Sci., 2008, 254
6527-6536.

32 P.P. Upare, J.M. Lee, Y.K. Hwang, D.W. Hwang, J.H. Lee, S.B. Halligudi, J.S.
Hwang, J.S. Chang, Chem. Sus. Chem., 2011, 4, 1749-1752.

33 K.J. Carroll, J.U. Reveles, M.D. Shultz, S.N. Khanna, E.E. Carpenter, J. Phys.
Chem. C, 2011, 115, 2656-2664.

34 X.M. Huang, X.G. Wang, X.S. Wang, X.X. Wang, M.W. Tan, W.Z. Ding, X.G. Lu,

29


http://dx.doi.org/10.1039/c7nj00066a

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

New Journal of Chemistry Page 30 of 31
View Article Online
DOI: 10.1039/C7NJO0066A

J. Catal., 2013, 301, 217-226.
35 W.P. Xue, H.B. Yin, Z.P. Lu, Y.H. Feng, A.L. Wang, S.X. Liu, L.Q. Shen, X.Y. Jia,

Catal. Lett., 2016, 146, 1139-1152.

30


http://dx.doi.org/10.1039/c7nj00066a

Page 31 of 31

Published on 24 March 2017. Downloaded by Fudan University on 28/03/2017 17:58:14.

New Journal of Chemistry

A table of contents entry

Bimetallic Cuy ;Nig 3
nanoparticles

OCH, m OCH,

NO, NH,

NHCOCH; NHCOCH;

Slow

Monometallic Ni
nanoparticles

View Article Online
DOI: 10.1039/C7NJO0066A

The presence of Cu-Ni alloy phase favored the catalytic hydrogenation of 3-nitro-4-

methoxy-acetylaniline to 3-amino-4-methoxy-acetylaniline.


http://dx.doi.org/10.1039/c7nj00066a

