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ABSTRACT

The synthesis of primary amines via reductive amination in the presence of NH; and H,, as a green and sustainable process, has
attracted much attention. In this paper, we prepared series of Ni/SiO, catalysts with deposition-precipitation and impregnation
methods, and their catalytic performances on the reductive amination of a biomass derived compound of furfural to produce
furfurylamine were studied. The catalytic activity and the yield were correlated to the structure and the surface properties of
catalysts largely. The Ni/SiO, is of high Lewis acidity and small Ni particle with numerous large Ni flat step surface showed high
activity and selectivity, it afforded a reaction rate of 12.8 h™ and a high yield to furfurylamine around 98%. These results are
superior to the most non-noble metal catalysts reported so far. Moreover, the reaction route was examined with the unit control
reactions of the intermediate. To produce furfurylamine selectively, the most suitable catalyst should have the moderate but not
the highest activity in activation of hydrogen and hydrogenation in the reductive amination of furfural. This work provides some
useful information for the catalytic reductive amination of aldehydes both in the design of catalyst and the reaction route.
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1 Introduction

Primary amines are important chemicals and widely applied as
building blocks in synthesis of dyes, agrochemicals, drugs,
detergent, and polymers [1,2]. For the synthesis of primary
amines, there are several synthetic methods such as reductive
amination of carbonyl compounds [3-9] and alcohols [10-13],
hydroamination of olefins [14], amination of aryl halides [15], and
reduction of specific nitrogen sources (e.g., oxime [16], amides
[17], nitriles [18], and nitro compounds [19-24]). Among these
methods, the reductive amination of carbonyl compounds with
ammonia (NH;) as the nitrogen resource and H, as reductant is
the most attractive and practical route both in industry and
academic laboratories. The reductive amination method is of such
merits as (1) carbonyl compounds, NH;, and H, are all
inexpensive and widely available raw materials; (2) it can proceed
at relatively mild conditions (relatively lower temperature and
pressure). However, this method generally suffers from a main
problem that the chemoselectivity is difficult to control as the
initially-generated primary amines are more nucleophilic than
NH;, thus secondary and tertiary amines are easily produced,
besides, trimers and alcohols as byproducts are also produced
during reaction (Scheme 1) [3, 25, 26]. Therefore, it reminds a big
challenge in the development of highly active and selective
heterogeneous catalysts to produce primary amines selectively.
More recently, various catalysts were developed for the reductive

amination of carbonyl compounds, and some progresses have
been achieved. Generally, when the catalyst has strong
hydrogenation activity, such as Pd and Pt, the secondary amines
and/or alcohols could be mainly produced instead of the primary
amines [6, 8,27-29]. On the contrary, when the catalyst has low
hydrogenation activity, the intermediates of the primary imine are
difficult to hydrogenate to primary amines but trimerize to form
trimers [26]. Ru catalysts with moderate hydrogenation activity
are usually used to catalyze carbonyl compounds to primary
amines. The oxidation state/acidity or electron density of Ru is the
main factor in controlling the formation of primary amines. For
example, Xu et al. reported that the interfacial electronic effects
between Ru and the edge surface of boron nitride lead to a high
yield to furfuryl amine (FAM) (90.2%) over the Ru/BN-e catalyst
[30]. Hara et al. proposed that the low electron density of Ru
(positive charges) on Nb,O; surface may affect the adsorption of
furan rings and/or activity of the adsorbed hydrogen atoms for the
selective reductive amination of furfural (FAL) over Ru/Nb,Os,
and gave high yield of FAM (99%) [26]. Thereafter, they
demonstrated that the surface acid sites but not the dispersion or
oxidation/electronic states of Ru played important role in
controlling the formation of FAM over Ru/Nb,O5nH,O catalyst.
For Ru/Nb,O5-nH,0, with increasing reduction temperature from
300 to 400 °C, there was no significant difference in Ru dispersion
or oxidation and electronic states, but the amount of acid sites on
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Scheme1l The reaction route for reductive amination of furfural to
furfurylamine: from FAL, PIM, FAM, FOL, SIM to SAM.

Ru/Nb,0;nH,0 reduced at 300 °C (Ru/Nb,O5;nH,0-300) is
much more than that on Ru/Nb,O;nH,0O at 400 °C
(Ru/Nb,O5-nH,0-400). Thus they considered the reason for the
difference in activity of these catalysts may be due to their
difference in acidity [31]. Zhang et al. reported a highly efficient
and robust Ru/ZrO, catalyst which gave an ethanolamine yield as
high as 93% in the reduction amination of glycolaldehyde when it
was reduced at 150 °C (Ru/ZrO,-150). They found that Ru states
and the acidic sites could be adjusted by reduction temperature.
RuO, worked as acidic promoter to facilitate the activation of
carbonyl groups, while metallic Ru works as active sites for imine
hydrogenation, the cooperation between these two types of active
sites contributed to the excellent performance of Ru/ZrO,-150
[32]. Ding et al. suggested that the dispersion of Ru nanoparticles
(NPs) (at a range of 8.7%-24.7%) had a negligible effect but the
acid sites influenced the reductive amination of furfural over the
Ru/HZSM-5 catalysts remarkedly, the Ru/HZSM-5(46) containing
optimized acid sites and interaction of metal-support presented
the optimum performance with a yield of 76% to FAM [33].
While, Wang et al. found the Ru dispersion influenced the
reductive amination of cyclopentanone to cyclopentylamine over
Ru/Nb,O;s catalyst with different morphologies (layer, hollow,
flower-like), cyclopentylamine was produced with a yield of 84.3%
[34]. Besides, Hara et al. reported that the structure or the
morphology could also affect the catalytic performance, the one of
face-centered-cubic (fcc) Ru NPs catalyst with rich {111} facets
exposed on the flat Ru particles showed superior catalytic
performance for the reduction amination of FAL to FAM (yield of
99%) [35]. For the reduction amination of carbonyl compounds to
primary amines, the synergistic or cooperating effects among
several factors should exist and contribute to the catalytic
performances. For example, Nishimura et al. proposed that the
catalytic activity depended on the Ru nanoparticle size and the
state of Ru species (RuO,/Ru) on Ru supported BEA catalysts [36].
Han et al. reported the acidity, the reduction degree of RuO,, and
the electronic density of Ru species were the important factors to
influence the performance of reductive amination over Ru/TiP
catalyst [37]. Zhang et al. prepared a Ru;/NC-900-800NHj catalyst
with Ru single atom dispersed and revealed that a blocked Lewis
pair formed between the Ru metal center with high electron
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density and N atom was conducive to the H, dissociation in a
heterolytic manner, thus promoting the reductive amination of
FAL to FAM [38].

Pd, Rh, Ru noble metal catalysts have been widely studied in
reductive amination for their superior activity in hydrogenation.
However, the high price and the limited resource restrict their
utilization, thus, non-precious metallic Ni- [28,39-55] and Co-
catalysts [27,28,47,55-64] as replacement have attracted more
and more attention. It was reported that the identity of the metal is
known to have a strong effect on the selectivity to primary amines,
with an improving order of Pt < Pd < Rh < Ru < Ni < Co [27, 28].
Ding et al. reported an efficient 10Ni/ALO; catalyst, it exhibited a
high reaction rate of 23.5 h™ and the high yield to FAM (> 99%),
however, FAM could be further hydrogenated to
tetrahydrofurfury-amine during the reaction. The strong
metal-support interaction, suitable acid sites, and good Ni
dispersion guaranteed the outstanding performances of the
Ni/ALO; catalyst [51]. Hara et al. also reported the synergistic
effect of small metallic Ni and metal oxide NiO nanoparticle
endowed the carbon modified Ni@dendritic silica catalyst to show
high activity and high selectivity in the reductive amination of
FAL to FAM [54]. However, compared to the noble metals the
activitives of Ni and Co are lower (Table S1 in the Electronic
Supplementary Material (ESM)), it remains big challenge in
designing efficient catalyst with non-noble metals.

Herein, we report an efficient Ni/SiO, catalyst for reductive
amination of FAL to FAM in the presence of NH; and H,, with it
FAM was produced with a high yield around 98%. The Ni/SiO,
catalysts were prepared by deposition-precipitation or
impregnation methods. The structures or the surface properties of
catalysts were adjusted by varying Ni loading (7.5%-30%), and
calcination temperature (350-550 °C). The catalysts were well
characterized by transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), scanning TEM (STEM), X-ray
diffraction (XRD), H,-TPR (TPR: temperature programmed
reduction), Hy-TPD (TPD: temperature programmed desorption),
NH,-TPD, Fourier transform infrared (FT-IR) spectra of pyridine,
and FT-IR spectra of CO adsorption. The relation between the
structure and the catalytic performances as well as the reaction
route has been discussed. To figure out the reaction pathway and
thus control/restrict the products, several control reactions such as
transformation of furfural to trimer, hydrogenation of trimer, and
the hydrogenation of dimer were examined. This work showed a
perspective for the Ni catalyst and provided a useful information
for the catalytic reductive amination of carbonyl compounds.

2 Experimental

2.1 Materials

Ni(NO;),-6H,0 (Alfa Aesar), Na,CO; (Beijing chemicals), SiO,
(Aladdin, 50 nm, denoted as SiO,-I), SiO, (Aldrich, 15 nm,
denoted as SiO,-II), ethanol (XL; AR), tert-butanol (TCI; 99%),
furfural (Acros; > 97%), furfuryl amine (TCL > 98%), furfuryl
alcohol (Alfa; > 98%), and chlorobenzene (TCIL; 99%) were used as
received without further purification. H, with a purity of >
99.999% was purchased from Changchun Juyang Gas Co., Ltd.

2.2 Catalyst preparation

The catalyst was prepared by deposition-precipitation and
impregnation method, respectively. In a typical deposition-
precipitation method, 2 g SiO,-I was added to 100 mL distilled
water in a three-necked flask, and then stirred for 0.5 h until SiO,
was uniform dispersed. After that, the aqueous solution of
Ni(NO,),6H,0 (1 M) and Na,CO, (1.5 M) with a Na,CO4/Ni
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molar ratio of 1.5 was simultaneously dripped to the slurry under
stirring at a rate of 60 mL-h™ at 35 °C, then the resulted slurry
solution was stirred at 55 °C for 1 h. The resulted precipitate was
washed with distilled water until its surface reached neutral with
pH indicator strip, then dried at 90 °C and calcinated in air flow at
450 °C for 2 h, and reduced with H, flow at 580 °C for 2 h. The
final sample was denoted as Ni/SiO,-I-DP. The Ni loading in
weight was about 15%, DP referred to deposition-precipitation
method. SiO,-II supported Ni prepared as above method was
denoted as Ni/SiO,-1I-DP. For comparison, a similar catalyst was
prepared by equal volume impregnation method, the sample were
dried overnight at 90 °C. The following thermal treatments were
the same as the above described. The obtained catalyst was named
as Ni/SiO,-I-IM, IM referred to impregnation method. For the
catalyst without special instructions, the loading amount was 15%,
and the calcination temperature was 450 °C.

2.3 Catalyst characterization

Powder XRD (PXRD) patterns of reduced catalysts were
measured on a Bruker D8 Advance X-ray powder diffraction
instrument with a Cu-Ka radiation (A = 0.154 nm) in the 26 range
of 20°-80° with a scan speed of 4°min”. TEM and HRTEM
observations were performed on a field emission JEOL JEM-2010
instrument at 200 kV. The STEM images were obtained with an
energy dispersive spectroscopy (EDS) detector, by Tecnai G2 TEM
operating at 200 kV. The reduced samples were ultrasonically
dispersed in ethanol before deposited on the double-linked copper
mesh. H,-TPR, H,-TPD, and NH;-TPD experiments were
performed on a Micromeritics Autochem II 2920 chemisorption
instrument equipped with a thermal conductivity detector (TCD).
In a typical H,-TPR experiment, the sample was pretreated in Ar
atmosphere at 150 °C for 1 h to remove physically adsorbed H,0O
and other impurities. After cooling to 50 °C, the sample was
measured by heating from 50 to 900 °C with a ramping rate of
10 °C:min™ in a 5% H,/Ar flow (50 cm*min™). In a typical H,-
TPD experiment, the sample was in situ reduced for 2 h at 580 °C
in a 5% H,/Ar flow. After cooling to 50 °C, purging with Ar to
remove physically adsorbed hydrogen until the baseline reached
stable, the sample was measured in an Ar flow (50 cm>min™) at a
temperature range of 50-900 °C with a heating rate of
10 °C-min™. In a typical NH;-TPD experiment, the sample was in
situ reduced for 2 h at 580 °C. After cooling to room temperature,
the sample adsorbed ammonia for 0.5 h, then the sample was
heated in helium (He) atmosphere at 100 °C for 0.5 h to remove
physically adsorbed NH;. After that, the sample was cooled to
room temperature and measured from room temperature to
900 °C at a heating rate of 10 °C:min™ in He flow (50 cm™min™).
The contents of Ni in the Ni/SiO, catalysts were obtained by
inductively coupled plasma (ICP) on Thermo Scientific X series I,
the actual Ni loadings were close to the theoretical ones. X-ray
photoelectron spectroscopy (XPS) measurements were performed
on VG Microtech 3000 Multilab. Nitrogen sorption isotherms
were measured at —196 °C by using a Micromeritics ASAP 2020
instrument after degassing the samples under vacuum at 300 °C
for 10 h. The surface areas were calculated by the
Brunauer-Emmett-Teller ~ (BET) method. The relative
concentration of Brensted and Lewis acid sites was measured by
infrared spectroscopy (Vertex 70, Bruker) of adsorbed pyridine.
The sample was pressed into a disc (diameter of 13 mm) and it
was reduced under H, at 580 °C for 2 h and cooled down to room
temperature, followed by the collection of the background of the
IR spectrum. Next, the temperature was increased from room
temperature to 130 °C; the sample was kept in pyridine vapor for
0.5 h, and then the sample was kept in flowing He at 200 °C for
0.5 h to allow the physiosorbed pyridine to desorb. Afterwards, the
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sample was cooled to ambient temperature. Then, the FT-IR
spectrum was collected at a range of wavelengths from 400 to
4,000 cm™. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra of CO adsorption and secondary imine (SIM) adsorption
were examined on a Thermo Scientific Nicolet iS50 spectrometer
equipped with a mercury cadmium telluride (MCT) detector. The
sample was reduced under H, at 580 °C for 2 h and cooled down
to room temperature, then the sample was purged by flowing He
at 70 mL-min™ for 10 min at 30 °C. Then, the background was
recorded. For CO adsorption, the sample was exposed to a stream
of 5% CO/He (70 mL-min™) for 30 min. The spectra were
recorded once per minute while passing He at 70 mL-min"'. For
SIM adsorption, after the dripping of 10 pL SIM, the spectra were
recorded once per minute while passing He at 70 mL-min™.
Thermogravimetric analysis (TGA) was obtained on TA-Q50
instruments. The sample was heated from 50 to 800 °C at a
heating rate of 10 °C-min™' in a N, flow.

24 Reductive amination of furfural

The catalytic performance of Ni/SiO, catalysts in the reductive
amination of furfural was performed in a 50 mL stainless steel
autoclave. The catalyst was pre-reduced in a quartz tube at 580 °C
in a H, flow for 2 h. After reduction finished, the catalyst was
cooled to room temperature and purged with N, for 0.5 h. Then
the catalyst was immediately transferred to the reactor containing
a mixture of 5 mmol furfural reactant and 5 mL tert-butanol
solvent, the reactor was flushed with H, five times to remove the
air and placed in a water bath waiting for about 10 min to warm
up it to 90 °C. Then, NH; (0.8 MPa) and H, (4 MPa) were
introduced into the reactor in sequence, and the reaction was
started with a stirring rate of 1,300 rpm. After the reaction
finished, the autoclave was cooled down in ice-water and then
depressurized slowly. After the suspension was centrifugated and
separated, the liquid products were analyzed by gas
chromategraphy (GC, Shimadzu, GC-2014) equipped with a
capillary column (Restek Stabilwax 30 m x 0.53 mm X 1 pm) and
a flame ionization detector (FID). All liquid products were
identified by gas chromatography/mass spectrometry (GC/MS,
Agilent 5890). Conversion of FAL and yield to products were
determined by GC using chlorobenzene as an external standard.
The conversion and yield were calculated by the following
equations

Mole of furfural consumed

Conversion (mol%) = % 100%

"~ Mole of furfural added initially

Carbon atoms in a certain product produced

Yield(%) = ( ) % 100%

Carbon atoms of furfural added into reactor

For the recycling experiment, after reaction the catalyst was
collected by centrifugation and washed with ethanol for 5 times,
dried at 90 °C for 5 h and reduced at 580 °C for 2 h, then it was
used again with adding fresh FAL and solvent together to the
reactor.

3 Results and discussion

A series of Ni/SiO, catalysts were prepared by different methods
and thermal treatments in order to figure out the relation of
surface property and structure with the catalytic performance.
Three selected catalysts of Ni/SiO,-I-DP, Ni/SiO,-II-DP, and
Ni/SiO,-I-IM as described in Section 2 were mainly characterized
and studied for the reductive amination of FAL. The effects of the
morphology and structure of the Ni nanoparticles on the catalytic
performance were discussed in detail.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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3.1 Structure and properties

At first the morphology and the Ni nanoparticle dispersion on the
surface of SiO, supports were examined by TEM measurement.
As the images shown in Fig. 1, the catalysts Ni/SiO,-I-DP and
Ni/SiO,-II-DP prepared by deposition-precipitation presented a
homogeneous dispersion of Ni in a particle size around 3 nm,
irrespective to the kind of support used, and it is also observed
from the elemental mapping images that Ni is highly dispersed on
the surface of SiO, (Fig.S1 in the Electronic Supplementay
Material (ESM)). While, by comparison, Ni/SiO,-I-IM prepared
by impregnation showed a serious aggregation of Ni particles, the
average size of Ni particles is around 18 nm, indicating the
preparation method has a significant influence on the Ni
dispersion. It is interesting, the morphology of the Ni
nanoparticles was different on the Ni/SiO,-I-DP and Ni/SiO,-II-
DP, although the same of Ni dispersion on them. As seen in Fig. 2,
the flat-shaped Ni particles showed on the surface of Ni/SiO,-I-DP
(Fig. 2(a)) but such flat-shaped Ni particles were hardly observed
on Ni/SiO,-II-DP, instead of that the particle in a kind of ideal
sphere clearly presented (Fig.2(b)). Besides, the Ni/SiO,-I-DP
prepared with different Ni loading was also examined, and it was
found a big difference in Ni dispersion (Fig. S2 in the ESM), at
high Ni loading the Ni particle aggregated largely. However, the
thermal treatment at a calcination temperature range of 350-550
°C showed very slight effect on the Ni dispersion, all the Ni
particle size is around 3 nm (Fig. S3 in the ESM).

The XRD patterns also demonstrated the similar results for the
Ni/SiO,-I-DP, Ni/SiO,-II-DP, and Ni/SiO,-I-IM catalysts (Fig. 3).
The diffraction patterns attributing to Ni(111), Ni(200), and
Ni(220) were detected for all the samples, similar to the crystal
planes measured on the TEM images. It is broadened and weak
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for Ni/SiO,-I-DP and Ni/SiO,-II-DP, but sharp on Ni/SiO,-I-IM,
demonstrating again that the particle sizes of Ni on Ni/SiO,-I-DP
and Ni/SiO,-II-DP are small with a uniformly dispersion. By
contrast, the Ni particles aggregated significantly on the surface of
Ni/SiO,-I-IM. It was reported that a Ni;Si,05(OH), phase was
formed under the alkaline conditions during deposition-
precipitation preparation [65], the formation of Ni;Si,O5(OH),
resulted in the uniform dispersion of Ni on SiO, as the stronger
interaction between Ni and the support. For the Ni/SiO,-I-DP
catalysts with different Ni loadings (Fig. $4 in the ESM), the results
of XRD were consistent with those of TEM results.

In addition, the reduction behavior of the catalysts was
examined by TPR analysis, the results are shown in Fig.4. The
reduction behaviors largely depended on the preparation method,
for the catalyst prepared by deposition-precipitation of Ni/SiO,-I-
DP and Ni/SiO,-II-DP, they presented the similar reduction peaks
at 558 and 632 °C. By contrast, the Ni/SiO,-I-IM prepared by
impregnation presented the reduction peak at the lower
temperatures of 305-364 °C. The difference in the reduction
temperature of NiO in the samples should be ascribed to the
strength of the interactions of NiO with SiO,. The reduction
degree of NiO in Ni/SiO,-I-DP and Ni/SiO,-I-IM was similar, but
the amount of the desorption of hydrogen on the former one was
much larger than that on the latter one (Fig. S5 in the ESM and
Table 1 entries 1 and 3), indicating the former one with smaller Ni
particle has more adsorption/active sites for hydrogen. The
reduction degree of NiO in Ni/SiO,-I-DP was higher than that in
Ni/SiO,-II-DP, but the amount of hydrogen desorption on both
the catalysts was similar (Table 1 entries 1 and 2), suggesting the
similar amount of active sites for H, dissociation on the both
catalysts.

Figure2 HRTEM images of (a) Ni/SiO,-I-DP and (b) Ni/SiO,-II-DP, and their enlarged images (insets).
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Figure4 H,-TPR profiles of Ni/SiO, catalysts. (a) Ni/SiO,-I-DP, (b) Ni/SiO,-II-
DP, and (c) Ni/SiO,-I-IM. The sample before reduction was used for H,-TPR
test.

Besides, the acidity of the selected catalysts was characterized.
The results show that the acidity depended on the sort of support
used largely, Ni/SiO,-I-DP and Ni/SiO,-I-IM presented the equal
amount of acid sites, but Ni/SiO,-II-DP showed less amount of
acidity on its surface (Fig. S6 in the ESM and Table 1). The acidity
of the catalyst should mainly come from the support rather than
the surface Ni species. Furthermore, the type and concentration of
acid sites were examined via FT-IR measurement by adsorbing
pyridine, the results are shown in Fig. 5. It was found there are two
kinds of Lewis and Bronsted acid sites on the surface of the
catalysts checked, and it depended on the supports used also. The
similar amount of Lewis and Bronsted acid sites presented on

Table1 Physical and chemical properties of catalysts
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Ni/SiO,-1-DP and Ni/SiO,-I-IM. In contrast, the amount of Lewis
acid sites of Ni/SiO,-I-DP is much more than that of Ni/SiO,-II-
DP and the number of Bronsted acid sites is similar on both
catalysts, while there are more Lewis acid sites than Bronsted acid
sites on these catalysts. It concluded that the surface acidity of
Ni/SiO, catalysts is mainly coming from the support, irrespective
to the presence of Ni species or not.

Moreover, DRIFT spectra of the CO adsorption were also
checked. As depicted in Fig. 6 and Fig. S7 in the ESM, the band at
2,181 cm™ corresponds to Ni*-CO species for Ni/SiO,-I-IM
[66-68], and the broad band with the center of 2,008-2,031 cm™
belongs to the linear CO species adsorbed the edge Ni’, while that
at 1,890 cm™ is assigned to bridge CO adsorption on Ni atoms.
Another peak around 1,812 cm™ can be assigned to CO bonded to
up to four Ni atoms [66-72]. From Ni/SiO,-I-IM, Ni/SiO,-1I-DP
to Ni/SiO,-I-DP, the adsorbed band of CO red-shifts from 1,890
to 1,812 cm™, indicating the Ni terrace/step sites is getting larger
and larger [66-68]. The red-shift of CO absorbance peak could be
ascribed to the geometric effect as described above but not the
electron denoting effect as reported on Ru/Nb,O; and Ru/TiP [26,
37], because the electronic state of Ni° is similar in all Ni/SiO,
catalyst (Fig. S8 in the ESM). The results of CO adsorption are
consistent with that observed from HRTEM analysis, that the flat-
shape Ni has the larger Ni step on the Ni/SiO,-I-DP compared
with the spherical-shape Ni on the Ni/SiO,-1I-DP, the former one
is beneficial to the adsorption of CO on multiple Ni. In addition,
the intensity of the bridge CO adsorption is in an order of Ni/SiO,-
I-DP > Ni/SiO,-II-DP > Ni/SiO,-I-IM, which is also the order of
the amount of the large Ni step on these catalysts. Ni/SiO,-I-DP
has the largest step surface, and this kind of step surface is the
most in amount.

3.2 Relation of structure and catalytic performance

The catalytic performance of the selected catalysts of Ni/SiO,-I-
DP, Ni/SiO,-II-DP, and Ni/SiO,-I-IM was evaluated for the
reductive amination of FAL, and the relationship of the structure
and activity/selectivity has been discussed. In the reductive
amination of FAL, several reaction steps are included as shown in
Scheme 1. At first, the condensation of FAL with ammonia could
occur and generated corresponding primary imine (PIM), an
intermediate, which is unstable and difficult to detect or isolate
from the reaction mixture. In the presence of a catalyst, PIM could
be hydrogenated to the desired product of FAM. Then FAM was
further condensed with FAL to form SIM as the nucleophilic
addition activity of FAM is much higher than NH; [73].
Therefore, once FAM was formed, it would condense with FAL or
PIM to form SIM. In the presence of excess NH;, the existing
form of SIM should be gem-diamine, although gem-diamine is
unstable and difficult to detect. Gem-diamine was then

Particle size (nm)*
Entry Catalyst —m————

H, consumption Reduction H,-TPD NH;-TPD Acid site (umol-g™)* Sger

Pore Pore
volume diameter

3, g-1)be 0)d 3, 1)be 3, 1)bf 2,5-1)h
TEM  XRD (em™g™) degree (%)* (cm’g™)*  (em'g") B L ™) (mig)  (am)
1 Ni/SiO,IDP 28 _ 38.8 67.7 35 6.0 390 2453 213 100 3.06
2 Ni/SiO,-ILDP 3.1 — 29.9 52.1 3.1 3.0 348 1335 321 096 655
3 Ni/SIOpLIM 181 151 403 703 0.3 6.0 382 2444 176 132 3.06

For all the catalyst examined, Ni loading is 15%, all the samples were calcined at 450 °C. *Average size of the Ni nanoparticles was determined by TEM
(Fig. 1) and XRD analyses (Fig. 3), respectively. "The dosage of samples used is 0.1 g. “The H, consumption of the unreduced catalysts was determined by
H,-TPR measurement. The temperature was raised from 30 to 580 °C at 10 °C-min™' and maintained at 580 °C for 2 h. ‘The reduction degree of the
catalyst was obtained by the ratio of the hydrogen consumption measured by H,-TPR to the theoretical one. The theoretical hydrogen consumption of the
catalyst was 57.3 cm’g™" as calculated based on the complete reduction of NiO to metallic Ni. “The amount of H, desorption (Fig. S5 in the ESM). ‘The
amount of NH; desorption (Fig. S6 in the ESM). The amount of Bronsted (B) and Lewis (L) acid were calculated based on pyridine adsorption by FT-IR
spectra (Fig. 5). "Sppris BET surface area, the pore volume was estimated by the Barrett-Joyner-Halenda method, and the pore diameter was determined
by the density functional theory method.
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Figure5 FT-IR spectra for pyridine adsorbed on different catalysts.
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Figure 6 DRIFT spectra of CO adsorption on (a) Ni/SiO,-I-IM, (b) Ni/SiO,-1I-
DP, and (c) Ni/SiO,-I-DP at 30 °C after CO adsorption and purging with He
for 10 min (Fig. S7 in the ESM).

hydrogenated to FAM directly or reversibly converted to FAM
and PIM, which are then hydrogenated to FAM. If the catalyst was
less selective, the direct hydrogenation of FAL to furfuralcohol
(FOL) and the hydrogenolysis of PIM to FOL would also occur.
Moreover, the intermediate of SIM could be further hydrogenated
to give secondary amine (SAM). When the hydrogenation of PIM
is quite slow, the accumulation of PIM and side reactions would
occur [26]. PIM can be trimerized to form hydrofuramide, which
subsequently undergoes thermal cyclization to give furfurine.
Hydrofuramide could be transformed to FAM also, but furfurine
could not [26, 74].

The results of the reduction amination of FAL are shown in
Fig. 7. For the Ni/SiO,-I-DP and Ni/SiO,-II-DP catalysts, SIM was
mainly produced as an intermediate in the initial stage of the
reaction, and then it transformed to FAM with extending reaction
time (Fig.7). Over Ni/SiO,-I-DP catalyst, FAM was produced
with a maximum of 94.6% within 1.5 h, and the value changed
slightly with further hydrogenation up to 4 h, the deep
hydrogenation product of tetrahydrofurfurylamine was not
observed (Fig.7(a)). While, on the Ni/SiO,-II-DP, the
transformation of SIM is much slower, to reach the maximum
yield of FAM (92.5%) needed 6 h (Fig. 7(b)). Moreover, Ni/SiO,-1-
IM showed largely difference to the above two catalysts, with it
trimers of hydrofuramide and furfurine was produced at the initial
stage of reaction, and hydrofuramide slowly generated to FAM,
the maximum yield of FAM (38.6%) obtained at 12 h was much
lower (Fig. 7(c)). The conversion of FAL can reached 100% over
all catalysts, the formation of FAM depended on the rate of
intermediate SIM formation (Table 2), which is closely related to
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Figure7 Time-yield profiles of reductive amination of furfural over (a)
Ni/SiO,-I-DP, (b) Ni/SiO,-II-DP, and (c) Ni/SiO,-I-IM. Reaction conditions:
5 mmol furfural, 5 mL tert-butanol, 0.1 g catalyst, 0.8 MPa NH;, 4 Mpa H,, and
90 °C. It is noted the conversion exceeded over 99.9% on all catalysts.

the particle size of the catalyst (Fig. 8). The small Ni particle size
could provide more active sites for the activation and dissociation
of hydrogen, and thus promoted the hydrogenation reaction
resulting in the formation of SIM and then FAM, however, it is
not the smallest, the best. For example, the Ni/SiO,-I-DP prepared
with a 7.5% Ni loading had a smaller Ni particle size of 2.1 nm, on
which the yield of FAM was 87.1%, which is a little lower than that
on the catalyst with a 15% Ni loading and a bigger Ni particle size
of 2.8 nm, due to more FOL was formed on the former one (Table
2 entries 1 and 2). For Ni/SiO,-I-DP and Ni/SiO,-II-DP having
similar Ni particle in size (~ 3 nm), they exhibited similar yield to
FAM (92%-95%). But the forming rate of FAM on Ni/SiO,-I-DP
is much higher than that on Ni/SiO,-II-DP (Table 2 entries 3 and
5). One possible reason might come from the acidity, the amount
of Lewis acid sites is much more on the former compared to the
latter one. The Lewis acid sites could profit the adsorption and the
hydrogenation of PIM and gem-diamine to FAM. Although
Ni/SiO,-I-DP and Ni/SiO,-II-DP have certain differences in
acidity, their acidity is relatively weak and SiO, is generally a
neutral or inert carrier. Thus, except for the acidity the
morphology or the atomic stacking structure of Ni particles on the
Ni/SiO, catalysts examined herein should be considered. The flat-
shaped Ni with the large and multiple step surface on the Ni/SiO,-
I-DP may favor the adsorption of PIM and gem-diamine by
horizontal adsorption mode, benefiting the formation of FAM,
which is in agreement to the results in literature, in which the flat-
shape catalyst was suggested to be beneficial to the reductive
amination of carbonyl compounds [35,62]. Hara et al. has
reported the catalytic performance of the flat-shaped fcc Ru NPs
was much better than that spherical-shape hexagonal-close-packed
structure of Ru NPs because fcc Ru NPs could be able to generate
a large fraction of open {111} facets with the large fraction of
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Table2 The results of reductive amination of FAL over different Ni/ SiO, catalysts*

3725

Yield (%)

Entry Catalyst Ni loading Calcinatiorl .Particle Time Rafe(
(%) temperature (°C)  size (nm)  (h)  FAM  FOL  SIM  Trimers  Others  (h™)

1 Ni/SiO,-1-DP* 7.5 450 2.1 1 87.1 12.0 1.0 — — 17.0
2 Ni/SiO,-1-DP 15 450 2.8 1 90.7 1.3 6.3 14 0.2 17.7
3 Ni/SiO,-1-DP 15 450 2.8 1.5 94.6 4.4 — 0.3 0.7 12.3
4 Ni/§iO,-1-DP 15 550 3.0 1.5 91.2 6.3 - 0.1 0.3 11.9
5 Ni/SiO,-1I-DP 15 450 3.1 6 92.5 6.9 — 0.2 0.4 3.0
6 Ni/SiO,-I-DP 15 350 3.7 1.5 91.5 7.2 — 0.1 1.2 11.9
7 Ni/§iO,-1-DP* 30 450 7.8 8 63.4 0.6 — 34.6 1.4 1.6
8 Ni/SiO,-I-IM 15 450 18.1 8 32.2 4.5 — 60.1 3.2 0.8
9 Raney Ni' — — 13.6 24 75.7 0 4.5 19.7 0.1 0.6

Reaction conditions: 5 mmol furfural, 5 mL fert-butanol, 0.1 g catalyst, 0.8 MPa NH;, 4 MPa H,, and 90 °C.*The data were collected just when the SIM

was completely converted, "uncertain products, ‘rate was calculated by per mole of FAM produced per mole Ni per hour, 0.2 g, 0.05 g, and '0.015 g.
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Figure 8 The yield to furfuryl amine as a function of Ni particle size.

metallic Ru [35]. Mitsudome et al. has reported that the
performance of Co,P nanorods (Co,P NRs) was better than that of
the bulk Co,P, CoP nanoparticles sponge Co, and Co/SiO, for the
reduction amination of benzaldehyde to benzylamine [62]. For
Ni/SiO,-I-IM, the particle size of Ni is larger, its ability to activate
hydrogen is relatively poor (Table 1 entry 3), in this case PIM was
easily transformed into trimers, resulting in low yield of FAM
(Table 2 entry 8). The amount of acid sites of Ni/SiO,-I-IM is
equal to that of Ni/SiO,-I-DP, but the amount of the Ni step
surface of Ni/SiO,-I-IM was much less than that of Ni/SiO,-I-DP
(Fig. 6). It suggested again that the structure of Ni particles played
an important role, the smaller Ni particle with flat steps is
conductive to the activation of hydrogen and the horizontal
adsorption of intermediates (PIM and gem-diamine), favoring the
hydrogenation of intermediates to FAM. That was also
demonstrated by a series catalyst of Ni/SiO,-I-DP calcined at a
range of temperatures (350-550 °C). The difference in calcinating
temperature did not change the Ni particle size, the surface species
ratio Ni’/NiO, the hydrogen adsorption as well as the surface
acidity (Table S2 entries 1, 3 and 4 in the ESM), thus FAM was
formed with the similar rate on these catalysts (Table 2 entries 3, 4
and 6). As analysis of the surface properties of the catalysts listed
in Table S2 and Fig. S8 in the ESM, the effects of the surface area
of catalysts and the electronic state of Ni could be excluded.
Moreover, the one of Ni/SiO,-I-DP (30% Ni), having a Ni particle
of 7.8 nm, exhibited a lower forming rate of FAM (Table 2 entry
7). It is to note that the yield to FAM (94.6%) and its formation
rate (12.3 h™) over Ni/SiO,-I-DP were much higher than these on
Raney Ni (75.7% and 0.6 h™) (Table 2 entries 3 and 9). Overall, the

results showed that Ni/SiO,-I-DP is effective for the present
reductive amination reaction. The activity and product selectivity
mainly depend on the structure of Ni particle. The smaller Ni
particle benefits for the activation of H, thus accelerating the
hydrogenation reaction steps, the larger and more flat step surface
favors the horizontal adsorption of substrate thus promoting the
formation of FAM.

3.3 Reaction mechanism

In order to better understand the reaction pathways and
mechanism, the adsorption and transformation of SIM were
performed and compared for the catalysts selected. DRIFT spectra
of the SIM adsorption at 30 °C are shown in Fig. 9. It presented a
strong adsorption on the surface of Ni/SiO,-I-DP after SIM
adsorption and purging He for 205 min (Fig. 9(a)). However, the
SIM adsorption was not detected on the surface of Ni/SiO,-1I-DP
after SIM adsorption with He purging only for 8 min (Fig. 9(b)).
The adsorption strength is in an order of Ni/SiO,-I-DP >>
Ni/SiO,-I-IM > Ni/SiO,-1I-DP based on the desorption rate. The
adsorption of SIM is relative with Ni step surface and the surface
acidity. Furthermore, the reductive amination of SIM, was carried
out and compared among the above three catalysts, the SIM could
be converted to FAM almost without hydrogenation to SAM (Fig.
10). The reaction rate of SIM to FAM is in an order of Ni/SiO,-I-
DP > Ni/SiO,-II-DP > Ni/SiO,-I-IM, which is related to both the
ability of activation of hydrogen (Ni/SiO,-I-DP =~ Ni/SiO,-II-DP
>> Ni/SiO,-I-IM, Table 1) and the adsorption strength (Ni/SiO,-I-
DP >> Ni/SiO,-I-IM > Ni/SiO,-II-DP, Fig. 9). For the reductive
amination, once FAM was formed, it would condense with FAL to
form SIM, or with PIM to form SIM, in the presence of excess
NH,, SIM adsorbed on the surface of Ni formed gem-diamine.
Activated hydrogen was added to gem-diamine to form FAM.
Therefore, the ability to activate hydrogen and the adsorption
strength of SIM on the catalyst are important for the formation of
FAM with high yield.

Besides, the amination of FAL to trimers in the absence and
presence of catalyst was also examined, the results are shown in
Fig. 11. Without catalyst, FAL could react rapidly with NH; to
form hydrofuramide, which was easily cyclized to form furfurine.
In the presence of Ni/SiO,, the formation of trimers was inhibited.
The forming rate of trimers is in an order of Ni/SiO,-I-DP <
Ni/SiO,-II-DP < Ni/SiO,-I-IM at the initial stage. The adsorption
mode of PIM by horizontal direction on the larger Ni step surface
may be stronger to retard its desorption and the formation of
trimers. The reductive amination with trimers as starting reactant
was also checked under the same reaction conditions (Fig. 12).
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Figure 10 Time-conversion/yield profiles of reductive amination of SIM: (a)
Ni/SiO,-I-DP, (b) Ni/SiO,-II-DP, and (c) Ni/SiO,-I-IM. Reaction conditions:
2.5 mmol SIM, 5 mL tert-butanol, 0.1 g catalyst, 0.8 MPa NH;, 4 MPa H,, and
90°C.

Trimers were self-synthesized from a reaction of FAL with NH;,
in which the two kinds of trimers of hydrofuramide and furfurine
could be formed but they cannot be separated and identified
under our chromatographic conditions. Hydrofuramide can be
reversibly converted to PIM and then hydrogenated to FAM.
Hydrofuramide can be hydrogenated to FAM and SAM [39], the
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Figure 11 Time-composition profiles of furfural to trimers of hydrofuramide

and furfurine. Reaction conditions: 5 mmol furfural, 5 mL fert-butanol, 0.1 g
catalyst, 0.8 MPa NH;, and 90 °C.

reaction did not occur over Ni/SiO, because SAM was not
detected. Furfurine is stable and cannot be further transformed
[26, 74]. The conversion of trimers to FAM is much slower than
the transformation of FAL or SIM to FAM, and the conversion is
below 15%. The results suggested if the hydrogenation activity was
low, the trimers formed from the aggregated PIM will be difficult
to convert to FAM. Based on the above, the present reductive
amination contained several competitive steps. The formation of
trimers will lower the production of desired product of FAM; thus,
the catalyst should be sufficiently active and selective, the rapid
hydrogenation of PIM would reduce its accumulation and thus
prevent the side reaction of PIM to trimer.

Finally, the reaction conditions were evaluated, hydrogen
pressure showed an influence on the yield to FAM, the highest
yield of 97.9% presented at 2 MPa (Fig. 13). The higher hydrogen
pressure is beneficial to hydrogenation of PIM and gem-diamine
to FAM, but too high will promote the hydrogenation of FAL and
PIM to FOL. The influence of NH; pressure was much significant,
the yield to FAM enhanced significantly from 37.9% to 97.9% with
increasing NH; pressure from 0.4 to 0.8 MPa, while it decreased
sharply to 16.7% when NHj; pressure increased to 1.2 MPa.
Increasing NH; pressure can inhibit the conversion of PIM to
trimers, then promote the formation of FAM. But too high NH,
pressure causes the hydrogenation active site to be covered by
NH;. The optimum conditions were confirmed to be 90 °C,
2 MPa H,, 0.8 MPa NHj,, and 1.5 h, at which a high reaction rate
of 12.8 h' was achieved, it is much higher than the results
reported on the most non-noble metal catalysts in literature (Table
S1 in the ESM). The Ni/SiO,-I-DP catalyst is also effective for the
reductive amination of aldehydes (benzaldehyde and 5-
hydroxymethylfurfural) and ketones (cyclohexanone and
acetophenone) to their corresponding primary amine with a yield
at a range of 85%-93% (Table S3 in the ESM). The Ni/SiO,-I-DP
catalyst could be used for four times with a slightly decrease in the
yield to FAM (Fig. S9 in the ESM), which is ascribed to the carbon
deposition as confirmed by TGA measurement (Fig. S10 in the
ESM). For the recycled catalyst, the agglomeration of Ni particles
did not occur (Fig. S11 in the ESM), and Ni leaching was not
detected by ICP measurement, the Ni loading on the 4" recycled
catalyst is still 15.0%, near to the fresh one (15.1%). With the
activity decreasing, the hydrogenation of SIM slowed down,
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Figure 12 Time-conversion/yield profiles of reductive amination of trimers:
(a) Ni/SiO,-I-DP, (b) Ni/SiO,-II-DP, and (c) Ni/SiO,-I-IM. Trimers including
hydrofuramide and furfurine were prepared with a 96.7% vyield at reaction
conditions: 5 mmol furfural, 5 mL tert-butanol, 0.8 MPa NH,, 90 °C, and 1 h
without catalyst. Then, catalyst was added, and NH; (0.8 MPa) and H, (4 MPa)
were introduced and reacted at 90 °C.
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Figure 13 Influence of (a) H, and (b) NH; pressure. Reaction conditions:
5 mmol furfural, 5 mL tert-butanol, 0.1 g Ni/SiO,-I-DP, 90 °C, and 1.5 h.

leading to the formation of trimer, and thus resulted in a decrease
in the yield of FAM.

4 Conclusions

In conclusion, an efficient non-noble metal catalyst of Ni/SiO,
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catalyst was developed for reductive amination of furfural to
furfurylamine, with it furfurylamine was produced with a high
yield around 98%. The catalytic performance is closely relative to
the structure and morphology of Ni nanoparticles and the acidity
of the catalyst. Small Ni particle provides enough hydrogenation
active sites, the Lewis acid sites and flat steps of Ni particles
benefited to the adsorption and the hydrogenation of the
intermediates of primary imine and gem-diamine to the final
product of furfurylamine. On the surface of Ni/SiO,-I-DP having
higher acidity and smaller Ni particle with larger and more Ni flat
step surface, the hydrogen was highly activated and the
intermediates of PIM and gem-diamine were horizontal adsorbed
to produce FAM selectively. As the reductive amination is
complex containing several steps, if the Ni particle was too small,
the hydrogenation activity was higher to produce more byproduct
of FOL through FAL hydrogenation. While, if the activity was too
low, more trimers could be formed and thus lowered the
productivity. Thus, it is important to control the activity for
obtaining high yield of the desired product in the reductive
amination. These new findings provide helpful knowledge of the
non-noble metal catalyst and the reductive animation reactions.
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