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A novel Ni/AI-SBA-15 fiber catalyst with lamellar structrue was prepared by the urea precipitation method and

successfully utilized in the environmental-friendly reduction of nitro functionality. The applications of the catalyst in highiy
effficient one-pot amine and imine syntheses were developed; The physicochemical properties of the samples we -
evaluated with ICP-OES, N, adsorption, XRD, HRTEM, and EDX. This new catalyst highlights potent catalytic activities and

simple recycling process

Introduction

Al-SBA-15 mesoporous materials have been used as support
materials for Ni-based catalysts due to excellent properties,
including high surface areas, large pore volumes, suitable
acidity, ordered hexagonal pore arrays with pore diameters
between 2 and 30 nm, and high hydrothermal and thermal
stabilities. These unique features have made AI-SBA-15
materials of great industrial interest, particularly in moderate
acid-catalyzed reactions™® in the areas of petroleum
processing and fine chemicals production. As a result, the
preparation and application of AISBA-15 materials has become
very popular research topics.

It is important to control the particle size and dispersion of
the metal particles, since these properties have shown great
influence on the catalyst activity, selectivity, and lifetime.***°
Two of the common methods to deposit active nickels are ion
exchange and impregnation. lon exchange generate shighly
dispersed catalysts but suffers from limited metal loads due to
the support exchange capacity restriction. In contrast, poorly
dispersed catalysts with high nickel loads are generally
resulted from the impregnation method, thanks to the weak
metal-support interaction. As a result, new synthetic methods
with both excellent nickel loads and dispersion have become
crucial for further catalyst development. To date, several
attempts have been reported,”?® particularly the deposition-
precipitation method (DP). This method has been
successfully applied in the preparation of
various nickel catalysts.***® Compared with the products of the
impregnation  method, the catalysts prepared by DP

27-41

exhibit much smaller particle size and higher catalytic activities.
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as an important environment-friendly featul .

Despite the significant advantages of the DP methods,
interestingly, up to now very few Ni/Al-SBA-15 catalysts
prepared by the DP method have been reported. In th
paper, we reported the utilization of the DP method for the
development of a special morphology Ni/Al-SBA-15 catalyst
with high dispersion, narrow particle distribution, and
excellent thermal stability. This catalyst combined the merits
of AI-SBA-15 as mesoporous acidic carrier and the advantages
of nickel catalyst by urea precipitation. To our best knowledge,
our studies were the first application of this catalyst in one pot
syntheses of amines and imines. In addition, our
catalytic system was highly efficient and environmenté”
friendly, which made it further promising industrial
applicationsin future.

Experimental section

Preparation of Al-SBA-15

In a typical synthesis, 3 g P123 was dissolved in 70 mL water,
and then 45 mL 4 mol L™ HCI solution was added and stirred
for 0.5 h at room temperature. After adding a calculated
amount of AI(NO3)3-9H,O and 6.45 g TEOS, the resulting
solution was stirred at 40 °C for 20 h and then transferred into
a polytetrafluoroethylene bottle and aged at 100 °C for 48 h.
The product was filtered, washed, dried at 373 K overnight,
and then calcined in air from room temperature to 823 K (1 K
min, 6 h at 823 K).

Preparation of Ni/Al-SBA-15 catalyst

The Ni/AI-SBA-15 catalyst was synthesized by the deposition-
precipitation method using AI-SBA-15 as the support and
nickel nitrate as the metallic precursor. 19.2 g Al-SBA-15ar .
14.3 g Ni(NO3),-6H,O were dissolved in 300 mL water ar
stirred for 10 minutes, followed by addition of 9.8 g urea and
stirred for 30 min. After heated to 333 K and stirred for 2 1,
the resulting mixture was heated to 363 K over 5 h. The
reaction product was filtered, washed three times wi n
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deionized water, dried at 373 K overnight and then calcined in
air from room temperature to 823 K (1 K min™, 6 h at 823 K).

Characterization of the catalyst

The Al and Ni content of the catalyst were determined by
inductively coupled plasma optical emission spectroscopy (ICP-
OES). Measurements were performed on a Spectro CIROS CCD
spectrometer. The X-ray diffraction (XRD) measurements were
carried out on a Bruker AXS-D8 Advance powder
diffractometer, using CuKaradiation (40 kV, 30 mA), with a
scanning speed of 0.0057°min™ in the range of 0.5°<26<8%and
0.01° min™® in the range of 5%°<26<70°. Nitrogen sorption
isotherms were measured at -196 °C on a Micromeritics
Tristar 3000 system in static measurement mode. The samples
were outgassed at 150 °C for 3 h prior to the sorption
measurements. The Brunauer-Emmett-Teller (BET) equation
was used to calculate the specific surface area from the
adsorption data obtained. The pore volume and pore size
distribution were calculated by the Barrett-Joyner-Halenda
(BJH) method on the adsorption branch of the isotherm. The
high resolution HRTEM images were obtained on a
FEITecnai G2 transmission electron microscope operated at
200 kV (FEI company). Elemental composition data were
collected by energy dispersive X-ray spectroscopy (EDS)
performed on a Tecnai G2 microscope.

General procedure for reduction of nitro containing
compounds and one-pot synthesis of imines

The reactions were carried out in a 100 mL stainless steel
reactor equipped with a magnetic stirrer. In a typical reaction
procedure, 1.0 mmol nitro containing compound (or 1.0 mmol
nitro compound, 1.2 mmol aldehyde) and 15 mL ethanol were
mixed with 15 mg Ni/Al-SBA-15 catalyst (and co-catalyst). The
Ni load was about 12 wt. %. Biphenyl was used as the internal
standard. The reactor was flushed three times with H, at 0.5
MPa and adjusted to the desired pressure. The reacting
mixture was heated to the desired temperature with stirring.
After reaction was complete, the reactor was cooled by an ice-
water bath and then slowly depressurized. The catalyst
product was separated, the reaction conversion rate was
analyzed by GC (P.E. Autosystem XL), and the product was
confirmed by GC-MS (Agilent 6890N/5973N).

Results and discussion

Small angle XRD patterns

Powder X-ray diffraction (XRD) was employed to assess the
structural ordering. XRD small-angle spectra of Ni/Al-SBA-15
and Al-SBA-15 are shown in Fig. 1. Although the position of the
diffraction peaks slightly changed from sample to sample,
obviously all mesoporous materials exhibited three well-
resolved peaks related to(100), (110), and (200) planes. These
diffraction lines were associated with long-range 2D hexagonal
ordering in the P mm space group. These results were
consistent with the data reported by zZhao®™® for SBA-15.
Although the intensity of characteristic peaks of Ni/AlI-SBA-15
decreased slightly as compared with Al-SBA-15 zeolite, but the
difference of the position was not significant. This indicated
that the hexagonal pore arrangement of the support was not
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obviously destroyed during the deposition-precipitation of Ni.
Additionally, with the increase of the Ni load, the intensity nf
(100), (110) and (200) diffraction peaks obviously decreased.
Based on the report of Park ', this probably because the fact
that along with the increase of the Ni load, NiO number
deposited in the channel increased, which reduced
the scattering intensity of amorphous pore walls. It suggested
that NiO nanoparticles were mainly distributed in the channels
of mesoporous molecular sieves.

(100) 500

(10

(c) 12%Ni/Al-SBA-15

(b) 6%Ni/AI-SBA-15

Intensity (a.u.)

(a) AI-SBA-15

1 2 3 4 5 6 7 8
2-Theta (degree)

Fig. 1 Low angle XRD patterns of (a) Al-SBA-15, (b) 6%Ni/Al-
SBA-15, (c) 12%Ni/Al-SBA-15

Large angle XRD patterns
The powder XRD patterns in the high angle region of
5°<20<70° for the samples were shown in Fig. 2. For all

(a) AI-SBA-15
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"
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Mm WW‘“WWwwmwmwmw

T T T T T
10 20 30 40 50 60 70

2-Theta (degree)

Intensity (a.u)

Fig. 2 Large angle XRD patterns of (a) Al-SBA-15, (b) 6%Ni/Al-SBA-1E
(c) 12%Ni/Al-SBA-15

samples, the broad peak at 15°-30° was ascribed to
amorphous silica.®*>® The samples 12%Ni/Al-SBA-15 showed
two marked diffraction peaks in the 26 of 37.3° and 62.9°,
which corresponded to nickel oxide. The result was consistent
with the related reports in characterizations.>**® On the othe~
hand, the nickel oxide diffraction peak was not present until . 2
wt% Ni was added, indicating that the Ni species were highly
dispersed on the catalysts.

N, adsorption-desorption studies

This journal is © The Royal Society of Chemistry 20xx
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N, adsorption/desorption isotherms and pore size
distributions were presented in Fig. 3 and Fig. 4. The isotherms
allowed calculation of specific surface area, pore volume, pore
size distribution etc. Furthermore, the position and shape of

700
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Fig. 3 Nitrogen adsorption/desorption isotherms of (a) Al-SBA-15,
(b) 6%Ni/Al-SBA-15, (c) 12%Ni/Al-SBA-15

hysteresis loop also provided useful information about the
shape and size of the pores. The isotherms (Fig. 3) were typical
type IV with an H1 hysteresis loop, which was a typical
adsorption for mesoporous materials with 2D-hexagonal
structure, similar to mesoporous siliceous SBA-15.%*% The
initial increase in adsorption capacity at low relative pressure
was due to monolayer adsorption on mesopores. The upward
deviation in the range of P/Py 0.4-0.9 was associated with
progressive filling of mesopores. As the relative pressure
increased all isotherms displayed a sharp increase

—®— (a) AI-SBA-15
—W¥— (b) 6% Ni/AI-SBA-15
—#%— (c) 12% Ni/Al-SBA-15

Dv(logd)[cclg]

0 5 10 15 20 25 30 35 40
BJH desorption pore size distribution (nm)

Fig. 4 Pore size distribution curves of (a) Al-SBA-15, (b) 6%Ni/Al-
SBA-15, (c) 12%Ni/Al-SBA-15

characteristic of capillary condensation inside uniform
mesopores, which were in agreement with the XRD results.
Hysteresis loop was parallel, indicating a narrow
and uniformed pore size distribution. Compared with Al-SBA-

This journal is © The Royal Society of Chemistry 20xx
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15, P/Py of 12%Ni/AlI-SBA-15 shifted to low values, because
some Ni species were deposited on the pore surfacc
resulting the pore size reduction. With the increase of the Ni
content, adsorption and desorption hysteresis area decreased.

The textural properties of all samples were presented "1
Table. 1. With the nickel load increase, both the surface area
and pore volume of samples decreased relatively. Al-SBA-15
exhibited larger surface areas (505.1 m®g™) and pore volume
(0.95 cm®g-1) than those of 12%Ni/Al-SBA-15.

Meanwhile, the average pore size increased with
introduction of Ni on Al-SBA-15, from 7.77 to 10.82 nm (Fig. 4),
which suggested that large amount of ureas damaged parts
pore when roasting.

Table. 1 Textural properties of the samples

Sample BET(m/g) Vp(cm?/g) Dp(hm)
12%Ni/Al-SBA-15 327.1 0.89 10.82
6%Ni/Al-SBA-15 389.4 0.86 8.76
Al-SBA-15 505.1 0.95 1.77

HRTEM analysis and EDX
It is well known that the excellent structural ordering of the

100 nm

Fig. 5 HRTEM of 12%Ni/Al-SBA-15

mesoporous materials can be directly observed by
transmission electron microscopy. Fig.5 showed representative
HRTEM images in the direction perpendicular to the pore axis
of Ni/Al-SBA-15 material. Al-SBA-15 exhibited uniforme-!
mesoporous channels with 2D-hexagonal symmetry (P¢ mm).
To our surprise, Ni/Al-SBA-15 exhibited the beautiful lamellar
fibrous structures (or flocculent structure). The partic
exhibited straight, parallel and uniformed channels with
regular intervals, confirming that the one-dimensional long-
range ordering of AI-SBA-15 was retained even after tle
incorporation of Ni species into the framework. The average
pore diameter was 7.68 nm, which was similar to the results r .
N, adsorption/desorption isotherms.

J. Name., 2013, 00, 1-3 | 3
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Fig. 6 showed the TEM-EDX images of the 12%Ni/Al-SBA-15
catalyst. The composition of this sample was confirmed by the
EDX spectrum, which revealed that Ni, Al, O, and Si were
predominant species. In addition, C and Cu elements were also
detected.

1000

800

600

400 Cu

200

t T T T
10 2 30 i}
Energy (keV

Fig. 6 EDX of 12%Ni/Al-SBA-15

Synthesis of amines with the novel Ni/Al-SBA-15 catalyst
Amines are important intermediates in the chemistry of
pharmaceuticals, dyes, pesticides and etc.®®" Although
different reagents and conditions have been investigated for
the reduction of aromatic nitro compounds, most of these
reductions have been associated with drawbacks such as harsh
reaction conditions, use of expensive catalysts, formation of
undesirable products, requirement of an excess amount of
solvents, low yields, and etc. Additionally, very little attention
has been paid to aliphatic nitro compounds as the
substrates.®®*° For the increasing environmental and economic
concerns, it is now necessary for chemists to develop
environment-friendly reactions for traditional chemical
transformations. Therefore, we tested our Ni/Al-SBA-15
catalyst in the reduction of nitro-containing compounds for the
preparation of various amines.

Table. 2 Reduction of aliphatic and aromatic nitro compounds

5 (o, (N 100 >99
6 C|_<:>_No2 c—( )N, 100 97
7 o, -, 100 >9¢
8 a—_)-No, = )-NH, 100 95
9 ON—<_)-No, HN=)-NH, 100 >99
10 on{)-cocH,  HNK )-cocH, 100 80
11 oN< pcooH  HNX)-coon 100  >99

Reaction conditions: 1.0 mmol nitro compounds, 15 mL ethanol, 15
mg 12%Ni/Al-SBA-15, 383 K, 2.5 MPa H,, 7.5 h. a. GCyields.

Ni/Al-SBA-15
R=NO, H,, ethanol - R~NH2
Entry Substrate Product Con. Yield®

) ()
1 ~_NO, ~_ NH; 100 >09
2 ~_NO, _~. NH> 100 >09
3 ~o~u NOy ~o~o NHy 100 >99
4 - NO2 o NH; 100 >99

4 ]1J. Name., 2012, 00, 1-3

As shown in Table. 2, aliphatic amines (Entries 1-6) we -
obtained in near quantitative yields in all cases, confirming
that under these conditions aliphatic nitro compounds and ti
product amines were compatible with Ni/Al-SBA-15. To our
relief, chain lengthand steric effectdid not have much
impact on the formation of amines. Excellent yields of the
aliphatic amine formations (Entries 1-6) were obtained. i
addition, the catalyst exhibited  excellent selectivity,  nitro
group was reduced while the C=C double bond was stable
under the reaction conditions (Entry 4). And dechlorination
was minimal (Entry 6) in our case.

The reaction results of aromatic nitro compounds (Entries 7-
11) were also shown in Table. 2. We were delight to find that
our catalyst reduced a wide variety of nitro compounds
smoothly and efficiently. Slight dechlorination was observed in
Entry 8. The dinitro compound (Entry 9) was also reduced wi’ -
a high conversion and yield, and this result is better than
previous work®. A slightly lower yield (80%) was obtained in
Entry 10, in part due to the harsh experiment conditions
leading to the over-reduction of the ketone.

One pot synthesis of imines with the novel Ni/Al-SBA-15
catalyst

Imines, also known as the Schiff base, are important nitrogen
sources and key intermediates in different types of reactions
utilized in biological, pharmaceutical, and industrial chemical
synthesis.” %  Traditional formation of imines from
nitroarenes requires two separate steps in which the
nitroarene is first reduced to the aniline, then isolated and
subsequently condensed with the desired carbonyl-containing
compound.’®*?? As an alternative, catalytic one pot systems
for imine synthesis have been under investigations. Sever-'
catalysts including Rhg(CO)1s,*®  PdCl,(PPhs),/SnCl,/CO,**
Pd/C/H,,%® and Rus(C0),/CO™*® have been reported. However,
severe drawbacks still remain and challenges have not y .
been effectively met. For example, these protocols normai -
require noble metal catalysts, large excess amounts of
oxidants, elevated pressures, high temperatures, which mac e
them far from practical for large scale synthetic purposes. Thus
the development of efficient, environmental-friendly, ar d

This journal is © The Royal Society of Chemistry 20xx
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atom-economical syntheses of imines has become a very
popular research field. Recently one pot synthesis was
suggested as a promising solution,***** but the synthesis of
imines using amine and alcohol as the feedstock in most cases.
Masazumi Tamura reported the direct synthesis of imines from
alcohols and amines over CeO, at low temperatures,**® Zhi-
Xiang Wang developed selective imine formations from
alcohols and amines catalyzed by the Ruthenium(Il)-PNP pincer
complex,”’ Taylor described a tandem oxidation-imine
formation process from alcohols with active manganese
oxide,'*® Jaiwook Park reported one-pot synthesis of imines
and secondary amines by Pd-catalyzed coupling of benzyl
alcohols and primary amines,*?® Sithambaram reported direct
catalytic synthesis of imines from alcohols using manganese
octahedral molecular sieves.®’

To the best of our knowledge, one-pot syntheses of imines
directly from nitrocompounds and aldehydes were rare.’***®In
this paper, we reported an efficient and environment-friendly
one-pot synthetic route for imine formations using nitro
compounds and aldehydes as the feedstock. The amine
intermediates were provided in situ by the Ni/Al-SBA-15
catalyzed reduction of the nitro-containing substrates, which
without work-up, were condensed with aldehydes to yield
aminals. Upon the subsequent dehydration, the desired imines
were obtained in excellent yields.

Synthesis imines with different catalyst systems

The efficacy of Ni/Al-SBA-15 for nitrobenzene reduction-
condensation reactions was compared with a number of
catalyst systems (Table. 3). The 12%Ni/Al-SBA-15 catalyst
exhibited the highest activity (No. 1-15). Other metal catalysts
such as 7.5%Ru/C, 10%Pd/C, and 10%Raney Nickel were found
to be feeble under the same conditions (No. 7-15).

Table. 3 Comparison of catalytic activities with different catalytic
systems

RSC Advances

15

7 7.5%Ru/C C,HsOH 8 0.1 298 0 (6}

8 7.5%Ru/C C,HsOH 8 1.4 323 0 0

9 7.5%Ru/C C,HsOH 8 14 378 25.79 79.01
10 7.5%Ru/C Al-SBA-15 C,HsOH 8 14 378 34.67 79.34
11 10%Pd/C Al-SBA-15 C,HsOH 8 1.4 378 100 0
12 10%Pd/C C,HsOH 8 1.4 378 100 0
13 10%Pd/C Al-SBA-15 C,HsOH 8 1.4 298 100 0
14 10%Pd/C C,HsOH 6 0.1 298 100 0.26
15 10:7;5:;‘”’ CoHsOH 1 0.1 208 100 0.16
Reaction  condition: 1.0mmol nitrobenzene, 1.2 mn._

benzaldehyde, 15 mL solvent,15mg catalyst, 3mg Co-catalyst.
conversion of nitrobenzene; b. selectivity to imine;

different catalysts N=
O_NOZ ’ Q_CHO H,, ethanol _@

Co- Time Pres. Temp.
No. Catalyst solvent Con.? Sel.”
catalyst (h) (Mpa) (K)
0 I} -
1 12%Ni/Al - C,HsOH 8 1.4 378 98.54  99.47
SBA-15
0 I} -
2 L2%Ni/Al - CH30H 8 1.4 378 98.92 98.87
SBA-15
0 I} -
3 12%Ni/Al - CH,Cl, 8 1.4 378 90.12  92.17
SBA-15
12%Ni/Al-
4 SBA-15 - toluene 8 1.4 378 92.54 94.56
12%Ni/Al-
5 SBA-15 H,0 8 1.4 378 35.31 93.54
6 12%Ni/SBA- C,HsOH 8 1.4 378 98.57 89.42

This journal is © The Royal Society of Chemistry 20xx

When Pd/C was used (No. 11-14), no desired imine was
obtained (only benzyl alcohol, aniline, and N-benzylaniline
were produced), which was basically consistent with th
previous reports®. Under the conditions (No. 9-10), some
desired imine products were generated with a slightly low
conversions and selectivities. Al-SBA-15 was found to be a
good co-catalyst, which could serve as a Lewis acid in the imine
formation (No. 9-10). Raney Nickel was pyrophoric and did not
show any chemoselectivity towards functional groups, such as
C=0 and NO; (No. 15).

In addition, effects of various common solvents were
investigated (Table. 3). C,HsOH proved to be the best. Toluen
as a non-polar and aprotic solvent, gave 92.54% conversion
and 94.56% selectivity. CH,Cl, and CH3;0H, also promoted this
catalytic reaction with less efficiency. H,O led to a substantially
low yield. In our experiments later on, only ethanol was
chosen based on requirements of “green chemistry”, since
ethanol can easily be generated from renewable sources and
available all over the world.

The one pot synthesis of imines with the Ni/Al-SBA-15
catalyst directly from nitrocompounds and aldehydes was
speculated to have two major steps: reduction of nitro group
to amine and subsequent condensation with aldehydes with
the water removal facilitated by the catalyst. Moreover, in
order to further determine the role of Al-SBA-15 in the imine
formation, we screened the reaction of benzaldehyde witn
aniline in the presence and absence of Al-SBA-15(RT, 0.1 Mpa,
1 h). Without AI-SBA-15 was used, the desired product wa-
obtained in a 57% yield while using Al-SBA-15 improved the
reaction yield to 97%. The results confirmed that Al-SBA-15
was an effective co-catalyst in the imine formation.

One-pot reduction-condensation reactions

The optimized conditions were then applied to more nit o
compounds and aldehydes to extend the scope of the method
As shown in Table. 4 (Entries 12-13), imine formations fro n

J. Name., 2013, 00,1-3 | 5
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aliphatic nitro compounds and benzaldehyde have been
investigated. A wide range of nitro compounds were tested
with the Ni/AI-SBA-15 catalyst under the optimized conditions
and almost all desired transformations were achieved with
excellent conversion and in satisfactory yields.

As shown in Table. 4 (Entries 14-19), imine formations from
aromatic nitro compounds and a variety of aldehydes have
been investigated too. A series of aromatic aldehydes were
utilized and all imines were obtained in excellent conversion
and vyields, which demonstrated the method possessed
excellent functional group tolerance.

Table. 4 One-pot reduction-condensation reactions of aliphatic and
aromatic nitro compounds

R1-NO; + R-CHO _NVAI-SBA-15 | R _N=C-R,
H,, ethanol
Entry  Substrate By-substrate Product Con. Yield®
(%) (%)

SN

12 “ No, oo O 100 99
SN

13 /\/\NOZ @-CHO O/\N 100 99

14 @—N02 @NQQ 99 98

100 99

15 @‘Noz
16 Hacoc—<j>—No2

100 73

17 C;H e weoandd o5 84
NO, CHO O/\ 14
HsC
18 HaC, o, : cHO HSC\O/\‘N@\CHs 96 89

19 HsC

CHO

HSZ} L7 6 a

z
o
~N

Reaction conditions: 1.0 mmol nitro compounds, 1.2 mmol
aldehydes, 15 mL ethanol, 15 mg Ni/Al-SBA-15, 378 K, 1.4 MPa H,, 8
h. a. GCyields.

Interestingly, while electronic effects from the substituents
on both nitroarenes and aromatic aldehydes had little
influence on the overall reaction yields, steric hinderance
around the nitro group seemed to play an important role in
the imine formations (Entries 17-19), with the decreasing of
steric effect, the yields increased.

Proposed reaction mechanism

6 | J. Name., 2012, 00, 1-3
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Imine synthesis proceeded via two mechanistically distinct
reaction steps promoted by a single Ni catalyst (Ni/Al-SBA-1E5}
Possible mechanistic studies of the reaction were also
illustratedin Scheme. 1. The first step was the reduction of the
nitro compounds to the corresponding amines. The secor d
step involved a nucleophilic attack on the aldehyde carbonyi
group by the in situ generated amines. Ni/Al-SBA-15 provides
Lewis acidic sites for hydrogen in order to facilitate the
catalytic imine formation.

RiNH,
) R,
Ni-catalyst R:NH» + FoO Ni-catalyst
[
RiNO, Hydrogenation R R = \
[H] H \ “Ni-catalyst
Ni-catalyst R, R,
.+ ] \__NHR, \__NHR;
e=nr, <2 _ X c + Ni-cataly
H/ + H/ OH H/ OH
H,O ~

~ Ni-catalyst

Scheme. 1 The proposed mechanism for the one pot imine
synthesis

Imine synthesis is generally a facile reaction due to the good
electrophilic properties of carbonyls and nucleophilic properties of
the amine groups; however, for imines which are difficult to
synthesize due to the decrease in electrophilicity/nucleophilicity ot
the carbonyl/amine groups a catalyst such as Ni/Al-SBA-15 is
required.

Catalyst regeneration and stability

The Ni/Al-SBA-15 catalyst displayed superparamagnetic
behavior and no remanence at room temperature in Fig. 7a.

0.154

0.00 -

M/(emulg)

-0.154

-7500

H(Oe)

Fig. 7 (a) hysteresis curves; (b) magnetic separation

This journal is © The Royal Society of Chemistry 20xx
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These indicated our Ni/Al-SBA-15 catalyst can be easily
recovered and reused. In Fig. 7b, the Ni/Al-SBA-15 catalyst
showed strong magnetism, as a result, it can simply be
separated from reaction mixture in a relatively low magnetic
field with a small laboratory magnet and recovered
quantitatively by simple filtration. Regeneration of the catalyst
was achieved by rinsing with ethanol. More interestingly, after
magnetic recovery, the catalyst can be dispersed ready for
further use.

Nickel leaching of the catalyst was also studied. The Ni
loading of the regenerated catalyst (after four cycles) was
about 11.6 wt% (slightly lower than the fresh catalyst) and no
obvious leaching of the catalyst occurred under our reaction
conditions.

For practical applications of heterogeneous systems, the
lifetime of the catalyst and its reusability are two important
concerns. To clarify this issue, we established a series of
experiments using the recycled Ni/Al-SBA-15 catalyst. To our
satisfaction, the results demonstrated only slight decrease in
the reaction yield (Table. 5) after four recycles. In addition, the
ease of catalyst reuse provided our catalyst significant
advantages over commercial Rainey nickel catalysts.

Table. 5 Ni/Al-SBA-15 catalyst recycling experiments

Ni/Al-SBA-15 _
@—Noz + QCHO—»sz — N—@
Cycle No. 1st 2nd 3rd 4th
Yield® (%) 98 98 97 95
Reaction condition: 1.0 mmol nitrobenzene, 1.2 mmol

benzaldehyde, 15 mL ethanol, 15 mg Ni/Al-SBA-15, 378 K, 1.4 MPa
H,, 8 h. a. GCyields.

Conclusions

In this work, a novel and potent Ni/Al-SBA-15 catalyst was prepared
and successfully applied in the environment-friendly reduction of
nitro-containing compounds and the synthesis of imines by the one-
pot reduction-condensation sequence. In addition, the catalyst was
able to maintain high catalytic reactivity after multiple recycles and
can easily be isolated and regenerated. These interesting features
suggested that our catalysthad good prospects for further
industrial applicationsand large-scale green production of imines
and amines.
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