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Highlights

® Ni-W,C/mpg-C3Ns shows promising catalytic properties for selective
hydrogenation.

® The superior catalytic properties are ascribed to synergism of
catalyst/Lewis acid.

® The mpg-C3N, efficiently strengthens the synergism between catalyst and
Lewis acid.

® Support type notably affects the dispersion and reducibility of supported
NiO-WOy

® Ni-W,C/mpg-C3Ns can be a practical catalyst for synthesis of diverse



arylamines.

Slow Lawiz acid

Graphical abstract

Abstract

The selective hydrogenation of nitroarenes to tleeiresponding aryl amines has
been investigated over the supported nickel prapbotegsten carbide catalyst on
polymeric mesoporous graphitic carbon nitride (Ni&Ampg-GN,) in the presence
of Lewis acid. The Ni-WC/mpg-GN, is demonstrated much higher catalytic activity
and selectivity for the selective hydrogenationndfobenzene than the supported
Ni-W,C catalyst on activated carbon (Ni;@/AC) and mesoporous carbon
(Ni-W,C/CMK-3), and the developed Ni-@/mpg-GN,4 aslo exhibits excellent
catalytic properties for the selctive hydrogenatibwarious substrates comprising the
extra reducble functionalized groups besides njiroup to diverse functionalized
arylamines, industrially improtants compounds, iffg more than 92% of yield with
100% selectivity, which may be ascribed to thengjtieened mass transfer by using

mesoporous support, intentified synergistic effeetween Ni-WC/mpg-GN, and



Lewis acid owing to the basicity of mpgiT,;, as well as the improved reducibility
of NiO-WO; and the dispersion of Ni-¥€. It can be also found that the developed
catalyst could be easily recovered by filtratiord arecycled many times without
visible loss in its catalytic performance. The digantly improved catalytic
properties of supported Ni-W¢ catalyst fabricated by using mpghG as a superior
carrier in the presence of Lewis acid allows itb® a promising candidate for the
clean and highly-efficient synthesis of diversediimnalized arylamines through the
selectivie hydrogenation of substituted nitroarenes

Keywords: Selective hydrogenation; Metal carbide; Supporeaff mpg-GNg4; Aryl

amines

1. Introduction

Aryl amines, as the key intermediates for fine cloam agrochemical, and
pharmaceutical industries [1-3], are generally pomdl by the selective
hydrogenation of nitroarenes [4-9]. However, séechydrogenation of the extra
reducible moieties-containing nitroarenes remaimgllenging. The sustainable
development demands highly active and selectivalysts for the hydrogenation of
substituted nitroarenes. Unfortunately, the exgstiatalysts have often failed to meet
the dual requirements of activity and selectivi@n one hand, the most common
commercially available Raney nickel and palladiuatatysts are broadly employed
[10-13], although they show high activity and sélety for nitrobenzene

hydrogenation, the selectivity towards the hydra@gem of many functionalized



nitroarenes, especially chloronitrobenzene, sginains quite low owing to the

co-existing dehalogenation reaction in the hydragien process. On the other hand,
platinum, rhodium and ruthenium based catalystsehalso been extensively

investigated [14-18], they have shown fascinatiatalytic performance under mild

reaction conditions, but they are still not suieafdr an industrial application due to
their high cost and very limited availability.

Recently, the transition-metal carbides, especiaflglybdenum carbide and
tungsten carbideas Pt-like metals have attracted much attentionpr@snising
material for their outstanding bulk and surface sitgchemical properties [19,20],
therefore it's a promising approach to employ titms metal carbide catalyst in the
hydrogenation of nitroarenes with excellent acyiahd high selectivity. According to
the reported literatures that transition metal iclrihad been attempted as additives or
supports for precious metal catalysts to catalyme hydrogenation of nitroarenes
using hydrazine hydrate as a hydrogen source, Hmutusage of precious metals is
indispensable [21,22Many reports have demonstrated that the supportethim
carbide exhibits higher catalytic performance coragavith the unsupported carbide
catalysts, ascribed to high surface area, highesing-tolerrance stability, and the
possible metal-support interaction [23-27]. In poecious report, we have employed
supported transition metal molybdenum carbide gstslin the hydrogenation of
functionalized nitroarenes using hydrazine hydestéydrogen source [28], therefore,
transition metal carbide has great potential ferhlgdrogenation of nitroarenes under

the condition of hydrogen. From the viewpoint obeemic and clean process, the



replacement of hydrazine hydrate by hydrogen iklizigesirable.

We previously demonstarted that the supported N&Watalyst on AC can be
promising candidate for selective hydrogenation doferse nitroarenes to their
coppesponding aryl amines by using hydrogen toacephydrazine hydrate as H
source, and also the promoting effect of the symerdetween the Ni-¥C (Lewis
base) and Lewis acid on the reaction was establigh@]. However, the relatively
high reaction temperature and pressure is indisiplen® obtain satisfactory reaction
results. To develop highly efficient and highly exglve catalytic systems for aryl
amine production under relatively low reaction gmesure is highly desirable, but it
still remains challenge. mpgs8, materials with two-dimension pore architecture
possess higher specific surface area and largeg polume, which results in
enhanced catalytic performances in catalysis dugigber surface density of active
sites exposed on the surface, their easier acdagsity strengthened diffusion, and
the basicity [14,15,29-37]. Hopefully the offeredsk sites from mpg«8l; may
strengthen the synergistic effect between the supgd\i-W,C catalyst and Lewis
acid that was established in our previous rep@}. [1

In this work, the supported Ni-Z catalyst on mpg-D\, is firstly prepared and
used in chemoselective hydrogenation of functiaeali nitroarenes to their
corresponding aryl amines in the presence of Leagisl. The Ni-WC/mpg-CN
catalyst shows fascinating catalytic propertiesribed to the strengthened synergistic
effect between the supported Ni-@/catalyst and the added Lewis acid, besides to

the support effect on the dispersion of Ny®Y the reducibility of NiO-W@ of the



precursor of Ni-WC, as well as the improved mass transfer duringlysit owing to
the well-ordered mesoporous structure of the mgd;Csupport. The possible
meahcnism was also discussed. It can be also fthatdhe developed catalyst could
be easily recovered by filtration and recycled mémes without visible loss in its
catalytic performance. The improved catalytic prtpe of supported Ni-\WC
catalyst fabricated by using mpgh; as a superior carrier in the presence of Lewis
acid allows it to be a promising and practical cdate for the clean and
highly-efficient synthesis of diverse functionalizarylamines through the selectivie
hydrogenation of substituted nitroarenes.

2. Experimental Section

2.1. Preparation of catalysts

Mesoporous silica SBA-15 powder was synthesizeardatg to the previous
paper [38,39]: In a typical synthesis, 4.0 g of rBtic P123 purchased from
Sigma-Aldrich Cor. was dissolved in 30 g of distillwater and 120 g of 2 M HCI
solution under vigorous stirring. After the compledissolution, 8.50 g of TEOS
(Acros, Purity 98 %) was added into above solutidre mixture was further stirred
at 35°C for 20 h. The resulting mixture was aged at 800%€rnight. The achieved
solid product was recovered, washed, and then daied05 °C, followed by
calcination at 500 °C for 6 h.

The mpg-GN4 was prepared according to the reported procediff 0.5 g of

calcined SBA-15 was added to a mixture of ethyleamadhe (2.2 g) and carbon



tetrachloride (5.4 g). The resultant mixture waftused and stirred at 98C for 6 h.
Then, the dark-brown solid mixture was heated initeogen flow at 600°C to
carbonize the polymer. The mesoporous carbon aitndas recovered after
dissolution of the silica framework in 5 wt.-% hgéluoric acid, followed by filtration,
washing several times with ethanol, and dryingCG& °C. CMK-3 was also prepared
as follows: Briefly, 1 g of calcined SBA-15 was addo a solution containing 1.25 g
of sucrose, 0.14 g of 90, and 5 g of HO. The mixture was placed in a drying oven
for 6 h at 100°C, and then the temperature was increased to°’@6énd kept this
temperature for 6 h. The resultant solid, contgnisilica template, partially
polymerized and carbonized sucrose, was treateid agyd00°C, and then at 168C
using the same drying oven after the addition @& $blution containing 0.8 g of
sucrose, 0.09 g of 330, and 5 g of HO. The carbonization was performed by
pyrolysis in nitrogen atmosphere. The obtained aausilica composite was washed
with 5 wt% HF at room temperature to remove theaitemplate. The template-free
carbon product was obtained by filtering, washinthwthanol, and drying at 12C.
The as-received activated carbon derived from agicsehells (Aladdin, special for
catalyst support, China) was ground and sievedpoteders with grain size less than
62 um for preparing catalyst support.

The Ni-W,C/mpg-GN4 (5% Ni and 25%WC) was prepared as follows: an
agueous solution of nickel nitrate and ammoniumgs$tete solution containing
desired amount of Ni and W were impregnated on¢opitepared mpg-Bl, support

using incipient wetness impregnation (IWI) methegharted in literatures [41,42],



followed by drying overnight and calcinating at @rtain temperature in N
atmosphere to obtain NiO-Wfnpg-CN.. Subsequently, the NiO-W@Onpg-GN,4
were carburized in C¥H, mixture according to references [43-46]. Finallye
Ni-W,C/mpg-GN, catayst was obtained after it suffered from padsig in 1%
O,/N,. For comparison, the two samples N@WCMK-3 and Ni-WC/AC were
prepared by using the similar procedure as abowepxfor the use of different

support.

2.2. Characterization of catalysts

Nitrogen adsorption—desorption isotherms were meadsat -196 °C using a
Builder 4300 analyzer. The specific surface areasewalculated according to the
Brunauer-Emmet-Teller (BET) method and the pore distributions were calculated
from an adsorption branch of the iotherm by ther(@&#&Joyner-Halenda) BJH
method. X-ray diffraction patterns were collectedni 10 to 80 at a step width of
0.02 using Rigaku Automatic X-ray Diffractometer (D/M&400) equipped with a
CuKo source %=1.5406 A). H temperature-programmed reduction ,{FPR)
experiments were performed in an in-house congtdusystem equipped with a TCD
(thermal conductivity detector) to measurg €bnsumption. In a typical HTPR
experimental procedure, a quartz tube was load#dd G0 mg of sample which was
pretreated by calcination in Ar at 300 for 30 min and then was cooled to ambient
temperature in Ar. After that, it was reduced watli0 vol.% H/Ar mixture (30 ml

min™) by heating up to 80%C at a ramp rate of 1T min™.



2.3. Catalytic performance measurement

Catalytic measurements were performed accordintpdoliterature [10]: In a
typical procudure, a certain amount of the as-pexpecatalyst, cyclohexane as
solvent (Tianjin Fuyu Chemials Corp., Ltd) and #inol of nitrobenzene (Tianjin
Beilian Fine Chemcials Corp., Ltd) were put intetm a 50 mL stainless steel
autoclave batch reactorreactor and purged 3 tim#s Mg to replace the air in the
reactor and purged 3 times with td replace the Nfor 3 times at room temperature
respectively. In our experiments, all the reagemése analytical grade and used
without further purification. The reaction was thegrerformed at the desired
temperature and Hpressure under vigorous stirring (1000 rpm). Afa@propriate
reaction time, the temperature was lowered quicklyan ice-water bath and the
hydrogen pressure was released, then the catalgstnss including Feglwere
separated from the products by easily filtratiomstwed with cyclohexane, and then
reused in the next cycle under the same reactiadittons. The filtrate and washing
liquid were combined to obtain the mixture for amaiography analysis. The mixture
was quantitatively analyzed by gas chromatogra@ty)(and liquid chromatography
(LC). The molecular structures of the synthesizgtheines were confirmed by mass
spectrometer (MS) and 1H NMR (ESIT). The conversi@s calculated by weight
percent of the consumed aromatic nitro compoundhénadded total amount; the
selectivity to arylamines was calculated by weigbtcent of the desired product in
the total products. The yields included in thisgragre the GC or LC yield, except for

the scaled-up experiment. The seperated and wasttalgst was dried and reused for



recyclability measurement without extra catalysnbeadded. In order to probe the
perspective of practical application in industmbduction towards the developed
catalyst, the scaled-up experiment by factor 10 pexformed on the basis of above
procedure, and the isolated yield was calculatedhbypercentage of the seperated
aniline through evaporation method to the thecaétv@lue based on the amount of

added nitrobenzene.

3. Results and discussion

3.1. Characterization of catalyst

By using established procedure [47], we preparednipg-GN,4. The structure
of the mpg-GN4 support and the as-prepared Ny®¥mpg-GN, catalyst were firstly
characterized by X-ray diffraction analysis (XRD)he XRD patterns (Fig. 1a)
indicate a characteric peak at 28.6f (002) packing of graphite-like carbon nitride
[47]. The shaper and stronger peak correspondingraphitic GN4 on the XRD
pattern of Ni-WC/mpg-GN, catalyst than that on the mpgNG can be clearly
observed, ascribed to the further graphitizationtted mpg-GN4 support in the
carburization procedure of supported NiO-WQOprecursor for preparing
Ni-W,C/mpg-GN4 catalyst. Besides the diffraction peak at 25&rresponding to
mpg-GNa, the XRD peaks of the Ni-YZ/mpg-GN4 at 34.2, 37.9, 39.3, 52.1, 61.7,
69.8, and 74.6 were well resolved, assigned to the diverse plaried/,.C phases

with hexagonal structure (JCPDS 20-1315), as welha diffraction peaks at 31.4,



34.2, 48.2, 64.1, and 65%4n the XRD patterns can be assigned to the (QQOp),

(101), (110), and (002) planes of WC crystal pi@s#DS 03-1096),

respectively. Moreover, the three diffraction peaks27.2, 40.3 and 439can be
clearly observed, asigned to WOWN, and Ni phases, repectively [28,48-50]. The
above XRD results show the supported Ni angC\Watalyst on mpg-Bl, was
successfully prepared [10,28], besides the existaicW and WQ phase on the
catalyst. The BET technique was employed to ingaggi the textural properties of the
catalysts, and the nitrogen adsorption-desorpsotherms are presented in Fig. 1b.
The isotherm curves of mpgsk, reveals a higher surafce area of 451%grhand
some micropores of the parent mpgNG: After supporting Ni-WC, the obvious
change in isotherm towards Ni-X@mpg-GN, catalyst can be observed, ascribed to
the partial collapse of mpgsN, framework at higher calcination temperature in the
process of carburization of M@ precursor or to the possible blocked pores by
Ni-W,C particles.

Furthermore, we investigate the effect of suppgpeton the crystalline phases
of supported Ni-WC and the reducibility of the supported NiO-W@he precursor of
Ni-W,C, by performing the XRD characterization experiimainNi-W,C/mpg-GNa,
Ni-W,C/CMK-3, and Ni-WC/AC samples at the same analytical conditionsyels
as the HTPR measurement on the NiO-W@pg-GN4, NiO-WO/CMK-3, and
NiO-WO,/AC samples, respectively. The XRD patterns andTPR profiles are

presented in Fig. S1 and S2, respectively. From Bity the support type have



obvious influence on the dominant crystalline pkrad crystalline size of the
supported Ni-WC catalysts, and further about 30, 34, 37 nm aeecagstalline size
of W,C phase on the Ni-YC/mpg-GNs, Ni-W,C/CMK-3, and Ni-WC/AC,
respectively, can be obtained (Table S1). The-TPR profiles of the
NiO-WO,/mpg-GN4, NiO-WO/CMK-3, and NiO-WQ/AC samples reveals that the
reducibility of the supported NiO-WQs affected by the support type, and the lower
reducing temperature of NiO-Wnpg-GN, allows it to be easily carbothermally
reduced to Ni-WC, which may be one of the reasons for high catapgrformance

of the Ni-WoC/mpg-GN4 for selective hydrogenation [10,28].

3.2. Effect of support type on the supported Ni-W,-C catalysts

We previously demnstrated that the supported NEeWatalyst on AC to be a
promising candidate for the selective hydrogenatibnitroarenes in the presence of
Lewis acid [10], but the catalytic activity is ndtigh enough for commercial
application, and the development of more efficieatalyst for this industrially
important reaction is highly desirable. Herein, tkelective hydrogenation of
nitrobenzene to aniline was used as a probe readtioinvestigate the effect of
support type of supported Ni @ catalysts. The reaction results are summarized in
Table 1.

The results show that the catalytic performancinefsupported Ni-\AC catalyst
are notably dependent on the support type. By usiegoporous carbon or carbon

nitride as support, more than 60% of yield of awglcan be obtained at 220 of the



lower reaction temperature. However, only 52% @fd/ican be obtained even if the
reaction temperature is increased to 2@0 In conbination of reaction results with
characterization results shown as above, the dtrengd mass transfer by using
mesoporous support, as well as the improved reflitgilof NiO-WO3; and the

dispersion of Ni-WC of the Ni-W,C/mpg-GN4 makes it a superior catalyst for the
desired reaction. Furthermore, the yield is dracadlti increased from 73 up to 100%
at 220°C for 2.5 h by introducing Lewis acid FeGhto the reaction systems,
ascribed to the strengthened synergistic effeatdomt Ni-W,C/mpg-GN,4 and Lewis

acid [10,40,47]. Furthermore, the compared resfltae supported Ni-\WC catalysts

on diverse supports demonstrate that the supppoet aynd structure have significant
influence on their catalytic performance. Among theee supported catalysts, the
Ni-W,C/mpg-GN, shows the best catalytic performance for the yatal

hydrogenation of nitrobenzene in the presence Glif-@ossibly ascribed to both the
enhanced synergism between Ny®¥mpg-GN, catalyst and Lewis acid by the
alkalinity of support, besides the strengthened smaasferring by the use of

mesoprous support.

3.3. Possible reaction mechanism

A plausible reaction mechanism for the strengthesatkrgistic is proposed as
Fig. 2. In our previously report [10], the synet@i®ffect from the Lewis acid and the
Ni-W,C/AC with weak basicity was established. mpgNEhas been used as excellent

base catalysts for diverse reactions [40,47]. Medabide is most active catalyst for



hydrogen-concerned reactions [19-22], N)¥WAC can activate kto produce active
H for the reaction. The Lewis base (Ni:@/mpg-GN,) [21,22] and acid (Feg)l may
interact with the substrate and the intermediatewaaken the N@ N=O and N-O
bonds, and then they are hydrogenated by the adHveAs a result, the
chemsoselective hydrogenation of nitroarenes carefbieiently enhanced by the
catalytic systems containing NiX®@/mpg-GN, catalyst and Lewis acid. In details,
firstly, the N-O of NQ is activated by the coordination of Ni2®/mpg-GN4 with N
atom and the Lewis acid with O, and the activateblyHNi-W,C/mpg-GN, interacts
with the actvated N-O bond, and as a result, tkernmediate Ar-NO is formed. The
Ni-W,C/mpg-GN, and Lewis acid synergistically catalyze the abqcess.
Secondly, the Ar-NO is further activated and hy@mated to Ar-NHOH, and then the
formed Ar-NH-OH is further activated and hydrogestato produce the final product
Ar-NH, though the similar activation process as abovein@wo the application of
basic mpg-GN4, the synergism between supported NiG\tatalyst and Lewis acid
would be stengthened, and therefore, the improwadlytic performance can eb

achieved.

3.4. Scope of the substrates

From above, the catalytic systems comprising NEWwhpg-GN4 and Lewis acid
with the improved catlytic performance in selectiwaglrogenation of nitrobenzene to
aniline has been primarily established, and hetkascope of the developed catalytic

system is investigated by performing catalytic log#mation of diverse nitroarenes



with extra reducible groups under their optimizedation conditions. The reaction
results are sumarrized in Table 2.

From Table 2, the developed Ni-@/mpg-GN, catalyst demonstrates
excellent catalytic properties for the diverse $tatss in the presence of Lewis acid,
and many etra reducible substitued groups-contgiaiomatic amine compounds can
be obtained with the 100% of high selectivity ad2P0°C of lower temperature [10].
More interesting point is that the halogen substtunitrobenzenes are selectively
hydrogenated into their corresponding chloroandimea high yield and without any
dehalogenation (Table 2, Entries 2-4, 13). The tr@@acresults indicate that the
developed Ni-WC/mpg-GNy4 is a much superior catalyst for selective hydradgjen
of extensive scope of nitroarenes than the prelyasstablished Ni-WC/AC catalyst.
The new catalytic system comprised of Ny®¥mpg-GN,4 and Lewsi acid could be
considered as a fascinating approach for efficeemd selective hydrogenation of
many nitroarenes and even extra reducible groupgicong nitroaromatic substrates

for the clean production of the industrially sigoéint functionalized aromatic amines.

3.5. The large-scale catalytic transformtion

As an industrially important process, the scaledeapalytic properties and
isolated yield are essential. Therefore, by usit@lmenzene as a probe substrate, the
scaled-up experiment by factor 10 was performed,the GC yield and isolated yield
are presented in Table 3. Reaction results shotvribalifference in selectivity and

GC yield take palce if the reaction is scaled-upfégtor 10, as well as 99.3% of



isolated yield can be achieved, which is very closthe GC yield.

3.6. The resuability of the catalyst

In industrialized production process, the catalgestovery and recycling is
definitely significant. Therefore, we investigatdte recyclability of our developed
catalytic system for chemoselective hydrogenatipmu&ing nitrobenzene as a model
substrate. In our previous report [28], it was fduhat the transition metal modified
carbide on AC is so stable in the reduction systdrasno leaching may be detected.
Thereore, the seperated spent catalyst was usgdbgnivashing with solvent and
drying before use, but without extra fresh catabsing added. Figure 3 presents the
reaction results for eight times’ recycling. Frohe treaction results, we can observe
that the developed catalytic system containing NEYWC and Lewis acid can be
reused by simply separation without losing its\aistifor more than eight runs of the
used catalyst, and there is no loss in the yiefdaramatic anilines, suggesting the
potential catalyst for the chemoselective hydrogienaof nitroarenes in practical

applications.

4. Conclusion

In summary, we develop a novel and efficient Niimpg-C3N4 catalyst for
selective hydrogenation of diverse nitroareneshi firesence of Lewis acid, which
demonstrates much superior catalytic performaneeadzribed to the strengthened

mass transfer by using mesoporous support, iniettgynergistic effect between



Ni-W,C/mpg-GN,4 and Lewis acid owing to the basicity of mpg-C3ld4,well as the
improved reducibility of NiO-W@ and the dispersion of Ni-W. It can be also
found that the developed catalyst could be easlyovered by filtration and
recycled many times without visible loss in itsatgtic performance. The improved
catalytic properties of supported Ni-@®/ catalyst fabricated by using mpghNG as a
superior carrier in the presence of Lewis acidvedlat to be a promising candidate for
the clean and highly-efficient production of mangdustrially important
functionalized arylamines through the selectivieldogenation of their correspnding

substituted nitroarenes.
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Figures and Tables:

Fig. 1 XRD patterns (a) and nitrogen adsorption-desonpisntherms (b) of the

as-prepared Ni-WC/mpg-GN,4 catalyst and mpg-Bl, carrier.



Fig. 2 Plausible mechanism of the selective hydrogenaifamtrogen to aniline over

the Ni-W,C/mpg-GN, catalyst in the presence of Lewis acid.

Fig. 3 Recyclability test of the develoepd 5%Ni25%WYAC catalyst-Lewis acid
catalytic system for chemoselective hydrogenatibmivobenzene to yield aniline.
Reaction conditions: 50 mg catalyst, 4.1 mmol higrazenePy,=2.5 MPa,T=220°C,
t=2.5 h.

Table 1 Catalytic performance of the supported Ny®Vcatalysts on the diverse

supports for selective hydrogenation of nitrobemzen

Entry Catalyst Lewis acid Conversion (%) Selectivity (%)
1 Ni-W,C/mpg-CN, 73 100
2 Ni-W,C/CMK-3 FeCk 60 100
3 Ni-W,C/AC FeCk 52 100
4 Ni-W.C/mpg-CN.  FeCk 100 100
5 Ni-W,C/AC 79 100
6 Ni-W,C/CMK-3 88 100

Reaction conditions: 50 mg catalyst, 0.5g nitrolesez P4,=2.5 MPa,T=220 °C,
t=2.5 h.? From referencel=240°C [10].
Table 2 Catalytic performance of the Ni-M2/mpg-GN4 catalyst for selective

hydrogenation of diverse nitroarenes.

P2 Time Conversion Selectivity
Entry  Substrate  Product
(MPa) (h) (%) (%)




1 2.5 2.5 100 100

2 3.0 6.0 100 100
F 3.0 6.0 98 100
4 3.0 6.0 92 100
5 3.0 6.0 100 100
6 3.5 5.5 98 100
7 3.0 6.0 100 100
g 3.0 5.0 98.2 100
o 3.0 6.0 100 100
10 3.0 6.0 100 100
11 3.0 6 100 100
12 3.0 6 94 100
13 3.0 6 100 100

Reaction conditions: 50 mg catalyst, 4.1 mmol salbss, 0.02 g Fegl T=220 °C;

4T=210°C: PT=215°C.

Table 3 Catalytic performance of the Ni-MZ/mpg-GN, catalyst for the large scale

selective hydrogenation of nitrobenzene and thiatsd yield.

P2 Time Conversion Selectivity
Entry  Substrate  Product
(MPa) (h) (%) (%)

1 2.5 2.5 100 100



i 2.5 2.5 100 100

3 2.5 2.5 99.29 100

Reaction conditions: 50 mg catalyst, 4.1 mmol sass, 0.02 g FegT=220°C; @

Scaled up by factor 10separated yield for a.



ACCEPTED MANUSCRIPT

fx1 .



w
e
* WC

Intensity (a.u.)

vV WO,
v Ni
A Graphitic C

Ni-W,C/mpg-C N,

Aol

mpg-C,N,

T T T T T

20 30 40 50 60
2 Theta ()

grl.

70

80

Amount adsorbed (cm® g™)

350
b) mpg-C,N, !!....‘
300 ,...u“"-
.l
-
L
250 - 4 -
L]
® .'.
200 Ak
150
1004 ="
- Ni-W,C/mpg-C N,
504
 AAAAAAA
0 T T T T
0.0 0.2 0.4 0.6 0.8

Relative pressure (P/P )

1.0



Ni-W>C/mpg-CsNa Lewis acid
¥ . G A
o 7 N A=l
Lewis acid l '\,l -0 -Lewis acid
Ni-W,C/mpg-CoNy H, X L -Ni-W,C/mpg-CsNy, -H,0
H-H% R l'._ .'I
H-H  H-H ~HO
[ | 1 | |
NFW,C Ni-W,C  NAW,C
Ni-W,C/mpg-CsNa Lewis acid
=O \‘\ ,/
. N5+ 8-
Lewis acid I ~ N==0 -Lewis acid
Ni-W,C/mpg-CsNy, H, /\, '.‘ ,: -Ni-W,C/mpg-C3N,, -H,0 -
R 5! +
gy gy
Ni-W,C Ni-W,C Ni-W,C
Ni-W,C/m pg-\C3N4 Lewis acid
NH—OH ‘ L s AN
Lewis acid _ | \ N---O -Lewis acid
Ni-W,C/mpg-CsNy, Hy J -Ni-W,C/mpg-CsNy, -H,0 X
y Yo R
H-H R B- 1 ”
%']'"H -+ |ﬁ’+|F+ Desired Product

NiW,C Ni-W,C Ni-W,C



-
B
cc
O
2
=
=
<
=
(o
L
-
o
L
S
<

or3.



