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Ru/g-CsN4 as an efficient catalyst for selective
hydrogenation of aromatic diamines to alicyclic
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A series of Ru/g-CsN4 materials with highly dispersed Ru were firstly prepared by an ultrasonic impregnation

method using carbon nitride as a support. The catalysts were characterized by various techniques including
BET and elemental analysis, ICP-AES, XPS, XRD, CO,-TPD and TEM. The results demonstrated that Ru/g-
C3N4 materials with a mesoporous structure and highly dispersed Ru were successfully prepared. The

chemo-selective hydrogenation of p-phenylenediamine (PPDA) to 1,4-cyclohexanediamine (CHDA) over
Ru/g-CsN4 as a model reaction was investigated in detail. PPDA conversion of 100% with a CHDA
selectivity of more than 86% could be achieved under mild conditions. It can be inferred that the carbon
nitride support possessed abundant basic sites and the Ru/g-CzN4-T catalysts provided suitable basicity

for the aromatic ring hydrogenation. Compared to the N-free Ru/C catalyst, the involvement of nitrogen
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species in Ru/g-CsN4 remarkably improved the catalytic performance. In addition, the recyclability of the

catalyst demonstrated that the aggregation of Ru nanoparticles was responsible for the decrease of the
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1. Introduction

Diamines, including aromatic diamines, aliphatic diamines
and alicyclic diamines, are important fine chemicals and
intermediates. Compared with aromatic and aliphatic
diamines, alicyclic diamines are considered to be special
amines, because of their high flexibilities, rapid curing, high
reactivity, excellent weathering resistance and low toxicity.
These value-added diamines have attracted great and growing
interest as valuable feedstocks for manufacturing light stable
polyurethane resins, curing agents, adhesives and coatings.
Specifically, 1,4-cyclohexanediamine (CHDA) as an organic
alicyclic amine with symmetrical structure is often used in
textiles, paper making, artificial leather, plastic processing,
liquid crystal material production, etc. CHDA is also an
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catalytic activity. Furthermore, this strategy also could be expanded to the selective hydrogenation of
other aromatic diamines to alicyclic diamines.

important chemical intermediate, which could be used to
prepare alicyclic polyurethane from 1,4-dicyclohexyl diisocya-
nate (CHDI) and polyamide resin.>* Compared to other
methods such as Hofmann rearrangement, amination of 1,4-
cyclohexanedio® and reduction of 1,4-dinitrocyclohexane,’
hydrogenation of PPDA aromatic diamine has attracted more
attention in recent years, because of its high efficiency, easy
availability, simple process and low cost.*” The development of
highly active and selective catalysts is one of the key problems in
the hydrogenation of aromatic diamines to alicyclic diamines.

Transition metals, such as active components of catalysts,
including Ni,* Co,” Ru," Rh,"** Pd® and Pt,"*** are often
applied to the hydrogenation of aromatic amines,'*** and it can
catalyse the hydrogenation of aromatic-ring group of PPDA with
PPDA conversion of 100% and CHDA selectivity of 71.6%,
respectively.” However, undesired side reactions such as
deaminization or condensation usually occur severely during
the hydrogenation by using the aforementioned catalysts,
which decrease the selectivity of CHDA through formation of
deamination by-products or secondary amines. To overcome
this problem, alkaline additives such as liquid ammonia,
LiNO;, LiOH,* NaNO, (ref. 21) or NaNO; (ref. 22) were inevi-
tably added to improve the selectivity of target products.
However, the introduction of liquid ammonia or alkaline metal
salt in the system complicates the reaction system as well as the
separation operation, making this process produce large
amount of pollutants and increase production cost. Similarly,
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the hydrogenation of other aromatic diamines also suffered
these problems. Thus, the development of green and efficient
catalytic system for the chemo-selective hydrogenation of
aromatic amines to produce alicyclic diamines without
involvement of other liquid alkali inhibitor is highly desired.

Graphitic carbon nitride, as a kind of fascinating carbon
materials with high nitrogen content, not only has excellent
chemical stability, but also can stabilize the active site of metal
easily.”®?* Some researchers have applied carbon nitride materials
to synthesize of primary amines with high selectivity.***” Liu**
et al. reported that basic N species have significant effect on
catalytic performance in the synthesis of amines catalyzed by Co-
N-C/CNT@AC. Zhang* et al. used nitrogen-doped mesoporous
carbon (MC)-supported for the synthesis of primary amines,
showing excellent catalytic performance. Notably, compared to
the N-free carbon support, g-C;N, matrix possess higher N
content, H-bonding motif, abundant Lewis and Brgnsted basic
sites and could regulate the metal sites finely.**>" In principle, the
surface property of catalyst played a crucial role in regulating the
catalytic performance.**>* The reactants with benzene moieties to
be hydrogenated and intermediate formed during the hydroge-
nation process should adsorb to the catalyst surface with appro-
priate strength. Actually, g-C3N, could be used as versatile metal-
free basic support. In this account, Ru-based catalyst with
moderate adsorption and activation ability of aromatic ring
becomes the ideal candidate. Therefore, the development of g-
C;N,; supported Ru catalyst and in-depth study the catalytic
performance of the rationally designed Ru/g-C;N, catalyst in the
hydrogenation reaction has great significance.

Herein, a series of Ru/g-C;N, were firstly prepared by ultra-
sonic impregnation method using carbon nitride as support,
which were employed in the hydrogenation of PPDA to prepare
CHDA as a model reaction. The Ru/g-C;N, catalysts were
systematically characterized by N, physisorption, elemental
analysis, ICP-AES, XRD, CO,-TPD, TEM and XPS. The influence
of urea polymerization temperature on the C3N, support prop-
erty, and the Ru/g-C3N,-T textures, structures and individual
catalytic activity was investigated. In addition, the catalytic
performances of the as-prepared catalysts, effects of reaction
parameters and catalyst reusability were also studied in details.
Moreover, the universality of this catalytic system was also
expanded to other aromatic diamines.

2. Experimental
2.1 Materials

Tetrahydrofuran (THF, 99.8% purity), aniline (>99%) and ethanol
(99.5% purity) were purchased from Sinopharm Chemical
Reagent Co., Ltd., China. Ruthenium (5%) on carbon, cyclohex-
ylamine (99.18%) and 1,4-cyclohexanediamine (>98%) were
purchased from Shanghai Macklin Biochemical Co., Ltd. p-Phe-
nylenediamine (>97%) and ruthenium(m) chloride (RuCl;, Ru =
45%-55%) were purchased from Shanghai Aladdin biochemical
technology Co., Ltd. Urea (>99%) was purchased from Xilong
Chemical Co., Ltd., China. Sodium borohydride (98%) was
purchased from Tianjin Fuchen Chemical Reagent Co., Ltd. Other
reagents were of analytical grade and used as received.
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2.2 Catalyst preparation

2.2.1 Synthesis of carbon matrix. Typical methods of
preparing g-C;N, as reported in the article,* 50 g of urea was
directly calcinated in a 300 mL crucible at a muffle furnace. The
crucible was semi-sealed, heated with a rate of 5 °C min™* and
kept at the terminal calcination temperature (T = 450 °C,
500 °C, 550 °C and 600 °C) for 4 h. After cooling, the yellowish
powders were successively washed in deionized water twice and
ethanol once, then filtered and dried at 100 °C for 16 h. After
that, the final products of g-C3;N,-T (T = 450 °C, 500 °C, 550 °C
and 600 °C) were obtained.

2.2.2 Synthesis of Ru nanoparticles supported on g-C3;N,.
The Ru/g-C;N, catalyst was synthesized by a simple method of
ultrasonic impregnation. Typically, 2.85 g g-C3N,-T was
dispersed in 100 mL deionized water in a beaker by ultrasound,
then 30 mL RuCl; aqueous solution with a concentration of
0.01 ¢ mL ™" was added into the beaker. Subsequently, after
treatment in ultrasound for 60 minutes, 15 mL deionized water
containing 300 mg NaBH, was added into the solution, and kept
the solution in ultrasound for another 120 minutes. Later, the
solution was filtrated and the residue (black solids) was washed
with deionized water for several times, NaBH, has been washed
out completely. Then the black solid was dried at 110 °C for 16 h
and collected for catalytic test. With the same procedure, 5%Ru/
2-C3N,4-600, 5%Ru/g-C3N,-550, 5%Ru/g-C3N,4-500 and 5%Ru/g-
C;3N,;-450 were prepared, respectively. The Ru and g-C3N,4-600
carriers were weighed and measured according to different
loadings, x%Ru/g-C3N,-600 (x = 0.1, 0.5, 1, 3, 5) were prepared
in accordance with the process described above.

2.2.3 Preparation of 5%Ru/C. Ruthenium (5%) on carbon
catalyst (Ru/C) was dried in vacuum at 100 °C drying oven for 8
hours to eliminate the moisture adsorbed on the catalyst.

2.3 Catalyst characterization

N, physisorption measurements were carried on Quantachrome
Autosorb at liquid nitrogen temperature (—196 °C) after the
catalysts were outgassed at 200 °C for 4 h in vacuum with the
purpose of removing physically adsorbed impurities. The
special surface area was calculated by the Brunauere-Emmette-
Teller (BET) method. Total pore volume (Vpore) was performed
from the adsorbed N, volume with a relative pressure of 0.99.
Preliminary estimates of pore size distribution (Dpor.) were ob-
tained by the Barrett, Joyner and Halenda (BJH) method on the
basis of the desorption branch of the isotherm.

Elemental analysis (C/H/N) was performed on a Vario EL
Cube elemental analyser made in Germany.

Ruthenium loadings of the samples were determined from
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) by the United States Agilent ICPOES730.

X-ray diffraction (XRD) patterns of catalysts were obtained
from a PANalytical Empyrean diffractometer with copper Ko
radiation at the 26 range of 5°-90°.

Transmission electron microscopy (TEM), HR-TEM and EDX
mapping images were obtained on a microscope (JEOL,
JEM-2100F) equipped with a CCD camera (ORIUS SC1000),
which was operated at an acceleration voltage of 200 kv. The
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catalysts were ultrasonically dispersed in ethanol at room
temperature for 60 min. Then drops of the suspension were
deposited on transparent lacey support films containing copper
and dried prior to measurement. The particle statistics were
measured by Nano Measurer software, and the normal distri-
bution is used to indicate the distribution of Ru particles.
CO,-TPD was carried out to determine the basicity of samples
using an AutoChem II 2920 equipped with a thermal conductivity
detector (TCD). About 50 mg of samples was heated in situ in 100
mL min~" of helium gas at 200 °C for 60 min in order to remove
adsorbed impurities. After that, the sample was cooled to 50 °C
and saturated with 100 mL min~* of 10%vol CO,/He for 90 min.
Weakly adsorbed CO, was eliminated by flushing with a 100
mL min~" of helium gas at 50 °C for 30 min, and the temperature
was increased to 450 °C with a ramping rate of 10 °C min™".
X-ray photoelectron spectroscopy (XPS) was used to examine
the surface chemical states of samples, which were performed on
an ultrahigh vacuum using an ESCALAB 250Xi spectrometer with
Al Ko radiation (hv = 1486.6 eV) and a multichannel detector.

2.4 Catalytic activity test

The catalytic activities and selectivities of the catalysts were firstly
investigated for the hydrogenation of p-phenylenediamine (PPDA)
in a 50 mL stainless steel autoclave. Typically, 50 mmol PPDA,
20 mL THF and 25 wt% catalyst dosage (based on the weight of
PPDA) were added into the autoclave. After being sealed and
flushed five times with N, and H, successively, the autoclave was
charged with 5 MPa H, at ambient conditions. The autoclave was
then heated to 130 °C for 2.5 h under vigorous magnetic agitation.
After completion of the hydrogenation reaction, the autoclave was
cooled to room temperature with water and depressurized to
atmospheric pressure. A certain amount of reaction liquid after
centrifugation was mixed with an appropriate amount of diphenyl
as the internal standard in a 50 mL volumetric flask to prepare
a standard sample. The sample was quantitatively analyzed on
Shimadzu GC-2014 with a GsBP™ ' column (30 m x 0.32 mm x
1.0 um), a flame ionization detector (FID), and an autosampler,
and qualitatively analyzed on GCMS-QP2012.

The calculation method of the conversion of PPDA, selec-
tivity and yield of CHDA are described as follows:

no pPDA — NPPDA

COIlV.pPDA = x 100% (1)
1o PPDA

Ny 4.

Sel.1‘4_CHDA = — L4CHDA x 100% (2)
19, pPDA — HPPDA

. ny 4.

Yleld1.4_CHDA = Z14CHDA x 100% (3)
' 1o PPDA

The abbreviations are as follows: 714 pppa: mol of PPDA charged
initially, 7pppa: mol of PPDA unreacted, 71; 4.cupa: mol of CHDA
generated (sum of trans and cis isomers).

3. Results and discussion

Supporter of g-C3;N, can be prepared in a variety of ways;
common methods are direct thermal polymerization using

This journal is © The Royal Society of Chemistry 2020
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cyanamide, dicyandiamide, and melamine as precursor.
However, these precursors are expensive and venomous, more
importantly, the g-C;N, materials obtained usually exhibit poor
hole structure and lower specific surface areas. Alternatively,
some scholars increased the specific surface areas of g-C;N, by
the way of introducing a soft or hard template in the synthesis
process, but the overall synthesis procedure would become
relatively tedious and more ineffective.’*** Templateless
method can form porous structure in g-C3N, by utilizing the gas
released during the synthesis of g-C;N,, which is one of the
more ideal methods to prepare g-C3;N,. In this study, we
produced g-C3;N, support by the method of directly pyrolyzing
urea without templates at high temperature, and the Ru active
component was loaded to prepare a multiphase catalyst for the
hydrogenation of p-phenylenediamine to prepare CHDA.

Four different catalysts were prepared by changing the treat-
ment temperature of the precursor, 5%Ru/g-C3N,-T (T = 450, 500,
550, 600).

3.1 Characterization of the supports and catalysts

3.1.1 N, physisorption, ICP-AES analysis and elemental
analysis. Fig. 1(a) presents N, adsorption-desorption isotherms
of a series of Ru/g-C3N, catalysts, the corresponding textural
properties are also summarized in Table 1. The N, phys-
isorption isotherms of Ru/g-C3N, in Fig. 1(a) is identified as
typical type IV**** and type H1 hysteresis loop according to
IUPAC nomenclature,* which indicated that the catalysts have
mesoporous structures and formed by lamellar particle accu-
mulation. What's more, the trend of nitrogen adsorption
isotherm of catalyst with and without Ru was the same,

5%Rulg-C ;N -450

5%Ru/g-C N,-550 ,}'

5%Rulg-CN,-550 i
«—WMN—&*»H—;—H—&*"

5%Rul/g-C N,-600

Adsorbed Volume(cmag"STP)

g-C,N,600

T T
00 041 02 03 04 05 06 07 08 09 10

— (b)

b OO o
< 5%Rul/g-C N, -450
V. R DR SR ,"‘9134

— T vy 5%Rulg-C N 550

.E Y Vvvy VYV vV vy Vvai 47!

£ 5%Ru/g-C N -550

o b  YOUeN ,AfAA*""“‘""*AJ,,, 9=

£ ”. o

s $ N 5%Rulg-C,N,-600

% :o % e00 0 00000 0 0 o oy

3| = .
9-C,N,-600

-"\l\.\.

T T
10 100

Pore Diameter (nm)

Fig. 1 (a) N, adsorption desorption isotherm (a) and pore size distri-
bution (b) of g-C3Ny.
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indicating the pore structure of the carrier was not obviously
destroyed by loading Ru active metal. As exhibited in Fig. 1(b),
the temperature of catalyst prepared had great impact on the
pore size distributions of Ru/g-C;N,. When the catalyst
prepared at relatively lower temperature 450 and 500 °C, the
pore sizes were uniformly distributed in a range of 0-100 nm.
While, as the calcination temperature increased to 550 °C, and
further to 600 °C, the pore size distributions at about 2.7 nm
was advantageous. The results of ICP-AES in Table 2 show that
the actual amount of Ru is slightly lower than the theoretical
amount 5%wt. It is speculated that part of ruthenium existed in
the liquid phase during solid-liquid separation in preparation.
Results from BET are also listed in Table 2. With increasing the
pyrolysis temperature from 450 to 600 °C, specific surface area
increase from 40.31 to 85.12 m> g™, total pore volume increase
from 13.01 to 24.21 nm, and average pore size increase from
0.13 t0 0.52 cm® g . In addition, It can be seen that without Ru
loading, the surface area, total pore volume and average pore
size of g-C3N,-600 is 94.89 m> g™, 20.44 nm, and 0.49 cm® g™,
respectively. On the contrast, 5% loading of Ru slightly
decreased the surface area to 85.12 m* g~ ', and increased total
pore volume and average pore size to 24.21 nm, and 0.52 cm?
g~ ', respectively. This phenomenon could be attributed to some
of the micropores in the catalyst collapsed at the process of
loading Ru.

The elemental composition of the catalyst was analyzed by
elemental analysis, and the results of the prepared catalysts at
different temperatures are shown in Table 1. The molar ratios of
C to N of the g-C;N, increases from 0.61 to 0.65 with tempera-
ture, less than 0.75 (theoretical value of g-C3N,), indicating
incomplete crystallization. Moreover, the lower molar ratio of C
to N, together with a larger amount of hydrogen from the
uncondensed amino groups are found in samples prepared at
lower temperatures, which preliminarily shown that the degree
of polymerization enhanced with the temperature rising.**

3.1.2 XRD analysis. The XRD patterns of prepared Ru/g-
C;N, and Ru/C catalysts were shown in Fig. 2. Both g-C3N,
support and Ru loaded catalysts exhibited characteristic peaks
at 27.40°, which is assigned to the dense interlayer-stacking
(002) peak of aromatic segments of g-C;N, materials. The (0
0 2) diffraction of the carbon in Ru/c indicates it has the quasi-
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Table 2 The component distribution of nitrogen species on the
surface of catalysts according to the relative magnitude of peak area
from Fig. 3

397.8 399.5 400.7
C-N-(-C) C-N-H, or
Sample C=N-C or C-N-(-H)-C C-N-O
5%ZRu/g-C3N4-450 47.16 36.32 16.5
5%Ru/g-C3N,-500 56.82 30.11 13.07
5%ZRu/g-C3N4-550 58.88 30.01 11.11
5%Ru/g-C3N,-600 62.11 29.19 8.7

[
I (002)

(100) [ “

- A il

3 NS~ N gCN600

2 A

[} A

5 NS/ N 5%Rulg-C,N,-600

T\ 5%Rulg-CN550
/" 5%RulgCN_-500
. 5%Rulg-C,N,-450

e T~ 5%RulC

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

Fig. 2 XRD patterns of the prepared g-CszN4, Ru/C and Ru/g-CsN4
powders.

graphitic structure. The reflection at 13.08° is indexed as (100)
peak that arises from the in-plane ordering of tri-s-triazine
attributed to units of g-C3N,.**¢ It meant that the loading of Ru
did not change the basic structure of g-C;N,. In addition, these
two patterns display a slight narrowing width and an increasing
intensity of the overall peaks with the preparation temperature
increasing, showing that the crystallinity of the g-C3;N,
increased at higher temperatures and the arrangement struc-
ture of graphite phase stacking is more regular. In contrast,
catalysts prepared at low temperatures formed more edge
defects.”” It's reasonable to speculate that edge defects lead to
accumulation of ruthenium at carrier edges, which is one of the

Table 1 Physico-chemical properties of 5%Ru/g-C3sNy4 prepared at different temperatures

ICP* BET? Elemental analysis® Catalytic perforrnanced
Surface area C/N molar Con. (%) Yield (%) Sel. (%)

Catalyst Ruloading (m®g ") Dpore (NM)  Vpore (cm® g™ ') ratio H (Wt%) PPDA CHDA CHDA
5%Ru/g-C3N,4-450 4.11 40.31 13.01 0.13 0.61 2.4 53.96 45.46 84.25
5%Ru/g-C3N,4-500 4.07 42.27 13.66 0.14 0.62 2.1 67.09 58.74 87.55
5%Ru/g-C3N,4-550 4.52 62.82 20.06 0.32 0.64 1.9 72.51 62.64 86.39
5%Ru/g-C3N,4-600 4.06 85.12 24.21 0.52 0.65 1.8 80.18 70.50 87.93
5%Ru/g-C3;N,-600-5th 83.15 18.26 0.43 — — — — —
5%Ru/C 4.1 1039.74 1.75 0.455 — — 53.77 31.25 58.63
g-C3N,4-600 0 94.89 20.44 0.49 0.65 1.8 2.94 0 0

“ Determined by ICP-AES. ° Obtained by N, physisorption. ¢ Obtained by elemental analysis. ¢ Reaction conditions: 5 mmol PPDA, 5 MPa H,, 20 mL
THF, 25 wt% catalyst dosage (based on the weight of PPDA), 130 °C and 1 h.
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reasons for the decreased activity of catalysts prepared at lower
temperatures. There is no obvious characteristic peak attrib-
uted to Ru either on Ru/g-C;N, or Ru/C, indicating that Ru has
good dispersion on the surface of the support.***

3.1.3 XPS analysis. In order to investigate the valence states
of different species of Ru and N in the catalysts, XPS measure-
ments were conducted. In terms of the overlapping between Ru
3d and C 1s signals, Ru 3p core-level spectra were used
accordingly. Fig. S11 presents the XPS of the Ru 3p 5%Ru/C
catalyst, which shown two peaks for the Ru 3p;,, and Ru 3py,
spin orbit state at BE values around 484.5 eV and 462.2 eV,
indicating that Ru is dominantly existed in the presence of Ru’
species.*®** This result is similar to 5%Ru/g-C3;N,4-600 according
to XPS spectra of Ru/g-C3N, shown in Fig. 3. It can be observed
that the binding energy of Ru 3p in Ru/g-C3N,-T gradually
shifted toward lower value with the increase of preparation
temperature of g-C3N,. In comparison with Ru/g-C3;N,;-450, Ru
3p in Ru/g-C3N,4-600 shifted about 0.5 eV toward lower binding
energy region, indicating the electron enrichment around Ru’
environment due to the electron transfer from nitrogen to
Ru.*"** These results indicated that the nitrogen species in g-
C;N, has a profound influence on the electronic property of Ru.
Consequently, the metallic characteristic of Ru was enhanced
along with the increment of preparation temperature for g-
C;N,. The N 1s spectra can be deconvoluted into three indi-
vidual peaks at about 397.8, 399.5 and 400.7 eV. The peak at
about 397.8 eV correspond to C=N-C in the triazine or hepta-
zine rings. The peak at 399.5 eV is attributed to C-N(-C)-C or C-
N(-H)-C, and the peak at 400.7 eV is assigned to C-N-H, or
C-N-O of the heptazine rings.**** The component distribution
of N 1s spectra is displayed in Table 2. The percentage of
C=N-C increased with the treatment temperature of precursor.

5%Ru/g-C\N 450 f (a)
ﬁz{i
5%Ru/g-C,N 500

\
N

5%Ru/g-C N -550

Intensity (a.u.)

I

SORWE-C,N, 600

406 405 404 403 402 401 400 399 398 397 396 395 394
Binding Energy (E) (eV)
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Fig. 4 TEM images of g-C3N,4 (a and b) and 5%Ru/g-C3sN4-T catalysts
of TEM, (c) T =450, (d) T = 500, (e) T =550, (f) T = 600.

In contrast, the percentage of C-N-H, (C-N-O) gradually
decreased, indicating that the catalyst prepared at higher
temperature had better polymerization degree. These results
are consistent with those of elemental analysis and XRD. With
the increase of the preparation temperature, the polymerization
degree of urea was increased, and the reduction of edge defects
was favourable for the dispersion of ruthenium.

5%Rul/g-C N 450 (b)

5%Ru/g-C,N -500

5%Rulg-C N 550

Intensity (a.u.)

5%Ru/g-C N -600

Ru3p1z Rui3py2

495 | 430 485 480 475 470 465 460 455 450
Binding Energy (E) (eV)

Fig. 3 XPS spectra of N 1s (a) and Ru 3p (b) for Ru/g-CsN4-T (T = 450, 500, 550, 600).
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3.1.4 TEM analysis. The TEM images of g-C;N,-600 and 5%
Ru/g-C;N, catalysts were illustrated in Fig. 4. Particle size
distribution of Ru was shown in Fig. S4.t It can be clearly seen
that morphology of g-C3N, support (Fig. 4(a) and (b)) prepared
by polymerization is lamellar structure. Fig. 4(c) and (d) illus-
trated that the catalyst active component Ru exists in the form
of nanoparticles (NPs) on the support, and the particle sizes of
Ru decreased with the increase of polymerization temperatures
for g-C;N, support.

Obviously, the better dispersity of Ru NPs could be obtained
on the g-C3;N, support prepared at the higher polymerization
temperature. For Ru/g-C;N,-450 and 500 (Fig. 4(c) and (d)), most
of the Ru agglomerate at the edge of the catalyst. On contrast,
with the temperature rising to 550 °C, the dispersion of Ru
could be further improved, and the Ru mean particle size could
be reduced to 2.8 nm. Especially, 5%Ru/g-C;N,-600 with
a narrow size distribution centered at around 2.5 nm could be
obtained. In addition, the HR-TEM images of Ru/g-C;N, cata-
lysts shown in Fig. S31 and EDX mapping shown in Fig. S2,f
images were used to further illustrate the dispersion of ruthe-
nium on the catalyst surfaces. It should be noted, the charac-
teristic peak of Na at 1.04 eV is absent in the EDX spectra,
suggesting the washing out of Na during the catalyst prepara-
tion was successful. The lattice fringe spacing about 0.22 nm
was attributed to Ru (002). Compared with the ruthenium
particles in 5%Ru/g-C3N,-550 and 5%Ru/g-C3N,-600 (Fig. S3(e1)
and (f1)f) catalyst, 5%Ru/g-C3N,;-450 and 5%Ru/g-C3N,-500
(Fig. S3(c1) and (d1)}) catalysts with lower preparation
temperatures for g-C;N, supports possessed obviously darker
ruthenium particles at the edge of C;N, supports. It's deduced
that partial aggregation at edges of support was prone to occur
at lower temperature during the catalyst preparation. From the
results aforementioned, Ru/g-C;N,-600 with larger surface area
possessed well dispersed Ru nanoparticals, which is consistent
with the results obtained by XRD and TEM.

3.1.5 CO,-TPD analysis. In order to test the surface basic-
ities of the catalysts, the CO,-TPD was conducted and the cor-
responding profiles of the various catalysts are shown in Fig. 5.
For comparison, the basic property of N-free 5%Ru/C was also
tested. It can be seen that the first CO, desorption peak, which
mainly located in the range of 100-250 °C, could be ascribed to
the weak basicities for these Ru/g-C3;N,-T catalysts. On the

5%Ru/C N,-450

M
5%Rul/C N,-550
5%Ru/C N -600

5%Rul/C /_h

T T T T T T T
50 100 150 200 250 300 350 400 450

Intensity (a.u.)

Temperature (°C)

Fig.5 CO,-TPD of Ru/C and Ru/g-CzN4-T (T = 450, 500, 550, 600).
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contrary, there is no obvious peak observed for Ru/C in this
desorption region. It should be noted all of Ru/g-C;N, catalysts
shown a strong desorption peak of CO, at 320 °C-400 °C, which
was attributed to the strong base active site of the catalyst. The
second CO, desorption peak initially shifted toward lower
temperature region along with the g-C;N, prepared temperature
increased from 450 to 550 °C. However, g-C3N,4-600 exhibited
desorption peak in much higher temperature region than those
of the rest g-C;N, samples. The basicity of the catalyst is mainly
determined by the comprehensive influences of Lewis and
Bronsted basic sites. According to the type of nitrogen in the g-
C;3N, support obtained from XPS, as the polymerization degree
of g-C3N, increases, Lewis basic sites decreases. On the
contrary, the distribution of Brensted basic sites increases. The
comprehensive effects may be the reason why different catalysts
have different CO, desorption temperatures in CO,-TPD. The
strong Ru-N bond at the interface was considered to be bene-
ficial for the good dispersion of Ru. On the contrast, N-free Ru/C
only shown a weak desorption peak of CO, at around 300 °C.
Obviously, the abundant nitrogen could serve as Lewis or
Bronsted basic sites** to enhance the basic strength of g-C;N,.
Hence, appropriate basicities are provided for Ru/g-C3N,-T
catalysts, especially strong for Ru/C3N,-600 catalyst.

3.2 Catalyst evaluation

Four catalysts with different preparation temperatures (5%Ru/
2-C3N4-600, 5%Ru/g-C3N,-550, 5%Ru/g-C3N,4-500 and 5%Ru/g-
C3N,-450) and 5%Ru/C were applied in the hydrogenation of
PPDA, and the results are listed in Table 1. The by-products of
the liquid phase are mainly aniline and cyclohexylamine
(shown in Fig. S51). It is obvious that Ru/g-C;N, catalysts has
advantages in selectivity compared with catalyst 5%Ru/C, and
there are more by-products being formed by N-free 5%Ru/C.
Clearly, all the g-C3N, supported Ru catalysts exhibit higher
catalytic activity than the N-free catalyst of Ru/C. The selectivity
could be remarkably increased from 58.6% to 87.9% for Ru/C
and Ru/g-C3N,4-600. Clearly, the catalytic performance of Ru/g-
C;3N, outperforms that of N-free Ru/C, and the difference could
be attributed to the specific basicity originated from nitrogen
functionality of g-C3;N,. As determined by TPD results, the
basicity strength of 5%Ru/C is much lower than that of Ru/g-
C;3N, catalysts, especially in weak basicity region. This mean
that the basicity of the catalyst imposed great influence on the
catalytic activity. Besides the Ru dispersion enhanced by
nitrogen functionality, and the modified electronic property,
the basicity of the g-C;N, support is also considered to play an
important role in influencing the hydrogenation performance.
According to the viewpoint,>®* the stronger basicity could
inhibit the excessive adsorption of amino group of the diamines
on the g-C;N, matrix to a certain extent, thus could effectively
reduce the undesired deamination or condensation reaction. In
account of this reason, the hydrogenation selectivity of the
aromatic ring could be effectively regulated through tuning the
surface basicity of the catalyst. In addition, when Ru/g-C3N,-T
with the g-C;N, support preparation temperature increased
from 450 °C to 600 °C, the conversion of PPDA increased from

This journal is © The Royal Society of Chemistry 2020
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54% to 80.2%. Meanwhile, the yield of CHDA increased from
35.17% to 70.50%, respectively. At the same time, the selectivity
did not change obviously in Ru/g-C3;N, catalysts with tempera-
ture. The reason for the improved catalytic activity could be
attributed to that 5%Ru/g-C;N,;-600 catalyst had the bigger
surface area, better dispersion of Ru and stronger basicity
strength, as illustrated in Table 1, which led to the higher
catalytic activity. For comprehensive consideration, the g-C;N,
prepared at 600 °C was chosen as the preferential support.

3.3 Optimization of the reaction conditions

3.3.1 Effect of the different Ru loadings. Ru/g-C;N,-600
catalysts with different loadings of 0.1%, 1%, 3% and 5% were
prepared by impregnation method and used for the hydroge-
nation of PPDA. The results in Fig. 6 shows that with increasing
the Ru loading, the conversion of PPDA increased fast from
6.1% to 80.2%. The explanation is that the higher loading of Ru
on g-C3N,, the more amount of Ru active sites exposed and
more opportunities for the contact with the substance of PPDA,
leading to an increase in the conversion of PPDA. While the
selectivity of product CHDA increased slowly from 64.2% to
83.8% with Ru loading increasing from 0.1% to 3%, and with
further increasing the Ru loading to 5%, the selectivity of CHDA
increased to 87.9%. Conclusively, the catalyst with 5% Ru
loading was more favorable for retaining higher CHDA
productivity, and this content was chosen as the preferential
loadings.

3.3.2 Effect of the reaction temperature. The influence of
reaction temperature on PPDA hydrogenation was then
explored. As shown in Fig. 7, the conversion of PPDA increased
linearly from 31.1% to 96.2% with the reaction temperature
initially rising from 100 °C to 130 °C. This result suggested that
the reaction temperature has a remarkable influence on the
catalytic behaviour. However, the CHDA selectivity decreased
slightly from 91.1% to 85.6%, which indicated that higher
reaction temperature was unfavourable to obtain higher
product selectivity. As also verified, the declined selectivity at
higher reaction temperature could be attributed to the greater
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Fig. 6 The effects of Ru loads for PPDA hydrogenation over the xRu/
g-C3N4-600 catalyst. Reaction conditions: PPDA, 5 mmol; THF, 20
mL; reaction temperature, 130 °C; initial hydrogen pressure, 5 MPa;
reaction time, 1 h; 25 wt% catalyst dosage (based on the weight of
PPDA).
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Fig. 7 The effects of reaction temperature for PPDA hydrogenation
over the 5%Ru/g-CsN4-600 catalyst. Reaction conditions: PPDA,
5 mmol; THF, 20 mL; initial hydrogen pressure, 5 MPa; reaction time,
1 h; 25 wt% catalyst dosage (based on the weight of PPDA).

risky side reaction of PPDA deamination to aniline at higher
temperature region. Subsequently, aniline produced could be
further hydrogenated to CHA, resulting in reduced CHDA
selectivity. In comprehensive consideration of atom economy
and productivity during the process, 130 °C is chosen as the
preferred reaction temperature.

3.3.3 Effect of the reaction time. The influence of reaction
time on PPDA hydrogenation was explored using 5%Ru/g-C;N,-
600 as catalyst. As shown in Fig. 8, with increasing the reaction
time from 1 to 2 h, the conversion of PPDA increased from
80.2% to 98.45% with selectivity of CHDA slowly decreased from
87.9% to 86.1%, respectively. That is also because that during
the PPDA hydrogenation process. That is also because that
during the PPDA hydrogenation process, side reactions of PPDA
deamination to aniline, and further hydrogenation to CHA.
With continuous prolonging the reaction time to 2.5 h, side
reaction was not detected probably due to there is no unreacted
PPDA existed in the reaction system, thus the selectivity of
CHDA could keep almost unchanged at about 86.3% (Fig. 9).

3.3.4 Effect of the reaction pressure. The reaction pressure
has great effect on the conversion of PPDA according to the
Fig. 10. As the pressure increased from 2 to 6 MPa, the
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Fig. 8 The effects of reaction time for PPDA hydrogenation over the
5%Ru/g-C3sN4-600 catalyst. Reaction conditions: PPDA, 5 mmol; THF,
20 mL; reaction temperature, 130 °C; initial hydrogen pressure, 5 MPa;
25 wt% catalyst dosage (based on the weight of PPDA).
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Fig. 9 The effects of reaction pressure for PPDA over the 5%Ru/g-
C3N4-600 catalyst. Reaction conditions: PPDA, 5 mmol; THF, 20 mL;
reaction temperature, 130 °C; reaction time, 1 h; 25 wt% catalyst
dosage (based on the weight of PPDA).
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Fig. 10 The reusability of 5%Ru/g-CsN4-600 catalysts. Reaction
conditions: PPDA, 5 mmol; THF, 20 mL; reaction temperature, 130 °C;
initial hydrogen pressure, 5 MPa; reaction time, 2.5 h; 25 wt% catalyst
dosage (based on the weight of PPDA).

conversion of PPDA increased sharply and almost linearly from
27.3% to 95.1%. However, the variation of CHDA selectivity is
gentle in duration, and shortly increased from 80.7% to 87.9%
when reaction pressure initially increased from 1 to 5 MPa, and
then slightly decreased to 86.0% with further increase the
reaction pressure to 6 MPa. The possible reason could be
attributed to the increase of the pressure is beneficial to inhibit
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the side effects of deamination, but when the pressure was too
high, excessive polymerization of PPDA was enhanced, leading
to a decrease in the selectivity of CHDA products.

3.4 Catalyst recyclability

The recyclability of the Ru/g-C;N,4-600 was tested and the reus-
ability results are shown in Fig. 10. After the reaction, the
catalyst of Ru/g-C3N,-600 was separated by centrifugation, then
directly used in the next run with fresh reactants. 93.6% of
PPDA conversion with 83.5% CHDA selectivity could be ob-
tained during the second run. With the further increase of cycle
numbers, the conversion of PPDA gradually decreased. For the
catalyst used in fifth cycle, 72.2% PPDA conversion with 83.3%
CHDA selectivity was obtained, indicating the catalytic activity
decreased to some extent during recycling experiments. It
should be noted that the selectivity of CHDA did not change
a lot, and kept almost stable at about 83%. In order to examine
the texture and structure changes of the catalyst, the catalyst
after the five cycle (denoted as 5%Ru/g-C3;N,-600-5th) was
characterized by N, physisorption and TEM and compared with
the fresh one. The corresponding results are summarized in
Fig. 11, S6t1 and Table 1. There are not obvious differences in the
catalyst texture between the fresh and used catalyst of 5%Ru/g-
C;3N,4-600-5th catalyst. The surface area, pore diameter, and pore
volume were 83.17 m> g ', 18.26 nm and 0.43 (cm® g™ ),
respectively, which did not change a lot compared with the fresh
one. This result indicated that the catalyst retained its original
mesoporous structure. The TEM results of the used 5%Ru/g-
C;3N,4-600-5th catalyst are also shown in Fig. 11. TEM result
Fig. 11(b) and (c) shown that the average size of Ru species in
the used 5%Ru/g-C3N,-600-5th catalyst was about 3.95 nm,
which was larger than that of the fresh catalyst (2.5 nm,
Fig. 4(f)). Based on the above experimental results, the
decreased catalytic activity of 5%Ru/g-C3N,-600 catalyst along
with recycling experiments was probably attributed to the
agglomeration of Ru nanoparticles.

3.5 Substrate scope of the hydrogenation of aliphatic amine

Alicyclic amines are widely used organic chemicals or inter-
mediate compounds, which have important applications in

(@
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Fig. 11 N, adsorption desorption isotherm (a) of the fresh 5%Ru/g-C3N,4-600 catalyst (denoted as 5%Ru/g-C3zN4-600-fresh) and the used 5%Ru/
g-C3N4-600 catalyst after the five cycle (denoted as 5%Ru/g-CsN4-600-5th). Particle identification (b) and TEM image (c) of 5%Ru/g-C3sN,4-600-

5th catalyst.
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Table 3 Substrate scope of the hydrogenation of Aromatic amine over 5%Ru/g-CzN4-600¢
Entry Substrate Product T (h) Conv. (%) Sel. (%)
1 ”2”@ Hz“@ 2.5 >99 >99
HoN NHz HN NH
’ VO\/ VOV * ” b
HoN NH, HoN NHz
HzN NHz HzN NHz
HoN HoN,
5 m@ M@ 24 9 97
6 ‘@ 4§:> 16 78 57

¢ Reaction conditions: 130 °C, 5 MPa H,, THF, 20 mL, the reactants: 5 mmol, catalyst dosage: 25 wt% (based on the weight of the reactants).

pharmaceuticals, curing agent, rubber chemicals, etc. To illus-
trate the general applicability of 5%Ru/g-C3N,-600, the catalyst
was also used to catalyse the hydrogenation of other aromatic
monoamine or diamines, as shown in Table 3. As can be seen,
99% conversions of m-phenylene dimethylamine and 4,4-dia-
minodiphenylmethane were achieved in the hydrogenation
process, entries 1, 2, and >99% excellent product selectivities of
cyclohexylamine and 4,4’-diaminodicyclohexyl methane
(H12MDA) could be obtained. It should be noted that, HI2MDA
is important raw materials for the synthesis of 4,4'-diisocyanato
dicyclohexylmethane (H12MDI) via phosgene free route. In
comparison with the conventional reaction system, this cata-
lytic system has abandoned liquid alkali salt or liquid
ammonia.'®*”** Therefore, this study provided good candidate
catalytic system for this important process. For the hydroge-
nation of xylylene diamine (XDA), entry 3, the conversion of
selectivity of XDA could reach 99% with 73% selectivity of 1,3-
cyclohexanedimethylamine. Furthermore, 5%Ru/g-C3N,;-600
was also active in the hydrogenation of m-phenylene diamine.
The catalyst exhibited 96% conversion with 82% of high
product selectivity, entry 4. As reported in previous literature,
1,2-cycloheanediamine (1,2-DACH) is a promising chiral ligand.
However, harsh reaction conditions are generally required and
the selectivity of the desired product is relatively low over Ru/C
catalyst. Interestingly, although conversion is relatively low, 5%
Ru/g-C3N,-600 catalyst shown excellent selectivity of 97%
toward the hydrogenation of o-phenylendiamine, entry 5. It's
conjectured that the too strong coordination between Ru and
vicinal amine groups of ortho diamines was considered to

This journal is © The Royal Society of Chemistry 2020

reduce the amount of Ru active sites, thus impose negative
influence on the catalytic performance. For the substance of 2,6-
diaminotoluene (TDA), entry 6, 78% TDA conversion with 57%
moderate selectivity of 2,6-diamino-1-methylcyclohexane could
be obtained. Based on the above results, it was found that the
position of diamino group in the aromatic diamines have
a great influence on the catalytic hydrogenation behaviour.
These results demonstrated the unique behaviour of Ru NPs
intimately associated to a basic support of g-C;N, have gener-
ality for preparing alicyclic amines from aromatic amines,
especially for the non ortho diamines.

4. Conclusions

In summary, a series of Ru/g-C3N, catalysts using g-C;N,
support from different preparation temperatures were
successfully prepared by ultrasonic impregnation method,
which was firstly applied in hydrogenation of PPDA to 1,4-
CHDA. These catalysts had mesoporous structures and formed
by lamellar particle accumulation. Compared to Ru/C catalyst
without skeleton nitrogen gradient, Ru/g-C3N, catalyst with
abundant N species exhibited superior catalytic performance on
the target products selectivity in hydrogenation of PPDA. The
involvement of nitrogen species in g-C3;N, is beneficial for Ru
dispersion, and enriching electron around Ru® environment. Ru
is highly dispersed on g-C;N, support for Ru/g-C;N, catalysts,
especially Ru with about 2.5 nm particle size could be obtained
for 5%Ru/g-C;N,-600. Meanwhile, the basicity enhanced by
nitrogen species in C;N, improved the catalytic activity
remarkably. The catalysts prepared at different temperatures
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were investigated and evaluated, and 5%Ru/g-C3N,4-600 cata-
lysts with the higher ruthenium dispersion and stronger
basicity exhibited higher catalytic activity. In optimized reaction
conditions over 5%Ru/g-C;N,4-600 catalyst, PDA conversion of
100% with the CHDA selectivity of more than 86% were ach-
ieved under relatively mild reaction conditions, i.e. reaction
temperature of 130 °C and the pressure of 5 MPa H, within
2.5 h. Additionally, the catalyst recyclability demonstrated that
the aggregation of Ru nanoparticals was responsible for the
decrease of the catalytic activity. In addition, to some extent, Ru/
2-C3N,-600 have universality for preparing alicyclic amines from
aromatic amines. This work has provided green and efficient
catalytic system for the hydrogenation of aromatic diamines to
synthesize value-added alicyclic diamines. Meanwhile, this
strategy of regulating the catalytic performance via tuning the
support property has provided insights for the rational design
of emerging hydrogenation catalyst without the involvement of
additional alkali salt in the system.
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