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Abstract

Palladium in the concentration of 0.04—0.5 mass % was deposited on carbon nanofibres with the stack
structure. The state of finely dispersed palladium nanoparticles deposited on the carbon nanofibres was
studied by physical methods. Decrease of the concentration of supported palladium on the carbon nanofibres
below 0.2 mass % led to the stabilization of the metal in atomic state. It was found that palladium nanoparticles
in the atomic state were responsible for the high selectivity of the catalyst in acetylene hydrogenation to
ethylene. Doping of carbon nanofibres by nitrogen atoms substantially alters the properties of supported
palladium nanoparticles. The activity of the catalysts decreases whereas their selectivity substantially increases
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INTRODUCTION

Olefins are the most important feedstock for
industrial organic synthesis. Industrial synthe-
sis of unsaturated hydrocarbons commonly in-
cludes cracking of various oil alkanes, from
light gaseous fractions C,—C; to heavy liquid
fractions such as naphtha and gas oil [1, 2]. The
process is inevitably accompanied by the for-
mation of acetylene compounds; these impuri-
ties are extremely undesirable because they can
irreversibly deactivate catalysts that are em-
ployed for further processing of the obtained
olefins. For example, in stereoregular polymer-
ization of ethylene these impurities rapidly poi-
son Ziegler—Natta catalysts and drastically lower
the quality of resulting polymers. In this con-
nection, the content of acetylene impurities
should be decreased to 10 ppm [3—5]

It should be noted also that the reactions of
selective hydrogenation of alkynes or dienes
are structure-sensitive. According to studies with

model catalysts, the (110) face of Pd showed a
higher selectivity in the formation of butenes
as compared to the (111) face [6, 7]. It was also
found [8, 9] that catalyst deactivation under
the action of reaction medium depends on the
accessible faces of crystals.

It was supposed [10] that alumina was a
source of the strongest acid sites that catalyze
oligomerization processes on the catalyst sur-
face. In distinction to conventional supports (for
example, Al,O;), carbon supports do not con-
tain acid sites that are responsible for oligo-
merization of acetylene with the formation of
“green 0il” interacting with palladium and de-
teriorating its catalytic activity [11].

Carbon materials are of particular interest
as supports of heterogeneous catalysis due to
their inertness and the possibility to control
porosity and modify the surface chemically by
introducing various functional groups, which
can facilitate a controllable synthesis of high-
ly dispersed metal nanoparticles. Among such
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materials, carbon nanostructures, nanotubes and
nanofibers were shown to possess remarkable
physical and chemical properties. Owing to these
properties, carbon nanostructures can be em-
ployed as supports in heterogeneous catalysis, in
particular for hydrogenation reactions [12—16].

Some works demonstrated that the electronic
effects originating from specific metal-support in-
teraction can change the behaviour of metal-car-
bon catalysts in hydrogenation reactions [17—22].

In the last decade a new area of research
devoted to synthesis [23—26] and application [27—
33] of carbon nanofibers doped with nitrogen
atoms is actively developed.

The goal of our research was to study the
effect of the carbon nanofibers structure and
doping of the carbon nanofibers by nitrogen
on the catalytic properties of the deposited pal-
ladium nanoparticles in selective hydrogenation
of acetylene.

EXPERIMENTAL
Carbon supports

Supports used in the study were represent-
ed by carbon nanofibres (CNFs). The CNFs with
stacked structure were obtained by decomposi-
tion of methane on the Ni—Cu—Fe/Al,O; cata-
lyst at 650 °C. CNFs with the stacked structure
are short thick nanofibres. The diameter of
CNFs varies from 30 to 120 nm.

Nitrogen doped carbon nanofibres (N—CNFs)
were synthesized by decomposition of 40 %
C,H,—60 % NH; mixture over 65 % Ni—25 % Cu—
10 % Al,O4 catalyst at 550 °C. According to the
elemental analysis and XPS data, the total ni-
trogen concentration in N-CNFs was 3 mass %.

Synthesis of Pd/CNFs and Pd/N-CNFs catalysts

To remove a catalyst from the obtained
nanocarbon, the synthesized CNFs and N—-CNFs
were etched with aqua regia (HNO;/HCl =1 : 3)
upon heating and stirring on a magnetic stirrer
for 30 min. The etched samples was filtered and
washed out with distilled water to remove ac-
ids by bringing pH of wash water to ca. 7. Af-
ter that, the nanocarbon was dried and cal-
cined in a muffle furnace at 150 °C for 30 min.

Palladium was deposited on CNFs and N-
CNFs from an aqueous solution of PdCl, acidi-
fied with hydrochloric acid. The concentration of
PdCl, in the solution was 0.3 mass %. Metal con-
tent in Pd/CNF catalysts was varied from 0.04
to 0.5 mass %. Metal content in Pd/N-CNF cata-
lysts was varied from 0.05 to 0.15 mass %. The
calculated volume of the PdCI, solution was
poured into a beaker, supplemented with 5—
10 mL of distilled water, and 1.00 g of carbon
was then added under stirring on a magnetic stir-
rer. Water was evaporated to dryness; the solid
residue was transferred to a porcelain dish and
calcined in a muffle furnace at 150 °C for 30 min.

Pd/C catalysts having different concentra-
tions of palladium were studied by various
physical methods.

The X-ray diffraction study was carried out
on a Siemens D-500 diffractometer using mono-
chromatic CuK, radiation (a reflected beam
graphite monochromator).

CNFs and Pd/CNFs catalysts were exam-
ined by high resolution transmission electron
microscopy (HRTEM) combined with electron
diffraction on a JEM-2010 instrument with an
accelerating voltage of 200 kV and a line reso-
lution of 0.14 nm.

The nitrogen amount in N—CNFs was de-
termined by the elemental analysis. Charging
states of nitrogen in N—CNF samples were an-
alyzed by X-ray photoelectron spectroscopy
(XPS). After the reaction, samples were
quenched in an argon medium to prevent the
catalyst changes. Spectra were collected on a
KRATOS ES300 photoelectron spectrometer
with a non-monochromatized AlK, radiation
(photon energy of 1486.6 eV). The core-level
Au 4f; 5 gold line with the binding energy 84.0 eV
was used for spectrometer calibration. The sur-
vey spectra were acquired at the analyzer trans-
mission energy 50 eV and step 1eV. The nar-
row spectral regions were collected at the ana-
lyzer transmission energy 25 eV and step 0.1 eV.

TABLE 1
Specific surface area of CNFs and N—CNFs

SEET, m?/ g
CNFs 100
N-CNFs 250

Carbon supports
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TABLE 2

Properties of carbon nanomaterials according to
X-ray diffraction analysis

Carbon Synthesis Lattice parameter
nanomaterials  temperature, °C of graphite, nm
CNFs 650 0.340
N-CNFs 550 0.342

The specific surface area of CNFs and N—CNFs
was measured by thermal desorption of argon. The
measurement data are listed in Table 1.

As shown by the XRD study, all carbon sam-
ples are represented by graphite with differ-
ent degrees of ordering (Table 2). An intense
line of graphite is observed on all X-ray pat-
terns in the 20 region of ~26°. Depending on
the type of carbon nanomaterial, interplanar dis-
tance changes in a range of dy, = 340—342 A.

Catalytic testing

The hydrogenation reaction was carried out
in a quartz flow reactor. A model mixture con-
taining 99.5 % ethylene and 0.5 % acetylene
served as the ethylene-acetylene fraction. Flow
rates of the hydrocarbon mixture and hydro-
gen were determined by rotameters.

A mixture at the reactor outlet was analyzed
on a Crystal-2000 gas chromatograph using a col-
umn with Porapak T, length 1.5 m and internal
diameter 2 mm. Temperature of a detector was
150 °C; evaporator, 50 °C; and column, 35 °C.
Sampling was made using a 100 mL syringe.

RESULTS AND DISCUSSION

Investigation of the catalytic activity of palladium
nanoparticles deposited on CNFs and N-CNFs

Preliminary experiments showed that CNF's
and N—CNFs are not active in hydrogenation
of the ethylene-acetylene mixture.

The catalytic activity of the 0.1 % Pd/CNF sam-
ples was measured at different temperatures. The
measurement data are presented in Fig. 1. The mass
of the catalyst sample was 0.10 g, flow rate mix-
ture C,H,—C,H, — 3 L/h, C,;H,/H, = 1: 10.

As seen from Fig. 1, the catalytic activity of
all catalytic systems increases and selectivity de-
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Fig. 1. Temperature dependence of acetylene conversion
(1) and of ethane content in a mixture at the reactor outlet
(2) for the 0.1 mass % Pd/CNFs catalysts.

creases with raising the temperature. The ethane
content in a mixture at the reactor outlet in-
creases from 0.05 (30 °C) to 0.7 % (100 °C).

Table 3 shows catalytic properties of the Pd/
CNF system with various contents of palladi-
um at temperature of 90 °C.

Pd/CNFs catalysts with the Pd content be-
low 0.04 % do not show any catalytic activity;
this may be related to intercalation of the metal
in the interlayer space of graphite.

According to Table 3, an increase in palladi-
um content of the sample is accompanied by a
growth of catalytic activity, the acetylene con-
version reaches 90 %; however, ethane content
in a mixture at the reactor outlet also increases.

Electron microscopy study of Pd/CNFs

Results of the electron microscopy examina-
tion of Pd/CNFs are summarized in Figs. 2 and 3.

TABLE 3

Acetylene conversion and ethane content in a mixture
at the reactor outlet for the Pd/CNFs with different
palladium content at 90 °C

Palladium content, Acetylene Ethane content,
mass % conversion, % vol. %

0.00 0 0.0

0.04 0 0.0

0.06 15 0.2

0.08 25 0.4

0.10 54 0.6

0.20 78 43

0.30 90 9.2
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Fig. 2. Electron microscopy image of the catalyst 0.1 mass %
Pd/CNFs (stacked).

Figure 2 depicts an electron microscopy im-
age of the 0.1 mass % Pd/CNFs with the
stacked structure. The electron microscopy study
did not detect palladium particles on the sur-
face of the catalyst. Highly disperse dots in Fig.
2 can be attributed to defects in the CNF struc-
ture. This indicates a high dispersion of palla-
dium particles on the surface of carbon nanofi-
bres with the stacked structure.

When palladium concentration in the cat-
alyst was increased to 0.3 mass %, only very
rare palladium particles with the size of ca.
0.8—1 nm were found (see Fig. 3). Effect of the
concentration of supported palladium on pal-
ladium dispersion in Pd/C catalysts represent
in Table 4.

Fig. 3. Electron microscopy image of the catalyst 0.3 mass %
Pd/CNFs (stacked).

TABLE 4

Effect of the concentration of supported palladium
on palladium dispersion in Pd/CNFs

Carbons Palladium content, Diameter of palladium
mass % particles, nm

CNFs 0.1 Not visible

CNFs 0.3 0.8-1

EXAFS study of Pd/CNFs catalysts

The EXAFS spectra of 0.05-0.5 % Pd/CNFs
are shown in Fig. 4.

Two peaks are observed in the EXAFS spec-
trum of the tested samples Table 5. The first
peak corresponds to the R value of ~2.25 A. Such
interatomic distance corresponds to the Pd—C
distance. This peak is typical of all the samples
that contain carbon. The second peak corre-
sponds to the R value of 2.75 A, which belongs
to the Pd—Pd distance. The highest amplitude
is observed for the peak corresponding to the
0.5 % Pd/CNFs sample. For the sample with pal-
ladium content of 0.2 %, the peak correspond-
ing to the Pd—Pd distance substantially decreas-
es. This peak is not observed for the sample with
0.05 % of palladium (the amplitude at a noise
level). This gives grounds to conclude that in
the samples with palladium content below 0.2 %
the metal is mostly (ca. 95 %) in the atomically
dispersed state.

R-3§,A

Fig. 4. Amplitudes of Fourier transform of EXAFS spectra
for the tested samples: 1 — 0.05 % Pd/CNFs; 2 — 0.2 %

Pd/CNFs; 3 — 05 % Pd/CNFs.
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TABLE 5

Distances between atoms (R), coordination numbers (N), Debye—Waller factors (6%) and discrepancy factors (R)
for the local environment of palladium in the Pd/CNFs samples

Samples Pd-C Pd-Pd R-factor, %
R, A N o?, A2t R, AN o?, A2010*

0.05 % Pd/CNFs 2.26 4.8 20.4 22.5

0.2 % Pd/CNFs 2.25 43 18.8 17.7

0.5 % Pd/CNFs 2.19 35 58.1 2.75 14 489 24.0

Properties and catalytic activity of Pd/N—CNFs

The properties of Pd/N—CNF catalysts were
studied in selective hydrogenation of acetylene.
The palladium concentration in the Pd/N-CNF
catalysts was varied in the range of 0.05—
0.15 mass %.

Figure 5 reports the data on the dependence
of acetylene conversion on reaction tempera-
ture for the 0.05—0.15 % Pd/N—CNFs. For all
Pd/N—-CNF catalysts 100 % selectivity in acet-
ylene hydrogenation to ethylene was observed,
no ethane was registered in reaction mixture.

The 0.05 % Pd/N—CNFs has low activity (see
Fig. 5, curve 1). No catalytic activity is observed
in the temperature range of 25—100 °C. Selec-
tive acetylene hydrogenation to ethylene is ob-
served at higher temperatures. However the
acetylene conversion reaches only 12 9% at 150 °C.

The data reported in Fig. 5, curve 2, dem-
onstrate that the 0.1 % Pd/N—CNFs has higher
activity than the 0.05 % Pd/N—CNF catalyst.

Acetylene hydrogenation over the 0.1 % Pd/N—
CNF starts at 100 °C. The temperature growth
leads to the increase of the catalytic activity in
acetylene hydrogenation to ethylene. At 150 °C
acetylene conversion reaches 18 %.

The increase of Pd concentration in the Pd/
N—-CNF catalyst up to 0.15% (see Fig. 5,
curve 3) leads to further growth of the cata-
lytic activity. Acetylene hydrogenation over the
0.15 % Pd/N—CNF also begins at 100 °C. The
activity of the 0.15 % Pd/N—CNF in selective
acetylene hydrogenation to ethylene is higher
than that of the 0.1 % Pd/N—CNF. The conver-
sion of acetylene at the level of 90 % is ob-
served at 175 °C in the absence of ethane.

Thus, the CNF doping by nitrogen substan-
tially modifies the catalytic properties of sup-
ported palladium nanoparticles: the activity of
the catalysts decreases whereas their selectivi-
ty substantially increases. This is primarily re-
lated to stabilization of palladium atoms on the
surface nitrogen sites.
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Fig. 5. Temperature dependencies of acetylene conversion
for the Pd/N—CNFs with different content of palladium
(mass %): 1 — 0.05, 2 — 0.1, 3 — 0.15.
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Fig. 6. Different nitrogen states in N—CNFs: XPS data
of 3 % N-CNFs.
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It was shown using XPS that nitrogen in
N-CNFs exited in several electronic states: py-
ridine-like (E, = 398.5 eV), pyrrole (E, = 400 eV),
graphite-like (E,=40leeV) and oxidized
(E, = 402—-403 eV) (Fig. 6).

In [34] it was demonstrated that single iso-
lated Pd*" cations were present on the N-doped
carbon. Pd** cation is coordinated by a couple
of pyridine-type nitrogen atoms located on the
open edge of the graphene sheet. In our case
we also consider that palladium ions are stabi-
lized on the surface of CNF edge facets.

CONCLUSION

CNFs and N—CNFs synthesized were used
to prepare palladium supported catalysts; their
catalytic properties in selective hydrogenation
of acetylene to ethylene were studied.

Regularity was found for CNF support: the
higher the content of palladium in a catalyst,
the higher the activity in hydrogenation reac-
tion. However, selectivity of the catalysts showed
a substantial decrease. The obtained regularity
is determined by the features of “palladium-—
carbon support” interaction. At a low Pd con-
tent (below 0.04 mass %) in a catalyst, the metal
is intercalated in the interlayer space of graph-
ite and the catalytic activity is equal to zero. The
EXAFS study revealed that the main part of
palladium in the 0.05—0.1 % Pd/CNFs catalysts
is present as a metal in the atomically dispersed
state. Carbon atoms reside in the coordination
environment of palladium atoms. The Pd/CNFs
catalysts where palladium is mostly in the atom-
ically dispersed state have the highest selectivi-
ty in hydrogenation of acetylene. An increase in
palladium content of the Pd/CNFs catalyst to
0.3 mass % is accompanied by the formation of
highly dispersed 0.8—1 nm Pd particles.

The CNF modification with nitrogen atoms
substantially modifies the properties of Pd/N—
CNFs catalysts. The activity of the catalysts
decreases, whereas their selectivity substantially
increases. Carbon nanofibres with stacked struc-
tures modified by nitrogen atoms are the most
promising supports for the development of new
Pd/N—-CNF catalysts for the purification of eth-
ylene from acetylene.
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Raraaurtudyeckmue cpBoiicTBa NaJLIagMEeBLIX HAHOYACTIHIIL,
HaHECEHHBIX HA HEJONMMPOBAHHBIEC I JONMMPOBAHHBIE a30TOM
YIJIepOJHbIE HAHOBOJIOKHA, B CEJIEKTMBHOM TUIPMPOBAHV alleTIieHa
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AnHOoTanus

ITammagnit B korrenTpanmax 0.04—0.5 mac. 9% HaHecsu Ha yIJIEPOJHbIE HAHOBOJIOKHA CO CTOITYATON CTPYKTY-
poit. CocTosHME BBICOKOIVICIIEPCHBIX ITAJIIAAMEBBIX YACTHMIl, HAHECEHHBIX Ha YIJIEPOAHbIE HAHOBOJIOKHA OBLIO
VU3YUYEHO C IOMOIIBI0 (PMBUYIECKUX METOZOB JMICCIeN0BaHNA. Y MEHbIIIeHe KOHIIEHTPAIM HaHEeCEeHHOIO I1aJlIainus
Ha YIJIEPOJHOM HAHOBOJIOKHE CO CTOIMYATON CTPYKTypoii MeHblle (.2 mMac. % mpuBOAMIJIO K cTabuiamsanyy me-
TaJla B aTOMapHOM cocroguuy. ITannanmii B atomapHoM coctosHnu B Pd/C karammsaTopax obsjaziaeT HauBbIC-
1€}l CeJIEKTVBHOCTBIO B PEaKIMM CEJIEKTVBHOIO TMIPUPOBAaHMA alleTUyIeHa B 9TuieH. JJommMpoBaHue yriepoIHbIX
HAHOBOJIOKOH aTOMaMl a30Ta 3HAYMTEJbHO M3MEHAEeT KaTaJMTUYEeCK/e CBOMCTBA HaHECEeHHBIX HAHOYACTMUIL I1aJj-
Jazua. AKTUBHOCTD KaTaJM3aTOPOB YMEHBIIIAETCH, TOTAA KaK MX CEeJeKTUBHOCTL CYII[ECTBEHHO yBEJIMYVBAETCA.

Kirouesnie ciioBa: ITaJulagVieBble HaHOYaCTUILIBI, YIJIEPOAHBbIE HaHOBOJIOKHA, NOIIMPOBaHME a30TOM, I'MIPVpOBaHMe






