
Heterogeneous 
Catalysts for 
Petrochemical 
Synthesis and
Oil Refining

Printed Edition of the Special Issue Published in Catalysts

www.mdpi.com/journal/catalysts

Eduard Karakhanov and Aleksandr Glotov

Edited by



Heterogeneous Catalysts for
Petrochemical Synthesis and Oil
Refining





Heterogeneous Catalysts for
Petrochemical Synthesis and Oil
Refining

Editors

Eduard Karakhanov

Aleksandr Glotov

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Eduard Karakhanov

Petroleum Chemistry and

Organic Catalysis

Lomonosov Moscow State

University

Moscow

Russia

Aleksandr Glotov

Physical and Colloid Chemistry

Gubkin Russian State University

of Oil and Gas

Moscow

Russia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Catalysts

(ISSN 2073-4344) (available at: www.mdpi.com/journal/catalysts/special issues/petrochemical oil

refining).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-1430-7 (Hbk)

ISBN 978-3-0365-1429-1 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Aleksandr Glotov and Eduard Karakhanov

Heterogeneous Catalysts for Petrochemical Synthesis and Oil Refining
Reprinted from: Catalysts 2021, 11, 602, doi:10.3390/catal11050602 . . . . . . . . . . . . . . . . . . 1

Aleksandr Glotov, Anna Vutolkina, Aleksey Pimerzin, Vladimir Nedolivko, Gleb Zasypalov,

Valentine Stytsenko, Eduard Karakhanov and Vladimir Vinokurov

Ruthenium Catalysts Templated on Mesoporous MCM-41 Type Silica and Natural Clay
Nanotubes for Hydrogenation of Benzene to Cyclohexane
Reprinted from: Catalysts 2020, 10, 537, doi:10.3390/catal10050537 . . . . . . . . . . . . . . . . . . 3

Leonid Kulikov, Maria Kalinina, Daria Makeeva, Anton Maximov, Yulia Kardasheva, Maria

Terenina and Eduard Karakhanov

Palladium Catalysts Based on Porous Aromatic Frameworks, Modified with
Ethanolamino-Groups, for Hydrogenation of Alkynes, Alkenes and Dienes
Reprinted from: Catalysts 2020, 10, 1106, doi:10.3390/catal10101106 . . . . . . . . . . . . . . . . . 17

Aleksey Pimerzin, Aleksander Savinov, Anna Vutolkina, Anna Makova, Aleksandr Glotov,

Vladimir Vinokurov and Andrey Pimerzin

Transition Metal Sulfides- and Noble Metal-Based Catalysts for N-Hexadecane
Hydroisomerization: A Study of Poisons Tolerance
Reprinted from: Catalysts 2020, 10, 594, doi:10.3390/catal10060594 . . . . . . . . . . . . . . . . . . 35

Dmitriy I. Potemkin, Vladimir N. Rogozhnikov, Sergey I. Uskov, Vladislav A. Shilov, Pavel

V. Snytnikov and Vladimir A. Sobyanin

Coupling Pre-Reforming and Partial Oxidation for LPG Conversion to Syngas
Reprinted from: Catalysts 2020, 10, 1095, doi:10.3390/catal10091095 . . . . . . . . . . . . . . . . . 51

Dmitry Melnikov, Valentine Stytsenko, Elena Saveleva, Mikhail Kotelev, Valentina

Lyubimenko, Evgenii Ivanov, Aleksandr Glotov and Vladimir Vinokurov

Selective Hydrogenation of Acetylene over Pd-Mn/Al2O3 Catalysts
Reprinted from: Catalysts 2020, 10, 624, doi:10.3390/catal10060624 . . . . . . . . . . . . . . . . . . 59

Tatiana Kuchinskaya, Mariia Kniazeva, Vadim Samoilov and Anton Maximov

In Situ Generated Nanosized Sulfide Ni-W Catalysts Based on Zeolite for the Hydrocracking of
the Pyrolysis Fuel Oil into the BTX Fraction
Reprinted from: Catalysts 2020, 10, 1152, doi:10.3390/catal10101152 . . . . . . . . . . . . . . . . . 73

v





About the Editors

Eduard Karakhanov

Prof. Eduard Karakhanov earned his Ph.D. in Chemistry from Lomonosov Moscow State University

in 1963 and received a Doctor of Science (habilitation) in Chemistry in 1977. Since 1983 Prof.

Karakhanov has been a chair of the Department of Petroleum Chemistry and Organic Catalysis,

Faculty of Chemistry in Lomonosov Moscow State University. His area of specialization is petroleum

chemistry, heterogeneous catalysis, oil refining, metal–organic frameworks, dendrimers, zeolites,

structured mesoporous aluminosilicates, hydroformylation. Prof. Karakhanov has published more

than 450 papers. He has been a scientific advisor of 50 Ph.Ds. Eduard Karakhanov is an Honored

Scientist of the Russian Federation. He was awarded the N.D. Zelinsky Prize for outstanding work

in the field of organic chemistry and petrochemistry. Prof. Karakhanov is a member of the IUPAC

councils of international symposia on macromolecular metal complexes, macro- and supramolecular

architecture, and materials.

Aleksandr Glotov

Dr. Aleksandr Glotov is a leading researcher, head of the catalysis laboratory in the Gubkin Russian

State University of Oil and Gas. He earned his Ph.D. in petroleum chemistry from Lomonosov

Moscow State University in 2016. He works on micro/mesoporous functional materials design,

including self-assembly, template synthesis and modification of zeolites, ordered mesoporous silicas,

aluminosilicate nanotubes for different refining and petrochemical processes (hydroprocessing,

isomerization, hydrotreating, aromatics hydrogenation, catalytic cracking).

vii





catalysts

Editorial

Heterogeneous Catalysts for Petrochemical Synthesis and
Oil Refining

Aleksandr Glotov 1,* and Eduard Karakhanov 2,*

��������	
�������

Citation: Glotov, A.; Karakhanov, E.

Heterogeneous Catalysts for

Petrochemical Synthesis and Oil

Refining. Catalysts 2021, 11, 602.

https://doi.org/10.3390/

catal11050602

Received: 16 March 2021

Accepted: 19 April 2021

Published: 6 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Physical and Colloid Chemistry, Faculty of Chemical Technology and Ecology,
Gubkin Russian State University of Oil and Gas, 65 Leninsky Prosp., 119991 Moscow, Russia

2 Department of Petroleum Chemistry and Organic Catalysis, Faculty of Chemistry, Lomonosov Moscow State
University, 1 Leninskie Gory, 119991 Moscow, Russia

* Correspondence: glotov.a@gubkin.ru (A.G.); kar@petrol.chem.msu.ru (E.K)

Keywords: petrochemical synthesis; oil refining; zeolites; aluminosilicates; organic and metal-organic
frameworks; nanotubes; hydroprocessing; C-1 chemistry

In modern industry, more than 90% of processes are catalytic. Heterogeneous catalysis
is among the major solutions for cost-effective and sustainable industrial applications and
processing. Depending on the refinery and process, the development of heterogeneous
catalysts is focused on the increase in feedstock conversion and selectivity to products. The
design and development of highly efficient and stable heterogeneous catalysts represent an
emerging frontier for overcoming energy and environmental challenges. Many industrial
petrochemical and oil refining processes are facing new challenges that can be solved by
using heterogeneous catalysts.

Recent trends in heterogeneous catalysis are: the design of new functional composite
and nanostructured materials, including traditional zeolites’ modification; the synthesis
of nanoscale meso/micro materials; the investigation of dispersed nanosized systems;
stabilizing and minimizing their aggregation; single-atom catalysis; new strategies for the
development of predictable metal-support interaction, induced by a controlled synthesis of
active phase and their dispersion. One of the modern routes is metal-organic and covalent
frameworks’ design with tunable textural and functional properties.

This Special Issue covers the most recent progress and advances in the field of hetero-
geneous catalysts based on mesoporous composites with embedded halloysite nanotubes
covered with ruthenium nanoparticles for exhaustive benzene hydrogenation [1], in situ
generated and supported on zeolites’ transition metal sulfides for the hydrocracking of
the pyrolysis fuel oil and n-alkanes isomerization [2,3]. This issue also includes investi-
gations of novel rhodium systems supported on FeCrAl composite for the coupling of
pre-reforming and partial oxidation to liquefied petroleum gas processing into syngas [4].
We have collected works devoted to the palladium catalysts based on porous aromatic
frameworks and alumina for the hydrogenation of unsaturated compounds (alkynes,
alkenes and dienes) and for the selective removal of acetylene from ethane-ethylene frac-
tions [5,6].

We hope that this Special Issue will be beneficial for researchers working in heteroge-
neous catalysis and functional materials design, such as zeolite composites, mesoporous
materials, transition metal sulfides, aluminosilicates, porous aromatic frameworks, and
metal nanoparticles immobilization.

Author Contributions: The contributions of A.G. and E.K. are equal. Both authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
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Abstract: Mesoporous ruthenium catalysts (0.74–3.06 wt%) based on ordered Mobil Composition of
Matter No. 41 (MCM-41) silica arrays on aluminosilicate halloysite nanotubes (HNTs), as well as
HNT-based counterparts, were synthesized and tested in benzene hydrogenation. The structure of
HNT core-shell silica composite-supported Ru catalysts were investigated by transmission electron
microscopy (TEM), X-ray fluorescence (XRF) and temperature-programmed reduction (TPR-H2).
The textural characteristics were specified by low-temperature nitrogen adsorption/desorption.
The catalytic evaluation of Ru nanoparticles supported on both the pristine HNTs and MCM-41/HNT
composite in benzene hydrogenation was carried out in a Parr multiple reactor system with batch
stirred reactors (autoclaves) at 80 ◦C, a hydrogen pressure of 3.0 MPa and a hydrogen/benzene
molar ratio of 3.3. Due to its hierarchical structure and high specific surface area, the MCM-41/HNT
composite provided the uniform distribution and stabilization of Ru nanoparticles (NPs) resulted in
the higher specific activity and stability as compared with the HNT-based counterpart. The highest
specific activity (5594 h−1) along with deep benzene hydrogenation to cyclohexane was achieved for
the Ru/MCM-41/HNT catalyst with a low metal content.

Keywords: ruthenium catalysts; benzene hydrogenation; MCM-41; halloysite nanotubes; mesoporous
aluminosilicates; MCM-41/HNT composite

1. Introduction

In the modern global quest for cleaner fuel production, benzene has been identified as a gasoline
component that should be reduced. According to the modern clean fuel standard regulations in the US,
specifically Mobil Source Air Toxics II (MSAT II), refiners are required to reduce benzene in gasoline to
0.62 vol% on an average annual basis. In Europe and in many other regions, a regulation of 1.0 vol%
maximum of benzene in gasoline has also been adopted to limit benzene [1–3]. The selective removal
of benzene and other aromatics from motor fuels by hydrogenation ensures a control of the particulate
emissions and cetane number boost of diesel [2].

There are two main strategies for benzene hydrogenation: partial hydrogenation aimed to
cyclohexene production and deep hydrogenation to cyclohexane [4–7]. The former often requires
bimetallic systems as catalysts, such as Ru–Zn, Ru–Co, Ru–Cu and Ru–lanthanides, promoted by
various additives or non-promoted [4,7–9]. Another approach is to design hydrophobic/hydrophilic

Catalysts 2020, 10, 537; doi:10.3390/catal10050537 www.mdpi.com/journal/catalysts3
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supports and use water as a solvent to prevent cyclohexene excess by hydrogenation (water solubility
of cyclohexene and benzene is higher than that of cyclohexane alone) [4,10].

In refineries, benzene hydrogenation to cyclohexane performs in the presence of Group VIII metal
catalysts such as Ni, Pt, Pd and Ru at temperatures in the range 150 ◦C–220 ◦C under H2 pressure up to
10 MPa [11–16]. For deep benzene hydrogenation at lower temperatures, Ni- or Pt-containing catalysts
are usually employed as they are the most active [11,17–19]. These catalysts, however, have a low
tolerance to various poisons in the feed that should be preliminary refined [18–20]. The conventional
sulfide NiMoSx and NiWSx catalysts have a good activity only at severe conditions (T > 300 ◦C and
pressures 5 MPa and higher), therefore, sophisticated equipment is needed, causing higher investment
and process costs [19,21,22].

The needs for effective catalysts ensuring benzene removal under mild conditions have initiated
a number of studies aimed at designing new catalytic systems comprising noble metals on supports
such as alumina, zeolites and ordered mesoporous silica, e.g., SBA-15, Mobil Composition of Matter
No. 41 (MCM-41) [11,17–19,23–25]. There are reports on the application of Ru/C, Ru/graphene and
Ru/carbon nanotubes in deep benzene hydrogenation [9,26]. Some research used bimetallic systems
with noble metals [23,27,28].

The most promising catalytic systems for benzene hydrogenation to cyclohexane are those
comprising ruthenium, thanks to its high activity and low cost compared to other noble metals [25,29–31].
The prospects stated have been confirmed by the application of Ru/zeolite catalysts for benzene
hydrogenation [25,32]. In the operation of zeolite-based catalysts, however, diffusion limitations arise
due to very narrow channels inside this support. Thanks to the intrinsic well ordered structure, a high
specific surface area (about 1000 m2.g−1) and adjusting pore sizes (2–4 nm), mesoporous silicates are
considered as the promising supports for highly dispersed catalysts [33–36]. Among them, MCM-41
(Mobil Composition of Matter No. 41) is an advanced mesoporous material, with a hierarchical
hexagonal 2D structure belonging to the silicate family, and is the most attractive [37–39]. The mean
size of MCM-41-supported Ru particles is about 1.8 nm with a metal dispersion of 62% [40]. However,
MCM-41 silica possesses a low thermal stability (700◦C) and mechanical strength (about 220 MPa) that
restricts its industrial application [34,41].

As the carriers for hydrogenation catalysts, natural clay nanotubes such as halloysite are of
particular interest [16,42–45]. Halloysite is a natural clay aluminosilicate nanotube from the kaolinite
group named after the Belgian geologist Omalius d’Halloy who was the first to describe the mineral.
Halloysite nanotubes (HNTs) form by the rolling of the kaolin sheets into tubes (length of 0.5–2 μm,
inner diameter 10–30 nm, depending on deposit) with negative an outer surface (tetrahedral silanol
groups) and an octahedral alumina-composed positive charged inner surface [42,46]. Halloysite has
the appropriate specific surface area (50–100 m2.g−1), high ion-exchange capacity and mesoporous
structure that enables the synthesis of highly active ruthenium catalysts and new materials applied for
heterogeneous catalytic systems [15,47,48]. Thus, a new approach was developed, where HNTs act as
a template for the self assembling of the mesoporous silica MCM-41 type on the outer surface of HNTs.
As a result, high-porous meso silica arrays on HNTs with enhanced thermal and mechanical stabilities
were formed [49].

The present work was devoted to the catalytic evaluation of ruthenium catalysts based on
ordered MCM-41 type silica arrays on aluminosilicate HNTs in comparison with a HNT-based
counterpart, depending on the Ru content as well as the localization of active metal particles in
benzene hydrogenation.

2. Results and Discussion

The structure of the well ordered mesoporous MCM-41 type silica assembled on the outer
surface of HNTs, retained after Ru loading, was clearly indicated by transmission electron microscopy
(TEM) (Figure 1). The core-shell hexagonal 2D structure produced by the cetyltrimethylammonium
bromide (CTAB)-templated silica on the nanotubes as well as its Ru deposition are shown in Figure 1.
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The mesoporous silica phase with a one-direction channel system bonded to the outer surface of
aluminosilicate HNTs was kept during the metal loading under microwave irradiation [49].
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Figure 1. Transmission electron microscopy (TEM) micrographs (a–c,g–i) and the Ru-nanoparticle size
distribution (d–f,j–l) in catalysts Ru/ halloysite nanotubes (HNT) and Ru/Mobil Composition of Matter
No. 41 (MCM-41)/HNT.

The retention of the MCM-41/HNT structure after Ru impregnation was also proved by
low-temperature nitrogen adsorption/desorption technique. As shown in Figure 2, Ru/MCM-41/HNT
catalysts were characterized by isotherms of IV type with a capillary condensation step in the range of
relative partial pressures P/P0 of 0.4–0.6, corresponding to the presence of a mesoporous framework
(Figure 2a) [49,50]. Meanwhile, the N2 isotherms for the Ru/HNT catalysts are of III type with
a hysteresis loop at a P/P0 ratio of 0.5–1.0, indicating a capillary condensation in the meso/macropores
of halloysite lumen (Figure 2b) [15,16,29,45]. The pore size distribution for both the mesoporous
MCM-41/HNT composite-supported and the pristine HNT-based Ru catalysts had a narrow peak
centered at 30–32 Å (Figure 2, Table 1).
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Table 1. Ru content (from X-ray fluorescence (XRF) and temperature-programmed reduction (TPR-H2))
and the textural characteristics of MCM-41/HNT and HNT-supported catalysts.

Sample

Textural Characteristics Ru, wt%

Ru Average
Particle Size, nm **

SBET,
m2·g−1

Dp,

Å

Vp, cm3

g−1
From
XRF

From
TPR-H2

From XRF
(Recycled) *

HNT 70 70 0.16 - - - -

Ru/HNT(1) 68 69 0.14 0.74 0.80 0.62/0.62/0.61 3.6 ± 0.1

Ru/HNT(2) 61 68 0.13 1.65 1.68 1.29/1.28/1.27 4.1 ± 0.1

Ru/HNT(3) 56 67 0.11 2.82 2.75 2.14/2.12/2.09 5.4 ± 0.1

MCM-41/HNT 520 28 0.43 - - - -

Ru/MCM-41/HNT(1) 433 30 0.34 0.74 0.82 0.68/0.68/0.67 3.4 ± 0.1

Ru/MCM-41/HNT(2) 411 31 0.33 1.59 1.50 1.49 3.7 ± 0.1
6.7 ± 0.1

Ru/MCM-41/HNT(3) 373 33 0.31 3.06 2.96 2.83 3.4 ± 0.1
7.2 ± 0.2

* Measured by XRF after 1 recycle for Ru/MCM-41/HNT (2 and 3) and after each of 3 recycles for other catalysts,
** According to TEM data.

The relative intensity of the shoulder in the range of 20–30 Å (Figure 2b,d) increased with the metal
loading, which indicated the partial agglomeration of the Ru nanoparticles inside the pores leading to
a decrease in pore volume. It also corresponded with the Ru average particle size calculated based
on the TEM data. Thus, for both the MCM-41/HNTs and the pristine HNT-templated catalysts, the
pores with more than 40 Å in diameter corresponding to HNTs were also observed [15,30]. The higher
metal content and the lower area was found under the part of the pore size distribution curve between
40–80 Å due to the Ru loading into the lumen that was also depicted in the TEM images.

When the metal content increased, the specific surface area of the catalysts decreased. Thanks to
the well ordered MCM-41 hexagonal porous arrangement, the SBET for the composite-supported Ru
catalysts was significantly higher compared to the pristine HNT-based counterparts. The impregnation
of supports with an aqueous solution of ruthenium salt under microwave irradiation provided highly
dispersed catalysts having metal nanoparticles being uniformly distributed over the carrier surfaces
and in the lumen [15,45] (Figure 1). The impregnation procedure applied gave rise to the forming
ruthenium nanoparticles with diameters of 3.6–5.4 nm in the inner surface of the halloysite. This fact
was unusual because the positive charge of the lumen normally prevents ruthenium cation intercalation
(Figure 1) [29,42,46]. Increasing the metal content leads to then formation and aggregation of partially
outside nanoparticles, in accordance with the data published [16,47,48,51]. The average particle size for
the Ru/HNT(1) catalyst was about 3.6±0.1 nm and the size distribution curves were approximated by
Weibull distribution. For two other counterparts with 1.7 and 2.8wt% of Ru the particles with 4.1 ± 0.1
and 5.4 ± 0.1 nm in diameter were formed, respectively (Table 1, Figure 1). Thus, the higher the metal
loading, the higher are the sizes of the particles observed. Moreover, the particle size distributions
curves were broadened. The well ordered MCM-41 hexagonal porous arrangement provided uniform
particle size distribution. The unimodal distribution with an asymmetric peak for catalysts with
a lower Ru content proved the selective nanoparticle intercalation into the mesoporous structure
(3.4 ± 0.1 nm), while for Ru/MCM-41/HNT(2) and Ru/MCM-41/HNT(3), bimodal distribution was
realized with particle diameters of 3.4 and 6.7–7.2 ± 0.1 nm, respectively, and Ru was intercalated
into lumen.

The TPR-H2 profiles for the Ru/HNT samples and the quantification data are presented in Figure 3
and Table 1, respectively. The ruthenium content was calculated based on the hydrogen consumption
caused by the complete reduction of RuO2.
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Figure 2. Nitrogen adsorption/desorption isotherms (a,c) and the pore size distribution (b,d) for the
MCM-41/HNT and the HNT-supported Ru catalysts.
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Figure 3. TPR-H2 profiles for the Ru catalysts templated on HNTs and the MCM-41/HNT composite (a)
Ru/HNT(1) and Ru/MCM-41/HNT(1), (b) Ru/HNT(2) and Ru/MCM-41/HNT(2), (c) Ru/HNT(3) and
Ru/MCM-41/HNT(3).

The TPR profiles of the Ru/HNT catalyst had one intense peak at 140 ◦C corresponding to the
reduction of RuO2, which was strongly bonded to the outer surface of the nanotubes [15,30]. An increase
in the metal content followed by a partial Ru intercalation into the HNTs lumen, broadens the peak and
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shifts it to a higher temperature. Thus, the shoulder at a temperature in the range of 155 ◦C–157 ◦C
was ascribed to the reduction of RuO2 particles formed inside the nanotubes [30]. For the Ru/HNT(2)
catalyst, the peak broadening at about 120 ◦C as well as a small shoulder in the TPR-H2 profile for
the Ru/HNT(3) may correspond to the reduction of either agglomerated or physically adsorbed RuO2

nanoparticles. For the MCM-41/HNT-based catalyst, with a low Ru content the peak in the TPR-H2

profile was the same as for the HNT-templated counterpart. Thus, it should be concluded that the
Ru nanoparticles were located preliminary outside the mesopores. When the Ru content increased,
peaks in the TPR-H2 profile held stable and the peaks were symmetrical but broadened. The shoulder
at 130 ◦C was ascribed to the Ru nanoparticles physically adsorbed outside of both the MCM-41 and
the HNTs pores [52]. Meanwhile, for the Ru/MCM-41/HNT(3) sample it may have been caused by
particle agglomeration. On the right side from the mean center of the curve, at 165 ◦C the reduction of
the nanoparticles incorporated into the porous MCM-41 structure occurs, which strongly bonded to
the support’s surface.

The catalytic properties of the samples obtained were compared for the hydrogenation of benzene.
They were evaluated as the specific activity (Asp) calculated from initial activity (mol (benzene)/mol
Ru per hour) and the final benzene conversion at the end of the test (180 min). The results for the
hydrogenation of benzene are summarized in Figure 4 and Table 2. Cyclohexane was the only product
of benzene hydrogenation over all the Ru/HNT and Ru/MCM-41/HNT catalysts.

As depicted in Figure 4, the final benzene conversion over the catalysts based on MCM-41/HNT
was higher in all the tests excluding the samples with 3%wt. Ru content. Meanwhile, the Ru/HNT(2) and
the Ru/HNT(3) samples had comparable specific activities with those obtained in the composite-based
counterparts (Table 2). It may be due to the partial Ru agglomeration on the external surface of HNTs
being more available for benzene molecules, while for MCM-41/HNT-supported catalysts the Ru
nanoparticles were incorporated into a well ordered silica porous system, which needed time for the
diffusion of reagents to the active sites (Figure 1). For the Ru/HNT(2) and the Ru/MCM-41/HNT(2)
composites the specific activities were 1856 and 2079 h−1, respectively, while the final benzene
conversion over the halloysite-based catalysts was lower compared to the composite-supported ones.
In the case of the Ru/MCM-41/HNT(3) and the Ru/HNT(3) catalysts, the ruthenium nanoparticles
were partially deposited in the lumen of the halloysite leading to their comparable activity (1535 vs.
1492 h−1). This difference in activities may have been caused by the lower dispersion of the active phase
over the surface of the MCM-41/HNT composite, having the high content of large Ru nanoparticles.
Ru/MCM-41/HNT(1), with an average particle size of 3.4 ± 0.1 nm being uniformly distributed over
the surface of mesoporous aluminosilicate support, was the most active with Asp = 5594 h−1 (Figure 4a,
Table 2). Thus, benzene conversion over this catalyst exceeded 90% in 45 min and attained 100% in
90 min. This tendency was maintained for the calculated specific normalized activity (Table 2).
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Figure 4. Benzene hydrogenation over the HNTs and the MCM-41/HNT-supported Ru catalysts
(temperature 80 ◦C, hydrogen pressure 3MPa, H2/substrate molar ratio of 3.3). (a) Ru/HNT(1) and
Ru/MCM-41/HNT(1), (b) Ru/HNT(2) and Ru/MCM-41/HNT(2), (c) Ru/HNT(3) and Ru/MCM-41/HNT(3).
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Table 2. Catalytic properties of the fresh and recycled Ru-catalysts based on the HNT and the
MCM-41/HNT composite.

Sample Asp, h−1 Aspn *,
mol·m−2·h−1

Final Benzene
Conversion, %

Fresh

Ru/HNT(1) 4610 0.34 92
Ru/HNT(2) 1856 0.16 96
Ru/HNT(3) 1492 0.17 100

Ru/MCM-41/HNT(1) 5594 0.39 100
Ru/MCM-41/HNT(2) 2079 0.22 100
Ru/MCM-41/HNT(3) 1535 0.17 100

After 3rd recycle

Ru/HNT(1) 1986 n.a. 71
Ru/HNT(2) 1680 n.a. 74
Ru/HNT(3) 580 n.a. 75

Ru/MCM-41/HNT(1) 4667 n.a. 95

After 1st recycle Ru/MCM-41/HNT(2) 2064 n.a. 98
Ru/MCM-41/HNT(3) 1384 n.a. 99

* calculated from Ru average particles size for the bimodal distribution.

As mentioned above, the most active catalysts were Ru/MCM-41/HNT(1) and Ru/HNT(1) with
Aspn 0.39 and 0.34 mol·h−1·m−2, respectively.

It should be noted that for ruthenium catalysts based on MCM-41/HNT composite (samples
2 and 3), the decrease in the Asp and Aspn (Asp normalized per ruthenium specific surface area)
parameters was close (24% and 26%, respectively), which was caused by the similar average NPs
diameters, while the Ru content became the major factor influenced by catalytic activity (Tables 1
and 2). In the case of Ru/HNT(2), it was calculated that Asp as well as Aspn decreased more than twice
as compared to the Ru/HNT(1) counterpart. As for Ru/HNT(2) and Ru/HNT(3), the Aspn parameters
were close, while Asp was reduced by 20%, confirming the negative enlargement effect of nanoparticles
on a decrease in catalytic activity [53].

For the supported metal catalysts, stability, as well as selectivity and activity, are the key factors for
its further industrial application. From this point of view, we performed stability tests under the same
conditions as compared to the fresh catalysts. As depicted in Figure 5a–c, after recycling, the activity of
HNT-based catalysts decreased. It should be noted that the greatest reduction in activity occurred after
the first cycle for all the catalysts probably caused by the ruthenium leaching. After the first cycle,
the ruthenium content decreased by more than 10% from its initial value and remained practically
unchanged for the second and third cycles (Table 1). It was also proved by similar kinetic curves for all
the Ru/HNT catalysts, in addition to the final benzene conversions almost being the same (70%–80 %)
(Figure 5a–c, Table 2).
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Figure 5. Recycle tests for the HNT-supported Ru catalysts (temperature 80 ◦C, hydrogen pressure
3MPa, H2/substrate molar ratio of 3.3). (a) Ru/HNT(1), (b) Ru/HNT(2), (c) Ru/HNT(3).

Another finding was observed for the catalysts supported on the MCM-41/HNT composite.
For all the samples, partial leaching with lower rates compared to the HNT-supported systems was
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found (Table 1). This may be due to the hierarchical structure and high specific surface area of
MCM-41/composite-based catalysts, which resulted in the stabilization of ruthenium nanoparticles
within the porous system. As a result, the specific catalytic activity and the final benzene conversion for
Ru/MCM-41/HNT(1) after three cycles were comparable with those obtained on the fresh Ru/HNT(1)
(Table 2, Figures 5 and 6).
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Figure 6. Recycle tests for the MCM-41/HNT-composite supported Ru catalysts (temperature
80 ◦C, hydrogen pressure 3MPa, H2/substrate molar ratio of 3.3). (a) Ru/MCM-41/HNT(1),
(b) Ru/MCM-41/HNT(2), (c) Ru/MCM-41/HNT(3).

Finally, we compared the best Ru/HNT(1) and Ru/MCM-41/HNT(1) catalysts with the other
systems represented in the literature for benzene hydrogenation (Table 3). As can be seen from Table 3,
the specific catalytic activities of the investigated catalysts were much higher compared to the other
ruthenium-containing catalysts, based on their supports of a different nature, reported in the literature.

Table 3. Comparison of the activity for Ru/HNT(1) and Ru/MCM-41/HNT(1) with the different catalysts
reported in the literature.

Sample
TOF,
h−1

Ru,
wt%

Benzene/Ru
Molar Ratio

Benzene
Conversion, %

Time,
Min

Sel. to
Cyclohexane

Temperature,
◦C;

P(H2),
MPa

Reference

Ru/C 1600 4.9 2000 100 75 100 110 4 [54]
Ru/Al2O3 1416 4.0 1400 100 60 100 80 2 [55]
Ru/CNTs 649 4.0 500 53 60 98 70 1 [56]

Ru/montmorillonite 270 0.83 275 100 60 100 100 3,5 [57]
Ru/PAFs 1600 4.83 2000 79 60 100 80 3.3 [58]
Ru/MOFs 3478 5.0 8000 100 135 100 160 6 [59]
Ru/TEGO* 1302 4 500 75 30 100 70 1 [9]

Ru/hydrotalcite 1300 1 1300 100 60 100 120 6 [60]

Ru/HNT(1) 4610 0.74
2300

92 90
100 80 3 this workRu/MCM-41/HNT(1) 5594 0.74 100 75

* TEGO-thermally exfoliated graphite oxide.

It can be concluded that catalysts based on mesoporous MCM-41/HNT have both the higher
hydrogenation activity and stability in benzene hydrogenation to cyclohexane. Most probably, it is
caused by the extremely high specific surface area of the MCM-41/HNT support as compared with the
HNT (as high as 5–8 times, see Table 1). It should be also noted that for all samples based on HNT,
as well as on MCM-41/HNT, the higher is metal loading is, the more the catalytic activity decreases.
The higher hydrogenation activity of the catalysts with Ru-loading < 1 wt% is explained by the forming
of highly dispersed metal particles on the carrier surface. In the case of Ru-loading in the range of
1.3–3 wt%, the metal particles are larger within the partial agglomeration and the distribution thereof
is non-uniform (Figure 1). When the metal content is high, the Ru crust forming egg-shell may occur
resulting in the blockage of active sites, and the catalysts’ specific activity decreasing.
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3. Materials and Methods

3.1. Chemicals

The following chemicals were used for the synthesis of catalysts and as reference compounds for
the gas chromatography analysis: ruthenium (III) chloride (high purity grade, Aurat, Moscow, Russia),
halloysite nanoclay (≥98%, Sigma-Aldrich, St. Louis, MO, USA), hexadecyltrimethylammonium
bromide (≥98%, Sigma-Aldrich, St. Louis, MO, USA), tetraethyl orthosilicate (≥98%, Sigma-Aldrich,
St. Louis, MO, USA), benzene (≥99%, chemical grade, ECOS-1, Moscow, Russia), cyclohexane (for gas
chromatography, Supelco, St. Louis, MO, USA), boric acid (purum, ChemMed, Moscow, Russia).

Double distilled water, ethanol and isopropanol (Reachim, Purum, Moscow, Russia) were used as
solvents, and ammonia hydroxide (~25%, ECOS-1, Moscow, Russia) was used for adjusting the pH in
the MCM-41/halloysite synthesis.

3.2. The Synthesis of Catalysts

The ordered mesoporous composite MCM-41/HNT was prepared by the template synthesis,
using CTAB as a structure-directing agent for the MCM-41 phase formation [49,61]. The ruthenium
deposition was performed by the incipient wetness impregnation technique under microwave
irradiation as follows. MCM-41/HNT (1 g) powder was dispersed in a water solution (40 mL)
of RuCl3 in the required amount to obtain appropriate metal loading. The dispersion obtained was
placed in an ultrasonic bath for 30 min followed by microwave irradiation (800 W) for 3 min and
centrifugation (7000 rpm for 2 min). The precipitate was separated and treated with an aqueous
solution (30 mL) of NaBH4 (0.5 M) for the ruthenium reduction. The resulting materials were washed
with distilled water, separated via centrifugation and dried at 60 ◦C for 24 h. The finished solid
catalysts were grinded into powder and denoted as Ru/MCM-41/HNT(1), Ru/MCM-41/HNT(2) and
Ru/MCM-41/HNT(3) according to their ruthenium content. The ruthenium deposition over the
HNTs was performed by the intrinsic wetness procedure under microwave irradiation described
in [8,19,20,35].

3.3. Analyses and Instrumentations

The ruthenium content was determined using an ARL Perform’X X-ray fluorescence spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The analysis was performed in vacuum using the
UniQuant (Thermo Fisher Scientific, Waltham, MA, USA) program without a standard. Before the
analysis, the sample was pressured in tablets with boric acid.

Transmission electron microscopy (TEM) images were obtained on a Jem-2100 (JEOL, Tokyo, Japan)
microscope with an accelerating voltage of 100 kV. The sample analyzed was ultrasonically dispersed in
ethanol. The particle size distribution was obtained by a statistical evaluation of around 1000 particles
from different areas of a number of various TEM images using Image-Pro Plus 6.0 software.

The textural properties of the synthesized and catalyst materials, such as the specific surface area
(SBET), volume (Vp) and diameter (Dp) of the pores were determined by a low temperature nitrogen
adsorption/desorption technique using a Gemini VII 2390t (Micromeritics Instrument Corp., Norcross,
GA, USA) instrument at a temperature of 77 K. Before measurements, the samples were outgassed in
vacuum at 300 ◦C for 4 h. The specific surface was calculated according to the Brunauer–Emmett–Teller
(BET) equation in a relative pressure range from 0.04 to 0.25 of the adsorption data. The volume of the
pores and their diameter were estimated in terms of the Barrett–Joyner–Halenda model (data obtained
from the desorption branch of the isotherm).

Temperature-programmed reduction with hydrogen (TPR-H2) was performed with a AutoChem
2950HP instrument (Micromeritics Instrument Corp., Norcross, GA, USA). Before the analysis,
the catalyst (100 mg) was pretreated at 400 ◦C for 30 min under air flow to oxidize the ruthenium
nanoparticles. Then, a sample was purged with Ar flow at 400 ◦C for 1 h, cooled to 50 ◦C. The reduction
step was performed under the 30 mL/min flow of 8 vol.% H2–92 vol.% Ar mixture in the range
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of 50 ◦C–400 ◦C with a ramp of 10 K/min. The consumption of H2 and the ruthenium content
were calculated using the AutoChem HP V2.04 program (Micromeritics Instrument Corp., Norcross,
GA, USA).

3.4. Catalytic Experiments

The catalytic activity in benzene hydrogenation was evaluated in a Parr 5000 Multiple Reactor
System (Parr Instruments, Frankfurt am Main, Germany) with stainless steel batch reactors having
a Teflon inlet and a magnetic stirrer. The reactor was loaded with benzene (0.01 moles) without
any solvent and 60 mg of the catalyst, purged with hydrogen and then pressurized. The catalytic
tests were run with 1500 rpm stirring at a hydrogen pressure of 3.0 MPa and a temperature of 80 ◦C.
After reaction, the reactor was cooled down to room temperature, the pressure was dropped to
atmospheric and the catalyst was removed from the reaction products via centrifugation, washed
3 times with 10 mL of ethanol and dried at 60 ◦C for 24 h. The recycling tests were performed under the
same conditions as for fresh catalysts. The hydrogenation products were analyzed in isotherm (110 ◦C)
using a Chromos GC-1000 gas chromatograph (Chromos Engineering, Dzerjinsk, Russia) equipped
with a flame-ionization detector and a capillary column MEGA-WAX Spirit (MEGA, Legnano, Italy).

The specific catalyst’s activity in hydrogenation (Asp, h−1) was calculated as the amount of reacted
benzene (Nb*Cb) per mole of ruthenium and the time in hours, according to the formula:

Asp =
N×Cb

mcat × ωRu
MRu
× ti

,

where Nb—moles of benzene, Cb—benzene conversion, mcat—the catalyst weight, ωRu—ruthenium
content determined by XRF, MRu—ruthenium molar mass and ti is the time for which the benzene
conversion (Cb) was evaluated.

The specific catalyst’s activity normalized per ruthenium specific surface area (Aspn) was calculated
as follows:

Aspn =
Asp

Ssp ×MRu
,

where Asp—specific catalyst’s activity and Ssp—ruthenium specific surface area, calculated as:

Ssp =
6

d× ρRu
,

where d—average nanoparticle diameter, ρ—metal density, and k—shape factor (6 for
spherical nanoparticles).

Each experiment was carried out three times under the same conditions, with the results differing
by no more than 2% from the corresponding average value. The measurement error did not exceed 1%.

4. Conclusions

Mesoporous ruthenium catalysts (0.74–3.06 wt%), based on ordered MCM-41 silica arrays on
aluminosilicate halloysite nanotubes (HNTs), as well as HNT-based counterparts, were synthesized
and tested in benzene hydrogenation. The TEM and low-temperature nitrogen adsorption/desorption
analyses for the HNT core-shell silica composite-supported Ru catalysts proved the well ordered
mesoporous silica structure of the MCM-41 type assembled on the outer surface of the HNTs and
retained after Ru loading. According to calculations based on the TEM results, the higher the metal
loading, the higher the sizes of the particles formed by both the MCM-41/HNT and the HNT-based
catalysts. The latter ones had particles varying from 3.6 to 5.4 nm in diameter, located predominantly
on the outer surface of the HNTs. For the MCM-41/HNT-supported ones, at higher metal content the
particle size distribution became bimodal, and particles with more than 6.7–7.2 nm in diameter formed.
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When the metal loading increased, the Ru nanoparticles both intercalated into the MCM-41/HNT
porous system and agglomerated outside the mesopores.

For all samples based on HNT, as well as on MCM-41/HNT, the higher is metal loading was,
the more the specific catalytic activity decreased. The higher hydrogenation activity of the catalysts
with Ru loading < 1 wt% was explained by the formation of metal particles highly dispersed over the
surface of the MCM-41/HNT composite. The Ru/MCM-41/HNT(1) catalyst with an average particle
size of 3.4 ± 0.1 nm, being uniformly distributed over the surface of the mesoporous aluminosilicate
support, was the most active in the hydrogenation of benzene to cyclohexane and the specific activity
of 5594 h−1 was achieved with Aspn 0.39 mol·h−1·m−2. For catalysts based on the MCM-41/HNT
composite with a higher Ru content, the decrease of the Asp and Aspn parameters was close, which was
caused by similar average NPs diameters, while the Ru content became the major factor influenced by
catalytic activity. As for the Ru/HNT(2) and Ru/HNT(3), the Aspn parameters were close, while the Asp

was slightly reduced by 20%, confirming the negative enlargement effect of nanoparticles on a decrease
in catalytic activity.

The MCM-41/HNT composite-supported Ru catalysts were found to be more stable under recycling
due to hierarchical structure and a high specific surface area, resulting in the stabilization of the
ruthenium nanoparticles within the porous system. As a result, the specific catalytic activity and final
benzene conversion for Ru/MCM-41/HNT(1) after 3 cycles were comparable for those obtained with
the fresh Ru/HNT(1).

These catalysts, based on a synergistically strong, new type material, consisting of synthetic
mesoporous silica of MCM-41 type arrays on natural clay nanotubes, are safe, environmentally friendly
materials and could be easily scaled up for industrial application.
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Abstract: The current work describes an attempt to synthesize hybrid materials combining porous
aromatic frameworks (PAFs) and dendrimers and use them to obtain novel highly active and selective
palladium catalysts. PAFs are carbon porous materials with rigid aromatic structure and high stability,
and the dendrimers are macromolecules which can effectively stabilize metal nanoparticles and
tune their activity in catalytic reactions. Two porous aromatic frameworks, PAF-20 and PAF-30,
are modified step-by-step with diethanolamine and hydroxyl groups at the ends of which are replaced
by new diethanolamine molecules. Then, palladium nanoparticles are applied to the synthesized
materials. Properties of the obtained materials and catalysts are investigated using X-ray photoelectron
spectroscopy, transmission electron microscopy, solid state nuclear magnetic resonance spectroscopy,
low temperature N2 adsorption and elemental analysis. The resulting catalysts are successfully
applied as an efficient and recyclable catalyst for selective hydrogenation of alkynes to alkenes at
very high (up to 90,000) substrate/Pd ratios.

Keywords: hydrogenation; heterogeneous catalysts; palladium; porous polymers; amines

1. Introduction

Palladium is one of the most widespread metals used in the selective hydrogenation of unsaturated
compounds [1–3]. It is commonly used in a form of nanoparticles, for this process, whose high surface
area provides a large number of available active sites per unit area. This leads to greater reactivity of
the nanoparticles than with bulk palladium [4]. Changes in the size of particles, their morphology and
distribution significantly affect their catalytic properties. However, unstabilized metal nanoparticles
(NPs) are prone to aggregation, which leads to the formation of thermodynamically stable large
particles with lower catalytic activity [5]. The main method to avoid aggregation of NPs is the use of
encapsulating ligands and polymers or porous materials [6–11].

One of the most effective supports for metal nanoparticles are dendrimers—regular,
three-dimensional, spherically symmetric macromolecules. Since dendrimers have interior voids
of nanometer dimensions, they can hold nanoparticles of suitable sizes, which can fit into those
voids [12]. Encapsulation of metals in a structure of dendrimers allows for control of the size of the
nanoparticles and provides for their uniform distribution [13]. Strong coordination of the chelating
nitrogen-containing groups with metal prevents NPs from leaching and agglomerating during reaction,
thus providing outstanding stability. However, the use of dendrimer-stabilized nanoparticles is limited
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due to difficulties, connected to their separation from the reaction mixtures and time-consuming
synthesis, which includes multistage purification [14].

These disadvantages may be overcome using one of two possible approaches. The first
includes the covalent linking of dendrimer macromolecules using different bi- and tri-functional
agents [15,16]. The second implies the attachment of dendrimers or dendrons to the surface
of organic or inorganic insoluble supports. The main examples of such carriers are SiO2 (both
amorphous and mesoporous) [9,17] multiwall carbon nanotubes, or cross-linked polymer resins, such
as polystyrenes [18], polythiophenes [19], or polyvinylpyridines [20]. The development of such hybrid
materials is promising for the field of hydrogenation, due to their high activity and stability, immense
selectivity, and easy recyclability.

Due to high values of specific surface area, developed porosity, and a variety of methods for the
synthesis and modification of the structure, mesoporous materials and polymers have found wide
application in the stabilization of nanoparticles [21–27]. One of these materials are porous aromatic
frameworks (PAF)—polymers with a rigid structure consisting of aromatic rings connected to each
other [28]. Their aromatic nature provides thermal stability and the possibility for facile introduction
of functional groups, as well as additional stabilization of palladium nanoparticles. Modification
of the polymer structure with various functional groups allows improvement of characteristics of
the resulting catalyst significantly to increase its stability, to control activity, and selectivity [29–36].
All these properties make porous aromatic frameworks promising supports for metal nanoparticles.
The incorporation of coordination electron-donating groups in the material is regarded as an especially
efficient method to stabilize active catalytic species [27,36–46].

Materials with nitrogen and oxygen functionalities, such as amine and hydroxyl groups, have a
high affinity for metal ions [47]. Porous organic polymers with a high nitrogen and oxygen content have
a high potential for the uptake of metal ions or the immobilization of metal nanoparticles [18,48–52].
Such features, and their resulting applications in heterogeneous catalysis, are the main driving force
behind the design and synthesis of porous organic frameworks with electron-donating groups. Here,
we study palladium catalysts based on mesoporous aromatic frameworks modified with diethanolamine
in a hydrogenation of different unsaturated compounds.

2. Results and Discussion

2.1. Synthesis and Characterization of Supports

Porous aromatic frameworks (PAF), PAF-20 and PAF-30, were synthesized according to the method
described by Yuan Y. et al. [53] from tetrakis-(p-bromophenyl)methane and 1,4-phenylenediboronic
acid or 4,4′-biphenyldiboronic acid. Consequently, PAF-20 and PAF-30 differed in the number of
benzene rings between sp3 carbon atoms in the nodes of the frameworks: PAF-20 had three benzene
rings, and PAF-30 had four rings. Thus, PAF-20 typically had a smaller pore size, but a larger surface
area compared to PAF-30 [24]. Subsequent modification of PAF structure with chloromethyl groups
and diethanolamino groups was performed using methods by Gangadharan. D. et al. [54] and Lu.W.
et al. [55] (Scheme 1). To determine the structural features of the structure of the obtained materials,
they were studied using solid state nuclear magnetic resonance (NMR) spectroscopy, low-temperature
N2 adsorption and elemental analysis.
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Scheme 1. Modification of PAF-20 and PAF-30. Reagents: (i) CH2O, HCl, P2O5, AcOH, (ii) diethanolamine,
dioxane, (iii) SOCl2, dioxane, (iv) NH(EtOH)2, dioxane.

Figure 1 shows the solid-state cross polarization-magic angle spinning (CP-MAS) 13C NMR spectra
for PAF-based materials. All spectra contained typical for PAF signals in the region of 125–145 ppm
for sp2-hybridized carbon atoms of aromatic rings and, at 63 ppm, corresponded to sp3-hybridized
carbon atoms in the center of tetraphenylmethane units. After modification with chloromethyl groups,
a new signal belonging to the -CH2Cl group appeared at 44 ppm, which was consistent with published
data [56,57]. Replacing the chlorine atom in -CH2Cl with an ethanolamine group reduced the intensity
of this peak due to screening of the carbon atom by branched ethanolamine groups and shifted its
position from 44 ppm to 49–50 ppm. A similar dependence of the signal displacement upon the addition
of various amines was observed during the earlier works [54,56]. Also, diethanolamino-modified
materials PAF-20-G0, PAF-20-G1, PAF-30-G0 and PAF-30-G1 contained new signals at 56 and 58 ppm,
which were assigned to carbon atoms of the ethanolamine groups.

Porous properties of PAFs were defined using low-temperature N2 adsorption. Starting materials
PAF-20 and PAF-30 had 578 m2/g and 506 m2/g Brunauer–Emmett–Teller (BET) surface area, respectively
(Table 1). The surface area of polymers decreased upon modification: after chloromethylation it was
472 and 436 m2/g for PAF-20-CH2Cl and PAF-30-CH2Cl, and after treatment with diethanolamine it
was 64 and 31 m2/g, respectively. Transition from G0 to G1 generation resulted in an even greater
reduction of surface area, which was explained by the blocking of pores by bulky functional groups.
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(a) 13C CP-MAS NMR for PAF-30-based 

materials 

 
(b) 13C CP-MAS NMR for PAF-20-based 

materials 

Figure 1. Solid-state 13C cross polarization-magic angle spinning nuclear magnetic resonance (CP-MAS
NMR) spectra of obtained materials.

Table 1. Results of low-temperature nitrogen adsorption-desorption for obtained materials.

Samples
Materials Based on PAF-20 Materials Based on PAF-30

SBET, m2/g Total Pore Volume (BJH), cm3/g SBET, m2/g Total Pore Volume (BJH), cm3/g

PAF 579 0.316 506 0.311
PAF-CH2Cl 472 0.264 436 0.262

PAF-G0 29 0.026 61 0.054
PAF-G1 5 0.001 38 0.007

The adsorption isotherms (Figure 2) of the samples PAF-20 and PAF-30, as well as their
chloromethylated derivatives, exhibited a sharp absorption of N2 at a low relative pressure (p/p0 <0.05),
which indicated the developed microporous structure of these materials. The presence of a hysteresis
loop, and the fact that the nitrogen sorption curve gradually rose without the appearance of a plateau,
may indicate the presence of mesopores in the polymer structure [58]. Conversely, this species may be
due to diffusion restrictions or polymer swelling [59]. Chloromethylation did not change the character
of nitrogen adsorption, which may indicate a uniform distribution of -CH2Cl groups over the volume
of the carrier and a slight change in the pore size.
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(a) N2 sorption on PAF-20 (b) N2 sorption on PAF-30 

 
(c) N2 sorption on PAF-20-CH2Cl (d) N2 sorption on PAF-30-CH2Cl 

 
(e) N2 sorption on PAF-20-G0 (f) N2 sorption on PAF-30-G0 

 
(g) N2 sorption on PAF-20-G1 (h) N2 sorption on PAF-30-G1 

Figure 2. Low-temperature N2 adsorption on PAF-based materials.
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Treatment of chloromethylated polymers with diethanolamine led to significant change in the
character of nitrogen adsorption: there was no longer a sharp rise in the adsorption curve and, in the
case of PAF-20-G0, there was practically no desorption of nitrogen from the pores. This shape of the
curves can be associated with strong blocking of the pores by the diethanolamino-groups, which was
more pronounced for PAF-20-G0 due to its smaller pore size. Further modification of materials up to
generation G1 led to a further reduction in pore size: adsorption curves for PAF-20-G1 and PAF-30-G1
were typical for non-porous materials [58]. Thus, we can conclude for PAF-20-G0 and PAF-30-G0
materials, only a small fraction of the pores were available and. in the case of PAF-20-G1 and PAF-30-G1,
the only pores available were in the immediate vicinity of the outer surface of the catalyst grain.
Also, the decrease in surface area and porosity after grafting of the surface of porous materials is a
well-known fact. Thus, after modification of PAFs with different polyamines [58], the surface area
and free volume of pores decreased dramatically from 4023 m2/g for PPN-6 material to 555 m2/g
for tris-(2-aminoethyl)amine-modified material. However, we should note that in the case of the
modification of porous aromatic frameworks with diethanolamine led to too high a decrease in porosity.

Elemental analysis also suggests successful functionalization of aromatic rings with different
functional groups (Table 2). The averaged content of chlorine in the materials PAF-20-CH2Cl and
PAF-30-CH2Cl was 3%—to be exact, about 7% of the benzene rings were modified. After treatment of
chloromethylated polymers with diethanolamine, it decreased to 0.9%–1.2%, whereas nitrogen content
in the resulting samples was 1.7%–1.8%. The presence of chlorine in these samples may indicate
an incomplete modification: most likely, chloromethyl groups deep into the catalyst grain did not
react with diethanolamine. Regarding the materials of the G1 series, the content of chlorine was even
higher, and the nitrogen content increased only slightly. It indicates the occurrence of the substitution
reaction of the hydroxyl groups for chlorine atoms during the treatment of materials of the G0 series
with thionyl chloride, on the one hand. The completeness of this reaction was even lower than in the
synthesis of materials of the G0 series, on the other hand.

Table 2. Elemental analysis of synthesized materials.

Material
Element Content, Mass. %

Cl N

PAF-20-CH2Cl 3.08% -
PAF-30-CH2Cl 3.00% -

PAF-20-G0 0.91% 1.84%
PAF-30-G0 1.19% 1.68%
PAF-20-G1 2.43% 1.88%
PAF-30-G1 3.30% 2.16%

2.2. Characterization of Palladium Catalysts

Catalysts based on porous aromatic frameworks modified with the ethanolamine groups
Pd-PAF-20-G0, Pd-PAF-20-G1, Pd-PAF-30-G0 and Pd-PAF-30-G1 were obtained by immobilizing
palladium nanoparticles into pores of supports. The palladium content was determined by atomic
absorption spectroscopy (AAS) (Table 3).

Pd-PAF-20-G0 and Pd-PAF-30-G0 catalysts contained well-dispersed small particles with a
relatively narrow size distribution (2–2.5 nm) based on the transmission electron microscopy (TEM)
microphotographs (Figure 3). This confirms the successful introduction of nanoparticles into the
modified pores of materials.

Table 3. Palladium content by atomic absorption spectroscopy in synthesized catalysts.

Material Pd-PAF-20-G0 Pd-PAF-30-G0 Pd-PAF-20-G1 Pd-PAF-30-G1

Pd, mass % 2.4 1.0 0.6 1.8

22



Catalysts 2020, 10, 1106

 
(a) TEM photograph of Pd-PAF-30-G0  

(b) TEM photograph of Pd-PAF-20-G0 

 
(c) particle size distribution for Pd-PAF-30-G0 

 
(d) particle size distribution for Pd-PAF-20-G0 

Figure 3. Transmission electron microscopy microphotographs and particle size distribution for
Pd-PAF-20-G0 and Pd-PAF-30-G0.

To contrast, the G1 series catalysts contained only a small number of palladium particles, which
were larger (average size 7–8 nm) and the size distribution curves were wider (Figure 4). It is seen
in the micrographs that there are few nanoparticles and agglomerates are observed on the surface.
This fact may be due to the blocking of the pores by the diethanolamine groups, which interfere with
the diffusion of palladium ions inside the porous structure.
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( ) TEM photograph of Pd-PAF-30-G1 

 
(b) TEM photograph of Pd-PAF-20-G1 

 
(c) particle size distribution for Pd-PAF-30-G1 

 
(d) particle size distribution for Pd-PAF-20-G1 

Figure 4. TEM microphotographs and particle size distribution for Pd-PAF-20-G1 and Pd-PAF-30-G1.

According to the X-ray photoelectron spectroscopy (XPS) data (Table 4), the nitrogen content was
higher in the materials of the G1 series, which proves the process of modification of ethanolamine groups
during the synthesis of materials PAF-20-G1 and PAF-30-G0. Concurrently, the chlorine content in the
materials with modification of the G1 type remained higher than in the G0 series. That demonstrates the
incomplete reaction of the substitution of chlorine for diethanolamine at the last stage of synthesis. The
palladium content was higher in materials of the G0 series, which may be due to better immobilization
of the palladium particles in the pores of the support.

Table 4. Components of the XPS spectra.

Catalysts C O N Pd Cl

Pd-PAF-20-G0 82.2 at.% 13.3 at.% 1.5 at.% 2.8 at.% 0.1 at.%
Pd-PAF-30-G0 85.6 at.% 11.2 at.% 1.7 at.% 1.3 at.% 0.2 at.%
Pd-PAF-20-G1 87.9 at.% 6.8 at.% 3.4 at.% 0.3 at.% 0.6 at.%
Pd-PAF-30-G1 87.0 at.% 9.2 at.% 3.0 at.% 0.3 at.% 0.5 at.%

All XPS spectra demonstrated two sets of peaks related to reduced (Pd0) and oxidized (PdOx)
palladium forms (Figure 5). The presence of oxides in the spectra of samples could be due to
incomplete reduction of the initial palladium or oxidation of the nanoparticles with atmospheric
oxygen. The binding energies of Pd0 3d5/2 and Pd0 3d3/2 for Pd-PAF-20-G0 and Pd-PAF-30-G0 catalysts
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were higher than that for free Pd0 (335.6 and 341.1 eV, respectively). The changing of energy values
indicates the presence of a coordination effect between nitrogen or oxygen atoms in the supports (Table 5).
The same binding energies for the materials Pd-PAF-20-G1 and Pd-PAF-30-G1 were practically no
different from the binding energies for free palladium. These results confirm the assumption that there
is no coordination between palladium nanoparticles and the diethanolamine groups. Nanoparticles in
these catalysts are either in unmodified pores or on the surface of the support.

 
(a) XPS spectra of Pd 3d line in Pd-PAF-30-G0 (b) XPS spectra of Pd 3d line in Pd-PAF-30-G1 

 
(c) XPS spectra of Pd 3d line in Pd-PAF-20-G0 (d) XPS spectra of Pd 3d line in Pd-PAF-20-G1 

Figure 5. X-ray photoelectron spectroscopy (XPS) measurements for obtained palladium catalysts.

Table 5. Peak parameters for XPS spectra of obtained palladium catalysts.

Catalyst Parameter Pd0 PdOx

Pd-PAF-20-G0
Binding energy, eV Pd 3d5/2 334.85 eV Pd 3d5/2 336.58 eV

Pd 3d3/2 340.10 eV Pd 3d3/2 341.82 eV
Content, % 67 33

Pd-PAF-30-G0
Binding energy, eV Pd 3d5/2 334.65 eV Pd 3d5/2 336.75 eV

Pd 3d3/2 339.96 eV Pd 3d3/2 341.91 eV
Content, % 56 44

Pd-PAF-20-G1
Binding energy, eV Pd 3d5/2 335.11 eV Pd 3d5/2 336.8 eV

Pd 3d3/2 340.47 eV Pd 3d3/2 342.43 eV
Content, % 48 51

Pd-PAF-30-G1
Binding energy, eV Pd 3d5/2 335.45 eV Pd 3d5/2 337.07 eV

Pd 3d3/2 340.89 eV Pd 3d3/2 342.56 eV
Content, % 56 44
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2.3. Catalytic Activity

The synthesized catalysts were examined in the hydrogenation of various C6 and C8 unsaturated
compounds (Table 6). The G0 series catalysts were more active than the G1 series catalysts, and catalysts
based on the materials of the PAF-30 type were more active than those of the PAF-20 type. Thus,
the Pd-PAF-30-G0 catalyst showed the highest activity in the hydrogenation of linear alkynes and
alkenes: its specific activity (Table 7) was more than 300,000 mol Sub ×mol Me

−1 × h−1 in the case of
hexyne-1, hexene-1, octyne-1, and octene-1 (Table 7). Regarding 2,5-dimethyl-2,4-hexadiene, it was
about 295,000 mol Sub × mol Me

−1 × h−1 and, for more bulky substrates—phenylacetylene and
styrene—it was much lower (116,000 and 79,000 mol Sub ×mol Me

−1 × h−1, respectively), which may
be due to conjugation between the benzene ring and double and triple bonds in these substrates.

Table 6. Hydrogenation of unsaturated hydrocarbons on palladium catalysts.

Substrate Reaction Products
Product Yield, %

Pd-PAF-20-G0 Pd-PAF-30-G0 Pd-PAF-20-G1 Pd-PAF-30-G1

Hexyne-1 Hexene-1 85 94 9 35
Hexane 4 6 - -

Hexene-1 Hexane 34 100 <1 <1
Cyclohexene Cyclohexane 11 12 - -

1,3-cyclohexadiene Cyclohexadiene 7 9 - -
Octyne-1 Octene-1 6 99 - -
Octyne-4 Octene-4 3 4 - -

Octene-1
Octane 7 99 <1 1

Isomerization products 85 <1 5 5

2,5-dimethyl-
2,4-hexadiene

2,5-dimethyl-3-hexene 8 5 <1 <1
2,5-dimethylhexane <1 5 <1 1

2,5-dimethyl-2-hexene 18 82 - -
Phenylacetylene Styrene 21 37 - -

Styrene Ethylbenzene 10 26 - -
4-methoxystyrene 4-methoxyethylbenzene 3 4 - -

Reaction conditions: 1 mg of the catalyst; substrate:metal = 22,500:1 (Pd-PAF-20-G0), 54,000:1 (Pd-PAF-20-G1),
90,000:1 (Pd-PAF-30-G0), 30,000:1 (Pd-PAF-30-G1), 80 ◦C, 1.0 MPa H2, 30 min.

Table 7. Specific activity of synthesized catalysts.

Substrate Pd-PAF-20-G0 Pd-PAF-30-G0 Pd-PAF-20-G1 Pd-PAF-30-G1

Hexyne-1 94,600 323,400 100,700 189,800
Hexene-1 34,600 305,100 - -

Cyclohexene 11,200 36,600 - -
1,3-cyclohexadiene 7100 27,400

Octyne-1 7100 302,000 - -
Octyne-4 5600 12,200
Octene-1 7100 305,100 - -

2,5-dimethyl-2,4-hexadiene 27,500 294,900 - -
Phenylacetylene 22,400 115,900 - -

Styrene 10,200 79,300 - -
4-methoxystyrene 5600 12,200

Pd-PAF-20-G0 possessed lesser hydrogenation activity: high conversion was achieved only for
hexyne-1, whereas yields of hydrogenation products for other substrates were much lower. This could
be due to the smaller pore size in PAF-20 and, as a consequence, lower diffusion of substrates
to palladium nanoparticles [33]. Catalysts Pd-PAF-20-G1 and Pd-PAF-30-G1 showed less activity.
This may be due to the fact that further modification of the material with diethanolamine groups leads
to a significant decrease in pore size, restricting the penetration of substrates, and the leaching of metal
particles from the surface.

The stability of Pd-PAF-20-G0 and Pd-PAF-30-G0 catalysts was tested in recycle experiments
regarding the hydrogenation of hexene-1. Both catalysts remained active for five reuse cycles. A slight
reduction in conversions was observed only in the first two repetitions (Table 8). This fact is associated
with the leaching of particles from the surface of the catalyst, as is seen in TEM micrographs, as well as

26



Catalysts 2020, 10, 1106

in losses during catalytic experiments. A slight increase in the average particle size from 2.5 to 2.6 nm
for Pd-PAF-30-G0, and from 2 to 2.9 nm for Pd-PAF-20-G0, can be noted; however, the distribution of
the nanoparticles in the materials remained uniform (Figure 6). The washing out of nanoparticles from
the surface also is confirmed by XPS data, according to which, after five reuse cycles, the amount of
surface palladium decreased from 2.8 at.% to 2.1 at.% for Pd-PAF-20-G0, and from 1.3 at.% to 1.0 at.%
for Pd PAF 30 G0 (Table 9).

Table 8. Results of recyclability tests.

Catalyst
Product Yield, %

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Pd-PAF-20-G0 34 28 16 16 17
Pd-PAF-30-G0 99 98 86 84 83

 

 
(a) TEM photograph of Pd-PAF-30-G0 

 
(b) TEM photograph of Pd-PAF-20-G0 

 
(c) particle size distribution for Pd-PAF-30-G0 

 
(d) particle size distribution for Pd-PAF-20-G0 

Figure 6. TEM microphotographs and particle size distribution for Pd-PAF-20-G0 and Pd-PAF-30-G0
after five runs of the recycle process.
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Table 9. Components of the XPS spectra after five runs of the recycle process.

Sample C O N Cl Pd

Pd-PAF-20-G0
Before reaction 82.2 at.% 13.3 at.% 1.5 at.% 0.1 at.% 2.8 at.%

After 5 runs 79.4 at.% 16.1 at.% 2.1 at.% 0.2 at.% 2.1 at.%

Pd-PAF-30-G0
Before reaction 85.6 at.% 11.2 at.% 1.7 at.% 0.2 at.% 1.3 at.%

After 5 runs 85.6 at.% 12.3 at.% 0.9 at.% 0.2 at.% 1.0 at.%

3. Materials and Methods

3.1. Used Reagents

The following reagents were used in the work: benzene (IREA 2000, Moscow, Russia, Purum p.a.);
styrene (Aldrich, St. Louis, MO, USA, ≥99%); phenylacetylene (Aldrich, Shanghai, China, 98%);
2,5-dimethyl-2,4-hexadiene (Aldrich, St. Louis, MO, USA, 98%); methanol (Acros Organics,
Morris Plains, NJ, USA ); ethanol (IREA 2000, Moscow, Russia, Purum p.a.); chloroform (Ecos-1,
Moscow, Russia, Purum), octene-1 (Aldrich, St. Louis, MO, USA, 98%); octyne-1 (abcr, Karlsruhe,
Germany, 98%); 2,5-dimethylhexadiene-2,4 (Aldrich, St. Louis, MO, USA, 96%), hexene-1 (Aldrich,
St. Louis, MO, USA, 98%), hexyne-1 (Aldrich, St. Louis, MO, USA, 99%), 1,3–cyclohexadiene (Acros
Organics, Morris Plains, NJ, USA), paraformaldehyde (Sigma–Aldrich, St. Louis, MO, USA, 95%),
hydrochloric acid (Sigma-tech, Moscow region, Russia, high-purity grade), phosphorus oxide(V)
(Khimmed, Moscow, high-purity grade), acetic acid (Ruskhim, Moscow, Russia, high-purity grade),
1,4-dioxane (Ruskhim, Moscow, Russia, high-purity grade), diethanolamine (Sigma–Aldrich, St. Louis,
MO, USA, 98%), potassium iodide (Reakhim, Staraya Kupavna, Moscow region, Russia, high-purity
grade), acetone (Ekros, Saint-Peterburg, Russia, high-purity grade) thionyl chloride (Sigma–Aldrich,
St. Louis, MO, USA, 97%), nitric acid (Component–Reaktiv, Moscow, Russia, high-purity grade),
potassium carbonate (Component-reactive, Moscow, Russia, pure), sodium borohydride (Aldrich, St.
Louis, MO, USA, 98%).

PAFs ware prepared according to published literature procedures [53]. The modification techniques
for PAF-20 and PAF-30 are similar. Below are the methods for modifying the PAF-20 material.

3.2. Synthesis of PAF-20-CH2Cl

Chloromethylation was carried out according to the method modified from a previous work [55].
Paraformaldehyde (1 g) and hydrochloric acid (20 mL) were placed in a round-bottomed flask equipped
with a stirrer and a reflux condenser. After dissolving of paraformaldehyde, phosphorus pentoxide
(4 g) and glacial acetic acid (6 mL) were carefully added to the mixture. Subsequently, PAF-20 (200 mg)
was placed in the flask and stirred at 90 ◦C for 3 days. The resulting solid was collected using
filtration, washed 3 times with water (100 mL) and ethanol (100 mL), and dried in vacuo to produce
PAF-20-CH2Cl as a yellow powder.

3.3. Synthesis of PAF-20-G0

Modification of PAF-20-CH2Cl was performed according to the procedure adapted from a previous
work [54]. PAF-20-CH2Cl (100 mg), dioxane (6 mL), diethanolamine (0.4 mL) and catalytic amounts of
potassium iodide (10 mg) were mixed in a round-bottomed flask and stirred at 70 ◦C for 3 days. The solid
was collected using filtration, washed with acetone (3 × 50 mL), and dried in vacuo. The obtained
material, PAF-20-CH2N(CH2CH2OH)2, was called PAF-20-G0 as an analogy with the numbering of
the dendrimer generations.

3.4. Synthesis of PAF-20-G1

PAF-20-G0 (100 mg) was mixed with 1,4-dioxane (6 mL) in a round-bottomed flask, and then
thionyl chloride (1.0 mL) was added dropwise to the suspension. The resulting mixture was stirred at
80 ◦C for 24 h, then the solid was collected using filtration and washed with ethanol (3 × 50 mL), a 2M
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solution of potassium carbonate (3 × 50 mL), water (3 × 50 mL) and ethanol (3 × 50 mL), and dried in
vacuo. Then, the resulting material PAF-20-CH2N(CH2CH2Cl)2, called PAF-20-G0.5, was placed in a
round-bottomed flask with dioxane (6 mL), diethanolamine (0.8 mL) and potassium iodide (10 mg).
The suspension was stirred at 70 ◦C for 3 days. The resulting material was filtered off, washed with
acetone (3 × 50 mL) and dried in vacuo.

3.5. Synthesis of Catalyst Pd-PAF-G0 and Pd-PAF-G1

Immobilization of palladium particles into the pores of PAFs was performed by the method
described by Karakhanov, E.A. et al. [16]. The synthesis procedure described below was used to
prepare the catalysts Pd-PAF-20-G0, Pd-PAF-20-G1, Pd-PAF-30-G0 and Pd-PAF-30-G1. The procedure
for the synthesis of catalyst Pd-PAF-20-G0 is an example.

Palladium acetate (4.26 mg) was dissolved in chloroform (6 mL) in a round-bottomed flask,
equipped with a magnetic stirrer and a reflux condenser. Then, PAF-20-G0 (100 mg) was added to
the resulting solution. The suspension was stirred at 60 ◦C for 24 h, and then a solution of sodium
borohydride (7 mg) in a water-ethanol mixture (0.5 mL:0.5 mL) was added. The reaction mixture
darkened and gas evolution was observed. Subsequently, the flask was closed with a stopper and
left for 12 h with stirring. After the reaction, the resulting substance was collected by centrifugation,
washed with water (3 × 50 mL) and ethanol (3 × 50 mL) to remove sodium tetraborate, the precipitate
was isolated by centrifugation and dried in air.

3.6. Catalytic Experiments

The calculated amounts of substrates and catalyst (1 mg) were placed in a glass tube equipped
with a magnetic stirrer. The tube was placed in a steel autoclave, then it was sealed and pressurized
with hydrogen at a pressure of 10 atm. Reactions were carried out at 80 ◦C for 30 min. After completion
of the reaction, the autoclave was cooled to room temperature and depressurized. Reaction products
were analyzed by gas chromatography. Specific activity of the catalysts was calculated using following
equation:

A =
Conv ∗ (sub/Me)

D ∗ t
(1)

where A is the specific activity, Conv is the conversion of the substrate, Sub/Me is the substrate to metal
proportion, D is the metal dispersion, and t is the reaction time.

3.7. Characterization

3.7.1. Low Temperature Nitrogen Adsorption

Nitrogen desorption/desorption isotherms were recorded at 77 K with a Micromeritics Gemini VII
2390 instrument (Micromeritics, Norcross, GA, United States). All samples were degassed at 110 ◦C for
6 h before measurement. The surface area (SBET) was calculated using the Brunauer–Emmett–Teller
(BET) method based on adsorption data in the relative pressure range P/P0 = 0.05–0.2. The total pore
volume (Vtot) was determined by the amount of nitrogen adsorbed at a relative pressure of P/P0 = 0.995.

3.7.2. Transmission Electron Microscopy (TEM)

TEM analysis was carried out on a JEOL JEM-2100/Cs/GIF microscope (JEOL, Tokyo, Japan)
with a 0.19 nm lattice fringe resolution and an accelerating voltage of 200 kV. The processing of
the micrographs and the calculation of the average particle size were conducted using the ImageJ
software program.

3.7.3. X-ray Photoelectron Spectroscopy (XPS)

XPS studies were performed on a VersaProbeII, ULVAC-PHI (ULVAC-PHI, Inc., Kanagawa, Japan)
instrument using excitation with Al Kα X-ray radiation at 1486.6 eV. The calibration of photoelectron
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peaks was based on the Au 4f line with a binding energy of 84 eV and on the Cu2p3/2 line (932.6 eV). The
transmission energy of the energy analyzer was 117.4 eV (survey scans) and 23.5 eV (individual lines).

3.7.4. Gas-Liquid Chromatography

Analysis of the reaction mixture was carried out on a Agilent 6890 G1530A chromatograph
(Hewlett Packard, Santa-Clara, CA, United States) equipped with a flame-ionization detector and a
HP-1 column (50 m × 0.32 mm × 1.05 μm, 100% dimethylpolysiloxane grafted phase). Helium was a
carrier gas; the analysis was carried out in constant pressure mode (1.53 bar). Chromatograms were
recorded and analyzed on a computer using the HP ChemStation Rev.A.06.01 (403) software.

3.7.5. Atomic Absorption Spectroscopy

The Pd content in the catalysts was determined via atomic absorption spectroscopy (AAS) on
an iCE 3000 Series AA spectrometer (Thermo Scientific, Santa-Clara, CA, United States) with flame
atomization. The data were processed using the SOLAAR software.

4. Conclusions

To conclude, we developed active and selective catalysts based on hybrid materials. It was
shown that introduction of ethanolamine groups allowed for achievement of an efficient sorption of
palladium ions and uniform distribution of palladium nanoparticles in size and in the pores of the
carrier. Catalysts based on PAF-20-G0 and PAF-30-G0 materials demonstrated a high catalytic activity
and stability. Nanoparticles in these catalysts were located both on the surface of the support and in
the pore space.

Modification of the G1 type led to blockage of the pores of the aromatic framework, which prevented
the diffusion of palladium ions into the pores of the carrier. The G1 series catalysts contained larger
particles (average size 7–8 nm) and were characterized by a broader size distribution, and most of the
nanoparticles were located on the material surface. The activity of the Pd-PAF-20-G1 and Pd-PAF-30-G1
catalysts turned out to be lower than that of the G0 series catalysts, which was due to the blockage
of pores.

Thus, to enhance the activity of catalysts, it is necessary to solve the problem of a significant
decrease in the porosity of hybrid materials, as well as to improve approaches to the modification
of supports. Due to this, it will be possible to significantly expand the field of application of these
materials, in particular, to use them to create catalysts for other catalytic processes (processing of
petroleum fractions, bio-raw materials, fine organic synthesis, etc.)
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Abstract: Bifunctional catalysts on the base of transition metal sulfides (CoMoS and NiWS)
and platinum as noble metal were synthesized via wetness impregnation of freshly synthesized
Al2O3-SAPO-11 composites, supported with favorable acidic properties. The physical-chemical
properties of the prepared materials were studied by X-ray diffraction (XRD), scanning electron
microscopy (SEM), low-temperature N2 adsorption and high resolution transmission electron
microscopy (HR TEM) methods. Catalytic properties were studied in n-hexadecane isomerization
using a fixed-bed flow reactor. The catalytic poisons tolerance of transition metal sulfides (TMS)- and
Pt-catalysts has been studied for sulfur and nitrogen, with the amount of 10–100 ppm addition to
feedstock. TMS-catalysts show good stability during sulfur-containing feedstock processing, whereas
Pt-catalyst loses much of its isomerization activity. Nitrogen-containing compounds in the feedstock
has a significant impact on the catalytic activity of both TMS and Pt-based catalysts.

Keywords: hydroisomerization; n-alkanes; bifunctional catalysts; stability; CoMoS; NiWS; Pt;
catalytic poisons

1. Introduction

Nowadays, transformation of n-alkanes to corresponding branched forms by hydroconversion,
i.e., hydrocracking or hydroisomerization, is becoming more important for the petroleum refinery and
petrochemical industry [1–5]. This process plays a significant role in the production of high-quality
gasoline and diesel fuels, as well as motor oils. Diesel and gasoline oil fraction treatment transforms the
high freezing long-chain n-paraffins, and contributes to the improvement of the octane number
of gasoline and the low-temperature performance of diesel or lubricating oils [6–10]. One of
hydroisomerization’s advantages is the high yield of liquid products. These light fractions do not
have any sulfur, but contain branched alkanes with high octane numbers, which causes isomerization
products to be the most valuable component of gasoline. Hydroisomerization of linear long-chain
hydrocarbons is becoming more important considering ecological restrictions [11,12].
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Hydroisomerization catalysts are bifunctional systems, containing metal particles acting as
hydrogenation/dehydrogenation sites and acidic mesoporous support, providing acid sites for
isomerization [13,14]. The hydrogenation/dehydrogenation activity of hydroisomerization catalysts is
provided by the metallic sites, typically Pt, supported on acidic mesoporous carriers [13,15–17]. Different
kinds of zeolites, natural clays and aluminosilicates are widely used as supports for bifunctional
catalysts [18–24].

According to widely acknowledged hydroisomerization mechanisms, n-alkanes are dehydrogenated
on metallic active sites to form alkene intermediates. The resulted olefins are protonated and isomerized
mainly on Brønsted acid sites, followed by rapid hydrogenation over metal sites to the corresponding
branched iso-alkanes (Figure 1) [25,26]. Besides, the length of the hydrocarbon chain is considered to be
correlated with the reactivity thereof [27]. Thus, the acidity properties are inversely proportional to the
chain length [1]. Therefore, the selectivity of the catalyst towards isomerization is affected by a proper
balance between metallic and acidic sites.

n n n

n

Figure 1. Scheme of n-hexadecane hydroisomerization. a—Hydrogenation-dehydrogenation on
metallic sites; b—Protonation-deprotonation on acid sites; c—Addition of proton to form alkylcarbonium
ion on acid; d—Dehydrogenation to form alkylcarbenium ion; e—Competitive adsorption–desorption
of alkene and carbenium ion on acid sites; f—Rearrangement of alkylcarbenium ion; g—Cracking of
alkylcarbenium ion; h—Hydrogenation to form alkane on metallic sites.

The structural properties of the support also affect the shape-selectivity of molecular sieves.
In general, the smaller the zeolite pore size, the lower the methyl branching [28,29]. While for
microporous molecular sieves methyl branching takes place, for wide pore openings and large
cavities, ethyl and propyl branched isomers are obtained [7,30]. Multibranched isomers formed
during n-paraffins isomerization are more susceptible to hydrocracking, which leads thereby to
lower isomerization selectivity [31]. The support structure and textural properties are also crucial for
long-chain isomerization from the point of view of diffusion limitations, due to the transformation of
linear alkanes occurring in the micropores: the rapid diffusion of molecules to the bulk phase should
be provided before the undesired cracking reactions occur.

The hydrogenation/dehydrogenation activity of hydroisomerization catalysts is provided by
metallic sites, typically Pt, supported on acidic mesoporous carriers [13,15]. Different kinds of zeolites,
natural clays and aluminosilicates are widely used as supports for bifunctional catalysts [18–24].
The most significant characteristic for these catalysts from an industrial viewpoint is stability to
poisons [32,33]. Noble metal-based catalysts stand out as more active for hydroisomerization when the
content of the active metals is higher than 0.5 wt %, which makes them very expensive [34–37]. Moreover,
catalyst poisoning by nitrogen- and sulfur-containing compounds leads to dramatic decreases in
activity [38–41]. Metal active sites poisoning by sulfur involves hydrogen sulfide adsorption followed
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by its dissociation, leading to rearrangement of the metal surface, wherein the polysulfide layer forms,
and catalyst deactivation is reversible. When the S/Pt ratio is higher than 0.4, the poisoning becomes
irreversible. This may also be caused by strong Pt–S covalent bonding [42]. The deactivation of
the noble metal-based catalysts by nitrogen-containing compounds takes place due to their strong
adsorption on the acid sites of the support. As a result, the content of available active sites decreases,
which has a negative influence on catalytic activity [43]. Therefore, the industrial application of noble
metal-based catalysts for hydroisomerization is limited, and research focuses shift towards novel
low-cost bifunctional catalysts with sufficient activity and stability. As such, the development of
transition metal-containing catalysts for hydroisomerization of linear alkanes is of both scientific and
industrial interest [44–47].

The most promising sulfur tolerance catalysts are transition metal sulfides. The transition metal
sulfides providing high catalytic activity are widely used for hydrotreatment processes [44,48–51].
CoMo bimetallic catalysts have been investigated for ethylbenzene hydrogenation [34]. Appropriate
acidity of the support favors the hydrogenation/isomerization activity of the catalysts, which allows
the performance of ultra-deep sulfur removal from oil fractions [52–54].

A number of microporous zeolites, such as ZSM-22, ZSM-23 and ZSM-48, were used as functional
supports for hydroisomerization catalysts. Among one-dimensional porous materials, structured
SAPO-11 exhibits appropriate acidity and shape-selectivity, making it one of the more promising
supports for hydroisomerization catalysts. This silicoaluminophosphate, consisting of Al2O3, SiO2

and P2O5 as the main components, has a one-dimensional, 10-membered ring channel system, with
an elliptical pore opening of 0.44 × 0.64 nm [55]. Thanks to moderate acidity and shape-selectivity,
the medium-pore SAPO-11 acts as a functional support for isomerization catalysts, favoring selective
isomerization of long-chain alkanes (for monomethyl isomers) [56]. Thus, SAPO-11-supported
Pt-catalysts were found to exhibit high selectivity to skeletal isomers in n-dodecane hydroisomerization
at 300 ◦C and hydrogen pressure of 1 bar (weight hourly space velocity (WHSV) = 2 hr−1) [57]. Similar
results were obtained in [58], when 1 wt % of Pt was loaded on SAPO-11 and tested at 307 ◦C under
higher hydrogen pressure (20 bar). Ni-Mo-SAPO-11-catalysts have demonstrated a high selectivity
to C18 hydrocarbons (57%) at 350 ◦C under 30 bar [45]. More recently, the SAPO-11-supported
CoMo-catalyst has been applied in n-hexadecane hydroisomerization, and exhibited comparable
activity with noble metals-based catalysts [59].

Herein, we examined the stability of transition metal-containing catalysts in terms of the
isomerization function of n-alkanes to poisoning by nitrogen and sulfur compounds. This investigation
also includes calculations of kinetic parameters, evaluating the n-paraffin isomerization selectivity
depending on sulfur and nitrogen influence.

2. Results

The key factor, from the industrial viewpoint, in catalyst application, is mechanical stability,
provided by supports. In general, hydroisomerization catalysts are formed into pellets by the
extrusion of functional acidic components mixed with boehmite. The latter provides γ-Al2O3

formation after calcination at 550–600 ◦C [15,59]. Thus, we here report the examination of pelletized
Al2O3-SAPO-11-supported Pt and transition metal sulfide catalysts in the hydroisomerization of
n-hexadecane in the presence of poisons. The SAPO-11 component in these catalysts has appropriate
acidity and provides selectivity in hydroisomerization reactions.

2.1. Physical-Chemical Properties of the Solids

Figure S1 shows the diffraction pattern of synthesized Al2O3-SAPO-11 support. Observed signals
on the recorded XRD pattern for Al2O3-SAPO-11 material are consistent with standard SAPO-11
(PDF 047-0614) and Al2O3 (PDF 075-0921).

Figure S2 shows the SEM image of the prepared Al2O3-SAPO-11 support. SEM images of the
composite support surface looks like a mixture of alumina, with a smooth surface and well-dispersed
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crystals of silicoaluminophosphate, as can be seen from energy dispersive X-rays analysis (EDX)
mapping (Figure 2). SAPO-11 particles (1–5 μm) are uniformly distributed over the Al2O3 surface.
The structure of the SAPO-11 crystals does not look damaged by acid.

 
Figure 2. EDX image mapping of the elements on composite Al2O3-SAPO-11 support.

The textural properties of the prepared Al2O3-SAPO-11 composite support and bifunctional
catalysts were measured by low-temperature N2 adsorption. The nitrogen adsorption–desorption
isotherms and pore size distributions of the support and synthesized catalysts are shown in Figure 3.
Synthesized materials exhibited a typical type I–type IV combination of isotherms, indicating a
micro-mesoporous starting material. The total nitrogen adsorbed is slightly higher for the support,
according to its higher pore volume. In particular, the steep uptake at lower relative pressure
(P/P0 < 0.05) indicates the N2 filling in the micropores of the SAPO-11 phase. Meanwhile, all the
prepared catalysts and composite supports show isotherms with an obvious H3 + H4 hysteresis loop,
which is the result of the composite support’s nature, combining the micropores of SAPO-11 and the
slit-shaped pores of alumina.

The textural properties of the prepared Al2O3-SAPO-11 composite supports and transition metal
sulfide (TMS) catalysts, as well as the reference Pt-catalyst, are listed in Table 1. All the prepared
materials offer bimodal characteristics of pore size distribution (Figure 3). Pores with an average
diameter about 3.8 nm (t-plot) correspond to SAPO-11, and the other ones, with 8.0 nm diameter, are
related to alumina. Active metals loading has no significant effect on the textural properties of the
supported catalysts. Specific surface area decreases from 268 to about 200 m2/g in the case of sulfide
catalysts synthesis, and keeps almost constant for Pt-catalyst. The average pore volume and micropore
properties evaluated, by t-plot and density functional theory (DFT) methods, do not change after
catalysts’ impregnation (Table 1).
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(a) (b) 

Figure 3. N2 adsorption isotherms (a) and pore size distribution curves (b) of composite support
(curves a) and prepared catalysts (curves b).

Table 1. Textural properties of the prepared solids.

Catalyst (Support)

Brunauer–Emmett–Teller (BET) t-Plot & DFT

SBET Dp avr. Vpore Smicro Dmicro Vmicro

(m2/g) (nm) (cm3/g) (m2/g) (nm) (cm3/g)

Al2O3-SAPO-11 (support) 268 <4.0 & 8.1 * 0.50 69 3.8 0.06

CoMoS/Al2O3-SAPO-11 204 <4.0 & 8.0 * 0.49 66 3.7 0.05

NiWS/Al2O3-SAPO-11 198 <4.0 & 7.9 * 0.47 64 3.8 0.05

Pt/Al2O3-SAPO-11 259 <4.0 & 8.1 * 0.51 59 3.7 0.04

* bimodal pore size distribution.

Figure 4 shows representative HR TEM micrographs of the prepared catalysts. The active phase
of CoMoS- and NiWS-catalysts is preceded by the typically well-dispersed sulfide phase—Hexagonal
crystallites of Mo(W)S2 decorated with Co(Ni) atoms on the edges, as presented in Topsøe’s
works [44,60,61]. On the HR TEM pictures, the sulfide phase looks like single or stacked dark
stripes. The average length of CoMoS sulfide’s active phase is 3.6 nm, and a stacking number of 2.1
resulted in dispersion equal to 0.33 (Table 2). NiWS’s active phase is characterized by average length
of 4.6 nm and stacking number 1.9, resulting in 0.27 dispersion. The active phase of the reference
Pt-catalyst is presented by nanosized metal clusters dispersed on the catalyst surface. The average
particle size of Pt clusters on the surface of Pt/Al2O3-SAPO-11-catalyst is 1.5 nm.

The acidic properties of CoMoS and NiWS-based bifunctional catalysts have been studied with
the NH3-TPD method, and the amounts of desorbed ammonia are presented in Table 2. The measured
acidic properties of sulfide catalysts provide very close values of desorbed NH3 for each type of acid
site, and are in accordance with previously obtained results [62]. Sulfide active phase formation leads to
an increase in the amount of high-temperature active sites, in comparison with Al2O3-SAPO-11 support,
from 0.22 up to 0.62 mmol/g. The NiWS-catalyst exhibits slightly higher total acidity evaluated by
NH3-TPD, about 10% relative to CoMoS-catalyst. Catalytic properties of the Pt/Al2O3-SAPO-11-catalyst
are almost equal to the initial composite support, most likely due to low concentration of platinum.
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(a) (b) 
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Figure 4. HR TEM micrographs of the synthesized bifunctional catalysts: (a) CoMoS/Al2O3-SAPO-11,
(b) NiWS/Al2O3-SAPO-11, (c,d) Pt/Al2O3-SAPO-11.
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Table 2. Metals content and active phase properties of the prepared catalysts.

Parameter

Catalyst

CoMoS/
Al2O3-SAPO-11

NiWS/
Al2O3-SAPO-11

Pt/
Al2O3-SAPO-11

Active metals loading (wt %)

• Mo(W) or Pt (for ref. catalyst) 10.6 18.5 1.0

• Co(Ni) 3.1 3.0 -

Active phase morphology

• Average length, L (nm)
(diameter for ref. catalyst) 3.6 4.6 1.5

• Average stacking number, N 2.1 1.9 -

• Dispersion of active phase, D 0.33 0.27 0.91

Acidity—TPD NH3, mmol/g *

• Weak 0.421 0.423 0.367

• Medium 0.193 0.204 0.261

• Strong 0.507 0.616 0.236

• Total 1.121 1.243 0.865
* Temperature programmed desorption of ammonia (TPD NH3), acid sites are classified as weak (100–250 ◦C),
medium (250–400 ◦C), and strong (> 400 ◦C).

2.2. Catalytic Properties Examination

It is well-known that Pt-containing bifunctional catalysts are much more active than other ones,
nevertheless, several previous studies have shown the possibility of using the transition metal-based
catalysts application for n-alkanes hydroisomerization. Figure 5 shows the comparison between the
reaction rate constant of n-hexadecane isomerization at various temperatures with CoMoS-, NiWS- and
Pt-catalysts, supported with Al2O3-SAPO-11 support. The obtained results correlate with published
data [59,62]. The difference in activity between Pt- and TMS-based catalysts gradually decreases as
the temperature increases from 300 to 340 ◦C. The Pt-catalyst demonstrates a reaction rate constant
10 times higher at 300 ◦C and 4.5 times higher at 340 ◦C, compared to the NiWS-catalyst (Figure 5).
The increased temperature of the process is likely favorable for TMS-catalysts application. Methyl- and
ethylpentadecanes were the main products of the isomerization reaction. Coke formation, as well as
cracking products, were not observed under the studied conditions for any experiments.

k

0.13

1.3

0.25

2.2

0.9

4.2

Figure 5. Reaction rate constants of n-hexadecane isomerization at 300–340 ◦C, versus Al2O3-SAPO-11
supported CoMoS-, NiWS- and Pt-catalysts. *—Results adopted from [59,62], **—Results obtained in
this work.
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Catalytic stability tests for all catalysts have been performed with sulfur- and nitrogen-containing
feeds at constant reaction conditions. Table 3 summarizes the obtained results of catalytic activity
measurements of TMS- and Pt-based catalysts. CoMoS- and NiWS-catalysts demonstrate perfect
stability during the experiments with sulfur-containing feedstock. The conversion of n-hexadecane
keeps constant, 53% and 59% for CoMoS- and NiWS-catalysts, respectively, while processing feeds
with up to 100 ppm of sulfur. Reaction rate constants are comparable for both sulfide catalysts in the
experiments with sulfur-containing feedstocks, and equal to the initial values for pure n-C16 processing.
Consequently, the inhibiting effect of sulfur on TMS-catalysts is equal to zero. The Pt-based catalyst is
exposed to sulfur poisoning more intensively. The addition of 10 ppm sulfur into the feedstock reduces
n-C16 conversion from 79% to 52%, which is valued at 53% activity inhibition, but the residual activity
nevertheless is higher than for the NiWS- or CoMoS-catalysts. The sulfur concentration increasing up
to 100 ppm has a dramatic (77%) inhibiting effect on the Pt-catalyst. The isomerization reaction rate
constant is 0.35 ± 0.006 × 10−4 (mol g−1 h−1), which is almost three times lower than NiWS-catalyst’s
one. For all experiments, hydroisomerization selectivity was almost 100%, and no cracking products
were observed.

Table 3. Catalytic performance of TMS-based and reference Pt-catalyst in n-hexadecane hydroisomerization
at 340 ◦C, 1.5 MPa, 150 nL/L H2 to feedstock ratio.

Catalyst & Reaction
Parameter

Reaction Conditions (T = 340 ◦C, P = 15 bar, H2/Feedstock = 150nL/L)

WHSV (h−1)
Feedstock: N-Hexadecane 2.9 wt % + Catalytic Poison

No Poison 10 ppmS 100 ppmS 10 ppmN 50 ppmN

CoMoS/Al2O3-SAPO-11

• n-C16 conversion (%) 1.0 52.8 53.1 52.0 29.8 12.4

• kiso × 104 (mol g−1 h−1) 0.76 ± 0.02 0.77 ± 0.02 0.74 ± 0.01 0.36 ± 0.01 0.13 ± 0.003

• Inhib. effect - - 2% 52% 83%

NiWS/Al2O3-SAPO-11

• n-C16 conversion (%) 1.0 59.0 59.5 58.8 38.8 18.8

• kiso × 104 (mol g−1 h−1) 0.90 ± 0.01 0.92 ± 0.02 0.90 ± 0.02 0.50 ± 0.01 0.21 ± 0.005

• Inhib. effect - - 1% 45% 76%

Pt/Al2O3-SAPO-11

• n-C16 conversion (%) 3.0 78.6 51.8 8.5 9.1 2.9

• kiso × 104 (mol g−1 h−1) 4.75 ± 0.22 2.2 ± 0.044 0.35 ± 0.006 0.29 ± 0.01 0.09 ± 0.004

• Inhib. effect - 53% 77% 94% 98%

Figure 6 is used to show, in a graphic outline, the comparison of residual catalytic activity, i.e.,
the measured activity after the n-hexadecane conversion stopped decreasing, of bifunctional catalysts
during sulfur- and nitrogen-containing feedstock processing. Similar reaction conditions can be used
in this case due to the higher inhibition effect of catalytic poisons on Pt-containing catalyst. A reaction
rate constant more than two times lower was measured for Pt-catalyst in the experiment with 100 ppm
sulfur, resulting in residual n-C16 conversion becoming equal to 37%, versus 59% for the NiWS-catalyst,
meanwhile, the 10 ppm of sulfur in the feedstock allows the Pt-catalyst to provide higher catalytic
activity in n-C16 isomerization (Figure 6a).

The calculated inhibition effect of 10 ppm nitrogen-containing feed on CoMoS- and NiWS-catalysts
is about 45–52%, meaning that the reaction rate constant is only half of the initial one and the conversion
of n-hexadecane decreases to 30% and 39% for CoMoS and NiWS samples, respectively (Table 3).
The Pt-catalyst already demonstrates extremely low n-C16 conversion at studied reaction conditions
when 10 ppm of nitrogen is added. The inhibiting effect is 94% in this case. The increasing of the
nitrogen content to 50 ppm in the feedstock dramatically drops n-hexadecane conversion measured
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for all the prepared catalysts. CoMoS- and NiWS-catalysts lose 83% and 76% of their initial activity,
respectively. The observed n-hexadecane conversion over the Pt-catalyst is almost equal to zero; only
about 3% of C16 isomers are detected in the product. Such low values of n-hexadecane conversion
measured for Pt-catalyst in the nitrogen-containing feedstock processing is connected with the high
WHSV 3.0 h−1, which was chosen for the Pt-catalyst due to the extremely high catalytic activity in
pure n-C16 hydroisomerization. However, by paying attention to the isomerization reaction rate
constants calculated for all the catalysts (Table 3), it becomes possible to conclude that the catalytic
behavior of the studied TMS- and Pt-based bifunctional catalysts is quite similar in nitrogen-containing
feedstock processing.

  
(a) (b) 

n n

Figure 6. Conversion of n-C16 (with sulfur (a) and nitrogen (b) poisoning) over TMS- and Pt-catalysts
at similar conditions: (T = 340 ◦C, P = 15 bar, WHSV = 1.0 h−1, H2/feedstock = 150 nL/L).

The comparison of the n-C16 conversion with the prepared catalysts under the similar reaction
conditions (Figure 6b) demonstrates quite clearly that the isomerization activity of synthesized
TMS and- Pt-based bifunctional catalysts was inhibited by nitrogen through the similar mechanism,
which differs from the one for Pt-catalysts poisoning by sulfur. The residual catalytic activity is
the result of a strong limitation of the isomerization reaction in both TMS- and Pt-based catalysts
caused by nitrogen in the feedstock. The logical explanation of such catalytic behavior is that
nitrogen mostly poisons acid sites of bifunctional catalysts, leading thereby to decreases of acidity
and isomerization activity, while the hydrogen sulphide changes the Pt into sulfide form, decreasing
thereby its hydrogenation–dehydrogenation activity [7,33]. Since the TMS-based catalysts have
already sulfided the active CoMoS or NiWS phase, sulfur in the feedstock has no inhibiting effect.
The acid sites deactivating in the bifunctional catalysts is equally undesirable for both TMS- and
Pt-containing catalysts.

In addition to the established difference in the inhibition effect of sulfur and nitrogen on Pt-catalyst
activity, the rate of catalyst poisoning by the corresponding feedstock’s undesired component was
studied (Figure 7). The period of catalytic activity stabilization, in hours, required for reaching the
steady state of n-hexadecane conversion was different when sulfur and nitrogen components were
introduced into the feedstock. It took about 38 h during sulfur-containing feedstock processing to get
the stable conversion of n-hexadecane (region “c” on Figure 7a). The inhibiting effect of nitrogen was
exhibited not only in a significant degree, but also more rapidly. It takes about 20 h for all the studied
catalysts to get almost-steady n-C16 conversion—Region “c”, specified in Figure 7b. It is important
to point out that catalytic activity stabilization for both TMS- and Pt-based catalysts takes the same
period. Almost the same time interval is required to get a steady state when 10 and 50 ppm of nitrogen
are introduced into the feedstock.
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Figure 7. The dependence of the n-hexadecane conversion in time for sulfur-containing (a) and
nitrogen-containing (b) feedstock processing.

The observed differences in poisoning kinetics are most likely connected with mechanisms
focused on metal active sites in the case of sulfur poisoning of Pt-catalyst, and the acid sites of the
silicoaluminophosphate component of the composite supports. In view of this, the NiWS-catalyst
provides slightly higher tolerance to nitrogen in feedstock in comparison with CoMoS- and Pt-catalysts.
NiWS sulfide’s active phase exhibits moderate acidic properties, and is probably involved in the
isomerization step of the n-C16 reaction.

3. Materials and Methods

3.1. Preparation of the Solids

SAPO-11 was hydrothermally synthesized according to the reported procedure [63] from the
pseudoboehmite (Sasol Company, Hamburg, Germany), orthophosphoric acid (Merck) and Ludox AS30
colloid silica (Aldrich), used as alumina, phosphorus and silicon sources, respectively. The final molar
composition of the prepared gel was: 1.0 Al2O3; 1.0 P2O5; 0.3 SiO2; 1.2 DPA; 45 H2O. The crystallization
was performed in a Teflon-lined stainless steel autoclave at 200 ◦C for 24 h. The product was
water-washed, dried and calcined at 600 ◦C for 6 h to obtain the SAPO-11 material.

Composite Al2O3-SAPO-11 support was prepared by mixing SAPO-11 with AlOOH boehmite
followed by incipient wetness impregnation with peptizer (concentrated nitric acid with modulus 0.04)
and further molding by extrusion to form pellets with 2 mm diameter [15,59]. Pellets were dried at 80
and 110 ◦C for 4 h at each temperature followed by calcination in air at 550 ◦C for 6 h.

The bifunctional catalysts were prepared by incipient wetness impregnation technique. Composite
Al2O3-SAPO-11 support was crushed and sieved to particles between 0.25 and 0.50 mm. CoMoS-catalyst
was synthesized using 12-molybdophosphoric heteropolyacid (HPA) H3[PMo12O40]·nH2O and cobalt
(II) carbonate (CoCO3). NiWS-catalyst was prepared from phosphotungstic acid H3[PW12O40]·nH2O
and nickel (II) carbonate (NiCO3). Citric acid was used as a chelating agent. An H2PtCl6 solution was
used to prepare Pt-based catalysts. Aqueous impregnation solutions were prepared by dissolving all
listed components in deionized water under continuous stirring at 50 ◦C. The amount of dissolving
precursors and corresponding concentrations of active metals in solutions were calculated from the
required metal loadings (Table 2). For example, for CoMoS/Al2O3-SAPO-11-catalyst preparation in
amount of 50 g, 10.85 g of 12-molybdophosphoric HPA and 3.21 g of cobalt carbonate were dissolved
in water with 6.02 g of citric acid. Then 40 g of freshly synthesized Al2O3-SAPO-11 carrier was
impregnated with 36 cm3 of prepared solution. All impregnated materials were dried at 120 ◦C for 4 h.
Pt-catalyst was further calcined at 450 ◦C (2 h) and reduced just before catalytic testing in a hydrogen
atmosphere at 400 ◦C. TMS-catalysts were activated by sulfidating with a mixture of 15% H2S in H2 at
400 ◦C, 1.0 MPa for 2 h.
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The elemental analysis (Mo, W, Co, Ni and Pt) of the prepared catalysts was performed by
Shimadzu EDX800HS analyzer. SEM-EDX analysis was used to confirm the uniform distribution and
check the possible agglomeration of active metals on the surface of the catalysts.

3.2. Characterization of Supports and Catalysts

X-ray powder diffraction measurements were performed on a Bruker D2 X-ray Diffraction system
using Cu Kα radiation (λ = 1.54056 Å) with a scanning speed of 2.0◦/min. The powders were loaded
on a glass disk by packing the samples into a cavity on the disk. The diffractograms were analyzed
using standard JCPDS files.

The surface morphology of the supports was examined by scanning electronic microscopy (SEM)
on a Carl Zeiss EVO 50 microscope.

The textural characteristics of the prepared supports and catalysts were measured by
low-temperature N2 adsorption at−196 ◦C on a Quantachrome Autosorb-1 porosimeter after outgassing
procedure under deep vacuum at 350 ◦C for 4 h. Specific surface area (SSA) was calculated using
the Brunauer–Emmett–Teller BET method. The total pore volume and pore size distribution were
calculated from the desorption branch of the isotherm using the Barrett-Joiner-Halenda (BJH) model.
Properties of micropores were evaluated using the t-plot method.

HR TEM images of the catalysts were obtained on a JEOL JEM-2100 microscope with electron
tube voltage of 200 kV. To measure the key morphological characteristics at least 500 particles from
10–12 regions of the surface were handled for every sample. The average length of Mo(W)S slabs,
as well as average number of slabs per stack, were calculated for TMS-catalysts according to the
commonly accepted approach. The average diameter of active phase particles was evaluated in
the case of Pt-catalyst. The dispersion (D) of active phase was calculated on the basis of geometric
characteristics and evaluated as available atoms on the surface of metal clusters, with assumptions that
active particles of metallic catalysts are spherical and Mo(W)S2 slabs are perfect hexagons [64–66].

3.3. Catalytic Activity Examination

The catalytic tests were performed using a fixed-bed flow reactor. A 2.5 cm3 volume of the catalyst
was charged into the isothermal region of the reactor as particles of 0.25–0.50 mm. All catalysts were
activated before testing directly in the reactor. Pt-based catalyst was reduced in 0.5 MPa hydrogen
atmosphere at 400 ◦C for 2 h, while TMS samples were sulfided at 400 ◦C in an atmosphere of H2S/H2 for
2 h. A mixture of n-hexadecane (2.9 wt %) in n-heptane as a solvent with optional addition of dimethyl
disulfide (DMDS) (as sulfur source) and quinolone (as nitrogen source) in 10–100 ppm concentration
was introduced into the reactor as a model feedstock for evaluation of hydroisomerization performance
and inhibiting effect. N-heptane was not reacted under the experimental conditions.

Catalytic activity was examined under the following conditions: temperature 340 ◦C, 1.5 MPa
H2, 1–3 h−1 (weight hourly space velocity (WHSV), and a 150 nL/L volume ratio of H2 to feedstock.
The liquid product compositions of the samples collected every 1.0 h were determined using an
Agilent 7890A Gas Chromatograph equipped with a Flame Ionization Detector and 30 m DB-5
Fused Silica capillary column (30 m * 0.32 mm * 0.5 μm). Volume of injection was equal to 1.0 μm,
the temperature of the injector and detector was 250 ◦C. The program of temperature started from
60 ◦C and was raised to 180 ◦C with 5 ◦C/min rate. Helium was used as carrier-gas. An example
chromatogram is presented in Figure S3. The identification of the obtained reaction products was
performed using gas chromatography/mass-spectrometry analysis and by matching retention times
with available commercial standards. Methyl- and ethylpentadecanes were the main products of the
reaction. The corresponding peaks on the chromatograms were located in the interval of 7.6–8.4 min
retention time.

The hydroisomerization reaction was allowed to proceed for the period of time that provided the
steady state of the process. In the case of sulfur and nitrogen addition into the feedstock this period
varied from 20 to 38 h.
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Conversion and isomerization selectivity were calculated using the following equations:

xiso =
consumed n− hexadecane

initial n− hexadecane content
=

iso− hexadecanes
initial n− hexadecane content

, (1)

The reaction rate constant of the hydroisomerization was determined using the following equation:

kiso = − F
m

ln(1− xiso), (2)

where kiso is the pseudo-first-order reaction constant for the n-hexadecane hydroisomerization (mol g−1

h−1); xiso is the conversion (%) of n-hexadecane into the C16 isomers; F is the reactant (n-hexadecane)
flow (mol h−1) and m is the weight of the catalyst (g).

The inhibiting effect was defined as the ratio of the reaction rate constant after reaching the steady
state with poison-containing feedstock processing and the initial reaction rate constant.

Einh =
kiso

k0
iso

, (3)

where k0
iso is the initial reaction rate constant during pure n-hexadecane isomerization and kiso is the

reaction rate constant for poison-containing feedstock processing.
The residual catalytic activity declared in the manuscript refers to the values of catalytic

activity measured after the n-hexadecane conversion stopped decreasing, in the cases of sulfur-
or nitrogen-containing feedstock.

4. Conclusions

Transition metal sulfide (CoMoS and NiWS) and platinum-containing bifunctional catalysts were
prepared by a incipient wetness impregnation technique, using a freshly synthesized Al2O3-SAPO-11
composite support with favorable acidic properties. The structure of the support was confirmed by
powder XRD and SEM techniques. All the solids have comparable specific surface areas, from 200
to about 270 m2/g, and the bimodal pore size distributions, with maximums at 3.8 and 8.0 nm, come
from SAPO-11’s and alumina’s nature, respectively. The introduction of active components has no
significant effect on textural properties. The well-dispersed nanosized active phase of the prepared
bifunctional catalysts was characterized by the HR TEM method to calculate morphological properties.
The CoMoS active phase has slightly higher dispersion in comparison with the NiWS one.

CoMoS- and NiWS-catalysts demonstrate perfect stability during the experiments with
sulfur-containing feedstock. The reaction rate constants are comparable for both sulfide catalysts during
these experiments, and are equal to the initial values for pure n-C16 processing; 0.8–0.9 × 104 mol g−1 h−1.
Low sulfur concentration of 10 ppm in feedstock inhibits Pt-catalysts by about 50%. Regardless,
Pt-catalyst provides more intense n-C16 isomerization, and the reaction rate constant is two times higher
in comparison with the NiWS-catalyst. The situation reverses when 100 ppm of sulfur is introduced
into the feedstock. The inhibiting effect of sulfur for Pt-catalyst is 77% in this case, which is equal to an
isomerization reaction rate constant 3.0 times lower than the NiWS-catalyst.

The catalytic behaviors of the prepared TMS- and Pt-based bifunctional catalysts are quite similar
in nitrogen-containing feedstock processing. Isomerization activity is inhibited by nitrogen through
a similar mechanism, which differs from the one for Pt-catalysts poisoned by sulfur. The residual
catalytic activity is the result of the strong limitation of the isomerization reaction, caused by nitrogen
in the feedstock. The isomerization reaction rate constants evaluated during the processing of the
feedstock with 50 ppm of nitrogen increase from 0.09 to 0.21 × 104 mol g−1 h−1 μmol/g in the following
order: Pt-, CoMoS-, NiWS-catalysts. In addition, nitrogen in the feedstock has a more intense inhibiting
effect on isomerization catalytic activity. Reaching the steady state of n-hexadecane conversion takes
about 20 h in the case of nitrogen poisoning, and about 38 h for sulfur-containing feedstock.
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Therefore, it can be concluded that transition metal-based bifunctional catalysts have a significant
advantage over Pt-catalyst in n-alkanes isomerization, when the amount of sulfur in the feedstock
is equal to, or higher than, 100 ppm. Nitrogen has an intensive inhibiting effect on both TMS- and
Pt-containing bifunctional catalysts, which is most probably due to support acid sites poisoning,
in which case, additional improvements of the support are required.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/594/s1.
Figure S1. XRD spectra of synthesized Al2O3-SAPO-11 composite support; Figure S2. SEM image of Al2O3-SAPO-11
composite support; Figure S3. Chromatogram of the feedstock n-C16 in hexane.
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Abstract: Coupling of the pre-reforming and partial oxidation was considered for the conversion of
liquefied petroleum gas to syngas for the feeding applications of solid oxide fuel cells. Compared
with conventional two step steam reforming, it allows the amount of water required for the process,
and therefore the energy needed for water evaporation, to be lowered; substitution of high-potential
heat by lower ones; and substitution of expensive tubular steam reforming reactors by adiabatic
ones. The supposed process is more productive due to the high reaction rate of partial oxidation.
The obtained syngas contains only ca. 10 vol.% H2O and ca. 50 vol.% of H2 + CO, which is attractive
for the feeding application of solid oxide fuel cells. Compared with direct partial oxidation of liquefied
petroleum gas, the suggested scheme is more energy efficient and overcomes problems with coke
formation and catalyst overheating. The proof-of-concept experiments were carried out. The granular
Ni-Cr2O3-Al2O3 catalyst was shown to be effective for propane pre-reforming at 350–400 ◦C, H2O:C
molar ratio of 1.0, and flow rate of 12,000 h−1. The composite Rh/Ce0.75Zr0.25O2-δ–η-Al2O3/FeCrAl
catalyst was shown to be active and stable under conditions of partial oxidation of methane-rich syngas
after pre-reforming and provided a syngas (H2 + CO) productivity of 28 m3·Lcat

−1·h−1 (standard
temperature and pressure).

Keywords: syngas; pre-reforming; partial oxidation; tri-reforming; LPG; propane; SOFC

1. Introduction

The solid oxide fuel cell (SOFC) is an attractive device for direct conversion of chemical energy
of fuel to electricity with additional heat production [1]. Due to its high working temperature,
a SOFC can operate on both pure hydrogen and synthesis gas (syngas) [2] obtained from hydrocarbon
fuels (methane, liquified petroleum gas (LPG), liquid hydrocarbons) by steam conversion [3], partial
oxidation (PO) [4], dry reforming [5,6], or autothermal reforming [7]. In the case of a SOFC stack with
power of several kilowatts or more, the heat released during the reaction can be efficiently utilized
to conduct endothermal steam reforming of the initial fuel. This increases the efficiency of the entire
system (reformer+ SOFC system). For small power SOFCs, usually less than 1–2 kW, the heat generated
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is not always enough to simultaneously maintain the required stack temperature and for endothermic
steam reforming. In this case, it is preferable to use an exothermic partial oxidation process:

2CH4 + O2 → 2CO + 4H2 (ΔrH0
973K = −46.4 kJ/mol)

However, the overall efficiency of the power plant is significantly reduced. In addition, when using
LPG (which can be compactly stored in a liquid state in cylinders at low pressure) during partial
oxidation, the conversion temperature usually exceeds 900 ◦C, which leads to accelerated degradation
of the catalyst [8].

One of the options for increasing the efficiency of fuel conversion is a process that combines
the weakly exothermic process of LPG pre-reforming at low temperatures and partial oxidation of
the resulting methane–hydrogen mixture, the temperature of which is significantly lower than the
temperature of LPG partial oxidation:

4CnH2n+2 + 2(n − 1)H2O→ (3n + 1)CH4 + (n − 1)CO2 (ΔrH0
673K = −80.8 kJ/mol for n = 3)

In addition, the pre-reforming process requires much smaller amounts of water to be supplied
than for the classic steam reforming process [9].

In this work we considered the possibility of combining pre-reforming at a low steam to carbon
ratio and subsequent partial oxidation to maximize the energy efficiency of syngas production from
LPG and carried out proof-of-concept experiments.

2. Results and Discussion

Propane, the main component of LPG, was chosen as a model compound. In our previous work
the Ni-Cr2O3-Al2O3 catalyst was shown to be effective in propane pre-reforming [10]. As an example,
Figure 1 shows the temperature dependences of the outlet concentrations of propane, methane, carbon
dioxide, and hydrogen during propane pre-reforming under 1 bar pressure, with a H2O:C molar ratio
of 1.0 and gas hourly space velocity (GHSV) of 12,000 h−1. It is seen that the propane conversion and
CH4, H2 and CO2 concentrations increased with the increase of temperature, reaching equilibrium
values at 380 ◦C.

 
Figure 1. The outlet concentrations of propane, methane, carbon dioxide, and hydrogen (on the
dry basis) as a function of temperature during propane pre-reforming. Experimental conditions:
240–400 ◦C, GHSV 12,000 h−1, 1 bar pressure, reaction mixture: 25 vol.% C3H8, 75 vol.% H2O. Points
are experimental. Dashed lines are equilibrium concentrations.

Methane-rich gas (MRG) after pre-reforming typically contains 40–70 vol.% CH4, 10–30 vol.%
H2O, 5–15 vol.% CO2, 5–20 vol.% H2, and 0.1–2 vol.% CO. The obtained methane-rich gas can be
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converted to syngas via the addition of the required quantity of oxygen or air. As the resulting mixture
will contain water steam together with oxygen, the process will be near autothermal, which is especially
convenient for compact systems.

It was previously demonstrated [8,11] that Rh/Ce0.75Zr0.25O2-δ–η-Al2O3/FeCrAl catalyst (further
Rh-block) was highly efficient in the autothermal reforming of diesel fuel, exhibiting high catalytic
activity, stability, and a low tendency to carbonization. In this work, its properties in the partial
oxidation of methane-rich gas are studied.

Figure 2 shows the dependences of the outlet concentrations of H2, N2, CO, CO2, and CH4 and the
temperatures at the inlet (Tin) and outlet (Tout) centerline points of the catalytic block as a function of
the flow rate of the reaction mixture (GHSV) for the PO of MRG over the Rh-block at 730 ◦C. It is seen
that, for all flows, the distribution of products was close to equilibrium at 700 ◦C. The temperature at the
outlet of the block varied from 693 to 730 ◦C, i.e., was close to 700 ◦C, which explains the closeness of the
product distribution to equilibrium. However slight increase of CH4 outlet concentration, accompanied
with the decrease of H2 and CO level, was observed at GHSVs 40,000–60,000 h−1, indicating the
limitation of the overall reaction rate.

 

Figure 2. The inlet (Tin) and outlet (Tout) temperatures of the Rh-block, H2, N2, CO, CO2, and CH4

concentrations (on a dry basis) as a function of space velocity (GHSV) for partial oxidation (PO) of
methane-rich gas (MRG). Experimental conditions: GHSV 18,000–55,000 h−1, 1 bar pressure, reactor
wall temperature 730 ◦C, reaction mixture (vol.%): 25.6 CH4, 13.4 O2, 10.5 H2O, and 50.5 N2. Points are
experimental. Dashed lines are equilibrium concentrations.

The temperature at the catalyst inlet exceeded the reactor wall temperature (730 ◦C) and the outlet
temperature, which was associated with the exothermic reaction of complete oxidation of methane and
hydrogen. The outlet temperature, on the contrary, did not exceed the temperature of the walls of the
reactor, which was due to the endothermic reactions of steam and dry reforming of methane. In this
case, with an increase in the flow rate, Tin decreased and Tout increased. This is apparently associated
with an increase in the heat release rate on the catalyst and with the stretching of the zone in which
complete oxidation of methane and hydrogen occurs, with an increase of GHSV, which is caused by
external diffusion limitation of the rate of total oxidation [12].

The stability of catalytic properties was studied during 25 h on stream. The test was performed
at a reactor wall temperature of 730 ◦C and GHSV of 20,000 h−1 and the following reaction mixture
(vol.%): 25.6 CH4, 13.4 O2, 10.5 H2O, and 50.5 N2. The GHSV was periodically raised to 55,000 h−1

(Figure 3a) to check the catalyst activity in the conditions at which the reaction was under kinetic
control (product distribution differs from the equilibrium). The properties of the catalyst were constant
during 25 h on stream (Figure 3b). The weight of the block did not change after the experiment;
no damage (detachments) of the catalytic coating was detected. No carbon deposits were detected by
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temperature-programmed oxidation. Thus, the Rh-block showed stable operation under PO MRG
conditions and provided a syngas (H2 + CO) productivity of 28 m3·Lcat

−1·h−1 (STP).

Figure 3. The inlet (Tin) and outlet (Tout) temperatures of the Rh-block and space velocity (a); H2,
N2, CO, CO2, and CH4 concentrations (b) (on a dry basis) as a function of time on stream for PO of
methane-rich syngas. Experimental conditions: GHSV 18,000–55,000 h−1, 1 bar pressure, reactor wall
temperature 730 ◦C, reaction mixture (vol.%): 25.6 CH4, 13.4 O2, 10.5 H2O, and 50.5 N2. Points are
experimental. Dashed lines are equilibrium concentrations.

We also studied the light-on curve for the Rh-block in PO MRG, as it is important to determine
the minimal outlet temperature after pre-reforming at which the PO could be launched. Figure 4
shows the dependence of the temperatures at the inlet (Tin) and outlet (Tout) centerline points of the
catalytic block and the outlet concentrations of H2, N2, CO, CO2, and CH4 as a function of the reactor
wall temperature. It is seen that at the initial temperature of 350 ◦C, Tin and Tout were similar to Twall,
indicating the absence of a PO reaction. A Twall increase to 400 ◦C induced a sharp rise of Tin and Tout

to 598 and 465 ◦C, respectively. Thus, the temperature of 400 ◦C could be considered as a light-on
one. Further increases of Twall provided a gradual increase of Tin, Tout, and progress of the reaction.
Product distribution at 600–730 ◦C was close to equilibrium. Rapid product composition changes at
400–600 ◦C were difficult to register by gas chromatography. Transient switch on/off regimes will be
the subject of further studies.

Figure 4. The inlet (Tin) and outlet (Tout) temperatures of the Rh-block and H2, N2, CO, CO2, and CH4

concentrations (on a dry basis) as a function of reactor wall temperature (Twall) for PO of MRG.
Experimental conditions: GHSV 11,000 h−1, 1 bar pressure, reaction mixture (vol.%): 21.5 CH4, 11.3 O2,
8.8 H2O, 5 CO2, and 53.4 N2.

Coupling pre-reforming and partial oxidation of the following syngas production scheme could be
supposed (Figure 5): after mixing and heating the mixture of LPG and water steam (H2O:C = 1, molar)
was supplied to the adiabatic pre-reformer at 400 ◦C; the outlet temperature of methane-rich gas (MRG)
was 410 ◦C; heated air was mixed with MRG and supplied to the adiabatic partial oxidation reactor at
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410 ◦C; the resulted syngas with temperature of 670 ◦C was supplied directly to SOFC. The obtained
syngas contained (vol.%) 1.1 CH4, 36.4 H2, 13.1 CO, 10.7 H2O, 7.1 CO2, 0.4 Ar, and 31.2 N2 and could be
successfully used for SOFC feeding. For 2 kWe SOFC only 0.2 Nm3/h LPG (80 mol.% C3H8 and 20 mol.%
C4H10) was required due to the high energy density of LPG. Furthermore, only 0.75 kW of heat power
was required for water evaporation and gas superheating. Instead of the conventional steam reforming
process, the heat in this scheme had low- and medium-potential: the maximal temperature had to
be reached at 410 ◦C. Thus, the process needs could be satisfied by SOFC heat output (ca. 0.5 kW for
2 kWe SOFC) and anode gases afterburning (ca. 0.4 kW).

 

Figure 5. General scheme for the process of liquified petroleum gas (LPG) conversion to syngas for
Figure 2. kWe solid oxide fuel cell (SOFC).

3. Conclusions

Compared with conventional two step steam reforming, coupling the pre-reforming and partial
oxidation provides the reduction of amount of the water required for the process and therefore energy
needed for its evaporation, substitution of high-potential heat by lower ones and expensive tubular
steam reforming reactor by adiabatic one. In addition, the supposed process is more productive due to
the high reaction rate of partial oxidation. The obtained syngas contains only ca. 10 vol.% H2O and ca.
50 vol.% of H2 + CO which is attractive for SOFC feeding application. Compared with direct partial
oxidation of LPG, the suggested scheme is more energy efficient and overcomes problems with coke
formation and catalyst overheating.

4. Materials and Methods

Propane pre-reforming was studied using NIAP-07-05 industrial catalyst (wt.%): 42 NiO, 12 Cr2O3,
46 Al2O3, and 4 graphite (NIAP Ltd., Novomoskovsk, Russia). This catalyst demonstrated high activity
in the low-temperature steam conversion of light hydrocarbons in methane excess [9,10].

The experiments on propane pre-reforming were carried out in a fixed-bed U-shaped quartz
reactor (internal diameter 8 mm, catalyst bed volume 1.7 cm3). Experimental conditions were as
follows: 1 bar pressure, temperature of 240–400 ◦C, GHSV of 12,000 h−1. Before the experiment,
2 g of the catalyst (fraction 0.5–1 mm) were reduced at 420 ◦C in a flow of 10 mL/min H2 and
100 mL/min Ar. The composition of the initial reaction mixture was 25 vol.% C3H8 and 75 vol.% H2O,
which corresponded to an H2O/C molar ratio of 1. The temperature of the catalyst was measured
using a K-type thermocouple placed in the center of the catalyst bed. The composition of the gas phase
components were determined using a Chromos GC-1000 chromatograph (CHROMOS Engineering
company, Moscow, Russia). The concentration of carbon monoxide was negligible (below 0.1 vol.%),
and therefore CO was not taken into account when processing the results. The carbon imbalance in all
the experiments did not exceed ± 1 rel.%.
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The composite Rh/Ce0.75Zr0.25O2-δ–η-Al2O3/FeCrAl (Rh-block) was prepared according to [8].
The cylindric Rh-block was 60 mm long and 18 mm in diameter. The weight of the Rh-block was 13.7 g,
Total weight of the Rh/ Ce0.75Zr0.25O2-δ–η-Al2O3 coating was 1.58 g.

Partial oxidation of methane-rich gas over the Rh/Ce0.75Zr0.25O2-δ–η-Al2O3/FeCrAl catalyst was
studied in a stainless steel flow reactor under atmospheric pressure. The catalyst was preliminarily
reduced in a flow of 5 vol.% H2/N2 at 600 ◦C for 1 h. Afterwards, the reaction mixture was fed
into the reactor. The volumetric flow rate of the mixture was varied in the range 10,000–55,000 h−1.
The temperature at the inlet and outlet of the block was measured with thermocouples along the
central axis of the block. The composition of the gas phase components of the reaction mixture
was determined using a Chromos GC-1000 (CHROMOS Engineering company, Moscow, Russia) gas
chromatograph equipped with a thermal conductivity detector (TCD) and a flame ionization detector
(FID) with a methanator. Before analysis, water was removed from the reformate using a moisture trap.
Concentrations of H2 and N2 separated in a CaA column with an Ar carrier gas were determined with
TCD. The CO, CO2, and CH4 were separated in a Chromosorb 106 column and quantified using FID.
The “blank” experiment without a catalyst showed that at the used volumetric flow rates, the reaction
on the walls of the reactor was not significant and could be ignored when analyzing the results.

Equilibrium concentrations were calculated using the HSC Chemistry 7.1 software package (HSC
Chemistry, version 7.1, Outotec (company), 2011) under the assumption that the equilibrium mixture
contains only gaseous substances.
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Abstract: Novel bimetallic Pd-Mn/Al2O3 catalysts are designed by the decomposition of
cyclopentadienylmanganese tricarbonyl (cymantrene) on reduced Pd/Al2O3 in an H2 atmosphere.
The peculiarities of cymantrene decomposition on palladium and, thus, the formation of bimetallic
Pd-Mn catalysts are studied. The catalysts are characterized by N2 adsorption, H2 pulse chemisorption,
temperature-programmed desorption of hydrogen (TPD-H2), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). The modified catalysts show the changed hydrogen
chemisorption properties and the absence of weakly bonded hydrogen. Using an organomanganese
precursor provides an uniform Mn distribution on the catalyst surface. Tested in hydrogenation of
acetylene, the catalysts show both higher activity and selectivity to ethylene (20% higher) compared to
the non-modified Pd/Al2O3 catalyst. The influence of the addition of Mn and temperature treatment
on catalyst performance is studied. The optimal Mn content and treatment temperature are found.
It is established that modification with Mn changes the route of acetylene hydrogenation from
a consecutive scheme for Pd/Al2O3 to parallel one for the Pd-Mn samples. The reaction rate shows
zero overall order by reagents for all tested catalysts.

Keywords: acetylene hydrogenation; ethylene production; bimetallic catalysts; palladium;
manganese; cymantrene

1. Introduction

Ethylene is one of the commonly used monomers in the petrochemical industry worldwide and
is produced by the steam cracking of hydrocarbons. Ethylene cuts typically comprise 0.5%–2% of
acetylene, which is a poison for the polymerization catalysts and should be removed by selective
hydrogenation to ethylene [1]. A number of active metals (Pd, Ni, Au) modified with a wide range of
elements (Ag, Cu, Si, Ga, Sn, Pb, In, S, Fe) and supported on various carriers (Al2O3, SiO2, TiO2, ZnO)
were investigated [2–25].

Monometallic Pd catalysts show a high activity but low selectivity to ethylene, so Pd is typically
promoted with other metals. In industry, Pd-Ag/Al2O3 catalysts are widely used and much research is
devoted to Pd-Ag compositions supported on alumina or silica. It is supposed that the promotion
is based on an increased electronic density of the Pd d-band resulting in a decrease in ethylene [3]
or hydrogen adsorption with further spill over [4]. In addition, it is suggested that the promotion is
caused by not only an electronic but also a geometric effect [5], or just geometric [8]. Pd-Ag catalysts
expose not only a higher selectivity to ethylene, but also a lower yield of C6+ hydrocarbons (green oil)
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as compared to Pd/Al2O3, which is crucial for the cycle length of the catalysts [9]. However, problems
with the deactivation of Pd-Ag catalysts during the selective hydrogenation of acetylene are as actual
as before [8]. The main drawback of promotion with Ag is the significant reduction in catalyst
activity—about 20 times as low as pure Pd [12]. Pure nickel shows a lower selectivity than even pure
Pd, but the addition of Zn (such as Ni-Zn/MgAl2O4) increases the selectivity to the level of Pd-Ag
catalysts [17] and decreases oligomerization [26].

Besides Ag, a number of other metals were investigated as promotors. The addition of Ga leads to
an increased selectivity (71% at 99% conversion) compared to Pd catalysts, but also with Pd-Ag (49% at
83% conversion) [11–13]. The increased selectivity is explained by the isolation of the Pd sites [11,12]
and the additional modification of the Fermi level of palladium [13]. The activity of Pd-Ga catalysts is
similar to that of Pd-Ag.

Palladium modification with Cu shows a benefit in selectivity compared to Pd-Ag/Al2O3 [15,16]
only when it is provided by the surface redox method, which is explained by blocking low coordinated
Pd atoms (responsible for the low selectivity to ethylene) and by the hydrogenation properties of
copper. Pure copper, however, requires significantly higher operating temperatures and shows an
unacceptably high oligomer yield (up to 40%) [19].

A Pd-Zn catalyst supported on carbon or Al2O3 also shows a higher selectivity (+20%–50%)
compared to pure palladium [20,21]. It was previously proved that Pd and Zn form a nanoalloy [27].
Moreover, Zn decreases the acidity of support and, hence, green oil formation.

As the carriers for hydrogenation catalysts, natural clay nanotubes such as halloysite are of
particular interest [28–30]. Halloysite has the appropriate surface area (50–300 m2.g−1), a high
ion-exchange capacity, and a micro-mesoporous structure that enables the synthesis of highly active
catalysts and new materials applied for heterogeneous catalytic systems. Thus, a new approach was
developed—a self-assembling synthesis of structured mesoporous silica on clay nanotubes (HNT),
which was applied to create the highly porous material MCM-41-HNT with an enhanced thermal and
mechanical stability [31].

Hard reducible oxides, such as Ce, Ti, and Nb, are also investigated as promotors [32,33].
The most efficient was TiO2, however the catalyst selectivity did not exceed 50% at 90% conversion.
The promotion effect is explained by the geometric and electronic modification of the Pd surface.

Supported on glass nanofibers, Pd also shows a high selectivity (up to ~56% at total conversion) [34,35].
The high selectivity is explained by: 1) the stabilized small Pd particles (~1 nm) in the subsurface of
the glass fibers and 2) the much higher adsorption ability of acetylene compared to ethylene on Pd
inside a glass matrix. As a result, the hydrogenation of ethylene from the gas phase is actually absent.
Besides palladium, another interesting active metal in acetylene hydrogenation is gold. It is reported
that Au/Al2O3 shows 100% selectivity at temperatures of 313–523 K, because ethylene hydrogenation
only starts at temperatures above 573 K [23]. A lower selectivity was achieved on Au/TiO2 (90% at 88%
conversion). Au-Pd/TiO2 catalysts show a higher activity compared to Au/TiO2, but their selectivity is
lower [24].

The addition of iron in the form of Fe0 to Pd increases the selectivity to the olefin in the
hydrogenation of both acetylene (88% at 87% conversion) [22] and phenylacetylene (90% at 99%
conversion) [36,37].

The preparation of bimetallic catalysts (BMC) comprising VIII group metals by the decomposition
of organometallic compounds has been patented [38–40] and reviewed in [41]. The decomposition of
organometallic species under reduction conditions enables an easy formation of bimetallic catalysts
with a zero valence state of the second metal. Some examples of BMC having unusual properties are as
follows: Rh-Sn (butyl) [42], Pd-Pb (butyl) [43], Ni-Cr (arene) [44], and Pd-Fe (ferrocene) [22].

In this study, a number of Pd-Mn/Al2O3 catalysts were prepared by the decomposition of
cymantrene on a reduced Pd/Al2O3 precursor. The use of cymantrene has some peculiarities as the
molecule contains two types of ligands: CO and cyclopentadienyl. The catalysts were tested in
a selective hydrogenation of acetylene. In all cases, Mn increases the catalyst’s selectivity to ethylene as
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compared with the Pd/Al2O3 sample. Moreover, the Mn-modified samples have shown higher activity.
It is found that the addition of Mn suppresses the hydrogen chemisorption on Pd catalysts.

2. Results and Discussion

2.1. Cymantrene Decomposition on Pd/Al2O3

To investigate the formation of Pd-Mn/Al2O3 catalysts, the decomposition of cymantrene on
Pd/Al2O3 was performed in a temperature-programmed regime in an H2 flow with a mass spectrometry
analysis of effluent gas. Figure 1 shows the mass-spectra of cymantrene decomposition products in the
range of 40–400 ◦C.

Figure 1. Decomposition of cymantrene on 0.068%Pd/Al2O3 in H2 flow at temperatures of 40–400 ◦C.

As shown, at the initial step (temperatures of 80–150 ◦C) there are peaks with m/z 28 (carbon monoxide),
42 (cyclopentane), and 67 (cyclopentene) [45]. In the temperature range of 270–400 ◦C, one can
observe two peaks with m/z 16 (methane) and 28 (carbon monoxide). The peaks corresponding to
cyclopentadiene (m/z 65, 66) are absent. More details about the mass spectra interpretation are shown in
the Supplementary Materials.

We may conclude, therefore, that the cyclopentadienyl ligand of cymantrene is removed after
hydrogenation, mainly as cyclopentane at 80–150 ◦C. As for carbon monoxide, it is strongly bonded with
metals, and may be removed as methane at temperatures above 270 ◦C [46]. However, as evidenced by
the mass-spectrometric analysis of the effluent gas, to complete a CO removal a treatment in an H2

flow at 400 ◦C for 10 min is necessary.

2.2. Catalysts Characterization

Table 1 summarizes the properties of the prepared catalysts. The designation of the samples
shows the atomic Mn/Pd ratio and the treatment temperature, which is the final temperature of the
cymantrene decomposition. As Table 1 shows, the Brunauer–Emmett–Teller (BET) surface area of
the samples is the same within the margin of error, which indicates that the addition of Mn has no
significant effect on the surface area of the catalysts. However, the samples show quite a different
behavior in H2 chemisorption.
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Table 1. Physicochemical data of alumina supported catalysts.

Sample
Catalyst

Composition 1

Hydrogen
Treatment

Temperature, ◦C
BET Surface
Area, m2/g

H2 Adsorption,
μmol/g cat

Selectivity to
Ethylene 2 at

40 ◦C, %

Pd-250 0.068%Pd 250 133 1.20 70
PdMn-1-250 0.068%Pd-0.029%Mn 250 133 0.18 91
PdMn-1-330 0.068%Pd-0.029%Mn 330 131 1.10 80
PdMn-2-300 0.068%Pd-0.063%Mn 300 129 0.03 92
PdMn-2-350 0.068%Pd-0.063%Mn 350 128 0.04 89

1 Hereafter, all catalyst compositions are in wt. %, 2 Acetylene conversion is 60%.

The non-promoted Pd/Al2O3 catalyst uptakes a significant amount of H2 (1.2 μmol/g), but any
addition of Mn decreases the H2 adsorption. For example, an addition of 0.029% Mn (PdMn-1-250
and PdMn-1-330) decreases the H2 adsorption to 1.1 μmol/g (for the sample treated at 330 ◦C) and to
0.18 μmol/g (for the sample treated at 250 ◦C). This trend is enhanced by a further addition of Mn:
both PdMn-2-300 and PdMn-2-350 uptake significantly less H2 (0.03 and 0.04 μmol/g). It should be
noted that there are two possible reasons for the decreasing H2 adsorption: the shielding of Pd with
Mn atoms and the blocking of H2 adsorption sites by residual CO ligands. Moreover, the selectivity of
Pd-Mn catalysts to ethylene is correlated with their H2 adsorption, as shown in Table 1.

As depicted in Figure 2, the non-modified Pd-250 desorbs H2 in the range of 80–250 ◦C, indicating
a desorption of weakly bonded hydrogen at low temperatures and strongly bonded hydrogen
(or Pd hydride decomposition) at a temperature ramp.

Figure 2. TPD-H2 spectra of the samples.

The samples with a low Mn content (PdMn-1-250 and PdMn-1-330) do not desorb H2 at
temperatures below 230 ◦C, which indicates the presence of strongly bonded hydrogen (or Pd
hydride). The samples (PdMn-2-300 and PdMn-2-350) with a high Mn content demonstrate only
an insignificant H2 desorption at a temperature of 250 ◦C, and these findings correlate with the
chemisorption data (Table 1). Decreasing strongly chemisorbed hydrogen is recommended for
acetylene selective hydrogenation as reported in [4,25,47].

As depicted on the TEM images of the PdMn-2-300, Pd nanoparticles (NP) with a lattice spacing
of about 0.228 nm are found, which are indexed as the (111) plane for cubic palladium doped with
clusters from single Mn atoms (Figure 3a) and Mn crystallites (Figure 3b) [48,49]. Depending on the
lattice spacing, the fringes on the TEM images could be assigned to Pd nanoparticles or Mn crystallites
and in some cases to manganese oxides with a lattice spacing of about 0.47–0.49 nm [49,50]. Due to
the overlapping of Mn crystallites on Pd NPs, it is difficult to measure accurately the palladium
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nanoparticles’ size and their distributions [51], but TEM images show Pd NPs in the range of 5–10 nm
with a mean particle size of about 6.7 ± 0.2 nm (Figure 3c), in agreement with the literature data [48].

 

 

  

 

Figure 3. TEM imaging of the sample 4: (a,b) TEM image; (c) particle size distribution; (d) STEM image;
(e) Pd mapping (L line); (f) Mn mapping (K line); (g) Pd (L) +Mn (K) mapping overlay.
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Figure 3d–f show a STEM image and its EDX mapping of PdMn-2-300. It is clear that Pd and
Mn are uniformly distributed over the alumina support with high dispersion. As shown in Figure 3g,
both metals are in close contact.

XRD found no reflections, which could be related to Pd and Mn due to the low metal content,
as Figure 4 shows.

Figure 4. XRD patterns of Pd-Mn/Al2O3 samples.

Additional information about the chemisorption properties of the catalysts is obtained using
DRIFT spectroscopy of PdMn-1-330. Figure 5 shows two spectra of the catalyst samples. For the first
measurement, one sample is just treated in a vacuum for 2 h. For the second measurement, another
sample is preliminarily treated with H2 at 250 ◦C (30 min), acetylene at 20 ◦C (10 min), and H2 at 20 ◦C
(10 min) with a final purge with Ar at 20 ◦C (10 min) and treated in a vacuum for 2 h.

Figure 5. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of PdMn-1-330
without pretreatment (red line) and treated with C2H2 and H2 (black line).

As the spectra show, there are two regions: 2500–3800 cm−1, which corresponds to the vibrational
spectra of O–H and C–H bonds, and 700–2400 cm−1, ascribed to the vibrational spectra of Al2O3,
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adsorbed water, carbonyls, and others [52]. After the pretreatment, seven additional bands are
observed: 2962, 2932, 2872, 1483, 1252, 1220, and 1002 cm−1. The bands 2962, 2932, and 2872 cm−1 may
be ascribed to C–H stretching in the C2H6 molecule [53] and the bands 1220 and 1252 cm−1 to vibrations
of C–C bonds in the C2H2 molecule [54]. The band 1002 cm−1 may be assigned to C=C bending in
the C2H4 [53]. It should be stressed that all bands above are observed only after the treatment of
PdMn-1-330 with C2H2. After vacuum treatment of the sample (2 h, 200 ◦C), the intensity of the spectra
in the region of 2962–2872 cm−1 decreases slightly, which points out the strong chemisorption of the
species above.

The DRIFT spectra of adsorbed CO are considered in the Supplementary Materials.
As shown by the DRIFT, the CO adsorption over the Pd-Mn catalysts was weak and negligible

(at most 0.015 units Kubelka-Munk). After the vacuum treatment at room temperature, all peaks in the
range of 2195–1871 cm−1 disappeared. So, one may conclude that there is an absence of strong CO
chemisorption on the catalysts.

2.3. Catalytic Tests

Figure 6a shows the conversion of acetylene (X) as a function of the contact time (t) for the samples
at 40 ◦C. For all of the Mn-promoted catalysts, the conversion values are at the same level (within the
margin of error), regardless of the Mn addition and treating temperature. Moreover, at a given contact
time, the Mn-promoted samples provide a significantly higher conversion (~20%) compared to that of
Pd-250. The linear form of X(t) lines indicates the overall zero order by reagents.

 

Figure 6. Acetylene conversion vs. contact time: (a) for the Pd-Mn/Al2O3 catalysts; (b) for PdMn-2-300
at 30, 40, and 50 ◦C.
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Based on these experimental data and taking into account the selectivity obtained (Figure 7),
we may consider a mass ratio of Mn/Pd ~ 1 (atomic ratio Mn/Pd ~ 2) and a treatment temperature of
300 ◦C for 30 min as optimal, corresponding to the PdMn-2-300 sample.

 

Figure 7. Ethylene selectivity vs. conversion at 40 ◦C for alumina-supported Pd-Mn catalysts: (a) effect
of treatment temperature and Mn content; (b) PdMn-2-300 at 40 and 50 ◦C.

Figure 6b shows the conversion vs. contact time for PdMn-2-300 at 30, 40, and 50 ◦C. At all
temperatures, the X(t) lines are straight, so the zero order by reagents is kept.

Figure 7 shows the selectivity to ethylene on the conversion for all samples at 40 ◦C. For Pd-250,
the selectivity is the lowest and the curve has a maximum, which is typical in the case of a consecutive
scheme of acetylene hydrogenation to ethylene and ethane:

C2H2 → C2H4 → C2H6 (1)

in accordance with [55].
However, Mn-containing samples maintain a selectivity at a level of 80%–92% up to acetylene

conversions of more than 70%, which implies the parallel scheme of acetylene hydrogenation to
ethylene and ethane:

C2H6 ← C2H2 → C2H4 (2)

as previously observed on Pd-Fe/Al2O3 catalysts [22]. The PdMn-1-250 sample shows a selectivity
of ~ 91% at a conversion of below 70%. Increasing the treating temperature to 330 ◦C (PdMn-1-330),
and thus eliminating the strongly chemisorbed CO ligands, decreases the selectivity to ~80% at the
same conversions.
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Both samples with high Mn contents show a better selectivity at high conversions. The most
selective is PdMn-2-300, of which the selectivity is ~92% in the conversion range of below 70%.
The result is in accordance with the data published [56], where a catalyst having an Mn/Pd atomic ratio
of two provides the highest selectivity to 1,3-butadiene in vinylacetylene hydrogenation.

Figure 7b shows the influence of the reaction temperature on the S(X) curve for PdMn-2-300 at
40 and 50 ◦C. It is obvious that the selectivity is the same (~90%) up to a conversion of ~70% irrespective
of the temperature, which indicates that the activation energies of both reaction routes in scheme two
are very close.

Our catalyst advantages are illustrated in Table 2, comprising the characteristics of the best
Pd-containing catalysts in acetylene hydrogenation.

Table 2. Comparative characteristics of the best Pd-containing catalysts in acetylene hydrogenation.

Article Catalyst T, K P, bar X, % S, %
Activity,

mol/g Pd/h
TOF (Turnover
Frequency), s−1

[12] Pd30Ga70 473 1 99 71 0.012 1 -
[24] Pd-Au/TiO2 343 1 100 45 ~0.283 2 -
[25] Pd-In/Al2O3 333 21 ~85 ~40 - 0.8
[35] Pd/Fiberglass 328 1 80 60 - 0.55
[8] Pd20Ag80/Al2O3 303 10 67 72 - 0.5

[22] Pd-Fe/Al2O3 318 1 87 88 1.67 0.31
This work PdMn-2-300 313 1 87 81 4.22 0.74

1 Recalculated from g/g cat/h, 2 Calculated by authors using data [24]: acetylene concentration and conversion,
GHSV, Pd content and Pd density.

As Table 2 shows, the catalysts developed are of the same order of activity (in terms of turnover
frequency (TOF)) but exceed the known one in ethylene yield (the product of X and S, calculated by
acetylene (defficiency) conversion without hydrogen (excess)) and molar activity under mild conditions.

One may conclude, therefore, that modification with manganese improves both the activity
(in terms of mol/gPd/h) and selectivity of palladium catalysts in acetylene hydrogenation.

For qualitative evaluation of the catalyst stability on a laboratory scale, the selectivity to the C4

compound (namely, 1,3-butadiene as an initial dimerization product of the acetylenic species [9]) is
used, which is a fundamental indicator of the palladium-containing catalyst stability in the selective
hydrogenation of acetylene [8]. The absence of C4 hydrocarbons is confirmed by GC and MS-analyses
for all set experiments performed. More details about the analyses and the stability of the catalysts are
shown in the Supplementary Materials. Based on the evidence above, we consider the Pd-Mn/Al2O3

catalysts to be stable for at least 5 h.

3. Materials and Methods

3.1. Chemical Reagents

Microspherical γ-Al2O3—SKTB Katalizator (Novosibirsk, Russia); cymantrene-
cyclopentadienylmanganese tricarbonyl or (CO)3Mn-(cyclo-C5H5) (Sigma-Aldrich, St. Louis,
MO, USA); PdCl2—Aurat (Moscow, Russia); Ar (99,993%), H2 (99,99%), He (99,995%), C2H2 (99,1%),
C2H4 (99,9%)—NII KM (Moscow, Russia); NH3·H2O (~25%)—ECOS-1 (Moscow, Russia).

3.2. Catalysts Preparation

The initial catalyst 0.068% Pd/Al2O3 was prepared by a wet impregnation of γ-Al2O3 (preliminary
calcined for 3 h at 600 ◦C) with an aqueous ammonia solution of PdCl2 at pH= 12 (24 h). After a vacuum
evaporation of the solvent, the catalyst was dried out at 70 ◦C for 12 h. Then, the catalyst was reduced
with H2 (20 mL/min) at 250 ◦C for 1 h.

Pd-Mn/Al2O3 samples were prepared by a wet impregnation of the reduced Pd/Al2O3 sample
with a cymantrene solution in n-hexane. After the vacuum evaporation of the solvent, the samples
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were treated in an H2 flow (20 mL/min) at 250–350 ◦C for 1 h. The effluent gas was analyzed with
a quadrupole mass spectrometer QMS-200 (Stanford Research Systems, Sunnyvale, CA, USA).

3.3. Catalyst Characterization

The BET surface area was measured using Gemini VII (Micromeritics Instrument Corp.; Norcross,
GA, USA). The samples were degassed at 150 ◦C for 3 h. The specific surface area was calculated using
the BET model for adsorption data in the range of relative pressures P/P0 = 0.05–0.30.

The metal content of the samples was measured by atomic absorption spectrometry
(Perkin-Elmer-AAS, Waltham, MA, USA).

Pulse chemisorption of H2 and TPD-H2 was performed by AutoChem 2950HP (Micromeritics
Instrument Corp.; Norcross, GA, USA). The samples were preliminarily reduced with H2 at 250 ◦C for
1 h, purged with Ar for 30 min and cooled down to 35 ◦C. The pulse chemisorption was performed
with a mixture 10% H2 + Ar (balance), with a pulse volume of 0.5 mL, in an Ar flow (40 mL/min).
TPD-H2 was performed in an Ar flow (40 mL/min) at a heating rate of 30 K/min to 250 ◦C.

Transmission electron microscopy (TEM) analysis was carried out using a JEOL JEM-2100
microscope (Jeol Ltd.; Tokyo, Japan) with a 200 kV electron beam energy-dispersive X-ray analyzer
(EDX). The mapping of the elements was carried out by scanning transmission electron microscopy
(STEM). The samples were milled in an Eppendorf with a glass rod and ultrasonically suspended
in isopropanol.

Phase analysis was performed using X-ray powder diffractometer BrukerD2 (Billerica, MA, USA),
Cu Kα (λ = 1.5406 Å), 2θ values varied from 5◦ to 80◦.

Diffuse reflectance infrared Fourier transform spectroscopy was done using a NICOLET Protégé
460 (Nicolet, Madison, WI, USA) in the range of 6000–400 cm−1 at a resolution of 4 cm−1. For each
sample, 500 spectra were recorded to get a good signal-noise ratio. CaF2 was used as a standard.
The spectra were processed with OMNIC software.

3.4. Catalystic Tests

Acetylene hydrogenation was performed in a quartz reactor at atmospheric pressure using
AutoChem 2950HP (Micromeritics Instrument Corp.; Norcross, GA, USA). At a given temperature,
the flow rate of the reaction mixture was changed to get various values of conversion and selectivity.
The contact time was in the range of 0.26–1.81 s−1, the reaction temperature was in the range of 30–50 ºC.

A mixture of 1.94%H2 + 1.05%C2H2 + 5.01%C2H4 + Ar (balance) was used as a modeling feed
preliminarily prepared in a cylinder. The effluent gas was analyzed online using a quadrupole mass
spectrometer QMS-200 (Stanford Research Systems, Sunnyvale, CA, USA) and off-line using FID and
TCD detectors in a GC experimental laboratory chromatograph (Gubkin University—Chromos, on the
basis of GC-1000 model, Moscow—Dzerjinsk, Russia) using a packed column with HyeSep N. At given
operating conditions (temperature, flow rate), the effluent gas was analyzed three times and the final
concentration was calculated as the mean value of the three analyses. The carbon balance was closed
within 4%.

The acetylene conversion was calculated by the equation:

X =
Cin

C2H2 −Cout
C2H2

Cin
C2H2

× 100% (3)

and ethylene selectivity by:

SC2H4 =
Cout

C2H4 −Cin
C2H4

Cin
C2H2 −Cout

C2H2

× 100% (4)
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4. Conclusions

A number of Pd-Mn/Al2O3 catalysts were designed by the decomposition of cymantrene on
reduced Pd/Al2O3 in an H2 atmosphere. The formation of bimetallic catalysts was studied by
mass spectrometry analysis of the decomposition products. It was found that the decomposition
of cymantrene takes place with hydrogenation of cyclopentadienyl ligands to cyclopentene and
cyclopentane, and CO ligands are partially removed by conversion to methane. The catalysts are
characterized using N2 adsorption, H2 pulse chemisorption, TPD-H2, TEM, EDX, XRD, and DRIFT
spectroscopy. Using the organic precursor—cymantrene provides a high and uniform distribution of
Mn over Pd. The addition of manganese changes the H2 chemisorption and desorption properties of the
catalyst: the Pd-Mn/Al2O3 samples have shown either a strong chemisorption of H2 or an insignificant
H2 chemisorption. At the same time, unsaturated C2 hydrocarbons are strongly chemisorbed on
Pd-Mn/Al2O3 samples and cannot be removed even under vacuum treatment at elevated temperature.
Catalytic tests of the novel Pd-Mn/Al2O3 catalysts in hydrogenation of acetylene have shown a higher
activity and selectivity thereof to ethylene (up to 20% higher) compared to the non-promoted Pd/Al2O3

catalyst. The optimal Mn/Pd ratio and treatment temperature are found. The overall reaction order by
reagents is zero for all catalysts, but modification with Mn changes the reaction route from a consecutive
pathway for Pd/Al2O3 to a parallel one for Pd-Mn/Al2O3 catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/624/s1,
Figure S1: Peaks of m/z in decomposition of cymantrene in H2.
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Abstract: The hydrocracking reaction of a pyrolysis fuel oil fraction using in situ generated nano-sized
NiWS-sulfide catalysts is studied. The obtained catalysts were defined using X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM). The features of catalytically active
phase generation, as well as its structure and morphology were considered. The catalytic reactivity of
in situ generated catalysts was evaluated using the hydrocracking reaction of pyrolysis fuel oil to
obtain a light fraction to be used as a feedstock for benzene, toluene, and xylene (BTX) production.
It was demonstrated that the temperature of 380 ◦C, pressure of 5 MPa, and catalyst-to-feedstock
ratio of 4% provide for a target fraction (IPB −180 ◦C) yield of 44 wt %, and the BTX yield of reaching
15 wt %.

Keywords: BTX; dispersed catalysts; hydroconversion; pyrolysis fuel oil; zeolites; in situ formed
catalysts; nanocatalyst

1. Introduction

The increasing development of environmentally friendly energy sources and the search for new
ones such as the sun, hydrogen, biomass [1] has had a negative impact on the price and global demand
for oil and natural gas used for fuel production. This has become a challenge for the oil producing
industry since a large group of chemicals can still be obtained from oil and natural gas only. Thus,
despite of the intensified studies on the possibility to obtain the benzene, toluene, and xylene (BTX)
fraction from alternative sources such as plastic waste as well as bio oil components [2–6], oil resources
are still the primary method of BTX fraction recovery [7–9]. The demand for aromatic hydrocarbons and
BTX fraction as their primary source has been increasing from year to year because of the consistently
growing polymers market. The main sources of the BTX fraction today are reforming and the process
is mainly known as the “steam cracking.” Benzene, toluene, and xylene (BTX) are widely used as the
feedstock for the industrial production of chemicals. In its turn, heavy oil fractions rich in polyaromatic
compounds (that originate also from the both catalytic reforming and the naphtha steam cracking) can
be used for the BTX production [10,11].

Because of the increasing demand for low molecular weight olefins, the number of steam cracking
facilities has increased as well. The annual average growth of ethylene and propylene consumption
exceeds 4%. Steam cracking capacity will continue to grow driven by ethylene/propylene demand.
This process results in a large number of aromatic compounds and low-value waste in the form of
pyrolysis fuel oil (PFO). PFO is used as a component of boiler fuel oil, or for the production of petroleum
resins. PFO is not currently being recycled properly. Residual fractions of the pyrolysis process,
in particular pyrolysis fuel oil (PFO), can be used for the BTX production. As PFO consists mainly of
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diaromatic compounds such as naphthalene (35.98%), its ethyl-substituted equivalents of naphthalene
(10.95%) and biphenyl (27.97%), it could be considered as a promising feedstock for the hydrocracking
process that yields valuable products, such as gasoline or aromatics [12,13]. The hydrocracking of
heavy oil residues is the wide-spread method used to lighten the composition of heavy oil residues
and obtain a more valuable feedstock [14–17].

Supported metal catalysts are generally used as hydrocracking catalysts. Molybdenum or tungsten
is used as an active metal. The catalysts are active in their sulfide form, with nickel or cobalt used as
promoting substances. Acid materials such as zeolites, other aluminosilicates, or aluminum oxide are
used as support [18–22]. Some studies describe the influence of oxide substrates on hydrogenation,
hydrodesulfuration, and hydrocracking, stating that aluminum oxide-supported systems have a higher
reactivity during hydrogenation [23–25]. Publications describe successful examples of the recovery of
a commercially valuable BTX fraction from light catalytic gas oil (LCGO) on supported NiMo/Al2O3

catalysts, with a BTX fraction yield of 44 to 70 wt % [26]. In this case, the average yield of the BTX
fraction varies from 15% to 50% when obtained through pyrolysis [2,6], and from 20% to 50% when
obtained through hydrocracking [9,27].

Unsupported sulfide catalysts have been gaining popularity recently during studies of
hydroprocessing in oil refining. This is due to their high catalytic reactivity as compared to supported
hydrotreating catalysts [28,29], as well as their ability to offer a solution for the active center’s
deactivation problem caused by the deposition of coke and condensation products [30,31].

Unsupported sulfide catalysts on the basis of transition metals can be obtained using different
methods: coacervation [32], codeposition [33], or precursor decomposition [34–36]. Precursors can
include water-soluble [34,35] and oil-soluble [36] transition metal compounds. Despite the fact that
the use of water-soluble compounds is more cost effective because of their low cost, they entail the
formation of somewhat larger particles, which reduces the reactivity of the obtained catalyst [37].
Dispersed Ni (Co) –W (Mo) –S sulfide catalysts synthesized through in situ decomposition of various
precursors are stable and characterized by high dispersiveness and a highly developed external
surface [38].

Comparison of the reactivity of MoS2 and WS2 sulfide catalysts generated in situ from oil-soluble
precursors during the hydrocracking of heavy residues has demonstrated the advantage of tungsten
catalysts over molybdenum ones. WS2 was more dispersive and demonstrated a higher hydrogenating
reactivity as compared to the molybdenum equivalent [39].

As was established previously, the Ni–W–S catalyst exhibits reactivity in the course of coking resin
hydrogenation. The optimal temperature of the pyrolysis oil hydrotreatment is 380 ◦C. It provides
for the minimum amount of bicyclic and polycyclic aromatic hydrocarbons, and ensures no thermal
cracking process. [40].

Previously, the hydrocracking of hydrocarbon fractions in the presence of the in situ generated
catalysts was described in the works [41–45]. However, to the best of our knowledge, there are no
precedents for the use of a bifunctional nanoheterogeneous catalytic system to obtain the BTX fraction
from the pyrolysis fuel oil.

In continuation of work on the study of the regularities of hydrogenation of aromatized
hydrocarbon fractions in the presence of nanosized in situ formed sulfide catalysts [35,46].

We offer a fundamentally new design opportunity for a quasi-homogeneous bifunctional catalytic
system that can solve the problem of obtaining BTX from a pyrolysis fuel oil.

This study demonstrates the possibility of the use of the unsupported NiWS-HY catalysts generated
in situ in the hydrocarbon feedstock from such oil-soluble precursors as tungsten hexacarbonyl (W(CO)6)
and Nickel(II)2-ethylhexanoate (Ni(C7H15COO)2) with HY zeolite addition for the selective recovery
of the BTX fraction from pyrolysis fuel oil.
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2. Results

2.1. Catalytic Properties

2.1.1. Naphthalene Hydrocracking with NiWS-HY Catalysts

The reactivity of in situ generated catalysts as well as the possibility of the BTX fraction selective
recovery were studied by the example of a model feedstock, for which purpose 10% solution of
naphthalene in hexadecane was chosen as the feed mixture. The study was carried out in an
autoclave-type batch reactor at P = 5 MPa, t = 5 h, and W:Ni ratio = 1:2. With a view to identifying the
influence of temperature on product composition and conversion, experiments on in situ generated
NiWS-HY catalyst were conducted at 350 ◦C, 380 ◦C, and 400 ◦C by varying the zeolite content at a
level of 0.5 wt % and 1 wt %, and tungsten content at a level of 1 wt %, 2 wt %, and 4 wt %. Blank test
showed that hexadecane does not react in these conditions.

The conversion of naphthalene under the selected conditions (Figure 1) was high and reached
84%–93%.Temperature increase up to 400 ◦C resulted in 5 to 10% lower naphthalene conversion,
which could be due to the specifics of Ni-W-S hydrogenating phase formation on the zeolite surface [47].
It should be as well noted, that the decrease in the conversion of naphthalene with increasing temperature
does not contradict the thermodynamic laws of the hydrogenation reaction of this compound.

Figure 1. Naphthalene conversion versus tungsten molar ratio and reaction temperature, and benzene,
toluene, and xylene (BTX) selectivity with (a) NiWS-HY(0.5%), (b) NiWS-HY(1%) catalysts at standard
conditions P = 5 MPa, t = 5 h, and W:Ni ratio = 1:2.
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It can be seen from the graph of Figure 1 that the highest conversion is achieved on the average at
380 ◦C and a tungsten content of 4 wt % [46]. No significant changes in naphthalene conversion versus
NiWS-HY(0.5%) or NiWS-HY(1%) zeolite content were revealed.

The sum of the benzene, toluene, and xylenes recovered during the hydrocracking process is about
2 to 3.5%. The highest BTX yield were obtained at 400 ◦C and a weight content of 1% for zeolite and 4%
for tungsten (Figure 2). Under these conditions, in a mixture of xylenes, the ratio m-xylene:p-xylene =
1:10, and o-xylene is formed in trace amounts. We used these results to identify the dependencies of
BTX components of selectivity on temperature and tungsten content (Figure 2). As a result, the highest
benzene content as compared to xylene and toluene is observed.

Figure 2. BTX (benzene, toluene, xylene) components selectivity in hydrocracking reaction of
naphthalene solution with NiWS-HY(1%) catalysts at standard conditions P = 5 MPa, t = 5 h, and W:Ni
ratio = 1:2.

At the same time, the main products of naphthalene hydrocracking under these conditions are
tetralin and decalin. The higher their temperature, the lower their content in the reaction products,
and the higher the BTX fraction content. The reaction is probably of consecutive behavior, with the
tetralin acting as an intermediate. Scheme 1. If the hydrogenation rate is higher than the tetralin
cracking rate, tetralin is accumulated and then hydrogenated to yield decalins. In a different scenario,
tetralin is not generated at all [9,27].

Considering the hydrocracking results for a model mixture and preceding experience of the
colleagues, the best hydrocracking results for the PFO fraction are expected when NiWS-HY(1%) is
used since a high degree of feedstock conversion can probably be achieved when 1 wt % of zeolite is
added [48], at 380 ◦C to 400 ◦C, and a tungsten content of 4% (Table 1).
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Scheme 1. Hydrocracking of pyrolysis fuel oil components into BTX.

Table 1. Detailed composition of naphthalene hydrocracking products for NiWS-HY(1%), W = 4%
catalysts at standard conditions P = 5 MPa, t = 5 h, and W:Ni ratio = 1:2.

Compound Amount (wt %) Compound
Amount
(wt %)

Methylcyclopentane 0.47 Benzene 2.84
3-Methylhexane 0.39 Heptane 0.24

Methylcyclohexane 0.37 Dimethylhexane 0.17
4-Methylheptane 0.5 Toluene 0.15
3-Methylheptane 0.92 Octane 0.12

m-Xynene 0.72 p-Xynen 0.06
o-Xynene 0.04 Decals 3.4

Butylbenzene 0.2 Methylindanes 13.14
Tetralin 63.81 - -

2.1.2. Pyrolysis Fuel Oil Hydrocracking with NiWS-HY Catalysts

The reactivity of in situ generated NiWS-HY(0.5%) and NiWS-HY(1%) catalysts during pyrolysis
fuel oil hydroconversion was studied in an autoclave-type batch reactor at standard conditions
p = 5 MPa, t = 5 h, and ratio W:Ni = 1:2, initial hydrogen pressure in the reaction system of 5.0 MPa,
with intensive stirring. An HPR fraction with an upper boiling point of 330 ◦C, whose characteristics
are given in Materials and Methods section, was used as a starting material.

To determine the optimal process temperature, we compared the active NiWS-HY(1%) and
NiWS-HY (0.5%) catalysts with constant mass content W = 4%. Table 2 shows the BTX (benzene,
toluene, xylene) selectivity between the reaction temperature and zeolite weight percentage. It was
demonstrated that the in situ generated NiWS-HY(1%) catalyst is more active in the hydrocracking
reaction than NiWS-HY (0.5%). The best selectivity of the BTX fraction was obtained at 380 ◦C.
Maximum selectivity of BTX reaches 15 wt %.

When comparing the amount of the light fraction (with a boiling temperature up to 180 ◦C)
generated at a different zeolite content, the predictably better results were obtained at a higher zeolite
content (1 wt %) (Figure 3) [49]. The resulting light fraction also contains other valuable compounds.
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Table 2. Dependence between component composition of the BTX fraction and temperature at
standard conditions.

Catalyst Process Conditions W (wt %)
BTX Composition (wt %)

Benzene Toluene Xylenes ΣBTX

NiWS-HY(0.5%)
350 ◦C

4.0

3.3 2.5 0.8 6.6
380 ◦C 7.7 2.2 0.95 10.85
400 ◦C 5 0.7 1.1 6.8

NiWS-HY(1%)
350 ◦C 5.4 2.2 1.5 9.1
380 ◦C 9.5 3.7 1.8 15
400 ◦C 3.3 4.1 2.3 9.7

Figure 3. Fractional composition of HPR hydrocracking products with NiWS-HY(0.5%), NiWS-HY(1%)
catalysts at constant mass content W = 4% and at standard conditions (p = 5 MPa, t = 5 h, and W:Ni
ratio = 1:2).

It is also noteworthy that PFO hydrocracking yields were 8–10 wt % in the reaction mass of
cyclohexane as one of the benzene hydrogenation products. The cyclohexane is a non-toxic intermediate
compound, which is widely used for the production of nylons and caprolactam. Currently, the greatest
part of the world’s cyclohexane production is based on benzene hydrogenation [50].

If we consider the dependence of the component composition of BTX reaction products (Table 3)
on the cat/raw material ratio, we can note that the selectivity of benzene formation in the mixture
increases with an increasing of wt % of tungsten, while selectivity of xylenes formation, on the contrary,
increases with a decreasing of the amount of tungsten.

Table 3. Fractional composition of reaction products versus catalyst/feedstock ratio and zeolite content
at 380 ◦C with NiWS-HY(0.5%), NiWS-HY(1%) catalysts at standard conditions P = 5 MPa, t = 5 h, and
W:Ni ratio = 1:2.

Catalyst W (wt %)
Fractional Composition (wt %) BTX Composition (wt %)

0 to 180 180 to 360 >360 Benzene Toluene Xylenes ΣBTX

NiWS-HY(1%)
4.0 44 52.7 3.3 9.5 3.7 1.8 15
2.0 28.9 67.5 3.6 5.9 2.6 1.8 10.3
1.0 24.2 72.4 3.34 3.9 2.5 2.1 8.5

NiWS-HY(0.5%)
4.0 37.7 61.5 0.8 7.7 2.2 1 10.9
2.0 33 65.2 1.8 7.3 1 1.2 9.5
1.0 31.8 68% 0.2 5.4 1.8 2.1 9.3
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The fractional composition of TSP after hydrocracking changes noticeably, the amount of the
fraction with boiling points of 0–180 ◦C increases almost ten times, and it contains about 15 wt % of
valuable components of BTX fraction (benzene-toluene-xylenes). The fraction with boiling points of
180–360 ◦C contains more than 30 wt % of decalins and tetralin.

2.2. Catalyst Properties

As is known, the activity of supported sulfide catalysts depends on the degree of sulfidation of
the catalyst and the promoter/nickel ratio. The degree of sulfidation also depends on the temperature.
The phases of nickel sulfide (NiS) and oxosulfide tungsten (WOxSy) are formed on a support structure
at 300–400 ◦C. The higher the degree of interaction with the support, the more difficult the sulfidation
of the oxysulfide phase and the formation of a mixed Ni-W-S phase are [49].

Based on the results of XPS, we revealed some dependences of the formed catalyst. We analyzed
two catalysts obtained in situ in real raw material (pyrolysis fuel oil) at different zeolite/raw material
ratios (0.5% and 1%) with catalyst sulfurization with elemental sulfur in the reaction medium (Tables 4
and 5). The best results for the selectivity of BTX fraction were showed with a tungsten content of
4 wt % at standard conditions (p = 5 MPa, t = 5 h, and W: Ni ratio = 1:2). The results of XPS obtained by
us are consistent with the literature [51] since the signals of oxygen, carbon, sulfur, nickel, and tungsten
correspond to characteristic signals of nickel-tungsten-sulfide catalysts. Promotion coefficient of
NiWS-HY (0.5%) catalyst is 0.34, and promotion coefficient of NiWS-HY (1%) catalyst is only 0.19,
Figure 4.

Table 4. XPS data for W4f, Ni2p, and S2p levels (catalyst obtained by decomposition of precursors with
different concentrations of added zeolite) are 0.5% and 1%-HY in standard conditions.

Element

Status

NiWS-HY(0.5%) NiWS-HY(1%)

Binding Energy,
eV

Weight
%

Atomic
%

Binding Energy,
eV

Weight
%

Atomic
%

Status

W4f

4f 7/2 33
65.6 3.5

33.2
52.53 2.77 WS24f 5/2 35.1 35.3

4f 7/2 33.4
21.7 1.2

33.5
30.01 1.58 WOxSy

4f 5/2 35.5 35.8
4f 7/2 36.7

12.8 0.7
37

13.88 0.73 WO34f 5/2 38.5 38.7

Ni2p

2p3/2 854.9
48.3 1.64

854.7
42.25 0.80 NiS2p1/2 874.8 874.7

2p3/2 857
34.5 1.17

856.6
28.09 0.53 Ni-W-S2p1/2 877.6 877

2p3/2 858.7
17.3 0.59

858.4
29.67 0.5% NiO2p1/2 879.8 880

S2p
2p3/2 162.6 74.6 12.6 162.7 77.80 13.04 S2−
2p3/2 163.9 14.2 2.4 164 12.94 2.17 S2

2−
2p3/2 167.9 10.4 1.8 168 9.26 1.55 S6+

Table 5. Elemental composition of the catalyst surface according to XPS data.

Catalyst
Atomic %

C W Ni S O N

NiWS-HY(0.5%) 63.146 5.311 3.390 16.922 11.232 -
NiWS-HY(1%) 66.637 5.273 1.891 16.763 9.436 -
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Figure 4. The (a) W 4f, (b) Ni 2p, and (c) S 2p XPS spectra of the NiWS-HY(0.5%) sample.

Based on the XPS results, it can be concluded that the active Ni-W-S phase is more easily formed
on zeolite surface at mass content of 0.5%, which is reflected in the results of the catalytic experiment,
and also in a larger amount of WS2. It is also known to contribute to the hydrogenation process. But its
activity is much lower than that of the phase Ni-W-S [52].

In an attempt to explain the experimental data on the activity of catalysts in hydrocracking,
we studied the morphology of in situ formed catalysts isolated after the reaction using transmission
electron microscopy (TEM). It should be noted that, according to TEM data, catalysts prepared in situ
with the addition of zeolites directly to the reaction medium are spherical agglomerates (Figure 5).
Moreover, in a sample with a lower zeolite content, the spherical shape is more pronounced, the average
size of a spherical particle is from 0.18 to 0.2 μm, and in a catalyst sample with a high zeolite content,
the average size of spherical particles is from 0.2 to 0.24 μm. The number of layers in sulfide packs
(N) and the length of the stack (L) were determined manually. For the sample obtained with the
addition of 0.5 wt % of zeolite, average N = 4.7, and L = 3.3, while obtained with the addition of
1 wt % of zeolite, N = 2.8, L = 6.2. We calculated the dispersion of particles (Ni-WS2) according to the
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published method [51]. The dispersion of NiWS-HY (0.5%) catalyst 0.23 and NiWS-HY (1%) catalyst
0.2 was calculated.

Figure 5. TEM micrograph of NiWS catalysts with (a) 0.5% and (b) 1% HY obtained in situ in
standard conditions.

The size distribution of crystals of Ni-W, NiSx, etc., larger than 5 nm can be determined by
analyzing the images of element maps. These element maps confirm the results of XPS and indicate
that a larger amount of the hydrogenating Ni-W-S phase is formed under the condition of a smaller
addition (0.5 wt %) of zeolite to the reaction medium. Thus, in this case, the results indicate the fact
that the concentration of zeolite present in the mixture has a significant effect on the formation of the
active phase.

Ni sulfide (NiSx) crystals are visible on TEM images and element maps of STEM-EDX and NiWS-HY
(0.5%) (Figure 6 and NiWS-HY (1%) (Figure 7) hydrocracking catalysts. Particles range from about 5 to
over 100 nm in diameter, all of them are surrounded with a Ni-W-S phase. As is known from the literature,
a large amount of crystalline nickel sulfide does not contribute significantly to the hydrogenation
process [53]. The distribution maps added to the article Appendix A (Figures A1 and A2).

Figure 6. Cont.
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Figure 6. (a) TEM micrograph and distribution maps of NiWS-HY(0.5%) elements (b) Ni-W, (c) Ni,
(d) W, (e) O, (f) S, (g) Al, (h) Si obtained in situ in standard conditions.
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Figure 7. (a) TEM micrograph and distribution maps of NiWS-HY(1%) elements (b) Ni-W, (c) Ni, (d) W,
(e) O, (f) S, (g) Al, (h) Si obtained in situ in standard conditions.

3. Materials and Methods

3.1. Materials

Reagents used are tungsten hexacarbonyl W(CO)6 (99.99%, Aldrich), nickel(II 2-ethylhexanoate
Ni(C7H15COO)2 (78% solution in 2-ethylhexanoic acid, Aldrich). A solution of naphthalene
(99%, Aldrich) in hexadecane (≥99%, Aldrich) was used as a substrate.

The fraction of the pyrolysis fuel oil was obtained from the pyrolysis fuel oil produced by
Sibur-Kstovo (Kstovo, Russia) by vacuum distillation with the selection of IBP 170 ◦C fraction (residual
distillation pressure-2 Torr). The output of the distillate fraction was 75.4 wt %, the boiling point
reduced to atmospheric pressure was 330 ◦C. The composition shown in Figure 5 contains naphthalene
(35.98%), its methyl-substituted analogs (10.95%), and biphenyl (27.97%) (Figure 8).

Figure 8. GC-MS plot of pyrolysis fuel oil fraction.
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The mass chromatogram of the fraction was obtained on a Finnigan MAT 95 XL instrument
(Varian VF-5 ms capillary column, length of 30 m, inner diameter of 0.25 mm, film thickness of 0.25 μm).

All chemicals were used without preliminary purification.

3.2. Catalyst Synthesis

Sulfide catalysts of the NiWS-HY composition were prepared in situ in a hydrocarbon raw material.
Low-soluble salts of hexacarbonyl tungsten W(CO)6 and nickel(II)2-ethylhexanoate Ni(C7H15COO)2

were used as precursors. To form the hydrogenating component of the catalyst in the form of tungsten
sulfide promoted with nickel, 2.5 wt. % of elemental sulfur was added to the reaction mixture as a
sulfiding agent. As the acidic component of the catalyst, a commercial wide-pore zeolite Y(CBV 600)
with a three-dimensional porous structure and a channel diameter of 7.4 Å and cavities of 12 Å was
chosen, which was added directly to the reaction medium. In zeolite molar ratio SiO2 / Al2O3 = 5.2.
According to TEM data particle size is 400–800 nm. Specific surface area found by the low-temperature
adsorption of nitrogen is 530 m2/g. Total concentration of acid sites according to TPD of ammonia is
532 μmol/g [47]. The influence of the content of active metal and zeolite on the catalytic activity and
selectivity of BTX production and the formation of the catalyst was also studied.

The structure and morphology of the catalysts obtained in situ were investigated by transmission
electron microscopy (TEM) (JEOL, Tokyo, Japan), FEI Tecnai Osiris TEM at an accelerating voltage of
200 keV. For transmission electron microscopy (TEM), a FEI Tecnai Osiris TEM with an accelerating
voltage of 200 keV was used.

To measure the (Ni)WS2 dispersion, the average fraction of W atoms at the (Ni)WS2 edge surface
was calculated, assuming that the sulfide slabs were perfect hexagons [47,53]. The presence of a certain
number of nickel atoms is not considered. Dispersion (D) was statistically evaluated by dividing the
total number of W atoms at the edge surface (We), including corner sites (Wc), by the total number of
W atoms (WT) using the slab sizes measured in the TEM micrographs:

D =
We + Wc

WT
(1)

We = (6× ni − 12) ×N (2)

Wc = 6× N (3)

WT =
(
3× n2

i − 3× ni + 1
)

(4)

where ni is the number of W atoms along one side of the (Ni)WS2 slab, as determined by its average
length L.

L =

∑
li

n
(5)

where li is a length of each slab.

ni =
10 × L

3.2 + 1
2

(6)

and
N =

∑
niNi
n

, (7)

where N in the average stacking degree and ni is the number of stacks in Ni layers.
The XPS analysis of catalysts was performed by ESCALAB MK2 electronic spectrometer (Vacuum

Generators LTD) (Physical Electronics, Chanhassen, MN, USA). The samples were studied without
heating and ion-beam treatment. The position of the lines of the elements was normalized to the
position of C 1s carbon line of the hydrocarbon contamination of the surface. The survey spectrum was
measured at an analyzer bandwidth of 50 eV and a scanning interval of 0.25 eV; the particular spectra of
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the elements were measured at a bandwidth of 20 eV and a scanning interval of 0.2 eV. Deconvolution of
the spectra was conducted by non-linear least-square method using the Gaussian-Lorentzian function.

The absolute content of the Ni-W-S phase on the catalyst surface (CNiWS) was calculated using
the formula:

CNiWS =
[NiWS] ∗CNi

100
(8)

where [NiWS] is the relative Ni content in the Ni-W-S phase, %; CNi is the content of Ni atoms on the
catalyst surface determined by the XPS method, at. %.

The absolute content of the WS2 phase on the catalyst surface (CWS2) was calculated from
the formula:

CWS2 =
[WS2] ∗CW

100
(9)

where [WS2] is the relative W content in the WS2 phase, %; CW is the content of W atoms on the catalyst
surface determined by the XPS method, at. %.

The promoter ratio in the active phase slab was determined:

(Ni/W)slab =
CNi−W−S

CWS2

(10)

3.3. Catalytic Tests

A number of experiments were carried out, first at a model mixture, to determine the best
conditions for hydrocracking, and then at a fraction of pyrolysis fuel oil (PFO). A 10% solution of
naphthalene in hexadecane was chosen as a model mixture. Hydrocracking was carried out in an
autoclave-type batch reactor (Stainless steel high-pressure batch reactor). A sample of the catalyst
(precursors W (CO)6, Ni(C7H15COO)2 and zeolite HY) was placed in it. The absence of the external
diffusion limitations was checked in a separate test.

The sulfiding of the catalysts was carried out directly in the reaction medium by adding elemental
sulfur in an amount of 2.5 wt. % in terms of raw materials. Then, the autoclave was sealed and filled with
hydrogen to a pressure of 5.0 MPa, the reaction duration was 5 h. We varied the process temperature
(350–400 ◦C), zeolite cont (0.5 and 1 wt %) and W (1–4 wt %) in the reaction medium, the ratio Ni/W= 2:1.
The tungsten content in the raw material was calculated using the following formula:

W =
m(W(CO)6)M(W)

M(W(CO)6)m( )
× 106 [ppm] (11)

where m(W(CO)6) is the mass of tungsten hexacarbonyl dissolved in the hydrocarbon raw material, g;
M (W) is molar mass of tungsten, 183.8 g/mol; M(W(CO)6) is molar mass of tungsten hexacarbonyl,
351.9 g/mol; m (raw material) is the mass of hydrocarbon raw material, g.

The start time of the experiment was considered the moment when the required reaction
temperature was established. Upon completion of the reaction, the autoclave was cooled to room
temperature and depressurized. The catalyst was separated from the products by centrifugation,
and the liquid reaction products were analyzed by gas-liquid chromatography method.

3.4. Products Characterization

Qualitative analysis of liquid products was carried out using Agilent 6890 gas-liquid
chromatograph with Finnigan MAT 95 XL mass spectrometric detector (Thermo Scientific) (Supelco,
Bellefonte, PA, USA), Varian VF-5MS capillary column (30 m × 0.25 mm × 0.25 μm), with helium as
carrier gas. The quantitative and fractional composition of liquid products (gasoline fraction < 180 ◦C,
diesel fraction 180–360 ◦C, residual fraction > 360 ◦C) was determined by simulated distillation using a
Kristallux 4000 M gas-liquid chromatograph with a flame ionization detector, capillary column SPB-1
(30 m × 0.25 mm × 0.25 μm) (Meta-Khrom, Yoshkar-Ola, Russia) with helium as carrier gas.
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The naphthalene conversion (conversion, %) was calculated as the degree of conversion of the
initial aromatic compound into hydrocracking products.

4. Conclusions

In this paper, hydrocracking of a pyrolysis fuel oil in a slurry reactor on in situ synthesized
NiWS-HY catalysts from low-soluble precursors for the selective production of the BTX fraction was
studied for the first time. The qualitative and quantitative composition of the hydrocracking products
was studied. It was found that the yield of benzene-toluene-xylenes can reach up to 15% of the total
mass of the products. An increase was also noted for the proportion of light products of hydrocracking.

Thus, we can conclude that NiWS-HY catalyst can be considered as a catalyst for the hydrocracking
of pyrolysis fuel oil. Moreover, varying the process conditions led to a change in the selectivity for the
products of BTX fraction.

The optimal conditions for the process of obtaining BTX fraction from pyrolysis fuel oil were
determined. At 380 ◦C, with 4 wt % of tungsten, and 1 wt % and 0.5 wt % of zeolite, the amount of the
product was much greater. The best result was obtained at 380 ◦C, with 4 wt % of tungsten, and 1 wt %
of zeolite, where mass of BTX fraction was about 15%.

The catalyst obtained under these conditions was characterized by XPS method; it was found
that with a lower content of zeolite more of the hydrogenating Ni-W-S phase was formed. This is also
confirmed by the TEM results.
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Appendix A

Figure A1. EDX spectrum of catalyst NiWS-HY (0.5%).
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Figure A2. EDX spectrum of catalyst NiWS-HY (1%).
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