Catalytic hydrogenation of n-butene with
nanosized Pt/NBCNT hybrid membranes
reinforced with bacterial cellulose

Bilal El Mrabate, Adam Prekob, Laszl6
Vanyorek, Emilia Csiszar, Ferenc
Kristaly, Maté Lesko & Zoltan Németh

Journal of Materials Science
ISSN 0022-2461

J Mater Sci
DOI 10.1007/s10853-020-05310-1

@ Springer



Your article is published under the Creative
Commons Attribution license which allows
users to read, copy, distribute and make
derivative works, as long as the author of
the original work is cited. You may self-
archive this article on your own website, an
institutional repository or funder’s repository
and make it publicly available immediately.

@ Springer



J Mater Sci

Polymers & biopolymers

o')

Check for
updates

Catalytic hydrogenation of n-butene with nanosized Pt/
NBCNT hybrid membranes reinforced with bacterial
cellulose

Bilal EI Mrabate'2, Adam Prekob'2, Laszl6 Vanyorek'2, Emilia Csiszar®, Ferenc Kristaly*,
Maté Leskd®, and Zoltan Németh'2*

"Higher Education and Industry Cooperation Centre of Advanced Materials and Intelligent Technologies, University of Miskolc,
Miskolc 3515, Hungary

2Institute of Chemistry, University of Miskolc, Miskolc 3515, Hungary

3 Department of Physical Chemistry and Materials Science, Budapest University of Technology and Economics, Milegyetem rkp. 3,
Budapest 1111, Hungary

“Institute of Mineralogy and Geology, University of Miskolc, Miskolc 3515, Hungary

Received: 18 May 2020 ABSTRACT

Aruepisil & Sysitsnlier A0 One of the main challenges in the field of heterogeneous catalysis is the

involvement of thin solid films and membranes and their application in flow

© The Author(s) 2020 systems. In this regard, we report here the application of self-supported bacte-
rial cellulose (BC) reinforced nanosized platinum (Pt)/N-doped bamboo-like
carbon nanotube (NBCNT) hybrid catalyst membrane with a thickness of
35 &+ 5 pm in the hydrogenation of n-butene. To synthetized the BC-NBCNT /Pt
nanohybrid membrane catalyst a simple impregnation route was applied in a
two-step process. As-prepared material was tested in a continuous flow system
and the conversion was followed directly by using Fourier transform infrared
spectroscopy. Furthermore, the fabricated films were characterized by scanning
electron microscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy
and specific surface area measurement (Brunauer-Emmett-Teller). Hydro-
genation performance was studied on both single and double films. Results
revealed that 97% conversion of n-butene can be achieved using these bacterial
cellulose reinforced hybrid membranes.
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Introduction

There has been growing interest over the last decade
in the involvement of hybrid materials in the field of
catalysis, due to advantages such as high specific
surface area, simplicity of operation or high material
conversion efficiency [1]. As the expectations for
hybrid and composite structures are increasing con-
tinuously, research is focusing on the design of cat-
alysts combining nanomaterials and metallic
particles.

Among transition metals, platinum (Pt) and Pt-
based materials are regarded as highly active and
effective catalysts [2]. It is well known that nanosized
Pt has one of the highest catalytic activity levels in
chemical reactions [3] and catalytic hydrogenation [4]
due to its high active surface area [5]. Consequently,
Pt-based catalysts should be ultrafine powders con-
taining Pt particles in the nanometre range to offer a
large number of active sites and a large surface area.
However, the work with ultrafine powder used in
hydrogenation treatments in gas or liquid state often
possesses technical challenges. To overcome limita-
tions and to further improve the effectiveness of
catalysts, many researchers have focused on the
development of material-supported Pt catalysts. In
this regard, carbon nanotubes (CNTs) [6] and bacte-
rial cellulose (BC) [7] are of interest in the develop-
ment of a novel hybrid membrane catalyst for a wide
range of applications.
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CNTs, especially multi-walled carbon nanotubes
(MWCNTs) and N-doped bamboo-shaped carbon
nanotubes (NBCNTs), are often used as promising
support material to stabilize Pt nanoparticles and are
applied in catalytic reactions such as hydrocarbon
oxidation [8] or hydrogenation reactions [9] owing to
their high specific surface area [10] and excellent
thermal conductivity parameters [11]. Using fibrous
cellulose as a support of the carbon nanotubes,
membrane layer can be formed, which provides
longer and more efficient contact between the cat-
alytic nanoparticles and gas molecules. Furthermore,
both the cellulose fibres and carbon nanotubes are
lack of microporosity, which causes the formation of
metal nanoparticles on the easily accessible binding
sites, providing higher mass transfer on the surface.
In our previous works, precious metal contained
catalysts in different forms was tested. NBCNT sup-
ported Pt catalysts and Pt contained NBCNT coated
zeolite beads was examined in the hydrogenation of
1-butene [12] and Pd contained carbonized ion
exchange resin beads were also tested [13]. It was
proven that they are efficient, but higher amount of
catalysts is required to reach high catalytic efficiency.

When applying NBCNT as a support material, the
interaction between the Pt nanoparticles and the
surface of carbon nanotubes can be increased. Further
adsorption sites appear due to the incorporated
nitrogen atoms, which increase the potential interac-
tions with the catalytically active metals and leads to



the formation of more effective heterogeneous cata-
lysts [14].

Nowadays, bacterial cellulose (BC) has attracted
rapidly growing worldwide scientific interest, in
which particular attention has been paid to BC-based
advanced functional materials [15]. Furthermore,
their nanofibrillar structure and high mechanical
strength offer tremendous potential applications in
various fields, such as the application of hybrid
membrane technology in catalysis [16]. Basically, two
routes allow in situ generation of nanoparticles,
either by taking advantage of the chemical stability of
BC towards the reducing agent or by using the
reducer property of BC towards a metal salt [15]. This
latter case represents a more innovative route, relying
on the reducing and coordinating behaviour of BC, as
shown by other types of cellulose that lead to metal
salt reduction and the formation of Pt [17]. BC-sup-
ported nanoparticles performance in catalytic
hydrogenation [18] or hydrogen evolution [19] reac-
tions have been investigated recently. Furthermore,
Yang et al. [20] developed alternative new hydro-
carbon-based polymer membranes applying a Pt
decorated BC electrode.

The preparation of Pt nanoparticles using fibrous
materials—e.g. BC and CNT—could be one of the
most promising ways for hybrid membrane catalyst
development, since these materials form 3D networks
which allow the deposition of Pt nanoparticles on
their surface cavities [7]. As the poor conductivity of
BC can hinder its application as a support of the
catalyst, the development of hybrid membranes
could be an alternative way to improve the catalytic
properties of as-prepared materials. One option is
using CNTs, which have the highest conductivity
among carbon materials [21]. Although a recent
review presents the advantages and usage of cellu-
lose, nanocellulose and carbon nanotubes mixed
materials [22], the preparation and application of BC-
supported CNT membranes deposited with Pt
nanoparticles still have not investigated widely. Ari-
tonang et al. [7] presented two different synthesis
routes for the deposition of Pt particles on the BC-
MWCNT hybrid membrane surfaces. The BC was
immersed either in a solution of Pt precursors (PtCl,
and H,PtClg) or in surfactant stabilized MWCNT
suspension. While both of the applied synthesis
techniques provided Pt particles on the surface of
membranes, their average particle size differed: it
was 26 nm and 42 nm, respectively.

To improve the drawbacks (e.g. rather large parti-
cle size of Pt) of these methods, the main objective of
this study is to prepare a novel BC-supported hybrid
membrane catalyst applying NBCNT and Pt
nanoparticles with an average particle size under
5 nm and to explore its application in the catalytic
hydrogenation of n-butene.

Experimental section
Materials

N-doped BCNTs was produced by the chemical
vapour deposition (CVD) method following our
previous work [23]. In brief, nickel (II) nitrate hex-
ahydrate (Merck) and magnesium oxide (Merck)
were used as the catalyst and n-butylamine was
applied as the carbon source (Sigma-Aldrich) in a
tube furnace at 700 °C in nitrogen flow. To remove
the residual support material and catalytic particles,
the as-prepared N-doped BCNTs were treated with
cc. hydrochloric acid (36 wt%) under vigorous stir-
ring for 2 h, then washed with distilled water. BC
fibres were received from nata de coco cubes (FI,
Philippines) by alkaline and oxidative purification
and mechanical disintegration [24]. For catalytically
active hybrid membrane preparation, an aqueous
suspension of BC and BCNT with a dry solid content
of 1% and hexachloroplatinic (IV) acid was used.
Nitrogen (99.995%, Messer) and hydrogen (99.999%,
Messer) were used for activation of the membrane
catalyst. Catalytic tests were carried out by hydro-
genation of 1-butene (99.500%, Messer). A polyte-
trafluoroethylene (PTFE) filter of the pore size of
0.22 ym and the diameter of 47 mm (Durapore-
GVWP04700) was used for membrane production.

Membrane preparation

To prepare the BC-NBCNT/Pt nanohybrid mem-
branes, the calculated amount of BC fibres was dip-
ped into 15 cm® EtOH. Meanwhile, the NBCNT was
sonicated in 50 cm® EtOH for 15 min. The content of
the NBCNT in the final nanohybrid membrane was
90 w/w%. Then, the BC suspension was added to the
NBCNT suspensions and the mixture was stirred for
5 h at 300 rpm. Finally, the preparation of BC-based
hybrid membranes was accomplished by vacuum
filtration through a PTFE membrane to achieve a
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loading of 80+ 0.9 mg/cm® (total mass
100 £+ 10 mg/membrane), then each membrane was
dried in air.

In the next step, as-prepared BC-NBCNT mem-
branes (100 mg) were impregnated by a 0.5 cm’
20 wt% platinum solution (0.04 g H,PtCls x H,O in
0.5 cm® water). Two similar synthesis routes were
published recently [7]. During the process, 0.25 cm®
of platinum solution was added dropwise to both
sides of the membranes. Impregnated membranes
were dried at 120 °C overnight. Finally, BC-NBCNT/
Pt membranes were hydrogenated at 400 °C for
30 min in a tube furnace with a hydrogen flow rate of
50 mL/min.

Characterization

The surface morphology of BC-NBCNT/Pt hybrid
membranes was verified by scanning electron
microscopy (SEM). SEM measurements were done
with Thermo Helios G4 PFIB CXe and JEOL JSM
7200F instruments. Energy-dispersive X-ray spec-
troscopy (EDAX) measurement was completed by a
scanning electron microscope (Thermo Helios G4
PFIB CXe) and an Ametek EDAX Octane Elect Plus
(detector area 30 mm?) device.

The presence and physiognomy of platinum
nanoparticles on the surface of hybrid membranes
were investigated by X-ray diffraction (XRD), with a
Bruker D8 Advance diffractometer (Cu-Ko source,
40 kV and 40 mA generator settings), equipped with
a Vantecl position sensitive detector (1 window
opening). The parallel beam geometry of the instru-
ment (by Gobel mirror) allowed measurements to be
made at the milligram level, without the need for
pressing powder specimens. Zero background sam-
ple holders (Si crystal cut) eliminated the issue of
sample transparency, thus no sample holder contri-
bution presents. Measurements were taken in the 2°-
100° (20) range with 0.007° (20)/14 s goniometer
speed, on top-loaded specimens in zero background
Si sample holders.

The hydrogenation process of 1-butene and the
catalytic activity of the BC-NBCNT/Pt membranes
was followed by vertex 70 type Fourier transform
infrared spectroscope (FTIR) in a gas cell with a KBr
window.

A nitrogen (N,) adsorption—desorption experiment
was performed at 77 K to determine the surface area
and micropore volume (t-plot method) using ASAP
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FTIR
Gas cell

Figure 1 Experimental setup of catalytic hydrogenation of
1-butene. a Values for the gases (N,, H,, C4Hg), b, e four-way
valve for gas inlet into the reactor and the FTIR gas cell, c,
d membrane holders, f FTIR instrument connected to a computer.

2020 sorptometer, (Micromeritics Instrument Corp
Germany). Prior to each measurement, the samples
were degassed at 90 °C for 24 h.

To determine the catalytic activity of the BC-
NBCNT/Pt hybrid membranes, 1-butene hydro-
genation was tested in a continuous flow system
(Fig. 1), which is coupled to the gas cell of the FTIR
equipment [13].

Before the experiments, the FTIR instrument was
calibrated by the usage of an H,/N,/1-butene gas
mixture applying four different 1-butene concentra-
tions at room temperature and atmospheric pressure.
For each measurement, two hybrid membranes with
a weight of 100 mg were used. The flow rates of the
applied gases were 40 mL/min (N,, H,) and 20 mL/
min (1-butene) at atmospheric pressure. The reaction
temperature was set at 50 °C and the molar ratio of
the hydrogen to 1-butene was 2:1. The catalytic per-
formance of BC-NBCNT /Pt hybrid membranes was
determined by the conversion (X%) of 1-butene using
the equation below (Eq. 1):

consumed 711 _pytene
X% 1—butene —

% 100. 1
initial 711 _putene ( )
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Figure 2 SEM images (a—c),
bright-field (d) and high-angle
annular dark-field (e) STEM
images, XRD pattern (f), EDS
spectrum (g) and particle size
distribution (h) of the Pt/
NBCNTs-cellulose membrane.
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Results and discussion

Characterization of the BC-NBCNT/Pt
hybrid membranes

The BC-reinforced NBCNT/Pt membranes were
examined by scanning electron microscopy. The SEM
image of the membrane shows the fibrous structure
of the NBCNTs and BC fibres (Fig. 2a). The formation
of the fibre bundles is explained by interactions
between the surface functional groups of BC and
NBCNTs [25]. The oxygen contained functional
groups—hydroxyl groups—of the NBCNTs and BC
was able to form hydrogen bonds, which provided
for the adsorption of NBCNTs on the surface of the
BC fibres. The nitrogen doped carbon nanotubes
contain several incorporated nitrogen atoms which
contributed to anchoring on the cellulose surface. At
higher resolution (Fig. 2b, c), the Pt nanoparticles are
visible in homogenous distribution on the nanotube
surface, which thoroughly examined by bright-field
and high-angle annular dark-field imaging in STEM
mode (Fig. 2d, e). The presence of NBCNT and BC
did not affect the average particle sizes of Pt
nanoparticles during the nanocomposite fabrication
procedure and aggregation or bigger particles could
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not be observed in the structure of hybrid mem-
branes. The presence of elemental platinum on the
membrane surface was confirmed by XRD measure-
ments. On the diffractograms, the visible peaks
belong to the reflexions of the Pt (111), Pt (200), Pt
(220) and Pt (311); these are found at 39.9°; 46.6°;
67.6% 81.3° two Theta angles, respectively (Fig. 2f).
The presence of the Ni (111) reflexion is explained by
the catalyst remaining after the NBCNT synthesis. A
small amount of nickel nanoparticles was enclosed in
the structure of the NBCNTs and could not be
removed. The carbon layers of NBCNTs prevented
the dissolution of nickel in hydrochloric acid during
the purification step. The C (002) peak confirms the
presence of carbon nanotubes. The bands of plat-
inum, nickel and carbon were also located on the EDS
spectrum (Fig. 2g). In case of the platinum nanopar-
ticles, high dispersion was detected: the measured
average diameter was 3.0 & 1.6 nm (Fig. 2h). The
vast majority of the nanoparticles, namely 95%, were
smaller than 3.3 nm, the smallest diameter was
1.8 nm, but a few nanoparticles had a size between 8
and 10 nm. This particle distribution approximates a
homo-dispersal system. Based on these results, we
can conclude that applying the BC-NBCNT support
allowed the formation of the small particles.
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Figure 3 FTIR spectrum of the nanocrystalline cellulose fibres
and the NBCNTs.

The surface functional groups of the BC and
NBCNTs were identified by FTIR spectroscopy
(Fig. 3). Vibration bands of the C-O stretching are
found on the spectrums at 1223 cm ™' (NBCNTs) and
at 1059 cm ™' (BC). Bending vibration of the hydroxyl
groups results in a peak at 1431 cm ™! in the case of
NBCNTs and at 1413 cm™' on the spectrum of BC.
The adsorption peak at 1574 cm ™' can be attributed
to the C=C bands on the spectra of NBCNTs, which
corresponds to the vibration of the lattice structure of
the NBCNTs. The peak located at 1590 cm ™" belongs
to the vibration mode of water molecules absorbed in
BC [26]. At the 1713 cm~! wavenumber, the band
corresponds to the carboxyl (COOH) groups on the
NBCNTs. The peaks around 2889 cm™' and
2952 cm™' are attributed to the symmetric and
asymmetric C-H stretching vibration. The intensive
peak at 3455 cm™' on the spectrum of NBCNTs
belongs to the —OH stretching vibration. The band at
3414 cm™ ' in case of cellulose is characteristic of the
stretching vibration of the hydroxyl group in
polysaccharides, furthermore it also includes the
inter- and intra-molecular hydrogen bond vibrations
in BC [27, 28]. Several -OH groups are found on the
NBCNTs and BC fibres which could make interac-
tions and lead to the formation of hydrogen bridges.
These facilitates formed the fibres into bundles, as
seen in the SEM image (Fig. 2a). A further advantage
of the functional groups containing oxygen is that
they may regulate the particle size of catalytically
active metals during catalyst preparation. Moreover,
the ion-binding effect of the oxygen-containing
groups (electric interaction, ion exchange and surface
complexation interactions) should not be forgotten.
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Table 1 Summary of BET surface area values of raw materials
and BC-NBCNT/Pt membranes

Sample name BET surface area (m*/g)

NBCNT 146
BC 1
BC-NBCNT/Pt 110
BC-NBCNT/Pt (used 1) 107
BC-NBCNT/Pt (used 2) 109

The as-prepared NBCNT-based membranes were
also characterized by N, adsorption technique to
measure their specific surface area. The BET surface
area values of raw materials and hybrid membranes
can be seen in Table 1. It can be concluded that the
addition of support material slightly reduces the
surface area from 146 to 110 m*/g. However, signif-
icant difference in the surface area values measured
before and after the catalytic reaction cannot be
measured.

Catalytic test of the Pt/NBCNT-cellulose
membranes: hydrogenation of 1-butene

For the confirmation of the BC-NBCNT/Pt mem-
brane catalyst applicability, an easily followable gas
phased reaction was chosen, which is the most
widely used method in catalytic research for fast
testing of catalysts. The hydrogenation of 1-butene
was carried out in a continuous flow system by the
application of two membranes. The weight hourly
space velocity (WHSV) was 27.45 kg 1-butene/1 kg
catalyst/1 h. The 1-butene concentration was
checked in a hydrogen—nitrogen gas mixture by FTIR
measurements. The 1-butene concentration was cal-
culated based on the change of the C=C vibration

(a) (b) @ 2 membrane v 1 membrane
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Figure 4 FTIR spectrums of the 1-butene-hydrogen-nitrogen-
butane mixture versus time of hydrogenation (a); 1-butene
conversion verses hydrogenation time by applying of 1 or 2
membranes (b).



band intensity at 1646 cm ™! wavenumber (Fig. 4a);

this measuring mode was calibrated with different
amounts of olefin containing N,-H, mixtures. By
applying only one of the two membranes, the yielded
1-butene conversion was 85.3% and after 7 min the
membrane catalyst reached its maximum catalytic
activity (Fig. 4b). By using two membranes, the
1-butene conversion improved to 98% by 10 min
hydrogenation. The membranes are very thin
(35 £ 5 um); nonetheless, they are catalytically effi-
cient for hydrogenation for olefin in a gas phase
reaction. Their remarkable catalytic behaviour can be
explained by the very high dispersibility of platinum
nanoparticles (d,, = 3.0 nm) and the homogenous
coverage per Pt particle of the fibres in the membrane
matrix.

Conclusion

Bacterial cellulose combined with a nitrogen doped
bamboo-like carbon nanotube support membrane
was prepared with a thickness of 35 £ 5 um. The
membrane was impregnated by hexachloroplatinic
acid, after reduction in the hydrogen flow, which
resulted in a very efficient Pt hybrid membrane cat-
alyst. The platinum nanoparticles homogenously
covered the surface of the nanofibres in the mem-
brane. The particle sizes are exceptionally small and
the 3.0 £ 1.5 nm average diameter led to richly
coated nanotube surfaces in the self-supporting
membrane. The particle size of platinum is almost
homogeneously dispersed, 95% of the particle diam-
eters were between 1.8 and 3.3 nm, owing to the
presence of oxygen-containing functional groups on
the fibres. As the multiple SEM analysis demon-
strated, the morphology of the membranes was uni-
form, indicating that the preparation of membranes
was reproducible by following our well-designed
and appropriate methodology.

One of the major disadvantages of conventionally
used catalysts forms (e.g. beads) is that the gases can
bypass the catalyst particles, thereby decreasing the
conversion efficiency. This obstacle can be avoided by
the application of membrane catalyst because the
molecules of gases diffuse through the pores of
membrane (formed by Pt-coated fibres), providing a
better contact between the catalytically active phase
and the reactant molecules. Other advantage of this
hybrid membrane is that it contains -OH groups on

the surface of fibres, which promotes the adsorption
of platinum ions. Additionally, the Pt nanoparticles
were efficiently dispersed on the surface of the fibres
leading to a homogenous coverage of nanotubes and
carbon fibres by the catalytically active phases. The
uniformly located Pt particles facilitate the encoun-
ters of molecules on the surface of catalyst. The BC-
NBCNT support membrane is applicable for the
deposition of highly dispersive platinum nanoparti-
cles on its surface, opening new pathways for the
application of hybrid membrane technology. Owing
to the interactions between the surface functional
groups (-OH, -COOH) of nanotubes and cellulose,
bundles were formed, which built up the membrane
structure. The platinum decorated self-supporting
nanofibred membranes were tested in gas-phased
hydrogenation of 1-butene in continuous flow sys-
tem. By using two membranes, high 1-butene con-
version (98%) was reached after 10 min with
continuous flow.
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