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Abstract

Herein, the catalytic performance of palladium nanoparticles grafted on the poly-
meric TSNH, (Tentagel-S-NH,) resin was investigated for continuous-flow liquid-
phase hydrogenation of two industrially relevant chemicals: 2-methyl-3-butyn-2-ol
and nitrocyclohexane. We investigated the effect of process parameters such as tem-
perature and pressure on PATSNH, activity and selectivity. Depending on the reac-
tion conditions, well-dispersed PANPs with average size of about 2 nm have shown
very high flexibility in terms selectivity toward the desired products: 2-methyl-3-
buten-2-ol or 2-methyl-2-butanol in the case of 2-methyl-3-butyn-2-ol hydrogena-
tion and cyclohexanone oxime or cyclohexylamine as the main product in the case
of nitrocyclohexane conversion. The optimal reaction conditions for 2-methyl-3-
buten-2-ol formation were estimated at 25 °C and 5 bar, and in the case of cyclohex-
anone oxime formation at 40 °C and 10 bar. We demonstrated the general trend in
the catalytic performance of 2.2 wt% Pd grafted on Tentagel-S-NH,. Independently
of the hydrogenated substrate, the increase in conversion leads to decreased selectiv-
ity to 2-methyl-3-buten-2-ol and cyclohexanone oxime at the expense of increasing
the selectivity to 2-methyl-2-butanol or cyclohexylamine.
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Introduction

Hydrogenation, and especially catalytic hydrogenation, is one of the most impor-
tant transformations in the chemical industry. Catalytic hydrogenations are carried
out with homogeneous and heterogeneous catalysts using molecular hydrogen or its
donors like isopropanol or formic acid [1-3].

Sustainable development requires modern, more intense, more efficient, and envi-
ronmentally friendly technologies, and implementation of continuous-flow meth-
ods also belongs to this trend [4—10]. Therefore, in our studies, we implemented
the liquid-phase continuous—flow hydrogenation of two of the crucial chemicals that
have been studied minimally or have not been investigated at all in flow conditions:
2-methyl-3-butyn-2-ol (MBY) and nitrocyclohexane (NC).

The partial catalytic hydrogenation of 2-methyl-3-butyn-2-ol is an in-depth stud-
ied process, mainly because the C=C bond partial hydrogenation product (2-methyl-
3-buten-2-ol) is an essential intermediate for the industrial synthesis of vitamins
(A, E), as well as a variety of perfumes [11]. The current manufacturing process
is based on the Lindlar or other Pd-based heterogeneous catalysts under batch con-
ditions. Although the desired product yields are in the range of 95-97%, very fast
catalyst deactivation is observed [12]. Continuous—flow hydrogenation of 2-methyl-
3-butyn-2-ol has been carried out only with Pd/TiO,, Pd-TS (3D printed Cata-
lytic Static Mixers), bimetallic PdZn/TiO, and Lindlar catalyst [13—15]. The best
results in terms of "alkene" yield were reported for a capillary microreactor with a
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bimetallic Pd,sZn,5 catalyst supported on mesoporous TiO, (89%) and for 5 wt%
Pd-TS (100%). The second desired product of 2-methyl-3-butyn-2-ol hydrogenation
is 2-methyl-2-butanol—widely used as solvent in synthetic flavouring, pharmaceu-
ticals, corrosion inhibitors, and making plastics and other chemicals [16]. However,
2-methyl-2-butanol is obtained by hydration of 2-methyl-2-butene in the presence of
an acidic catalyst [17]. Therefore, getting a semi-saturated product (2-methyl-3-bu-
tene-2-ol) seems to be a more desired process.

On the other hand, we selected nitrocyclohexane because it is an excellent source
of many useful chemicals. Additionally, until now, liquid-phase nitrocyclohexane
hydrogenation has been conducted only in batch conditions, at elevated pressure and
temperature [18, 19]. According to our knowledge, there is only one article related
to the hydrogenation of nitrocyclohexane, but under gas flow conditions [20]. There-
fore, our experiments of the continuous-flow nitrocyclohexane hydrogenation in lig-
uid phase open new perspectives in producing industrially relevant chemicals like
e.g., cyclohexanone oxime (an essential component in polyamide manufacturing) or
cyclohexylamine with its substantial role as a building block for pharmaceuticals.

Careful analysis of literature data displays the dominant role of noble met-
als, especially Pd, as catalysts in heterogeneous hydrogenation. Nonetheless, very
high hydrogenolytic ability makes palladium less selective towards specific prod-
ucts such as semi-hydrogenation of C=C to C=C, like in the case of hydrogena-
tion of 2-methyl-3-butyn-2-ol or partial hydrogenation of nitrocyclohexane towards
cyclohexanone oxime.

Therefore, to improve product-specificity, palladium catalysts are modified in
different ways. One of the popular methods is based on the differences in metal
nanoparticles’ interaction with varying types of support (MSI) [21]. The interac-
tion between the metal species and the support (MSI) could significantly affect the
electronic structure and geometric configuration of metal species. The strength and
type of MSI depend both on the size of the metallic species and the properties of
the support [21]. For example, in the case of metal supported on oxides, the direct
bond of a metal with cation (metal sites) or anion (oxygen sites) can be taken as
the bridge to realize the metal-support interaction. Therefore, except the intrinsic
electronic and geometric structures of metal species, surface properties of oxides
as the supports determine the interaction between metal and oxides, which corre-
spondingly influences the catalytic behaviours of metal species. On the other hand,
it is challenging to induce strong MSI in the case of the carbon-supported mate-
rials, especially by depositing metal species on perfect carbon support [22]. Only
the engineering defects or introduction of additional anchoring sites, and dangling
bonds of edge carbon sites enable to build MSI and efficiently tune the catalytic
behaviours of metal species. In consequence, the MSI plays a critical role in tuning
the catalytic activity, selectivity and stability (e.g. resistance from sintering at a high
temperature) of metal species on different supports [21, 23].

Therefore, our study aimed to investigate the catalytic performance of Pd grafted
on a polymeric resin (TS-NH,) in hydrogenation of two different substrates impor-
tant in chemical technology. To the best of our knowledge, such studies have not
yet been reported. Our results have shown that the combination of 2.2 wt% Pd with
polymeric resin shows high efficiency for the synthesis of industrially relevant
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chemicals (2-methyl-3-buten-2-ol, 2-methyl-2-butanol in the case of 2-methyl-3-bu-
tyn-2-ol conversion and cyclohexanone oxime or cyclohexylamine in the case of
nitrocyclohexane conversion).

Experimental
Catalyst synthesis and physicochemical characterization

Tentagel-S-NH, (Rapp Polymere GmbH) in beads form with a diameter of 130 pm
and capacity of 0.2-0.35 mmol/g was used as the support for Pd nanoparticles. 2.2
wt% PdTS-NH, was synthesized under ambient conditions at room temperature,
using a two-step method. Initially, palladium (II) acetylacetone was mixed with
sodium borohydride as a reducing agent. Palladium nanoparticles formed, which
was indicated by a colour change from orange-yellow to black. In the second step,
Pd nanoparticles were immobilized onto polymeric resin with amino groups by
adding a portion of Tentagel-S-NH, to nanoparticle solution and vigorous stirring
(1000 rpm) for 24 h at room temperature. During this step, polymeric resin was able
to capture all palladium nanoparticles from the solution. After filtration, Pd catalyst
was dried overnight at 120 °C.

Elemental analysis was performed using atomic absorption spectrometry (AAS)
and inductively coupled plasma—optical emission spectrometry (ICP-OES).

X-ray photoelectron spectroscopy (XPS) spectra were recorded with a PHI
5000 VersaProbe™(ULVAC-PHI) scanning ESCA Microprobe using monochro-
matic Al-Karadiation (hv=1486.6 eV) from an X-ray source operating at 100 um
spot size, 25 W power and 15 kV acceleration voltage. High resolution (HR) XPS
spectra were collected with a hemispherical analyser at the pass energy of 23.5 eV.
The energy step size was 0.1 eV and the photoelectron take-off angle was 45° with
respect to the surface. CasaXPS software was used to evaluate the XPS data. Decon-
volution of XPS spectra was performed using a Shirley background and a Gaussian
peak shape. The binding energies (BE) for all detected spectra were calibrated with
respect to the BE of carbon sp® C 1s at 285 eV [24].

STEM and TEM experiments were performed on the electron microscope Titan
G2 60-300 kV (FEIL, Japan) equipped with EDAX EDS (energy-dispersive X-ray
spectroscopy) detector. Microscopic studies of the catalysts were performed at an
accelerating voltage of the electron beam equal to 300 kV. The sample was prepared
by dispersion in pure alcohol using an ultrasonic cleaner; a drop of this suspension
was placed on carbon films on copper grids.

Catalytic tests

The liquid-phase catalytic hydrogenation was performed using ThalesNano H-Cube
Pro continuous-flow micro-reactor with an HPLC pump. Substrate (2-methyl-3-bu-
tyn-2-ol or nitrocyclohexane) solution in ethanol was flown through CatCart®70
cartridge with 0.1 g of a palladium catalyst. The hydrogen was generated in situ via
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water electrolysis. Both reactions were carried out with longer and shorter residence
time (defined as bed volume/reactant flow rate) ranged within limits 0.4-2.70 min,
to optimise the most favourable reaction conditions. Finally, catalytic hydrogena-
tion of 2-methyl-3-butyn-2-ol was conducted with PATSNH, over a wide range of
temperatures (10—100 °C) and pressures (1-20 bar) with reactant flow rate 1.5 ml/
min and H, flow rate 60 ml/min. Catalytic hydrogenation of nitrocyclohexane was
also conducted with PATSNH, over a wide range of temperatures (25-100 °C), but
in the pressure range from 1 to 10 bar and flow rate of 0.3 ml/min and H, flow
rate 60 ml/min. It is worth mentioning that during the reactions with TSNH,, there
were no products of 2-methyl-3-butyn-2-ol or nitrocyclohexane hydrogenation. That
excludes catalytic activity of the polymeric resin. Substrate conversion and prod-
uct formation were analysed by gas chromatography (GC) Bruker 456 GC equipped
with FID detector and BP 1 60x0.25x%0.25 column.

Results and discussion

Elemental analysis estimated by atomic absorption spectrometry (AAS) and induc-
tively coupled plasma—optical emission spectrometry (ICP-OES) showed that Pd
loading in PATSNH, is 2.2 wt%.

The X-ray photoelectron spectroscopy measurement was carried out to deter-
mine the oxidation state of palladium nanoparticles. XPS results of the Pd 3d region
for PATSNH2 are presented in Table 1. The dominant signals of Pd 3ds;, located
at 334.38 eV and 335.56 eV relate to Pd in metallic form [25, 26]. The shift with
respect to the reported bulk position [27] and small asymmetry of the peak (results
not shown) can be an evidence of a metallic species’ presence in the nanoparticu-
lated form [19]. The metallic palladium is also accompanied by oxide states (PdO
and PdO,). The total atomic concentration of Pd on the surface was estimated at
1.54%.

Moreover, SEM and TEM investigations confirmed that palladium NPs are well
dispersed on the surface with a narrow particle size range. An average metal particle
size was estimated as~2 nm (Fig. 1).

PdTSNH, catalytic performance was investigated in the continuous-flow hydro-
genation of 2-methyl-3-butyn-2-ol (MBY) and nitrocyclohexane (NC) (Figs. 2 and
3). Hydrogenation of 2-methyl-3-butyn-2-ol over a wide range of temperatures and

Table 1 Binding energies of the BE (eV) EWHM Area (%)
Pd 3d 5/2 and Pd 3d 3/2 peaks
of the as-prepared PATSNH, 3d 52 334.38 136 48.11
catalyst

3d 3/2 339.64 1.36 32.04

3d 572 335.65 1.36 8.29

3d 3/2 340.91 1.36 5.52

3d 572 336.95 1.36 3.63

3d 3/2 342.21 1.36 241
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Fig. 1 STEM, TEM results, and palladium particle size distribution for as-prepared palladium nanoparti-
cles grafted on the polymeric TSNH, (Tentagel-S-NH,) resin (Pd loading 2.2 wt%)
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Fig.2 Effect of reaction conditions on the activity and selectivity of 2.2 wt% PdTSNH, in 2-metyl-3-bu-
tyn-2-ol hydrogenation towards 2-methyl-3-buten-2-ol and 2-methyl-2-butanol with 1.5 ml/min flow rate
of the reactant

pressures showed that both temperature and pressure seem to affect 2-methyl-3-
buten-2-ol selectivity. Significantly, higher pressures led to significant changes in
product selectivity (Fig. 2). Independent on the temperature, 2-methyl-2-butanol was
formed as a major product of MBY hydrogenation at 1 bar and 3 bar, while higher
pressures promote formation of the more desired product (unsaturated alcohol).
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Fig. 3 Effect of reaction conditions on the activity and selectivity of 2.2 wt% PdTSNH, in nitrocyclohex-
ane hydrogenation towards cyclohexylamine and cyclohexanone oxime with 0.3 ml/min flow rate of the
reactant

Moreover, the optimum temperature was found in the lower range. According to
these tests, palladium grafted on Tentagel-S-NH, showed 100% of selectivity toward
the saturated alcohol over a rather wide range of temperatures and pressures. On the
other hand, obtaining high selectivity to the partially hydrogenated product was pos-
sible only at specific reaction conditions. In respect to selectivity toward 2-methyl-
3-butene-2-ol, the optimum values were specified to be 25 °C and 5 bar, yielding
PdTSNH, activity of ca. 67 umol/min with 93% of the selectivity to the unsaturated
alcohol. Additionally, the palladium catalyst maintained the reported performance
for the entire time on stream (ca. 300 min).

The direct comparison of our results with literature data is not trivial due to dif-
ferent reaction conditions (e.g., residence time, substrate concentration, H,/sub-
strate ratio) and different palladium loading, in comparison to earlier studies [9,
15]. Although our results may seem slightly worse or comparable to the industrial
standard catalysts such as Lindlar’s and Pd-Nanoselect catalysts [15], the general
trend with respect of the selectivity toward unsaturated product was the same as
in the work of Kundra et al. [15]. Increasing both temperature and pressure was
found to benefit 2-methyl-3-butyn-2-ol conversion at the selectivity’s cost toward
the unsaturated product. Additionally, our measurements showed that the pressure
increase seems to minimally affect the substrate activity over the temperature range
of 1045 °C, but results in a decrease in selectivity to 2-methyl-3-buten-2-ol at the
expense of an increase in selectivity to 2-methyl-2-butanol (Table 2). Moreover,
independently of the hydrogen pressure, increase in the temperature up to 65 °C did
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Table2 2-methyl-3-butyn-2-ol

hydrogenation resu}ts for liquid Pressure (bar) 3:3:1}(30%5)1' i:g/lligzlcﬁ;?:;ti;) aintl(\)fll/ty
flow rate-1.5 .m1/m1.n, H, ﬂ(?w min)
rate-60 ml/min, residence time-
0.5 min 5 10 91 62.19
25 93 67.33
45 73 95.79
65 61 132.11
85 7 132.11
100 0.3 132.11
10 10 79 68.13
25 82 79.19
45 70 96.93
65 37 132.11
85 1.2 132.11
100 0.6 132.11
20 10 73 71.48
25 72 73.63
45 69 95.22
65 29 132.11
85 1 132.11
100 0 132.11

not affect the very high activity (100% of 2-methyl-3-butyn-2-ol conversion) but
strongly decreased the selectivity towards unsaturated product e.g. 61% of selectiv-
ity for 5 bar and 65 °C and only 7% at 85 °C at the same pressure (Table 2). As a
result of our research, we have also determined the optimal pressure and temperature
conditions (5 bar, 25 °C) for the production of 2-methyl-3-buten-2-ol, the key inter-
mediate in the synthetic method of vitamin A and E production.

Continuous—flow hydrogenation of nitrocyclohexane (NC) on PdTSNH, led to
formation of cyclohexylamine and cyclohexanone oxime. Fig. 3 shows the influ-
ence of the reaction conditions on the selectivity towards the two desired products.
The selectivity to cyclohexanone oxime did not depend as much on pressure as it
depended on the reaction temperature (Fig. 3, Table 3). Generally, under higher
pressures, higher temperature is needed to obtain 100% selectivity to cyclohexanone
oxime. It is 25 °C at 5 bar and 40 °C at 10 bar. Every time, increase in temperature
led to increased activity at a given pressure, accompanied by an increased selectiv-
ity towards the second desired product—cyclohexylamine. However, comparison of
the catalyst activity at 1, 2, 5, and 10 bar indicates higher PATSNH, activity at lower
temperature and pressure. Maximum activity and maximum selectivity to cyclohex-
ylamine (96%) are obtained for 2 bar and 100 °C (Table 3).

It should be mentioned here that this is the first reported continuous-flow nitro-
cyclohexane hydrogenation in liquid-phase, according to our knowledge. Only
hydrogenations at batch conditions were successfully conducted with noble metals
as catalysts [18, 19, 28] with cyclohexylamine or oxime cyclohexanone formation.
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Table 3 Nitrocyclohexane

hydrogenation results for liquid Pressure (bar) Zi??fg;_ Sg{i?ﬁi?; rE;gr;e oxime aintl(\)fll/ty
flow rate-0.3 .m1/mi.n, H, ﬂ(?w min)
rate-60 ml/min, residence time-
2.7 min 1 25 100 0.07
40 52 1.11
55 23 2.03
70 15 2.02
85 8 6.20
100 5 6.35
2 25 96 0.07
40 72 0.81
55 47 0.94
70 20 1.78
85 18 2.66
100 4 11.87
5 25 100 0.07
40 88 0.10
55 53 0.12
70 24 0.66
85 12 0.77
100 8 1.96
10 25 91 0.07
40 100 0.10
55 68 0.81
70 34 0.84
85 19 1.25
100 16 245

Therefore, we are sure that our results are promising from this point of view and
open a new perspective in the efficient nitrocyclohexane conversion.

Conclusions

Our results clearly show that PATSNH, is an effective catalyst in hydrogenation
processes to synthetise industrially relevant chemicals (2-methyl-3-buten-2-ol
and cyclohexanone oxime). High activity and~100% of the selectivity towards
desired products of 2-methyl-3-butyn-2-ol or nitrocyclohexane hydrogena-
tion strongly depend on the reaction conditions and the presence of very small
(~2 nm) palladium nanoparticles grafted on the Tentagel-S-NH, resin. The opti-
mal reaction conditions for 2-methyl-3-buten-2-ol formation were estimated at
25 °C and 5 bar and in the case of cyclohexanone oxime formation at 40 °C and
10 bar. We also demonstrated the general trend in the catalytic performance of
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2.2 wt% Pd grafted on Tentagel-S-NH,. Independently of the hydrogenated sub-
strate, the increase in conversion leads to decreased selectivity to 2-methyl-3-
buten-2-ol and cyclohexanone oxime, at the expense of increasing the selectivity
to 2-methyl-2-butanol or cyclohexylamine.
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