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Selective hydrogenation of alkynes over ppm-level Pd/Boehmite/Al,Os
beads in a continuous-flow reactor

Zhilin Wu,? Emanuela Calcio Gaudino,? Maela Manzoli,? Katia Martina, Maxime Drobot,” Ulrich
Krtschil® and Giancarlo Cravotto®y

A ppm-level Pd/Boemite catalyst has been prepared over 3-mm alumina beads and used for the
selective hydrogenation of alkynes in a continuous-flow reactor with two modes: closed-loop and
flow-through. The flow rates of the alkyne solution and hydrogen gas are critical factors in the control
of conversion and selectivity. In closed-loop mode, over 90% selectivity to alkene was achieved at
over 90% conversion of phenylacetylene (PA) and 2-butyne-1,4-diol (ByD) in closed-loop mode,
whereas diphenylacetylene (DPA) gave only 83% selectivity to (Z)-stilbene. The maximum outputs
obtained for the hydrogenations of 22 mM PA, DPA and ByD at 60 °C, with 10 vol.% H2 gas bubble
at atmospheric pressure in the concurrent flow, were 37.8, 37.5 and 47.0 mmol min? .g? Pd,
respectively. In flow-through mode, the optimal H> flow percentage in the concurrent flow was 44-
45 vol.%, while the optimal H2/ByD molar ratio was 1.6-1.7 for both concurrent flow rates of 0.4 and
0.7 mL min’. 90% selectivity to 2-butene-1,4-diol was achieved at over 90% ByD conversion. The
maximum output was 25.2 mmol min* .g Pd. Palladium leaching from the catalyst was evaluated
in n-hexane and ethanol under the flow conditions over 100 hours of hydrogenation.

Introduction

Catalytic heterogeneous hydrogenation processes are arguably among the most valuable
synthetic transformations known to chemists.! Improvement of the selective hydrogenation of
alkynes, aiming to produce mainly semi-hydrogenated products (alkenes) and avoiding the
formation of fully-hydrogenated products (alkanes), was done by trying new catalysts,?* and
reaction technologies. Since the invention of the Lindlar catalyst,*® a large number of
heterogeneous catalysts have been designed for selective hydrogenation®-®, including Pd and
Ag dispersed on Al;03,° Pd—-Ag/SiO,** TiO2-modified Pd,*?> Pd—Cu alloy,*®* PdGa and
Pd3:Gaz.*

The partial solubility of H2 in conventional liquid phase hydrogenation reactions can be rate
limiting. High Hz pressures and long reaction times are therefore often required to achieve
high levels of conversion,*® making special safety precautions particularly important during
large scale production. Additionally, these reactions are exothermic in nature and require
effective heat removal.® In order to overcome these limitations,’®8 the design of highly
efficient reactors with non-conventional energy sources and solvents, such as microwave,®
ultrasound,?® scCO,,?! and slurry, fluidized and fixed-bed flow reactors has been gradually
receiving attention.?? J. Kobayashi et al. have demonstrated an efficient system for triphase
reactions using a microchannel reactor. In their work, Pd was immobilized on the inner surface
of the channel where the hydrogenation reactions were smoothly conducted to quantitatively
produce the desired products in 2 minutes for a variety of substrates, including
diphenylacetylene and 3-phenyl-2-propyn-1-ol. Efficient interactions between hydrogen, the
substrates and the palladium catalyst were achieved using extremely large interfacial areas
and thanks to the short path required for molecular diffusion in a very narrow microfluidic



channel. The volumetric yield was 140,000 times higher than that produced in ordinary
laboratory flasks.*®

The microchannel technology not only improves the process economics of heterogeneous
catalysis, but also provides product flexibility.! The high throughput and increased safety
provided by the micro-volumes make continuous flow technology an especially attractive
alternative to batch processing. Furthermore, improved mass and heat transfer mean that
hydrogenation can be performed efficiently in a continuous flow system.?! Besides classical
chip-/plate-based microreactors, larger tubular/capillary reactors have also been employed for
flow hydrogenation chemistry, including systems fitted with polytetrafluoroethylene
capillaries, and stainless steel tubes. So-called trickle-bed and packed bubble-column reactors
have been used for large scale-hydrogenations with liquids and gases going through the
catalyst at the same time. Continuous-flow system hydrogenations have recently been
attempted in fixed-bed reactors, including a < 1-mm 1D wall-coated capillary based system,
which has performed reactions with 0.02—5.7 wt% Pd/y-Al,03,%24 5 wt% Pd/C,%® and 1 wt%
Pd/0-Al,03.2% Also, a > 3-mm ID column mesoreactors has been packed with 0.67 wt%
Pd/borate monolith,?” 1 wt% Pd/Al,03,2 either 5-20 wt% CeO2/TiO2, Al,O3 or ZrO,?° and 5-
10 wt% Pd/C 3033 for hydrogenation reactions. Moreover, a 0.6/1.59-mm Tube-in-Tube
reactor with gas-permeable Teflon AF-2400 membrane has been used for hydrogenation.3*
Wall-coated capillary microreactors® and column mesoreactors®® have several advantages,
such as facile automation, secured reproducibility, improved safety and process reliability,
improved mass and heat transfer and controlled residence time, which lead to superior product
selectivity and high space-time yield. Furthermore, more efficient energy use can be attributed
to better control of temperature, time, reagent and solvents amounts, as well as efficient
mixing, while intensified processes can be achieved by applying the numbering-up and
scaling-out principles.t36:37

Many of these approaches use immobilized catalysts, which are embedded in a structured
flow-through reactor.® As seen above, the palladium content in immobilized catalysts can be
as high as 10%, however, little is known about the effects of ppm-level Pd catalyst on selective
hydrogenation of alkynes. Palladium is a noble metal and its numerous applications and
limited supply have meant that reducing Pd content in catalysts is of economic significance.
In this study, the selective hydrogenation of alkynes, phenylacetylene (PA), diphenylacetylene
(DPA) and 2-butyne-1,4-diol (ByD), over ppm-level Pd/Boehmite/Al.O3z beads has been
conducted in a continuous-flow column reactor, so that the conversion of alkynes, selectivity
to alkene and hydrogenation activity could be explored.

Experimental
Catalyst preparation and characterization

Boehmite (y-AlO(OH)*nH20, 60% AIl>Os, Wako Pure Chemicals Ind., Ltd.) is mainly
composed of non-uniform spheroid particles in a size range of 0.78-75 um and a D50 of 6 pum.
The PdLv-us/Boehmite catalyst was prepared via the ultrasound-assisted, one-pot dispersion
and reduction of Pd(OAc), (Alfa Aesar, 99%), within a Luviquat™ aqueous solution (Sigma-
Aldrich, 30%). The details of the catalyst preparation and characterization methods are
described elsewhere.®® Pd content in the Pdv-us/Boehmite was measured to be 0.47 wt.%



according to ICP-OES analysis. BET surface area, total volume of pores and average pore size
were measured as 158 m2 gt 0.332 cm® g?! and 8.4 nm, respectively, via nitrogen
physisorption analysis. TEM characterization was performed by using a JEOL 2010 High
Resolution Transmission Electron Microscope equipped with an Oxford Instruments Energy
Dispersive X-ray Microanalysis System. Pd particle size distribution was obtained by
counting a statistically representative number of crystallites (more than 200 nanoparticles) and
the mean particle diameter (dm) was calculated as dm = Zdini/Zni, where n; was the number of
particles of diameter di. The results are shown in Figure 1, where Pd nanoparticles agglomerate
well contrasted with respect to the Boehmite support were clearly detected (a,b). Interestingly,
such agglomerates seem preferentially located in the macropores of the material (b).
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Fig. 1 TEM images of PdLv-us/Boehmite (a and b) and Pd particle size distribution (c).

Pd nanoparticles have roundish shape, with an average diameter equal to 2.8 = 0.6 nm, as
revealed by the Pd particle size distribution reported in Figure 1c. 3-mm alumina beads were
then coated with this superior PdLv-us/Boehmite catalyst with the help of polyvinylalcohol and
glacial acetic acid in agueous solution. The Pd content of the Pd/Boehmite/Al.Oz was
measured to be 88 (w/w) ppm using ICP-OES. From a sustainability point of view, such value
is remarkably lower than that reported in many published works assessing alkyne
hydrogenation where typical catalysts have 1 wt.% (or more) of palladium.*3* To our
knowledge, this is the first example of heterogeneous catalyst containing such a low amount
of Pd. The prepared Pd catalyst is shown in Figure 2(a). The grey layers indicate that the Pdiv-
us/Boehmite catalyst is covering the alumina beads. Figure 2(b) shows the catalyst in the
column reactor.

In order to investigate the interaction between the alumina beads and the Pd...s/Boehmite
catalyst, a morphological characterization was carried out by Scanning Electron Microscopy
(SEM) using a ZEISS EVO 50 XVP microscope with LaBe source, operating at 10 kV and
equipped with detectors for secondary electron as well as back scattered electron collection.
Prior to examination, the sample was sputtered with a gold layer (ca. <10 nm thickness, Bal-
tec SCDO050 sputter coater).



A ~(b)
Fig. 2 Pdiv-us/Boehmite coated on 3-mm alumina beads (Pd/Boehmite/Al>03) (a) catalyst
appearance, (b) catalyst filled in the column reactor.

The gold coating thickness had no influence on the performed measurements. It was chosen
to collect the SEM images by means of the signal coming from the back scattered electrons to
enhance the contrast between Pd and the alumina surface. Such approach allowed to identify
those regions in which the Pd nanoparticle agglomerates (which appear white on the grey
Boehmite/alumina surface) were present. SEM analysis at low magnification put in evidence
that the surface of the bead is rough, made of small alumina particles, as shown in Figure 3a,
and that these particles look decorated after the insertion of the PdLv.us/Boehmite catalyst
(Figure 3b). Indeed, a closer inspection of the surface at high magnification revealed the
presence of Pd agglomerates (white points, whose composition is shown by the EDX spectrum
reported in Figure 3c) located at the surface of the decorated particles (grey zones). Moreover,
several EDX spot measurements were performed on different regions of the bead surface
revealing a Pd amount ranging from 0.05 to 0.20 %.

Such results indicate that the very low amount of Pd contained in the catalyst is quite dispersed
on the surface of the bead, even if not in a perfectly homogeneous distribution.

Fig. 3 SEM images of PdLv.us/Boehmite layered on an alumina bead (a); enlargement of the
surface of the bead (b) and EDX spectrum of the white point in the orange box (c).
Instrumental magnification 60x and 18,000x%, respectively.

Setup for hydrogenation

The setup for hydrogenation consisted of a Syrris Asia Syringe Pump, a Syrris Asia Heater, a
RBF used as gas/liquid mixer and 7 flow-control adapters, as shown in Figure 4. The setup
can operate in small-scale synthesis mode where reagents can automatically be injected
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through sample loops. All the wet parts of the system are chemically resistant (PTFE, other
fluorinated polymers and glass) and are rated to 20 bar (300 psi).*

The pump used offers two independent flow channels each with an integrated pressure sensor
and a flow rate range from 1.0 pl to 2.5 ml min*. The mixed hydrogen—alkyne solution stream
(concurrent flow of gas/solution), which can be controlled quickly and monitored easily using
the front panel, is pumped into a column reactor. The concurrent flows of gas and liquid are
driven through a gas/liquid mixer to ensure efficient gas dispersion. The flow of the substrate
solution (liquid flow) was precisely metered by collecting solution in sampling vials over a
period of time. Commercially available hydrogen was used as received and the hydrogen
pressure in the hydrogen balloon approximately equalled atmospheric pressure. The flow of
hydrogen gas bubbles (H. flow) in the total flow was adjusted using flow-control adapter 4
and calculated from the difference between total flow and liquid flow.

The heater used provides heating for a 3 phase reactor and can be accurately manually
controlled and monitored from its front panel. Heterogeneous catalysts can be heated up to
150 °C in high temperature column reactors. In this study, either 1 g or 3.14 g
Pd/Boehmite/Al>O3 catalysts were placed into a glass column reactor (10 mm inner diameter
x 100 mm height, Figure 2), which was heated to 60 °C using an Asia Heater fitted with a
column adaptor. The column reactor was connected to the pump in a top-down arrangement
and either the gas-liquid mixer or sampling vials via PTFE tubes (Figure 4). At the reactor
outlet, the product solution was either introduced into the gas/liquid mixer in closed-loop
mode or collected in the sampling vials within the flow-through mode.

Hydrogenation of alkynes

In order to investigate the effects of flow conditions on the hydrogenation of alkynes (98%
PA, Alfa Aesar ; 99% DPA, Alfa Aesar; 98% ByD, Alfa Aesar), this continuous-flow system
was designed to be configurable to either closed-loop mode or flow-through mode by
switching flow-control adapter 1.

Hydrogenation in closed-loop mode. In a typical run, 1 g of 88-ppm Pd/Boehmite/Al>O3
catalyst was placed in the column reactor and initially washed with 20 mL n-hexane (Sigma-
Aldrich, Z99%), at a flow rate of 1.0 mL min™* for ca. 20 min in flow-through mode. 50 mL
of a 11 mM PA solution in n-hexane was then allowed to flow through the fixed bed at a
constant flow rate of 1 mL min* for 10 min and the effluent was collected in the sampling
vials. The last ca. 1.0 mL of effluent was collected and analysed as the starting sample. The
volume of the remaining solution for hydrogenation was thus 40 mL after washing. The
reaction system was closed by switching flow-control adapters 1 and 3, and then purged using
a vacuum pump which provided a vacuum of -0.08 MPa. Nitrogen (Sapio, grade 6.0) from a
connected N2 balloon was used to flush the system before the reaction system was purged
under vacuum again.
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Fig. 4 Continuous flow hydrogenation setup

Finally, the closed system was filled with hydrogen (Sapio, grade 4.5) via the connected H>
balloon. The reactor temperature and rotation speed of the gas/liquid mixer were set at the
values indicated. The concurrent streams of Hz bubbles and the PA solution were then allowed
to flow into the column reactor at room temperature and the effluent from the column reactor
was introduced into the gas/liquid mixer via the flow-control adapter 1. Thus, 40 mL of 11
mM PA solution was recycled under static H> atmosphere and the reaction ended at ca. 90%
PA conversion.** Aliquots (1 mL) of the solution were periodically collected from the reaction
system by flow-control adapter 1 and analysed using a GC/FID (Agilent Technologies 7820A
GC system equipped with a G4513A sampler, a FID Detector and an HP-5 capillary column).
At constant concurrent flow (2.5 mL mint), the flow rate of the 11 mM PA solution was
varied between 1.75 and 2.50 mL min™? by adjusting the proportion of H2 bubbles in the
concurrent flow. The flow rate of the H> and PA solutions, the input rate and amounts of H»
and the ratio of Hz and PA during hydrogenation are calculated and listed in Table 1.
Hydrogenation in flow-through mode. Most of the hydrogenation procedure was the same
as in closed-loop mode. The only difference was that the effluent from the column reactor was
introduced straight into the sampling vials via flow-control adapter 1. The ByD solution in
ethanol (Fluka, 99.8%) was thus not recycled under the static H> atmosphere, but directly
flowed out from the column reactor. In addition, the amount of Pd-catalyst in the column
reactor was 3.14 g instead of 1 g so that higher conversions were achieved in flow-through
mode. The substrate conversion rate can be controlled by adjusting the flow rate of H> and the
solution.

Table 1. The flow rate of the H2 and PA solutions, input rate and amounts of H», as well as
the ratio of H> and PA during hydrogenation at room temperature and atmospheric H>
pressure*?43

H, PCT, Fuz,mL  Fpa,mL  Rpuz, pimol Rz, pmol Ry, pmol Mz, Ha/PA,
% min! min-t min min min min  umol mol/mol
0 0 2.500 13.8 0.0 13.8 90 1240 2.8

1 0.025 2.475 13.6 1.0 147 73 1070 24



2 0.050 2.450 135 2.0 15.5 70 1088 2.5

5 0.125 2.375 13.1 5.1 18.2 70 1274 2.9
10 0.250 2.250 12.4 10.2 22.6 70 1584 3.6
30 0.750 1.750 9.6 30.7 40.3 60 2420 5.5

Note: 11 mM PA in 40 mL n-hexane (440 pmol PA in solution). H2 PCT: H2 bubbles percentage in
total flow; Fr2: H2 flow rate; Fpa: PA-containing liquid flow rate; Rpn2: Input rate of dissolved Hz; Rgnz:
Input rate of H, bubbles; Ru2: Total input rate of Hz; t: Reaction time; My2: Total input of Ho.

The initial concentrations of ByD were varied and aliquots (0.1-0.5 mL) of the solution were
periodically collected by the flow-control adapter 1 from the reaction system. Subsequently,
the samples were evaporated down to 0.1 mL under a flow of nitrogen and then diluted with
0.9 mL CHCIs for GC/MS analysis, which was carried out on an Agilent Technologies 6850
Network GC system equipped with a 5973 Network Mass Selective Detector and an HP-5MS
capillary column with the following characteristics; 30 m length, 0.25 mm ID and 0.25 um
film thickness.

Results and discussion
Hydrogenation in closed-loop mode

In a typical closed-loop flow experiment, 11 mM PA in n-hexane with 2.5 mL min? of
concurrent flow (inlet flow or total flow) was passed through a column reactor at 60 °C under
atmospheric Hx pressure. Alkyne conversion, selectivity to (Z)-alkene and hydrogenation
activity were calculated by GC/FID analysis of the composition of the reaction mixture. The
effects of reaction conditions on the selective hydrogenation of alkynes were studied by
adjusting the proper settings on the instrument (H2 and liquid flow rate, initial concentration
and temperature).3!

Effect of H2 percentage in inlet flow. It has been shown that alkynes and alkenes can be
simultaneously hydrogenerated in the presence of a large excess of hydrogen;* thus the
Ho/alkyne ratio in the inlet flow essentially influences conversion and selectivity during the
partial hydrogenation of alkynes.* The effect of H, proportion on PA hydrogenation over 1 g
of 88 ppm Pd/Boehmite/Al,Os was investigated under closed-loop flow conditions.
Hydrogenation activity and styrene yield, determined as the product of PA conversion and
styrene selectivity, are presented in Figure 5.
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Fig. 5 The effect of the percentage of H> gas bubbles in the inlet flow on the conversion (X)
of PA, selectivity (S) and yield () to styrene and hydrogenation activity (A) over 1 g of 88
ppm Pd/Boehmite/Al.O3. Hydrogenation conditions: 11 mM of initial concentration of PA ,
40 mL of PA solution, 60 °C of reaction temperature, 2.5 mL min? of inlet flow (Hz+PA
solution) and atmospheric Hz pressure.

40 mL of 11 mM PA in Hz-saturated n-hexane was recycled under a static H> atmosphere at
a constant reaction temperature of 60 °C. As shown in Figure 5, the hydrogenation activity of
PA is critically dependent on H: percentage in the concurrent flow. Initial studies conducted
with only dissolved H> in the PA solution, without H> gas bubbles in the concurrent flow, gave
relatively low PA hydrogenation activities; 5% and 30% gas bubbles of H> in 11 mM PA
solutions resulted in 30% and 43% increases in hydrogenation activity, as typically observed
in the partial hydrogenation of alkynes.*¢

The selectivity is significantly influenced by the proportion of Hz in the inlet flow.*” This is
attributed to the rapid hydrogenation of PA under large H, excesses, when Hz bubble
percentages in the inlet were over 5%. Under large H> excesses, styrene can also be
hydrogenated and the full-hydrogenated product, ethylbenezene was formed, leading to the
decrease in styrene selectivity (Figure 5). The input amounts and ratios of H> and PA during
PA hydrogenation are listed in Table 1. The dissolved amounts of H> in n-hexane were
calculated using relative references.*?43 H, was clearly present in large excess over PA when
H. bubble percentages in the inlet flow were higher than 5%.

G. Vilé et al. have also reported that, at 2.5 vol % inlet alkyne concentration, propane
formation was not detected in a continuous-flow fixed-bed microreactor over CeO; at any
condition despite the large hydrogen excess in the feed (H2/C3Hs ratio: 5-30). However, the
conversion of propyne increases quasi-linearly upon increasing the inlet partial pressure of
hydrogen, as does the selectivity to propene. These results strongly suggest that hydrogen
activation on the ceria surface is the rate-limiting step.*®

Catalytic 1-pentyne gas-phase hydrogenation was carried out on Pd black in a closed-loop
circulation setup. Subsurface H strongly enhanced the total hydrogenation of acetylene,
whereas surface H alone (without any subsurface population) was much more selective toward
ethylene. H content was slightly higher when running unselective 1-pentyne hydrogenation
(H2/Cs>7), which means (1) that the reaction proceeds on saturated B-hydride and (2) that
additional deposits and adsorbates should carry even more H. This finding validates the idea



that bulk-dissolved and subsurface H are very reactive but unselective species and,
furthermore, that the equilibrium between the surface and bulk is maintained during total
hydrogenation. However, hydrogenation was selective and the H/Pd ratio was low (0.15 on
average), when 1-pentyne was hydrogenated at low H»/Cs ratios (<5), after room-temperature
H> pre-treatment. H dissolution would appear to be more favourable at slightly lower
temperatures and shifts selectivity to favour alkanes again.*®

Effect of initial alkyne concentration. Higher selectivity towards styrene was achieved at a
higher initial PA concentration (22 mM), even under large H> input excess, as shown in Table
2. This behaviour is attributed to the PA over-layer present on the working catalyst that
exposes the metal sites.*

Table 2 Comparison of conversion of PA, selectivity and yield to styrene between 11 and 22
mM PA over 1 g of 88 ppm Pd/Boehmite/Al>O3

11 mM PA 22 mM PA
H> Ho/P 0 0 0 Ho/P 0 0 0
PCT A, X,% S, %Y, /OA, X, %S, %Y, %

1 24 86.5 855 74.0 3.2 96.7 87.4 84.5
5 29 93.0 68.163.03.9 87.1945 823

10 3.6 929 63.8 59.0 4.9 89.7 91.9 824

Note: Hydrogenated conditions: 40 ml of PA solution; 880 pumol of PA mass; 2.5 mL min of total
flow (H. + PA Solution); 60 °C of reaction temperature and atmospheric H, pressure. H, PCT: H;
bubbles percentage in total flow; X: PA conversion; S: selectivity to styrene; Y: yield to styrene.

TA Nijhuis et al., have reported that the initial concentration of 3-methyl-1-pentyn-3-ol has a
strong influence on the maximum vyield (%) of the desired alkene. The alkyne zero order
reaction can be explained in terms of alkyne adsorption, which is much higher than the
adsorption of alkene and alkane, resulting in the catalyst surface being essentially completely
occupied by the alkyne which therefore reacts at a constant rate. Moreover, under a high initial
alkyne concentration, the reaction is hydrogen-limited on the catalyst particles, and the alkyne
and alkene react according to their kinetic preference. Additionally, the reaction is further
limited by the diffusion of organic molecules inside catalyst particles and over hydrogenation
can occur more easily, explaining the lower selectivity.>°

During the selective hydrogenation of ethyne to ethene over a Pd catalyst, high selectivity can
be maintained, as long as some ethyne is present, even with excess hydrogen in a constant
volume system. When all of the ethyne has reacted, ethene then hydrogenates quicker, which
reduces selectivity.*

In this study, a longer reaction time was needed when increasing the initial concentration of
PA, in order to achieve the given conversion. Fortunately, the selectivity to styrene was well
maintained at the higher conversion, even with the higher H> flow.

Effect of liquid flow. In the closed-loop flow system, the liquid flow rate is the dominating
factor for determining the residence time over the catalyst and the input amount of dissolved
H2. In order to simplify the study, the influence of the liquid flow rate on the selective
hydrogenation of PA was initially studied without H> gas bubbles at room temperature, as
shown in Table 3. The maximum rate of concurrent flow attainable through the column reactor



using the pump was 2.5 ml min. This flow rate was high enough to produce very low alkyne
conversion per pass.®!

As shown in Table 3, all PA conversions within the closed-loop flow reactor were around 90%
with dissolved hydrogen when the reaction time was ca. 300 min at room temperature, except
at the very low liquid flow rate (0.5 mL mint). High selectivity to styrene was also achieved,
resulting in almost equal yields of styrene. Increasing the liquid flow rate generally decreased
the residence time over the catalyst,

Table 3 Effects of liquid flow on the selective hydrogenation of PA over 1 g of 88 ppm
Pd/Boehmite/Al>O3

EntryanPC E;T;I’ t,_ Muz, H2/PA, IoassTR/pass, TR_, X, S, Y, ggl r;g X/pas,
.4 . 1 min pmol mol/mol s mn% % % ~, %
min™ min min
1 05 28 360 992 2.3 4.5 90 6.8 79.796.477 1.13 17.7
2 10 55 300 1653 3.8 7.5 45 56 90492984 154 121
3 12 66 300 1984 4.5 9.0 38 56 96.284.982 1.64 10.7
4 14 17 235 1813 4.1 8.2 32 44 92989.283 2.02 113
5 16 88 235 2072 4.7 9.4 28 44 95187183207 10.1
6 18 9.9 180 1785 4.1 8.1 25 34 91.089.081 259 11.2
7 18 99 124 1230 2.8 56 25 2.3 90.289.280 3.72  16.1
8 25* 138 90 1240 238 5.6 18 1.7 92.281.6755.23 165
9 18" 98 95 1003 2.3 4.2 25 1.8 87.385.9754.70 20.8
10 25" 136 73 1070 2.4 45 18 1.4 86.585.574 6.06 19.2
11 25° 136 1251833 4.2 7.7 18 2.3 92.480.7753.78 12.0

Note: Conditions: 11 mM PA in n-hexane, dissolved H; without gas bubbles in inlet under atmospheric
H. pressure and at room temperature without special notes. (a) without H, gas bubble in inlet at 60 °C,
(b) with 1% H; gas bubbles in inlet at 60 °C, (c) with 1% H, gas bubbles in inlet at 25 °C. Rpr2: Input
rate of dissolved Ha; Fpa: PA-containing liquid flow rate; t: Reaction time; Muz: Total input of Hy;
Npass: Circulation pass number; Tr: Residence time; X: PA conversion; S: selectivity to styrene; Y:
yield to styrene; A: hydrogenation activity.

but increased the input rate of H> during hydrogenation and consequently increased PA
hydrogenation activity. When the liquid flow rate reached 1.4 mL min, the relatively violent
turbulence might promote contact between PA, H> and catalyst, leading to higher activity.
Thus the input amount and phase transfer of H» rather than residence time thus dominated PA
hydrogenation activity, but had little effect on selectivity to styrene. G. Vilé et al. reported
that propyne conversion doubles when residence time increases from 0.08 to 0.21 s, while
propene selectivity is practically unchanged. In the same work, they also deposited minute
amounts of palladium (0.05 wt % Pd) onto CeO2 and evaluated its performance in propyne
hydrogenation. However, the undesired fully hydrogenated product (propane) was obtained
under the optimal conditions identified for ceria with selectivity exceeding 95 %.4®



The hydrogenation activity of PA at 60 °C was much higher under 2.5 mL min of concurrent
flow rate than 1.8 mL min™, regardless of the presence or absence of H» gas bubbles, as seen
in entries 7, 8 and 9, 10 in Table 3. However, the conversion per pass and the circulation pass
number at 90% conversion were not affected by the concurrent flow rate. Thus, an equal H>
input amount was required to achieve about 90% PA conversion at 60 °C, while the selectivity
to styrene was significantly lower at higher concurrent flow rates than that at lower concurrent
flow. This indicates that the PA layer over the catalyst was destroyed under higher concurrent
flow as the temperature was sufficiently high.

The hydrogenation rate increased with increasing flow of PA solution, which is due to the
higher pass through the reactor and H» input at higher liquid flow rates. Selectivity to the semi-
hydrogenated product decreased when increasing liquid flow rate, but ca. 90% PA conversion
was maintained at any liquid flow rate.

Effect of temperature. The selective hydrogenation of 11 mM PA in 40 mL n-hexane was
studied over 1 g of 88 ppm Pd/Boehmite/Al>O3 with a Hz gas balloon at both 25 and 60 °C.
The concurrent flow rate was 1.8 mL min in the absence H2 gas bubbles and 2.5 mL min
in the presence 1% Hz gas bubbles. The influence of temperature on hydrogenation and the
reaction conditions are summarized in entries 6, 7, 10 and 11 in Table 3. With identical feed
PA concentration and inlet flow rate, the reaction times to achieve 90% conversion were
shortened by 31-42% at 60 °C as compared to room temperature reactions. This indicates that
the higher activity of PA hydrogenation at 60 °C led to less circulation pass, shorter residence
time over the catalyst, lower Hz input amount and Ho/PA ratio. Increasing the temperature did
not significantly decrease selectivity to styrene, leading to similar styrene yields being
achieved at a variety of temperatures.

JA Alves et al. have reported that hydrogen partial pressure (0.8 to 8 atm) is a crucial operating
variable, whereas temperature level (27 and 62 °C) does not have a significant effect on
process selectivity during the hydrogenation of 0.6 M 1-butyne over a commercial palladium-
based catalyst.® D. Teschner et al. have also reported that rising temperature promotes
hydrogenation rate and does not attenuate selectivity. The population, by either hydrogen or
carbon, of palladium subsurface sites thus governs the hydrogenation events on the surface.*®
By contrast, G. Vilé et al. have reported that propene selectivity strongly decreases with
temperature, from 91 % at 523 K to 25 % at 673 K, during the hydrogenation of propyne.
Selectivity to the alkene product over the c-Pd catalysts only drops when higher temperatures
(293-353 K) and pressures (1-9 bar) are applied.?®

The state of Pd depended strongly on reaction temperature, when the concentration of Hz in
the gas phase was near the limit of the phase transition of Pd to Pd B-hydride. PdC appeared
substantially above the decomposition temperature of B-hydride. Bulk dissolved H, which is
much more energetic than adsorbed surface H, can hydrogenate surface adsorbates upon
emerging to the surface.*® This is possible in the region of room temperature, while higher
temperatures encouraged the simultaneous formation of alkenes. When this occurred, the two
processes occurred in parallel. However, selectivity remained constant while any alkynes were
still present. The B-PdH phase is stable at higher temperatures during ethyne hydrogenation,
while the B-PdH to a-PdH transition considerably increases ethene selectivity at lower C2H>
partial pressure (3.16 kPa) and lower temperature (300 K).** In this study, higher temperatures,
in the range of 25-60 °C, promoted the alkyne hydrogenation rate, but did not reduce
selectivity to alkenes.



Comparison of PA, DPA and ByD hydrogenation. Alkyne conversion, selectivity, yield to
(Z)-alkene and PA, DPA and ByD hydrogenation activity are compared and results are listed
in Table 4. 2.5 mL mint inlet flow, made up of 0.25 mL min™ H gas bubble flow (10% of H.
gas bubbles in inlet flow) and 2.25 mL min! alkyne-containing liquid flow, passed the column
reactor containing 3.14 g of catalyst beads. The total input rate of H> was thus 22.6 pmol min-
1 of which dissolved Hz and H; in gas bubbles were 12.4 and 10.2 pumol min-, respectively.
Using 40 mL of a 22 mM alkyne solution, the input rate and amount of alkyne were calculated
to be 49.5 pmol mint and 880 pumol, respectively. The residence time over the catalyst was
calculated to be 63 s per pass based on a liquid space between catalyst beads of 2.355 mL and
an alkyne-containing liquid flow rate of 2.25 mL min™,

As listed in Table 4, where hydrogenation activity is represented as the conversion of molar
units (amount of moles per unit time and unit amount of catalyst), the ByD hydrogenation
gave higher activity than PA and DPA hydrogenation. PA and DPA gave similar activity, as
higher alkyne polarity provides better compatibility with Pd/Bohmite/Al>Os. Higher activity,
a lower H2/ByD ratio, a lower circulation pass number and shorter total residence time over
the catalyst all contributed to the higher selectivity to (Z)-2-Butene-1,4-diol (BeD) in the ByD
hydrogenation.

Figure 6 shows the relationship between alkyne conversion and selectivity to (Z)-alkene for
PA, DPA and ByD hydrogenation at 60 °C and atmospheric Hz pressure. As shown in Figure
6, selectivity to (Z)-alkene decreased with increasing alkyne conversion and was higher
(>90 %), even at >90 % conversion for PA and ByD hydrogenation. However, selectivity to
Z-stilbene was only 83% at 92% DPA conversion and selectivity further dropped to 80% at
94% DPA conversion. Although 83% selectivity to Z-stilbene in this closed-loop system was
slightly lower than the ca. 88% selectivity obtained with the batch reactor in our previous
study,® selectivity of up to 85% to Z-stilbene has been reported as being high for DPA
hydrogenation in other previous studies.5>>4

Table 4 Comparison of the conversion, selectivity, yield and activity of PA, DPA and ByD
hydrogenation

Alkynet, passMu2, H2/PA, Tr X, S, Y, Xlpass, A, mg/mgAmo, mmol g

min pumol mol/mol min % % % % Pd min 1 Pd mint
PA 80 45 1808 2.1 4.7 94.093.287.7 20.9 3.86 37.8
DPA 80 45 1808 2.1 4.7 93.579.577.020.8 6.68 37.5
ByD 65 3.7 1469 1.7 3.9 94.691.486.525.9 4.05 47.0

Note: Hydrogenation conditions: 22 mM PA or DPA in n-hexane, 22 mM ByD in ethanol (99%); 3.14
g of 88 ppm Pd/Boehmite/Al,O3; 40 mL of solution; 880 umol of alkyne mass; 2.5 mL min! of inlet
flow; made up of 0.25 mL min of H; gas bubble flow and 2.25 mL min of alkyne-containing liquid
flow; 60 °C of reaction temperature and atmospheric H pressure. t: Circulation time; Mu2: Total input
of Hy; Tr: Residence time, X: alkene conversion, S: selectivity to (Z)-alkene, Y: yield to (Z)-alkene,
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Fig. 6 Selectivity to (Z)-alkenes over 3.14 g of 88 ppm Pd/Boehmite/Al>O3 as a function of
alkyne conversion. Hydrogenation conditions: 22 mM of initial concentration of alkyne; 40
mL of solution; 2.5 mL min of inlet flow; 10% H: gas bubbles in inlet; 60 °C of reaction
temperature and atmospheric Hz pressure.

It is not entirely clear why DPA hydrogenation displayed slightly lower selectivity to Z-
stilbene than PA hydrogenation. A likely explanation is the formation of semi-hydrogenated
product stereoisomers during DPA hydrogenation under these hydrogenation conditions, as
selectivity to E-stilbene reached over 2% at >90 % DPA conversion.

In short, ByD hydrogenation activity is higher than those of PA and DPA. Over 90%
selectivity to alkene was achieved at over 90% PA or ByD conversions, but only 83%
selectivity was observed for DPA in closed-loop mode.

3.2 Hydrogenation of ByD in flow-through mode

Effect of liquid flow and H2 flow. The concurrent flow, including the liquid flow containing
22 mM ByD in 99% ethanol and H; gas flow in the inlet, was set to be 0.4 and 0.7 mL min™.
The glass column reactor was filled with 3.14 g of 88 ppm Pd/Boehmite/Al.O3 catalyst.

The liquid space between catalyst beads (2.355 mL) as well as the Hz and liquid flow in the
inlet were used to calculate the Hz> percentage in the concurrent flow, input rate of H> and
ByD, the ratio of H2/ByD and the residence times with catalyst. These data are listed in Table
5.

In closed-loop mode, a 94.6% conversion of 40 mL of 22 mM ByD was achieved after 65 min
at 60 °C and atmospheric Hz pressure. Total residence time over the catalyst was calculated
to be 3.9 min when 90% of ByD conversion was achieved (Table 4), indicating that over 3.9
min of residence time for one pass in flow-through mode is theoretically required to achieve
over 90% conversion under the same dynamic conditions. Figure 7 shows the conversion and
selectivity obtained from 22 mM ByD hydrogenation through 3.14 g Pd/Boehmite/Al>O3
beads at 60 °C and atmospheric Hz pressure in flow-through mode.

Table 5. H2 percentage in concurrent flow, input rate of H> and ByD, H>/ByD ratio and the
residence times on the catalyst in flow-through mode

H2 RoHz, Rz, Reyp,

. _RsHa, .
PCT, pmol min molmin-t pumol pmol min
% 1 H min-t 1
0.4 0.06 0.34 85 0.2 13.9 14.1 1.3 10.7 39.3

H>/ByD,t,

Total Feyp, ML Fr2, mL
i mol/mol min

flow min?! min?




mL  0.09 031 78 0.3 12.7 13.0 2.0 6.6 26.2
min?  0.11 029 73 0.4 11.9 12.3 2.4 5.1 21.4
0.15 025 63 0.5 10.2 10.8 3.3 3.3 15.7
0.16 024 60 0.6 9.8 10.4 3.5 3.0 14.7
0.18 022 55 0.6 9.0 9.7 4.0 2.4 13.1
0.20 020 50 0.7 8.2 8.9 4.4 2.0 11.8
0.22 0.18 45 0.8 7.4 8.2 4.8 1.7 10.7
0.24 0.16 40 0.9 6.5 7.4 5.3 1.4 0.8
07 031 039 56 1.1 16.0 17.1 6.8 2.5 7.6
mL  0.35 035 50 1.3 14.3 15.6 7.7 2.0 6.7
min* 038 032 46 1.4 13.5 14.9 8.4 1.8 6.2
0.39 031 44 1.4 12.7 14.1 8.6 1.6 6.0
0.40 0.30 43 1.4 12.3 13.7 8.8 1.6 5.9
0.45 025 36 1.6 10.2 11.9 9.9 1.2 5.2
0.48 022 32 1.7 9.4 11.1 10.6 1.1 4.9
0.50 020 29 1.8 8.2 10.0 11.0 0.9 4.7
0.55 0.15 21 2.0 6.1 8.1 12.1 0.7 4.3

Note: H, PCT: H; bubbles percentage in total flow; Fn2: H, flow rate; Feyp: ByD-containing liquid
flow rate; Rpn2: Input rate of dissolved Ha; Ren2: Input rate of H, bubbles; Ru2: Total input rate of Hy;
Reyp: Input rate of ByD; t: Residence time over catalyst.
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Fig. 7 ByD conversion and selectivity to BeD during the flow-through process. Hydrogenation
conditions: 3.14 g of 88 ppm Pd/Boehmite/Al2O3; 22 mM ByD in 99% ethanol; 0.7 mL min-
1 of inlet flow; 60 °C of reaction temperature and atmospheric Hz pressure.

As shown in Figure 7, ByD conversion was less than 40% at 0.45-0.55 mL min liquid flow
at the beginning of hydrogenation. As the liquid flow rate dropped to 0.31-0.39 mL min, the
conversion increased to 80-98%, but selectivity to 2-butene-1,4-diol decreased from 100% to



85-89%. In order to achieve better selectivity, the liquid flow was raised to 0.35-0.48 mL min°
1, 88-91% selectivity was thus achieved at about 90% conversion. Under constant concurrent
flow, higher liquid flow led to a lower H2/ByD ratio and lower residence times over the
catalyst (Table 5), resulting in a decrease in ByD conversion and an increase in selectivity to
BeD.41'55

In short, ByD conversion and selectivity to BeD are dependent on liquid flow and H; flow in
continuous flow-through mode. Lower ByD-containing liquid flow led to higher ByD
conversion, but lower selectivity to BeD.

Consequently, both conversion and selectivity were controlled by regulating solution and H»
flow rates, as shown in Figure 8.
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Fig. 8 Hydrogenation of 22 mM ByD in ethanol over 3.14 g of 88 ppm Pd/Boehmite/Al>Os at
60 °C and atmospheric H: pressure in flow-through mode: (a) conversion of ByD as a function
of liquid flow rate; (b) selectivity to BeD as a function of liquid flow rate; (c) conversion of
ByD as a function of Hz flow rate; (d) selectivity to BeD as a function of H> flow rate.

On the whole, ByD conversion significantly decreased with increasing liquid flow rate while
maintaining the same concurrent flow rate because of the decrease of both the contact time
over the catalyst and H> flow rates. However, selectivity to BeD increased with increasing



liquid flow rate at constant concurrent flow rate (0.4 or 0.7 mL min). Meanwhile, ByD
conversion increased and selectivity to BeD decreased with increasing H flow rate.

Under lower concurrent flow (0.4 mL min), the best compromise between conversion and
selectivity was reached at a liquid flow rate of 0.22 mL min and a H; flow rate of 0.18 mL
mint, giving ca. 90% conversion and 90% selectivity. The productivity of the reaction was
14.2 mmol min* g Pd. Under higher concurrent flow (0.7 mL min?), the best compromise
between conversion and selectivity was reached at a liquid flow rate of 0.39 mL min* and a
H, flow rate of 0.31 mL min’, giving ca. 90% conversion and 90% selectivity. The
productivity of the reaction was 25.2 mmol mint g Pd. Obviously, the hydrogenation
efficiency of ByD at the higher concurrent flow rate is higher than that at the lower one.
Coincidentally, the optimal Hz flow percentage in the inlet flow was 44-45% and the optimal
H./ByD molar ratio was 1.6-1.7 both at total flow rates of 0.4 and 0.7 mL min! (Table 5).
Under optimal conditions, 90% selectivity to BeD was achieved at 90% ByD conversion,
regardless of inlet flow rate and the various residence times over catalyst.*

Effect of initial concentration of ByD. In general, increasing the initial substrate
concentration decreases the hydrogenation rate as well as the conversion for non-zero order
kinetics under the same reaction conditions. As shown in Figure 9, all the conversions of 44
mM ByD were lower than 70% at higher than 0.11 mL mint liquid flow rate, unless it was
very low (e.g. 0.06 mL min™2). In this case, the residence time over the catalyst reached 39.3
min and the H2/ByD molar ratio reached 10.7 (Table 5), leading to 96.5% ByD conversion,
but low selectivity to BeD (67.7%). The productivity of the reaction was 6.23 mmol min? g!
Pd.
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Fig. 9 Conversion and selectivity during the hydrogenation of 44 mM ByD in ethanol (0.4 mL
mint inlet flow) over 3.14 g of 88 ppm Pd/Boehmite/Al.O3 at 60 °C and atmospheric H-
pressure in flow-through mode.

However, 100% conversion of 22 mM ByD and 67.2% selectivity to BeD were achieved at
0.16 mL mintliquid flow rate, which led to a residence time over catalyst of 14.7 min and a
H2/ByD molar ratio of 3.0 (Table 5). The productivity of the reaction was 8.6 mmol min? g*
Pd. In comparison, the same conversion, at a higher initial substrate concentration (e.g. 44



mM ByD), can be achieved at very low liquid flow rates and at higher H2/ByD molar ratios
for longer residence times over the catalyst.?’

As the initial concentration of ByD further increased to 88 mM, maximum ByD conversion
only reached 42% under the presently available flow-through conditions, as shown in Figure
10. Increasing the Pd content in the catalyst is obviously the most effective approach.
Selectivity to BeD as a function of ByD conversion in ethanol over 3.14 g of 88 ppm
Pd/Boehmite/Al2O3 at 60 °C and atmospheric Hz pressure in flow-through mode is shown in
Figure 10. Selectivity decreased upon increasing ByD conversion, especially over 90%
conversion, regardless of initial substrate concentration. However, over 80% of selectivity to
BeD was easily achieved at over 90% conversion by controlling liquid flow rate at a constant
concurrent flow rate.

Note that ethanol was substantially used as solvent for the polar substrate, but it has been
demonstrated that ethanol can also act as a hydrogenating agent for ynamides under palladium
catalysis.*® The reaction shows stereoselectivity for E-enamides, which is in contrast to reports
using other hydrogenating sources.

Leaching test under the flow conditions. A leaching test of Pd/Boehmite has been conducted
both under sonication and stirring. The digested sample and analytic method were reported in
our previous study.?® The results showed no metal leached from the Pd/Boehmite catalysts
during sonication, but Boehmite particles were cracked into finer particles by sonication,
indicating that Pd/Boehmite is quite robust in hexane and ethanol. The removal of metal from
the catalysts during sonication is due to the fragmentation that was caused by the implosion
of cavitation bubbles near the surface, possibly leading to the formation of nanoparticles,
rather than leaching through the formation of soluble metal compounds.
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Fig. 10 Selectivity to BeD as a function of ByD conversion in ethanol over 3.14 g of 88 ppm
Pd/Boehmite/Al>O3 at 60 °C and atmospheric Hz pressure in flow-through mode.

The stability of the Pd/Boehmite/Al.O3 catalyst proved remarkable as both conversion and
selectivity were nearly constant over a period of 100 h. Pd content in the solution was below
the detection limit of the ICP-OES instrument, i.e. 0.006 ppm, during the entire reaction,
indicating that Pd loss is negligible even after 100 h time-on-stream.

However, Pd content in the non-used Pd/Boehmite/Al>O3 catalyst was measured to be 88 ppm
and became 68 ppm after 100 h running, meaning that 22.7% Pd was transferred from the



alumina beads to powder during the continuous flow runs. This indicates that some
Pd/Boehmite powder had fallen from the catalyst but stayed in the column reactor.

Conclusions

In conclusion, a new Pd/Boehmite/Al.Os bead catalyst containing highly dispersed Pd
nanoparticles at ppm-level has been effectively synthesized. Such system has been evaluated
in a continuous flow system for the selective hydrogenation of alkynes. Both closed-loop and
flow-through modes have been conducted successfully on the Syrris Asia system. In loop
mode, 90% selectivity to alkenes was achieved at 90% PA and ByD conversion both with
dissolved hydrogen and hydrogen gaseous flow, whereas only ca. 83% selectivity to the target
product was achieved for DPA hydrogenation. H» and liquid flows, reaction temperature and
substrate concentration obviously influence hydrogenation activity and selectivity. In flow-
through mode, ca. 90% selectivity to BeD was achieved at over 90% ByD conversion.
Hydrogenation activity and selectivity are also dependent on solution and H> flow as well as
substrate concentration. Hydrogenation activity was well maintained and alumina beads kept
good shape over the 100 h of hydrogenation, although some powder did fall from the support
beads, leading to 22.7% Pd transfer from the catalyst beads into powder in the column reactor.
However, no palladium leaching was detected in the reaction solution.
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