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Abstract

A solvent-free semihydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol was
performed in a capillary reactor (10 m long, 0.53 mm i.d.) coated with a titania supported Pd-Bi catalyst.
Several coatings with different Pd/Bi ratio have been prepared. The catalysts have been characterized
with SEM, TEM, EDX, XRD analysis and N. adsorption-desorption measurements. The maximum
alkene yield of 90 % was obtained at a molar Pd/Bi ratio of 11. The yield was increased to 95 % in the
presence of 10 mol. % pyridine in the reaction mixture. The alkene selectivity decreased with time due
to leaching of Bi. The leaching was fully suppressed in the presence of 1 vol. % acetic acid in the
reaction mixture. The catalyst remained stable for 100 hours of continuous operation. The results
demonstrate that capillary reactors provide alkene selectivity the same compared to ideal stirred tank

batch reactors.
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1. Introduction

The conversion of alkynes into alkenes through semihydrogenation reactions is a critical step in the
synthesis of many vital fine and speciality chemicals. For example, semihydrogenation reactions are
used in the synthesis of a fragrance compound linalool and vitamins K; and E [1,2]. Other vitamins are
industrially produced via semihydrogenation steps at a scale of up to 10.000 tons a year [1-3]. Moreover
semihydrogenation reactions are extensively used in the synthesis of many other important fine
chemicals including fragrances, agrochemicals, food additives, pharmaceuticals and others [1,4,5]. In
particular, Fig. 1 shows the scheme of hydrogenation reactions of an important industrial intermediate 2-
methyl-3-butyn-2-ol (MBY), where along with the target semihydrogenation product, 2-methyl-3-buten-
2-ol (MBE), by-product formation is possible via overhydrogenation to MBA or dimerisation to Cio
products. The results presented by Spee at al. [6], Vile and Perez-Ramirez [7], and our previous results
[6] show that MBY is a representative example for a large number of acetylene alcohols with 10, 15 or
20 carbon atoms. The Kkinetics of hydrogenation of dehydrolinalool (C10H160, 3,7-dimethyl-6-octaen-1-
yne-3-ol) and dehydroisophytol (C20H3s0, 3,7,11,15-tetramethyl-1-hexadecyne-3-ol) follows the same
trend while a maximum of selectivity is observed at a slightly different ratio of Pd and second metal in
the bimetallic catalyst [6]. Still such minor change could not be considered as significant therefore all
results obtained in the hydrogenation of 2-methyl-3-butyn-2-ol can be translated to dehydrolinalool and

dehydroisophytol.
HO T H?_\ H?_\
2-methyl-3-butyn-2-ol 2-methyl-3-buten-2-ol 2-methyl-2-butanol
(MBY) (MBE) (MBA)
C4o dimers

Fig. 1 Scheme of 2-methyl-3-butyn-2-ol hydrogenation.

The state-of-the art approach to semihydrogenation includes (i) the use of batch or semi-batch reactors,
and (ii) application of Pd catalysts partially poisoned with Pb (Lindlar catalyst) or other metals such as
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Cu, Ag, Bi, Sn, Ga [7-11]. Batch reactors provide quick scaling up from laboratory to industrial scale
and they are easily adaptable for various reaction types [12,13]. However, their low energy efficiency,
the excessive use of solvents, and the high toxicity of lead compounds in the Lindlar catalyst cause
environmental concerns. Moreover, the process optimization is usually required even after minor
changes in the substrate molecule structure to maximize the product yield, which is particularly
laborious for batch reactors [2]. Not surprisingly, small-scale industrial chemical processes in the
pharmaceutical industry produce more than 25 kilograms of waste per kilogram of the product, thus
having a very high overall environmental impact [1,14].

An elegant solution to the environmental problems described lies in process intensification which is
possible in microreactors [15-18]. Microreactors provide high surface to volume ratio of several orders
of magnitude as high as batch reactors, which results in high heat- and mass- transfer rates [19-22]. The
high heat transfer rates allow fast heating or cooling of reaction mixture, so highly exothermic
hydrogenation reactions can be performed under solvent-free conditions at high rate. In microreactors,
the reactions are kinetically controlled, resulting in higher product selectivity. Small reaction volume of
microreactors allows safe utilization of high pressure using inexpensive equipment, while laminar flow
allows precise control of the residence time [15,19,23]. In addition, continuous operation of
microreactors allows simple and quick process optimization resulting in lower labour costs [12,24]. All
these advantages result in substantially improved sustainability of chemical processes performed in
microreactors [15,22,25,26].

Although microreactors have demonstrated great promise in many organic liquid-phase reactions,
application of heterogeneous catalysts for gas-liquid reactions still remains a major challenge [19,27-
29]. For example, hydrogenation reactions require an efficient handling of (i) hydrogen gas, (ii) liquid
substrate medium, and (iii) solid catalyst to ensure quick mass transfer and reaction rates. Furthermore,
semihydrogenation reactions require precise control of the reactant residence time due to the possibility
of over-hydrogenation. Therefore, essential requirements for an efficient semihydrogenation in
microreactors are (i) a consistent, controllable and very narrow residence time distribution, and (ii) the

absence of internal diffusion limitations [30].



There are three ways to perform heterogeneously catalysed multiphase reactions in microreactors: (i)
using small catalyst particles in a micro fixed bed configuration [21,31,32], (ii) with magnetically-
supported catalysts held at the reactor walls with magnetic field [33-36], or (iii) with a catalytic coating
deposited onto the inner reactor walls [6,37—41]. The first approach seems advantageous because any
catalyst suitable for batch hydrogenation can be used to make a packed-bed reactor. However, gas-liquid
reactions in packed-bed reactors have a number of problems associated with poor heat and mass transfer.
In addition, liquid tends to form preferential pathways between the catalyst particles leading to poor
radial dispersion and wide residence time distribution, which in the case of semihydrogenation results in
low alkene vyield [42-44]. Magnetically-recoverable catalysts offer a convenient way of catalyst
introduction and good reusability, but the price of the catalysts and complexity of reactor operation seem
to be a disadvantage for industrial semihydrogenation at the current stage. Therefore, wall-coated
reactors are more suitable because they allow good control of the residence time and provide high heat
transfer rates due to an intimate contact between the catalyst and the reactor wall. However, wall-coated
reactors are usually more expensive compared to packed-bed systems and require a reproducible
deposition method for catalytic coating. In addition, high-performance capillary reactors require high
catalyst loading, long reactor channels and thick porous catalytic coatings [6,39]. To the best of our
knowledge, capillary reactors reported in the literature for semihydrogenation reactions have a
throughput below 5 g of alkynol a day and suffer from solvent overuse [6,39,41,45-47]. In order to
address these problems, we have studied a solvent free semihydrogenation of MBY in a capillary reactor
coated with a titania supported Pd-Bi catalyst. This catalyst uses Bi as a non-toxic selectivity enhancing
agent, which increases alkene semihydrogenation selectivity by preferentially poisoning step sites of Pd

particles [8,9].
2. Experimental

2.1.  Synthesis of Pd-Bi/TiO- coating

A titanium dioxide sol was prepared by dissolving 7.3 g of titanium (IV) isopropoxide (Sigma-Aldrich,
97 wt. %) in 8 mL methanol (Fisher Chemical, 99.95 wt. %); then 7.0 mL of water was added while
stirring. After 2 h of stirring under reflux, 0.7 mL of concentrated HNO3 (Fisher Scientific, 65 wt. %)



was added to disperse possible agglomerates, the sol was refluxed for 2 h followed by the addition of 0.3

g Pluronic F127 (Sigma-Aldrich), and the stirring was continued at room temperature for 12 h.

The dispersion of Pd nanoparticles poisoned with Bi was obtained by dissolving 160 mg of palladium
(1) acetate (Sigma-Aldrich, 98 wt. %) and 210 mg polyvinylpyrrolidone (Sigma-Aldrich) in 10.0 mL
methanol. The resulting solution was reduced by adding 60 mg sodium borohydride (Sigma-Aldrich,
98 % wt.). After stirring for 2 h, sodium borohydride was neutralized with 0.2 mL nitric acid, and a
solution of 52 mg of bismuth nitrate pentahydrate (Sigma-Aldrich, 98 wt. %), 0.10 mL nitric acid in 5.0
mL methanol was added. The dispersion was stirred in hydrogen for 1 h to poison Pd nanoparticles with
Bi [8,48]. The sol for wall-coating was obtained by mixing 2.3 mL of the TiO; sol, 1.0 mL of the Pd-Bi

nanoparticle dispersion with methanol to a total volume of 10.0 mL.

A fused silica capillary (10 m x 0.53 mm i.d.) was activated by passing a saturated aqueous NaOH
solution for 2 h and then washing with water. The sol containing Pd-Bi/TiO. was fed into the capillary
using a syringe and then the filling end of the capillary was closed with a valve. Afterwards, the
capillary was slowly introduced into an oven (200 °C) using a stepper motor at a displacement speed of
0.2 mm/s. The coating method used provides quick and highly controllable method for solvent
evaporation from the precursor sols and minimises capillary clogging [37]. The wall-coated capillary
obtained was dried in a vacuum oven at 200 °C for 12 h, washed with hexane and methanol (100 pL
mint for 1 h each). The mass of the coating was 1.6 mg m™ with a nominal Pd loading of 2.5 wt. %.
Several capillaries were coated during the study and demonstrated catalyst mass reproducibility within +
7 %. A glass tube (3.1 mm o.d., 1.6 mm i.d., 300 mm long) was coated using the same method, the

coating was mechanically removed and used for XRD and nitrogen physisorption characterization.

2.2. Characterization

The thickness of the catalyst coating on the capillary channels was studied by using a TM-1000 Hitachi
tabletop scanning electron microscope (SEM) examining 25 capillary cross-sections of the capillary
evenly distributed along the capillary length. Elemental energy-dispersive X-ray (EDX) analysis was
performed in a Ziess EVO SEM studying the coating mechanically removed from the capillary reactor
and placed on a conductive adhesive pad. The content of Pd, Bi and Ti was determined averaging the

results from 4-6 areas of the powder samples.



Transmission electron microscopy (TEM) study was performed using a Jeol 2010 instrument equipped
with an EDX spectrometer produced by Oxford Instruments. For this study, the coating removed from
the capillary reactor was applied on carbon-coated copper grids, and 5-8 regions of the grid were studied
to obtain representative data.

The surface area and pore size distribution of the coatings were measured by N2 adsorption-desorption
isotherms (Energas, 99.999 vol. %) using a TriStar 3000 micrometrics analyser using standard
multipoint BET analysis and BJH pore distribution methods. Prior to nitrogen adsorption, the catalyst
material was dried in a nitrogen flow at 140 °C for 3 h.

Powder X-ray diffraction (XRD) patterns were recorded using an Empyrean powder X-ray
diffractometer equipped with a monochromatic Ka-Cu X-ray source in the 26 range 20-70° step size

0.039° and step time 335 s. The pattern was analysed using a PANalytical Highscore Plus software.

2.3. Catalytic test

The coated capillaries obtained were tested in the apparatus schematically presented in Fig. 2. The setup
included a continuous flow syringe pump, a pressure transducer, and mass-flow controllers for hydrogen
and nitrogen (CK gas, 99.999 vol. %) connected via a one-way valve and a cross-mixer to the capillary
reactor [37]. MBY (Sigma-Aldrich, 98 wt. %) was used for the reaction undiluted at the flow range from
10 to 100 pL min™t. The hydrogen flow rate was constant at 10 mL min® (STP), and the reaction
temperature was changed in the range from 30 to 70 °C using a thermostat. At each reaction condition
studied, the system was allowed to reach steady state within 10-30 min, then 3-5 liquid samples were
taken from the reactor outlet, diluted 50:1 with hexane and analysed using a Varian 430 gas
chromatograph equipped with an autosampler, a 30 m Stabilwax capillary column and an FID detector.
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Fig. 2 Scheme of the hydrogenation capillary reactor.

3. Results and Discussion

3.1. Characterization of the Pd-Bi/TiO: coating

Fig. 3 shows the pore size distribution obtained from the desorption branch of the isotherm and an XRD
pattern of the coating obtained. It can be seen that the coating is mesoporous with an average pore
diameter of 2.6 nm and a specific surface area of 180 m? g*. The XRD pattern shows that the coating
consists of anatase and brookite phases in a 40:60 ratio. These results are similar to our previous study
[37], where a titania sol with a higher concentration was obtained from a titanium butoxide precursor
rather than titanium isopropoxide. In addition, the coating morphology is similar to that reported by
Bleta et al.[49], who obtained TiO2 powders by drying titania sols. These data suggest that the coating
morphology can be tuned using the procedures reported for sol drying [49,50].
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Fig. 3 (a) Pore distribution and (b) PXRD pattern of Pd-Bi/TiO; coating obtained in a 1.6 mm glass tube.

A representative SEM image of the coated capillary is shown in Fig. 4a. Statistical analysis of the
coating thickness obtained by studying cross-sectional SEM images (Fig. 4b) shows that a uniform
coating was obtained with an average thickness of 2.0 um and the standard deviation of 1.0 um. The
TEM study showed that Pd-Bi particles were 4-10 nm in diameter (Fig. 4c). The Pd content determined
by EDX analysis was 2.8 = 0.3 wt. %, which is in good agreement with the nominal Pd loading of 2.5
wt. %. However, the Bi content was 0.5+0.2 wt. % corresponding to a Pd/Bi molar ratio of about 11.
Because large amount of the material was needed for ICP analysis (10 mg), it was performed only for
the sample obtained in a 1.6 mm id glass tube. The obtained results, a Pd loading of 2.55 wt. % and a Bi
loading of 0.32 wt. %, showed excellent agreement with EDX data obtained for a sample obtained from
the capillary reactor. The observed Pd/Bi ratio was substantially higher than Pd/Bi precursor ratio used
of 7, which suggest that only a partial reduction of Bi ions occurred in a methanol solution as opposed
their complete reduction in an aqueous solution [9,37]. This effect can be explained by the change in

electrode potential of the Bi**/Bi° system in a non-aqueous solvent [51,52].
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Fig. 4 (a) SEM image of the Pd-Bi/TiO, wall-coated capillary, (b) axial coating thickness distribution obtained from 25
cross-sectional SEM images, and (c) TEM image of the Pd-Bi nanoparticles.

3.2.  Flow regimes in the capillary reactor

The solvent-free alkyne hydrogenation of MBY into MBE is accompanied by very high hydrogen
consumption. For example, the conversion of 1 pL of the reactant requires about 230 uL (STP) of
hydrogen. Hence, the hydrogen flow rate should be more than 2 orders of magnitude higher than the
liquid flow rate to provide stoichiometric reactant ratio in high throughput hydrogenation reactors.
Moreover, as a result of high hydrogen consumption, a flow regime can change inside the microreactor
[53]. Therefore it is necessary to obtain the flow regime map corresponding to selected experimental

conditions.

The flow regimes were studied observing flows of hydrogen and MBY coloured with methylene blue in
an untreated silica capillary with an internal diameter of 0.53 mm using an optical microscope (Fig. 5).
Several flow regimes were observed in the studied range of gas and liquid flow rates. At the reactor
inlet, a slug-annular regime was always observed under the studied flow conditions. The flow changed
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to a slug flow regime when the hydrogen flow rate decreased to 1 - 4 mL min™*. For higher gas flow
rates above 20 mL mint, an annular flow regime was realised. A bubbly flow regime was not observed
as small gas bubbles are quickly consumed in the hydrogenation reaction forming a single phase (liquid)
flow [42,54,55]. A single phase liquid flow was observed in the case of full hydrogen consumption.
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Fig. 5 Images of hydrogen-MBY (coloured with methylene blue) two phase flow regimes; and an experimental flow regime
map for hydrogen (atmospheric pressure) - MBY in the capillary with 0.53 mm i.d., jc and j_ are superficial liquid and gas

velocities, respectively.

3.3. Solvent-free semihydrogenation of MBY

Fig. 6a shows the effect of the reaction temperature and liquid flow rate on conversion in the solvent-
free semihydrogenation of MBY performed in a 10 m capillary reactor coated with a Pd-Bi/TiO>
catalyst. At a constant reaction temperature, the MBY conversion decreased at higher liquid flow rates
due to lower residence time, while the MBE selectivity increased up to 94 % in the entire range of
temperatures studied (Fig. 6b). An increase in alkene selectivity at low alkyne conversions is typical for
Pd-based catalysts and is explained by the high adsorption energy of alkyne molecules. This results in
the displacement of alkene molecules from the catalyst surface and prevents over-hydrogenation to

alkanes [56,57]. However in a hexane solution, the maximum MBE selectivity reached almost 98 %

10



[9,37]. The lower selectivity observed in the capillary reactor was caused by lower Bi content due to

incomplete Bi reduction from the methanol solution as it was discussed above.
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Fig. 6 (a) MBY conversion and (b) MBE selectivity as a function of MBY flow rate in solvent-free MBY hydrogenation in a

Pd-Bi/TiO,-coated capillary reactor at a hydrogen flow of 10 mL min and different reaction temperatures.

The fluctuations in the MBY conversion and MBE selectivity observed in a 10 m capillary reactor were
smaller (Fig. 6), as compared with those of +4 % in a 2.5 m long reactor [37]. These discrepancies can
be explained by fluctuations in the reaction temperature, reactant flow rates, and more importantly, the
pressure drop changes as a result of transition between hydrodynamic regimes in the capillary reactor. It

appears that a longer reactor length significantly decreases the pressure fluctuations [58].
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Fig. 7 (a) MBE yield and (b) hydrogen consumption as a function of MBY flow rate in solvent-free MBY hydrogenation in a

Pd-Bi/TiO,-coated capillary reactor at a hydrogen flow of 10 mL min and different reaction temperatures.

The MBE vyield as a function of MBY flow rate at different reaction temperatures is shown in Fig. 7a.

At every reaction temperature, a maximum MBE vyield of 87-90 % was observed at the MBY flow rate
11



corresponding to the MBY conversion of 92-98 %. An increase or decrease in the MBY flow rate
provided a lower MBE yield as a result of either decreased conversion or over-hydrogenation. However,
no products other than MBE and MBA were identified, which shows zero selectivity towards
oligomerization. More importantly, the reactor throughput increased with the reaction temperature
allowing the MBE production capacity of 40 pL min (or about 50 g day) with the MBE yield of up to

90 % in a single 10 m capillary reactor.

The hydrogen conversion notably increased with the temperature due to increased reaction rate (Fig. 7b).
As the temperature increased from 30 to 70 °C, the hydrogen conversion increased from 45 to 80 % and

the slug-annular flow was transformed to the slug flow regime near the reactor outlet (Fig. 5).

3.4. MBY semihydrogenation in the presence of pyridine

An addition of competitive adsorbates such as quinoline or pyridine is a common way to increase
selectivity towards alkene in a hydrogenation reaction. These molecules, being adsorbed on the catalyst
surface, isolate Pd active sites, and decrease the heat of adsorption of semihydrogenated alkene species
[59]. This increases alkene selectivity, often up to 99 %, via the reduced rate of formation of over-

hydrogenation products, although the alkyne hydrogenation rate also decreases [30,39].

The effect of pyridine addition on the MBY conversion and MBE selectivity was studied by addition of
1 and 10 mol. % pyridine solutions to the reactant solution at 70 °C (Fig. 8). A full MBY conversion was
observed up to a liquid flow rate of 33 pL min™ in the absence of pyridine. An addition of 1 and 10
mol. % pyridine reduced conversion to 95 and 90 %, respectively, due to the blocking of the active sites
[39,60]. The MBE selectivity increased up to 98 % in the presence of pyridine (Fig. 8b). The MBY
conversion over the Pd-Bi/TiO; catalyst decreased by 5 % and the MBE selectivity increased by 1.5 %
in the presence of high concentration of pyridine (10 mol. %) as compared with the low concentration
case (1 mol. %). This change is relatively low as compared to our previous study [39], where we
observed a 4 % increase in the MBE selectivity on addition of pyridine to an MBY methanol solution. In
the present study, the MBY concentration was more than 3 orders of magnitude higher than that in our
previous study [39]. This results in the preferential occupation of catalyst active sites with MBY even in

the presence of pyridine. On the contrary, in a highly diluted solution, Nijhuis et al. [30] observed a
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twentyfold decrease in the alkene hydrogenation rate on introduction of 20 mM quinoline, while 200

mM quinoline fully suppressed the alkene overhydrogenation reaction.
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Fig. 8 (a) MBY conversion and (b) MBE selectivity as a function of liquid flow rate in MBY hydrogenation in the presence

of pyridine in a Pd-Bi/TiO-coated capillary reactor at a 10 mL/min hydrogen flow rate.

In the presence of the high and low concentrations of pyridine, the MBE yield increased to 95 and 93 %,
respectively. However, the reactor throughput decreased from 50 to 35 g day’ due to the decreased
reaction rate (Fig. 9a). The reaction temperature has no effect on the MBE selectivity over the Pd-
Bi/TiO. catalyst in the absence of pyridine (Fig. 9b). It can be concluded that the changes in flow

regimes and associated changes in the mass transfer rates do not influence alkene selectivity [53].
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Fig. 9 (a) MBE yield as a function of liquid flow rate in MBY hydrogenation in the presence of pyridine over a Pd-Bi/TiO,-
coated capillary reactor at a 10 mL/min hydrogen flow rate, and (b) MBY conversion vs. MBE selectivity plot for the studied

reaction conditions.
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3.5. Deactivation of the Pd-Bi/TiO; catalyst

The MBY semihydrogenation can efficiently be performed without a solvent with a throughput of 50 g
day! in a 10 m long capillary reactor coated with a Pd-Bi/TiO- catalyst. However, long-term stability is
an essential requirement for the application of capillary reactors in industrial production. To study the
long term stability of the Pd-Bi/TiO. coating, a 2 m capillary reactor (0.53 mm i.d.) was wall-coated
with a titania supported Pd-Bi catalyst with a Pd/Bi molar ratio of 7 and a Pd loading of 3.4 wt. % using
the previously reported method [37]. The catalyst with increased Bi content (Pd/Bi molar ratio of 7) was

chosen for this study aiming to increase MBE selectivity without the addition of pyridine.

Fig. 10 shows the performance of this capillary reactor in the solvent-free hydrogenation of MBY for
100 h. The initial MBE selectivity was above 98 %, which is by 4 % higher than that obtained over the
Pd-Bi catalyst with a Pd/Bi molar ratio of 11 (Fig. 9b). Moreover, the same 98 % MBE selectivity was
obtained using a 0.12 M MBY solution in hexane [9]. This shows that the catalyst behaviour is identical
in the semihydrogenation in a hexane solution and under solvent-free conditions. Similar behaviour was
observed over Pd/ZnO catalysts in diluted solutions and solvent-free conditions [61,62]. This can be
explained by the fact that supported Pd catalysts have very high heat of adsorption of alkyne species,
which leads to the full coverage of Pd sites with MBY molecules even at relatively low MBY

concentrations [63].
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Fig. 10 MBY conversion and MBE selectivity over a Pd-Bi/TiO, coating in a 2 m capillary (0.53 mm i.d.) in solvent-free
MBY hydrogenation. Pd loading in the coating is 3.4 wt.%, Pd/Bi molar ratio is 7. MBY flow rate is 20 uL min?, hydrogen

flow rate is 5 mL min'* (STP), temperature is 50 °C, ambient pressure, 0.2 bar pressure drop.
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A constant MBE selectivity of 98 % was observed in the first 10 h of operation (Fig. 10). However
within the next 80 h, it gradually decreased to 92 %, and remained relatively constant after 90 h on
stream. The MBY conversion decreased from 49 to 42 % during 100 h on stream. EDX analysis of the
catalytic coating showed that the Pd content decreased from 3.6+£0.9 to 3.1+1.1 wt. % and the Pd/Bi
molar ratio increased from 7.0£0.6 to 9.4+1.0 % after 100 h on stream. It is known that the partial
blocking of Pd sites at higher Bi content decreases catalytic activity and at the same time it increases
MBE selectivity [8,9,64]. Therefore it can be concluded that the decrease in activity was mainly caused
by Pd leaching during hydrogenation reactions, while the increase in Pd/Bi ratio shows that the Bi

leaching occurred to a larger extent than that of Pd.

It should be mentioned, the MBE selectivity and MBY conversion were constant during the first 5 h, and
then the MBY conversion increased during a time-on-stream from 6 to 10 h at a constant MBE
selectivity. These data suggest that during the first 5 hours, Bi species leached from the multi-
coordinated adsorption sites or from the catalyst support and no single Pd sites were liberated. It is
known that these Bi species preferentially block step- and edge- sites of Pd nanoparticles that are the
most active in MBY over-hydrogenation [8,9,48,65,66]. A steady decrease in selectivity in the period
from 10 to 90 h on stream can be explained by the liberation of these Pd sites as a result of Bi leaching.
Following the same reasoning, constant selectivity and an increase in activity during the period from 5
to 10 h can be explained by Bi leaching from more "selective" terrace sites. Finally, between 90 and 100
h on stream, selectivity was constant at about 92 %. The EDX study of individual Pd nanoparticles
showed that the Bi content was below the detection limit (~ 0.1 wt. %). A similar selectivity in MBY
semihydrogenation reported over a Pd/TiO> catalyst [39] suggests that all Bi has been fully leached from
the catalyst after 90 h. Some Bi observed in the sample after 100 h was likely attributed to Bi
nanoparticles deposited on the support. TEM study of nanoparticles was attempted, but no Bi particles
were identified, likely, due to their very small dimensions, detection limit was around 1.5 nm for the

system used.

There are three main possible mechanisms for Bi leaching from the Pd catalysts. Bi leaching from PdBi
intermetallic compounds through the formation of Bi>Os was identified in electrochemical studies [67].
Segregation of bimetallic nanoparticles was demonstrated for a number of Pt- and Pd-based bimetallic

catalysts in various reactions and may lead to leaching of Bi in the studied system [68—72]. Furthermore,
15



a significant Bi leaching from Pd-Bi catalysts, observed in the selective oxidation of glyoxal and

glucose, was associated with the formation of soluble chelate complexes of Bi [73,74].

Based on the existing data, it is difficult to identify the leaching mechanism realised in the studied
system. However, a comparison of the MBY semihydrogenation under solvent-free conditions and in a
non-polar hexane solution where no leaching was observed during 100 h [37], shows that leaching of Bi
significantly depends on the polarity of solution. This suggests that the leaching was not caused by
segregation because the latter process depends mainly on the nanoparticle composition rather than on
solvent nature. Therefore the formation of Bi.Oz and/or dissolution through the formation of chelate

complexes are responsible for leaching.

It is known that oxidation of metallic Bi species can be suppressed in an acidic solution [51]. However,
an acidic solution is unlikely to prevent leaching through complexation due to very high values of
stability constants of chelate compounds [75,76]. Therefore the hydrogenation reaction was performed
over the Pd-Bi/TiO; coating using a 1 vol. % acetic acid reactant solution to suppress the formation of
Bi20s.

100 170

165

|

MBY conversion (%)

60

155

94_‘\'\u\/‘_‘_‘\[t’; 50
92F

2 45

MBE selectivity (%)

90 " 1 " " L 1 i " " 1 " " 1 " 40
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Time on stream (h)

Fig. 11 MBY conversion and MBE selectivity over a Pd-Bi/TiO; coating in a 2 m capillary (0.53 mm i.d.) in the presence of
1 vol. % acetic acid. Liquid flow rate of 20 uL min"* and hydrogen flow of 5 mL min (STP), 50 °C, ambient pressure, 0.2
bar pressure drop.

Fig. 11 shows long-term MBY conversion and MBY selectivity data in the MBY hydrogenation over a
Pd-Bi/TiO. catalyst in the presence of 1 vol. % acetic acid. It can be seen that a constant MBE

selectivity of 98 % was observed for 100 h on stream. The EDX data of the catalytic coating after the

16



reaction showed the same Pd/Bi molar ratio (7.3£0.8) as that in the fresh catalyst (7.0+0.6). Therefore
one can conclude that leaching of Bi in the solvent-free MBY hydrogenation was mainly caused by the
formation of bismuth oxides or hydroxides by the reaction with the impurities in the initial solution such
as dissolved oxygen or traces of water. For industrial applications, the acid introduced can be separated
using conventional techniques as fractionation. Alternatively, in-flow separation can be performed using
ion-exchange resins at the cost of below $2 per kg of MBY feed [77-80]. The MBY conversion
decreased by about 0.1 % per hour and this deactivation did not depend on the acidity of the feedstock.
It can be concluded that the primary reason of the catalyst deactivation was associated with the leaching
of Pd. However, considering that during the test the amount of hydrogenated substrate was more than

10° times as high as the amount of Pd, the deactivation rate was remarkably low.

The operation of wall-coated capillary reactors under conditions when the active centre could perform
the reaction cycle without being deactivated improves sustainability of the state-of-the-art
semihydrogenation technology [15,22,25,26]. A comparison with solvent-free hydrogenation performed
on Pd/ZnO and polimer-stabilised Pd nanoparticles shows similar maximum alkene yield of around
95 % [61,81], while capillary reactor provides much better scalability due to the absence of heat transfer
effects.

A throughput of 50 g day? exceeds the previously reported production rate by at least an order of
magnitude and shows the feasibility of the capillary reactors for small-scale syntheses of fine chemicals.
Process intensification by increasing the pressure within the reactor to at least 100 bar is expected to
provide further throughput improvement by two orders of magnitude as the reaction has the first order in
hydrogen pressure. Selective catalyst heating by radiofrequency or microwaves is expected to increase
the throughput to the ~ 10 kg day, which is suitable for medium-scale high-value chemical syntheses
[15,23]. Afterwards, the throughput can substantially be increased via numbering-up, i.e. increasing the
number of capillaries and the length of capillaries bringing throughput to an order of at least 100 ton
year™ [82,83].

4. Conclusions

Solvent-free semihydrogenation of 2-methyl-3-butyn-2-ol (MBY) was performed in 10 m long capillary

reactors wall-coated with a Pd-Bi/TiO> catalyst. The highest MBE yield of 90 % was achieved at 70 °C
17



using the liquid flow rate of 40 pl min™ corresponding to a reactor throughput of 50 g day™. The
addition of 10 mol. % pyridine to the reaction mixture increased the MBE vyield to 95 %, while it
decreased the reactor throughput to 35 g day™ due to a partial blockage of Pd active sites. The MBE
selectivity was improved up to 98 % by decreasing the Pd/Bi molar ratio in the bimetallic catalysts from
11 to 7. The leaching of Bi species via the formation of Bi oxides was responsible for a gradual decay in
the MBE selectivity. However, the leaching was completely suppressed by addition of a 1 vol. % acetic

acid solution to the MBY feed resulting in a stable operation for 100 hours.

Another important conclusion is excellent reaction control achievable in capillary reactors. Capillary
reactors provide the same semihydrogenation selectivity as the laboratory stirred tank batch reactors,
where neither mass nor heat transfer limitations take place. As a result, selectivity towards intermediate
reaction products in capillary reactors is determined by the nature of the system allowing for improved
process safety, decreased labour costs and solvent consumption.
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