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Abstract

The effect of environmentally benign enabling taghes such as ultrasound and microwaves on the
preparation of lead-free Pd-catalyst has beenefudi one-pot method of the catalyst preparationgus
ultrasound dispersing of palladium acetate in ttesg@nce of the surfactant/capping agent and boehmit
support produced the catalyst containing Pd naticfes and reduced the pores larger than 4 nmdan th
boehmite support. This catalyst demonstrated highativity and selectivity. The comparison of
diphenylacetylene (DPA) hydrogenation kinetic shdwibat the catalyst obtained in the one-pot
procedure was 7 times as active as a commercialdrircatalyst, while selectivity towardsstilbene
was high. Our work also illustrated that highlyestive Pd/Boehmite catalysts can be prepared by

ultrasound-dispersion and microwave-reduction itewander hydrogen pressure without any surfactant.

Introduction

Hydrogenation reactions are performed in many aséaslustry with hydrogen gas activated by nickel-
platinum- or palladium-based catalySté. Palladium catalysts require the mildest of cdodi and are
the most widely used. In many cases, it is dedweabtain alkene from reduction of alkynee(to halt

the reaction at the carbon-carbon double bond staglis class of reactions is termed as selective
hydrogenation or semi-hydrogenation and it is wideded in the fine chemical industry, being one of
the vital steps in the synthesis of vitamins (¥AL.E, K), terpenes (linalool) and other prodd&fé]. The
main challenge in this process is to obtain thedpets of semi-hydrogenation in high yielde( with
high substrate conversion and selectivity), whileimizing the reaction duration, the number of
reaction and separation steps such as protecti@ertdin groups, separation of products or catalyst
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from the produc?. In addition, alkynes as impurities in feedstook @ery strong poisons for Ziegler-
Natta polymerization catalysts and should be cdedento alkenes using semi-hydrogenation reactions
(267 Therefore, semi-hydrogenation reactions are itaporfor the polyethylene and polypropylene

production.

Traditional Pd catalysts for alkynes hydrogenatiomot provide high selectivity in these procesaes

are usually modified with adsorbates such as qinapkilver, lead or others, which increase seldgti
while decreasing activity. Lindlar catalyst (Pd smmed with lead and quinoline supported on CgCO
89 was an industrial standard in fine chemistry farrenthan 50 years. However, there is a drive to
develop new lead-free semi-hydrogenation catalfgst®nvironmental reasons since lead is td¥ic
Addressing the problem of toxicity and trying tacliease performance, extensive research is being
performed searching for other modifier metals sashGa, Zn, and othef§™*l However, bimetallic
catalysts require complex synthesis routes; PdrBametallic compounds were recently shown to be
very oxygen sensitive even in carefully controldfree laboratory conditions®. On the other hand,
monometallic Pd catalysts provide the highest gatahctivity and were demonstrated to provide very
high selectivity*® towards semi-hydrogenation. The hydrogenatiorllofrees on solid Pd surfaces is a
structure sensitive reaction, an important feafar¢he understanding of such catalytic proceS<eé!

The unselective hydrogenation proceeds on hydregamrated p-hydride, whereas selective
hydrogenation is only possible after decouplingkbpdoperties from the surface eveHtd and only
surface hydrogen from the gas phase is availabieterate the alkerd®. For this reason, effects of
various supports, such asica ! and aluminad®? on the catalytic hydrogenation behavior have been

extensively studied.



Non-conventional enabling technologies such asawniaves (MW) and ultrasound (US) foster process
intensification and combine safer protocols andiltel cost reduction and energy savirg. In
comparison to conventional conductive heating, Mi&diation causes volumetric heating via the direct
coupling of the electromagnetic field with poladvamts and catalysts in the reaction mixture. As a
result, fast selective heating can be attainedriadiating polar materials in a MW field*. Mw
irradiation has proved to be a suitable energyoun catalyst preparation, because it allows one t
generate nanoscale colloids and clusters of gresirer and shape uniformity® - an important

advantage for catalysf®2",

US enables the rapid dispersion of solids and ifaf@s the formation of porous materials and
nanostructure$®. Moreover, sonication can inhibit particle aggtémathanks to the intense implosion,
which produces extreme chemical environments, cabgecoustic cavitatioi®=>*. When a cavitation
bubble collapses violently near a solid surface,high-speed jets of liquid are driven into thefae of

a particle®. Thus US is usually used to prepare catalytic risseand modify existing metal catalysts

[33]

The excellent results on catalyst preparation byameeof US- or MW-assisted protocols in previous
studies®! prompted us to explore new promising US- and M\istsd synthetic routes for preparation
of palladium-supported catalysts to be used inrakyemi-hydrogenatiof*®. Semi-hydrogenation of
diphenylacetylene (DPA) is a traditional model teacused to evaluate the behavior, mechanisms and
kinetics of catalytic hydrogenation of internal yalles®®*"! In this piece of work we investigated how
non-conventional preparation methods (US and MWegad-free Pd-catalysts may affect the kinetics of

diphenylacetylene semi-hydrogenation.



Experimental section

Catalyst synthesis

Pd,o/Boehmite and Rg/Ce(Q catalysts were obtained by the US-assisted digpesand reduction by
solvent on boehmite and ceria supports, respegtivdlladium (lI) acetate 20 mg (Pd(OAcAlfa-
Aesar 99%) was suspended in 20 mL of ethylene gli&tba-Aesar 99%) by sonication, obtaining
orange salt suspension in the transparent solvidmt. suspension was sonicated with a titanium
immersion horn (21.1 kHz, 100-150 W) at about 10ahd became a homogeneous black dispersion of
Pd nanoparticles. The dispersion obtained was adagavise to a stirring suspension of 1 g support i
10 mL of ethylene glycol. The mixture was stirragmight at room temperature, the solid was fillere

washed with methanol and dried under vacuum.

Pd/Boehmite catalyst was obtained by the reductionPdfOAc) with Luviquaf™ (hexadecyl(2-
hydroxyethyl)dimethylammonium dihydrogen phosph&8gma-Aldrich, 30% in KD). In to an
aqueous solution dfuviquat™ (0.0365 mM), 30 mg of Pd(OAg)vas added followed by sonication in
a cup-horn apparatus (cavitation tube, 19.9 kHP, \M) at 30 °C to obtain a pale orange suspension.
The suspension was heated in a silicon oil ba®0atC and Pd(OAg)was reduced with LuviquBf.

The obtained homogeneous black dispersion was adidgnivise to a stirring suspension of 1.5 g of
boehmite in 10 mL of water. The mixture was stir@ernight at room temperature. The solid was

filtered, washed with water and dried under vacuum.



A one pot synthesis of Rd/Boehmitecatalyst was performed combining the dispersionh wit
Luviquat™ and deposition on to the support under sonicafitve. mixture of 30 mg of Pd(OAgcand

1.5 gof boehmite were dispersed in 20 mL of aqueoustisoiwof Luviquat™ (0.0365 mM) in a cup-
horn apparatus (cavitation tube, 19.9 kHz, 100 W3(a°C. Then the reduction and impregnation was
carried out in an oil bath at 80 °C for 2 h. Thectmie was stirred overnight at room temperature, an

then the solid was filtered, washed with water dndd under vacuum.

A Luviquat'™-free synthesis with the MW-assisted reduction wkigdrogen produced Belww catalyst.

30 mg of Pd(OAg) was suspended in,B (10 mL) and sonicated in a cup-horn apparatugtéteon
tube, 19.9 kHz, 100 W, Danacamerini sa.) at 30d°Ghtain a dispersion, which was then heated using
MW under H (10 bar, Sapio, grade 4.5) using a SynthWAVE rega@l.S Gmbh, Milestone Srl) at
40 °C and 300 W MW power. After cooling the obtainglack dispersion was added dropwise to a
suspension of 1.5 g of boehmite intH(10 mL). The mixture was stirred overnight atmotemperature.

Then the solid catalyst was filtered, washed witltew and dried under vacuum.

Commercial Lindlar catalyst was purchased from M&sar and used as a reference catalyst without

the addition of quinoline.

Characterization

BET Measurements

Surface areas and pore distributions were measbyeditrogen physisorption using TriStar 3000
micromeritics surface area and porosity analyzergustandard multipoint BET analysis and BJH pore
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distribution methods. All specimens were dried 40 £C for 4 h in nitrogen flow before the

measurements.
SEM Analysis

The catalysts were applied on a conductive carlobresive tape and coated with a thin layer of carbon
to prevent charging. Scanning electron microsc&BM) study of the samples obtained was performed
on the Zeiss EVO 60 instrument equipped with eneliggersive X-ray spectrometer (EDX) Oxford

Instruments Inca System 350 under the pressur@oPa and electron acceleration voltage of 20 kV.
TEM Analysis

The catalyst samples were dispersed in ethanolrigmiécation and applied on polymer-coated copper
grids. Transmission electron microscopy (TEM) studythe grids was performed using JEOL 2010
High Resolution Transmission Electron Microscopeuipped with Oxford Instruments Energy

Dispersive X-ray Microanalysis System.
ICP analysis

Palladium content was determined using the PerkimeE Optima 5300DV emission ICP instrument.
The samples were dissolved in the solution of HEI/HHNOs in 1/1/3 ratio, heating at 20 for 10
min using microwave digestion system CEM MARS Xpréus. After cooling, the saturated aqueous
solution of boric acid was added to complex ex¢#iSsthen the vessels were heated again af@&or

10 min. The solutions were diluted with water andlgzed.



Catalyst Testing

The catalyst, 6.0 mg, was added in to a 12.0 mBéommol L' DPA (Alfa Aesar, 98%) solution in
hexane (Sigma-Aldrich, 97%). Before hydrogenatitwe, reactor (Glass Vacuum Desiccator-containing
4 pieces of 48 mL PP cylindrical centrifuge tubess evacuated and filled nitrogen gas (Sapio, grade
6.0) to remove air followed by evacuation andrgjiwith hydrogen gas (Sapio, grade 4.5). The reacti
was performed at room temperature (231 °C) wiihirsg) rates of 600 rpm and atmospheric hydrogen
pressure (Kl balloon). Aliquots (100 pL) of the solution wererdically extracted from the reaction
system by airtight syringes, diluted with 900 pliclopexane (Alfa Aesar, 99.9%)and analyzed using a
Agilent Technologies 6850 Network GC system equippéeh 5973 Network Mass Selective Detector
and the HP-5ms capillary column. Each hydrogenagpimtess was performed in duplicate using the
multi-tube reactor simultaneously. The concentratidifference in the duplicate runs deviated bg les

than 5%.

Results and Discussion

Effect of catalyst support with US-dispersion aneduction

The role of catalyst supports is a multifacetediesthat involves phenomena of chemical and physical
catalyst-support interaction€®. On the basic level, however, catalyst suppors as a matrix
preventing sintering of the catalytically active pdrticles, so high surface area, thermostability a
important characteristics of the catalyst suppbience, alumina (along with carbon) is one of the

widely used supports for hydrogenation catalysts.tl other hand, strong metal-support interactions



between Pd and the catalyst support such as cdiMpoxide were shown to enhance activity and

selectivity of hydrogenation reactiofi&*°".

Pd,o/Boehmite and RPg,/CeG catalysts were obtained reducing palladium (Igtate with ethylene
glycol at 100°C in the presence of boehmite and ceria suppagspectively. Fig. 1 shows SEM
microphotographs of the catalyst particles. Boe@radnsists of non-uniform mainly spheroid particles
from 1 to 100um in diameter (Fig. 1a). Ceria particles, on camtrare uniform having the dimensions

of approximately 5@m (Fig. 1b).

(a) 100 pm (b) . muum

Fig. 1. SEM microphotographs of the (a) Pdsn/Boehmiteand (b) Pdsn/CeO, catalyst particles.

Fig. 2 presents the nitrogen physisorption datthefcatalysts obtained. Both of catalysts demotestra
type IV adsorption isotherms according to IUPACsslfication, which are characteristic for many
mesoporous sorbent8!). However, the amount of adsorbed nitrogen on thegalysts was very

different (Fig. 2a) as specific surface area ofiacsupported catalyst (Rf/CeQ) was almost two



orders of magnitude lower than that of boehmitepsuted catalyst (Rdv/Boehmite), Table 1. Similarly,

BJH desorption pore distribution (Fig. 2b) showéihttceria-supported catalyst (RdCeQ) was

practically non-porous, while boehmite-supportethlyat (Pdo/Boehmite) was mesoporous. Hence,

ceria particles had only external surface arealablai for the catalyst, while boehmite contained

significant amount of mesopores that can be addeswir Pd nanopatrticles.

Table 1. Pd content, textural properties and catalytic performance of the catalysts studied.

CataIySt Wda SBET Vporeb dporec dav. pcm(sj Ainite SDPEf
(%) (n? g*) (en’ g*) (nm) (nm) (mol g'Pd i) (%)
Pd,/Boehmite 0.72 234 0.43 3.9 6.8 5.4 81.0
Pd,/Ce0, 1.33 3.6 0.02 3.2 12.9 3.0 81.7
Pd /Boehmite 0.69 115 0.29 3.5 7.7 16.8 87.0
Pdy.;/Boehmite  0.78 115 0.29 3.5 6.7 18.6 88.0
Pdys.ww 0.88 231 0.43 3.9 6.0 6.6 87.5
/Boehmite
Lindlar 4.22 3.3 0.01 2.4 13.0 2.4 93.2

2Pd content in % mas§;BJH Desorption cumulative volume of pores betweghrim and 300 nm

diameter;® the most frequent BJH desorption pore diamét@IH desorption average pore diameter

(4V/A); © initial activity of DPA consumption’ Z-1,2-Diphenylethene (Z-DPE) selectivity at the/®0

DPA conversion.
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Fig. 2. (a) Nitrogen physisorption isotherms of Pds/CeO, and Pds,,/Boehmitecatalysts, (b) BJH

desor ption por e distribution.

TEM study of Pg,/Boehmitecatalyst demonstrated that Pd nanoparticles 20+hmirameter formed
agglomerates on the surface of the boehmite catalysport, as shown in Fig. 3. Ceria-supported
catalyst Pgh/CeQ was also studied, but because cerium is heavaer palladium, the contrast was not
enough to identify Pd nanoparticles. However, basetiigher Pd content and much lower surface area
of the ceria support, the diameter of the obtamaabparticles ifPd;o,/CeQ was expected much higher

than that inPd,, catalyst.
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Fig. 3. TEM microphotograph of Pds,/Boehmite catalyst. EDX analysis confirmed that dark

areas are Pd nanoparticles.

Fig. 4 shows concentration profiles of DPA hydragigon on Pgl/CeO, andPd,,/Boehmite catalysts.
The profiles are typical for Langmuir-Hinshelwoogdnogenation reactions with quasi-zero-order
kinetics during the initial stages. Performancehef catalysts was very similar — full conversiortlof
same amount of DPA required approximately 300 nith the highesZ-DPE selectivity of about 75%.
However, considering that the Pd content in si?8eQ, catalyst is twice higher (Table 1),

Pd,on/Boehmite catalyst was more active per mole of Pd.
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Fig. 4. Concentration profile during hydrogenation of DPA on (a) Pds/Boehmiteand (b)

Pds/CeO; catalysts: concentration of () DPA, (V) Z-DPE, (A) E-DPE, (¢) diphenylethane.

Effect of reducing agent and surfactant with US-ghsrsion

With the aim to further increase activity and imprahe selectivity towardg-DPE, Pdy/Boehmite
catalyst was obtained using Luvigltthat acts both as a reducing and a capping dffetfl Fig. 5
shows a representative TEM image of.\#Boehmitecatalyst with Pd nanoparticles 3.0+£1.1 nm. In
comparison to the surfactant-freesR(Boehmitecatalyst, the diameter of Pd nanoparticles sigarfily

decreased and the particles were uniformly distedbwn the catalyst surface.
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Fig. 5. TEM microphotograph of Pd_y/Boehmite catalyst.

Interestingly, total BET surface area had twofoldcrgéase in comparison to the surfactant-free
Pd,o/Boehmitecatalyst (Table 1). Pore distribution had also ¢ealh as shown in Fig. 6 — the
proportion of the pores smaller than 2 nm (micregprand the pores larger than 4 nm decreased. These
effects can be attributed to the strong adsorpiotihe surfactant molecules in the catalyst poreto

restructuring of the boehmite structure directedHeysurfactant molecul&§4¢!
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Fig. 6. BJH desorption pore distribution for Pd_y/Boehmite Pd,y.1/Boehmite, Pdysmw/Boehmite

catalysts.

As expected, Rg/Boehmite catalyst demonstrated much higher activity in conspa to
Pd/Boehmite catalyst, although Pd content in [RBoehmite was much lower than that in
Pdo/Boehmite (Table 1) — full conversion of DPA todkge within 80 minutes, as shown in Fig. 7. So
drastic increase in activity agreed with the TEMagdecause much smaller Pd nanoparticles found in
Pd/Boehmite catalyst, exposed more active surface Pd sites.edler, Z-DPE selectivity of

Pd /Boehmitecatalyst at full DPA conversion increased to 87&#1r81% for Pgl,/Boehmitecatalyst.
This effect can also be explained considering sn&ltl particles. As the diameter of the nanopaticl
decreases, higher fraction of Pd atoms occupigs sites*”*® while these step sites provide higher

alkene selectivity due to the suppression of umebk full hydrogenation reactiofs.
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Fig. 7. Concentration profile during DPA hydrogenation on Pd,/Boehmitecatalyst: concentration

of (e) DPA, (V) Z-DPE, (A) E- DPE, (#) diphenylethane.

Effect of ultrasound in a one-pot procedure

To simplify the preparation process and improve #udivity and selectivity ofZ-DPE further,
Pd.../Boehmite catalyst was prepared using one-pot ndetherforming dispersion of Pd(OAcand
boehmite using sonication simultaneously in thesgnee of Luviqual!. Textural properties of the
catalyst obtained were identical to that of \PBoehmitecatalyst (Table 1 and Fig. 6). However, higher

Pd content in Rg.;/Boehmite shows that sonication facilitated Pd dé&mm on boehmite (Table 1).

According to TEM data, the average diameter of doparticles obtained was 2.4+0.7 nm, smaller
thanthat of Pdy/Boehmite catalyst even despite of higher Pd lagdikely, due to stabilization of the

nanoparticles with Luviqu8t and effect of sonication in one-pot procedure.
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Fig. 8. TEM microphotograph of Pd_y.1/Boehmite catalyst.

Concentration profiles of DPA hydrogenation showrFig. 9 correlate with the decreased Pd patrticle
size — activity and selectivity of the catalyst wéigher (Table 1). These data are in excellerdgeagent
with the smaller diameter of Pd nanoparticles okeeby TEM due to higher selectivity of edge sites

towards internaEZ-alkene formatiot*®!.
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Fig. 9. Concentration profile during hydrogenation of DPA on Pd, y.1/Boehmite catalyst:

concentration of (e) DPA, (V) Z-DPE, (A) E- DPE, (¢) diphenylethane.

Effect US-assisted dispersion and MW-assisted rditucfor Pd/Boehmite preparation

As the diameter of Pd nanoparticles decreased toasahic synthesis of Rgi/Boehmite catalyst, a
similar, but surfactant-free synthesis was triectayst Pds.mw/Boehmite was obtained through
dispersion of palladium(ll) acetate in water by isation, and then reduction in the atmosphere of
hydrogen with MW heating. The catalyst demonstratezhtical surface and porosity properties as
Pd,on/Boehmitecatalyst obtained with the reduction-by-solvent pailadium(ll) acetate (Table 1).
However, Pd content of Beww/Boehmite was higher than that ofsR@Boehmite catalyst, likely, due
to enhanced Pd reduction by US and MW treatment Bameter distribution of Bdww/Boehmite
and Pd,/Boehmitecatalysts were also identical in comparison Fig.e56, MW treatment did not affect

the properties of the boehmite support.
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Fig. 10 shows that Rd-ww/Boehmite catalyst contains Pd nanoparticles thram fclusters about 100 nm
in diameter. The formation of the agglomerates destrates that US-assisted dispersion and MW-

assisted reduction cannot prevent agglomeratidheoforming nanopatrticles without a capping agent.

50 nm

Fig. 10. TEM microphotograph of Pdysmw/Boehmite catalyst.

Fig. 11 shows concentration profiles of DPA hydma@n on Pds.yww/Boehmite catalyst. US-assisted
dispersion and MW-assisted reduction were showent@nce activity and selectivity i DPE without

a capping agent in comparison tosfRBoehmitecatalyst (Fig.4a). Full DPA conversion for the same
amount of DPA reduced from 300 to 170 min fory®@w/Boehmite catalyst in comparison to

Pd,,/Boehmite, while in the DPA conversion range ofS#B4, Z-DPE selectivity was about 5% higher
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in comparison to Rdy/Boehmite. HoweverZ-DPE selectivity was very close for Rduw/Boehmite
Pdy../Boehmite, Pd,/Boehmitecatalysts, so it may be concluded that individudl ranoparticles
formed during MW-US-assisted synthesis were vamjlar to that obtained using the capping agent. In
the case of R¢../Boehmite, Pd,/Boehmitecatalysts, small Pd nuclei formed were stabilizgdtte
capping agent giving rise to small Pd nanopartidesase of Pgs.ww/Boehmite catalyst, quick and
uniform heating using MW lead to simultaneous naiiten of Pd nanoparticles. However, due to the
lack of a capping agent, the formed nanoparticleskty agglomerated (Fig. 10), still retaining tlaege

number of surface step sites which can explain DBE selectivity.

Concentration (mol m'3)

Time (min)

Fig. 11. Concentration profile during hydrogenation of DPA on Pdysuw/Boehmite catalyst:

concentration of (o) DPA, (V) Z-DPE, (A) E- DPE, (¢) diphenylethane.
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Kinetic modeling — comparison with Lindlar catalyst

Effect of mass transfer on reaction rates

The Weisz-Prater criterion is widely used to endhe¢ a catalytic reaction is not diffusion-limiteld
the Weisz-Prater number is below 6 for zero-ordsactions for every major reaction and product
component, it proves that the reaction is not ditfo-limited®***. The Weisz-Prater number (equation
1) is calculated usingl (effective reaction rate [mol frs?]), Ry (radius of the catalyst particle [m[},

andDe (concentration [mol i and effective diffusion coefficient [frs'] of a reactant or a product).

N =
W-P C Deﬁ (1)

In order to ensure that mass transfer limitatiomsrobt apply for all catalytic systems studied, epp
boundary estimation of the Weisz-Prater numberdggn 1) was performed using the largest possible
values ford andRe - 0.02 mol n? s observed for Rg.1/Boehmite catalyst an&, = 10% m, the

largest catalyst particle size observed by SEMys{&dy. 1b).

The bulk diffusion coefficients for hydrogen and ®Rere estimated using the methods described in
details by Vannicé®. The resulting coefficients and the Weisz-Pratembers for these molecules
presented were 0.004 for hydrogen and 0.036 for ,Dé®&eral orders of magnitude lower than the
boundary value of 6, hence kinetic modeling wasi@drout considering only intrinsic kinetics rather

than mass transfer phenomena.
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Kinetic Modeling

Hydrogenation kinetics of semi-hydrogenations acelebed by considering the sequential reductions of
alkyne to alkene, followed by alkene to alkane bgénation. In addition, a number of authors have
also considered and modeled a direct route of liylirogenation of alkyne to alkane which is
independent of the sequential hydrogenation seguand may occur even at low alkene concentrations
[1352-541 \We believe that this is mechanistically unlikelgjpwever to ensure that a possible
hydrogenation pathway is not ignored and to allinead comparison with previous works we have also
included a term for the direct hydrogenation frdrma alkyne to alkane in our kinetic model. In theeca

of DPA, alkenes can be formed in either their Z-Eergeometries, hence, the full reaction scheme

contains of 5 possible stages, Scheme 1.

=0 o7

Scheme 1 DPA hydrogenation reactions.

Each of the stages is, in turn, described by thgbrauir-Hinshelwood mechanism that consists of quasi
equilibrium adsorption of hydrogen and organic sg&cand the rate-limiting step of the additiortlodf

hydrogen species followed by desorptibA®®. Full derivation of the model is presented in the
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Supporting Information. Briefly, the model consistsa system of 5 ordinary differential equations
which includes 7 parameters: 5 apparent rate cotss{(&cheme 1) and 2 relative adsorption constants
Q1=K ppe/Kppa and Q2=K piphenylethaniora. The system of differential equations was integatising a
program written in Matlab with a"4order Runge-Kutta method and the model parameters
optimized using the Levenberg—Marquardt algoritonfittthe experimental data. Objective function for
minimization was calculated as statistic weightgdased residual, equation (2), Wh&g&p, i Cmodelied, i

are experimental and calculated concentrationsoofponents respectively, ang statistical weights
calculated taking experimental uncertaintie’, f.im.a;) Of 2% of the experimental concentration or 0.3

mol m®, whichever is larger.

S = zvvl (Cexp,i _Cmodelled,i )2’ \Nl = 1/ J:Xperimeat,i (2)

Confidence intervals of the model parameters weterchined using the Monte-Carlo metHfé— 500
sets of initial data normally distributed with tetandard deviationsd,perimei) Were generated and

kinetic parameters were obtained fitting the expental data. Resulting uncertainties were calcdlate

as 90% confidence intervals.
Comparison of Pd..//Boehmite with Lindlar catalyst

Lindlar catalyst has been an industrial standarééoni-hydrogenation reactions for more than 50sjea
so Pdy.1/Boehmite catalyst was compared with it. In orderget quantitative information on the

reaction stages, DPA was hydrogenated on Lindléalyst and kinetic modeling using the relative
23



constants Langmuir-Hinshelwood model was perforrié@. model was in excellent agreement with the
experimental data for Lindlar and Rd/Boehmite catalysts - lines in Fig. 9, Fig. 12 whmodeled

concentration profiles, while the dots - experina¢rtlues.

60
¢

50F

40}

Concentration (mol m'3)

Time (min)

Fig. 12. Concentration profile during DPA hydrogenation on Lindlar catalyst: concentration of (e)

DPA, (V) Z-DPE, (A) E- DPE, (¢) diphenylethane.

Table 2 presents the obtained model parametersar@pprate constafkt;; of DPA hydrogenation into
Z-DPE shows that Rd1/Boehmite provided 1.3 times faster DPA hydrogematate in comparison to
Lindlar catalyst per unit of the catalyst mass. §idering more than 5-fold higher Pd content in land
catalyst, Pd,.;/Boehmite catalyst demonstrated significant inoeeas activity. However, other rate
constant ratios were about 2.5, which means thaindlesired reactions such as full hydrogenatiah an
Z-E isomerisation were faster (even in relative terors)Pdy../Boehmite catalyst. Rate const&nt, of

E-DPE hydrogenation demonstrated very wide confidentervals, because of high errors of E-DPE
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determination due to its very low concentrationhia reaction mixture. Relative adsorption const@its
which show poisoning of the catalytic surface vatkene were similar for both systems, while constan
Q: is higher forPd y.1/Boehmite catalysi,e. alkane molecules stronger adsorb on the Pd surédlcer
than Pb-doped Pd. As a result, maximum alkene thatgcof Lindlar catalyst is higher than that of
Pd.../Boehmite catalyst (91 vs. 85% at 95% DPA convesiblence, the data demonstrate that lead in
Lindlar catalyst does not significantly change thgo of alkene to alkyne adsorption constants,levhi
possibly changing the absolute values of the catstarhe most important role of lead is usually
explained by the significant change in the adsompgnergies of intermediate reaction spe&ifs
However, a very similar relative adsorption consambtained in the current study indicate that this
thermodynamic explanation does not apply for thelisd DPA hydrogenation reaction. On contrary,
lower apparent reaction rates observed for Linditalyst imply that the active site poisoning plays

more important role in enhancing the semi-hydrotjienaselectivity*.
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Table 2. The comparison of the kinetic parametersfor Lindlar and Pd, v.;/Boehmite catalysts.

90% confidence intervalsare obtained using the Monte-Carlo error analysis®”.

Parametér Pdv.1/Boehmite Lindlar Ratib
k;l(s-l gca{l) 17445 131+3 1.33+£0.07
k;l(s-l Geat D) 1141 4.3+0.5 2.64+0.62
K, st gard) 5.4+1.7 29+1.1 2.42+1.47
K2 (5 guac) 4.0+0.3 1.7+0.2 2.37+0.42
K>, (S-l gcat'l) 4.3+1.3 1.8+1.7 14.6£13.75
Q° 0.39+0.02 0.37+0.02 1.07+0.13
Q° 0.35+0.03 0.26+0.05 1.42+0.39

2 Apparent rate constant correspond to Schemidhke ratio of the corresponding kinetic parametér.
Pdv.1/Boehmite and Lindlar catalystsQ; andQ, are relative adsorption constants of alkene tgralk

and alkane to alkyne, respectively. See Suppontifogmation for a full model description.
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Conclusions

The effect of sonication, the capping agent (Lusifj()) and the reduction by microwave heating on the
Pd catalyst preparation was studied. The combinaifdhe capping agent and sonication allowed us to
obtain monodisperse 2.4+0.7 nm Pd nanoparticlepastgr on boehmite during a one-pot synthesis.
The catalyst was about 7 times as active as a cotihéindlar catalyst per unit of Pd mass taken,
while only 6% (at 95% conversion) less selectivevatmls semi-hydrogenation. Kinetic modeling
performed indicates that the improved selectivityLmdlar catalyst is attributed to the active site

poisoning, rather than thermodynamic effects.

Microwave-assisted synthesis of Rgw/Boehmite catalyst demonstrated that although large
agglomerates of Pd nanoparticles were formed, bguhiegenation selectivity was significantly higher
than that of conventionally-heated ;R@Boehmite catalyst. This difference suggests that datalyst

contains a lot of step Pd sites, like the catalgstgaining smaller nanoparticles.
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