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ABSTRACT: Catalysts featuring 2, S, and 10 wt % silver supported on alumina
were prepared by the deposition precipitation method and activated under
hydrogen. All catalysts were characterized by Brunauer—Emmett—Teller (BET) /\/\/\/ —3
measurements, inductively coupled plasma-optical emission spectrometry (ICP-

OES), backscattered electron scanning electron microscopy (BSE-SEM), high- N
resolution transmission electron microscopy (HR-TEM), hydrogen-temperature- /
programmed reduction (H,-TPR), H,-chemisorption, thermogravimetric analysis "("

(TGA), infrared (IR) spectroscopy, X-ray diffraction (XRD), Raman spectros-
copy, and isopropylamine (IPA) TPD and evaluated in a continuous plug flow
fixed-bed reactor. Metal nanoparticles with average sizes of 4.5, 11.5, and 21.1 nm
were identified by HR-TEM for the 2, S, and 10 wt % Ag/ALO; catalysts,
respectively. A conversion of 99% was observed for 1-octyne over particles
between 10 and 1S nm in size, with stable operation up to 24 h (decreasing
thereafter) at a temperature of 140 °C and a pressure of 30 bar in the competitive hydrogenation reaction. No conversion of 1-
octene was noted in competitive reactions (mixed 1-octyne and 1-octene feed) but rather a gain of 1-octene throughout the 72 h
time-on-stream. The performance of all catalysts was influenced by both the metal and support, where the latter impacted the overall
acidity of the catalysts, thus affecting their long-term stability.

ANANS

1. INTRODUCTION impurities.” > To improve the efficiency and selectivity of the
hydrogenation reaction, task-specific approaches should be

Alkenes are an important class of raw materials used in various . . ; o
considered to satisfy the following criteria:

fields of industrial organic synthesis. For example, ethylene is

used in producing polyethylene, poly(vinyl chloride), ethanol, i. High catalytic activity targeting almost 100% conversion
ethylene oxide, acetaldehyde, vinyl acetate, and polymers of the impurity.

thereof." In industries, the selective hydrogenation process is ii. High alkene selectivity (between 95 and 99% and not
mainly utilized to produce value-added compounds or below 80%).

intermediates and to remove acetylenic compounds, which ili. Long-term catalyst stability throughout the reaction.
are problematic impurities in, e.g.,, polymer processes, where iv. Insensitivity of the catalyst to poisoning.

operational problems such as deactivation by plugging result.” v. Base of preparation and regeneration of the catalyst.

For this reason, it is important that alkyne impurities be

reduced to a minimum admissible value between 1, 2, 5, and Over the last few decades, research has shown that the
even 10 ppm depending on the final processing pro duct3 s hydrogenation of highly unsaturated hydrocarbons can be

Unsaturated hydrocarbons are commonly produced through successfully implemented over supported metal catalysts in
thermal, steam, or catalytic cracking of petroleum alkanes.” which d-block metalslserve > the active clomponents Metalg
. ’ ’ . o such as palladium,”"* nickel,"* platinum,'® copper,'” silver,'
High temperatures are ideal for heavy hydrocarbon cracking, gold,®? tho diun’l,m and cobalt'” have a,ll been fc;un d to i)e

and this can usually occur without the participation of a - .
t the hyd tion. S ted het talyst
catalyst. Light alkenes, like ethylene and propylene, are typical active In the fydrogenation. Supported heterogeneous catalysts

products of this process, which inevitably include alkynes and
dienes.

Fractional distillation is typically utilized to remove such
impurities. However, the process itself requires high energy
and capital expenditures. Therefore, the selective hydro-
genation of alkynes and dienes is, so far, the most promising
method of purification of alkenes in the presence of these
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incorporating palladium have thus far shown to be most active
and durable. As a result, the majority of publications, when
discussing the mechanism of catalytic action in the hydro-
genation of acetylenes, use Pd catalytic systems.

It has been found in many catalysis studies that the
hydrogenation of the alkyne to the alkene is more favored than
the overhydrogenation reaction to the alkane as a result of the
higher adsorption coefficient of alkynes compared to alkenes.””
Thus, hydrogenation of alkynes to alkenes dominates over the
hydrogenation of alkenes to alkanes under conditions of
sorption equilibria. In the case of the Lindlar catalyst, with a
higher sorption affinity of the alkyne to Pd than that of alkene,
a faster alkene desorption from the surface of Pd is expected at
the instant of formation, thus preventing the overhydrogena-
tion with this alkene.”® Since the Lindlar catalyst contains lead,
many replacements have been sought to eliminate catalyst
deactivation caused by poisoning of palladium by lead during
the hydrogenation process.

Research has shown that silver has a low affinity toward
hydrogen due to its filled d-band compared to metals like
nickel, palladium, and platinum. According to theoretical
calculations, hydrogen interacts weakly with extended metal
surfaces such as single crystals and polycrystalline surfaces and
no dissociative chemisorption occurs at low reaction temper-
atures as a result of the filled d-band of silver. Silver can thus be
considered as one of the most powerful carbon—carbon -
triple bond activators due to its d'° electron configuration.”*

A catalyst for the selective hydrogenation of alkynes should
possess chemical, sorption, and texture properties aimed at
ensuring the highest rate possible for the hydrogenation of the
alkyne to alkene (1), while minimizing the undesired pathways
that include the sequential hydrogenation of the alkene to the
alkane (2), direct hydrogenation of the alkyne to the alkane
(3), and production of oligomeric materials from the alkyne 4
(Scheme 1).

Scheme 1. Competitive Hydrogenation of Acetylene and Its
Homologues
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Recently, studies have focused on making catalysts with
nanoparticles of the metals to enhance the catalytic activity. To
be successful, the catalyst must allow the reaction to proceed at
a suitable rate under economically desirable conditions, at as
low temperatures and pressures as possible. It must also be
long-lasting. Taking these factors into account, this study
focuses on Ag catalysts that function under environmentally
benign conditions, while limiting the amount of waste
produced and energy consumed.

1-Octene provides special features such as elasticity,
flexibility, impact resistance, and strength to plastic consumer
products and is in high demand. Thus, the rationale of this
study is to remove homogeneous catalyst poisons, such as
alkynes from an octene stream (which would otherwise cause
severe catalyst deactivation downstream), and to hydrogenate
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I-octyne to the value-added 1-octene, in the presence of 1-
octene using a continuous flow fixed-bed reactor (Figure S1).

It is hypothesized that the use of Ag supported on alumina
(characterized by high surface area, porosity, and high thermal
and mechanical stabilities) will give selective catalysts, which
can function under mild reaction conditions which are
industrially viable. No literature exists on the hydrogenation
of 1-octyne over Ag catalysts.

2. RESULTS AND DISCUSSION

2.1. Characterization. 2.1.1. Scanning Electron Micros-
copy-Energy Dispersive X-ray (SEM-EDX). Figure 1 shows the
surface structure of the 2, 5, and 10 wt % Ag/Al,Oj; catalysts
using a scanning electron microscope with a backscattered
electron (BSE) detector. From the maps combining silver and
aluminum (map (d)), there are clear regions of silver
enrichment in the 10Ag/Al,O; catalyst due to the higher
content of silver loaded. There is also spatial coverage of the
metal over the support (closer to the edges) and some silver
agglomerates have formed, hence decreasing the metal
dispersion over the carrier. With the 2Ag/AL,O; sample, the
silver is more spatially distributed across the alumina, exposing
more of the bare support as a result of the low metal loading
(scattered distribution). The SAg/Al,O; catalyst appears to
have well and evenly dispersed silver across the support with
the least amount of regions of clustering compared to the
10Ag/Al,O; sample and also has the least amount of exposed
support in comparison to the 2 and 10 wt % Ag/Al,O,
samples.

2.1.2. Scanning Transmission Electron Microscopy
(STEM)-EDX. STEM/EDX imaging was used to determine
the particle size and distribution of silver particles supported
over alumina. Figure 2a—c shows BSE micrographs of the 2, 5,
and 10 wt % Ag/ALO;, respectively. Diameters of silver
particles in nanometers were calculated assuming spherical
particle shapes. The particles were found to distribute with
relative uniformity across the surface of the alumina and agree
with the SEM results previously discussed. A wide Ag particle
size distribution with non-uniform shapes was observed
especially in the 5Ag/Al,O; and 10Ag/Al,O; samples, where
there are regions that contain slight (Figure 2b) and intense
(Figure 2c) clustering of silver, as expected. In Figure 2c, some
small Ag particles aggregated into larger ones. Using
histograms of 100 particles each, the average silver particle
sizes of SAg/Al,O; and 10Ag/Al,O; were calculated to be 11.5
and 21.1 nm, respectively (Figure 2e,f).

The average particle size of 2Ag/AlL,O; is seen to be much
smaller at 4.5 nm (Figure 2d) than those of the SAg/AlL,O; and
10Ag/Al,O; samples, presenting a narrower distribution of the
silver particle size with more uniform shapes (spherical)
compared to the SAg/Al,O; and 10Ag/AL O; catalysts. Also,
there is a large fraction of Ag in a highly dispersed state
(isolated ions). If it is assumed that the ratio between step and
terrace silver atoms is dependent on particle size,” then it can
be concluded that the 2 wt % sample contains a considerably
higher fraction of low-coordinated silver atoms compared to
the 5 and 10 wt % samples.

The particle size measurements from chemisorption and
HR-TEM are very similar (Table S1). The HR-TEM and X-ray
diffraction (XRD) data (Figure S2) strongly suggest that the
Ag species are well dispersed on the 2 and S wt % Ag/Al,O,
samples but not on the 10 wt % Ag/Al,O; catalyst.

https://doi.org/10.1021/acsomega.1c05231
ACS Omega 2022, 7, 4026—4040


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05231/suppl_file/ao1c05231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05231/suppl_file/ao1c05231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05231/suppl_file/ao1c05231_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Map sA F
MAG: 227 x HV: 200 kV WD: 11.0 mm

Map data 180 -
MAG: 600 x HV: 200 kV WD: 12

0

Map data 147
MAG: 250 x HV: 20.0 kV WD: 109 mm

Map data
MAG: 227 X HV: 200KV WD: 11.0 mm
pun »

Al
Map data 180
MAG: 500 & HV: 200 kV WD: 121 mm

Figure 1. SEM-EDX images for 2 wt % (top), S wt % (middle), and 10 wt % (bottom) Ag/Al,O; catalysts showing (a) dark-field image, (b)

aluminum map, (c) silver map, and (d) silver and aluminum map.

2.1.3. Hydrogen-Temperature Programmed Reduction
(H-TPR). H,-TPR experiments were conducted to investigate
the reducibility of the Ag/Al,O; catalysts, and the results are
shown in Figure 3 and Table 1. The cumulative H, reduction
peaks were deconvoluted by searching for the optimal
combination of Gaussian bands with correlation coeflicients
(R? values) above 0.99. Since large metal oxide clusters are
easier to reduce than small metal oxide clusters or ions, and as
bulk Ag,0 is known to readily reduce,”® the low-temperature
peaks in the H,-TPR profiles (Figure 3) of the 2, 5, and 10 wt
% Ag/Al,O; catalysts were assigned to the reduction of large
AgO and Ag,O clusters, while the higher-temperature
reduction peaks were assigned to well-dispersed silver oxide
clusters or ions.””

At temperatures of 133, 120, and 200 °C for 2Ag/Al,O;,
SAg/AL,O; and 10Ag/Al,O;, respectively, the reduction of
surface oxygen on Ag is dominant (peak 1).** Peak 2 is
assigned to the reduction of large AgO clusters, while peak 3 is
due to the reduction of small and well-dispersed Ag,O
particles. At high reduction temperatures, around 417—646 °C,
in all three catalysts (peak 4), isolated AgO clusters reduce,
while peak S (approximately 460—680 °C) was assigned to
stable and well-dispersed Ag* (Ag,O) ions.

Also, it is evident that Ag oxide species were present on all
catalysts from the degree of reduction values calculated, which
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are in the range of 81—88% (Table 1). With increasing Ag,0
species (with an increase in Ag content), the hydrogen
consumption was seen to increase relative to the amount of
silver loaded (Table 1). With weak metal—support inter-
actions, large metal oxide (AgO) clusters are expected to be
present. This was observed in the 10 wt % Ag/Al,O; catalyst
indicating the formation of large particles due to the content of
silver loaded. In the same instance, the reduction of a large
quantity of Ag,O species, shown by the highest peak area and
intensity in the series of catalysts, to the metallic state is easier
over the 2Ag/ALO; due to the low Ag content.”’

The XRD profiles in Figure S2 show the absence of AgO and
Ag,0 species confirming that the reduction conditions used to
avoid sintering of silver (160 °C) were suitable for reducing
the oxidized silver species to metallic silver, which is the active
phase for the alkyne hydrogenation reactions.

2.2. Noncompetitive Hydrogenation of Octyne. The
hydrogenation of octyne alone, in a noncompetitive process,
was carried out to ascertain optimum parameters for testing in
the competitive hydrogenation of octyne in the presence of
octene. From the characterization techniques employed, the
SAg/Al,O; catalyst seemed most promising (in terms of
particle size, dispersion, and distribution) and was investigated
in both noncompetitive and competitive hydrogenation

https://doi.org/10.1021/acsomega.1c05231
ACS Omega 2022, 7, 4026—4040
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Figure 3. H,-TPR profiles of (a) 2Ag/ALO;, (b) SAg/ALO;, and (c) 10Ag/ALO; catalysts.

Table 1. H,-TPR Data of the Ag/Al,O; Catalysts

reduction temperature (°C)

peak 1 peak 2 peak 3 peak 4 peak S

catalyst (°C) (°C) (°C) (°C) (°C)
2Ag/Al 0,4 133 197 320 417 583
SAg/AL O, 120 13§ 292 400 525
10Ag/AlL, O, 200 367 497 646 708

peaks 2—5 H, consumption total H, consumption %

(umol/g) (umol/g) DR*
132.0 158.0 84
69.8 79.5 88
182.3 226.1 81

“DRy = ratio of hydrogen consumed for the reduction of silver oxides to the total hydrogen consumed from ambient temperature to 800 °C.

reactions and, hence, was chosen as the baseline catalyst for all

optimization studies.

2.2.1. Time-on-Stream Studies—Temperature Effects on
Octyne Hydrogenation over 5Ag/Al,O;. Often in alkyne
hydrogenation, the catalyst surface is covered almost
immediately by carbonaceous deposits once exposed to

4029

hydrocarbons. The initial deposition is known to be temper-
ature-dependent.”” It is also common for heavy hydrocarbons
to form and remain on the catalyst surface. To examine the
effect of temperature, while minimizing the occurrence of side
reactions by maintaining minimal contact time between the
reactant feed and the catalyst bed, fixed conditions such as an

https://doi.org/10.1021/acsomega.1c05231
ACS Omega 2022, 7, 4026—4040
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Figure 4. Conversion of octyne and selectivity to 1-octene, octane, cis-2-octene, and trans-2-octene at (a) 40 °C, (b) 80 °C, (c) 100 °C, (d) 120
°C, and (e) 140 °C over 5Ag/ALO;. Reaction conditions: LHSV: 27 h™', pressure: 10 bar, octyne/H, ratio: 1:1.5, feed: 2 wt % octyne in hexane.

The standard deviation for values at 12 h is 1.5 mol %.

LHSV of 27 h™', 10 bar pressure, and an octyne/H, ratio of
1:1.5 were maintained. At low temperatures, 40 °C (Figure
4a), the retained carbon species (discussed in the next section
of this report) decreased the hydrogenation rate of octyne.
Therefore, low conversions were observed. Furthermore, the
non-steady-state behavior has been well documented to be due
to the growth of a hydrocarbonaceous layer on the catalyst
surface.”’ In addition, there is less weakly bound hydrogen
available at low temperatures (higher temperatures facilitate
increased rates of H, addition) causing an accumulation of
carbon species on the surface of the catalysts that promotes
octene desorption. In this case, its readsorption and hence
isomerization is also prevented. Fairly stable conversions were
reached from 6 h reaction time where the possibility exists of a
single layer of carbonaceous material deposited over the
catalyst surface causing no further deactivation. This implies
that the surface of the catalyst remains accessible for
adsorption of incoming reactants. Initially, the unsteady steady
state of the catalyst may be due to some in situ metal reduction
occurring.

The addition of hydrogen to alkynes is favored at most
temperatures. At higher temperatures of 80 °C (Figure 4b),
100 °C (Figure 4c), 120 °C (Figure 4d), and 140 °C (Figure
4e), reaction rates improved and, hence, increased initial
octyne conversions are noted with little octene isomerization
occurring. In Figure 4e, the fairly high, stable alkyne
conversion implies decreased carbon deposition at 140 °C.*
Also, at high enough temperatures, soft or aliphatic hydro-
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carbon deposits can be easily removed under a hydrogen
atmosphere giving decreased rates of deactivation at 140 °C as
opposed to 100 and 120 °C.

According to Delgado et al,*” hydrocarbon deposits
enhance catalyst selectivity, where two types of sites were
proposed to be present on the metal surface. There are sites
accessible to all reagents and those which are poisoned and
coated by carbonaceous deposits and thus inaccessible. These
poisoned sites can interact with neighboring atoms and
produce hindered sites that become accessible only to the
alkyne and hydrogen, thereby increasing alkene selectivity
while decreasing alkyne conversion. Thus, in this study, the
carbonaceous species can be regarded as both a poison (in
terms of octyne conversion) and promoter (regarding
selectivity).

In terms of the types of hydrocarbons deposited, at higher
temperatures, carbonaceous materials are graphite-like in
structure, while carbonaceous materials at low temperatures
have soluble and insoluble components. These were confirmed
by thermogravimetric analysis—differential scanning calorim-
etry (TGA—DSC) and are discussed later. Green oil forms as a
result of a coupling—hydrogenation mechanism, which is
accompanied by polymerization and hydrogenation to form
heavier compounds according to eq 1°°

1
CgHy, + CgHyy —» Ci¢Hyg + Hy — CgHyg + EHz
— Cy6Hy (1)

https://doi.org/10.1021/acsomega.1c05231
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Figure 6. Conversion of octyne and selectivity to 1-octene, octane, cis-2-octene, and trans-2-octene over SAg/Al,O; and pressures of (a) 30 bar and
(b) 50 bar. Reaction conditions: Temperature: 140 °C, LHSV: 18 h™', octyne/H, ratio: 1:1.5, feed: 2 wt % octyne in hexane. The standard

deviation for values at 12 h is +0.5 mol %.

Since the catalyst showed improved stability at 140 °C and a
further temperature increase could impede the selectivity to 1-
octene by promoting sequential hydrogenation reactions to
produce more octane, this temperature was chosen for further
investigation on the effects of space velocities, pressure, and Ag
loading.

2.2.2. Liquid Hourly Space Velocity. Hydrogenation of
octene commences immediately after complete consumption
of the octyne, and therefore the shortest time required to
ensure almost complete binding of the octyne to the catalyst
surface is required.34 Decreasing the space velocity increases
the feed residence time and thus decreases the 1l-octene
selectivity as seen in Figure Sa. The increased interaction
between the octyne (and octene) and Ag results in easier
readsorption of formed octene on accessible sites, and
therefore the sequential hydrogenation to octane becomes
easy, as does the formation of isomeric octenes (Figure Sa).
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When the space velocity was increased from 9 to 18, 27, and
36 h™' (Figure Sb—d), the selectivity to 1-octene significantly
increased and continued to increase during the 12 h time-on-
stream. At an LHSV of 27 h™/, the catalyst was stable for 6 h
on-stream giving full conversion in this time (with some initial
overhydrogenation and isomerization occurring), after which a
decline in activity was observed (Figure Sc).

1-Octyne conversion began to decrease quite rapidly after 10
h at a liquid hourly space velocity of 36 h™'. Reactions run at a
high space velocity usually tend to decrease the lifetime of the
catalyst.”> The decreased conversion, influenced by the initial
carbon laydown, is attributed to a minimal effective surface
concentration of the reactants due to a decreased contact time,
and hence, residence time, which ultimately reduced the
interaction between the active Ag sites and the reactant feed.
At these space velocities, isomeric octenes selectivity
significantly decreased by decreasing the overall surface
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Figure 7. Conversion of octyne and selectivity toward 1-octene, octane, cis-2-octene, and trans-2-octene over 5Ag/Al,O; and octyne/H, ratios of
(a) 1:1.5, (b) 1:2, and (c) 1:3.5. Reaction conditions: Pressure: 50 bar, temperature: 140 °C, LHSV: 18 h™", octyne/H, ratio: 1:1.5, feed: 2 wt %
octyne in hexane. The standard deviation for values at 12 h is 1 mol %.

interactions. In contrast, the octene isomers formed at an
LHSV of 9 h™' were maximized due to the formation and
readsorption of the octene on available Ag sites since initial
alkyne—Ag surface interactions were enhanced by longer
residence times. The conversion and selectivity profile at 18
h™' showed good selectivity to 1-octene and minimal
formation of overhydrogenation and isomerization products
with slight deactivation, and hence, this LHSV was applied for
further reactions.

2.2.3. Pressure. At a S0 bar hydrogen pressure (Figure 6b),
the initial full octyne conversion shows that the rate of
hydrogen addition is fast, but due to the stronger adsorption of
octyne over hydrogen, the surface starts to become covered
with the reactant over time, leaving fewer adsorption sites
available for hydrogen. These species begin to accumulate and
thus eventually start to deactivate the catalyst from 10 h on-
stream. Typically, hydrogen pressures used in industry are
between 15 and 35 bar, and usually high pressures are
associated with high surface coverages.36 Following this norm,
a decrease in the hydrogen pressure causes a decrease in the
total hydrogenation of octyne as a result of the reduced surface
concentration of hydrogen. With this, the initial carbon layer
deposited may be thicker than at higher pressures due to
reduced surface hydrogen species. This reduces the amount of
overhydrogenated and isomerized products in the early hours
of the reaction (Figure 6a). It has been proposed by Parera et
al.’” that a low hydrogen pressure produces a large amount of
coke on the metal and not on the support; however, the
stability of this catalyst shows that the carbon deposits are not
severe enough to deactivate the catalyst during this time.

2.2.4. Effect of GHSV. In theory, increasing the effective
surface hydrogen concentration increases the hydrogenation
rate. Work done by Larsson et al.* revealed that a high enough
content of hydrogen could suppress the formation of highly
unsaturated species responsible for coking because the rate of
hydrogenation of the alkyne is faster when there is a high
surface coverage of the active sites by hydrogen. When the
surface coverage of hydrogen is low, the half-hydrogenated
species (from the addition of a single hydrogen atom) increase.
These species can react with other intermediates on the
catalyst surface and form coke or coke precursors.

Figure 7a shows that the catalyst at a H,/octyne ratio of 1.5
is unstable due to the low hydrogen content fed. This implies
that the rate of addition of hydrogen, which is considered the
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rate-determining step (RDS) of alkyne hydrogenation,™ is
slower than the rate of adsorption of the octyne over the
catalyst surface. According to McCue et al, oligomer chain
growth is promoted at a low hydrogen concentration.*®

Figure 7c shows that 3.5 equiv of hydrogen to octyne gives a
rate of addition of hydrogen to octyne that is faster than the
rate at lower hydrogen content (in agreement with the
literature)."” Thus, it shows better 1-octyne conversions and 1-
octene selectivities than were seen at a H,/octyne ratio of 2
(Figure 7b). Despite the increased rates of hydrogenation,
carbonaceous deposits still form over the active Ag sites
because the dissociation of hydrogen by silver is still weak and
therefore once octyne is adsorbed over the catalyst surface, the
immediate hydrogen addition (to form octene) is not
compensated by the rate at which hydrogen is dissociated by
the metal to repopulate the catalyst surface. This leaves empty
sites available for octyne coverage and thus coke formation.

In other reports, increasing the H, content relative to the
substrate was seen to lower alkene selectivity, first by removing
carbides that would hinder readsorption of 1-octene by mass
transfer effects and second, by promoting the formation of a
hydride phase, which readily produces alkanes.*' In this study,
the stability of the catalysts at high H, concentrations (Figure
7b,c) suggests that by light carbon laydown occurring on the
surface of the catalysts, by steric hindrance, a steady state in the
conversion of octyne is maintained with time, provided there is
an equilibrium between the rate of hydrogen addition and the
rate of octene desorption from the catalyst surface.

In all cases (Figure 7a—c) and irrespective of hydrogen
coverage influencing hydrogenation rates (hydrogen is weakly
adsorbed over the catalyst surface compared to alkynes),"
once octyne is adsorbed over the Ag surface, it is immediately
hydrogenated to form octene. Initially, the surface of the
catalyst is essentially carbon-free, where the role of hydrogen is
also to preserve the clean surface of the catalyst.*” The carbon
layer builds with time and may form multilayers depending on
the amount of hydrogen fed. Hence, initially, less 1-octene is
observed due to readsorption of 1-octene onto “uncovered”
sites, where octane forms. As the layer of carbon accumulates
on the catalyst surface, the formed octene (having a lower heat
of adsorption compared to octyne) desorbs quickly from the
surface with minimal readsorption and, therefore, at full octyne
conversion, increasing selectivities are seen to l-octene with
time. In this instance, the propensity of 1-octene to further

https://doi.org/10.1021/acsomega.1c05231
ACS Omega 2022, 7, 4026—4040


https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05231?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
H |-octene trans-3-octene H |-octene trans-3-octene (b)
M octane B trans-2-octene (a) W octane M trans-2-octene
H cis-2-octene m others (C8+) H cis-2-octene m others (C8+)
+ octyne conversion 4 l-octene gain (Wt%) ¢ octyne conversion A 1-octene gain (Wt%)
= 100 100 _
g0y, 00 _ = . . =
£=] 2 N 2 V'S b
2 %0 ¢ e 80 % § 80 ¢ 80 z
2 N = 3 A 12 | £
T 60 A A 60 F = 60 A 60 &
RO A o0 g~ A @
= @ Q =
g% 40 0 5 EZ 40 40 2
5 g it S
z 20 20 I 2720 20 —
] g
g 0 0 ° 0 0
«E‘ 2 4 6 8 10 12 E\ 4 6 8 10 12
=] Time (h) S Time (h)
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Figure 9. Conversion of octyne and selectivity toward 1-octene, octane, cis-2-octene, and trans-2-octene over SAg/Al,O;. Reaction conditions:
LHSV: 18 h™!, pressure: 30 bar, octyne/H, ratio: 1:3.5, temperature: 140 °C, feed: 2 wt % octyne, 10 wt % octene in hexane.

hydrogenate to octane (due to a diffusion barrier caused by the
layer of carbon species initially forming) is limited.

2.3. Competitive Hydrogenation of Octyne vs
Octene. 2.3.1. Ag Weight Loading. The effect of silver
weight loading on the extent of coverage of y-Al,O; by the
active metal was investigated. There is a clear indication that
with a low surface coverage of the carrier by silver (2Ag/Al, O,
Figure 8a), there are more exposed acidic (Lewis and
Bronsted) sites and, thus, the extent to which the deactivation
of the catalyst occurs is faster, as opposed to a catalyst with a
higher silver loading (10Ag/AlL,O;, Figure 8b), which covers
more of the support and, hence, shows a decreased rate of
formation of carbon deposits causing catalyst deactivation. In
both cases (Figure 8a,b), initially, the catalyst surfaces are
essentially carbon-free and, hence, give full conversion. Since
there are free sites, which become available after complete
consumption of the octyne, to readsorb octene (after its
formation), some octene is hydrogenated to octane.
Furthermore, isomeric octenes are also initially formed, since
some of the formed octene readsorbs onto a different active
site for isomerization. As the layers of carbon material build,
the l-octene selectivity (based on the gain of Il-octene)
improves due to diffusion limitations, making the readsorbtion
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of octene difficult. However, the surface of the catalyst now
becomes deactivated with time.

This was not observed over the SAg/Al,O; catalyst
(discussed in the next section, Figure 9), which seemed to
provide the best balance between metal particle size, metal—
support coverage, and surface interaction, as well as the best
dispersion from chemisorption studies (Table S1), justifying its
choice as a baseline catalyst for the noncompetitive reactions.
This catalyst was also used to investigate long-term catalyst
stability, for up to 72 h. IPA-TPD measurements of SAg/Al,O;
revealed a few Brensted acid sites (0.150 mmol/g) on the
surface, implying that byproduct selectivity should be low and
this result is confirmed by the stability test, discussed in the
next section.

2.3.2. Stability Test on 5Ag/Al,0;. From the reaction
conditions explored in the noncompetitive hydrogenation
reactions, the chosen conditions of 30 bar pressure, 140 °C
temperature, 18 h™' LHSV, and 1:3.5 octyne/H, ratio were
used with the competitive feed comprising 2 wt % octyne and
10 wt % octene in hexane. The chosen pressure and space
velocities gave minimal oligomer formation (from the GC
traces) and, from a report by Bos and Westerterp,” very high
hydrogen pressures typically favor the production of octane by
direct hydrogenation of octyne. This possibility was ruled out
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Scheme 2. Mechanism for the Hydrogenation of Octyne, Showing Multiple Pathways and Formed Intermediates
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in this work since bands due to strongly adsorbed vinylidene
species (usually occurring around 1430 cm™") were not seen in
the IR spectra of the used catalysts (Figures S3—S5). These
vinylidene species are reported to be responsible for directly
producing octane from octyne.”

In the competitive feed system, stronger adsorption of 1-
octyne over 1-octene improves selectivity up to a point, as seen
in Figure 9. Octyne is generally less thermodynamically stable
than 1-octene due to their nature of bonding and thus adsorbs
strongly on the catalyst surface. Octene hydrogenation is
inhibited in the presence of octyne but can occur
spontaneously as shown in the previous section. Alkynes can
adsorb and hydrogenate on both flat and terrace surfaces (low-
coordination sites), but alkenes react faster on flat sites as a
result of steric hindrance to adsorption on terraces.”'

Other formed products (“others”) include a mixture of
internal octenes, octane, and minor quantities of di-octenes
and aromatics. Many studies have proposed that blockage of
active surface sites for the adsorption of alkenes (caused by the
alkyne) makes the system selective to the alkene. The carbon-
free catalyst surface gives 100% 1-octyne conversion because
the initial adsorbed reactants are slowly replaced by a new layer
of adsorbates (through hydrogen addition), forming octenes
and possibly octane.
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The results also show that over time, there is no 1-octene
conversion due to selective poisoning, where the ability of the
catalyst to hydrogenate octene remains low, while at the same
time hydrogenating the octyne. Also, the decreasing octane
and internal octene selectivity over the 72 h time-on-stream
shows that the slow carbon laydown prevents octene
readsorption and, hence, further hydrogenation or isomer-
ization.

Two stages of deactivation can be noted. The first occurs
rapidly between 24 and 54 h on-stream with increasing 1-
octene gain. Over this time, the relative light carbon deposits
on or in the vicinity of the Ag surface polymerize and
accumulate as heavy carbon material. As this layer of carbon
builds up past 54 h on-stream (stage 2 deactivation), the
surface of the catalyst now becomes completely covered or
blocked and thus octyne conversion levels off due to
insufficient availability of active sites. At this stage, a slower
deactivation rate is observed. The buildup of coke deposits and
the resultant reduction in active surface area limit the diffusion
and thus adsorption of octyne. Thus, the octene formed
increases until 48 h on-stream, as the metal-carbon phase
weakens the hydrogen adsorption by decreasing its chem-
isorption energy and hence its coverage, thus promoting faster
octene desorption.* The selectivity to 1-octene then decreases
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over time when octyne and hydrogen can no longer diffuse
through the thick carbon film, which leads to a hydrogen-
starved surface. Also, at this stage, there is a higher steady-state
coverage of strongly bound deposits that block large portions
of the active silver metal sites. Thus, the alumina provides the
active sites to catalyze the isomerization of any formed and
readsorbed octenes; hence, octene isomers are increasingly
produced beyond 54 h on-stream.

Carbon species can have a promoting effect and thus prove
beneficial by poisoning nonselective active sites. Also, when a
carbide phase forms, octene selectivity increases since the coke
destabilizes the octene adsorbed on the surface and it desorbs
before further hydrogenation occurs. This effect is seen during
the first 24 h of reaction where the 1-octene selectivity
increases from 30% initially to 80% after 24 h. If subsurface
carbides are considered, then this leads to a decrease in the
activation barriers of octyne and octene and increases the
activation barriers of C—C coupling, thus hindering oligome-
rization and raising octene selectivity.41

In the last stage of the deactivation (beyond 48 h on-
stream), there is increased cis-2-octene formation because the
I-octene formed isomerizes by returning to an acidic site on
the surface. STEM-EDX characterization of the used catalyst
gave insight into a sintering mechanism occurring in parallel to
catalyst deactivation caused by coking. Particle sizes appeared
larger in the used catalyst (31.9 nm compared to 11.5 nm for
the fresh catalyst) and this correlates to a dispersion effect in
that larger agglomerates of silver expose more acidic sites of
alumina for side reactions. Hence, in the second stage of
deactivation, Figure 9 (24—54 h), it is likely that the large
agglomerates are deactivated by the coke coating the catalyst
surface. At this stage, the olefin selectivity obeys the literature
trend:* I-octene > cis-2-octene > trans-2-octene > trans-3-
octene > trans-4-octene; cis-2-octene is dominantly formed in
terms of internal octenes.

2.4. Mechanistic Considerations. The heats of adsorp-
tion of alkynes are larger (—14 kJ/mol) compared to alkenes
and thus readily adsorb on the catalyst surface.’”” Zhang et al.
report that one surface atom adsorbs one hydrogen atom.*’
Alkynes adsorb as strong di-c bonds (on two neighboring
metal atoms) or weak z-bonds (on one metal atom), where the
m-adsorbed species leads to the selective hydrogenation to
alkenes, while the former give alkanes.*”

Pachulski et al. proposed that two active sites are involved in
the hydrogenation of alkynes (Scheme 2).** Octene forms on
the first site by the reaction of molecular adsorbed octyne with
two dissociatively adsorbed hydrogen atoms under partic-
ipation of a vinylidene species that is adsorbed on the catalyst
surface. Initially, the octyne adsorbs on the catalyst surface as a
m-complex, which can then be converted to a di-o-adsorbed
species. The vinylidene surface intermediate forms by the
addition of one hydrogen atom to the chemisorbed octyne.
This species is considered key in the hydrogenation of octyne
to octene. On the same site, two vinyl species and hydrogen
react to give octenes. Octene is associatively adsorbed on a
second site and converted to octane by reaction with
dissociatively adsorbed hydrogen atoms. Octene can also
adsorb on the first site, but the conversion to octane
predominantly occurs on the second. Dissociatively adsorbed
octyne and vinylidene species are said to be responsible for
oligomerization reactions, which is supported by the results of
the stability experiment carried out in this study.”* The rate-
determining step in the hydrogenation of octyne to octene is
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the addition of the first hydrogen atom, while the addition of
the second hydrogen atom is the RDS for the hydrogenation of
octene to octane.

2.5. Deactivation by Coking and Sintering.
2.5.1. TGA-DSC. Thermogravimetric analyses were used to
quantify the amount of carbon deposits on the surfaces of the
used catalysts, Figure S6. There is a significant amount of
carbon deposition on the surface of the catalysts. In general,
increasing the amount of dispersed metal on a catalyst causes
less coke formation because more acidic sites on the support
are covered. TGA provides information on the specific
hydrocarbon species deposited, with soft (aliphatic) hydro-
carbons being typically found in the 200—400 °C region, while
hard (graphite-like) hydrocarbons are represented by a weight
loss in the 400—600 °C region.**

From Table 2, peaks in the range of 100—120 °C are due to
the loss of water within the pores of the catalyst. This loss

Table 2. TGA Data for All Used Ag/Al,O; Catalysts

graphite species total
moisture (%) aliphatic species (%) weight
catalyst  100—120 °C (%) 200—400 °C 400—600 °C loss (%)
28g/ 3.5 3 4 10.5
ALO;"
SAg/ 3 1S 10.5 15
ALO,”
10Ag/ 4.5 2 8 14.5
ALO;

“Reaction time: 12 h. “Reaction time: 72 h.

ranges from 3 to 4.5 wt % across the different weight loadings
of silver. The content of aliphatic hydrocarbon deposition over
all Ag/Al,Oj; catalysts is significantly lower than the amount of
hard coke deposited. The accumulated carbonaceous material
can be further identified by the Raman scattering effect, which
is dependent on the polarizability of the species and can thus
be used to indicate the degree of graphicity of a carbon
network (Figure S7). The two peaks are representative of D
and G bands (1382 and 1581 cm™, respectively) which are
related to the deposition of amorphous graphite (disordered)
and hard coke, respectively.”’ In addition, the majority of
carbonaceous material was deposited on the acidic part of the
catalyst (alumina) after initial deposition over the metal®® as
confirmed by the TPO-MS results of the 10Ag/Al,O; catalyst
(Figure S8). Coke deposition occurs on the metal first
followed by deposition on the acidic alumina (Figure S8).

2.5.2. STEM-EDX. From Figure 10, analysis of the used SAg/
AL O, (Figure 10a—c) by STEM-EDX shows the presence of a
sintering mechanism. Figure 10b,c shows the silver and
alumina maps, respectively, with the bulk of the catalyst
being alumina (Figure 10c). In the silver map, due to clustering
of silver occurring in specific regions, intense bright spots are
seen in the BSE image (Figure 10a). The extent of
agglomeration of silver is clear from a comparison of the
particle size distribution graphs between the fresh and used
SAg/Al,O;. The average particle size in the fresh catalyst was
11.5 nm (Figure 2e) with good dispersion of silver over the
alumina support.

From the map combining silver and alumina (Figure 10d), it
can be seen that the dispersion of the used SAg/AlLOj is still
reasonably good, which can be correlated with the average
particle size of 31.9 nm (Figure 10f). This confirms that
sintering occurs during the catalysis. Figure 10e shows
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Figure 10. STEM-EDX images for the used SAg/Al,O5 showing (a) dark-field image, (b) silver map, (c) aluminum map, (d) silver and aluminum
map, (e) line scan image, and (f) particle size distribution graph after reaction using 2% octyne and 10% octene in hexane.
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Figure 11. BET measurements of fresh and used Ag/ALO; catalysts showing (a) N, adsorption/desorption isotherms and (b) pore size

distribution.

enrichment of silver across the region of the line scan, further
emphasizing the dispersion of silver over the carrier. This can
be attributed to carbon deposition as a layer over and
surrounding the original small crystallites of silver, which
prevents rapid sintering during the reaction. Silver agglomer-
ates were also observed for the used 2Ag/Al,O; and 10Ag/
Al, Oy catalysts (Figures S9 and S10) with the least amount of
agglomeration and clustering occurring in the 2Ag/AlO,
catalyst, while the most intense coalescence of silver atoms
was seen with the 10Ag/Al,O; sample.

2.6. Further Used Catalyst Characterization. 2.6.1. N,
Physisorption Measurements. Brunauer—Emmett—Teller
(BET) surface area analyses of the fresh and used silver
catalysts showed significant changes within the network of

pores in each catalyst. From Figure 11la, all catalysts exhibit
Type 1V isotherms with H3 hysteresis loops. This shows that
all catalyst pores are ink-bottle-shaped with a narrow neck and
wider cavity. There are marked changes to the pore shapes of
the used catalysts, as shown by the nitrogen adsorption/
desorption isotherms. These changes are noted by narrower
isotherms exhibited by the used catalysts compared to those of
the fresh samples suggesting pore filling by carbonaceous
material.

All isotherms are characteristic of mesopore materials having
pore sizes typically in the range of 2—50 nm. Figure 11b
illustrates pore size distribution plots for each fresh and used
catalyst. The used 2Ag/Al,O; catalyst showed a pore size
distribution in the range 5—20 nm (being the largest among
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the series of catalysts), while the used SAg/Al,O; catalyst
showed the narrowest pore size distribution (5—10 nm). The
pore size distribution measurements of the used catalysts
confirm that the pore entrances are being blocked by the
buildup of carbon material, hence giving a narrow pore size
distribution curve in the case of the used SAg/Al,O; catalyst.

The surface areas of the fresh catalysts were seen to decrease
with the amount of silver loaded (Table 3). This decrease is

Table 3. Surface Properties of the Fresh and Used Ag/Al,O;
Catalysts

surface area pore volume pore diameter

catalyst (m*/g) (cm®/g) (nm)
ALO; 255+ 3 0.72 10.0
2Ag/ALO, (fresh) 253 + 0.5 0.70 9.4
2Ag/Al O, 141 £ 1 0.39 7.8
(used)”
SAg/ALO; (fresh) 234 + 1.5 0.63 7.6
SAg/ALO, 177 + 3 042 7.0
(used)?
10Ag/ALO, 229 +2 0.66 7.8
(fresh)
10Ag/ALO, 211+ 1 0.65 72
(used)”

“Reaction time: 12 h. PReaction time: 72 h.

attributed to the deposition of silver metal within the pores of
the catalysts. All used catalysts show a significantly lower
surface area compared to the fresh catalysts due to the
aforementioned deposition of carbon occurring on the surface
of the catalysts. The extent of this was greater over the SAg/
Al,O; catalyst due to the prolonged reaction time, which
allowed for ample accumulation of aliphatic and graphite-like
hydrocarbons to block the pores and pore entrances of the
catalyst and cause deactivation. For this reason, the pore
volume of the catalyst drastically decreases at the end of the
reaction compared to the value at the onset (Table 3). The
results also explain why within 12 h on-stream, the 2Ag/Al, O,
catalyst deactivates the fastest (shown by a drastic decrease in
surface area from fresh to used catalyst) as the low Ag loading
leaves more exposed alumina sites. This means that the carbon
material will accumulate faster over the surface of the catalyst
compared to the 10Ag/Al,O; catalyst, which has a higher Ag
loading with a few exposed alumina sites to cause a rapid
deactivation of the catalyst.

2.6.2. ICP-OES. The extent to which the catalytic activity
was seen to decline at the end of each reaction prompted the
investigation into three different types of deactivation
mechanisms, namely, leaching, sintering, and coking. From
the actual weight loadings of the spent catalysts compared to
those of the fresh (Table 4), where each result was obtained in
triplicate, there are at most negligible amounts of silver lost at
the end of each reaction. This means that a decline in catalytic

Table 4. Actual Weight Loadings of Deactivated Catalysts
Obtained from ICP-OES Analysis

catalyst fresh used
2Ag/A]203q 228 + 0.22 1.92 + 0.07
SAg/ALO," 4.87 + 0.08 4.67 + 023
IOAg/AIZOf 10.49 + 0.67 9.62 + 1.55

“Reaction time: 12 h. “Reaction time: 72 h.

4037

activity caused by leaching of the active metal can be ruled out
as a possible deactivation mechanism.

3. SUMMARY AND CONCLUSIONS

It was shown from microscopy analyses and temperature-
programmed techniques that the SAg/Al,O; catalyst had good
dispersion (7.9%) and degree of reduction (88%) of silver
compared to the other tested catalysts. The average particle
size ranged from 4 to 21 nm. As a baseline catalyst in the
noncompetitive hydrogenation of 1l-octyne, high conversion
and l-octene selectivity were obtained under the following
conditions: LHSV: 18 h™', pressure: 30 bar, octyne/H, ratio:
1:3.5, temperature: 140 °C. Increasing the content of surface
hydrogen available and decreasing the residence time for the
incoming reactants (i.e., higher pressures and GHSVs and
lower LHSVs) provided a more stable catalyst for longer
reaction periods with less overhydrogenation and isomer-
ization products.

Mimicking these conditions in the competitive hydro-
genation reaction over the 2Ag/Al,O; and 10Ag/Al O,
catalysts revealed a steady decline in activity over 12 h with
the deactivation rate being faster over the 2Ag/Al,Oj; catalyst.
In contrast, the SAg/Al,O; catalyst showed high stable activity
over this time period. Exposed alumina sites (higher on the
2Ag/AL,O; catalyst than the 10Ag/AL,O; catalyst) were
confirmed by microscopy and dispersion measurements. IPA-
TPD studies on the fresh SAg/ALO; catalyst showed a few
Bronsted acid sites (0.150 mmol/g) available for side reactions.
Thermogravimetric analyses and Raman studies revealed the
deposition of soft and hard coke over the catalyst surface as
well as at pore entrances (shown by BET measurements)
during 72 h on-stream. The catalysis also showed that with
increasing carbide formation, 1-octene gain increased steadily.
Leaching was ruled out as a deactivation mechanism. From
STEM-EDX techniques, metal sintering was shown by
increased particles sizes in used (31.9 nm) vs fresh (11.§
nm) catalysts.

4. EXPERIMENTAL SECTION

The catalysts consisting of 2, 5, and 10 wt % Ag on Al,O; were
prepared by deposition precipitation with silver nitrate
hexahydrate (Sigma-Aldrich, 99.9%) and y-alumina (Merck,
99%) as the precursor salt and carrier, respectively. The pH of
all support solutions was adjusted to 10 with 25% ammonia
solution followed by dropwise addition of the metal solution.
All catalysts were dried over 8 h using a rotary evaporator at 70
°C under reduced pressure. Samples were then oven-dried
overnight at 110 °C prior to a calcination step at 500 °C for 12
h. All catalysts were activated under pure hydrogen at 160 °C
for 12 h at 40 mL/min.

Pulse chemisorption TPD-MS studies were carried out on
an AutoChem 2920 instrument coupled with a Cirrus Mass
Spectrometer (MKS Instruments) to investigate the Bronsted
acidic sites present on the catalysts analyzed. The catalyst (~70
mg) temperature was ramped from RT to 160 °C at 10 °C/
min in a flow of helium (30 mL/min) and pretreated at this
temperature for 2 h. Thereafter, the sample was cooled to 100
°C with helium (30 mL/min) for the pulse chemisorption
measurements, followed by pulsing 30 times with 1 mL of IPA
in a flow of helium at 3-min intervals. The temperature was
then raised at 10 °C/min to 500 °C under 30 mL/min helium
for the desorption analysis, where mass spectrometry was used
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to distinguish the desorbing n-propylamine (m/z = 44),
propene (m/z = 41), and ammonia (m/z = 17) species, of
which the amount of propylene species desorbed was
quantified for the amount of Brensted acidic sites present.

The catalyst (90 mg) temperature was ramped from RT to
160 °C at 10 °C/min in a flow of helium (30 mL/min) for 2 h
in a Micromeritics 2920 instrument. At this temperature, the
catalyst was activated under pure hydrogen at 50 mL/min for 4
h. Thereafter, 5% O,/He gas was passed over the sample at a
flow rate of 20 mL/min and held for 1 h. The catalyst was then
heated from 30 °C to 700 °C at 10 °C/min.

Specific surface areas, pore volumes, and pore size
distribution analyses were obtained using a Micromeritics
TriStar II 3020 surface area and porosity instrument, where the
temperature was maintained at —195 °C. Approximately 100
mg of each catalyst was degassed under nitrogen, first at 90 °C
for 1 h to remove physisorbed moisture and then at 200 °C for
12 h. All measurements were conducted in triplicate to ensure
reproducibility.

A spatula tip of the sample was added to an Eppendorf vial
and suspended in acetone. The mixture was sonicated for S
min to disperse the catalyst. The sample was then coated onto
holey carbon grids and placed into a Jeol 1010 TEM
instrument and analyzed using the Megaview III software
imaging system at an operating voltage of 200 kV.

Backscattered electron (BSE) imaging and energy-dispersive
X-ray spectroscopy (EDS) analyses were carried out on a Zeiss
EVO 40 instrument equipped with a tungsten filament. BSE
imaging and EDS mapping were done at an accelerating
voltage of 20 kV at a probe current of 1.5 nA. The filament
current was kept constant at 2.403 A. EDS analyses were
performed using a Bruker XFlash SDD detector using Bruker
Esprit software. The samples were cured with Akasel epoxy
resin and Akasel cure, which were then polished using
diamond paste and coated with carbon. The “detection” of
Fe was most probably a result of overlapping or very close
signals detected in the EDX spectrum.”’

Hydrogen-temperature-programmed reduction (TPR) stud-
ies were conducted using a Micromeritics Autochem II
Chemisorption Analyzer 2920 instrument using approximately
50 mg of each catalyst. The sample was first pretreated at 100
°C under a stream of He (30 mL/min) for 60 min; thereafter,
the temperature was decreased to 40 °C under the same inert
conditions. The reduction experiments were carried out using
S vol% H,/Ar at a flow rate of 50 mL/min and a temperature
ramp from 40 °C to 800 °C at 10 °C/min.

Hydrogen chemisorption experiments were carried out using
a Micromeritics ASAP 2020 instrument and used to determine
the metal dispersion and crystallite size. Prior to analysis,
approximately 250 mg of sample was degassed under a flow of
N2 from RT to 200 °C (held for 12 h) during which the
sample was first held at 90 °C for 1 h to remove physisorbed
moisture prior to increasing to the final temperature of 200 °C.
The sample was then packed between two layers of quartz
wool in a quartz U-tube. The analysis pretreatment involved
reducing with H, at 160 °C for 4 h followed by analysis at 140
°C with hydrogen at a 1:0.5 H,-metal stoichiometry. Points at
3,69, 12, 15, 18, 21, 100, 150, 200, 250, 300, 350, and 400
mmHg were taken on the pressure table. The hydrogen
chemisorption capacity was determined by extrapolation of the
hydrogen uptake to zero pressure.

The amount of silver present in each sample was determined
by ICP-OES using an Optima 5300 DV PerkinElmer Optical
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Emission Spectrometer. Accurately weighed samples (50 mg)
were digested on a hotplate in 10 mL of nitric acid, followed by
filtration through a 0.45 pm filter. ICP standards ranging from
0 to 100 ppm were prepared from a silver stock standard
solution of 1000 ppm (Industrial Analytical, RSA). All analyses
were carried out in triplicate.

For the TGA—DSC technique, a PE SDTQ600 instrument
was used where a small amount of sample was weighed and
placed in a sample holder. The analysis involved heating the
sample under a stream of air from room temperature to 900 °C
at a heating rate of 10 °C/min.

All IR spectra were recorded on a PerkinElmer attenuated
total reflectance (ATR) spectrophotometer. The sample was
placed on a diamond window and pressurized. All spectra were
recorded in the region of 380—4000 cm™" at a resolution of 4
em™

All Raman spectroscopy analyses were carried out using a
Delta Nu Advantage 532 instrument equipped with a 532 nm
laser source (green) and operated by NuSpec software. Laser
intensities and the integration time of the scans were varied
until each sample gave clear and reproducible spectra. All
analyses were carried out at room temperature with the
powdered sample loaded in quartz tubes.

Powder X-ray diffraction was carried out using an X-ray
diffractometer D8-Advance from Bruker operated in a
continuous #—6 scan in locked coupled mode with Cu Ko
radiation (4 = 1.5406 A). The sample was mounted in the
center of the sample holder on a glass slide and leveled up to
the correct height. The measurements were run within a 26
range of 10—90° with a typical step size of 0.034°. A position-
sensitive detector, LYNXEYE, was used to record diffraction
data at a typical speed of 0.5 sec/step, which is equivalent to an
effective time of 92 s/step for a scintillation counter.

A continuous, plug flow fixed-bed reactor was operated for
all catalytic work carried out in the liquid phase (Figure S1).
The catalyst (2 mL) pellets (300—600 pm) were diluted in a
1:1 ratio with 24 ym carborundum and loaded into a 316
stainless steel reactor tube with an inner diameter of 15 mm
and length of 325 mm. The catalyst bed was sandwiched
between two layers of glass wool, while the remainder of the
tube was packed with carborundum and a layer of glass wool at
the extreme ends of the reactor tube to prevent particulate
matter from entering the product stream. All catalysts were
dried under N, atmosphere at 200 °C for 12 h before blending
with hydrogen at 160 °C over 8 h, after which the catalyst was
exposed to 100% H, for 12 h for the reduction. Catalytic
testing of the competitive reaction feed, consisting of 2 wt %
octyne in 10 wt % octene (with hexane as a diluent), and a full
optimization study investigating the noncompetitive hydro-
genation of octyne in hexane was carried out. For the latter,
parameters such as temperature (40, 8, 100, 120, and 140 °C),
pressure (10, 30, and 50 bar), LHSV (9, 18, 27, and 36 h™'),
octyne/H, ratio (1:1.5, 1:2, and 1:3.5), and Ag loading (2, S,
and 10 wt %) were varied to identify the best-performing
catalyst and best potential conditions for application with the
competitive feed. The product streams were quantified by a
PerkinElmer Clarus 580 Auto System gas chromatograph
integrated with a flame ionization detector (FID) and
equipped with a PONA column (50 m X 0.2 mm X 0.5
pum). The column temperature program consisted of heating
isothermally at 40 °C for 15 min, followed by a temperature
ramp at 5 °C/min to 120 °C for 3 min, then at 5 °C/min to
200 °C for 2 min, and finally at 20 °C/min to 260 °C for 3
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min. Results were obtained in at least duplicate with mass
balances between 94 and 103% and carbon balances between
92 and 107%. Substrate conversion for the noncompetitive
hydrogenation reaction was calculated by the difference in
initial and final octyne molar amounts (ycynein aNd ocyneout
respectively) relative to the initial molar amount of octyne (eq
2):

noctyne, in noctyne,out

conversion = X 100

2)

Product selectivities were calculated from the molar amounts
of the individual products k formed (1) relative to the total
amount of all products formed in the product stream

(nproducts,total) (eq 3)

noct}me,in

. 3
SeleCtIVlty(noncompetitive feed) ~ X 100

(3)
For the competitive hydrogenation reaction, the octyne
conversion was calculated in the same way as for the
noncompetitive reaction. However, selectivities were based
on the molar amount of octene (the substrate initially co-fed
with octyne) gained as a product (11;_y¢ene) as well as the molar
amounts of isomeric octene products (#emal octenes) and the
overhydrogenation product octane (#1,¢qne) relative to the total
amount of products formed (eq 4):

nproducts,total

total C8 selecnmty(competitive feed)

+n + n

_ nl—octene internal octenes

octane X 100

(4)

The gain of octene was based on the mass of octene detected
by GC and inclusive of the initial octene fed (1, eneon) and
the mass of octene initially fed (Mocenein) (€9 S):

nproducts,total

(moctene,out - moctene,in)

X 100

octene gain =

©)

moctene, in
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