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CHAPTER |

BACKGROUND

1.10verview

Ethylene is one of the most widely produced petrochemicals in the world, with a
production history reaching back to the earl{f' 2@ntury. It has been recovered since
1930 as a product of coke-oven gas and in the 1940’s became an important industrial
intermediate when American companies began producing it by separation from waste

gas. This era also saw deliberate ethylene production from ethane and natural gas.

The chemical properties of ethylene result from the carbon-carbon double bond,
with a bond length of 0.134 nm and a planar structure. Ethylene is a very reactive
intermediate, which can undergo all typical reactions of a short-chain olefin. Due to
its reactivity ethylene gained importance as a chemical building block. The complex
product mixtures that have to be separated during the production of ethylene are also
due to the reactivity of ethylene. Ethylene can be converted to saturated hydrocarbons,
oligomers, polymers, and derivatives thereof. Chemical reactions of ethylene with
commercial importance are: addition, alkylation, halogenation, hydroformylation,
hydration, oligomerization, oxidation, and polymerization. More recently, ethylene
has taken the place of acetylene in virtually all large-scale chemical syntheses.
However, acetylene itself is a byproduct of modern ethylene production processes,

and the removal of this contaminant is necessary.

More than 97% of ethylene around the world is produced by thermal cracking of
hydrocarbons in the presence of steam, and by recovery from refinery cracked gas.
This process can be described as the heating of a mixture of steam and hydrocarbon to
the necessary cracking temperature, which can range from 260°C to 340°C depending
on the hydrocarbon used. This mixture is then fed to a fired reactor or furnace and
heated to between 400°C and 470°C. As a result, the original saturated hydrocarbon
“cracks” into smaller unsaturated molecules. This process is extremely endothermic,
and the product must be cooled back to the original feed temperature upon leaving the

reactor in order to minimize secondary reactions. Possible alkane feedstocks for



pyrolysis include ethane, propane, n-butane, isobutane, naphthas, kerosene, and
various gas oils. In the U.S., ethane and natural gas liquids (often a mixture of ethane
and propane) are most commonly used in ethylene production. Incidentally, using an

ethane feedstock produces the smallest amount of acetylene byproduct, which

averages about 0.26% by weight of the product stream. For other feeds, this quantity
can become as large as 0.95% by weight. Ethylene to be used for polymerization

processes has to be 99.90% pure. This is known as polymer-grade ethylene and the
maximum allowable limit of acetylene should not be higher than 5 ppm [1]

1.2 Acetylene hydrogenation
1.2.1 Polyethylene

Polyethylene (PE) is a polymer consisting of a long backbone of covalently
linked carbon atoms connected to two hydrogen atoms. Polyethylene is formed by
polymerization of n molecules of the monomer ethylene. The chemical formula of
polyethylene in its simplest form is;Elan+2 Where n is the degree of polymerization.
Different kinds of polyethylene exist depending on the concentration of side chains
and of the presence of linked or functional groups like acids or esters. The total
production of polyethylene exceeds 40 million tons per j&arPE is used in large
guantities of non-expensive synthetic material with modest physical properties like
stiffness and excellent chemical resistance for nondurable applications which do not
require properties like hardness or thermal resistance. Industrial production of
polyethylene is performed by two different processes. The Ziegler-Natta process
consists of ethylene polymerization using transition metal organic complexes and
transition metal chloridef8]. Other processes are based on supported transition metal

oxides like chromium oxide in the so-called Phillips process and metallocene catalysts

[4].

1.2.2 Acetylene hydrogenation

Ethylene for the polymerization to polyethylene is produced by cracking of light
alkanes in a steam cracker. The ethylene stream has to be purified and one step in the

purification process is the selective hydrogenation of acetylene to etlfylene

CoHy+H, —» GHs AH =-172 kJ/molAS=-111 J/K-mol (298 K)



Presence of acetylene in ethylene stream leads to poisoning of the
polymerization catalyst because acetylene adsorbs at the active sites for ethylene and
blocks the polymerization process. Therefore, the acetylene content in the ethylene
feed has to be reduced to the low ppm-range. Hydrogenation of acetylene in the
presence of ethylene requires high selectivity to ethylene to prevent hydrogenation of
ethylene to ethan{b,6]. Following reactions occur in an acetylene hydrogenation

reactor:

CH,+H, —P GHa (1) hydrogenation of acetylene to ethylene
CHs+H, —P» CHg (2) hydrogenation of ethylene to ethane
nCH; + ¥an H —p(GH3z)n (3) dimerisation and oligomerisation (n = 2, 3, 4, ..)

Main product of reaction (3) is 1,3-butadiene which can be further hydrogenated
to so-called & hydrocarbons 1-butene, n-butane, cis- and trans-butege. C
hydrocarbons and the so called green oil of higher hydrocarbons are formed in small
guantities. Hydrocarbon deposits and hydrocarbon decomposition with subsequent
formation of carbonaceous deposits on the catalyst surface lead to deactivation [6-8]

1.3 Palladium metal

1.3.1 Elemental palladium

Palladium as a group VIl noble metal has unique catalytic properties in
homogeneous and in heterogeneous reactions. In heterogeneous catalysis palladium is
used for oxidation and hydrogenation reactions. One of the most remarkable
properties of palladium is the ability to dissociate and dissolve hydrogen. Atomic
hydrogen occupies the octahedral interstices between the Pd atoms of the cubic-closed
packed metal. Palladium can absorb up to 935 times of its own volume of hydrogen.
Depending on hydrogen partial pressure and temperature a soecadledp-hydride

is formed [9]



Table 1.1 Some physical properties of palladium [10]

Atomic number 46

Atomic weight 106.42

Atomic diameter 275.2 pm

Melting point 1827 K

Crystal structure cubic closed packed
Electron configuration [Kr] 44

Electron negativity (Allred & Rochow) 1.4

1.3.2 Palladium in heterogeneous hydrogenation reactions

Like other group VIII metals, palladium can be used for hydrogenation of
unsaturated hydrocarbons. Palladium shows the highest selectivity of these metals in
heterogeneously catalyzed semi-hydrogenation of alkynes and dienes to the
corresponding alkend®]. Activity of palladium for hydrocarbon hydrogenation is
based on the ability for the dissociative adsorption of hydrogen and chemisorption of
unsaturated hydrocarbons. The chemisorption of alkenes and alkynes is based on the
interaction of the d-band of the Pd metal with tHeomding system of the unsaturated
hydrocarbong11,12] Industrially used catalysts for acetylene hydrogenation contain
relatively low Pd content (< 0.1 wt%) and are supported on metal oxides like alumina.
Palladium shows high activity but only limited selectivity and long-term stability for
hydrogenation of acetylene. The limited selectivity is mainly due to enhanced ethane
formation and the formation of by-products like; @nd higher hydrocarbons.
Palladium shows a strong deactivation behavior because of hydrocarbon and carbon
deposits. Catalyst deactivation by hydrocarbon and carbon deposits requires a
frequent exchange or regeneration of the catalyst in the hydrogenation reactor.
Moreover, fresh or regenerated catalysts show high activity and consequently lead to
increased ethylene consumption and reduced selectivity. Furthermore, high activity of
fresh or regenerated catalysts can lead to overheating (“thermal run away”) of the

reactor because of the exothermic hydrogenation reaction [7,8]

1.4 Alumina (Al,O3)
Alumina (AlLOs3) is a white powder normally produced from bauxite ores. It is

one of the most widely used advanced ceramic materials with applications ranges



from spark plugs to catalyst materials. In processing of alumina, the reactions can be
divided into 3 different stages. The first is the formation of aluminium hydroxide.
Aluminium hydroxides are either in well-characterised crystalline or amorphous
forms. The most common trihydroxides are gibbsite, bayerite and nordstrandite, while

boehmite and diaspore are in the hydroxide forms.

Alumina exists both in the transition or metastable and stable forms. Of the
different forms of aluminasu( y, n, 9, x, 9, v, p), all are in the transition forms except
for a-alumina. y-alumina anda-alumina are the only two types of commercial
aumina that are produced. The crystal structure-afumina is that of hexagonal
plate with large surface area. This made the alumina used being mainly in catalysis
and in absorbent applications. There are different crystal structusealawiina most
of which are rounded shape and hexagonal. The crystals also have small surface area.
The usual way to synthesize thghase is the heat treatment of the transition alami
powders at relatively high temperatures, e.g., 1000-1200°C. The transition sequence is

illustrated as follows [13,14]

100 300 SO 700 900 1100 “C
] T T 1 i I I I | | |
Gibbsile ——I—- chi - kappa : alpha
L'\.
{_ Bochmite i —— gamma ] delta ' theta ! alpha
-
1]
- ~
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Boehmite _j—— eta _— theta : alpha
|
Bayerite ——— 4
L - RHO
Diaspore —_— Alpha
] | l | | | | 1 | ! | 1
400 600 800 1000 1200 1400 K

Figure 1.1 Thermal transformation sequence of the aluminum hydroxides.

1.5 Motivation

The reason that acetylene removal from the ethylene stream is so vital is that
acetylene acts as a poison to the catalysts used for making polyethylene out of the
ethylene product. In addition, acetylene can form metal acetylides, which are



explosive contaminantgl5]. Therefore, acetylene in the ethylene stream must be
hydrogenated aiming at reducing its concentration with a minimum loss of ethylene to
ethaneg[16-17]. The selective hydrogenation of acetylene to ethylene is an important
process used to purify ethylene streams containing trace amount of acetylene, for the
production of polyethylene. It is desirable that the abundant ethylene component
remains intact during the acetylene hydrogenafiypically, Pd-based catalysts are
efficient and widely utilized for this process due to its good activity and selectivity.
During long-time investigations, the researchers have found the sequence of catalytic
activity is Pd > Pt > Ni; Rh > Co > Fe > Cu/Au in the reaction of selective
hydrogenation of acetylene and alumina supported low Pd content catalyst is widely
used[18-25] However, the catalyst performances could be imprdwedsing novel
supports or promoters and preparation advance of catalyst in order to obtain a high

acetylene activity and high ethylene selectivity, as well as a long lifetime.

Recently, high ethylene selectivity for Pd/p#Bnatase compared to Pd/TO
Rutile has been suggested to be due to the promotional effect of*therégient on
the TiO, surface[26]. The presence of Tiin contact with Pd can probably lower
adsorption strength of ethylene resulting in an ethylene gain. A recent study by Li et
al. [27] reveals that the SMSI of Pd/TiCatalyst was influenced by the titania
polymorph. Diffusion of Ti* from the lattice of anatase TiGo surface Pd particle
can lower the temperature to induce SMSI. Therefor&, Jpecies that were in
contact with palladium surface can simultaneously promoted SMSI effect and
ethylene desorption. Ag addition shows a negative effect for PgAmAtase
because suppression of the beneficial effect of tHé @n anatase TiDby Ag
addition hence lower ethylene selectivity was obtained. Although it was found that the
TiO, phases had been reported, the mixed-phases of alumina have not studied. In
addition, the parameters via crystallite size and porosity of nanocrystalline on the
selective acetylene hydrogenation have not been reported yet.



CHAPTER Il

RESEARCH OBJECTIVES AND SCOPE

2.1 Objectives

The objectives of the study are to investigate the influence of mixed phases of
alumina on the performance of Pd catalysts and to comparatively study of micron-
sized and nanocrystalline @fAl O3 supported catalysts. Besides, the properties of
Al,Oz; by different preparations are to analyze for Pd catalysts in selective
hydrogenation of acetylene to ethylene. Specifically, this study is aimed to fulfill the
following three objectives:

1. To study the effect of mixed transition- and alpha-phase alumina on the
performance of Pd/AD; catalysts.

2. To comparatively study the effect of micron-sized and nanocrystalline of
a-Al,03 supported catalysts on the performance of Pd catalysts.

3. To determine the properties @l O3 prepared by different manners for

application Pd catalyst support.

2.2 Research scope

The experiments carried out in this research are divided into three categories:
catalyst preparation, characterization, and reaction study. The research scope for each
part is shown below:

Part |

1. Preparation ai-Al,O3 supports which consisted of various transition- and
alpha-phase alumina.

2.  Preparation of micron-sized and nanocrystallirdl,O;. The micron-
sized a-Al,O3 was the commercially available-Al,O; from Aldich. The
nanocrystalline €Al ;O3 was prepared by the solvothermal method.

3.  Preparation of a-Al,O3 supports by solvothermal, " sol-gel, and
precipitation method.

4.  Preparation of Pd/AD; catalysts by the incipient wetness impregnation
technique.



Part II

1. The AbOs; supports were characterized XRD, ESR, and BET.

2.  The Pd/AIO; catalysts were characterized using TEM, XPS, TPR, TPD,
TPO, TGA-DTA, and CO-chemisorption techniques.

Part |l

1. The catalytic performance of Pd{®k catalysts was studied in the
selective hydrogenation of acetylene to ethylene. The catalyst was reduced in situ
with hydrogen by heating from room temperature to 150°C at a heating rate of
10°C/min. Then the reactor was purged with argon amdedodown to the reaction
temperature. The reaction was carried out using a feed composition of ;H5%C
1.7%H, and balanced &1, with a vary GHSV.

2.3 Thesis outline

This thesis is arranged into five chapters. The background chapter is presented
in Chapter I, and following a research objectives and scope is obtain€tapter
II. Chapter Il describes the literature review and the industrial acetylene
hydrogenation. The experimental works are covered in ChapteFINally, Chapter
V contains the results and discussion as well as the conclusions from this research and

some recommendations for conundrum studies in this area are shown in Chapter VI



CHAPTER I

LITERATURE REVIEW

Selective acetylene hydrogenation has been known about for many years,
although the information in the literature is somewhat sparse. There are few
references on experimental studies of various factors influencing the Pd catalysts
performance. In light of this, the literature review presented here covers a large
number of topics that are concerned with the various factors influence to the Pd
catalyst. In addition, some fundamental reaction concepts are briefly introduced

because they are the basis understanding of the Pd catalyst performance.

3.1 The mechanism of acetylene hydrogenation

In a constant volume system, high selectivity of ethylene could be maintained as
long as any acetylene remained, even in the presence of excess hydrogen but, while it
was possible in the region of room temperature, the use of higher temperatures
encouraged the simultaneous formation of ethane. When this occurred, however, the
two processes occurred in parallel; but the selectivity remained constant while any
acetylene was left. When all of the acetylene had reacted, the ethylene was then
hydrogenated more quickly, so that the rate of pressure fall incrg2&&®d]. This
proved very clearly that under these conditions there were no sites available for
ethylene hydrogenation that were not occupied by acetylene, that is, re-adsorption of
gaseous ethylene was forbidden. The simultaneous formation of ethane must,
therefore, have arisen by reaction of ethylene before it had desorbed. This led to the
recognition of two factors in ‘high" selectivity shown by palladium: (i) a
thermodynamic factor, which secures the preferential coverage of the surface by
acetylene through its greater heat of adsorption; and (ii) a mechanistic factor, by
which ethylene desorbs and is replaced by acetylene before it has a chance to react
[31-34].

The network of the main reactions proceeding during acetylene hydrogenation

in ethylene-rich streams is shown in Figure 3.1.
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Figure 3.1 The network of the main reactions proceeding during acetylene
hydrogenation in ethylene-rich streams. The reactions are denoted by numbers in the
circles: 1) acetylene half-hydrogenation to ethylene, 2) ethylene hydrogenation to
ethane, 3) acetylene hydrogenation to ethane, 4) hydro-oligomerization of acetylene to
C4 hydrocarbons (value x may be equal to: 0, 1, 2), 5) formation gdiy@ro-
oligomers of acetylene (value y may be equal to: 0, 1, 2, 3,. .. n), 6), and 7) formation

of carbonaceous residues (value z may be equal to: 0, 1, 2, 3,. .. 2).

This scheme does not show the mechanism of the reactions but rather the
reactions having a main influence on the mass balance of the process and on the
process operation. The only desired reaction is acetylene half-hydrogenation to
ethylene. During acetylene hydrogenation in ethylene-rich streams, at steady state
conditions, the rates of reactions (3-6) are small as compared to the rates of reactions
(1) and (2). However, reactions (4-6) play an important role in the process. Reaction
(4) produces ¢hydrocarbons, which were suggested to be the precursors of heavier
Cs+ hydro-oligomers containing even numbers of carbon atoms (5) and of
carbonaceous residues (6). The liquid part of the hydrocarbons accumulates in the
catalyst’s pores and also appears downstream, where it can cause plugging of pipes.
When carbon monoxide is co-fed the liquid hydrocarbons have a green color and are

called “green oil”. The irreversibly adsorbed heavy hydrocarbons on the catalyst
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surface (6,7) modify the catalyst properties [increase or decrease of the catalyst’s

activity and selectivity to ethylene] [35-38]

In the partial catalytic hydrogenation of acetylenic compounds, the triple bond
has to be converted into a double bond. In doing so, there arise the following
problems of selectivity [39]

(@) The double bond which is formed can be further hydrogenated.

(b) The double bond which is formed can be displaced (position isomerism).

(c) The double bond which is formed can have cis or trans configuration

(geometric isomerism).

Since acetylene only have two carbon atoms, the problems stated in (c) is not
applicable. To achieve high selectivity, the catalyst must not further hydrogenate the
partially hydrogenated product. This can be affected by two factors, the kinetics and
the thermodynamic factors. Kinetic and thermodynamic effects are frequently
combined, and they cannot readily be distinguished. Further, not only the catalyst but

also the chemical structure can have an influence on the selectivity.

In case of the subsequent reactions (undesired reaction) proceeding much more
slowly than the partial hydrogenation (desired reaction); the selectivity is then based
on a mechanistic (kinetic) factor. Besides, the partially hydrogenated product can also
be protected from subsequent reactions by being rapidly desorbed from the catalyst
surface and then not being re-adsorbed again. This thermodynamically dependent
selectivity is based on the triple bond being more strongly adsorbed than the
corresponding double bond, because it is more electrophilic character. Even relatively
small differences in the adsorption energy are sufficient for the acetylenic compound
to immediately displace the primary resulting hydrogenation product from the catalyst
surface and accordingly act as a “poison” for the subsequent reactions. The poisoning

action is naturally only effective as long as the acetylenic compound is still present.

Acetylene itself is a good example of thermodynamically controlled selectivity.
This can be proven from the effluence of a fixed bed palladium catalyst reactor, where

the resulting ethylene only contains 1-5 % ethane although this catalyst have 10 to
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100 times greater activity for the hydrogenation of ethylene than for the

hydrogenation of acetylene [39]

A general mechanism shown ihable 3.1 suggested that selectivity is
controlled by the equilibrium between the two forms of adsorbgth Gtep 3 and
step 4). The hydropolymerisation (formation of oligomer or “green oil”) is consider to
be a polymerisation of adsorbed acetyleme(.: = E: H , in which the free radical
_HC-CH, isthe initiator [40]

Table 3.1 General mechanism of catalytic acetylene hydrogenation.

Step 1 : Acetylene is associatively adsorbed on
Adsorption the longer lattice spacing of the
transition group metal_and that it
reacts with a H; molecule (there being
no independently adsorbed hvdrogen
ot Ni) or

with an adsorbed H atom (on Pd or Pr)

HC=CH+H, -HC=CH,+H

* ¥

HC=CH+H—+HC=CH,

Step 2- The adsorbed vinyl radical 15 thought X
I o - N BT g ~-HC-CH,
somerisation | to 1somerise in part into a free radical g
form
Step 3 The vinyl form hydr ates to giv . '
tep 3 he vinyl form hydregenates to give HC=CH, + H— CH, =CH,

Hydrogenation | ethylene which leaves the surface
to ethylene

Step 4 The free radical form gives an o o s
Hydrogenation | adsorbed ethylene which can react N Ci,+H—-CH, -CH,
to ethane with more hydrogen CH,-CH,+H > CH,-CH, - CH, —CH,

The asterisks indicate adsorption links.

3.2 The aPdH to B-PdH transformation

Ethylene adsorption and the detailed mechanism of its hydrogenation on metal
surfaces is still one of the most widely studied and debated problems in catalysis. The
great complexities of hydrogenation of acetylene/ethylene mixtures over palladium
catalysts Is the reason for slow progress in establishing a molecular mechanism for the
process, and the nature and the types of active site. The role of carbonaceous species
adsorbed on metal surfaces has been studied using various techniques. There are two
main difficulties in these studies: (i) the existence of the pressure gap between studies
on model catalysts and kinetic measurements on supported catalysts, (ii) the species
active in hydrogenation reactions may be moderately adsorbed, so their surface

coverage may be very low, whereas strongly adsorbed species, which are much easier
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to determine, may only play the role of spectddr43]. The catalytic process may
proceed via several parallel and sequential steps on various specific types of active
sites both on metal and support surfaces. An additional difficulty is connected with
the various types of change that may occur in parallel to catalysts during use, such as
phase transformations (P@g-PdH; and Pd—+#dG) and deposition of unreactive
hydrogen-deficient polymeric species on the metal surface and in the catalyst’s pores,
which may affect the catalyst's properti@é4]. Explanation of unusually high
selectivity of palladium in hydrogenation of acetylene to ethylene is one of the most
interesting questions addressed by this process.

When a palladium catalyst is stabilized during hydrogenation of acetylene or
acetylene-ethylene mixtures, it undergoes fast and slow changes that modify its
properties, as schematically showrFigure 3.2.

[Pl @ (P vy [P Gy (iv)
3 1 day 1 year

carbon carbon

C.H, C,H C_H |C,H, C,H C ”[—[n
« BBRS %Pﬂﬁ,‘c“% zgf ‘dH,‘L“
D RAL
751

CH, CH, [CH CHCHIH CH, coke

T | 777777 7727272 | 7777

tune on slream

:. o>

C,H,+H,

Figure 3.2 Changes to the catalyst during reaction.

First, the palladium surface is immediately covered by associativelif {4
and dissociatively [(&H)ad chemisorbed acetylene, and the half-hydrogenated state
(CzH3)ag (ethylidyne, as is shown iRigure 3.2)[45]. Secondly, thei-PdH—p-PdH

phase transition may rapidly occur at room or higher temperatures and high hydrogen
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pressurgd46,47} and, thirdly, carbon is gradually incorporated into palladium lattice
[48,49] and acetylene-derived oligomers and polymers are covering the palladium
[50,51] as well as support surfacgs?,53] After about 4-24 hours a pseudo-steady
state is achieved, but very slow deactivation of the catalyst proceeds as a result of
deposition of coke (high polymer, perhaps graphitic, certainly with a low H/C ratio) in
the catalyst porefs4,55] At the pseudo-steady state of the reaction carbonaceous
deposits are present in the catalyst pores and the palladium surface is covered by a
carbonaceous overlayer, which consists of various species, sucbtHagxG 1, 2,

and 3), and surface oligomers/polymers.t,) [56].

Palladium has the specific ability to formpaPdH phase at relatively low
hydrogen pressures. The properties of palladium hydrides were widely investigated
and described in several monographs and reviéw the phase diagram of PdH
system is shown irFigure 3.3. It represents the experimental relations between
hydrogen pressure and concentration of hydrogen in PdH solution (H/M atomic ratio)
derived from solid/gas equilibration studies at various temperatures.

o

1{}_1 ¥ T T ¥
0.2 04 06 0.8

H/Pd

Figure 3.3 The phase diagram for PdH solutions. The numbers indicate the
temperature in K for given hydrogen sorption isotherms. The broken line enclosed the

area of coexistence ofPdH and BPdH phases.
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The presence of th@-PdH phase during the hydrogenation of alkynes or
alkenes cannot be proved simply on the basis of thermodynamics of the palladium-
hydrogen system. The reason is that the hydrogenations may consume hydrogen from
the hydride, so the partial pressure of hydrogen must be increased to allow formation
of the B-PdH phase. This decomposes (or forms) very fast, ls@s to be detected in
situ, during the reaction. The amountfPdH phase present was assessed only by
TPR measurements starting at room temperature after helium flushing, but of course
the phase transformation may have occurred during the cooling and flushing.
Interpretation of results obtained using catalysts having different palladium particle
sizes is fraught with difficulty, as the pressure needed for hydride formation increases
with decreasing siz¢58] and also the rate of decomposition BPdH phase for
highly dispersed catalysts can be higher. Thug3tRelH phase is more likely to have

decomposed in the case of the more highly dispersed catalyst.

In summary, the studies of acetylene hydrogenation performed with in situ
measurements of the extent BPdH phase formation are self-consistent and show

that this phase is more active and less selective to ethylene than-Bdikkephase.

3.3 Formation of a PdG phase

It was discovered that during acetylene hydrogenation at moderate temperature
(373 K) carbon atoms, being the product of acetylene decomposition on the palladium
surface, penetrate into the lattice, and a solid solution of carbon in palladiug (PdC
where 0< x < 0.13) is formed, whereas in contact with graphiteimlower amounts

of carbon are dissolved.

Further in situ studies of the state of palladium during the reaction showed that a
supersaturated solid solution Rgdgcan be obtained upon heating catalysts during
acetylene hydrogenation at temperatures from 470 K to 510 K, depending on the
average metal crystallite size (8-50 nm) and gas compo§h$yn and at 413 K with
acetylene/ethylene mixtures. Rg solid solution is also formed when metallic
palladium is heated above 523 K in the atmosphere of 294/ide, in ethylene above
403 K, or in carbon monoxide above 773 K (114, 115). The,Pt&se decomposes
above ca. 403 K in hydrogen or oxygen and at 873 K in an inert atmosphere.
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The carbon atoms in the interstitial solid solution Pd€upy octahedral holes
in the palladium lattice, which is similar to hydrogen atoms inptifkelH phase, and
competition between hydrogen and carbon atoms in the Pd-C-H ternary system is
observed[60]. Increase of carbon concentration in palladium (C/Pd) caused a
decreasing tendency to form thd>dH phase and ultimately Pgl(z did not form this
hydride phase at all. A similar effect of alloying on the decrease of hydrogen
absorption ability was observed earlier for a PdRerstitial solution[61] and for
substitutional solid palladium solutior[62]. An analogous relation between the
carbon solubility and the amount of aluminum in Pd-Al alloys has been found,

alloying thus hindering the penetration of carbon into palladium lattice.

Carburization of palladium during hydrogenation of acetylene-ethylene
mixtures is responsible for the increase of the rate of acetylene disappearance in the
course of aging the catalyst. Thus, the effect of carbon penetration to the palladium
lattice on the activity of the catalyst is analogous to the effect of hydrogen. The rate of
acetylene disappearance and the concentration of carbon dissolved in the bulk
palladium increased similarly for samples with metal crystallite sizes of 12 nm.
Similar effects of carburization have been suggested for hydrogenation of acetylene
but the suggestion was not supported by in situ measurements of carbon concentration
during the reaction. The maximum concentration of carbon in palladium at the steady
state of the reaction also increased with carburization temperature and decreased with
increase of crystallite size. During carburization the rate of the process was limited by
the formation rate of the carbon atoms on the palladium surface, so diffusion of
carbon into the bulk was fast and there was no concentration gradient in the palladium

crystallites.

However, during carburization of larger palladium crystallites (20 nm) at the
same temperature, the rate of the process was limited by hydrogen diffusion from the
surface to bulk and the parallelism between the rate of acetylene hydrogenation and
carbon concentration in the bulk no longer existed. It was also found that two
catalysts having different initial phase compositions (Rd@nd Pd) had the same
activities at steady state conditions at 323 K. The proposed changes of carbon
concentration in the surface layer and in the bulk of crystallites are shdviguire

3.4. In the Pdgi3 sample, the carbon concentration in the bulk did not change,
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whereas in the other sample the value of x increased to 0.016. This result indicates
that PdG s at 323 K is in the diffusion-hindered frozen state in the bulk, but the
concentrations of carbon on the surfaces of Re@nd PdGoi are very similar at

steady-state conditiorj48].

initial

state
steady PdCo.o16
state

Figure 3.4 The scheme of the proposed changes of carbon concentration in the

surface layer and in the bulk of palladium crystallites during acetylene hydrogenation

at 323 K; average crystallite size of palladium black was 12.2 R, B 0.0215
kPa; R, =0.57 kPa.

3.4 Deposition of carbonaceous species on the palladium surface

3.4.1 Interaction of acetylene and ethylene with the palladium surface

During adsorption or hydrogenation of acetylene/ethylene mixtures over
palladium catalysts, various forms of adsorbedsfecies and carbonaceous deposits
may be present on the palladium surface depending on temperature, hydrogen surface
coverage, and type of crystallographic surface plane. Extensive studies have been
carried out to establish the structure and mode of decomposition of adsorbed

acetylene and ethylene molecules.

Some of the identified adsorbed states of acetylene and etlg6d] on the
palladium surface are shown kgure 3.5. Increase of the adsorption temperature
generally causes progressive loss of hydrogen atoms from adsorbed carbonaceous
species, and these unsaturated molecules become multiply bonded to the metal surface
and, therefore, more strongly held. Further increase of temperature causes C-C bond
breaking, with ultimate formation of amorphous carbon or a graphitic layer, and also
oligomers GH, strongly bonded to the palladium surface. When hydrogen is co-
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adsorbed with acetylene or ethylene, then carbonaceous species are partly

hydrogenated and become less hydrogen-deficient with increasing surface coverage

by hydrogen.
b
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Figure 3.5 Schematic diagram of carbonaceous species identified on palladium

surface in acetylene and ethylene chemisorptions, decomposition, and hydrogenation.

3.4.2 Deposits on the palladium surface during hydrogenation of acetylene,

ethylene, and their mixtures

The carbonaceous overlayer is immediately formed on the palladium surface
during hydrogenation of acetylene at atmospheric pressure and temperatures above
273 K, and the reaction then occurs in the presence of these carbonaceous deposits. It
was proposed that two types of catalytic site are created on the palladium surface by
the hydrocarbonaceous overlayer deposited during the reaction: A and E sites
responsible respectively for acetylene and ethylene conversion. These deposits are
composed of dissociatively adsorbed acetylene (CCH, £GECH;), surface
polymeric species, {El, and carbon [65,66]The active sites represent small (A site)
and large (E site) spaces on the palladium surface between the carbonaceous species.
The A sites are composed of a series of narrow adsorption sites able to adsorb
acetylene and hydrogen but too narrow to adsorb ethylene and are therefore inactive

for ethylene hydrogenation [67F sites adsorb all reactants including ethylene, which
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are hydrogenated on them. The rate of acetylene conversion on E sites was found
negligible, hence it was assumed that the concentration of the large E sites is much
lower than that of small A sites, for the catalyst working at the steady state. To
explain the larger steric hindrance of adsorbed ethylene compared to that of adsorbed
acetylene, it was suggested that the key intermediate of acetylene hydrogenation is
bonded acetyleng[68] is adsorbed parallel to the palladium surface and is
hydrogenated by sequential addition of single hydrogen atoms to the adsekhed C

(x = 2-3) species, the vinyl group existing in normal and free radical state in
equilibrium [69,70] The lack of ethylene adsorption on A sites may be explained by
the difference in width of the molecules in the directions perpendicular to C-C axis,
0.43 nm and 0.34 nm, respectively, as is illustrated in diagrams of plane view of
adsorbed molecules including van der Waals r&agure 3.6).
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Figure 3.6 The diagram of plane view of adsorbed molecules of acetylene and
ethylene including van der Waals radii and plane view of palladium atom for

comparison.

3.5 Deposition of hydrocarbons and “coke” on the support
3.5.1 Oligomerization

Adsorbed acetylene species undergo slow hydro-oligomerization, which leads to
the formation of heavy oligomers containing an even number of carbon Bténs
About 25%-30% of acetylene is converted tg: @ydrocarbons and about 2% is
deposited on the catalyst during tail-end hydrogenation at 1 atm under steady-state
conditions. However, at the beginning of acetylene hydrogenation at 308 K the
selectivity of coke deposition was very high (about 60%) and then at steady-state

conditions, the decrease of the rate of coke deposition was found.
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Acetylene oligomerization occurs on palladium and on thgDAlsupport
surface[72]. It was suggested that butadiene and larger conjugated dienes, which are
formed on the palladium surface, are precursors of the carbon deposits (coke) formed
on the suppori73]. Some of the oligomers desorb from the catalyst and form the
liquid hydrocarbon products in the outlet mixture. The hydrocarbons may push
palladium particles away from the alumina support and may be responsible for rapid
metal sintering during the catalyst regeneration. The oligomers are produced in
smaller amounts on palladium catalyst promoted by the addition of a second metal
[74], a transition metal oxide [724nd silicon [75]

The amounts and types of the carbonaceous deposits depend on the type of the
catalyst and on the reaction conditidB$. It was postulated on the basis of kinetic
measurements conducted after stabilization of the catalyst at various compositions of
reaction mixture that two types of coke are deposited on the catalyst: “harmful coke”
and “harmless cokel76]. The first is formed at low hydrogen coverage of the

palladium surface during the stabilization.

3.5.2 Influence of “coke” on intraparticulate mass transport of hydrogen and

acetylene
It was shown that coke deposition in the catalyst pores may decrease the

effective diffusion coefficient of acetylene (DeE) by nearly one order of magnitude
[37]. This effect may increase its internal diffusion resistance during aging of the
catalysts. The Weisz-Prater criteripf¥] should be satisfied to assure the absence of
internal diffusion limitation, which is necessary if the reaction kinetics are to be
controlled by the surface chemistry, the inequality is

pirw-dy ofntly_ - &
36-D,, - Cop ( 9 ) o

wherep is the catalyst particle density, the specific reaction rate, (mol/¢sgs); d,
Is the catalyst particle diameter, (m)is the order of reaction (forx-1); Dea is the
effective diffusion coefficient of molecule A, @s); and Cs is the molar

concentration of A at the exterior surface of a catalyst particle, (fjol/m
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In agreement with the earlier criterion it was found that the internal diffusion
limitation of acetylene decreases with: (i) particle diameter, (ii) decreasing depth of
palladium penetration for eggshell catalysts, (iii) increasBgflby increase of pore
size or decrease of coke formation], (iv) decrease of the specific reaction rate of
acetylene [by decrease of palladium concentration, temperature, or hydrogen pressure,
or by increase of carbon monoxide pressure or poisoning of the palladium surface]
[78].

3.5.3 Ethylene hydrogenation on the support by spillover hydrogen catalyzed by

carbonaceous species

It was found that in the case of i@l ,03 catalysts hydrogen dissociated on the
metal surface can spill over to the support and react with adsorbed ethylene to form
ethane, whereas acetylene is only hydrogenated on palladium. The carbonaceous
species accumulated on the support act as bridges that accelerate the process and
consequently greatly increase the undesirable ethylene hydrogenation and ethane
selectivity. It can also be said that the accumulations of oligomers on the support may

influence both hydrogen spillover and internal diffusion limitations of the acetylene.

The hydrogenation of ethylene @rAl,O3 and on Si@ supports is negligible,
so that these are suitable supports for commercial catfhgs#] A small increase
of the rate of ethane formation was found during aging oi-Rt/O; or Pd/SIQ in
spite of elimination of internal diffusion limitation of acetylene by using very small
catalyst particles, as shown kigure 3.7. It was probably caused by an increase of
the rate of hydrogenation of acetylene to ethane on the palladium surface, because a
similar increase of ethane formation was observed on this catalyst during
hydrogenation of acetylene alof&¥]. Results shown iigure 3.7 suggest that §us
increases on palladium during about the first 20 h of aging of the catalyst in the form
of 2.3mm spheres, but then the amount of oligomers accumulated in the support pores
exceeds the critical value and additional ethylene is hydrogenated owing to the

internal diffusion limitation of acetylene.

Therefore, the accumulations of oligomers on the support may influence both
hydrogen spillover and internal diffusion limitations of the acetylene. These two

phenomena are manifested by similar changes of ethane selectivity during aging of
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the catalyst, so they are difficult to distinguish. Their relative importance depends on

the catalyst support and reaction conditions.

Figure 3.7 Ethane selectivity obtained during aging of 0.05%-Rdl{O3. Triangles
show the performance of the deactivated 3.0mm pellets after crushing to less than 0.5

mm.

3.6 Pd in selective hydrogenation

High selectivity to ethylene is not a feature that is unique to palladium: other
metals, especially nickel and copg80], can also perform well; and it has recently
been shown that gold also gives ethylene with total selecf8Afly Other metals such
as platinum and iridium show much lower mechanistic selectivities. Industrial usage
employs only palladium, because its high selectivity is accompanied by very high
activity, so that supported catalysts containing only very small amounts of palladium
can be used. Palladium particles are able to add one hydrogen molecule to both
alkenes and alkynes. To do so in the latter case, the surface-near region has to
undergo strong modifications, in which a significant amount of carbon from
hydrogenolysed feed molecules penetrates into the palladium surface, modifying its
geometric as well as its electronic structure. In situ- XPS experiments proved the
presence of a surface Pd-C phase, as established prey&#]jslyd-C formation was
found to be a general process in any selective alkyne hydrogenation reaction we
studied, while it was always absent with alkene feed. Its role, in line with the
hydrogenation model suggested by the Chemical Physics Department [@3fHé
to inhibit the emergence of bulk-dissolved hydrogen to the surface, or even hinder its
population. Bulk-dissolved/subsurface hydrogen was shown to be a very reactive but
unselective species. To distinguish between the possible scenarios, an in situ cell for

Prompt Gamma Activation Analysis was developed allowing the quantification of
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dissolved hydrogen in situ. These experiments revealed that both scenarios were
possible. The population of subsurface hydrogen is becoming probable above a
certain H/alkyne ratio, since the initial alkyne hydrogenolysis decreases, shifting the
equilibrium of hydrogen vs. carbon penetration towards hydrogen diffusion. High-
pressure XPS experiments have clearly shown the correlation between diminishing
Pd-C and changing hydrogenation selectivity favoring alkane formation. As we have
seen, by cutting down subsurface hydrogen population, total hydrogenation can be
avoided. However, e.g. in the semi-hydrogenation of small amounts of acetylene in a
large excess of ethylene, the reaction has to be prevented from running into the oligo-
and polymerization path. Both requirements can be met by using different palladium
intermetallic compounds, IMCs (PdGa,sBd;, PdsCugs, PdZn), as suggested by the

site isolation concept. Samples were prepared by melting the elements under argon
atmosphere followed by further annealing in evacuated quartz glass ampoules. These
compounds exhibit well-ordered crystal structures with Pd atoms solely coordinating
to the second metal atoms in the first shell. Analysis of the chemical bonding by
guantum chemical calculation of the electron localization function (ELF) reveals
pronounced directed (covalent) bonding in PdGa angG&d The intermetallic
compounds were characterized by FT-IR and in situ XPS, and the site isolation
concept as well as the modified electronic state was validated by the experiments.
(For further details, consult the corresponding poster abstract.) Catalytically the
samples are active, despite the low specific surface area, long-term stable and possess
superior selectivity, significantly higher than the industrially relevant alloyA®ed,

or supported Pd catalysts. The site isolation on the surface of a hydrogenation catalyst
results in three modifications of the active surface that account for the increased
catalytic performance: (i) reduced number of different adsorption sites on structurally
non-isolated active Pd atoms (“geometric effect”); (ii) reduced availability of
hydrogen from the bulk (“kinetic effect”); and (iii) electronic modification of the
active sites (“electronic effect”). By fine-tuning those properties, the rational synthesis

of hydrogenation catalysts has now been made possible.

3.7 Catalysts
There is not just one universal catalyst suitable for the hydrogenation of

acetylene. Different catalyst modifications are applied depending principally upon the
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gas composition and operating conditions. For satisfactory performance, the catalyst
should exhibit these characteristics [84]

1) High activity sustained over long operating periods, high space velocity,
and consequently a low-catalyst inventory.

2) High selectivity over a relatively wide temperature range to avoid losses
of ethylene and to prevent polymer and carbon formation. These latter products result
from temperature variations within the catalyst bed due to the exothermic nature of
the reactions.

Many attempts have been made to develop catalysts of improved ethylene
selectivity [85-88]. One approach is to prepare catalysts of high metal dispersions.
Small Pd particles in highly dispersed catalysts allow few Pd planar sites, i.e. multiple
adsorption sites, which results in suppression of the ethylidyne or ethylidene species.
Small Pd patrticles also accommodate less amountaf Bydride than large particles.
Since, thep-Pd hydride is responsible for non-selective hydnagen of acetylene,

small Pd particles are beneficial to improved selectivity.

Another approach to improve the selectivity is tld @ second metal to the
catalyst, so that the added metal either forms an alloy with Pd or modify the Pd
surface[89,90] B-Pd hydride is suppressed on many Pd alloys. Additlg, proper
dilution of the Pd surface with a second metal will inhibit formation of the multiple
bound intermediates species, which is directly hydrogenated to ethanej,and C
polymerization. Polymerization to yield green oil will obviously be retarded when the
Pd surface is geometrically blocked by promoter. A second metal sometimes modifies
the Pd surface electronically, so that its adsorption strength for acetylene and ethylene
is altered. Moreover, it was found that an increase in the Pd d-band electron density
and reduction of absorption hydrogen spill over from the bulk of the metals to react
with acetylene by the addition of promoters was responsible for the enhanced

selectivity [91]

The role of the additives or selectivity promoters, improves the performance of
the Pd catalysts, particularly in achieving a high selectivity for ethylene production. In
the previous research, that has proposed the following geometric and electronic effect

of promoters. Geometric modification is considered because the promoter atoms
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located on the Pd surface decrease the amounts of the multiple Pd sites responsible for
the selectivity deterioration. The promoter also modifies the Pd surface electronically

to alter the adsorption strength between Pd and the adsorbates.

The analogy between the role of selectivity promoters of Pd catalysts in
acetylene hydrogenation and the role of reducible oxide supports in the SMSI
phenomenon, Tipwas selected as a candidate promoter because it has been observed
the phenomenon of “the strong metal-support interaction” (SMSI). The performance
of TiO,-modified Pd catalyst§92-94], in the selective hydrogenation of acetylene,

showed a higher selectivity for ethylene production due to the following effect.

) The amounts of chemisorbed End CO were significantly reduced and,

in particular, the adsorption of multiply coordinated CO species was suppressed
because the Ti species added to the catalyst covers the Pd surface, thus blocking
the multiply coordinated Pd sites, which characteristic of the well-known strong
metal-support interaction (SMSI) phenomenon. To obtain additional evidence
for the SMSI phenomenon on catalyst, the H/Pd ratio after oxidation, is nearly
the same as the initial value prior to oxidation. The above reversible behavior of
gas adsorption on catalyst after oxidation-reduction treatments is characteristic
of the SMSI phenomend®5-96]. The case in which the hydrogen coverage of
the catalyst is low is similar to the case wherein a lofad¢dtylene ratio is used

in the reactant stream, which allows for the improved ethylene selectivity by
reducing the rate of ethane formation. Lowering the hydrogen concentration on
the catalyst usually increases the rate of green oil formpib@88] because the
hydrogen-deficient condition accelerates thgGlymerization step.

. A clear advantage of using Ti@s an additive instead of a support is that
highly dispersed Pd catalysts can be obtained and is maintained even after
reduction at high temperature.

o An electronic modification of Pd by Tihas appeared the shift in metal
binding energy, but this effect is influenced not only by the electronic
interaction of the metal with other components but also by the size of metal

crystallites.
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o The TPD of ethylene from the catalyst showed the weakening in ethylene
adsorption on the Pd surface and the decomposition of ethylene is suppressed
because of the charge transfer from the Ti species to Pd.

. The polymerization of €species leading to catalyst deactivation proceeds

at slower rates because large ensembles of Pd are blocked by the Ti species,
thus suppressing the formation of green oil. Moreover, small Pd crystallites are
advantageous for the suppression of green oil because they have small fractions
of the low index Pd surface, e.g., Pd(100), than on the high-index surface, e.g.,
Pd(111) [88]

The existence of well dispersed metallic phase madrix with a spinel-like
structure can be crucial in the selective hydrogenation of acetylene. This is a non
structure-sensitive reaction, but acetylene hydrogenolysis does, and takes place
simultaneously to the hydrogenation reactions giving undesirable products, such as
coke and methane. Thus, acetylene hydrogenation is in fact a reaction with an
apparent structure sensitivity. Coke and methane are formed from ethylidine species
and acetylene dissociatively adsorbed on three-atom arrangements at the catalyst
surface[99-101]. Thus, coke and methane yields can be reduced by physical isolation
of surface metallic nickel atoms, e.g., in a solid in which metallic nickel is finely
dispersed in a stable ZnA&l, spinel-like phas¢102]. These hydrogenation catalysts
can be successfully modified by the addition of other components such as Co, to

improve the ethylene selectivif%03], or Cr, lowering the coke formation.

Along this line, the role of added Zn on Ni-Al-Cxide catalysts with a spinel-
like structure hinders coke formation. An increase of Ni leads to the decrease of
activity to gaseous products (ethane, ethylene, methane). While the initial formation
of coke increases along with the larger of initial catalyst deactivation, thus the initial
conversion decreased as the Ni/Zn ratio increased. Because it can be seen how the
size of the Ni crystallites increases with increasing the Ni content. The large Ni
particles are weakly interacted with the support and behave as ‘strong’ active sites
where a higher rate of coke formation is related to a larger metal particlarsizinat
Zn plays a geometrical role, ‘diluting’ the Ni particles (i.e., leading to a larger

dispersion) and thus decreasing coke formation, without decreasing the activity in the
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main reaction. However, an increase in coke concentration increases activity and
selectivity to ethylene, especially in those samples with not too high Ni contents.
When, as the reaction proceeds, amorphous coke is formed as layers on the so-called
‘weak’ sites. These sites interact strongly with the support and the crystallite size is
markedly smaller, ethylidine is formed as a monolayer on their surface, and acetylene
is hydrogenated to ethyleri86]. Because of the presence of Zn as a spinel-like
structure, the Ni crystallites are ‘diluted’ or diggedhe support, thus increasing the
Ni-support interaction and exposing a lower area to the gaseous phase. As mentioned
above, methane is formed on the ‘strong’ metal sites. Ethane can be formed either by
direct hydrogenation of acetylene, or by hydrogenation of ethy]#62], while
hydrogenation of acetylene to ethylene takes place on the ‘weak’ sites, where a
monolayer of ethylidine is formed. Direct hydrogenation of acetylene to ethane takes
place on the ‘strong’ sites, where methane is also formed; as the strong sites become
deactivated by spinel-like structure or coke deposition, the yield to methane
decreases, and that to ethane increases. When the activity of the strong sites
approximates to zero, ethane production reaches a maximum, then decreasing due to
formation of ethylidene on the ‘weak’ sites (the only active sites under these
conditions), thus favouring formation of ethene instead of ethane. As a result, the coke
concentration increases, selectivity to ethylene increases, but as the Ni/Zn ratio (i.e.,
the strong/weak sites ratio) increases, the ethane/ethene ratio al§22jloes

One can see an excellent agreement that acetyl@ne\o-Si-Al mixed oxides

has shown the existence of two different types of sites. Firstly, the hydrogenolytic
(naked) metallic centers, corresponding to nickel without (or little) interaction with
the support, are responsible for a large part of the coke and are active for side-
reactions. Secondly, the hydrogenating sites correspond to nickel interacted with the
support and are active for the main reaction. The formation of coke favors the
ethylene selectivity for the smak16 nm) particles because of the deactivation of
hydrogenolytic sites which is mainly related to the metal in strong interaction with the
support andthe geometric effects of dilution due to the presence of unreduced

surface-Ni species [104-1Q7]
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The ALO; used as Pd catalyst support in this reaction contains mostly-the
phase AIO; since it possesses relatively low specific surface area and low acidity
compared to other ‘transition’ alumina (suchpasy-, n-, x-, k-, 6-, 0-phase AJIOs).

With respect to selectivity changes, catalysts with low dispersion were suggested to
give better selectivity toward ethylefit08-109] Modification of nanocrystalline.-

Al,O3 with zinc is studied because it can form Zg@y spinel which is an interesting
material with low acidity that can exhibit the strong metal-support interaction (SMSI)
with noble meta[110-112] Pd catalysts on the nanocrystalline Zn-modifiedl ,0O;

also showed less deactivation by coke formation. Based on the mechanisms in the
literature[113], acetylene hydrogenation was suggested to take place on the active
sites on Pd surface while most of the carbonaceous deposits were found to be
accumulated on the support. The carbon deposits acted as a hydrogen bridge for the
hydrogen spillover from Pd to the support facilitating ethylene hydrogenation to
ethane. Modification of PdtAI,O3 catalysts with Zn considerably reduced coke
deposition thus ethylene selectivity was improved. Moreover, the proper palladium
particle size leads to the enhancement of catalytic activity because many researchers
have shown that the specific activity of Pd decreased by an order of magnitude when

the size of palladium particle were very small (1-5 nm) [114-116]

Formation of NiAbO,; spinel during the preparation of Ni-modified ;@
resulted in a decreased acidity®fAl,O;. A decrease of alumina acidity, however,
was less pronounced due probably to for the presence of NiO. As a consequence, the
catalysts exhibited high ethylene selectivities at high acetylene conversions and lower
amounts of coke deposited. Formation of N@y in Ni-based hydrogenation
catalysts has also shown high resistance to deactivation by coke formation [117-119]

The plasma technology provides several varieties for surface treatment. The
surface of supported palladium catalyst was undertaken the actions of high-energy
atoms, electrons and ions during the plasma treatment. It resulted in a decreasing of
the decomposition temperature and also that of reduction, the oligomers (green oil)
formation and coke-forming reactions were suppressed, and then the dispersion of
active Pd component could be improved. The enhanced selectivity was related to that
the chemisorption of ethylene was much weaker on plasma treated sample, and the
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adsorbed ethylene could be replaced by acetylene molecule more easily. Thus, the
treatment by the glow discharge plasma, as a new kind of surface modification
technique, could change effectively the interaction between metal and support,
obtaining new active materials with higher reaction performances [120-122]

The other techniques for surface madification isnfibuhat the pretreatment
with oxygen and/or oxygencontaining compounds result in the formation £9,Ag
which will expose the accessible Pd sites to react withy @nd H in the feed stream,
thereby enhancing the catalytic activity of Pd-Ag@{ catalysts. In addition, the
different behaviors of the pretreatment with, ®O, and CQ are examined. NQ@
treated catalysts give higher ethylene gains because the numbers of sites for direct
ethane formation is lessened, whereas the opposite behaviors are revealed for O
treated or CQ-treated catalyst23].

Although most of the selective acetylene hydrogenation studies to date have
involved Pd-based systems, other catalysts have also been considered. A well-
dispersed Au catalysts show extremely high selectivity for ethylene formation, and
also depends on the size of ultrafine gold partifl@8]. For Au—Pd/TiQ catalysts
prepared by a redox method showed improvement of catflyst], there is
interaction between Pd and Au, therefore the catalyst behaves essentially as a
bimetallic Au-Pd catalyst. Presence of Au decreased the carbon coverage and
improved the ethene selectivity. Decoration of Pd by Au and the morphology of

particles explain the ethene selectivity improvement.

A novel composite material based on carbon nanofibers (CNF) grown on
sintered metal fibers (SMione) filter was investigated for its favorable properties as
catalytic support. The TOF was one order of magnitude higher f6€ RE/SMFnconel
catalysts as compared with Pd supported on activated carbon fib&&QPd This
effect was attributed to a strong metal-support interaction &h&doparticles with
the graphitized CNF. Graphitic nature inherent to the CNF enhances the palladium
activity for hydrogenation as compared to the amorphous form of activated carbon
(ACF). Electron transfer between the conductive CNF support and the palladium
particles, inducing electronic perturbations of the metal could explain this activity

increase[125,126]. The reaction was found to be structure sensitive leading to a
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decrease of TOF for the Rparticles <3 nm. As claimed by several works in the field
[127], the relationship between the Pd particles size and their electronic properties
affects the Pd catalytic behavior. Small particles, being electron defidi2aj,

adsorb more strongly electron-rich substrates, like alkynes, lowering the turnover
frequency. For bigger patrticles, their electronic properties approach those of bulk
metal, and therefore the metal-substrate interaction decreases, leading to a higher
reactivity of adsorbed alkyne. Another explanation involves a change in the ratio
between the different types of surface at¢ijsAs the Pd particle size decreases, the
fraction of Pd surface atoms with a low coordination number (edge atoms) increase,
and this modifies the catalytic properties of the metal. The catalysts based on
CNF/SMHFnconel Support presented a much higher selectivity when the CNF surface
was activated by .. Since this treatment modifies the acidity of the support due to
the formation of O-containing surface groups, the adsorption strength of acetylene as
compared to ethylene may be enhanced favoring acetylene hydrogenation. This leads
to higher selectivity to ethylene. This result is in line with the results for the ACF
support. The ACF was shown to possess a high amount of acid surface groups.
Therefore, Pd/ACF catalysts showed a rather high selectivity.

The removal of trace acetylene from ethylene is performed industrially by
palladium hydrogenation catalysts (often modified with silver) that avoid the
hydrogenation of ethylene to ethad29]. In an effort to identify catalysts based on
less expensive and more available metals, density functional calculations were
performed that identified relations in heats of adsorption of hydrocarbon molecules
and fragments on metal surfaces. This analysis not only verified the facility of known
catalysts but identified nickel-zinc alloys as alternatives. Experimental studies
demonstrated that these alloys dispersed on an oxide support were selective for

acetylene hydrogenation at low pressures.

3.8 Catalyst deactivation

The causes of deactivation are basically of three kinds: chemical, mechanical,
and thermal. The five intrinsic mechanisms of catalyst decay, (1) poisoning, (2)
fouling, (3) thermal degradation, (4) chemical degradation, and (5) mechanical failure,
vary in their reversibility and rates of occurrence (Bartholomew, 2003). Poisoning and

thermal degradation are generally slow, irreversible processes while fouling with coke
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and carbon is generally rapid and reversible by regeneration with 8. Catalyst
deactivation is more easily prevented than cured. Poisoning by impurities can be
prevented through careful purification of reactants. Carbon deposition and coking can
be prevented by minimizing the formation of carbon or coke precursors through
gasification, by careful design of catalysts and process conditions and by controlling
reaction conditions to minimize effects of carbon and coke formation on activity.

Sintering is best avoided by minimizing and controlling the temperature of reaction.

Poisons reduce the activity of palladium catalysts in two major ways: first, by
hindering or blocking the access of the reactants to palladium sites, and second, by
changing the electronic properties of the palladium such that the adsorption strength
of the reactant on the palladium is greatly reduced. Sulfur compounds represent the
first class of poisons. Compounds like hydrogen sulfidgSfHor carbonyl sulfide
(COS) adsorb strongly on the palladium. In this manner, these poisons block the

acetylene from the reaction sites.

Poisons like the sp metals, such as arsenic and mercury, form “alloys” with the
palladium. Electron transfer between the sp metals and the palladium drastically
reduces the associated adsorption strength of acetylene. Since the reaction rate of
acetylene is directly proportional to the rate of adsorption, which in turn depends
exponentially on the heat of adsorption, a small reduction in the adsorption strength
will translate to a significant drop in catalyst activity. Although to a limited extent,
silver behaves like a sp metal, however, its impact on palladium is less drastic in
comparison to arsenic or mercury. Palladium catalysts with a silver promoter are not
as active as catalysts containing only palladium. The beneficial effect of the silver is
its modification of the relative adsorption strength of acetylene and ethylene on the
palladium. The result is a catalyst with a small reduction in activity but an

improvement in selectivity.

The poisons can be categorized among three types as defined below:
(a) Inhibitor — those poisons whose effects subside when the concentration of the
species diminishes.
(b) Temporary — those poisons whose effects subside only after the catalyst

undergoes proper steam/air regeneration.
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(c) Permanent — those poisons whose effects cannot be alleviated, even after the

catalyst undergoes proper steam/air regeneration.

Table 3.2 contains a list and classification of poisons that are commonly present in

feeds to acetylene converters [130]

Classification Tvpe of poison Examples
Inhibitor oxides CO, 0., H:O
MA/PD CH.C=CH, H,C=C=CH,
ammnes/nitrogen NH:. NH:K
sulfides C0Os, H.5. MeSH
Temporary phosphines PH;, PH.R
carbon oligomers (green oi1l) | Precursors: BD, acetylene
chlorides Cl
Permanent mercury Hg
arsenic AsH;
heavy metals Fe. Mn, Pb. Ti
main group metals Na, Ca. Mg

3.9 Industrial acetylene hydrogenation

3.9.1 Acetylene hydrogenation reaction

The basic requirements for acetylene hydrogenation units include the following:

o Safe operation; e.g., it shouldn’t occur the exothermic runaway reactions
or “hot spots” during operation.

o Maintain acetylene in ethylene product below specification. The typical
maximum is 5 ppm; however, ethylene customers may expect the acetylene level to
be maintained below 1 ppm; perhaps, below 0.5 ppm.

) Do not be the cause of interruptions to continuous operation of the
ethylene plant; e.g., a target for continuous operation may be over 5 years.

) Operating with a net gain of ethylene; the higher, the better.

o “Low investment cost” within the context of the overall cost
considerations for ethylene plant investment, project execution, feedstocks, energy,
etc.

. Good catalyst life and reasonable catalyst cost.

3.9.2 Acetylene removal technology

Treatment of the £stream can take various routes, depending on the acetylene

content and whether or not high-purity acetylene is to be recovered. There are
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basically two main paths, to extract the acetylene from th&tr€am and recover it as
a product, or to convert the acetylene into useful product which is ethylene. Each

paths involved different unit operations and it affects the overall process sequences.

3.9.2.1 Acetylene recovery through solvent extraction

Acetylene recovery facilities can be located between the deethanizer and the
ethylene-ethane fractionator or downstream of the latter. The typical acetylene
recovery process makes use of three towers, the first to absorb acetylene in a suitable
solvent, the second to reject and return co-absorbed ethylene and ethane from the
solution, and the third to desorb acetylefi1]. Acetone, dimethylformamide
(DMF), methanol and n-methyl pyrolidone are the preferred solj@88. Certain
Cs-hydrocarbons in the deethanizer overhead have solubilities in these solvents
comparable to the solubility of acetylene and therefore have to be completely
removed from the feed. Location of acetylene recovery facilities downstream of the
main ethylene-ethane fractionators eliminates this problem but involves high
concentrations of acetylene in this tower, resulting in partial pressure that, however,
remain well below established safety limits. Acetylene recovery systems in both
locations are presently in operation with a better overall safety record than acetylene

hydrogenation systems have had.

3.9.2.2 Acetylene hydrogenation system

The acetylene hydrogenation reactor is typically a fixed bed catalytic reactor,
normally operated adiabatically. There are also isothermal tubular reactors operated
commercially. There are three major reactor configurations, i.e. the cracked gas train,
the back-end and the front-end reaci@ble 3.3shows the typical feed compositions
as the function of reactor locatigj92,130] Basically, acetylenes (inclusive of

acetylene and methyl acetylene) in a naphtha cracker is higher than an ethane cracker.
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Table 3.3 Typical acetylene concentration in the feed gas and conversion rate [133]

Feedstock | Concentration (vol %) Conversion Rate (%)
GH, | GHy | CGHs | GH, | GHy | CHs
Back-end Hydrogenation Naphtha 13 - - 100 - -
Front-end Hydrogenation Naphtha | 0.61 - - 100 - -
(deethanizer)
Front-end Hydrogenation Naphtha | 0353 | 0067 - 100 =60 -
(depropanizer)
Raw Gas Hydrogenation Ethane/ 03 0.13 083 100 =60 =00
propane

o Raw gas catalytic hydrogenation reactors

In raw gas catalytic hydrogenation, the effluent of the cracked gas compressor,
after minimal treatment, enters the acetylene converters for catalytic hydrogenation of
the acetylene contained in the feed. Although the use of nickel catalysts has endured
in this type of application, a progression to the use of the higher selective palladium
technologies is occurring. In raw gas applications where the reactors precede the
caustic tower, effective utilization of palladium catalyst is not possible without
process modification. The feed in this case contains copious amounts of sulfur, which
necessitate the use of supported, nickel-based catalysts. It has been suggested cobalt
molybdate and Ni-Co-Cr catalysts to be used and steam to be added to improve the
selectivity and inhibit the fouling of the catalyst [40]

. Commercial front-end and tail-end processes

There are two basic methods of selective hydrogenation of acetylene in
ethylene-rich streams, the so-called front-eRdjfre 3.8) and tail-endKigure 3.9
processe§l34].
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Figure 3.8 Location of front-end acetylene hydrogenation reactors in a simplified
scheme of downstream treatment of steam cracker effluents.
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Figure 3.9 Location of tail- and acetylene-hydrogenation reactors in a simplified
scheme of downstream treatment of steam cracker effluents.
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The methods differ in the location of the acetylene hydrogenation reactors
[97,98,135-138] In the tail-end method the reactors for acetylene hydrogenation are
located after the demethanizer units, so the inlet hydrogenation streammainly consists
of C;, hydrocarbons. Stoichiometric amounts of hydrogen with respect to acetylene are
added to this grich stream to ensure an optimal concentration of hydrogen in the
reactor feed (1%-4% by volume). In some cases small amounts of carbon monoxide
are also separately added to the inlet stream. In the front-end method the reactors for
acetylene hydrogenation precede the demethanizer in the process. Consequently, the
reactor feed contains typically 10-35 mol% of hydrogen, together wigm@ lighter
hydrocarbons. The comparison of the typical reactor feed compositions and the

operating conditions for front-end and tail-end processes are shown in Table 3.4.

Table 3.4 Typical feed composition to acetylene hydrogenation reactors and the

operating conditions for front-end and tail-end processes.

Front-end Tail-end
mole % mole %

Hydrogen (mole %) 22 2.4
Ethyne (mole %) 0.2 2
Ethene (mole %) 37 71
Methane (mole %) 12
Ethane (maole %) 28.4 25
Propene (mole %) 012
Carbon monoxide (ppm by vol.) 2800 40
Hz/CzHz (inlet mol ratfic) 110 1.5
Pressure (bar) 39 20
Temperature (K) 343 333
Space velocity (m” mega b ) 2000 3000

3.10 Regeneration technigues

Regeneration of deactivated catalysts is possible for many catalytic processes
and is widely practiced. The main purpose is to remove the temporary poisons on the
catalyst surface and restore the free adsorption sites. Generally regeneration can be
categorized into two, i.e. the off-site and the on-site regeneration. In the off-site (ex-
situ) regeneration, the catalyst is to be unloaded from the reactor and regeneration is
performed in moving-bed belt calciners or conical-shaped rotating drum calciners
[139].
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The on-site (in-situ) regeneration does not require removing the catalyst from
reactor. The most common procedure is to burn off, or oxygenate, the temporary
poisons, such as green oil, in order to resume the catalyst activity. Regeneration of the
catalyst may be accomplished by heating the catalyst in air at a temperature lower
than 500 °C, to burn off any organic material, polymers or char. Huang, et al. (1994)
invented an improved method for regenerating acetylene hydrogenation catalysts
which does not require an oxygenation step. The hydrogen stripping involves feeding
a mixture of 5-10 % hydrogen and the balance nitrogen to the spent catalyst at 350°C
and 50 psig. This is much less time consuming than oxygenation, since the whole
procedure takes between 16-24 hours. The only disadvantage to hydrogen stripping is
that the catalyst deactivates more quickly so that the procedure must be performed

more often.

3.11 Current and future developments

Research and development in the partial catalytic acetylene hydrogenation are
mainly to improve the acetylene removal efficiency and lower the ethylene losses.
Past research is basically focused on optimizing the acetylene reactor operating
temperature and pressure, changing reactor configuration and location, optimizing H
to acetylene ratio, changing catalyst formulation, etc. In this paper, we will discuss the
revamp on the catalyst shape and the research in membrane catalytic reactor.

3.11.1 CDS (computer designed shape) catalyst

The catalyst manufacturers are competing in the catalyst design and
manufacturing technologies. Besides changing the formulation and the palladium
impregnating techniques, the catalyst manufacturer also look into possibilities of
improving catalyst performance by varying the size and shape of the catalyst. The
Sud-Chemie, Inc or known as Nissan Girdler Catalyst Co. Ltd. had came out a
technology called CDS (computer designed shdggyure 3.10shows some of these
CDS catalyst.
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Figure 3.10 Computer designed shape (CDS).

Some features claims by inventor are listed below (Lai: 2000; Sud-Chemie product
catalogue):

1. Shape avoids catalyst interlocking, thus maintaining the high geometric
surface area and void volume.

2. High void volume results in low pressure drop, thus higher space velocity.

3.  Pdis skin impregnated and since there is high geometric surface area, the

Pd is better dispersed, resulting in high activity and excellent poison resistance.
Till dates, there isn't been much technical papers discussing the performance of

the CDS catalyst. Further warranted from laboratory tests and exact operating

precedent are needed to confirm the CDS catalyst performance.

3.11.2 Catalytic membrane reactor

A membrane reactor may be either a supported ceramic layer on a porous
support or an ultra-thin solid noble metal. Some metal membrane studies include Pd,
Pd/Ni, Pd/Ru and Pd/Ag (Vincent and Gonzalez, 2002). Studies found that the
permeate hydrogen was very active and that ethylene was the main product. However,
the membrane must be very thin in order to provide the appropriate selectivity. Porous
ceramic membranes can support highly dispersed metals on an inorganic oxide to
combine the properties of higher permeability with thermal stability, which are absent
in the dense metal membranes. A novel approach to the selective hydrogenation of
acetylene involves a short contact time reactor is suggested by Vincent and Gonzalez
(2002). The experiment by forcing a dilutgHa/H,/Ar mixture through a thin Pg/
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Al,O3 catalytic membrane (about 5 mm thick) produced high conversions coupled
with high selectivity at high temperatures. Membrane reactors achieve efficiencies by
combining in one unit of reactor that generates a product with a semi-permeable
membrane that extracts it. Studies have been done on methanol ref¢iddig
photocatalytic oxidation of volatile organic carbdf4l], Direct synthesis of
Hydrogen Peroxide[142] and others catalytic reactions. Membrane reactors
fundamentally change the pressure dependence of conversion in gas phase
decomposition reactions so that the reactions are preferentially performed at high
pressures rather than low. Higher pressures allow much smaller reactors and more
efficient purification. Membrane reactors can be advantageous also for sequential
endothermic and exothermic reactions, by using the product extraction to promote
heat transfer. The net result is smaller reactors, improved heat transfer, lower capital

costs, and often fewer side-reactions.



CHAPTER IV

EXPERIMENTAL

This chapter discussed the preparation methodology of the mixed pha®es Al
including an expanded discussion about the effecti-8f,03 micron-sized and
nanocrystallinea-Al,O3. The properties of nanocrystallineAl,O; from the three
different methods, namely, solvothermal, sol-gel, and precipitation are later discussed.
The catalyst characterization and the catalytic reaction are also explained. The
chemicals, apparatus and procedures for catalyst preparation are explaaetiom
4.1. Details of catalyst evaluation to study catalytic activity and selectivity are given
in section 4.2. Finally, the composition, structure and surface properties of the

synthesized catalysts characterized by various techniques are discussed ids&ction

4.1 Catalysts preparation

Since this research focuses on the mixed phasg3;Athe a-Al,O3 micron-
sized and nanocrystalline-Al O3, and the nanocrystalline-Al,O; from the three
different methods for supported Pd; therefore, the details of preparation procedures
are important to understand. The Pd catalyst is chosen as commercial alkynes
hydrogenation because of minimize the formation of surface oligomers, resulting
from the conjugation of adsorbed acetylene molecules, and to avoid the undesirable

hydrogenation of alkenes.

4.1.1 Material
The support and metal precursors used for the catalyst preparation are listed in
Table 4.1.
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Table 4.1 Details of chemical reagents used for the catalyst preparation.

Chemical Formula Manufacturer
1. Gamma alumina -Al,03 JRC Co., Ltd., Japan
2. Alpha alumina eAl .03 Sigma-Aldrich  Chemical
Co., Ltd., U.S.A.
3. Aluminum isopropoxide ((CE.CHO)AI Sigma-Aldrich  Chemical
(98%-+) Co., Ltd., U.S.A.
4. Aluminium nitrate AI(NQ)3-9H,0O Sigma-Aldrich  Chemical
(98%) Co., Ltd., U.S.A.
5. Ammonium aluminum sulfate NJAI(SO,)»-12H,0 Merck Co., Ltd., Germany
(99%+)
6. Ammonium hydrogencarbonate NWHCO; Unilab
(98%)
7. Toluene (95.5%) §1sCH; Carlo Erba Reagenti, Italy
8. Acetone (99.5%) §HeO Merck Co., Ltd., Germany
9. Methanol (99.9%) CEOH Merck Co., Ltd., Germany
10. Ethanol (99.9%) CsCH,OH Mallinckrodt Baker Co.,
Ltd.,
11.Urea (99.5%) (NB.CO Univar, Australia
12. Palladium nitrate PA(NR Wako Pure Chemical

Industries Co., Ltd., Japan

4.1.2 Preparation procedures

4.1.2.1 Mixed phases Al,O3; and a-Al,03

The mixed phases with various phase compositions were prepared by
calcination of they-Al,O3; at 1100°C for 120, 200, or 240 min. TheAl,O3; was
obtained by calcination of theAl,O3 at 1175°C for 120 min. In this research, the
alumina samples consisting of 0, 14, 47, 64, and 100% alpha phase are referred to as
Al-a0, Al-a14, Al-047, Al-064, and Alel00, respectively. The percentage of alpha
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phase was calculated using a calibration curve from XRD results of the physically
mixed ¥, and aAl,O3 (APPENDIX B).

4.1.2.2 Nanocrystalline a-Al,03 via solvothermal method

An appropriate amount of aluminum isopropoxide (AIP, 25g) was suspended in
100 ml of toluene within a test tube, which was placed in an autoclave and then added
with 30 ml of toluene in the gap between the test tube and the autoclave wall. The
autoclave was completely purged by nitrogen before heating up to 300°C at a rate of
2.5°C/min, and kept at that temperature for 2 h. Afmoliog to room temperature,
the resulting product was collected after repeated washing with methanol or acetone
by centrifugation and air-dried overnight. The obtainable powder was put into a box
furnace and heated to 1150°C with a rate of 10°C/min and kept at 1150°C for 1 h.
Finally, white powder ofa-Al,O3; was obtained. For Zn modified alumina, Zinc (II)
acetylacetonate was added by suspending in test tube before the reaction tool place,

for the calculation of Zn-modified according to a procedure in APPENDIX H

For some experiments, a different drying was applied as follows. After the
reaction, the valve of the autoclave was slightly opened to release the organic solvent
from the autoclave by flash evaporation while keeping at the reaction temperature.
The valve was opened until the pressure inside the autoclave was decreased to
atmospheric level. Dry products were obtained directly after the process was cooled
down without the step of washing by methanol and centrifugation. The obtained

products were calcined in the box furnace in the same manner as described in upper.

4.1.2.3 Nanocrystalline a-Al,05 via sol-gel method

A mixture of aluminium nitrate nonahydrate and ethanol used as starting
solution was prepared by dissolving 24g of aluminium nitrate in 50 ml of ethanol at
room temperature. The experiment was conducted in the reflux-condenser reactor at
the temperature about 70-80°C for 18 h. Then urea solution which consistsaaof ure
(60g) and distilled water (50 ml) was added to adjust pH of solution. The mixture was
rested at the same temperature for 24 h to be gelled at neutral condition. After that it
was calcined with 2 steps of heating rate to avoid overflowing of gel during

calcination, i.e. 3C/min from room temperature to 500°C and continue heating at
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5°C/min to 1150°C. Temperature was hold for 3 h. For Zn modifiechiak, Zinc (11)
nitrate hexahydrate was added to the starting solution of aluminium precursor, for the

calculation of Zn-modified according to a procedure in APPENDIX H

4.1.2.4 Nanocrystalline a-Al,O3 via precipitation method

Ammonium aluminium sulfate solution was gradually added to ammonium
hydrogen carbonate aqueous solution with concentration ratio of 0.2:2.0 mol/l
(APPENDIX G). The experiment was controlled at the temperature in range of 40-
45°C, 450 rpm for mixing speed, 3 ml/min for additiater; and constant pH value at
9. The mixture was aged for 15 minutes to permit growth of crystal. White precipitate
formed was separated from the final solution by centrifugation, repeatedly washed
with methanol and dry in the oven at 110°C overnight. The obtainable powder was
calcined in depleted-oxygen atmosphere in a box furnace at 1175°C for 4 h with rate
10°C/min for the obtained-Al,Os [143]. For Zn modified alumina, Zinc (I) nitrate
hexahydrate used as Zn source was added into AAS solution which before dropping
into AHC solution, for the calculation of Zn-modified according to a procedure in
APPENDIX H.

4.1.2.5 Pd/Al,O; catalysts

The 0.3%Pd{-Al,03, 0.5%Pdé-Al,O3, and 1%Pdi{-Al,O; catalysts were
prepared by an incipient wetness impregnation using Pg(M@,0) as the Pd
precursor and de-ionized water as a solvVARIRENDIX A). The alumina support (2
g) was placed in an Erlenmeyer flask then the impregnating solution from the
palladium solution was gradually dripped into the support. Shaking the flask
continuously during impregnation was required to ensure the homogeneous
distribution of metal component on the support. After impregnation, the catalysts
were stand at room temperature for 6 h, dried at 110°C in an oven overnight, the
catalyst was further calcined in,¥low 60 cn¥/min with a rate of 10°C/min until the
temperature reached 5@and then switched to air flow 100 ¥min at 500°C for 2
h.
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4.2 Catalyst evaluation

The catalytic performance for the selective hydrogenation of acetylene was
measured at different GHSV and temperature in order to cover the industrial window
operation[144,145] Materials, apparatus and operating procedures are detailed as

below:

4.2.1 Materials
The reaction was carried out using a feed composition of 1,H%Q.7%H,

and balanced £,. Ultra high purity hydrogen and high purity argon were used for
reduction and cooling processes. All of the gases were supplied by Thai Industrial Gas
Limited (TIG).

4.2.2 Apparatus

The catalytic test was performed in a flow system as shown diagrammatically in
Figure 4.1. The apparatus consisted of a pyrex tubular reactor, an electrical furnace
and an automation temperature controller. The instruments used in this system are

listed and explained as follows:

4.2.2.1 Reactor
The reaction was performed in a conventional pyrex tubular reactor (inside

diameter = 10.1 mm), at atmospheric pressure.

4.2.2.2 Automation temperature controller

This unit consisted of a magnetic switch connected to a variable transformer and
a thermal overload relay (HITACHI, TR1 2B-1E, AC 600 V) linked to a temperature
controller (Shinks, ECS, 220-R/E) in which connected to a thermocouple attached to
the catalyst bed in a reactor. A dial setting established a set point at any temperature

within the range between 0 and 999°C. The accuracy waut +

4.2.2.3 Electrical furnace
The furnace supplied the required temperature to the reactor which could be

operated from room temperature up to 500°C at maximum voltage of 220 volts.
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4.2.2.4 Gas controlling system

Reactant, hydrogen and carrier gas for the system was each equipped with a
pressure regulator and on-off valve and the gas flow rates were adjusted by using
mass flow controller (AALBORG, GFC).

4.2.2.5 Gas chromatograph

The products and feeds were analyzed by a gas chromatograph equipped with a
FID detector (SHIMADZU FID GC 8APF, carbosieve column S-Il) for separating
CH,, GH,, GH,4 and GHe. H, was analyzed by a gas chromatograph equipped with a
TCD detector (SHIMADZU TCD GC 8APT, molecular sieve 5A). The operating

conditions for each instrument are summarizedahle 4.2.

Table 4.2 Operating conditions of gas chromatographs.

Gas chromatograph SHIMADZU GC-8APF SHIMADZU GC-8APT
Carrier gas Ultrahigh purity N Ultrahigh purity Ar
Carrier gas flow rate (ml/min) 40-60 40-60

Injector temperature’C) 180 80

Initial column temperaturéC) 100 50
Programmed rate’C/min) 10 -

Final column temperaturéQ) 160 50

Current (mA) - 70
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Vent
Argon
Feed
1. Pressure regulator 8. Sampling point (feed)
2. On-off valve 9. Sampling point (product)
3. Filter 10. Thermocouple
4. Mass flow controller 11. Variable voltage transformer
5. 4-ways fitting 12. Temperature controller
6. Reactor 13. Electric furnace
7. Catalyst bed 14. Bubble flow meter

Figure 4.1 Flow diagram of the selective hydrogenation of acetylene.

4.2.3 Procedures

The catalyst was packed in a pyrex tubular downflow reactor by setting up
catalyst bed length was about 1.5 mm. The reactor was placed into the furnace and
argon was introduced into the reactor in order to remove remaining air. Prior to the
start of each experimental run, the catalyst was reductetu with 100 ml/min
hydrogen by heating from room temperature to 150°C at a heating rate of 10°C/min
and held at that temperature for 2 h. Then the reactor was purged with argon and

cooled down to the reaction temperature 40°C, sampling was taken every 1 h.

The reaction was carried out using a feed composition of 1,B%Q.7%H,
and balanced £, with a vary GHSV of 52580, 32577, 22534, 12385, 9366, 6660,
and 4282 H (for calculation according t&APPENDIX J). In addition to various

temperatures such as 40, 60, antiC8@ere used to test the catalytic performance. At
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each condition, sampling was undertaken when the steady state of the system was
reached, which was approximately within 1 h. The products and feeds were analyzed
by a two gas chromatographs equipped with a FID detector (SHIMADZU FID GC
9A, carbosieve column S-2) and TCD detector (SHIMADZU TCD GC 8A, molecular
sieve-5A). Details of the calculation of the catalyst activity to convert acetylene and
the selectivity towards ethylene in term of ethylene gain are givAlPRENDIX B

and D.

4.3 Catalyst characterization

Various characterization techniques were used in this study in order to clarify
the catalyst structure, the morphology and the surface composition. The effect of
mixed phases ADs, the a-Al>03 micron-sized and nanocrystallineAl ,0Os, and the
nanocrystallinea-Al 05 from the three different methods, on the behavior of Pd

catalysts was characterized by using the following techniques.

4.3.1 Bulk structure and morphology of the catalyst

4.3.1.1 Specific surface area measurement

The BET surface areas of the .8t supports were measured by, N
physisorption, with nitrogen as the adsorbate using a Micrometritics model ASAP
2000 automated system degassing at 200°C for 1 h prior,t@hisisorption.
Calculations were performed on the basis of the BET (Stephen Brunauer-Paul Hugh
Emmett-Edward Teller) isotherm for specific surface area and pore size distribution
was calculated by BJH (Barrett-Joyner-Halenda) desorption branch analysis. Specific
pore volume was determined from the single point adsorption total pore volume of
pores at relative pressure (F)/R0.99 and the average pore diameter was calculated

from BJH desorption branch. It can see the physisorption theory in APPENDIX F

4.3.1.2 X-ray diffraction (XRD) analysis

The crystallinity, structure and composition of the@l supports and Pd/ADs
catalysts showed by X-ray diffraction (XRD) pattern were carried out wesirsfu
employing an X-ray diffractometer, SIEMENS XRD D5000, with Cy fédiation
with a Ni filter in the ® range of 20-80 degrees resolution 0.04°.
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4.3.1.3 Particle size by TEM

The distribution of palladium on AD; supports were observed using JEOL
Model JEM-2010 transmission electron microscope operated at 200 keV at the
National Metal and Materials Technology Center (MTEDQ)e sample powder was
dispersed in absolute ethanol and sonicated for about 15 minutes before dropping on a

copper grid (with Formvar film) or a carbon grid.

4.3.1.4 Electron spin resonance spectroscopy (ESR)

ESR will be performed to determine the defect of surfac®©Abupport by
JEOL JAPAN. The ESR was carrier out by using model JES-RE2X at the Scienctific
and Technological Researh Equipment Center, Chulalongkorn University (STREC).

4.3.2 Surface analysis

4.3.2.1 Metal active site measurement

The amounts of CO chemisorbed on the PdAlcatalysts were measured at
room temperature by using a Micromeritic Chemisorb 2750 automated system
attached with ChemiSoft TPx software. Approximately 0.1 g of catalyst was placed in
a sample cell. Prior the measurement, 30 ml/min of He gas was introduced into the
sample cell in order to remove the remaining air. The system was switched to 50
ml/min of hydrogen and heated to 150°C with a heating rate of/t@h. The
temperature was kept constant for 2 h and then cooled down to the room temperature.
Carbon monoxide was pulsed over the reduced catalyst until the TCD signal became
constant. Palladium dispersion was estimated from the amount of CO chemisorbed
assuming a stoichiometry of CO/Pd HU6]. For theSection 5.3, the chemisorption
mean stoichiometry of Pd metal to CO molece; (-9 was determined according to
the iterative methoflL47]. In brief, the starting value of 0.5 was usedXg§.coand a
first value of Pd dispersion was calculated from the CO monolayer uptake. Joyal and
Butt [148] determinedXpy.co as a function of dispersion in Pd/SiGatalysts, which
based on the obtained data, a polynomial function was fI#B&ENDIX B). Using
this fitted function, a new value Ofp4.co Was determined corresponding to the
precedent obtained dispersion value; this new valb& oo was used to calculate a

new value of dispersion. The iterative cycle was repeated until convergence. Using
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this iterative method, the values X$4.cowere determined to be 0.51, 0.34, and 0.29

for Pd supported on solvothermal-, sol-gel and precipitation-maflleOs catalyst,
respectively; these values were used to determine the Pd active sites and Pd dispersion
of the three catalysts. Calculation details of Pd active aies%Pd dispersion are

given in APPENDIXE.

4.3.2.2 Surface analysis by X-ray photoel ectron spectroscopy (XPS)

The XPS analysis was performed using an AMICUS photoelectron spectrometer
equipped with an Mg K X-ray as primary excitation and KRATOS VISION2
software. XPS elemental specira were acquired with 0.1 eV energy step at a pass

energy of 75 kV. The C 1s line was taken as an internal standard at 285.0 eV.

4.3.2.3 Temper ature programmed experiments
Temperature program experiments were carried out in a Micromeritic
Chemisorb 2750 automated system. The temperature ramping was controlled by

temperature controller, Furnace Power 48 VAC 8A MAX.

A mixture of 10%H in Ar with a flow rate of 15 cifmin was used in TPR
experiment. Prior the experiment, the sample was treated filow at 200°C for 1 h
in order to remove any adsorbed gas. The TPR was performed with a constant heating
rate of 10°C/min from 35 to 200°C. For ethylene-TPD experiments, the samples were
pre-reduced at 150°C in,Hor 2 h (flow rate 50 crifmin) and cooled down to room
temperature. Then adsorption of ethylene was performed at room temperature for 3 h.
The temperature-programmed desorption was performed with a constant heating rate
of 10°C/min from 35 to 800°C. The amount of desorbed ethylene was measured by

analyzing the effluent gas with a thermal conductivity detector.

For. CO-TPD experiment, the sample was pre-reduced at 150°¢ fior @ h
(flow rate 50 cri¥min) and following cooled down to room temperature. Then CO
adsorption was performed at room temperature by continuous injection until disappear
of CO adsorption. The temperature-programmed desorption was applied with a
constant rate of 10°C/min from 35 to 800°C. The amount of desorbed CO was

measured by analyzing the effluent gas with a thermal conductivity detector.
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Temperature programmed desorption of ammonias{NPD) was performed
with 0.1 g of supports which placed in a quartz tube. The sample was heated from
room temperature to 200°C under helium flow rate at 15 ml/min with a heatmgf
10°C/min and hold for 1 hour. Then, the sample wasetbdbwn to 402, 15 vol%
ammonium in helium gas with flow rate at 15 ml/min flowed through sample and hold
for 1 h. Consequently, helium gas at the same flow flowed through sample and also
holds for 1 h. In the last step, sample was heated from 40°C t€ %&@t a heating

rate of 10°C/min.

For temperature program oxidation (TPO) experiments were carried out in the
spent catalysts, sending a 1 vol% i@ helium flow (30 criymin) onto 0.05 g of
sample, and heating up to 760°C (10°C/mitr)or experiment, the spent catalyst was
pre-treated in He (30 ctmin) at 200°C for 1 h.

The thermogravimetric analyzer-differential scanning calorimeter (TGA-DSC)
analysis was performed with an SDT Q600 instrument from TA Instruments, USA.
The sample powder of about 5-10 mg was put in au981,03; cup and heated to
1300°C with a heating rate of 5°C/min, under oxygen flowing at 100 ml/min. The
derivative thermogravimetric analysis (DTG) data was calculated using the % weight

data, derivative to temperaturc]).



CHAPTER V

RESULTS AND DISCUSSION

This chapter presents the results with a discussion to clarify effects of the mixed
phases AlO;, the a-Al,O; micron-sized, and the nanocrystallineAl,O; on the
reactivity behavior of Pd/AD; catalysts for the selective hydrogenation of acetylene.

In order to accommodate the detailed consideration, this is categorized into 3 sections
as follow: Section 5.1 describes mixed phases@| Section 5.2 describes micron-
sized and nanocrystallineAl,03, Section 5.3describes nanocrystallineAl ;03 via
various preparations, Section 5.4 describes effect of coke formation during reaction,

and Section 5.5 describes modification 0f®@d support with Zn.

5.1 Mixed-phases AlO; support

The mixed phases AD; supports used for preparation of the PglAlcatalysts
in this study were obtained by varying the calcination conditions ofytABOs
(calcination temperature 1100-1175°C and holding time 2-4 h). The XRD patterns of
Al,O3 are shown irFigure 5.1. The weight (%) ofi-phase in these samples were
calculated to be 0, 14, 47, 64 and 100% using a calibration from XRD results of the
physically mixedy-, anda-Al,03 (APPENDIX B) and were designated herein as Al-
a0, Al-al4, Al-a47, Al-a64, and Ale100, respectively.
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Figure 5.1 The XRD patterns of the AD; supports containing various % ofpinase.

Table 5.1 summarized physical properties of the varioy®©Abupports. The
crystallite size of transition-phase was increased from 3.7 nm to 28.3 nm
(APPENDIX C) as the weight (%) of-phase content increased from 0 to 64%, while
the crystal size ofi-phase remained constant at around 45 nm. The &psuiface
area and total pore volume calculated from BJH method decreased from 244 to 12
m%/g and 0.66 to 0.03 cify with increasing amount efphase alumina. A drastically
decrease in BET surface area and total pore volume of alumina during phase
transformation can be explained by the rapidly increase of alumina crystal size. It is
generally known that calcination gfAl,O3; at high temperature results in phase

transformation from+to 6- and then eAl ,Os.



Table 5.1 The physical properties of alumina with various phase compositions.
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a-Phase BET Crystallite Size Pore Average
(%) Surface (nm)? volume | _ FPore
Samples s Diametef
Area -phase| a-phase (cm?/g) (A)
Al-0100 100 12.3 n.d. 44.5 0.03 90.1
Al-064 64 SEls 28.3 45.8 0.14 129.6
Al-047 47 45.4 17.8 48.9 0.20 151.9
Al-0l4 14 Qs 198 46.0 0.30 143.8
Al-a0 0 244.1 A/ n.d. 0.66 78.9

& Calculated from XRD results
®Based on BJH method
n.d. = not determined

The XRD characteristic peaks of all the Pdf@J catalysts were not different
from the AbOj; supports after Pd loading. No XRD peaks for PdO Orrivetal were
observed due probably to the low loading of palladium (results not shown).

The BJH pore size distribution curves of the@J supports are also given in
Figure 5.2. The commercial-Al,05 (Al-a0) gave two types of pore structures; (1) a
narrow pore size distribution in the range of 2-10 nm and (2) a broad pore size
distribution in the range of 10-100 nm. After calcination at high temperature, the first
type of pore size distribution decreased and became distinct after complete
transformation too-Al»O3 (Al-a100). The crystallite size of commerciglAl O3
calculated from XRD was around 3.7 nm. This value was smaller than the average
pore diameter (7 nm). It is indicated that the pore structureAd$@s; does not present
in the crystal but it formed between the crystal yehl,Os. By increasing the
calcination temperature, the crystalyef\l ,O3 was growth and some was transformed
to a-phase which gave the larger particles. By increpsih crystal size, the pore

between small particles was collapsed and shifted to the larger size.
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Figure 5.2 The BJH pore size distribution curves of thgQAlsupports.

Figure 5.3 shows ESR spectra of the variougAlsupports. No spin resonance
was observed fory-Al,O; sample suggesting that there was no other metal
contamination in-our supporigl49]. After treated the AD; supports at high
temperature, the resonances assignedpbase was evidenced by signal ‘atl§ and
5.2 [150]. The amplitudes of these resonances increased as-ghase contents
increased. Plot between relative amplitudes of resonancé=H8 @nd a-phase
concentration is presented Figure 5.4. The experimental data are fitted well by the
linear plot. This result was in good agreement with the weight (%)-pliase
calculated from the calibration of XRD pattern.
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Figure 5.5 shows the TG/DTA curve for theAl,Os. Three stages of weight
loss occurred at three temperature regions, namely, below 300°C, around 300 to
900°C, and from 900 to 1100°C. In the first and the second stage, a weighlbdogs
14% was observed corresponding with the presence of two endothermic peaks on
DTA curve around 180 and around 400 to &0This loss was probably due to the
removal of physisorbed water and chemisorbed hydroxyl groups. In the third stage, a
small weight loss of about 2% was due to phase transformation of alumina. The loss
was probably related to transformation of the last phase and removal of water during
formation of thea-phase. The smaller exothermic features observadngberature
above 800°C corresponds to the formation of better crystallized phases of alumina.
This was attributed to the phase transformation fgepto 6-Al,0Os. While the last
exothermic at around 1230°C would be attributed tootpdase transformation. All
phase transformation steps were confirmed by the XRD pattern ,0f; Alamples

calcined at various temperatures.
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Figure 5.5 TG/DTA curve for the-Al ,0s.
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The CO chemisorption results such as the number of active Pd atoms, Pd
dispersion (%), and average Pd metal particle size are summariZiabla 5.2
(APPENDIX E). Palladium dispersion was estimated from the amount of CO
chemisorbed assuming a stoichiometry of CO/Pd[#48]. The number of Pd active
sites decreased from 35.1 to 718% sites/g-catalyst corresponding to an decrease in
Pd dispersion (%) from 59.5 to 12.5 and an increase in Pd metal particle size from 1.9

to 8.9 nm as the weight (%) ofphase contents increased from 0 to 100%.

Table 5.2 Physiochemical properties of Pd supported on alumina with various phase

compositions.

Pd 3d,,*
Pd Active Site3 k Atomic
Samples (x10*8co %Pd Dispersich dp(rSrF;(;O) - Concentratiof\
molecule/g-cat) eV) FWHM Pd/Al
Pd/Al-a100 7.4 42 5 8.9 336.9 1.8 0.034
Pd/Al-a64 11.0 ey 6.1 336.9 2.0 0.027
Pd/Al-a47 25.4 42.9 2.6 336.4 2.4 0.020
Pd/Al-014 31.7 53.5 2.1 336.4 2.3 0.011
Pd/Al-c0 35.1 59.2 1.9 336.4 2.2 0.001

2 Pd active sites = (MdVg) x (6.02 x10°%) x S, error of measurement = +5%
® 95Pd dispersion = [Pd active site§M.W./%M) x 100% x100%]/(6.02 x10%)
“Basedong =1.12D (nm), where D= %Pd dispersion [151]
4 Based on XPS results

where M4 =  volume adsorbed

Vg = molar volume of gas at STP

| = stoichiometry factor, CO on Pd
M.W.= molecular weight of the metal
%M = %metal loading

In order to verify the Pd particle size, TEM micrographs have been acquired and
are shown inFigure 5.6. The Pd supported on puréil,O3 consisted of particles
with primarily spherical shape with some needlelike structure. The particle shape
appeared more uniformly spheroidal for those supported on mixed phagas Al

Large fingerlike shape particles were observed for the catalysts containingot00%
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phase AJOs. Increasinga-phase content of the alumina supports from 0 to%d.00
resulted in an increase of Pd cluster/particle size from about 2 to 10 nm.

(a) ~ Pd/Al- «0
(b) — Pd/Al- wl4
(¢) — Pd/Al- a7
(d)— Pd/Al- an4
(¢) - PAIAL- 0100

Figure 5.6 Transmission electron micrographs of the P@Atatalyst.
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XPS is used to determine the surface compositions of the catalysts and the
interaction between Pd and the,®@4 supports. The deconvoluted XPS photoelectron

spectra for the Pd 3d core level region of all the catalysts are shéwgune 5.7.
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Figure 5.7 The XPS patterns of the Pd/B} catalyst.
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From the figure, the Pd doublet was clearly evident. A small shoulder at the
binding energy around 335.1-335.8 eV was present in every samples and was
attributed to metallic Pq152]. Such results indicated that partial reduction occurred
during analysis. PdO species was observed at the binding energies in the range of
336.9-336.4 eV which was consistent to the values reported in the litef&bi3-e
154]. The percentages of atomic concentration, the binding energy, and FWHM of Pd
3d are also given in Table 5.2. The atomic concentration ratios for Pd/Al decreased
with the decrease im-phase AIOs contents. The results were consistent with the CO
chemisorption results that larger Pd particle sizes were obtainedAbsOs. The
FWHM values larger than 2 for Pds3tmay be due to some differential charging that
contributed to the widening of the palladium pefks5-156] The Pd/Al ratio per
BET surface area was calculated to equally compare the contents of Pd species on
catalyst surface, the results are shown in Figure 5.8. These values decreased from

2.8x10° to 4.3x10° as the weight (%) of-phase contents increased from 0 to 100%.
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Figure 5.8 Pd/Al ratios per BET surface area of the various R@4Adatalysts from
XPS results.
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Reduction behavior and reducibility of the catalysts were investigated by means

of Ho-temperature programmed reduction and the results are shdwgune 5.9.

Pd/Al-a64

Pd/Al-a47

Pd/Al-a14

N Pd/Al-al100
\7
N &
N
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20 40 60 80 100 120 140 160 180 200 220

Hy Consumption (a.u.)
OO

Temperature (°C)

Figure 5.9 TPR profiles of the Pd/XD; catalysts.

All the Pd/ALO; catalysts exhibited TPR profiles with one main reduction peak
which can be assigned to the reduction of PdO tbrietal. This peak remained
constant at around 5 for those with the weight (%) efphase contents between 0
and 64%. The reduction peak was slightly shifted tiC6fer the Pd/Ale100 catalyst
(100%a-phase). It is suggested that the existence ofitramgphase AlO; (eithery-
or 6-Al,03) In the AbO3 supports facilitated reduction at low temperature. However,
the hydrogen consumptions during the transformation of PdO to metallic Pd as
determined from the areas of the reduction peak for all the catalysts were essentially
the same.
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Ethylene-temperature programmed desorptiopgHgIPD) was performed in

order to obtain an information about ethylene adsorption behavior on the catalyst

surfaces. The ££1,-TPD experiments were carried out at 35-8D@fter the samples

were reduced in pHat 156C and purged with He at the same adsorption temperature.

The temperature programmed study profiles of the catalysts are shown in Figure 5.10.
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Figure 5.10 Ethylene TPDesults of the Pd/AD; catalysts.

Two main desorption peaks at ca. 80-XD%nd 275-30T were observed for

all the catalyst samples. As suggested by Moon dtLaF], the lower temperature

desorption peak was assigned #ebonded ethylene species while the higher

temperature was assigned tooddonded ethylene. The latter species were suggested

to be the species that recombined with surface hydrocarbon and produced ethane. In

some cases, the third peak at temperature range around 4801889 observed. It
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was suggested to be due to decomposition,dfy@rocarbons adsorbed on Pd surface
[18]. In the present study, the intensities of the TCD signals during ethylene
temperature programmed desorption was significantly decreased when the content of
a-phase in the AD; supports increased from 0 to 100%. In other words, the amount
of ethylene adsorbed was much lower when th®Asupports contained significant
amounts ofa-Al,Os;. The obtained results from TPR profiles angHETPD were
translated to the quantity of hydrogen and ethylen§ase 5.3 with calibration

curve in APPENDIX B

Table 5.3The amount of liconsumption and £, desorption APPENDIX B).

Catalysts H2 Consumption CzH4 Desorption
(nmol) (umol)
Pd/Al-a100 2408 32
Pd/Al-a64 982 42
Pd/Al-a47 796 51
Pd/Al-a14 699 68
Pd/Al-00 668 174

For the details of catalyst and reaction as giving information: 1%oyAl
reaction temperature = 40°C, GHSV = 12385, 22534, 32577, and 52580 h
(APPENDIX J). The catalytic performances of Pdi®s catalysts containing.-

Al,Os, v-Al,0s, or mixed phases alumina were evaluated in the selective
hydrogenation of acetylene at 40°C under various feed flow rates (GHSV 52580,
32577, 22534, and 12385 Acetylene conversion is defined as moles of acetylene
converted with respect to acetylene in feed. Ethylene gain is defined as the percentage
of acetylene hydrogenated to ethylene over totally hydrogenated acetylene. The
ethylene being hydrogenated to ethane (ethylene loss) is the difference between all the
hydrogen consumed and all the acetylene which has been totally hydrogenated
(APPENDIX D). The plots of acetylene conversion and ethylene selectivity versus

GHSV are shown in Figure 5.11 and 5.12, respectively.
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Figure 5.11 Catalyst performances in selective hydrogenation of acetylene in terms of

GHSV values and acetylene conversion (%).
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Figure 5.12 Catalyst performances in selective hydrogenation of acetylene in terms of

GHSV values and ethylene gain (%).
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In general, acetylene conversion decreased with increasing GHSV while
ethylene gain increased. Since ethylene is produced as an intermediate in acetylene
hydrogenation, which is a typical consecutive reaction, the ethylene selectivity
decreases with acetylene converd@®). The performance of Pd/AD; catalysts was
improved in the order of Pd/Al64 > Pd/Ale100 > Pd/Ale47 > Pd/Alel4 > Pd/Al-
a0. It is clearly shown that the Pd catalyst supmbid@ mixed phase AD; that
contained 64% ofa-phase (Pd/Ak64) exhibited the best catalytic performance
among the five catalysts studied.

Based on the characterization results, the presence of the transition-phase in
Al,O3 supports increased the specific surface area, total pore volume, Pd active sites
and the dispersion of Pd on 8k supports and facilitated the reduction of PdO at
lower temperature, which promoted acetylene conversion. However, the TPD profiles
suggest that the amount of ethylene adsorbed on the catalyst surface decreased with
increasingu-phase content. The feature is important for theravwpment of ethylene
gain especially at high acetylene conversion. The results in this study revealed that the
beneficial properties of boti-Al ;O3 and transition alumina can be combined to give
the best catalytic performance of Pdfdd catalyst in selective acetylene
hydrogenation. Among the five catalysts studied, the optimum amoumpbése
content was found to at 64 wt%. Moreover, the small shift in XPS pattern of 100 and
64 wt.%a-phase to higher binding energies (0.5 eV) was frlybdue to the stronger
interaction between Pd and .8 supports, which promotes ethylene gain and
acetylene conversion. The best catalytic performance of Pd catalyst supported on
mixed phase ADj; that contained 64% af-phase (Pd/Ak64) can be confirmed by
the plot between acetylene conversion (%) and ethylene gain (%) which is shown in
Figure 5.13.
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Figure 5.13 Catalyst performances in selective hydrogenation of acetylene in terms of

acetylene conversion (%) and ethylene gain (%).
5.2 Micron-sized and nanocrystalline Al 03

For the details of catalyst and reaction as giving information: 1%§oJAl
reaction temperature = 60°C, GHSV =52580, 32577, 22534, 12385, 9366, 6660 and
4282 h' (APPENDIX J). The plots between acetylene conversionethylene
selectivity versus GHSV are shown kigure 5.14. Acetylene conversion is defined
as moles of acetylene converted with respect to acetylene in feed and ethylene
selectivity is defined as the percentage of acetylene hydrogenated to ethylene over
totally hydrogenated acetylene. However, due to the difficulty in precise measurement
of the ethylene change in the feed and product, the indirect calculation using the
difference in the hydrogen amount (hydrogen consumed) was used. The ethylene
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being hydrogenated to ethane is the difference between all the hydrogen consumed

and all the acetylene totally hydrogenated.
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Figure 5.14 The catalytic performances of Pd catalysts supported on micron-sized
and nanocrystallinei-Al,0s; reduced at 15€C and 500C in selective acetylene
hydrogenation under various feed flow rates.

It is clearly seen that ethylene yield (%) was improved in order of
Pd/nanocrystalline AD>-R500°C > Pd/nanocrystalline ADz-R150CC > Pd/micron-
sized AbOs-R150°C > Pd/micron-sized ADs-R500°C. The Pd catalysts supported on
nanocrystalline a-Al,O3 exhibited superior performance than the micron-sized
supported ones. It should be noticed that the catalytic performance of
Pd/nanocrystalline-Al ,Os was improved by reduction at S@while the Pd/micron-
sized a-Al,03; showed the opposite trend. The results suggest that the interaction
between Pd metal andAl,O3; support was affected by the crystallite size-@l,0s.
Reduction at 50 could result in stronger metal-support interaction between Pd

metal anda-Al,O3 for the nanocrystallineri-Al,O; supported catalysts and as a
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consequence, ethylene selectivity was enhanced due to the lower adsorption strength
of ethylene as can be found in other catalyst systems such as P{#Z]|OThe
absence of strong metal-support interaction in the case of Pd/micronesfde®;

was probably due to sintering of Paetal during high temperature reduction.

Basedon XRD results Figure 5.15), both supports showed only the crystal
structure fora-phase AdOs. The average crystallite size of nanocrystalkinal ;O3
calculated from the XRD peak at 2043.32° using Scherrer’s equation was 45 nm
while those of the commercial one could not be determined by this method due to the

calculation limit of the Scherrer equation (the crystallite size may be too large).

MICron-size a-A1203

Intensity (a.u.)

nanocrystalline a-Al O,

0 20 40 60 80 100

Degrees (260)

Figure 5.15 XRD patterns of the micron-sized and nanocrystaliA&Qs.

The physicochemical properties @fAl,O3; supports are summarized in Table
5.4. The specific surface area of nanocrystaltingl ,O3 was about 6 times higher

than micron-sized one. The total pore volume and average pore diameter of the
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micron-sized sample can not be determined, while nanocrystalline sample could find
the total pore volume and average pore diameter. The physical properties of
nanocrystalliner-Al ;O3 promoted the CO chemisorption results such as the number of
active Pd atoms, Pd dispersion (%), and average Pd metal particle size forathe Pd/
Al,O3 catalysts, it was also shown in Table 5.4. The active sites of Pd supported on
nanocrystallinex-Al ;O3 catalyst are higher than micron-size@d\l,Os;. The lower Pd
dispersion obtained for the Pd/micron-sized\l,O; would be due to the lower
specific surface area and large size oeAl,O; support. The higher acetylene
hydrogenation activity obtained over Pd/nanocrystallisd ;O3 was probably due to

the increase of Pd active sites [158]

Table 5.4 The physicochemical properties of Pd catalysts supported on micron-sized

and nanocrystalline-&l ,Os.

BET Pore Average | Pd active %Pd Average XPS
Catalyst | surface | volume pore sites digpersion Pde binding
area (em*g) | diameter | (x10-V particle | energy of
(m3g) (nm) sites/g- size Pd 3d.,
catalyst) {nim)
Pd/micron-
sized 1.9 n.d. n.d. 11.6 2.3 48.6 336.0
a-ALO,
Pd/nano
crystalline 123 0.0259 9.0 41.1 8.2 13.7 337.0
a-ALO,

n.d. = not determined

Temperature program reduction (TPR) was performed in order to identify the
reduction behaviors and reducibility of catalysts. The TPR profiles for
Pd/nanocrystalline and Pd/micron-sized\l O3 catalystsare shown irFigure 5.16.

Only one main reduction peak was observed which could be assigned to the reduction

of PdO to P8 metal. The reduction peaks were at 65 antC5®r the catalysts
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supported on micron-sized and nanocrystaltingl ,Os, respectively. The £ shift
of TPR profile suggests that PdO/Pd supported on the nanocrysteétgOs

facilitated reduction at lower temperature.

Pd/micron-size CL—A1203

H?2 Consumption (a.u.)

Pd/nanocrystalline «-Al O,

0 50 100 150 200 250 300 350
Temperature ("C)

Figure 5.16 Htemperature program reduction results.

The behaviors for adsorption and desorption of ethylene on the catalyst surface
were investigated by ethylene temperature program desorption (ethylene-TPD) and
the results are shown Kigure 5.17. The amounts of desorbed ethylene increased as
the a-Al,0O5 support changed from micron-sized to nanocrystattidd,Os. This was
probably due to the increasing of BET surface area and Pd dispersion of the catalyst.
However, TPD profile of the Pd/nanacrystalli@\l ;O3 catalyst exhibited two main
peaks ranged around ®D and 300C, while the Pd/micron-sized-Al,Oz catalyst
exhibited only one broad peak at around °840According to Moon et a[157], the
first peak at low temperature was assigned-bmnded ethylene species, which were
weakly adsorbed to catalyst surface and desorbed from Pd without decomposition.

The second one was assigned t@-thiended ethylene species, which were desorbed
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dissociatively followed by the recombination of the surface hydrocarbon species to
produce either ethylene or ethane. Disappearance of the first TPD peak and a shift of
the second desorption peak to higher temperature for the Pd/micronasfde@;
indicate that chemisorption of ethylene on the Pd/micron-siz&3O3; was stronger

than on the Pd/nanocrystalline-Al,Os;. In other words, weaker ethylene
chemisorption strength on the Pd/nanocrystallim&\l,O; promoted ethylene
selectivity [92,159]
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Figure 5.17 Ethylene temperature program desorption results.

The comparison of the Pd metal on surface among the Pd supported with
nanocrystalline and micron-sized-Al,O; are presented irFigure 5.18. X-ray
photoelectron spectroscopy (XPS) studies indicated that the atomic and mass
concentration of Pd metal on support surface for Pd/nanocrystalgO; is higher
than Pd/micron-sized-Al O3, which is due to specific surface area, pore volume and
average pore diameter. The higher Pd metal on surface is responsible for the higher

acetylene hydrogenation activity due to the increase of Pd active sites.
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Figure 5.18 Ratios of Pd/AI/BET.

The characteristic of Pd metal on nanocrystalline and micron-gi2¢gOs; are
shown inFigure 5.19. As already found for the Pd/nanocrystallingl ;O3 catalysts
has more the strong interaction between Pd metal and support than Pd/micron-sized a
Al,O3 when it is reduced at high temperature (500°C) because of a little decrease of
Pd active sites. After that, the catalysts are recalcine by air and then it is again
measured the Pd active sites at normal temperature reduction (150°C), it seems that
the high temperature reduction lead to restructure of Pd/nanocrystaibhgO;
which promote the Pd dispersion of catalyst. So, it was found that the Pd active sites
of Pd/nanocrystallinen-Al,O3 show higher than Pd/micron-sizedAl,O; when
recalcine after high reduction temperature. This suggests that, the nanocrystalline
Al,O3 is strongly affected to Pd metal under extreme conditions in the reduction
temperature of 500°C the changes on the catalyst structure was occthied
restructuring of the catalyst, which is connected with a change in the oxidation
properties, causes surface decorations and induces different metal-support interactions
[160].
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Figure 5.20 The catalytic performances of Pd catalysts supported on micron-sized
and nanocrystallinen-Al,O3 reduced at 15€C, N,O pretreatment and reaction
temperature at 90°C in selective acetylene hydrogenation under végmaiglow

rates.

5.3 Influence of preparation method on the nanocrystalline porosity
5.3.1. Characteristics ofAl;Oz
Figure 5.21 shows the XRD patterns of 8k supports prepared by different

preparation methods. The typical characteristic peaksofphase alumina were
detected for all the samples without any contamination of other transition alumina

phases.
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Figure 5.21 XRD patterns of the:-Al,O3 supports: solvothermal, sol-gel, and

precipitation method.

The IR spectra of as-synthesized and calcined products are shdvigune
5.22. In all cases, the strong®ipeak at wave number around 3450"'alisappeared
after calcination suggesting that moisture trapped between crystals were removed by
heat treatment. For theAl,O3 prepared by precipitation method, absorption bands at

860 and 1425 cth corresponding to oOrganic groups (€Oand NH;) were

eliminated during calcination. For the-Al,O3; sol-gel, disappearance of the

absorption peaks at 1400, 1700, and 3500 after calcination indicated that organic
groups and NQ ion have been removed. The characteristic absorption bands of

boehmite observed at 773 and 615'dmm the as-synthesized solvothermal powder
also disappeared after calcination. Boehmite was resulted from the presence of small
amount of water which was by-product from AIP decomposifiéil]. From IR
analyses, it is confirmed that theAl,O; powders obtained after calcination in all

cases were pure AD; without residual organic moiety. The calcination conditions
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were also satisfactory for complete phase transformation or decomposition to
Al2Os.
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Figure 5.22 IR spectra ofa-Al,O3 from solvothermal (a), sol-gel (b), and
precipitation (¢) method.

The BET surface area, pore volume, average pore diameter, and the average
crystallite size of AIO; supportsare givenTable 5.5. The average crystallite sizes of

a-Al,0O3 were calculated from XRD results using Scherrer equation and the
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characteristic peak af-Al,O3; at 20 = 43°. The crystallite size of sol-gel made

Al,O3 support was smallest at 33.8 nm, while the solvothermal- and precipitation-
madea-Al 03 support gave larger crystallite size at 53 and 67.6 nm, respectively. The
specific surface area usually shows a reversed tendency with crystallite size.
However, in this study, the-Al,O3; obtained from sol-gel method not only possessed
the smallest crystallite size but also had the minimum value of specific surface area
(1.7 nflg) as compared to those obtained by the solvothermal (1@ w@and
precipitation (41.2 fig) method. This could possibly be due to the difference on
degree of agglomeration. Frohable 5.5, total pore volume of sol-gel magd\l ;O3
(0.0065 cnig) was much lower than those obtained from other preparation methods
(0.2020 cnig for precipitation and 0.0739 éfg for solvothermal). These results
indicated that the sol-gel made support had lowest space between particles comparing
to the other supports, which prohibited the adsorption pofhélecules on catalyst

surface and led to the lowest surface area.

Table 5.5 Physicochemical properties @Al O3 various preparation methods and
0.3%Pd/A}Oscatalysts.

BET Pore Average | Crystallite | Pdactive %Pd Average
surface volume pore size sites dispersion® Pd?
Catalysts area (em¥g)®™" | diameter | (nm)&™ (<1077 particle
(m% )" (nm)®" sites/g- size
catalyst)d (ﬂm)f
LU 19.8 0.0739 14.9 53 11.5 7.6 14.7
Solvothermal
PUALO, 1.7 0.0065 46 33.8 3.9 2.6 43.2
Sol-Gel
Pd{A}EOﬁ 41.2 0.2020 26.9 67.6 2.1 1.4 80.2
Precipitation

* Measured only catalyst supports.

& Error of measurement = 10%.
P Calculated from BJH method.
¢ Determined from XRD line broadening.
4Determined from CO chemisorption.
Pd active sites = (M{Vg) x (6.02 x10%) x S.
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Error of measurement = +5%.

®Based on D = [Pd active site{M.W/%M) x 100% x100%]/(6.02 x10%%).
"Based on d (nm) = (1.12/D).[151]

Where D = fractional metal dispersion
Vadss =  volume adsorbed
Vg = molar volume of gas at STP
S = stoichiometry factor, CO on Pd
M.W = molecular weight of the metal
%M = %metal

The pore size distribution curves @Al ,O3 supports are shown Figure 5.23.
While the solvothermal- and precipitation-madeAl,O; exhibited the typical
characteristic of mesopore system with average pore size 16-32 nm, the sol-gel made
did not show any distinguish curve. Peak areas under the pore size distribution curves
which were directly correlated with the pore volume increased in the order of

precipitation > solvothermal >> sol-gel.
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Figure 5.23 Pore size distribution results of thé\|,O3 supports from solvothermal

(a), sol-gel (b), and precipitation (c) method.

The nitrogen adsorption isotherms for theAl,O; prepared by different
methods are shown Figure 5.24. It can be seen that the precipitation-made support

represented adsorption isotherms with hysteresis loops with type-A adsorption
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characteristic, which is corresponding to the presence of two-ended tabular pore
structure. Whilst, the solvothemal- and sol-gel made alumina exhibited type-E
hysteresis loop, which is an indication for the presence of tabular, through short pores
with winded parts of various widtH462,163] These pores were formed among the

primary particles of alumina.
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Figure 5.24 N\ adsorption isotherms.

5.3.2 Physicochemical Properties of i2&M ;05

The CO chemisorption results such as the number of active Pd atom, Pd
dispersion (%), and average Pd metal particle size for theArgD; catalysts are
given inTable 5.5. The mean stoichiometry of Pd metal to CO molec(#edn was
determined by the iterative method according to those of Lambert @t4&]. A
polynomial function was fitted based on the table established by Joyal arjd48]jit
who determinedXpy.co as a function of Pd dispersion. The valuesXgf.co were
found to be 0.51, 0.34, and 0.29 for Pd catalysts supported on solvothermal-, sol-gel-,
and precipitation-made-Al O3, respectively. The active site of Pd supported on
solvothermal-, sol-gel and precipitation-magé\l O3 catalyst was 11.5, 3.9 and 2.1
x 10" sites/g-catalyst corresponding to the %Pd dispersion of 7.6, 2.6 and 1.4,
respectively. The lower Pd dispersion obtained for the Pd/sol-gel ma#deOs
would be due to the lower specific surface area and pore volume. On the other hand,

the larger pore size of precipitation-madeAl,O; could also result in low Pd
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dispersion due to agglomeration of Pd particles within the pores. Among the various
Pdi-Al 03, the maximum CO chemisorption was obtained on the solvothermal-made
a-Al,0O3 with medium pore size. In a previous study from our group about Pd
dispersed on silica and MCM-41 with various pore sizes, lower Pd dispersion was
found on the small pore Sj@wing to the significant amount of Pd being located out
of the pores of the suppoftss4]. Similar result was obtained when Pd was supported

on the sol-geb-Al,O3 with very low amount of porosity.

The TEM micrographs of Pa@/Al, Oz catalysts were also taken in order to
physically measure the size of the palladium oxide particles and/or palladium clusters
on the variousi-Al,03; and are shown ifigure 5.25. The Pd catalyst supported on
sol-gel made support consisted of agglomerated particles with primarily irregular
shape structure whereas for those prepared by solvothermal and precipitation method,
agglomeration of finger-like and rod-like particles were observed. The Pd metal
cluster size on the various alumina supports increased in the ordeleDs

precipitation ~a-Al,03 sol-gel > ¢Al,03 solvothermal.
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Figure 5.25 TEM images of the Pd supportedoasl ,O3 from solvothermal (a), sol-

gel (b), and precipitation (c) method, showed Pd characteristics within the circles.

The reduction behaviors and reducibility of catalysts were studied by
temperature program reduction technique (TPR). The TPR profiles afAP#D;
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catalysts are shown iRigure 5.26. All the TPR profiles showed single reduction
peak in the range of 60-70°C corresponding to the reductiBdO to Pd metdlL65-

167]. This peak was shifted to higher temperature for the catalysts that were supported
on sol-gel and precipitation-made-Al,O3 by approximately 10°C. The lower
reduction temperature of TPR profile suggested that PdO/Pd supported on the

solvothermal-made-&l ;O3 facilitated reduction at lower temperature.

Pd/a-Al,O5 Solvothermal

Pd/ai-Al, 05 Sol-Gel

Intensity (a.u.)

L Pd/a-Al,O5 Precipitation

A e,

200 40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 5.26 H-TPR profiles for the various RdAl O3 catalysts.

The average oxidation states of palladium were calculated according to the
amount _of H consumption and the results are givenTable 5.6. The Pd/AD;
solvothermal possessed the highest Pd active sites due probably to the smallest

PdO/Pd sizes produced as determined by TEM measurement.
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Table 5.6 Consumption of hydrogen in TPR, amount of ethylene and CO desorption.

Catalysts H Amount of Amount of
Temperature at maximum (°C) 2 ethylene o
consurmption . .
(umol)* desorption desorption
(nmol)* (umol) *
Peak 1 Peak 2 Peak 3
PA/ALO; 60%,90°,90° | 240°230° 420° 658 131 76
Solvothermal
Pd/ALO
277 | 65%100°90° | 280°230° 500P 488 75 10
Sol-Gel
PPdf.A.lzoﬁ 70%100°,90° [ 260 250° 440° 610 122 33
recipitation

" Measured using the same weight of catalysts. (Transformation of area to mol see in
APPENDIX B)

®Based on KHTPR results.

® Based on gH,-TPD results.

¢ Based on CO-TPD results.

Ethylene-temperature programmed desorptiopgHgIPD) was performed in
order to obtain an information about ethylene adsorption behavior on the catalyst
surface and the results are showirigure 5.27. We observed the peak locations and
found that it appeared at different temperature ranges depending on the characteristic
modes of the ethylene adsorbed on the surface. All of the catalysts showed that the
three major peaks had difference of temperature positions and peak intensity.
According to Shin et al[18,93] the first peak at around 95°C was assigned-to
bonded ethylene which was weakly adsorbed and consequently desorbed without
decomposition. The peak at around 240°C was due tebdirded ethylene which
undergoes decomposition followed by the recombination of the surface hydrocarbon
species with hydrogen to produced ethylene as well as ethane. The last peak at around
420°C was CH group, for the CHl signal was due to the decompaosition of C
hydraocarbons adsorbed on catalyst tentatively ethane or ethjll68d 69] In the
present study, the low temperature ethylene desorption peak decreased and slightly
shifted to higher temperature as the preparation methods changed from solvothermal
to sol-gel and to precipitation method. In other words, the adsorption strength of
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ethylene on PdtAI,O3 catalysts was influenced by the nature ofQAl support

obtained from different preparation methods.

Pd/a-Al,O; Solvothermal

Pd/a-Al,O; Sol-Gel

Intensity (a.u.)

Pd/a-Al, O3 Precipitation

0 100 200 300 400 500 600 700 800
Temperature ("C)

Figure 5.27 GH4-TPD profiles for the various RaiAl ;O3 catalysts.

CO temperature program desorption behavior for the Pd catalysts supported on
Al,O3 from different preparation methods are showikigure 5.28. Two desorption
peaks, one with strong intensity at ca. 95°C and another small peak located at ca.
220°C were observed for all the catalysts which couldtirébuted to CO adsorption
on two adsorptive site groups. The first group gave the strong peak ranging from 95 to
180°C, which was weak CO species over the catalyst. S¢dmnd one was
characteristic of the strong chemically adsorbed CO molecules. The amount of
chemisorbed COTfable 5.6) on Pdi-Al,O3 (solvothermal-made support) was 7 and 2
times more than those on RB&A,0; (sol-gel made support) and BeXl,O3
(precipitation-made support), respectively. The difference may be related to different
geometry states of the adsorptive sites on catalysts occurred from the different support
configurations of the PdfAl,O3 catalysts. Moreover, it has been reported that the
activation energy of CO desorption decreased with decreasing size of Pd particles

[170]. The results from this study also show that the R@A[(solvothermal-made
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support) with the smallest Pd particle size facilitated CO desorption. The atomic
structure of CO and ethylene was similar in term of double bond that consisted of

and o bond thus both of ethylene and CO TPD results shevsame trend.

Pd/o-Al,O5 Solvothermal

Pd/a-Al, O, Precipitation

Intensity (a.u.)

Temperature ('C)

Figure 5.28 CO-TPD profiles for the various Bl O3 catalysts.

5.3.3 Catalytic performance in selective acetylene hydrogenation

For the details of catalyst and reaction as giving information: 0.3%j€yAl
reaction temperature = 80°C, GHSV = 52580, 32577, 22534, 12385, 9366, 6660 and
4282 h* (APPENDIX J). The effect of nanocrystalline porosity @fAl,O; obtained
from various preparation methods on the catalytic properties of-AeD; was
investigated in selective acetylene hydrogenation. The catalyst performances are
shown by the plots of acetylene conversiorethylene selectivity versus the gas
hourly space velocity (GHSYV) ifigure 5.29. It was clearly seen that ethylene yield
(%) was improved in the order of Pd/solvothermal-madd ,O; > Pd/sol-gel made
a-Al,03 > Pd/precipitation-made-Al ;O3 catalysts. Among the three catalyst systems,
the Pd/solvothermal-made-Al,O3; showed better performance than catalysts
supported on the othex-Al,O3; supports. Based on our characterization results,
Pd/solvothermal-made-Al,O; had the appropriate total pore volume, highest Pd
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active sites and metal dispersion of Pd opQAlsupport and facilitated the reduction

of PdO at lower temperature, which promoted acetylene conversion. Moreover, the
TPD profiles of Pd/solvothermal-madeAl ,O3 suggested that the amount of ethylene
adsorbed at low temperature on the catalyst surface was highest which was important

for the improvement of ethylene gain especially at high acetylene conversion.

100
f\a 1
2 90 + == Pd/a-Al, 04 Solvothermal
- O~ Pd/a-Al,O5 Sol-Gel
Ezr 1 —'— Pd/a-Al,O5 Precipitation
T, 70 +
U i
X 60 _|d
= i
2
: >0
g 40 +
< 30 Il
sl
U 20 = F Beeeto e, | (S

0 10000 20000 30000 140000 50000 60000
GHSV (h)

Figure 5.29 Performance of RdAl,O3; catalysts in the selective acetylene

hydrogenation.
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5.4 Influence of coke formation on Pdi-Al,O3

As it is known that PdtAl, O3 does a good job in the conversion of acetylene
into ethylene, but its performance unavoidably slows down following the reaction
process as the most acidic catalysts do. The main reason for this is due to the coke
deposits on the surface of the catalysts. Therefore, one may say that a study of acidity
and coke deposits on the surface could help in solving the problem of reducing the
coke deposits and as a result, prolonging the catalyst life. Comparing the Pd catalyst
supported ornu-Al,O5; which received from different preparation methods, we found
that coke deposit on RdAI,O; sol-gel was relatively less than the other ones, as
shown inFigure 5.30. The acidity changes of the catalysts with temperature were
shown inFigure 5.31. It can be seen that both the strong and weak acid sites
decreased for the RAAI ;O3 sol-gel catalysts. These phenomena suggest that both the

strong and weak acid sites could be coke deposit centers.

Pd/a-Al, 05 Solvothermal

Pd/ot-AlL O, Precipitation

Pd/o-AlL O,y Sol-Gel

Intensity (a.u.)

i} 100 200 300 A00 500 G300 700 SO0
Temperature (°C)

Figure 5.30 TPO profiles for the various ledAl ,O3 catalysts.
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Figure 5.31 NH-TPD profiles for the various-Al,03; supports.

The selective hydrogenation of acetylene to form ethylene was carried out over
Pd supported on solvothermal-, sol-gel and precipitation-noadkeO3; catalyst at
GHSV 9800 H, 18800 K, and 25700 Hh with various temperatures as shown in
Figure 5.32,5.33, and5.34, respectively. The activity of hydrogenation overaPd/
Al,O3sol-gel is higher than other ones at 40°C but activity of this catalyst is relatively
lower at 60°C and 80°C which may possible be covered by coke depositidheo
partial Pd particles during the reaction. It seems that the coke deposition is retarded on
Pdio-Al O3 sol-gel due to the characteristic structure of sol-gel meadd,Os.
However, the ethylene selectivity was found to be little dropped when theAP);
sol-gel are performed at 80°C while the other catalysts was found to be alyparent
lower. It was demonstrated that the coke deposition on catalyst is much more that
induced to hydrogen spillover which lead to ethane production. On the other hand, a
little of coke deposition can create irreversibly on the palladium surface small A types

of active site (responsible for selective to ethylene).[67]
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Figure 5.34 Performance of RdAl,O; catalysts in the selective acetylene
hydrogenation with GHSV = 25700'tand various temperatures.
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5.5 Zinc modified &Al,O3 for supported Pd catalyst

Performance of the Zn-modifiadAl ;O3 for supported Pd catalyst in acetylene
hydrogenation with various GHSV (52580, 32577, 22534, 12386 Has been
compared with one of the Zn-modifiedAl ;O3 from sol-gel and precipitation method
as shown inFigure 5.35. Obviously, the ethylene selectivity is improved when the
0.5%Pd/(Zn/Al=0.3)Precipitation catalyst are used which compared to
0.5%Pd/(Zn/Al=0.3)Sol-Gel catalyst. These may possible be attribution of complete
structure of ZnAIO, because the Zn-modifiedAl,O3; from precipitation method had
disclosed this structure, as indicated in fngure 5.36. Modification ofu-Al ;03 with
zinc can lead to form ZnAD, spinel which is an interesting material with low acidity
that can exhibit the strong metal-support interaction (SMSI) with noble i€l
Thus, the presence of ZnAl, alone in the Zn-modified-Al,O3 may improve the

catalytic performance in the selective acetylene hydrogenation as well.
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Figure 5.35 Performance of RdAIl,Os; catalysts Iin the selective acetylene

hydrogenation with various GHSV at 40°C.
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Figure 5.36 XRD patterns of the-Al,O3 supports (Zn-modified and non-modified):

solvothermal, sol-gel, and precipitation method.

It can be noticed frorfrigure 5.36 that Zn-modified--Al,O3 shows a complete
structure of ZnAdO, in the order: Zn-modified-Al ,O3-precipitation > Zn-modified
a-Al,0sz-solvothermal > Zn-modifiedn-Al,Os- sol-gel. The surface areas of the
supports (non-modified) were similar to Zn-modified support for three preparation
methods as shown ihable 5.7. The Zn-modified and non-modifiegAl,Os by sol-
gel possessed the surface area 1.1 and 4d@3 mspectively, while those prepared by
precipitation and solvothermal was found to be apparently higher. The surface areas
were quite low probably due to high agglomeration of these nanocrystalline particles

during calcination at high temperature.
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Table 5.7 Specific surface area of catalyst supports (Zn-modified and non-modified)

from various preparation methods.

Catalyst supports BET surface area (m?/g)
a-AL O, (Precipitation) 51
a-AL O, (Sol-Gel) 1.8
a-AL O, (Solvothermal) 83
a-ALO; ZnfAl = 0.3 (Precipitation) 6.2
a-ALO; Zn/AL=0.3 (Sol-Gel) 1.1
a-ALO; Zn/Al = 0.3 (Selvothermal) 10.7

The catalytic properties of RdAI,O; and Pd/Zn-modifiedr-Al O3 catalysts
which o-Al,O3 obtained via solvothermal method were evaluated in the selective
hydrogenation of acetylene with a various temperature (40, 60, and 80°C) by SV-4 or
SV-Zn-4, SV-3 or SV-Zn-3, SV-2 or SV-Zn-2, SV-1 or SV-Zn-1 represent as GHSV
at 52580, 32577, 22534, 12385, trespectively. For performance comparison of
catalysts based om-Al,O3; support via solvothermal method are showrFigure
5.37. In all cases, acetylene conversion increased with increasing temperature while
ethylene selectivity decreases due to the fact that the ethylene is produced as an
intermediate in acetylene hydrogenation reaction. These results are in good agreement
of any GHSV which with a decrease in GHSV, the catalytic performance of catalysts
was enhanced to attain a better value for acetylene conversion and ethylene gain. It
was clearly seen that the use of Zn-modified\l,O; prepared by solvothermal
method resulted in much better acetylene conversion but to lower ethylene gain when
compared to the non-modifiedAl ,O3. Madification of Pdé-Al ;O3 catalysts with Zn,
however, resulted in significantly improvement of both acetylene conversion and

ethylene selectivity at high temperature (80°C).



95

'
T

1
T

1
|
I

=
O

.,_
i la s s nlag sl
L LI BB 1] L

-+ 5V4
- 5\-3
-2 SV
& SV

->-SVZn4
L= BWE7 -3
- SeZn-2
_ﬂ_. S \V=Zn-l

B e i e B e o e e S

pyeloppal
LI L

Ethvlene gain (%0)
oo

L)

Ll -
BRI

10) 20 kit ) 500 Bl 710 a0 90 100
Acetylene conversion (%o)

Figure 5.37 Performance of RdAl,O; catalysts supported on-Al,O3 from
solvothermal method in the selective acetylene hydrogenation with various

temperatures in the four GHSV values.

As shown inFigure 5.38 the maodification of Zn ta-Al O3 support via sol-gel
method had no effect on improvement of acetylene conversion and ethylene gain for
Pd/Zn-modifieda-Al O3 catalysts. However, the decreasing of acetylene conversion
and ethylene gain for Pd/Zn-modifiedAl ;03, suggesting that the incomplete of Zn
penetrate tau-Al,O3 structure lead to poor dispersion of Pd particles on support,
which may be occurs because the Pd metal is covered by Zn. It has been reported that
ethylene selectivity is lower on the low-index Pd surface, e.g., Pd(100), than on the
high-index surface, e.g., Pd(111) [88]
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Figure 5.38 Performance of RdAl,O3 catalysts supported arAl,O3; from sol-gel
method in the selective acetylene hydrogenation with various temperatures in the four
GHSV values.

The zinc-modifieda-Al O3 catalysts had a complete structure of Zjlby
using precipitation method. The physicochemical properties of Pd/zinc-modified
Al,O3; used in selective hydrogenation of acetylene were investigated, as shown in
Figure 5.39. It was found that the activity and selectivity to ethylene of the Pd/zinc-
modified a-Al,O3 with complete structure of Zn#D, of support were negatively
modified by incorporation of zinc into AD; structure. However, this influence of
complete structure of ZnAD, was much more significant for high temperature,
which means that ethylene gain of Pd/zinc-modiftedl,Os is higher than Pd/

Al,O3 at temperature about 80°C.
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Figure 5.39 Performance of RdAl,O; catalysts supported on-Al,O3 from
precipitation method in the selective acetylene hydrogenation with various

temperatures in the four GHSV values.

The activity and selectivity to ethylene of BdKl,O3; catalysts depends on the
degree of repletion in the Zn-modifiedAl,Os. As above results indicate that it is
possible to obtain perfection of Zn&), via precipitation method when all of zinc is
part of the solid structure. This occurrence of Zn-moditie8ll .O; when used as
catalyst support for Pd metal led to enhance the ethylene gain whereas the
deterioration of acetylene conversion at high temperature reaction. Moreover, Zn-
modified a-Al ;O3 prepared by solvothermal method was not complete to ZnAlut
it had remain together ad-Al,O3 and ZnAbO, resulted in the enhancement of
acetylene conversion ranging from 40 to 60°C and the both of acetylene conversion
and ethylene gain. in the vicinity of 80°C. However, the Zn-modifiedl,O3
prepared by sol-gel method had not improvement the catalyst because of
overabundant incomplete of support structure. One of the probable interpretations of it
was that ZnAdO, structure withino-Al,O3; support from sol-gel method less than the

solvothermal method.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

. In the mixed-phases AD; support for supported Pd catalyst in selective

acetylene hydrogenation, the conclusion could be drawn as follows:

Among the five crystalline phase compositions of alumina used in this study,
the one containing 64%-Al,03; was found to be the best (optimum) composition to
prepare Pd/AD; catalysts with high acetylene conversion and high ethylene
selectivity. The presence of transition-phaseQAlin a-Al,03 resulted in combined

properties of the transition ADs.

. In the effects of support crystallite size and reduction temperature on the
properties of PdlrAl;Oz catalysts in selective acetylene hydrogenation, the

following conclusions were drawn:

The improvement of activity would be due to the increasing of Pd active sites
while the reduction on lower temperature and lower ethylene chemisorption would
promote the ethylene selectivity. The catalytic performance of Pd/nanocrystalline
Al,O3 catalyst increased after reduction at higher temperature due to the formation of
SMSI, which promoted the ethylene selectivity. While the Pd/micron-siz&ldO3
catalyst exhibited lower catalytic activity, which due to the sintering of Pd metal. The
different between Pd behaviors on those two supports after reduction at high
temperature would be explained by the different of interaction between Pd- and
Al,O3 support, which confirmed by the XPS results.

) In influence of preparation method on the nanocrystalline porosiiyAd$Os;
and the catalytic properties of RdAl,Os in selective acetylene hydrogenation,

the conclusion could be drawn as follows:
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Suitable properties of the solvothermal-derivedl,O; such as high surface
area and narrow pore size distribution were found to result in the best catalyst
performance of Pd/fAl,O3 catalysts in the selective hydrogenation of acetylene. The
a-Al,03 solvothermal not only provided the highest Pd dispersion and smallest Pd
particle size but it also facilitated,Heduction at low temperature and desorption of

ethylene and CO.

) The coke deposition on catalyst during reaction increases in the following order:
Pdii-Al ;O3 sol-gel < Pdi-Al O3 precipitation < Pdi-Al ;O3 solvothermal.

o Modification of Pdi-Al.O3 catalysts with Zn which prepared from
solvothermal method resulted in significantly improvement of both acetylene

conversion and ethylene selectivity at temperature 80°C.

6.2 Recommendations

The studies in effect of ADs support for supported Pd catalyst via selective
acetylene hydrogenation are still some unclear explanation needed to be further
studied in the aspect of:

1. The alumina support as various phases are different crystal structures
which maybe to characteristic properties in each phases of alumina. There are several
problems connected with the explanation of the role the mixed phases which require
further investigation such as the restructuring of various phase within mixed phases
and the adsorption ability of and bond of reactant on mixed phases.

2. The results from temperature programmed desorption are still open for
discussion to complete understanding of the characteristic of peak.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

The calculation shown below is for 0.1%Pdf@d. The alumina support weight

used for all preparation is 4 g.

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Palladium = -

Alumina = 100-0.1 = 99.9 g
For 4 g of alumina
Palladium required = (4%1)/99.9 = 0.004004 g

Palladium nitrate 0.2 g dissolved in de-ionised water.

Weight of Pd(NQ), xM.W. of Pd
M.W. of Pd(NQ),

Then Pd content in stock solution =

= (0.2x106.4)/230.4
= 0.0924 g
Pd(NG;), taken from stock solution (10 g including solvent and solute)
= (0.004004 x1.0)/0.0924
= 0.4333 g

The calculation shown below is for 0.1%Pd-0.3%Agl The alumina support

weight used for all preparation is 4 g.

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Palladium = Qel o, @

Silver = B h e

Alumina = 100-0.4 = 99.6 g
For 4 g of alumina
Palladium required = (4%1)/99.6 = 0.004016 g
Silver required = (40.3)/99.6 = 0.012048 g
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Palladium nitrate 0.2 g dissolved in de-ionised water.

Weight of Pd(NQ), xM.W. of Pd
M.W. of Pd(NQ),

Then Pd content in stock solution =

- (0.2x106.4)/230.4
> 0.0924 g
Pd(NG;), taken from stock solution (10 g including solvent and solute)
= (0.004016 »10)/0.0924
- 0.4346 g

Silver nitrate 0.5 g dissolved in de-ionised water

Weight of AQNG, xM.W. of Ag
M.W. of AgNG,

Then Ag content in stock solution =

= (0.5:07.9)/169.9

F 0.3175 g
AgNO; taken from stock solution (10 g including solvent and solute)
(0.012048 :40)/0.3175
0.3795 g

Since the pore volume of the alumina support is 0.25 mi/g and the total volume of
impregnation solution which must be used is 0.5 ml by the requirement of dry
impregnation method, the de-ionised water is added until the total volume of

impregnation solution is 0.5 ml.



118

APPENDIX B

CALCULATION CURVES

70E-08 T
[ ®Mole of H, y=3.0577E-12x R®=9.9990E-01

60E-08 T Mole of C,H, ¥=2.4014E-12x R’ =9,9980E-01
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Figure B.1 The calibration curve of acetylene and hydrogen from GC-8APF (FID) and
GC-8APT (TCD)
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Figure B.2 The calibration curve of transition phase/alpha phase
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Figure B.4 The calibration curve of ethylene from Micromeritic Chemisorb 2750
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Figure B.5 The calibration curve of hydrogen from Micromeritic Chemisorb 2750

S.0E-05 7

S OE-05 + ¢
y = 6,2584E-05x
R®=9.8232E-01

70E-05 +
6.0E-05 +

S0E-05

Mole

4.0E-0% +
3.0B05 F
2 0F-05 F

1.OE-05 F

AbEHo AN AT LM T A
0 02 04 0.6 08 I 12 I 4
Area

Figure B.6 The calibration curve of carbon monoxide from Micromeritic Chemisorb
2750



121

APPENDIX C
CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation
The crystallite size was calculated from the half-height width of the diffraction peak
of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

KA
& [ﬁ
where D = Crystallite size, A
K = Crystallite-shape factor = 0.9
A = X-ray wavelength, 1.5418 A for CuK
6 = Observed peak angle, degree
B = X-ray diffraction broadening, radian

The X-ray diffraction broadening]) is the corrected width of a powder diffraction
free from all broadening due to the instrument. d¥&umina was used as a standard
sample to provide instrumental broadening data (see Figure C.1). The most common

correction for the X-ray diffraction broadening) can be obtained by using the Warren’s

formula.

Warren’s formula;
£ 7 2
B =VBy-Bs

where ' By The measured peak width in radians at half peak height.

@
1

The corresponding width of the standard material.

Example: Calculation of the crystallite size ofAl ;03
The half-height width of 012 diffraction peak =0.88° (from fngure C.1)
= (2:x0.88)/360
= 0.0154 radian (®
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The corresponding half-height width @fAl,O; peak (from the Bvalue at the 26
of 25.92° in kgure C.2) = 0.0041 radian

The pure width, B V' 0.0154 — 0.0041
0.0148 radian

B = 0.0148 radian
20 = 25.92°
0 = 12.96°
A = 1.5418 A
0.9x1.5418A

The crystallite size 0.0148radiarcos12.96

9.62 nm

£ 96.21 A

20 = 25.92

24.0 245250 255 26.0 26.5 27.0 275 28.0

Figure C.1 The observation peak ofal ;03 for calculating the crystallite size.
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124

APPENDIX D
CALCULATION OF C,H, CONVERSION AND CyH4 GAIN

The catalyst performance for the selective hydrogenation of acetylene was
evaluated in terms of activity for acetylene conversion and ethylene gain based on the

following equation:
CH,+H, — C,H, (1)

&H;, + B CHg (2)
Activity of the catalyst for acetylene conversion is defined as mole of acetylene
converted with respect to acetylene in the feed:

100<[mole of CH, in feed — mole of ¢H, in product]

C,H, conversion (%) =
mole of GH, in feed

where mole of gH, can be measured employing the calibration curve b, @ Figure
B.1, APPENDIX B., i.e.,
mole of GH, = (area of GH, peak from integrator plot on GC-8APFR:4014 10

Ethylene gain was calculated from moles of hydrogen and acetylene:

100x[dC,H, — (dH, — dCH,)]
dCH,

Where dGH, = mole of acetylene in feed — mole of acetylene in product

C,H, gain (%) =

dH, = mole of hydrogen in feed — mole of hydrogen in product
mole of H can be measured employing the calibration curve ofirHFigure B.1,
APPENDIX B., i.e.,
mole of K = (area of H peak from integrator plot on GC-8APT3:0577 10
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APPENDIX E
CALCULATION FOR CO-CHEMISORPTION

Calculation of the metal active sites, metal dispersion, active metal surface area, and

average crystallite size of the catalyst measured by CO-chemisorption is as follows:
Volume of active gas dosed from aloop (Vinj)

Tstd x IDambx %A

V. .=
oo " Py 100%

Example: Volume Dosed Using 100% Active Gas

Vieop = loop volume injected BO™ ni

Tamb = ambient temperature 2054 K

Tstg = standard temperature 273 K

Pamb = ambient pressure 743  mmHg
Psg = standard pressure 760  mmHg
%A = %active gas 1Q0~4%

743mmH
Vi = 50UL x2ron 9, 100%_ 45 5361
205K 760mmHg. 100%

Volume chemisorbed (V ags)
V.
V4= '”‘ 2[1——']

Example: CO Chemisorption on 0.5wt% Pdtdd

Vij = volume injected 45.2362 L
m = mass of sample 0.2 g
As = area of peak last peak 0.02331
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Peak A 1-AlA; Vs >V ds

1 0.01659 0.2883 13.0411 13.0411
2 0.02231 0.0429 1.9406 14.9817
3 0.02331 0 0 14.9817

Vadgs= 74.9085.L/g = 0.0749 criYg

% Metal dispersion

Vadsx m.w.

%D.= S x x 100%x100%

g %M

Example: %Dispersion of 0.5wt% PdASk;

S = stoichiometer facter, CO on Pd 1

Vads = volume adsorbed 0.0749 Yo
Vg = molar volume of gas at STP 22414 *mol
mw. = molecular weight of the metal 106.4 g/mol
%M = weight percent of the active metal 0.5 %

0.0749crg y 106.4g/mol
22414crm/mol 0.5%

%D = 1x x 100%x100% = 7.1%

Pd active sites

ads

Pd active sites =& x Ny
g
S = stoichiometry factor, CO on Pd 1
VM IF volume adsorbed 0.0749 Ym
Vg = molar volume of gas at STP 22414 *mol
Na = Avogadro’s number 6.0230°°  molecules/mol
0.0749crd/g molecules

Pd active sites =4 = 2.01x108CO molecules/g

x 6.023x 1073
m

22414cm/mol ol
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Active metal surface area (per gram of sample)

\Vj 0 2
MSA, = §xvais, 100% o M
g M 108 nn?
S = stoichiometry factor, CO on Pd 1
Vads = volume adsorbed 0.0749 Yo
Vg = molar volume of gas at STP 22414 *mol
%M = weight percent of the active metal 0.5 %
Na = Avogadro’s number 6.0230°® molecules/mol
Om = cross-sectional area of active metal atom 0.0787 nm
0.0749cnlg = 100% molecules m?2
MSA. = 1x X x 6.023x 1023 x 0.0787NM x————
° 22414cni/mol ~ 0.5% mol 108 nn?
= 31.68M/0cia
Average crystallitesize
B m 1P nm
d= X X
px MSA,"™ 10° crr® m
Fq = crystallite geometry factor (hemisphere = 6) 6
p = specific gravity of the active metal 12.0 gfem
MSAq = active metal surface area per gram of metal 31.68)80

6 1® nm

d=12gicni < 31.68MIg “1Fome * _m

=15.78 nm
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APPENDIX F

PHYSISORPTION THEORY

Physisor ption theory
One form of the well-known BET equation that describes the adsorption of a gas

upon a solid surface is

where

(STP)

where

-E-
Py ; 1 " e N

\% = the volume (at standard temperature and pressure, STP) of gas
adsorbed at pressure P
Po = the saturation pressure which is the vapor pressure of liquified gas
at the adsorbing temperature
Vi = the volume of gas (STP) required to form an adsorbed
monomolecular layer
C = a constant related to the energy of adsorption

The surface area S of the sample giving the monolayer adsorbed gas v@lume V

is then calculated from

\
g= Vit 2)
mM
N = Avogadro’s number which expresses the number of gas molecules

in a mole of gas at standard conditions

m = mass of sample

M = the molar volume of the gas

A = the area of each adsorbed gas molecule
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Single-point surface area
The constant C of equation (1) is typically a relatively large number, :&,,fm

which equation (1) reduces very nearly to

L
P, 1.1 P
——a W i ) (3)
Va'C P
V[l-—P—] m 0
I::'0

Now if P/Ry >>1/C, equation (3) can be future represented by

s
7 1 P
274 1 N6 “)
V[l- _-] m 0
I30
which rearranges to
V, = V[1- ] (5)
PO

Another way of arriving at the same result is by recognizing that the termQy(V
of equation (1) is generally small. Taking it as insignificant changes the slope, and hence
the value of ¥, and the sample surface area as calculated by equation (2), only a small
amount. Equation (1) can be rearranged with the contribution of the intercept term taken

to be vanishingly small to also yield equation (5).

Substituting equation (5) into equation (2) yields

L
°_j (6)
M

S = VAN [
from which the sample surface area is readily determined once the volume V of gas
adsorbed (or desorbed, which must theoretically be identical) is measured and appropriate

values for the other terms are incorporated.

For nitrogen gas adsorbed from a mixture of 30 mole % nitrogen and 70 mole %

helium using a liquid nitrogen bath, the values are arrived at as follows:
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The volume V of gas with which the instrument is calibrated is injected at ambient
temperature and atmospheric pressure. This volume must thus be multiplied by the ratios
273.2/(Rm. Temp., Kx (Atm. Press., mmHg)/760 to convert it to standard conditions
(0°C and 760 mmHg).

Avogadro’s number N is 6.02810%> molecules/g-mole

The molar volume M of a gas at standard conditions is 22434yerole

The presently accepted value for the area N of a solid surface occupied by an adsorbed

nitrogen molecule is 16.2 10%° m* (=16.2 Angstroms).

P is 0.3x the atmospheric pressure in millimeters of mercury since the gas mixture
is 30 % nitrogen and adsorption takes place at atmospheric pressute Baturation
pressure of liquid nitrogen is typically a small amount greater than atmospheric due to
thermally induced circulation, dissolved oxygen, and other factors. With fresh, relatively
pure liquid nitrogen, the saturation pressure is typically about 15 mmHg greater than
atmospheric pressure. It can be 40 to 50 mmHg greater if the liquid nitrogen is relatively

impure. The saturation pressure should be determined by other means in the latter event.

The result for a 30% MN70% He mixture adsorbed at liquid nitrogen temperature

when room temperature is 22 and atmospheric pressure is 760 mmHg is the expression.

S=vy[ 273.2 . Atm. Press][ 6.023x 10?3 x 16.2x 1020
Rm. Temp. 760 22.414x 108 (7

(1- %N,/100)x Atm. Press.
] = v - constant
Sat. Press

where S is the surface area in square meters.
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For calibration purposes, this means that a syringe injection of V = 1.8®fcm
nitrogen at 22C and 760 mmHg should produce an indicated surface area of 2.84,

assuming the saturation pressure is 775 mmHg.

The value of S from equation (7) changes when ambient conditions differ
significantly from 22C and 760 mmHg, pressure changes having relatively more effect
than temperature. Another value should then be calculated. For example, suppose the gas
were 29.33 % B the laboratory were at 22, atmospheric pressure were 710 mmHg,
and the saturation pressure were measured to be 735 mmHg, the value, instead of being
2.84, should be 2.67

Multipoint surface area

A straight line usually results between PiRlues from about 0.05 to 0.25 when
experimental data are plotted as PNV{1-(P/Py)] on the ordinate against R/Rs the
abscissa. Relative pressures within this prescribed range are typically obtained with gas
compositions between about 5% and 25%wih the remainder He. Equation (1) shows
then that slope and intercept of this line are, respectively, (G«T)Ahd 1/(\C) and
that both the values ofpVand C can be determined

The instrument is calibrated by injecting into it an accurately measured volume of
each gas mixture at ambient conditions, calculating the volume of this gas at standard
conditions, and setting the instrument to indicate thereafter adsorbed and desorbed gas
volumes at standard conditions. When 1 mL of gas mixture is injected, its volume V at
STP is given by

273.2 Atm. Press. (8)

V= 1.00x Rm. Temp.>< 760

The sample specific surface area S in square meters per gram is calculated from
equation (2) using appropriate constants and slope and intercept values once the plot is

made. Using the constants given above, this relationship becomes

1020
22414 (slope + intercept)

S =6.023« 10?3 x 16.2x

9)
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or simply

(10)
4.353

- slope + intercept
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APPENDIX G

CALCULATION OF CONCENTRATION OF BOTH REACTANTS IN
PRECIPITATION METHOD

In this study, ammonium aluminum carbonate hydroxide ;MEO3(OH),) has
been produced by the reaction of ammonium aluminum sulfate solution (AAS solution)

and ammonium hydrogencarbonate solution (AHC solution) as following equation:

8NH HCO; + 2(NHW)AISOs)s ————>  2NFAICO3(OH), + 4(NH,),SOy + 6CQ +
2H,0

Ammonium aluminum carbonate hydroxide (AACH) was prepared with the molar
ratio of AAS solution to AHC solution equal to 1:4 as the above reaction and calculation

procedure is given here.

Calculation of the amount of ammonium hydrogencar bonate (AHC) and ammonium

aluminum sulfate (AAS) for AACH preparation

Ammonium aluminum sulfate (AAS) and ammonium hydrogencarbonate (AHC)

are used as reactants to prepare AACH.

1.  Ammonium aluminum sulfate (NYAI(SQO,),-12H,0) has an molecular weight
of 237.18 g/mol (not included molecule of water)

2. Ammonium hydrogencarbonate (NHCOs;) has an molecular weight of
79.06 g/mol

Example: Calculation of AACH preparation with concentration of AAS solution to AHC
solution equal to 0.2:2.0 mol/l and molar ratio of AAS solution to AHC solution is

0.05:0.2, which is equal to 1:4 as mentioned before, are as following:



AAS solution 0.05 mol consists of:  AAS 0£X%37.18
To get concentration 0.2 mol/l
Distilled water = 250 crh

AHC solution 0.2 mol consists of: AHC 29.06
To get concentration 2.0 mol/l
Distilled water = 100 crh

=11.859¢g

=15.812¢

134
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APPENDIX H

CALCULATION OF Zn MODIFIED ON Al,03 SUPPORT

Preparation of Zn-modified AD3; with various molar ratio of Zn = 0.3 by

solvothermal, sol-gel, precipitation methods.

Reagent: - Aluminum isopropoxide ((CH.CHO)AI)
Molecular weight = 203.98 g/mol
- Aluminium nitrate nonahydrate (Al(Nf2-9H,0)
Molecular weight =212.98 g/mol
(not included molecule of water)
- Ammonium aluminum sulfate (NAAI(SOg)2-12H,0)
Molecular weight = 237.18 g/mol

(not included molecule of water)

Precursors. - zZinc (II) nitrate hexahydrate (Zn(NL)-6H,0)
Molecular weight = 297.37 g/mol
- Zinc (1) acetylacetonate ((GBOCH=COCH),Zn)
Molecular weight = 263.59 g/mol
Calculation:

Solvothermal method

For molar ratio Zn/Al = 0.3 is shown as follow:

Aluminum isopropoxide 25 g consisted of aluminium equal to:

Aluminium = (26.9&25)/203.98 = 3.3067 g

= 3.3067/26.98 = 0.1226 mol
For Zn/Al = 0.3, 0.1226 mol of aluminium
Zinc required = 0.1226).3 = 0.0368 mol

= 0.036&65.37 = 2.4036 g
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Zinc 2.4036 g is used from ((GBEOCH=COCH),Zn) and molecular weight of Zn is
65.37 g/mol

Thus, ((CHCOCH=COCH),Zn) required = (263.52.4036)/65.37
= 9.6920 g

Sol-gel method

For molar ratio Zn/Al = 0.3 is shown as follow:

Aluminium nitrate nonahydrate 24 g consisted of aluminium equal to:

Aluminium = (26.9&24)/212.98 = 3.0403 g

= 3.0403/26.98 = 0.1127 mol
For Zn/Al = 0.3, 0.1127 mol of aluminium
Zinc required = 0.1120.3 = 0.0338 mol

= 0.033865.37 = 2.2099 g
Zinc 2.2099 g is used from (Zn(NJR)-6H,O) and molecular weight of Zn is 65.37 g/mol
Thus, (Zn(NQ),)-6H,0) required = (297.312.2099)/65.37

- 10.0529 ¢

Precipitation method

From APPENDIX G, concentration of AAS solution to AHC solution equal to
0.2:2.0 mol/l and molar ratio of AAS solution to AHC solution is 0.05:0.2, then AAS
11.859 g is required.

For molar ratio Zn/Al = 0.3 is shown as follow:

Ammonium aluminum sulfate 11.859 g consisted of aluminium equal to:

Aluminium = (26.9&11.859)/237.18 = 1.3490¢
= 1.3490/26.98 = 0.0500 mol
For Zn/Al = 0.3, 0.0500 mol of aluminium
Zinc required = 0.050M.3 = 0.0150 mol
= 0.015&:65.37 = 0.9806 g
Zinc 0.9806 g is used from (Zn(NJR)-6H.0O) and molecular weight of Zn is 65.37 g/mol
Thus, (Zn(NQ),)-6H,0) required = (297.30.9806)/65.37

= 4.4608¢
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APPENDIX |

TABLE OF MESH SIZE

M esh size conversion table (Alfa Aesar, A Johnson Matthey Company)

A “+" before the mesh size indicates the particles are retained on and are larger than
the sieve. A “~” before the mesh size indicates the particles pass through and are smaller
than the sieve. For example, -325 mesh indicates the particles pass through and are
smaller than the openings of a 325 mesh (44 micron) sieve. Typically 90% or more of the

particles will fall within the specified mesh.

MESH SIZE APPROXIMATE APPROXIMATE INCHES
MICRON SIZE MILLIMETERS
4 4760 476 0.1850
6 3360 Bi56 0.1310
3 2380 2.38 0.0930
12 1680 1.63 0.0650
16 1130 1.1% 0.0460
20 840 0.84 0.0328
30 590 0.5% 0.0232
40 420 0.42 0.0164
50 297 0.2% 0.0116
&0 250 ] 0.0097
70 210 0.21 0.0082
30 177 0.17 0.00&5
100 143 0.14 0.0058
140 105 0.10 0.0041
200 74 0.07 0.002%
230 62 0.06 0.0024
270 53 0.05 0.0021
325 44 0.04 0.0017
400 iF 0.03 0.0015
625 20 0oz 0.0008
1250 10 0.01 0.0004
2500 5 0.005 0.0002
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APPENDIX J

CALCULATION OF GASHOURLY SPACE VELOCITY (GHSV)

For section 5.1

Volume of catalyst

Diameter of reactor (d) = 10.1 mm
High of catalyst (h) = 1.5 mm
vl nd?h
olume =
4
L 120.12 mrh

Flow rate

First 10 cnV5.7s = (10*10%10*10%3600)/5.7 = 6315789.5 fim
Second10 cf19.2 s = (10*10*10*10*3600)/9.2 = 3913043.5 rfim
Third 10 cni/13.3 s = (10*10*10*10*3600)/13.3 = 2706766.9 fim
Fourth 10 ci¥24.2 s = (10*10*10*10*3600)/24.2 = 1487603.3 ffm

GHSV (HY)
Flow rate/ Volume of catalyst
First 52580
Second 32577
Third 22534
Fourth 12385

For section 5.2 and 5.3

Volume of catalyst = 120.12 nim
Flow rate
First 10c/5.7s = (10*10*10*10*3600)/5.7 =6315789.5 rHim

Second 10 c#9.2' s = (10*10*10*10*3600)/9.2 =3913043.5 rim
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Third 10 cni/13.3s = (10*10*10*10*3600)/13.3 = 2706766.9 AAim
Fourth 10 cri¥24.2 s = (10*10*10*10*3600)/24.2 =1487603.3 Afim
Fifth 10 cni/32's = (10*10*10*10*3600)/32 =1125000  rim
Sixth 10 cn¥45s = (10*10*10*10*3600)/45 = 800000 nin
Seventh 10 ci70s = (10*10*10*10*3600)/70 =514285.7 it
GHSV (HY
Flow rate/ Volume of catalyst

First 52580

Second 32577

Third 22534

Fourth 12385

Fifth 9366

Sixth 6660

Seventh 4282



140

LI1ST OF PUBLICATIONS

International publications

Sataporn Komhom, Okorn Mekasuwandumrong, Piyasan Praserthdam, Joongjali
Panpranot, Improvement of Pdi8k catalyst performance in selective acetylene
hydrogenation using mixed phases@d support,Catalysis Communications,

10 (2008), 86-91

Sataporn Komhom, Piyasan Praserthdam, Okorn Mekasuwandumrong, Joongjai
Panpranot, Effects of the support crystallite size and the reduction temperature on
the properties of PdfAl, O3 catalysts in selective acetylene hydrogenation,

Reaction Kineticsand Catalysis L etters, 94 (2008), 233-241

Sataporn Komhom, Okorn Mekasuwandumrong, Joongjai Panprnatsan
Praserthdam, Influence of preparation method on the nanocrystalline porosity of
a-Al,03 and the catalytic properties of BeAl,O; in selective acetylene

hydrogenation(Revised to Industrial & Engineering Chemistry Resear ch)

Conference contributions

1.

Sataporn Komhom, Okorn Mekasuwandumrong, Piyasan Praserthdam, Joongjali
Panpranot, Improvement of Pdi8k catalyst performance in selective acetylene
hydrogenation using mixed phases@J support, The 13 Regional Symposium

on Chemical Engineering “Advances in Chemical and Biomolecular

Engineering”; Singapore from 3-5 December 2006 (Oral)

Sataporn Komhom, Piyasan Praserthdam, Okorn Mekasuwandumrong, Joongjai
Panpranot, Effects of the support crystallite size and the reduction temperature on
the properties of PdfAl,O3 catalysts in selective acetylene hydrogenation, “RGJ
Seminar series LVI conference”, 28 September 2007, Chulalongkorn University,
Bangkok (Thailand) (Oral)



141

Catalysis Communications 10 (2008) 86-91

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/catcom

Catalysis Communications

Improvement of Pd/Al,05 catalyst performance in selective acetylene
hydrogenation using mixed phases Al,O3 support

Sataporn Komhom ?, Okorn Mekasuwandumrong”, Piyasan Praserthdam ?, Joongjai Panpranot ®*

2 Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University,

Bangkok 10330, Thailand

b Department of Chemical Engineering, Faculty of Engineering and Industrial Technology, Silpakorn University, Nakhonphatom 73000, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 13 February 2008

Received in revised form 24 July 2008
Accepted 29 July 2008

Available online 7 August 2008

Keywords:

Selective acetylene hydrogenation
Mixed phases

Pd/Al,03

o-Al,03

The catalytic performances of Pd catalysts supported on y-Al,03, a-Al,03, and mixed phases Al,0; were
investigated in the selective hydrogenation of acetylene in ethylene feed stream. It was found that the use
of mixed phases Al,O; with approximately 64% of a-phase resulted in significant improvements in both
acetylene conversion and ethylene selectivity. The presence of small amount of transition phase in the
alumina supports brought about higher BET surface area and Pd dispersion as well as improvement of
reduction ability of the Pd/Al,03 catalysts. On the other hand, significant amount of o-Al,03 is necessary
for high ethylene selectivity due to the lower amount of ethylene adsorbed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The effective removal of trace amount of acetylene in ethylene
feedstock via selective hydrogenation using supported Pd-based
catalysts is of particular challenge in the production of polyethyl-
ene since acetylene acts as a poison to the polymerization cata-
lysts. The Pd/a-Al,O3 catalyst commonly used for selective
acetylene hydrogenation is typically macroporous with a relatively
small surface area of approximately 0.1-2 m?/g. In general, a-Al,O3
provides low dispersion of active metal than y-Al,03; due to its
lower surface area; however, it is desirable in this reaction because
Pd/a-Al, O3 catalyst possesses less active sites for direct ethane for-
mation than Pd/y-Al,O5 catalyst [1]. Moreover, a-Al,O3 is less
acidic than y-Al,05 thus less oligomer/green oil was formed during
acetylene hydrogenation reaction. However, the catalysts are suf-
fered from runaway ethylene hydrogenation especially at high lev-
els of acetylene conversion [2]. Several attempts have been made
to improve the selectivity of Pd/Al,O3 catalysts and also reduce
green oil formation in selective hydrogenation of acetylene such
as promotion with a second component such as Ag [3], SiO, [4],
TiO, [5] and pre-treatment of catalysts using oxygen-containing
compounds [6-8]. However, development of new efficient cata-
lysts for selective hydrogenation of acetylene has still received

* Corresponding author. Tel.: +66 2 2186869; fax: +66 2 2186877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

1566-7367/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2008.07.039

much attention and has been reported continuingly including Pd
on nano-sized TiO, [9,10], Pd on Ni modified Al,O3 [11], and zeo-
lite-supported Pd-Ag catalysts [12,13].

In general, the more acidic, high surface area alumina hydrates
are produced at relatively low temperatures by precipitation from
either acidic or basic solutions and are transformed to ‘transition’
B-, Y-, M-, X-, K-, 8-, 6-, and a-Al,03 by dehydration and treatment
at high temperatures [ 14]. Differences in crystalline phases may re-
sult in changes in physical and chemical properties of Al,03 sup-
ports and could play an important role on the catalytic
performance of Al,O3; supported catalysts. For example, Chary
et al. [15] reported that dispersion of vanadium oxide on Al,03;
supports as well as their catalytic activities in partial oxidation de-
creased with increasing calcination temperature due to the trans-
formation of y-Al,05 into 6-, §-, and o-Al,03. Moya et al. [16]
studied silver nanoparticles supported on o-, n-, and 3-Al,03 pre-
pared by colloidal processing route. It was found that silver particle
sizes varied between 1 and 100 nm depending on the Al,O3 phases.

In this study, the effect of mixed phases Al,Os (i.e. Y-, 6-, and o
Al,03) on the properties of Pd/Al,0O5 catalysts was investigated in
the gas-phase selective hydrogenation of acetylene in ethylene
feed stream. The weights (%) of a-phase were 0, 14, 47, 64, and
100 depending on the calcination conditions of the starting
v-Al;03. The catalysts were characterized by means of X-ray dif-
fraction (XRD), N, physisorption, CO pulse chemisorption, H,-tem-
perature programmed reduction (TPR), X-ray photoelectron
spectroscopy (XPS), transmission electron microscope (TEM) and
temperature programmed desorption of ethylene (C;H4-TPD).
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2. Experimental
2.1. Catalysts preparation

v-Al,05 used in this study was the commercial available alu-
mina JRC-ALO-2 (JRC Co., Ltd. Japan). The mixed phases with vari-
ous phase compositions were prepared by calcination of the
v-Al;03 at 1100 °C for 120, 200, or 240 min. The a-Al,03 was ob-
tained by calcination of the y-Al;03 at 1175 °C for 120 min. In this
paper, the alumina samples consisting of 0, 14, 47, 64, and 100% o.-
phase are referred to as Al-00, Al-a14, Al-047, Al-064, and Al-
o100, respectively. The percentage of alpha phase was calculated
using a calibration curve from XRD results of the physically mixed
v-, and a-Al,05 (not shown here).

The Pd/Al,05 catalysts with weight (%) of Pd approximately 1%
were prepared by the incipient wetness impregnation technique
using an aqueous solution of Pd(NO3), (Wako, Japan) as the palla-
dium precursor. The catalysts were subsequently dried at 110 °C
for 12 h and calcined in air at 550 °C for 2 h.

2.2. Catalyst characterization

The X-ray diffraction (XRD) pattern of the Al,03 supports and
Pd/Al,05 catalysts were carried out using an X-ray diffractometer,
SIEMENS XRD D5000, with Cu Ko radiation with a Ni filter. The BET
surface areas of the Al,03 supports were measured by N, physi-
sorption using a Micrometritics ASAP 2000 automated system.
The samples were degassed at 200 °C for 1 h prior to N, physisorp-
tion. The amounts of CO chemisorbed on the Pd/Al;05 catalysts
were measured at room temperature by using a Micromeritic
Chemisorb 2750 automated system attached with ChemiSoft TPx
software at room temperature. Prior the measurement, 30 ml/
min of He gas was introduced into the sample cell in order to re-
move the remaining air. The system was switched to 50 ml/min
of hydrogen and heated to 150 °C with a heating rate of 10 °C/
min. The temperature was kept constant for 2 h and then cooled
down to the room temperature. Temperature program experi-
ments were carried out in a Micromeritic Chemisorb 2750 auto-
mated system. The temperature ramping was controlled by
temperature controller, Furnace Power 48 VAC 8A MAX. The XPS
analysis was performed using an AMICUS photoelectron spectrom-

eter equipped with an Mg Kot X-ray as primary excitation and KRA-
TOS VISION2 software. XPS elemental spectra were acquired with
0.1 eV energy step at a pass energy of 75 kV. The C 1s line was
taken as an internal standard at 285.0 eV. The distribution of palla-
dium on catalyst supports were observed using JEOL Model JEM-
2010 transmission electron microscope operated at 200 keV. A
mixture of 10% H, in Ar with a flow rate of 15 cm®/min was used
in TPR experiment. Prior the experiment, the sample was treated
in N, flow at 200 °C for 1 h in order to remove any adsorbed gas.
The TPR was performed with a constant heating rate of 10 °C/
min from 35 to 200 °C. For ethylene-TPD experiments, the samples
were pre-reduced at 150 °C in H, for 2 h (flow rate 50 cm?®/min)
and cooled down to room temperature. Then adsorption of ethyl-
ene was performed at room temperature for 3 h. The temperature
programmed desorption was performed with a constant heating
rate of 10 °C/min from 35 to 800 °C. The amount of desorbed eth-
ylene was measured by analyzing the effluent gas with a thermal
conductivity detector.

2.3. Reaction study

The catalyst performances in selective hydrogenation of acety-
lene were evaluated using a 10 mm (id) pyrex reactor. Prior to
the start of each experimental run, the catalyst was reduced
in situ with hydrogen by heating from room temperature to
150 °C at a heating rate of 10 °C/min. Then the reactor was purged
with argon and cooled down to the reaction temperature 40 °C. The
reaction was carried out using a feed composition of 1.5% C,H,,
1.7% H,, and balanced C;H,4 with a vary GHSV of 52,580, 32,577,
22,534 and 12,385 h . The products and feeds were analyzed by

Table 1
The physical properties of alumina with various phase compositions

Samples  o- BET surface  Crystallite Pore Average pore
Phase (%) area (m?/g) size (nm)? volume®  dameter” (A)
" o~ (cm’[g)
Phase Phase
Al-2100 100 123 n.d. 445 0.03 90.1
Al-064 64 36.1 283 45.8 0.14 129.6
Al-047 47 45.4 17.8 48.9 0.20 151.9
Al-a14 14 67.3 11.8 46.0 0.30 143.8
Al-00 0 244.1 3.7 n.d. 0.66 78.9

o-AlL Oy
¥ G-AlLO,
& -Al,O

_LIHLJLM
| JJLJM_
ARIANASE

/\_l.MJV"l\J mL'JL_QL Alald

r'r\,,._._.ﬂq"-._,_._.-oﬂﬂ"f Il\_ Al-ol

1] 20 40 Gl g0 10
Degree (2 theta)

Intensity (a.u.)

Fig. 1. The XRD patterns of the Al,03 supports containing various % of o-phase.

n.d. = Not determined.
2 Calculated from XRD results.
b Based on BJH method.

Table 2
Physiochemical properties of Pd supported on alumina with various phase
compositions

Samples Pd active % Pd dp°© Pd 3ds), d Atomic
sites? dispersion® (Pd®) - ___— concentration?
(x107'® cO (nm) " FYyHM Pd/Al
(eV)
molecule/
g-cat)
Pd/Al-a100 7.4 12.5 8.9 3369 1.8 0.034
Pd/Al-064 11.0 18.5 6.1 3369 2.0 0.027
Pd/Al-047 254 42.9 2.6 3364 24 0.020
Pd/Al-a14 31.7 535 2.1 3364 23 0.011
Pd/Al-00 35.1 59.2 1.9 3364 22 0.001

Vads, volume adsorbed; Vg, molar volume of gas at STP; S, stoichiometry factor, CO
on Pd; MW, molecular weight of the metal; %M, %metal loading.

2 Pd active sites = (Vaas/Vg) x (6.02 x 10%3). Error of measurement = +5%.

b % Pd dispersion=[Pd active sites x Sy x (MW./% M) x 100% x 100%]/
(6.02 x 10%3).

¢ Based on dp = 1.12/D (nm), where D = % Pd dispersion [25].

4 Based on XPS results.
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a two gas chromatographs equipped with a FID detector (SHIMA-
DZU FID GC 9A, carbosieve column S-2) and TCD detector (SHIMA-
DZU TCD GC 8A, molecular sieve-5A).

3. Results and discussion

The mixed phases Al,03 supports used for preparation of the
Pd/Al,03 catalysts in this study were obtained by varying the cal-
cination conditions of the vy-Al,O; (calcination temperature
1100-1175°C and holding time 2-4h). The XRD patterns of
Al,03 are shown in Fig. 1. The weight (%) of a-phase in these sam-
ples were calculated to be 0%, 14%, 47%, 64% and 100% using a cal-
ibration from XRD results of the physically mixed vy-, and o-Al,03
(not shown here) and were designated herein as Al-00, Al-ot14, Al-
047, Al-a64, and Al-0100, respectively.

Table 1 summarizes physical properties of the various Al,Os
supports. The crystallite size of transition phase was increased
from 3.7 to 28.3 nm as the weight (%) of a-phase content increased

from 0% to 64%, while the crystal size of o-phase remained con-
stant at around 45 nm. The specific surface area and total pore vol-
ume calculated from BJH method decreased from 244 to 12 m?/g
and 0.66 to 0.03 cm?/g with increasing amount of o-phase alu-
mina. A drastically decrease in BET surface area and total pore vol-
ume of alumina during phase transformation can be explained by
the rapidly increase of alumina crystal size. It is generally known
that calcination of y-Al,05; at high temperature results in phase
transformation from y- to 6- and then a-Al,03.

The XRD characteristic peaks of all the Pd/Al,03 catalysts were
not different from the Al,Os; supports after Pd loading. No XRD
peaks for PdO or Pd® metal were observed due probably to the
low loading of palladium (results not shown). The CO chemisorp-
tion results such as the number of active Pd atoms, Pd dispersion
(%), and average Pd metal particle size are summarized in Table
2. Palladium dispersion was estimated from the amount of CO
chemisorbed assuming a stoichiometry of CO/Pd=1 [17]. The
number of Pd active sites decreased from 35.1 to 7.4 x 10'8 sites/

(a) - Pd/Al- o

(b)—Pd/Al- ol 4
(c)— Pd/Al- 047
(d) — Pd/Al- a64

(e) — Pd/Al- 1 00

Fig. 2. Transmission electron micrographs of the Pd/Al,O3 catalysts.
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g-catalyst corresponding to a decrease in Pd dispersion (%) from
59.5 to 12.5 and an increase in Pd metal particle size from 1.9 to
8.9 nm as the weight (%) of a-phase contents increased from 0%
to 100%.

In order to verify the Pd particle size, TEM micrographs have
been acquired and are shown in Fig. 2. The Pd supported on pure
v-Al,05 consisted of particles with primarily spherical shape with
some needlelike structure. The particle shape appeared more uni-
formly spheroidal for those supported on mixed phases Al,Os.
Large fingerlike shape particles were observed for the catalysts
containing 100% o-phase Al,Os. Increasing o-phase content of
the alumina supports from 0 to 100% resulted in an increase of
Pd cluster/particle size from about 2 to 10 nm.

XPS is used to determine the surface compositions of the cata-
lysts and the interaction between Pd and the Al,03 supports. The
deconvoluted XPS photoelectron spectra for the Pd 3d core level re-
gion of all the catalysts are shown in Fig. 3. From the figure, the Pd
doublet was clearly evident. A small shoulder at the binding energy
around 335.1-335.8 eV was present in every sample and was
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attributed to metallic Pd° [18]. Such results indicated that partial
reduction occurred during analysis. PdO species was observed at
the binding energies in the range of 336.9-336.4 eV which was
consistent to the values reported in the literature [19,20]. The per-
centages of atomic concentration, the binding energy, and FWHM
of Pd 3d are also given in Table 2. The atomic concentration ratios
for Pd/Al decreased with the decrease in o-phase Al,03 contents.
The results were consistent with the CO chemisorption results that
larger Pd particle sizes were obtained on o-Al,03. The FWHM val-
ues larger than two for Pd 3ds;, may be due to some differential
charging that contributed to the widening of the palladium peaks
2% 22

Reduction behavior and reducibility of the catalysts were inves-
tigated by means of H,-temperature programmed reduction and
the results are shown in Fig. 4. All the Pd/Al,03 catalysts exhibited
TPR profiles with one main reduction peak which can be assigned
to the reduction of PdO to Pd® metal. This peak remained constant
at around 55 °C for those with the weight (%) of a-phase contents
between 0% and 64%. The reduction peak was slightly shifted to
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Fig. 3. The XPS deconvoluted spectra of the Pd/Al,03 catalysts.
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Pd/Al-ce 100

- Fd/Al-atd

>

Pd/Al-a47

 PdiAlald

Hy Consumption (a.u.)

i

Pd/Al-al

1 1 1 I 1 ] b
20 40 60 80 100 120 140 160 180 200 224
Temperature (°C)

Fig. 4. TPR profiles of the Pd/Al,05 catalysts.

65 °C for the Pd/Al-a100 catalyst (100% a-phase). It is suggested
that the existence of transition phase Al,03 (either y- or 8-Al,05)
in the Al,Os; supports facilitated reduction at low temperature.
However, the hydrogen consumptions during the transformation
of PdO to metallic Pd as determined from the areas of the reduction
peak for all the catalysts were essentially the same.
Ethylene-temperature programmed desorption (C;H4-TPD) was
performed in order to obtain an information about ethylene
adsorption behavior on the catalyst surfaces. The C;H4-TPD exper-
iments were carried out at 35-800 °C after the samples were re-
duced in H, at 150°C and purged with He at the same
adsorption temperature. The temperature programmed study pro-
files of the catalysts are shown in Fig. 5. Two main desorption
peaks at ca. 80-105 °C and 275-300 °C were observed for all the
catalyst samples. As suggested by Moon et al. [23], the lower tem-
perature desorption peak was assigned to m-bonded ethylene spe-

Fam | - wPdiAl-al0n

= T Pd/Al-ab4

cies while the higher temperature was assigned to di-c-bonded
ethylene. The latter species were suggested to be the species that
recombined with surface hydrocarbon and produced ethane. In
some cases, the third peak at temperature range around 450-
650 °C was observed. It was suggested to be due to decomposition
of C, hydrocarbons adsorbed on Pd surface [24]. In the present
study, the intensities of the TCD signals during ethylene tempera-
ture programmed desorption was significantly decreased when the
content of a-phase in the Al,03 supports increased from O to 100%.
In other words, the amount of ethylene adsorbed was much lower
when the Al,O3 supports contained significant amounts of a-Al,0s.

The catalytic performances of Pd/Al,05 catalysts containing o~
Al,03, y-Al,03, or mixed phases alumina were evaluated in the
selective hydrogenation of acetylene at 40 °C under various feed
flow rates (GHSV 52,580, 32,577, 22,534, and 12,385 h™!). Acety-
lene conversion is defined as moles of acetylene converted with re-
spect to acetylene in feed. Ethylene gain is defined as the
percentage of acetylene hydrogenated to ethylene over totally
hydrogenated acetylene. The ethylene being hydrogenated to eth-
ane (ethylene loss) is the difference between all the hydrogen con-
sumed and all the acetylene which has been totally hydrogenated.
The plots of acetylene conversion and ethylene selectivity versus
GHSV are shown in Figs. 6 and 7, respectively. In general, acetylene
conversion decreased with increasing GHSV while ethylene gain
increased. Since ethylene is produced as an intermediate in

o
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Fig. 6. Catalyst performances in selective hydrogenation of acetylene in terms of
GHSV values and acetylene conversion (%).
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acetylene hydrogenation, which is a typical consecutive reaction,
the ethylene selectivity decreases with acetylene conversion [5].
The performance of Pd/Al,03 catalysts was improved in the order
of Pd/Al-064 > Pd/Al-0.100 > Pd/Al-047 > Pd/Al-014 > Pd/Al-00. It
is clearly shown that the Pd catalyst supported on mixed phase
Al,05 that contained 64% of a-phase (Pd/Al-a64) exhibited the best
catalytic performance among the five catalysts studied.

Based on the characterization results, the presence of the tran-
sition phase in a-Al,03 supports increased the specific surface area,
total pore volume, Pd active sites and the dispersion of Pd on Al,03
supports and facilitated the reduction of PdO at lower temperature,
which promoted acetylene conversion. However, the TPD profiles
suggest that the amount of ethylene adsorbed on the catalyst sur-
face decreased with increasing o-phase content. The feature is
important for the improvement of ethylene gain especially at high
acetylene conversion. The results in this study revealed that the
beneficial properties of both a-Al,03 and transition alumina can
be combined to give the best catalytic performance of Pd/Al,05 cat-
alyst in selective acetylene hydrogenation. Among the five cata-
lysts studied, the optimum amount of o-phase content was
found to at 64 wt%.

4. Conclusions

The catalytic performances of Pd/Al,0O5 catalysts in selective
hydrogenation of acetylene were significantly improved when
the Al,O5 support consisted of mixed transition- Al,O3; and o~
Al,05; with ca. 64% of a-Al,0s. The presence of transition phase
Al,03 in a-Al,03 resulted in combined properties of the transition
Al,O3 such as higher BET surface area, higher Pd dispersion, im-
proved reduction ability and the beneficial properties of a-Al,03
for selective acetylene hydrogenation such as lower amount of eth-
ylene adsorbed. Among the five crystalline phase compositions of
alumina used in this study, the one containing 64% a-Al,05 was
found to be the best (optimum) composition to prepare Pd/Al,03
catalysts with high acetylene conversion and high ethylene
selectivity.
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Abstract

Pd catalysts supported on the solvothermal-derived nanocrystalline a-Al,O3 (45
nm) exhibited superior performances in the selective acetylene hydrogenation than
those supported on micron-sized ones (44-149 pum). Reduction at 500°C led to an
improvement of the ethylene yield for the Pd/nanocrystalline a-Al,0Os, but not for
the Pd/micron-sized a-Al,Os.

Keywords: Selective hydrogenation, acetylene, crystallite sizes effect, Pd/a-Al,O;

INTRODUCTION

The cracking of petrochemical naphtha usually produces a stream composed
mainly of ethylene, paraffins, diolefins, aromatics, and a small amount of
acetylene. Ethylene is mainly used in the production of polymers, especially
polyethylene [1]. Small amounts of acetylene, in the order of parts per million,
are harmful to the catalysts used in polymerization, which should be lowered to
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below 5 ppm [2]. Therefore, acetylene in the ethylene stream must be
hydrogenated aiming at reducing its concentration with a minimum loss of
ethylene to ethane. Generally, macroporous alumina-supported palladium
catalyst is used for the selective acetylene hydrogenation in ethylene feed
stream. The catalyst has a relatively small surface area of 0.1 to 3 m*/g and
requires carbon monoxide to enhance its selectivity towards ethylene, which is a
limitation in practical use. Several attempts have been made to improve the
selectivity of Pd/ALLO; catalysts by addition of a second component [3-5].
Development of new efficient catalysts for the selective hydrogenation has also
been reported continuingly including the glow discharge plasma Pd/a-Al,O; [6],
Pd on nano-sized TiO, [7], Pd on nanocrystalline Ni-modified a-Al,O; [8], and
zeolite-supported Pd-Ag catalysts [9].

In recent years, nanocrystalline materials have gained considerable interest
in the field of catalysis, because they show significant differences in terms of
catalytic activity and selectivity as compared with those synthesized in the
micron scale. Several techniques have been reported for preparation of
nanocrystalline alumina, such as the sol-gel method [10], microwave synthesis
[11], emulsion evaporation [12], precipitation [13], and solvothermal synthesis
[14]. Among various methods, the products obtained by solvothermal synthesis
show uniform morphology, well-controlled chemical composition and narrow
size distribution.

It is the aim of this study to investigate the effects of the support crystallite
size and the reduction temperature on the catalytic properties of Pd/a-Al,O4
catalysts in selective acetylene hydrogenation. The catalysts were prepared on
commercially available micron-sized o-AlLO; and nanocrystalline a-AlOs
prepared via the solvothermal method and characterized by N, physisorption,
X-ray diffraction (XRD), CO pulse chemisorption, H, temperature programmed
reduction (H,-TPR), and ethylene temperature programmed desorption (C,Hy-
TPD).

EXPERIMENTAL
Catalyst preparation

The supports for the catalyst preparation are micron-sized and
nanocrystalline  a-Al,O;. The micron-sized o-Al,O; was the commercially
available a-Al,O; from Sigma-Aldrich (-100+325 mesh or 44-149 pm). The
nanocrystalline a-Al,O3; was prepared by. the solvothermal method according to
Ref. [8]. Approximately 25 g of aluminum isopropoxide (AIP) was suspended
in 100 mL of toluene in a test tube, which was added to 30 mL of toluene. The
autoclave was purged completely by nitrogen before heating up to 300°C at a
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rate of 2.5°C/min, and held at this temperature for 2 h. After the system was
cooled down, the resulting products were washed repeatedly with acetone, and
dried in air overnight. The obtained products were then calcined in depleted-
oxygen atmosphere in a box furnace at 1150°C for 1 h with a heating rate of
10°C/min for transformation to a-Al,O;.

The 1%Pd/a-Al,O; catalysts were prepared by an incipient wetness
impregnation using Pd(NOs), (Aldrich) as the palladium precursor. The alumina
support (2 g) was placed in an Erlenmeyer flask then the impregnating solution
from the palladium solution was gradually dripped into the support. Shaking the
flask continuously during impregnation was required to ensure a homogeneous
distribution of metal component on the support. After impregnation, the
catalysts were let stand at room temperature for 6 h, dried at 110°C in an oven
overnight, and then calcined by flowing air at 500°C for 2 h.

Catalyst characterization

The X-ray diffraction (XRD) patterns were collected by using an X-ray
diffractometer, SIEMENS XRD D5000, with CuK,, radiation with a Ni filter in
the 20 range of 20-80 degrees, resolution 0.04°. The BET surface areas of the
AlLO5 supports were measured by N, physisorption using a Micromeritic ASAP
2000 automated system. The samples were heated at 200°C for 1 h prior to N,
physisorption. The amounts of CO chemisorbed on the Pd/Al,O; catalysts were
measured using a Micromeritic Chemisorb 2750 automated system attached
with a ChemiSoft TPx software at room temperature. Palladium dispersion was
estimated from the amount of CO chemisorbed assuming the stoichiometry of
CO/Pd = 1 [15]. The XPS analysis was performed using an AMICUS
photoelectron spectrometer equipped with a MgK,, X-ray as primary excitation
and KRATOS VISION2 software. XPS elemental spectra were acquired with
0.1 eV energy steps at a pass energy of 75 kV. The C Is line was taken as an
internal standard at 285.0 eV. Temperature programmed experiments were
carried out in a Micromeritic Chemisorb 2750 automated system. A mixture of
10%H, in Ar with a flow rate of 15 cm’/min was used in the TPR experiment
with a constant heating rate of 10°C/min from 30 to 300°C. For ethylene-TPD
experiments, the samples were pre-reduced at 150°C in H, for 2 h and cooled
down to room temperature. Then, the adsorption of ethylene was performed at
room temperature for 3 h. The temperature-programmed desorption was
performed with a constant heating rate of 10°C/min from 30 to 780°C.
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Reaction study

The catalyst performances in selective hydrogenation of acetylene were
evaluated using a 10 mm (i.d.) pyrex reactor. Prior to the start of each
experimental run, the catalyst was reduced in situ with hydrogen by heating
from room temperature to 150 or 500°C at a heating rate of 10°C/min. Then the
reactor was purged with argon, and cooled down to the reaction temperature of
60°C. The reaction was carried out using a feed composition of 1.5%C,H,,
1.7%H,, and balanced C,H; with a varying GHSV of 52580, 32577, 22534,
12385, 9366, 6660 and 4282 h™'. The products and feeds were analyzed by two
gas chromatographs equipped with an FID detector (SHIMADZU FID GC 9A,
carbosieve column S-2) and TCD detector (SHIMADZU TCD GC 8A,
molecular sieve-5A).

100
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Fig. 1. The catalytic performances of Pd catalysts supported on micron-sized and
nanocrystalline a-Al,O; reduced at 150° and 500°C in selective acetylene
hydrogenation under various feed flow rates

RESULTS AND DISCUSSION

The plots between acetylene conversion x ethylene selectivity vs. GHSV are
shown in Fig. 1. Acetylene conversion is defined as moles of acetylene
converted with respect to acetylene in the feed, and ethylene selectivity is
defined as the percentage of acetylene hydrogenated to ethylene over totally
hydrogenated <acetylene. However, due to the difficulty in the precise
measurement of the ethylene change in the feed and product, the indirect
calculation using the difference in the amount of hydrogen consumed was used.
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The amount of ethylene being hydrogenated to ethane is the difference between
all the hydrogen consumed and all the acetylene totally hydrogenated.

It is clearly seen that the ethylene yield (%) was improved in order of
Pd/nanocrystalline  Al,0;-R500°C > Pd/nanocrystalline Al,O3;-R150°C >
Pd/micron-sized Al,0;-R150°C > Pd/micron-sized Al,05-R500°C. The Pd
catalysts supported on nanocrystalline a-Al,O; exhibited superior performance
to the micron-sized supported ones. It should be noticed that the catalytic
performance of Pd/nanocrystalline a-Al,0Os; was improved by reduction at 500°C
while the Pd/micron-sized a-Al,O; showed the opposite trend. The results
suggest that the interaction between the Pd metal and the a-Al,O; support was
affected by the crystallite size of 0-Al,O;. Reduction at 500°C could result in
stronger metal-support interaction between the Pd metal and a-Al,O; for the
nanocrystalline a-Al,O; supported catalysts and as a consequence, ethylene
selectivity was enhanced due to the lower adsorption strength of ethylene as can
be found in other catalyst systems such as Pd/TiO, [16]. The absence of strong
metal-support interaction in the case of Pd/micron-sized a-Al,O3; was probably
due to a sintering of the Pd’ metal during the high temperature reduction.

mm

micron-size (]L-Alz()3

Intensity (a.u.)

nanocrystalline o-Al, O

0 20 4 6 %0 100
Degrees (20)

Fig. 2. XRD patterns of the micron-sized and nanocrystalline a-Al,O;

Based on XRD results (Fig. 2), both supports showed only the crystal
structure for a-phase Al,O;. The average crystallite size of nanocrystalline o-
AlLOs calculated from the XRD peak at 20 = 43.32° using Scherrer’s equation
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was 45 nm, while those of the commercial one could not be determined by this
method due to the calculation limit of the Scherrer equation (the crystallite size
may be too large). The physicochemical properties of 0-Al,O; supports are
summarized in Table 1. The specific surface area of nanocrystalline a-Al,Os
was about 6 times higher than that of the micron-sized one. The total pore
volume and the average pore diameter of the micron-sized sample cannot be
determined, while for the nanocrystalline sample, we could find the total pore
volume and average pore diameter. The physical properties of nanocrystalline
a-AlLO; promoted the CO chemisorption via the number of active Pd atoms, Pd
dispersion (%), and average Pd metal particle size for the Pd/a-Al,Os catalysts,
which was also shown in Table 1. The number of active sites of Pd supported on
nanocrystalline a-Al,O5 catalyst are higher than those on the micron-sized a-
AlLOs. The lower Pd dispersion obtained for the Pd/micron-sized a-Al,O; would
be due to the lower specific surface area of the a-Al,O; support. The higher
acetylene hydrogenation activity obtained over Pd/nanocrystalline a-Al,O; was
probably due to the increase in the number of Pd active sites [17].

Table 1

The physicochemical properties of Pd catalysts supported on micron-sized and
nanocrystalline a-Al,O3

Catalyst BET Pore Average  Pdactive  %Pd Average  XPS
surface volume pore sites dispersion Pd binding
area (em’/g diameter ~ (x107"7 particle energy of
(m?/g) (nm) sites/g- size Pd 3ds),

catalyst (nm)

Pd/micron-

sized 1.9 nd.' n.d. 11.6 2.3 48.6 336.0

a-Al,O3

Pd/nano-

crystalline  12.3 0.02259 9.0 41.1 8.2 13.7 337.0

(I-A1203

'n.d. = not determined

Temperature programmed reduction (TPR) was performed in order to
determine  the reduction behaviors and reducibility of catalysts. :.The TPR
profiles for Pd/nanocrystalline and Pd/micron-sized a-Al,O; catalysts are shown
in Fig. 3. Only one main reduction peak was observed which could be assigned
to the reduction of PdO to Pd’ metal. The reduction peaks were at 65 and 55°C

152



SATAPORN KOMHOM et al.: ACETYLENE 239

for the catalysts supported on micron-sized and nanocrystalline a-Al,O;,
respectively. The 10°C shift of the TPR profile suggests that PdO/Pd supported
on the nanocrystalline a-Al,O; facilitated reduction at lower temperature.

Pd/micron-size a-Al O,

H2 Consumption (a.u.)

Pd/nanoccrystalline «-AlLO,

0 50 100 150 200 250 300 350
Temperature (°C)

Fig. 3. H, temperature programmed reduction results

The behavior for the adsorption and desorption of ethylene on the catalyst
surface were investigated by ethylene temperature programmed desorption
(ethylene-TPD) and the results are shown in Fig. 4. The amounts of desorbed
ethylene increased as the a-Al,O; support changed from micron-sized to
nanocrystalline a-Al,O3;. This was probably due to the increase in the BET
surface area and Pd dispersion of the catalyst. However, the TPD profile of the
Pd/nanocrystalline a-Al,O; catalyst exhibited two main peaks ranged around
80°C and 300°C, while the Pd/micron-sized a-Al,O; catalyst exhibited only one
broad peak at around 340°C. According to Moon et al. [18], the first peak at the
low temperature was assigned to m-bonded ethylene species, which were weakly
adsorbed on the catalyst surface, and desorbed from Pd without decomposition.
The second one was assigned to di-c-bonded ethylene species, which were
desorbed dissociatively followed by the recombination of the surface
hydrocarbon species to produce either ethylene or ethane. Disappearance of the
first TPD peak'and a shift of the second desorption peak to higher temperature
for the Pd/micron-sized a-Al,O; indicate that the chemisorption of ethylene on
the Pd/micron-sized a-Al,O3 was stronger than that on the Pd/nanocrystalline a-
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AL Os. In other words, weaker ethylene chemisorption on the Pd/nanocrystalline
a-AlLO; promoted the selectivity to ethylene [16,19].

Pd/micron-size oc-A1203

Intensity (a.u.)

Pd/nanocrystalline a-AlO,

/

0 100 200 300 400 500 600 700 800

Temperature ("C)

Fig. 4. Ethylene temperature programmed desorption results
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