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ABSTRACT

Butenes serve as the essential feedstock for production of many valuable chemicals such as
poly-butene, styrene butadiene rubber, acrylonitrile butadiene styrene, 1,3 butadiene, methyl
tertiary butyl ether, etc. Demand and market value of butenes have experienced a surge in
recent years. Conventionally, butenes are produced by steam cracking of naphtha that operates
at high temperatures and pressure generating large amount of coke and exhibiting low alkene
selectivity. Catalytic dehydrogenation of butane is an economical and more selective route for
production of butenes, operating at comparatively lower temperatures. Butane as feed is
inexpensive and abundant, particularly after recent shale gas explorations. However, this
process is also associated with thermodynamic limitation and coke formation at higher
temperature. Hence, it is important to develop catalysts possessing higher activity, selectivity,
yield and stability for butane dehydrogenation. The Pt based catalysts in combination with
second metal such as with Sn, In, Pb, etc have been most widely investigated for butane
dehydrogenation. However, the main challenge remains with the high cost of platinum and
sintering at higher temperatures leading to deactivation over time. The Pd is less expensive
than that of Pt, however for dehydrogenation application it remains largely unexplored, as the
reported studies are very limited. Hence, there is a wide scope to study effectiveness of Pd. The
impregnation, most commonly and widely used technique, is associated with low metal
dispersion and weak metal-support interaction. Hence, preparation methodology that improves
these properties of catalyst is expected to improve its performance. This study explored

electroless deposition method to achieve uniform and high dispersion of metal over support.

The objectives of the thesis included preparation of alumina supported monometallic Pd and
Pt catalysts by modified electroless deposition and optimization of preparation parameters.
Comparison of the physicochemical properties and butane dehydrogenation performance of
alumina supported monometallic Pd and Pt catalysts prepared by modified electroless
deposition was done with that prepared by impregnation. The study investigated the effect of
addition of surfactants during preparation of alumina supported Pd catalysts by electroless
deposition, on their physicochemical properties and catalytic performance for butane
dehydrogenation. The effect of addition of Ni, Cu and Ag as promoter in Pd based catalysts

was also investigated. The Pd-Pt bimetallic catalysts were investigated for butane
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dehydrogenation. The effects of variations in preparation, metal composition, metal deposition

sequence, process parameters and addition of surfactant and promoter were studied.

In modified electroless deposition, the metal precursor and reducing agent solutions were
passed through the porous support sequentially in cyclic steps. First cycle consisted of two
steps; required volume of reducing agent (hydrazine) solution was passed through the
aluminium oxide support followed by respective metal precursor solution. Same contact time
was maintained for both the steps. This cycle was repeated twice to obtain the target deposition
of metal on support. The deposited catalyst was dried overnight at 110 °C for 12 h. Various
characterization techniques such as AAS, EDX, XRD, TEM, XPS, TPR, FT-IR and NH3-TPD
were used to determine the physicochemical properties of prepared catalysts. The catalytic
performances of all the prepared catalysts were evaluated in terms of conversion, selectivity,
yield and stability for butane dehydrogenation reaction at different temperatures from 100-600

°C under atmospheric pressure in a down-flow fixed bed reactor.

The modified electroless deposition method was successfully employed for the preparation of
highly dispersed alumina supported platinum and palladium based catalysts. The preparation
parameters, such as metal precursor concentration, reducing agent concentration, reducing
agent type etc., had significant effect not only on the metal loading but also on metal cluster
size and hence on metal dispersion. The platinum loading and average metal cluster size
increased with the increase in metal precursor concentration. The use of 50% excess reducing
agent was observed to be sufficient to facilitate reduction as well as considerable metal
deposition. It was also observed that introducing reducing agent prior to the metal solution to

alumina support gave better metal dispersion.

The physicochemical properties and catalytic performance of monometallic Pd and Pt catalysts
prepared by deposition was compared with that of prepared by conventional impregnation
method. The total metal loading was similar at 112.8 umole per gram of catalyst for both the
monometallic catalysts. This total metal loading was maintained for all subsequent studies.
The Pt and Pd appeared to be clustered in catalysts prepared by impregnation, whereas, it was
well dispersed in catalysts synthesized by deposition. For impregnated Pt/Al and Pd/Al
monometallic catalysts, the average metal cluster size was 6 and 12 nm, respectively, but was
lower at 3.4 and 4.6 nm, respectively, when prepared by modified deposition method at similar
loadings. On comparing monometallic catalysts, it was observed that at lower temperature

range alumina supported platinum catalyst, Pt/Al, showed the higher activity while, alumina
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supported palladium catalyst, Pd/Al, was more active at temperature above 550 °C. Pt/Al
exhibited 18.5% conversion at 550 °C that decreased to 16.3% on further raising the
temperature to 600 °C, while, the conversion increased from 18 to 21% for Pd/Al catalyst. The
impregnated Pt and Pd catalysts exhibited lower conversion of 14.5 and 13.5% at 550 °C and
might be ascribed to lower metal dispersion. The deposited Pd/Al exhibited higher selectivity
towards overall butene formation (>90%) compared to deposited Pt/Al (82%). In comparison
to deposited catalysts, impregnated catalysts exhibited higher selectivity (40-50 %) towards
C1-Cs product formation leading to their faster deactivation. Higher butene yield of 15 and 16%
was obtained at 550 °C for deposited Pt and Pd catalysts, respectively, compared to
corresponding impregnated catalysts (~7%). The on-stream stability of the catalyst was also
improved by new deposition method. These results showed that Pd was equally effective as
active metal for butane dehydrogenation and catalysts prepared by modified electroless

deposition gave better results compared to the catalysts prepared by impregnation.

The addition of surfactant to alumina supported palladium catalyst affected its physicochemical
properties and performance for butane dehydrogenation. The use of surfactant was observed to
lower the average cluster size of deposited metal compared to that prepared in absence of
surfactant. Depending on the type of surfactant, loading and morphology of deposited
palladium varied. Both anionic (SDS) and non-ionic (Tween 20) surfactants were observed to
be most effective in dispersing the metals on the support surface. Average Pd metal cluster size
obtained for catalyst prepared by impregnation, deposition and SDS surfactant assisted
deposition were 11.89, 4.6 and 1.18 nm, respectively. The catalysts prepared by surfactant
assisted method showed improved activity, butene yield and stability. The butane conversion
and butene selectivity were observed to be function of deposited metal cluster size. The
catalyst, prepared in presence of anionic SDS surfactant with the highest metal dispersion and
lowest metal size (1.2 nm), showed the best catalytic performance with a conversion of 33%
and 99.7% selectivity towards butenes. It was followed by catalyst prepared in presence of non-
ionic Tween 20 surfactant, showing 25% conversion and over 99% butene selectivity. The
catalyst prepared by impregnation with the highest metal particle size (11.89 nm) exhibited the

least activity and selectivity for butene.

The effect of addition of promoter metals (Ni, Cu, or Ag) to Pd catalysts was explored. The
alumina supported Pd catalysts were co-deposited with 10 mol% of promoter metal keeping
total metal loading same for all catalysts. The co-deposition of copper or silver with palladium

increased activity and yield of butene. The copper promoted catalyst showed highest
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conversion of 34% at 550 °C that further increased to 38% at higher temperature of 600 °C.
The Ag promoted catalyst possessed highest selectivity towards butenes (>90% at 550 °C). The
butene yield was highest for Pd-Cu/Al (29%) followed by Pd-Ag/Al (23%), Pd/Al (16%) and
Pd-Ni/Al (13%), at 550 °C. Further, increase in copper content to 20 mol% Cu increased the
yield of butene to 32% for Pd-Cuzo/Al. The palladium metal was in strong interaction with the
promoter metals forming the alloys. Higher activity of these alloys enhanced performance of
the promoted catalysts. The sintering tendency of nickel lowered the performance of Pd-Ni/Al.
The stability of the catalysts was also enhanced by addition of promoters.

The effect of variation in relative amount of palladium and platinum in bimetallic Pd-Pt
catalysts was studied using co-deposition and impregnation methods. The ratio of Pd to Pt was
varied as 3:1, 1:1 and 1:3 on molar basis but total metal loading was kept similar. The varied
metal ratio and preparation methods affected the morphology of deposited metals and hence
the catalytic performance. Catalysts with higher palladium content exhibited lower acidity
while higher platinum content led to improved metal dispersion. The deposited bimetallic
catalysts, 1Pd1Ptep, having equimolar palladium and platinum showed the highest butane
conversion of 48.5% and butene yield of 42% at 550 °C. The same catalyst was also most stable
showing only 15% deactivation after reaction time of 10 h. The 3Pd1Ptep catalyst, with higher
palladium content, showed higher butene selectivity (91%) and stability (17% deactivation) in
comparison to 1Pd3Ptep catalyst with higher platinum content (84.7% butene selectivity; 34%
deactivation). The 3Pd1Ptep catalyst, having less acidic sites, suppressed C-C cleavage
resulting in higher stability of catalyst. The catalysts prepared by electroless deposition gave
higher butene yield and stability, compared to that prepared by conventional impregnation
method. The overall order for butene yield was 1Pd1Ptep (42%) > 1Pd3Ptep (41%) > 3Pd1Ptep
(40.3%) > 3Pd1Ptwi (18.7%) > 1Pd3Ptwi (18.4%) > 1Pd1Ptwi (15.8%). Here, subscript ED
stands for electroless deposition, while W1 stands for impregnation.

The change in sequence of metal addition in bimetallic Pd-Pt catalyst prepared by modified
deposition method also affected its properties and performance. The study was carried out for
Pd:Pt mole ratio of 1:1 which showed better results as discussed in previous chapter. Catalysts
with three sequence were studied: deposition of Pd followed by Pt, Pt followed by Pd and co-
deposition. All the bimetallic Pd-Pt catalysts exhibited superior performance compared to that
of either monometallic Pd or Pt catalysts that may be attributed to strong synergistic interaction
between metals, stronger metal-support interaction and lower acidity of catalysts. The higher
activity of bimetallic catalysts might had resulted by formation of Pd-Pt alloy. The lower
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acidity of bimetallic catalysts resulted in their higher butene selectivity and stability by
minimizing cracking and secondary reactions. The metal deposition order of bimetallic
catalysts also affected their performance. The co-deposited catalyst with more uniform
distribution of Pd and Pt metals showed better performance than bimetallic catalysts prepared
by sequential deposition. The co-deposited Pd-Pt/Al catalyst showed the highest butane
conversion of 50% at 600 °C and maintained a highest stability with only 15% deactivation
after reaction time of 10 h. The same catalyst showed highest butene yield of 44% at 525 °C.
Further, the effects of various process parameters on butane dehydrogenation reaction were
investigated over best performing co-deposited Pd-Pt/Al catalyst. The activation energy for
butane dehydrogenation reaction was determined to be 103 kJ/mol. This chapter also
demonstrated the effect of addition of Tween 20 surfactant as dispersing agent and copper as
promoter on the properties and performance of co-deposited bimetallic Pd-Pt/Al catalyst.

The present study established the superior performance of catalysts prepared by modified
electroless deposition method. This deposition method resulted in better metal dispersion and
higher metal-metal interaction on support surface in comparison to impregnation. Palladium
proved to be equally active component for butane dehydrogenation with better stability and
selectivity compared to Pt. Effectiveness of anionic and non-ionic surfactants in dispersing
depositing metals and thereby increasing performance of catalysts was observed. Equimolar
co-deposited Pd-Pt bimetallic evolved as most active catalyst by present study giving butene
yield of 42%, higher or at per with that reported by many of the studies for dehydrogenation.
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Chapter 1

INTRODUCTION
AND
LITERATURE REVIEW

The first chapter introduces the topic and presents a literature review on the same. It further

discusses the motivation of carrying out the presented study with specific objectives.
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1.1 Introduction
1.1.1 Importance of Butenes

Light olefins are essential raw materials widely used in various industrial applications [1].
Propene and butenes, are among the most commercially important starting chemicals, with
a total reported demand of 260 million tons in 2016 [2]. Butene is an olefin with a chemical
formula of C4Hg. Butene can exist as different isomers such as iso-butene, 1-butene, and 2-
butene (trans and cis). Because of presence of double bond, butenes are more reactive in
comparison to butane. Butene is colourless, low-boiling, flammable, and highly volatile.
Butene is traded commercially in three grades: polymer grade (PG) 99.5% or higher purity,
chemical grade (CG) 90-96% purity, and refinery grade (RG) 50-70% purity.

Secondary Butyl
Maleic anhydride alcohol (10%)
(6%)

Polybutenes

Oligomers and
Polymers (28%)

(12%)

LLDPE (26%)

Synthetic rubbers (12%)

Figure 1.1. Various applications of butenes [2].

Butenes are used as raw materials to obtain poly-butene and synthetic resins such as linear
low density polyethylene, which are used for food and non-food packaging such as bags
and stretch wraps, toys, containers, pipes, etc. Butene is further used to obtain synthetic
rubbers such as styrene butadiene rubber, polybutadiene rubber, and acrylonitrile butadiene
styrene [3]. Butenes are also used in production of valeraldehyde, butylene oxide, maleic
anhydride, secondary butyl alcohol and methyl ethyl ketone. In addition to this, 1-butene
finds application as an intermediate for manufacturing of plasticizers, antioxidants,
corrosion inhibitors, and as additives in hydraulic and lubricating oils [4]. Butenes also
serve as the feedstock for the production of 1,3 butadiene and oxygenates such as methyl
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tert-butyl ether and ethyl tert-butyl ether that are used as additives in gasoline for improving

its octane number [5]. The major applications of butenes are shown in Figure 1.1.
1.1.2 Global market

The market for butenes has been growing steadily over the years. Strong demand has
resulted from rising requirement of plastic for various applications. The growing demand
for rubber from the automotive industry has also contributed to the growth in butene
market. In Asia Pacific region, particularly in India and China, the increase in demand of
these end products has caused huge rise in butene market value [6]. The butene market
worldwide is estimated at USD 3.6 billion in 2020. It is projected to grow to USD 5.4
billion by 2027 (Figure 1.2) driven by a compounded growth of 5.9% [7].

Butene Market (USD billion)
w

2020 2021 2022 2023 2024 2025 2026 2027

Year

Figure 1.2. Growth predicted for butene market [7].

1.1.3 Production of butenes

Commercially butene is produced mainly as by-product during steam cracking and fluid
catalytic cracking (FCC) of naphtha and gas oil [8,9]. However, typical product distribution
from high-severity cracking process exhibits low selectivity to butenes, with formation of
substantial quantities of methane and coke as co-products [10]. Also, these processes are
operated at high temperature (~800 °C) requiring high energy and capital cost. The higher
availability of relatively low cost natural gas and natural gas liquid, rich in ethane, has
turned the focus on ethane cracking. Ethane cracking is increasingly replacing naphtha
cracking in many refinery units. This has further decreased the supply of butene as cracking

of ethane results in negligible formation of other olefins such as butenes, other than ethene.
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Consequently, price of butene has increased sharply, creating opportunities for on-purpose
catalytic technologies, such as the catalytic dehydrogenation of butane to butenes. Butane
dehydrogenation is advantageous as it exclusively yields butenes instead of a mixture of
products. Hence, butane dehydrogenation may be developed as more economical and

selective route for the butene production.

1.1.4 Dehydrogenation of butane

The catalytic dehydrogenation of butane proceeds as follows:

CsH10 — CsHs + Hz [1.1]

It is an attractive alternative and more economical approach for butene production. The
butane has become more easily and economically available after recent shale gas
explorations, with butane being one of its constituents. Butane dehydrogenation also offers
a more selective route for the butene production. The production of hydrogen as a co-
product during butane dehydrogenation is also beneficial [10,11]. Another advantage of
dehydrogenation process is its lower operating temperature (~600 °C) than naphtha

cracking process.

At present, six butane dehydrogenation installations are in operation, with three other plants
being planned [12]. The majority of these facilities are based in US and China and use
either of the two technologies - the Catofin (Lummus) or the Oleflex (UOP) process [1].
The Catofin process is based on the Houdry Catadiene process, which originally was
exclusively used for dehydrogenation of iso-butane to iso-butene. A Catofin plant generally
consists of 5-8 parallel adiabatic fixed bed reactors containing a chromia—alumina catalyst.
The reaction is conducted at temperatures of approximately 575 °C and pressures between
0.2 and 0.5 bar [13]. The Olefex process uses a fluidized bed reactor, a catalyst regeneration
unit, and a product recovery section. The process use Pt—Sn based catalyst at pressures

between 1 and 3 bar and temperatures ranging from 525 to 705 °C.

However, the dehydrogenation process is associated with some basic disadvantages such
as (i) thermodynamic limitation in maximum yield of olefins (ii) high pressures operation
(iii) endothermic process (e.g. for n-butane AH® = + 125 kJ mol) requiring external source
of heat (iv) use of high temperature leading to alkane cracking and fast coke formation

causing fast catalyst deactivation (e.g. Cr—Al2O3 catalysts used in commercial process
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require regeneration after every few minutes of operation) [14-16]. Hence, there still exists
a huge scope for improvement in dehydrogenation catalysts, requiring the research to

continue in this direction.

Recent studies on butane dehydrogenation mainly focus on two aspects: catalytic oxidative
dehydrogenation (ODH) and catalytic dehydrogenation (DH). In ODH, oxygen is used as
the oxidant, and water is formed as a by-product instead of hydrogen. Therefore, the
reaction becomes exothermic and avoids the thermodynamic constraints of
dehydrogenation process. Previous studies have shown that supported vanadia catalysts are
the most active and selective for the oxidative dehydrogenation of butane [17,18].
However, the oxidative dehydrogenation of butane is not yet commercialized. The main
reason is very low selectivity towards butenes at industrial level of butane conversion and
the necessity to use pure oxygen during dehydrogenation reaction. Large-scale air

separation to obtain oxygen is an expensive and energy-demanding technology [19].

For, dehydrogenation, the research is oriented towards finding new catalysts that will not
only give high activity and butene selectivity but also high sustainability, requiring less
frequent regeneration. This can be achieved by having more active sites that selectively
activate C-H bond. Since dehydrogenation sites are different than the C-C bond activating
sites, high olefin yields can be obtained by careful catalyst design. The high temperatures
required to obtain high olefin yields are also favourable for the formation of coke. On
increasing the temperature, the rates of both C—H and C—C cleavage reactions are
increased. The formation of coke on the catalyst surface results in the progressive reduction
of catalytic activity with time-on-stream and requires periodic regeneration to preserve
sufficient activity [20]. The higher reactivity of butenes compared to that of butane, can
further lead to unwanted side and secondary reactions. Developing catalyst that can prevent
undesired secondary reactions of butene, even at higher temperature will lower the
tendency of formation of C1-Cs hydrocarbons and prevent subsequent coke formation. This

will enhance butene selectivity and the life cycle of catalysts.

1.2 Literature Review

The catalytic dehydrogenation of butane has been widely recognized as an alternative to

steam cracking of naphtha for the production of butenes [11]. The most active catalyst
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reported for butane dehydrogenation is platinum; however, in pure form it exhibits low
butene selectivity and rapid coke deposition, which contributes to catalyst deactivation
[21]. The majority of current research focuses on the Pt-based catalyst systems, due to the
excellent C-H bond activation characteristic of Pt. However, some challenges still exist in
formulating a selective and stable catalyst. Side reactions can often occur, which include
hydrogenolysis and cracking. Hydrogenolysis involves the cleavage of a C-C or carbon-
heteroatom bond by hydrogen [22]. Cracking can occur either thermally at high temperature
and pressure or catalytically involving a Brgnsted acid site that results in the formation of
an alkene and an alkane, via a carbocation intermediate [23]. In addition to low selectivities,
consequences of side reactions also include catalyst deactivation via carbon deposits on the
catalyst surface, requiring regeneration of the catalyst by burning off the coke deposits [24].
The large Pt ensembles have been reported to have high activity for hydrogenolysis.
Presence of any second element on the surface can act as a site diluent and increase the
overall selectivity towards dehydrogenation [25]. Pt based promoted bimetallic catalysts

have been investigated extensively as effective catalysts for butane dehydrogenation.

Previous works have focused on identifying the most effective second metal that can act as
promoter and elucidating its role, both experimentally and theoretically. The addition of
tin, indium, zinc or gallium to platinum has been found to be effective in increasing butene
selectivity and suppressing coke formation [26-30]. Both geometric and electronic effects
of the second metals have been proposed to explain their roles in modifying the catalyst

surface and changing the surface chemistry involved in butane dehydrogenation [29,31,32].

Achieving high activity along with stability remains a challenge. The preparation
methodology also plays an important role in catalytic performance. Most of the catalysts
are prepared via impregnation of metal precursors onto a support, which are subsequently
subjected to thermal treatment to be obtained in oxidized or reduced form. While such
methods are simple and robust, they offer little control over particle composition and size.
In a typical catalyst prepared in this way, the composition and size distribution of particles
depend on the composition of metal precursors and also on the preparation procedure [34].
Moreover, most of the times secondary metal does not form an alloy with primary metal.

All these contribute towards lowering of catalytic performance.

A brief overview of the available literature is presented in the following sub-sections.
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1.2.1 Different dehydrogenation catalysts

Many materials have been explored as catalyst components for catalytic dehydrogenation.
The two main formulations used are noble metal-based and metal oxide-based catalysts.
Though, platinum is most extensively studied for dehydrogenation reaction, various other
noble metals have also been successfully employed. The chromia based catalysts are most
prominent among the metal oxides investigated and have been commercially used for
butane dehydrogenation as mentioned earlier. However, these catalysts often showed low
stability due to the coke formation, and needed frequent regeneration. Moreover, chromia
based catalysts often brought severe pollution to environment. Consequently, most research
has been devoted to develop platinum or modified platinum catalysts to increase
dehydrogenation activity. Significant results have also been achieved through the use of

gallium, indium, vanadium, zinc, and molybdenum oxides as promoters [35-39].
1.2.1.1 Platinum based catalysts

Generally, all noble metals are active for dehydrogenation in the metallic state [40].
Platinum has been established as the most efficient noble metal for the butane
dehydrogenation. It has been extensively studied since it possesses greater C—H bond
activation abilities than other noble metals. Accordingly, it was commercialized by
Universal Oil Products (UOP) in Pacol process in 1968 and later in Oleflex in the early
1970s [41]. Platinum is a highly active catalytic element and is not required in large

quantities to catalyse the reaction when it is dispersed on a high surface-area support.

Many authors have reported butane dehydrogenation over Pt catalysts doped on different
support materials [11,21,31,32,38]. Though monometallic platinum catalysts are highly
active but they are not selective to dehydrogenation. In addition, the monometallic Pt
catalysts deactivate rapidly because of fouling by carbonaceous materials that form coke
on catalyst and block active Pt sites [42]. It is believed that two processes cause the
deactivation of monometallic Pt catalysts: (i) side reactions that lead to coverage of active
sites with coke and (ii) high temperature regeneration triggering agglomeration or sintering
of active metal [43]. Moreover, stronger interaction of platinum with olefins compared to
that with paraffins also contribute to lowering of butene selectivity [44]. Further, other
issues including catalyst poisoning, high cost of platinum, and poor reusability have

encouraged to search for alternatives [45,46]. Thus, the promoters were employed along

TH-2633_145121012 7



Chapter 1

with platinum that can weaken the platinum-olefin interaction selectively without affecting
the platinum—paraffin interaction [47]. The probability of secondary reactions of olefins is
thus decreased without affecting the paraffin dehydrogenation significantly. The promoters
also improved the stability of the catalyst by decreasing coking by heavy carbonaceous

materials.

Tin is by far the most studied promoter, the addition of which modifies both the platinum
active phase and the support. Bocanegra et al. demonstrated that the presence of oxidized
tin species in Pt-Sn/Al,Oz catalysts favoured the increase in n-butane conversion and
butene selectivity along with decrease in coke deposition [48]. Lee et al. studied butane
dehydrogenation over the Pt-Sn catalyst with low Pt content and reported that small amount
of Sn addition improved the n-Cs4 selectivity by blocking the cracking sites of Pt catalyst
[42]. Also, the electronic and geometric effect of Pt-Sn alloy increased the stability. Nawaz
et al. discussed the performance of Pt-Sn/slit-SAPO-34 novel catalyst for selective C3—Cs
dehydrogenation [41]. The authors reported around 40% light alkane conversion with 92%
n-butene selectivity over the catalyst. Nagaraja et al. reported that for n-butane
dehydrogenation reaction, the bimetallic Pt-Sn/8-Al.Os catalyst improved the n-C4* yield
and the stability [5]. Deng et al. observed that the supported Pt—Sn bimetallic catalysts when
directly reduced by H>, were highly active for the dehydrogenation of n-butane [3]. It was
demonstrated that direct reduction method induced more surface exposed Pt atoms from
the PtsSn alloy, which played an important role in the superior catalytic behaviours for n-

butane dehydrogenation.

Although the beneficial effects of tin promotion are well-known and have been amply
described in the literature, the working principles of the Pt—Sn system are still under debate.
The issues such as metal sintering, neutralization of acidity of the support, etc. still remains
a problem. Hence, other metals have also been studied as promoters for platinum in the
dehydrogenation of butane. Most notably, zinc has been reported to prevent undesired side
reactions such as coke formation and isomerization in a fashion similar to that of tin. Seo
et al. prepared a series of Pt/Sn/M/y-Al.O3 catalysts with different third metal (M = Zn, In,
Y, Bi, and Ga) by a sequential impregnation method for n-butane dehydrogenation. The
Pt/Sn/Zn/y-Al203 catalyst showed the best catalytic performance [49]. Further, Lee et al.
reported the use of Pt/Sn/Zn—-K/Al.Os catalyst for dehydrogenation of n-butane to n-
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butenes [11]. Therein, the addition of zinc led to improvement in n-butane conversion and

product yield.

Bocanegra et al. reported the use of trimetallic catalyst for butane dehydrogenation where
support was initially impregnated with In, followed by a co-impregnation with Pt and Sn
[50]. The geometric effects of In and Sn on Pt sites produced a dilution of the Pt surface
and also led to alloy formation which positively influenced the catalytic performance.
Nagaraja et al. used PtSn/6—Al.03 catalysts with different amount of potassium (0.4 - 1.45
wt%) introduced by an impregnation method, for n-butane dehydrogenation [51]. It was
reported that the presence of small amount of potassium on bimetallic PtSn/6-Al.O3
catalyst improved n-C4~ selectivity, but slightly decreased n-butane conversion. However,
there was an overall increase of n-Cs~ yield. The effect of potassium was caused by

blocking the acid sites of Pt catalyst.

Similarly, GaOx and InOx dopants have also been used to hinder the side reactions by
poisoning of surface Bragnsted acid sites. The simultaneous formation of Pt—Ga and Pt—In
alloys possessed a geometric and an electronic effect on the Pt nanoparticles, further
decreasing the coke deposition [52]. Sun et al. demonstrated a novel approach for preparing
Ga-promoted Pt particles that were found to suppress the coke formation and increase
product selectivity [52]. Further, Wu et al. showed the positive effect of Indium addition
on Pt catalysts [10]. They demonstrated that the performance of Pt/Mg(In)(Al)O for butane
dehydrogenation was highly dependent on the bulk In/Pt ratio. The optimal ratio was found

to be between 0.33 and 0.88, yielding >95% selectivity to butenes.

Another alloy that has been investigated was Pt—Ge, which was believed to function in a
way analogous to that of Pt—Sn. Furukawa et al. showed that higher yields of butene were
obtained over Pt-Ge/SiO> catalyst in comparison to Pt/SiO2 and other intermetallic catalysts
(PtaZn, PtsCo, PtCo) [53]. Byron et al. proposed the use of boron additives to prevent
coking on Pt catalysts [54]. The incorporation of boron improved the catalytic activity to
approximately three times along with the enhancement in stability of Pt/SiO2, which was
attributed to the migration of alkyl groups from platinum catalytic centre to tetrahedrally

coordinated boron sites.

In addition, Cu and Ag have also been employed as promoters for Pt based catalysts in
dehydrogenation process. Ma et al. reported that the addition of Cu to Pt increased the
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propene selectivity from 61 to 96% at 20% propane conversion [55]. Lee et al.
demonstrated that Cu addition to Pt catalyst led to significant improvement in selectivity
from 40 to 73% and decreasing catalyst deactivation, as copper addition reduced the acid
sites as well as their intensity [56]. Kurokawa et al. reported that the presence of Ag as a
promoter in the Pt/Al>Os catalyst increased the conversion from 28 to 50% with
enhancement in product selectivity to 78% during butane dehydrogenation [57]. The
catalyst sintering is another factor contributing to stability and activity of catalysts and is
affected by the interaction between Pt and the catalyst support. Nagai et al. reported that Pt
on AlOs readily sintered after treatment in air at 800 °C, while Pt on CeO2 remained stable
due to the strong interaction between ceria and Pt [58]. Hence, scope still remains for
further research with Pt based catalysts where these issues can be more effectively

addressed.
1.2.1.2 Palladium based catalysts

Though, there is ample of literature on Pt based catalysts yet, studies reported on butane
dehydrogenation over Pd based catalysts are still very limited. Pd based catalysts can be an
attractive alternative to the more expensive Pt metal. The Pd has been reported to be a
versatile metal to carry out hydrogenation as well as dehydrogenation reactions [59]. The
catalytic potential of Pd metal has been investigated in various studies, where Pd along with
second metal such as Sn, Cu, Zn, etc. exhibited significant activity for ethane, propane and
butane dehydrogenation. Vallecillos et al. showed that the incorporation of Sn to Pd led to
improvement in the initial selectivity during propane dehydrogenation from 15 to 61% as
well as catalytic stability [60]. Rodriguez et al.-reported that the addition of Ga to Pd
catalyst had a negative impact on the activity for butane dehydrogenation but led to an
enhancement in the dehydrogenation selectivity [61]. Cao et al. studied the catalytic
properties of the Pd-Cu single atom catalyst towards propane dehydrogenation [62]. They
demonstrated that the presence of relatively inactive Cu surface was beneficial for the
coupling and desorption of detached H atoms and helped in reducing side reactions such as
deep dehydrogenation and C—C bond breaking. Similarly, Gallagher et al. investigated the
role of intermetallic Pd-Zn catalysts for propane dehydrogenation [63]. Wu et al. reported
the use of Pd and Pd-In catalysts for ethane dehydrogenation [64]. The authors
demonstrated that addition of In to Pd catalysts increased TOR to 0.26 s from 0.03 s and
selectivity to 100% from 53% achieved over monometallic Pd catalyst.
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1.2.1.3 Other catalysts

Chromium oxide based catalysts for dehydrogenation was introduced by Frey and Huppke
in the 1930s. Since 1940s, chromium supported on alumina was used for dehydrogenation
of butane to butenes and butadiene that were used for various commercial applications.
Nemykina et al. studied the states of chromium in both promoted and unpromoted alumina—
chromium catalysts with various chromium contents [65]. Based on the experimental data,
the authors suggested that highly disperse Cr3* particles were responsible for the catalytic
activity in isobutane dehydrogenation. Shee and Sayari reported light alkane
dehydrogenation investigations over a series of mesoporous Cr20s/Al203 catalysts
containing 2-15 wt% chromia [66]. The alkane dehydrogenation activity increased with
increasing chromia loading. Detailed characterization studies of spent and regenerated
catalysts indicated that the formation of subsurface Cr(lI11) species during dehydrogenation
may be the reason for the permanent lost in activity. Ajayi et al. studied the kinetics of
n-butane dehydrogenation over CrOxVOx/MCM-41 catalyst [67]. Bekmukhamedov et al.
reported the formation of silicon oxide structures in the composition of an alumina—
chromium catalyst for the dehydrogenation of iso-butane [68]. The formation of silicon
oxide structures on the catalyst surface was responsible for an increase in the concentration
of Cr(l11) ions and a decrease in the surface acidity, thereby increasing the catalytic activity.
Recently, Nazimov et al. investigated a series of the chromia/alumina catalysts with the
same surface Cr concentration of 4.4 + 0.2 at. Cr/nm? and different potassium loadings (0
3.9 wt.%) for iso-butane dehydrogenation at 520—550 °C [69]. The results of the study
showed that at potassium loadings up to 2 wt%, K preferably interacted with alumina and
modified the average dispersion of Cr3*Ox species in the reduced catalysts, leading to a
steady growth of conversion and selectivity.

Recently some studies explored the activity of metals other than platinum and chromium
as the primary agent for dehydrogenation reactions. Wang et al. reported the use of Sn/SiO>
catalyst for catalytic dehydrogenation of propane [46]. Sn was demonstrated to play a
leading role in dehydrogenation as a highly active component. Further, to address the
deactivation problem of Sn/SiO> catalyst due to coke deposition and mobility of Sn species
during a long-term run, Pd was introduced into the catalyst and its effect was also validated.
Otroshchenko et al. investigated non-oxidative dehydrogenation of propane, n-butane, and
isobutene over bare ZrO; and binary MZrOyx (M=Lli, Ca, Mg, Y, Sm or La) materials [70].
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The intrinsic activity of Zr** sites and/or their concentration was observed to depend on the
kind of dopant for ZrO.. The dopant was also established to inhibit side reactions especially
those leading to coke due to reducing concentration of strong acidic sites. All binary
catalysts exhibited low activity for secondary reactions of the target olefins; the desired
selectivity was higher than 85% at alkane conversion of ~30%. Zhu et al. compared iso-
butane dehydrogenation and n-butane dehydrogenation over Ni-Sn/SiO; catalyst [71]. They
reported that the conversion was higher for n-butane dehydrogenation, however, the Ni
catalyst deactivated rapidly with time. They also observed that the secondary reactions of

butene over Ni and generation of coke were responsible for the reduced butene selectivity.
1.2.2 Effect of catalyst preparation

Preparation technique plays a pivotal role in deciding the properties and performance of
any catalyst. It determines the distribution of metals cluster on the support surface as well
as their interaction with the support, which in turn affects the overall performance of the
catalyst. The nano metal particles have tendency to undergo agglomeration and form
clusters, thereby decreasing the catalytic activity. Hence, bulk metals alone cannot be
deployed for enhanced catalysis applications [72,73]. Enhanced catalysis can be achieved
by allowing implantation of metal nano particles on high surface area supports that possess
high temperature stability [74,75]. The fabrication of a catalyst that bears high activity,
high selectivity, low poisoning and low cost is highly challenging due to associated
problems such as sintering of metals, pore mouth blockage, clustered deposition and dead
zones in the porous structure of the support materials. All these factors are detrimental to

achieve high catalytic performance.

Most of the work reported on butane dehydrogenation involves catalyst preparation by
impregnation method. Other reported methods include chemical vapour deposition [76],
physical vapour deposition such as sputter deposition [77], and ion exchange [78]. Among
these, from the perspective of cost effectiveness and scalability, only impregnation and ion
exchange qualify to be relevant for supported catalyst fabrication. Though impregnation is
a simple and efficient method, it is associated with major limitations in terms of low metal
dispersion and weak interaction of metal with the support [79]. Also, this method has
limitation regarding control of surface morphology at a nanoscale. Recent advancements
in the field of nanoscience has allowed the fabrication of metal nanoparticles in a more
controlled manner in terms of shape and size. Many studies have reported possibilities of
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enhancing catalytic performance by moderating the morphology of deposited metals on

surface of catalysts [80,81].

The development of supported metal catalysts by employing an economical and improved
preparation method in order to achieve highly dispersed active metal sites over high surface
area supports can prove beneficial in achieving higher catalytic activity. To achieve the
same, several authors have studied the influence of preparation method on catalytic
properties and their performance. Ballarini et al. studied the n-butane dehydrogenation
reaction over PtSn and PtGe supported on y-AlOs. The catalysts were prepared by
deposition of metal on sphere shaped a-Al203 using wash coating method [82]. Ballarini
et al. also studied the deposition conditions of thin layers of y-Al.O3 by dip-coating on a
spherical substrate of a-Al.O3 spheres [83]. Better metallic dispersion and catalytic
performance for n-butane dehydrogenation reaction was reported for these catalysts in

comparison to other conventional catalytic system.

Hakuli et al. reported atomic layer epitaxy (ALE) technique for the preparation of
CrOx/Al>Os3 catalysts using Cr vapor and air as source materials for CrOyx . They claimed
that Cr®* surface sites were in stronger interaction with AlOs and more uniformly
distributed in the catalysts prepared by ALE than by impregnation [84]. Further, Kikuchi
et al. investigated n-butane dehydrogenation over alumina-supported Pt catalysts modified
with Sn [85]. Here, SnO2-Al203 was prepared by the sol-gel method. This procedure was
reported to have multiple advantages: (i) prevention of the loss of Sn at calcination step,
(i) attainment of highly dispersed tin oxides on the support surface and retarding side

reactions and (iii) formation of Sn-rich PtSn; particles exhibiting high catalytic activity.

Electroless deposition is a catalytic or auto-catalytic process that proceeds by the activation
of a substrate surface by seeding of metal nucleation sites [86]. It involves the reduction of
metal precursor salt by a chemical reducing agent onto specific sites of catalyst surface that
can be either an active or inert substrate seeded with a catalytic active metal [87]. The
deposition of metal in its reduced state eliminates the requirement of an energy intensive
reduction process. Conventional electroless plating method involved contacting of
activated support with a solution consisting of targeted metal precursor, stabilizer and a
reducing agent at elevated temperatures. Sodium citrate and sodium EDTA are some of the
commonly employed dispersing agents whereas hydrazine is used as the reducing agent.
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Electroless plating process is mainly reported for membrane preparation [86,88]. However,
limited studies are available for catalyst preparation. Beard et al. used conventional
electroless method to prepare carbon supported bimetallic PEM fuel cell catalysts [87].
Rhenium precursor was impregnated to the support which acted as seeds for deposition of
platinum. Platinum cluster sizes were reported to be in the size range of 3.2-6.9 nm in the
presence of a second metal, Rh. When Pd and Pt were used for seeding instead of Rh,
slightly lower bimetallic cluster size was obtained [89]. Shaal et al. conducted
hydrogenation studies with Ag-Pt/SiO and Cu-Pd/SiO catalysts prepared by conventional
ELP in his two separate works [90,91]. Wongkaew et al. deployed conventional ELP to
synthesize Pt-Pd bimetallic catalyst from a commercial Pd monometallic catalyst using
bath composition and method similar to that followed by Beard et al. [92]. The authors
reported an average particle size of 4.5 nm.

a) Role of support material

For supported catalysts, the choice of the appropriate support plays an important role. The
nature of support is important not only because it governs the mechanical properties of the
catalyst, but also because the interaction of the support with the active phase can have a
profound impact on catalyst activity and selectivity. Effective supports for dehydrogenation
of butane have to be thermally stable due to exposure to high reaction temperatures. Also,
for an optimal distribution and dispersion of the metallic particles, a relatively large surface
area and uniform pore size distribution are preferred [1]. The catalytic reaction rate is
limited by the intra-particle mass transfer rate. If the mass transfer rate is relatively slow,
both activity and selectivity are lowered. As a result, the support must have a low pore
diffusional resistance. Thus, an appropriate pore structure must be determined for the
support to achieve optimal catalytic performance.

Among many high surface area materials, alumina is one of the most stable support
available. High surface area y-alumina is the classical support employed in
dehydrogenation catalysts due to its high thermal stability, mechanical strength, and its
exceptional ability of maintaining high metal dispersion. Another advantage of the alumina
support is its simple preparation method and low cost of precursor. Alumina can be easily

prepared by precipitation method with controlled pore structure [93].
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Many authors have investigated butane dehydrogenation over Pt based catalysts
preferentially supported on alumina [5,11,44,56]. Lemonidou et al. investigated oxidative
dehydrogenation of propane using vanadia catalysts supported on Al203, ZrO», TiO> and
MgO. It was reported that VV.Os supported on Al.Oz exhibited the highest selectivity [18].
Xu et al. investigated dehydrogenation of propane over different supported gallium oxide
catalysts. Ga203 supported on Al0O3 and ZrO» exhibited higher activity due to abundant
presence of medium-strong acid sites on the catalyst surface, while those supported on SiO-
and MgO were ineffective for propane dehydrogenation [94]. Chen et al. studied the effect
of support in In20z/MOx (M = Al, Si, Zr) catalysts for propane dehydrogenation. It was
demonstrated that dispersion of In,Oz species depended on type of support. The maximum

metal dispersion and propylene yield was achieved for In2O3 supported on Al.O3[95].
b) Role of surfactants

Surfactants are materials that can affect the interfacial surface tension. This ability enables
them to act as effective dispersant. The use of surfactants helps in the synthesis of tailor
made catalysts. Multiple works have been reported regarding synthesis of structured nano
metal particles in presence of various surfactants using their shape directing and size
limiting properties [96-99]. Sukonket et al. synthesized a series of ceria-zirconia mixed
oxide supports by two different routes - surfactant-assisted route and a co-precipitation
route [96]. The activity results indicated superior nature of the catalysts obtained by the
surfactant-assisted route over the other. Chu et al. prepared Cu/ZnO/Al2O3 catalysts with
the assistance of surfactant, tetraethylammonium hydroxide, and evaluated in methanol
synthesis from syngas [97]. The catalyst prepared with addition of 2 wt.% surfactant
exhibited better catalytic performance compared to that prepared without using surfactant.
The better performance was attributed to smaller crystallite size of Cu and higher Cu
surface area obtained in presence of surfactant. Sun et al. prepared CuO/CeO; catalyst by
surfactant-assisted impregnation method, which showed better catalytic activity for low
temperature CO oxidation compared to that showed by catalyst prepared by conventional
impregnation method [98]. The results suggested that the surfactant addition into the
impregnation solution improved the dispersion of CuO species, facilitating incorporation
of Cu?" into CeO; lattice. Thereby, the synergistic effects between CuO and CeO was
strengthened making the lattice oxygen more active, and resulting in enhanced activity for
CO oxidation.
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Shen et al. prepared a series of mesoporous SBA-15 supported CuO-CeO; catalysts by a
surfactant-assisted impregnation method with PEG 200 as the surfactant [99]. The results
showed that the surfactant had a substantial effect on the distribution and dispersion of Cu
species. The synergetic effect between copper and ceria was enhanced by increased
dispersion of copper and led to enhanced catalytic performance. Hajimirzaee et al.
synthesized hydroxyapatite (HAP) in the presence of surfactants and tested it as a catalyst
in CO oxidation [100]. The activity of HAP was increased when prepared in presence of
surfactants such as polysorbate 20, polyethylene glycol and poly vinyl alcohol. The
enhanced activity was due to higher BET surface areas and acid site densities in the
surfactant-modified catalysts. Lei et al. used the Mn-based oxides and Cu-based oxides as
active components that were supported on the honeycomb ceramic cordierite carrier
modified by the double palm carboxyethylhydroxyethylmethyl sulfateammonium salt
(TEP) surfactant [101]. The results indicated that addition of TEP increased the
impregnation of the catalyst and made the dispersion of metal oxide more uniform that led

to an increase in the de-nitration performance of the catalyst.
Summary

The dehydrogenation being an endothermic reaction, requires high temperatures. At such
high temperatures, the rate of C-C cleavage also increases resulting in gradual loss of
catalytic activity, and thus affecting the overall product yield. From literature survey, the
best catalyst for butane dehydrogenation seems to be (PtSn)1s/Al203 catalyst reported by
Nagaraja et al. (2014). The authors obtained a butane conversion of 43.6% at a reaction
temperature of 550 °C with the butene yield of 37.7%. Though, the reported catalyst
exhibited a considerable yield, the catalyst suffered ~7% deactivation after 3 h of time on
stream. With the employment of conventional preparation technique of impregnation, it is
difficult to gain control over metal particle size and achieve strong metal-support
interaction. This adversely affects the metal dispersion over the support. The large metal
ensembles in impregnated catalysts are reported to possess greater affinity for
hydrogenolysis and cracking reactions that might result in catalyst deactivation.
Furthermore, catalyst preparation by impregnation also requires energy intensive
calcination process and hydrogen reduction at elevated temperatures prior to application in
dehydrogenation reaction, that can be avoided in catalysts prepared by electroless

deposition.
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1.3 Motivation for present work

The literature shows that the platinum dominates the catalytic research of developing
effective catalyst for butane dehydrogenation. Palladium, another metal of the same group
as Pt, is expected to exhibit similar properties to that of Pt, thus bearing same chemical
activity or reacting tendency. The intrinsic catalytic properties of Pd metal originate from
the fundamental electronic configuration of its constituent element (4d105s0). The higher
reduction potential of palladium helps in enhancing its interaction with incoming
hydrocarbon reactant and activating easier hydrogen abstraction. Also, palladium is less
expensive alternative to platinum. Though palladium has wide potential as
dehydrogenation catalysts, reported work on palladium as dehydrogenation catalysts is
limited. Hence, this study explored the effectiveness of Pd based catalyst for butane
dehydrogenation. Palladium can be explored for butane dehydrogenation as the lone active
metal or in combination with platinum or other metals associated with dehydrogenation
reactions. The literature reviews also showed how the catalyst preparation affects the
properties of the catalysts and their catalytic performance. Particularly for supported metal
catalysts dispersion of metal is an important factor that controls the overall performance.
The impregnation method, the most widely used technique for catalyst preparation, is
associated with limitations such as low metal dispersion and weak metal-support
interaction. Hence, preparation methodology that improves these properties of catalyst is
expected to improve its performance. The electroless plating has the potential of deposition
of active metal on support with in-situ reduction and higher dispersion. However, in
conventional form it is not suitable for preparation of supported metal catalyst. The
modification of the conventional method will help to design catalysts with better
performance. Hence, exploring Pd based catalysts in association with Pt and other metals

for butane dehydrogenation prepared by electroless deposition seemed to be worthwhile.

1.4  Objectives of the thesis

The primary objective of this work was to develop highly active, selective and stable
catalyst for butane dehydrogenation. Palladium was explored as the active metal in
combination with Pt and other metals reported as having effective promotional effect for
dehydrogenation. Alumina was used as the support for preparation of the catalysts. The

electroless plating process was modified and made suitable for powder catalyst. The
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catalysts prepared by modified electroless deposition method were compared with the
catalysts prepared by conventional impregnation method. The specific objectives of the

thesis are given below:

a) Preparation of alumina supported monometallic Pd and Pt catalysts by electroless

deposition. Study and optimization of preparation parameters.

b) Comparison of the physicochemical properties and butane dehydrogenation
performance of alumina supported monometallic Pd and Pt catalysts prepared by
modified electroless deposition with that prepared by impregnation.

c) Study the effect of addition of surfactants during preparation of alumina supported
Pd catalysts by electroless deposition, on their physicochemical properties and

catalytic performance for butane dehydrogenation.

d) Study the effect of addition of Ni, Cu and Ag as promoter in Pd based catalysts on
their physicochemical properties and catalytic performance for butane

dehydrogenation.

e) Investigation of the Pd-Pt bimetallic catalysts for butane dehydrogenation. Study
the effect of variations in preparation, metal composition, metal deposition

sequence, process parameters and addition of surfactant and promoter.

1.5  Organization of the thesis
The thesis has been organized in 7 chapters as described below.

In Chapter 1, the topic has been introduced and literature review has been included. It also

elaborates on motivation of the work and objectives.

The Chapter 2 discusses the effect of preparation on properties of monometallic Pt and Pd
catalysts has been discussed. The physicochemical properties and butane dehydrogenation
performance of catalysts prepared by deposition were compared with that prepared by

impregnation. For electroless deposition, effect of synthesis parameters has been discussed.

The Chapter 3 discusses the effect of addition of different surfactants during Pd catalyst
preparation by electroless deposition method. The performance of surfactant modified
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catalysts has been evaluated for butane dehydrogenation and compared with that of

unmodified and impregnated Pd catalysts.

The Chapter 4 elaborates on the role of nickel, copper and silver as the promoter metals in
Pd based catalysts. Further, the effect of copper content has been discussed.

The Chapter 5 discusses the effect of metal composition in supported Pd-Pt bimetallic
catalysts. The ratio of Pd to Pt was varied as 3:1, 1:1 and 1:3. Additionally, the effect of

preparation methodology was also explored.

The Chapter 6 discusses the effect of change in sequence of metal addition in Pd-Pt
bimetallic catalysts prepared by deposition method. The effects of various process
parameters on butane dehydrogenation reaction was also investigated. It also addresses the

effect of surfactant and promoter in Pd-Pt bimetallic catalysts.

The Chapter 7 summarizes the important findings and conclusions from this research
work. The chapter also presents a brief overview on the recommendations for the future

research in the related field.
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Chapter 2

SUPPORTED MONOMETALLIC CATALYSTS:
EFFECT OF PREPARATION METHODS

Substrate with deposited
metal in reduced state

Metal
Hydrazine YT : Precursor
Lo b] L DOy ; "I Pou

Substrate Adsorbed hydrazine Metal (reduced) deposition

In this chapter, electroless deposition method was investigated for the preparation of
supported monometallic catalysts. The effects of synthesis parameters such as
concentration of metal precursor, concentration and type of reducing agents, sequence of
addition of metal precursor and reducing agent were investigated on the extent of metal
loading and nature of metal particles on the support. Their physicochemical properties and
efficiency for butane dehydrogenation reaction were determined and compared with that

prepared by conventional impregnation method.

Keywords

Catalyst preparation; electroless deposition; impregnation; palladium; platinum

TH-2633_145121012



Chapter 2

2.1 Introduction

Electroless plating has been reported as a potential method for deposition of metals on
support surface, as discussed in Chapter 1. Conventional electroless method was used to
prepare carbon supported bimetallic Pt/Rh and Pd/Pt catalysts to demonstrate the feasibility
of such process as a novel technique for catalyst preparation [1]. Through deposition
method, metal clusters were obtained in the range of 3-8 nm [2]. Similarly, for Ag-Pt/SiO>
and Cu-Pd/SiO; catalysts, enhanced catalytic performance was observed for hydrogenation
studies for the catalysts prepared by conventional ELP in comparison to those prepared by

incipient impregnation [3,4].

In this study, the conventional electroless plating process was modified to overcome the
problems associated with bath stability and unrestricted crystal growth on the surface and
to achieve higher dispersion for similar metal loading and deposition time. Such a
modification allowed carrying out the deposition on powdered catalyst with minimal loss
of product and ensuring uniform deposition of the metal on the support. A sequential mode
of deposition was designed for this purpose. The modified method is referred hereafter as
Electroless Deposition (ED) method and can be used for depositing metals on commonly
used support materials in powder form. The metal deposition in reduced state eliminates
the requirement of an energy intensive reduction process prior to catalysis application.
Since the metal deposition and reduction occurs simultaneously on the support surface,
strong interactions are expected between metal and support.

In deposition method, both metal precursor solution and reducing agent solution were
passed through the alumina substrate in a cyclic form. This chapter discusses the effects of
various synthesis parameters such as metal precursor concentration, reducing agent
concentration, type of reducing agent, etc. on the metal loading and morphology of
catalysts. It further compares the supported monometallic Pd with Pt catalysts prepared by
electroless deposition. The physicochemical properties of the catalysts were characterized
by Atomic Absoprtion Spectroscopy (AAS), Energy dispersive X-ray spectroscopy (EDX),
X-Ray diffraction analysis (XRD), Transmission Electron Microscopy (TEM), X-ray
photon spectroscopy (XPS) and Temperature Programmed Reduction (TPR). The
properties and butane dehydrogenation activity of the catalysts prepared by deposition

method was compared to that prepared by impregnation at same metal loadings.
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2.2  Experimental
2.2.1 Materials required

Palladium chloride [PdCl>, Reagent Plus 99%, Sigma Aldrich] and chloroplatinic acid
hexa-hydrate [H2PtCls.6H20O, ACS reagent] were used as active metal precursor and
aluminium nitrate nona-hydrate [AI(NO3)3.9H20, Merck] was used as alumina precursor.
Ammonia solution [30 mol%, Merck] was employed as precipitating agent for the synthesis
of aluminium oxide. Hydrazine hydrate [N2Hs.H20, Merck] was used as reducing agent.
Hydrochloric acid [HCI, 37% Merck] and ammonia solution were used for pH balance.

2.2.2 Preparation of support

Preparation scheme for the aluminium oxide by precipitation using ammonia is shown in
Figure 2.1. The aluminium nitrate [AI(NO3)3.9H.0] precursor was dissolved in required
amount of deionised water. Then, 30% ammonia solution was added to it gradually to carry
out the precipitation. The pH of the solution was maintained at 10.5 £ 0.2. The resulted
aluminium hydroxide precipitate was aged under reflux at 75 °C for 6 h. Precipitated
aluminium hydroxide was then filtered, washed and dried at 100 °C overnight in hot air
oven. The dried aluminium hydroxide was calcined at 550 °C for 6 h to obtain aluminium
oxide. The aluminium oxide was subsequently used as support for the preparation of

catalysts.
2.2.3 Preparation of monometallic catalysts

a) Electroless deposition method

The monometallic supported Pd and Pt catalysts were prepared by electroless deposition
method using powdered aluminium oxide as support and hydrazine as the reducing agent.
The steps of the preparation procedure were modified with respect to conventional
electroless plating process. In the modified method, instead of dipping the substrate in
solutions containing all the reagents, metal precursor and reducing agent solutions were
passed through the substrate sequentially in a cyclic form. This facilitated deposition of
metal on the powdered substrate with a minimal loss and gave a better control over
interaction between metal precursor and reducing agent over the support surface. This

modified method was also beneficial in reducing bulk diffusion resistance. The catalysts
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were prepared using hydrazine as the reducing agent. The stoichiometric equation for

reduction of Pt or Pd using hydrazine is given as:
H,PtCl, + N,H, — Pt° + N, +6HCI [2.1]

2PdCl, + N,H, — 2Pd° + N, + 4HCI [2.2]

Aluminium nitrate solution

l Stirred at room temperature for 15 min

Aluminium nitrate + Ammonia solution

l Hydrolysis and stirring for 60 min

Aluminium hydroxide precipitate in solution

l Aging at 75°C for 6 h

Aged aluminium hydroxide precipitate in solution

l Cooling, washing and filtration

Aluminium hydroxide precipitate

l Drying (120 °C, 12 h; calcination (550 °C, 6 h)

Aluminium oxide (Al;03)

Figure 2.1. Steps involved in the preparation of alumina support.

Both the catalysts were synthesized targeting a final metal loading of 112.8 umoles g of
catalyst corresponding to 1.2 wt% Pd and 2.1 wt% Pt loading. Palladium chloride solution
was prepared by adding 40 mg of PdCl; in distilled water. Platinum precursor solution was
prepared by dissolving 116.5 mg of HzPtCle in distilled water. Aqueous solution of
hydrazine (reducing agent) was prepared by adding required volume of N2H4.H2O in
distilled water. The molar ratio of reducing agent to metal precursor was maintained at
1:0.75 for PdCl2 and 1:1.5 for H2PtCls. At this molar ratio reducing agent was 50% excess

to that of metal precursor.

In a typical experiment, 20 mL of hydrazine solution was passed through 2 g of aluminium

oxide support using vacuum. Total time taken was 10 min. Then, 20 mL of mono-metal
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precursor solution (Pd or Pt) was gradually poured through the filtered sample maintaining
10 min of interaction time. These two steps represented first cycle. In the second cycle, the
filtrate of hydrazine solution (obtained after filtration of 1% cycle) was again passed through
the support followed by filtrate of metal precursor solution maintaining similar interaction
time of 10 min. In the third and fourth cycle, fresh and filtrate solutions were passed,
respectively, to get sufficient deposition of metal (Pt or Pd) on aluminium oxide.
Thereafter, the resulting catalyst was dried overnight at 110 °C for 12 h. Figure 2.2 shows

the steps involved in the synthesis of catalysts by electroless deposition method.

W Vv

¢
[

Interaction time | Interaction time
1 »
\ [10 min) \ ( (10 mln! |
Alumina N,H, solution (20 ml) Metal precursor solution Metal/Alumina-N,H,

passed through (20 ml) passed through
alumina (2 g) filtered alumina

l

First cycle

!
= N

Drying at 110 <C for 12h

Figure 2.2. Schematic of steps for catalyst preparation using deposition method.

Both the monometallic supported Pt and Pd catalysts were prepared by keeping the total
metal loading of 112.8 umoles g™ of catalyst. The metal loading on weight basis for Pt and
Pd catalysts corresponded to 2.2 and 1.2 wt%, respectively. The Pt and Pd catalysts
prepared by electroless deposition method are referred to as Pt/Al and Pd/Al, respectively,

further in the chapter. Here “Al” represented Aluminium oxide.

The effect of various synthesis parameters involved in preparing catalyst by electroless
deposition method were investigated. The effects were studied with Pt catalysts. The effects
of metal precursor concentration, reducing agent concentration, type of reducing agent and
sequence of reagent addition were studied on extent of deposition. For all the studies the
number of deposition cycles was kept at 4. When one parameter was varied other

parameters were kept similar.
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The effect of concentration of metal precursor on the metal loading was investigated by
varying the precursor concentration as 500, 1000, 2000 and 3000 ppm. For this study
N2H4/Pt molar ratio was maintained at 1:1.5. To study the effect of reducing agent
concentration, the samples were prepared by varying the N>H4 to Pt molar ratio as 1.5, 3
and 6, while precursor concentration was kept constant at 3000 ppm. The Pt based catalysts
were further prepared by changing the sequence of addition of reducing agent and the
precursor solution. The N2H4/Pt molar ratio was kept constant at 1:1.5 while the
concentration of precursor solution was kept constant at 3000 ppm for these studies. Other
than hydrazine, formaldehyde was also used as a reducing agent to study and compare the

effects of different reducing agents.
b) Conventional impregnation method

The monometallic Pd and Pt catalysts were prepared by incipient impregnation method
with a metal loading of 112.8 pmoles g of catalyst, similar to that of catalyst prepared by
electroless deposition. This corresponded to 1.2 and 2.1 wt% loading of Pd and Pt metals,
respectively. Figure 2.3 shows a schematic depicting the steps involved in the catalyst

synthesis by impregnation method.

Metal precursor

!

Metal precursor + deionized water

l Mixed thoroughly

Metal precursor solution + Alumina
support

l Drying (110 °C, 12 I; calcination 400 °C, 4 h)

s )

Alumina supported catalyst

Figure 2.3. Steps for catalyst preparation by impregnation method.

In this method, required amount of Pd or Pt precursor was dissolved in 6 mL of water. This
corresponded to volume slightly higher than the pore volume of 2 g support. The metal
precursor solution was then added to the support material gradually and mixed thoroughly

to make a uniform paste. The impregnated catalyst was then left at room temperature in air
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for 2 h and dried overnight in an oven at 110 °C. The dried sample was then calcined in a
muffle furnace at 400 °C for 4 h to obtain the final catalyst. These catalysts are further
referred to as Pd/Al_WI1 and Pt/Al_WI in the text.

2.2.4 Catalyst characterization

The characterization of support as well as all the prepared catalysts was carried out using
various techniques such as Energy dispersive X-ray spectroscopy (EDX), Brunauer-
Emmett-Teller (BET) surface area and pore analysis, X-ray photon spectroscopy (XPS),
Temperature Programmed Reduction (TPR), Transmission Electron Microscopy (TEM),
X-Ray diffraction analysis (XRD), Fourier Transform Infrared Spectroscopy (FTIR) and
Temperature Programmed Desorption (TPD) to determine the physicochemical properties
and determine their role in butane dehydrogenation reactions.

Atomic Absorption Spectroscopy (AAS)

The metal loading of all the catalysts prepared by electroless deposition was determined
initially by Atomic absorption spectroscopy (AAS). The AAS was used for measurement
of concentration of respective metals in filtrate solutions after deposition to determine the
metal loadings. The actual loading of metal was calculated based on the concentration

determined by AAS as follows:

Metal deposited on support (mg) y

Total metal loading (Wt%) =
Amount of support (mg)

100 [2.3]

where,
Metal deposited (mg) = Initial amount of metal in precursor solution (mg) — Final amount

of metal in filtrate solution (mg) [2.4]

Another parameter used to determine the efficiency of the process is ‘Metal Loss’, defined
as the fraction of initial metal that was not deposited on the support. Loss percentage was
calculated as the ratio of metal retained in the solution to the initial amount of metal used
for preparation of catalysts.

Final amount of metal in filtrate after deposition

Metal loss (%) = — - - —
Initial amount of metal in solution before deposition

x 100  [2.5]
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Energy dispersive X-ray spectroscopy (EDX)

The metal loadings on the prepared catalysts were further confirmed by energy dispersive
X-ray spectroscopy (EDX) analysis using a EDX accessory attached to ZEISS FESEM
(Model: SIGMA).

Surface area and pore analysis

The BET surface areas of the support and catalysts were obtained with nitrogen adsorption—
desorption measurements at liquid nitrogen temperature using Quanta chrome (Model:
Autosorb iQ) surface area analyser. The samples were degassed in vaccum at 200 °C for 6
h, prior to the experiment. The cumulative pore volume and pore size were calculated from
the desorption branches of the isotherms employing the Barrett—Joyner—Halenda (BJH)

method.
X-ray photon spectroscopy (XPS)

In order to obtain the composition of catalysts and chemical bonding states of the elements
present, XPS (PHI 5000 Versa Probe II, FEI Inc.) technique using monochromatic A1 Ka
(1486.6 eV) at 150 W was used. Survey scan of catalysts (around 100 mg) was conducted
over a range of 1200 eV with a step size of 1 eV, 100 ms per step and 150 eV pass energy.
Furthermore, a high resolution scan for detected elements (Pd and Pt) was obtained at a
step size of 0.05 eV in order to ascertain chemical states of the elements present in the
catalysts. All XPS peaks were fitted by the Gaussian—Lorentzian method, after background
subtraction using the Shirley method. The charging effects were corrected by C 1s peak as

a reference for all samples at binding energy of 284.9 eV.
Temperature Programmed Reduction (TPR)

The TPR experiments were carried out using a temperature program analyser
(Micromeritics Chemisorb 2720), consisting of a gas mixing unit allowing both continuous
and pulsed reactant dosing, U-shaped quartz tube with a thermocouple and a thermal
conductivity detector (TCD), to study the reducibility of the metal catalysts. For TPR
studies, 100 mg of sample was placed between quartz wool in a U-type quartz reactor. The
sample was thermally treated under an Ar stream at 150 °C for 2 h to remove physically

adsorbed water and other impurities. The samples were then cooled down to the room
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temperature under Ar gas. After the pre-treatment, the catalysts were heated at 10 °C min*

from room temperature up to 800 °C in 10% Ha/Ar stream with a flow rate of 30 mL min™™.,

Transmission Electron Microscopy (TEM)

The TEM images of the samples were recorded using JEM 2100 (Make: JEOL) at 200 kV.
The sample preparation was done by first dispersing the sample in a solvent using ultra-
sonication followed by deposition on a copper grid. The analysis of all the TEM images

obtained was done using ImageJ.
X-Ray diffraction analysis (XRD)

The XRD patterns of the prepared catalysts were recorded on a diffractometer (Bruker D8
Advance) with Ni-filtered Cu Ko (A= 0.15418 nm) as a radiation source. The operating
voltage was 40 kV and the current was 5 mA. The scanning was done in the range of 5-80°
with a speed of 0.05° 5! in a continuous mode.

Fourier Transform Infrared Spectroscopy (FTIR)

The acidic properties of the prepared catalysts were evaluated by FTIR spectroscopy of
adsorbed pyridine. Pyridine was adsorbed on the catalyst samples by placing each of them
in two different round bottom flask connected to each other through necks. The pyridine
solution was heated such that the pyridine vapours were carried by the nitrogen flowing
through the flasks at a rate of 20 mL min™* and adsorbed on the catalyst samples placed in
a separate flask. The pyridine adsorbed samples were then analysed using a Perkin-Elmer
2000 FTIR spectrometer. Infrared spectra were acquired at 1 cm™ resolution and averaged

over 50 scans. The spectra of samples were recorded from 400 to 4000 cm™.
Temperature Programmed Desorption (TPD)

The acidic properties of the catalysts were also studied by temperature-programmed
desorption of ammonia. NH3-TPD experiments were conducted in a Micromeritics
Chemisorb 2720 apparatus. Around 50 mg of sample was placed in the quartz glass tube.
The sample was pre-treated in a flow of He maintaining a flow rate of 30 mL min* at 250
°C for 1 h. Then the sample was exposed to pulses of 10% NHs/He mixture at room
temperature until saturation. The gas phase NHz was removed by He purging for 1 h. The

sample was then heated to 700 °C at a heating rate of 10 °C min in a flow of He (30 mL
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min?) to induce desorption of NHs; which was monitored by a TCD detector. The
quantification of the number of acidic sites was based on the calibration curves obtained by
injecting different amounts of 10% NHas/He mixture and the assumption that only one
molecule could adsorb on one active centre. Blank tests without prior adsorption of any
probe molecule were also conducted which did not show any signals over the entire

temperature range.
2.2.5 Dehydrogenation tests

The n-butane dehydrogenation activity tests were conducted in a fixed-bed continuous
downflow reactor in the temperature range of 100 — 600 °C at atmospheric pressure. The
schematic of experimental setup used for conducting dehydrogenation study is shown in
Appendix B. A thermocouple was placed in close contact with the catalyst bed to measure
the reaction temperature. The catalyst (0.25 g) was mixed with 1 g of quartz powder and
placed in the centre of the reactor. The feed gas mixture containing n-butane, H> and N>
gases was introduced to the reactor in the volumetric ratio of 1:3:6. The feed gas mixture
was allowed to flow through the catalyst bed maintaining a constant flow rate of 100 mL
mint. At these conditions, no mass transfer effects were observed (Appendix A). Further
details of experimental procedure are included in Appendix B.

The effluent gas mixture containing reactants as well as products were analysed using an
on-line Gas chromatograph (Nucon 5765), which was equipped with a sebaconitrile column
coupled to a flame ionization detector (FID). Nitrogen was used as the carrier gas. The oven
temperature was maintained at 40 °C while the injector and detector temperature were kept
at 160 °C and 180 °C. The products were identified by comparison with standard calibration
mixtures. The performance of the catalysts was evaluated in terms of conversion, TOF,

selectivity and yield as follows:

Moles of butane;, - Moles of butane

Butane conversion (%) = Moles of but
oles of butane;,

x 100 [2.6]

Moles of product X formed

Selectivity of product X (%) =
Total moles of products formed

100 [2.7]

Moles of product X formed

Yield of X (%) = -
Moles of butane supplied

x100 = Conversion x Selectivity  [2.8]
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TOF = Moles of butane converted [2.9]
Moles of metal x seconds

The butane conversion at 550 °C was considered. The total metal loading for all the

catalysts was almost similar and was used for calculating the TOF for comparison.

The deactivation was calculated as :

. Conversion;itia) - CONVErsioNsinar (=1on
Percentage deactivation, D(%) = Initia inal (t=10n)

_ x 100 [2.10]
Conversion;ptial

2.3 Results and discussion
2.3.1 Analysis of support

The nitrogen adsorption-desorption isotherms and pore size distribution of aluminium
oxide are shown in Figure 2.4a and b. The nitrogen adsorption-desorption isotherm of the
aluminium oxide support was of Type IV and H2 type hysteresis loop that indicated the
mesoporous nature with interconnected pore network. The pore size distribution of the
support was broad (2-18 nm) with average pore size of 7 nm. The BET surface area of
support was 184 m? g’ with total pore volume of 0.34 cc g™*. Figure 2.4c shows the XRD
profile of aluminium oxide support. For the support, peaks due to y-Al>O3z were obtained at
26 values of 37.6° (311), 45.8° (400) and 66.8° (440) [5].

—— Alumina (a)
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Figure 2.4. (a) Nitrogen adsorption-desorption isotherm, (b) pore size distribution and (c)
XRD profile of alumina support.

2.3.2 Effect of synthesis parameters

In this section, results of the effects of precursor concentration, reducing agent
concentration, reducing type and sequence of metal on metal deposition have been

discussed.
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2.3.2.1 Effect of precursor concentration

The platinum loadings obtained for catalysts prepared in presence of different precursor
concentrations is shown in Table 2.1. The Pt loading on the catalysts increased from 0.37
to 2.12 wt% with the increase in the initial concentration of the metal precursor solution
from 500 to 3000 ppm. This increase might have resulted from the increased contact of
platinum ions with the support as concentration of metal precursor was increased. At lower
concentrations of 500 and 1000 ppm, no metal loss was observed, while at higher
concentrations metal loss was obtained after four cycles. However, the loss percentage at
higher concentration was minimal to around 4% only. The loss at higher precursor
concentration can be attributed to several factors including (i) partial desorption of the
deposited Pt during subsequent steps when reducing agent solution is passed through the
sample (ii) less availability of free surface on the support as loading increased (iii) repulsive

interaction between the approaching and deposited metal atoms on surface.

Table 2.1. Platinum loading obtained for catalysts prepared using different synthesis

parameters.
Catalysts Ptused Pt deposited Actual Pt Loss EDX Metal
Loading Loading dispersion

(mg) (mg) (Wt%) (%) (Wt%) (%)

Effect of precursor concentration

Pt/AI-500 7.54 7.54 0.37 0 - 40.4

Pt/Al-1000 15.08 15.08 0.74 0 - -

Pt/Al-2000 30.16 28.97 1.42 3.92 1.7 -

Pt/Al-3000* 45.24 43.49 2.12 3.86 2.6 33.2

Effect of reducing agent concentration

N2H4/Pt-1.5*  45.24 43.49 2.12 3.9 2.6 33.2

N2H./Pt-3 45.24 42.12 2.06 6.9 - -

N2Ha/Pt-6 45.24 42.86 2.10 53 1.9 36.5

Effect of sequence of reagent addition

N2Ha/Pt** 45.24 43.49 2.12 3.9 2.6 33.2

Pt/NoH,4° 45.24 42.77 2.09 5.46 1.9 26.9

Effect of different reducing agents

N2Ha4/Pt* 45.24 43.49 2.12 3.9 2.6 33.2

HCHO/Pt 45.24 41.38 2.02 8.5 2.0 16.9

a: hydrazine added prior to metal precursor; b: metal precursor added prior to hydrazine;
* marked samples are basically the same sample but with different nomenclature to illustrate the effect of parameters
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As shown in Table 2.1, the metal loading determined for the catalyst prepared with 3000
ppm concentration of hexachloroplatinic acid was 2.6 wt%. This Pt loading obtained by

EDX analysis was comparable to that calculated by AAS analysis (2.12 wt%).

The XRD profiles for the Pt catalysts prepared using different precursor concentration are
shown in Figure 2.5a. The peaks observed at 37.6°, 45.8°, 60.9° and 66.8° may be attributed
to the y-aluminium oxide. The peaks corresponding to the presence of alumina were
observed for all the samples without any change in the intensity. The peaks corresponding
to different Pt phases are expected at 39.7°, 47° and 68° that corresponds to Pt (111), Pt
(200) and Pt (220) [6]. These peaks were present at the overlapping positions to alumina
peaks. Since no variation in peak intensity was observed in any of the catalyst samples
compared to that of support alumina, it can be assumed that the deposited Pt metal was in

a well dispersed state over the support in metal loading range from 0.37 to 2.1 wt%.
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Figure 2.5. XRD profiles for Pt catalysts (a) Effect of metal precursor concentration, (b) Effect
of reducing agent concentration and (c) Effect of sequence of reagent addition.
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2.3.2.2 Effect of reducing agent concentration

The Pt loadings and percentage of metal loss obtained after deposition using different
hydrazine concentrations are tabulated in Table 2.1. It can be observed that increasing the
concentration of hydrazine from 1.5 to 6 stoichiometric ratio, which corresponded to 50 to
200% excess, increased the metal loss to small extent. Accordingly, metal loading
decreased slightly. Two inferences that may be drawn from the results: i) 50% excess
reducing agent was sufficient, ii) presence of hydrazine molecules in the solution had no
significant hindering effect on deposition of metal ions on the support surface even when

highly excess amount of hydrazine was used.

The metal loading of the N2H4/Pt-6 catalyst, prepared using hydrazine in the highest molar
ratio of 1:6, was 1.9 wt% as obtained from EDX analysis (Table 2.1). This was comparable
to that calculated from AAS (2.01 wt%). Presence of N2 was not detected in any of the
samples. Hence, even if any hydrazine was entrapped during deposition, it was removed
during drying at ~110 °C as boiling point of hydrazine is 114 °C. The XRD profiles of the
catalysts prepared in presence of different concentration of hydrazine were unaffected with
the increase in hydrazine concentration as shown in the Figure 2.5b. No change in the peak
intensities for the support and catalyst samples was observed and thereby suggested that

the metal was in dispersed state.
2.3.2.3 Effect of sequence of reagent addition

The metal loading achieved by changing the sequence of addition of reducing agent and
the metal precursor solution for the prepared catalysts is shown in the Table 2.1. The results
showed that the metal loading was not affected too much by changing the sequence of
addition of reagents. There was only a slight decrease in loading when metal precursor was
added prior to the reducing agent in each cycle. It may be because when Pt precursor was
added prior to hydrazine solution, hydrazine was the limiting reagent and reduction of
platinum ion might have been hindered. On the contrary, when hydrazine was added prior
to platinum solution, hydrazine was present in excess within the pores with respect to Pt
ions. Consequently, an easy reduction and/or deposition of Pt?* and/or Pt® was facilitated.
Hence, introducing the reducing agent prior to the metal precursor to the porous substrate
was favourable. The XRD profiles shown in Figure 2.5¢ confirmed that the deposited metal
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was in well dispersed state on support surface even after changing the sequence of reagent

addition, as no change in the intensity of the peaks was detected for both the catalysts.
2.3.2.4 Comparison of hydrazine and formaldehyde as reducing agents

In addition to hydrazine, the efficiency of formaldehyde as reducing agent was also studied.
The molar ratio of formaldehyde to metal precursor solution was maintained at 50% excess,
same as that used in case of hydrazine. All other conditions were also same as that used for
hydrazine. The comparative results are shown in Table 2.1. Higher Pt loading was obtained
on using hydrazine as the reducing agent in comparison to formaldehyde suggesting greater
metal loss for latter. The hydrazine was thus better and more effective reducing agent than
formaldehyde for platinum based catalysts. Table 2.1 shows that Pt loading obtained by
EDX analysis was (2 wt%) comparable to that obtained by AAS analysis (2.02 wt%).

Figure 2.6 shows the TEM images of platinum catalysts prepared with varying synthesis
parameters. It was observed that the metal particles were well dispersed in all the catalyst
samples. The average particle size was lowest at 2.8 nm, when the precursor concentration
was 500 ppm. It increased to 3.4 nm on increasing the precursor concentration to 3000 ppm.
The lower cluster size of 3.1 nm was obtained when the N2Hs to Pt ratio was kept 6
compared to 3.4 nm when ratio was 1.5. The average metal cluster size was higher (4.2 nm)
on depositing the Pt prior to hydrazine. Further, the Pt reduction by HCHO led to the highest
average metal cluster size of 6.7 nm in comparison to reduction by hydrazine (3.4 nm)
under similar conditions. Table 2.1 illustrates the corresponding metal dispersion for
respective catalysts. The dispersion was calculated using the equation D=1.13/d, where d
is the average metal particle size in nm as determined from TEM analysis [7]. Lower the

metal size, higher was the dispersion of metal.

The above studies showed that all the synthesis parameters had a significant impact not
only on the metal loading but also on metal cluster size. The metal loading increased with
increase in metal precursor concentration with a slight metal loss at the highest precursor
concentration. The 50% excess reducing agent was sufficient to facilitate reduction as well
as considerable metal deposition. It was also observed that it was advantageous to introduce
reducing agent prior to the metal solution to alumina support. The hydrazine was observed
to be more effective than formaldehyde as a reducing agent. Effect of these parameters was

also studied for alumina supported Pd catalysts and reported elsewhere [8]. The results
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obtained for Pd/Al catalyst were almost similar. Pd metal loading increased linearly with
concentration of Pd precursor solution. Loading increased with concentration of reducing
agent up to N2H4/Pd molar ratio of 6, but decreased thereafter. The sequence of reagent
addition affected the metal loading and it was favourable to pass the reducing agent prior
to metal precursor. For Pd/Al catalyst, the study on effect of cycles of deposition showed
that the percentage metal deposition was maximum after the first four cycles. The loading
remained unaffected on increasing the deposition to six cycles and reduced on further

increasing it to eight cycles.

Pt/Al-3000 N2H4/Pt-6

Figure 2.6. TEM images of Pt catalysts prepared by varying the synthesis parameters.

Based on the results discussed above, the Pt/Al was prepared at precursor concentration of
3000 ppm and Pd/Al at 1000 ppm corresponding to 112 umoles of metal loading per gram
of catalyst. The molar ratio of N2H4 to metal precursor was kept 1.5 and 0.75 for Pt/Al and
Pd/Al respectively, which corresponded to 50% excess of reducing agent to metal
precursor. The passage of reducing agent was done prior to Pt/Pd precursor in deposition

cycles.
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2.3.3 Comparison of catalysts synthesized by deposition and impregnation

The physicochemical properties of the monometallic catalysts prepared by electroless
deposition and their performance for butane dehydrogenation reaction were determined and
compared with that of prepared by conventional impregnation method. The comparative
study was done to understand the effect of the modified preparation method on catalyst
properties and their performance in reactions. The detailed analysis is presented in this

section.
2.3.3.1 Effect on physicochemical properties

Table 2.2 compares the metal loading of monometallic Pt and Pd catalysts prepared by
deposition and impregnation methods. For deposited catalysts, the loading of Pt/Al and
Pd/Al were 2.08 and 1.13 wt%, respectively, by AAS. The EDX analysis also showed
similar loading. For impregnated catalysts, loading by EDX were obtained as 2.5 and 1.4
wt%, respectively, for Pt/Al and Pd/Al. The slightly lower loading for deposited catalysts

was due to slight loss of metal during deposition as discussed earlier.

Table 2.2. Metal loading obtained for monometallic catalysts prepared by different methods.

Catalysts Pt loading Pd loading Pt loading Pd loading
AAS AAS EDX EDX
(Wt%) (Wt%) (Wt%) (Wt%)
Pt/Al 2.08 (107) - 2.1 --
Pd/Al -- 1.13 (106) -- 1.1
Pt/Al_WI 2.2 (112) -- 25 --
Pd/Al_WI -- 1.2 (112) -- 1.4

*Values in parenthesis represent the metal loading in umoles g*

Figure 2.7 shows the EDX mapping of Pt and Pd catalysts synthesized by electroless
deposition and impregnation method. As shown by the images, the metal distribution was
more uniform for both the catalysts prepared by electroless deposition method compared
to that prepared by impregnation. In deposition method, the metal precursor was in
dispersed state in solution and directly deposited on support in reduced state in presence of
hydrazine. This might have resulted in less possibility of agglomeration of metals ions
during deposition. However, in case of impregnated catalysts, impregnation of metal

precursor was done in limited solvent condition followed by oxidation at higher
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temperature. Both the steps might have resulted in more clustering of metal atoms on the

support during preparation.

Pd Lal

y 100pm !

Pt Mal _ - Pd Lal

Pt/Al_WI
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Figure 2.7. EDX mapping of monometallic catalysts prepared by different methods.

The core level XPS spectra of Pt (4f) and Pd (3d) region for monometallic Pt and Pd
catalysts prepared by deposition and impregnation are shown in Figure 2.8. Table 2.3
illustrates the binding energies, oxidation states and the relative contents for both Pt and Pd
metals in respective catalysts. For Pt/Al catalyst, the two peaks were obtained at 70.6 and
72.7 eV that corresponded to presence of metallic Pt® and oxidized Pt?* species,
respectively [9]. The Pd/Al catalyst showed two peaks at 335.1 and 336.3 eV in Pd 3ds)2
region corresponding to the presence of Pd® and Pd?* species, respectively [10]. The
concentration ratio of Pt%/Pt** and Pd%/Pd?* in Pt/Al and Pd/Al was 70/30 and 64/36,
respectively. The corresponding impregnated catalysts exhibited peaks at approximately
similar position with a slight variation of 0.1 eV. However, the content of metallic Pt and
Pd was significantly reduced in impregnated catalysts. The concentration ratio of Pt%/Pt>*
and Pd%/Pd?* was 23/77 and 32/68 with dominance of oxidised state in impregnated
catalysts. The dominant presence of oxidized state might have resulted due to final
calcination step. Therefore, it can be concluded that electroless deposition facilitated

reduction of the metal significantly as also evidenced by TPR analysis.
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Table 2.3. Binding energy (B.E.) of Pd (3ds2) and Pt (4f7), oxidation states and their
relative contents in monometallic catalysts prepared by different methods.

Catalysts Pd 3ds;, B.E. Pt 4f7,B.E. Oxidation state ~ Relative content of
respective metal

(eV) (eV) (%)
Pt/Al - 70.6 PtO 64
- 72.7 Pt?* 36
Pd/Al 335.1 - Pd° 70
336.3 - Pd? 30
Pt/Al_ WI 70.7 pPt0 23
72.8 Pt 77
Pd/Al_WI 335.1 - Pd° 32
336.2 - Pd* 68

TH-2633_145121012

The TPR profiles of the alumina support and the catalysts are presented in Figure 2.9. The
alumina did not exhibit any significant reduction up to 550 °C. Beyond this temperature a
very broad peak of very low intensity was observed. For all the catalysts, the reduction

peaks were observed below 550 °C and hence, may be assigned to reduction of metal
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oxides. For Pd, the reduction to metallic state occurs in single step from Pd?* — Pd° state,
while for Pt, the reduction may occur in multiple steps: Pt** — Pt?* — Pt® [11]. The
presence of reduction peaks in the deposited monometallic catalysts may be explained as
follows. Though the deposited catalyst were prepared in reducing environment in presence
of hydrazine, the exposure to atmospheric conditions over time might had resulted in
presence of fraction of both metals in oxidized state. The monometallic catalyst, Pd/Al
exhibited three peaks centered at 90 °C, 160 °C and 340 °C followed by broad shoulder at
400-500 °C. The small reduction peaks appearing at lower temperatures of 90 and 160 °C
corresponded to the reduction of the easily reducible palladium oxide crystallites having
weaker interaction with the support [12]. The major and intense peak appearing at 340 °C
can be assigned to the reduction of relatively small and stable oxide species that are in a
stronger interaction with the support [13]. It is reported that higher the reduction
temperature, stronger is the interaction between metal clusters and support [14]. The higher
metal-support interaction stabilizes the nano clusters deposited on the support and inhibit
them from re-grouping. The peaks were observed for Pt/Al at 196 and 345 °C. The higher
reduction temperature of Pt oxide species suggested stronger interaction with the support.
Pd/Al had a fraction of the Pd oxide nano clusters that were more strongly attached to

support surface as observed by 400-500 °C shoulder.

When the corresponding Pt and Pd catalysts, having similar metal loadings, were prepared
by impregnation method, the low-temperature reduction peaks in the impregnated catalysts
shifted to a further lower temperature with respect to the corresponding deposited catalysts.
The peak appeared at 185 °C for Pt/Al_WI catalyst. For Pd/Al_WI, a negative peak at 60
°C was observed that may be attributed to release of hydrogen due to decomposition of -
phase Pd hydride [15]. It is known that Pd can absorb hydrogen at room temperature to
form palladium hydride [16]. The higher temperature reduction peak was observed in the
temperature range of 300-500 °C for impregnated Pd/Al catalyst. The peak was broader for
impregnated catalyst compared to that observed for deposited Pd catalyst. This suggested
that impregnated catalyst exhibited wide particle size distribution as also evidenced by
respective TEM histograms. Similarly, the reduction peak centered at 370 °C was broader

for Pt/Al_W!I catalyst in comparison to deposited Pt catalyst.
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Figure 2.9. TPR profile of monometallic catalysts prepared by different methods.

The TEM images of the monometallic catalysts and their corresponding metal cluster size
distributions are shown in Figure 2.10. The figure shows relatively homogeneous
distributions of metal particles for catalysts prepared by deposition. The results agreed with
that of the EDX mapping. The average metal cluster size for Pt/Al and Pd/Al catalysts,
were 3.4 and 4.6 nm, respectively. The impregnated Pt and Pd catalysts exhibited a higher
average particle sizes of 5.8 nm and 11.9 nm, respectively. Thus, the metal dispersion
obtained for Pt/Al, Pd/Al, Pt/Al_WI and Pd/Al_W!I catalysts was 33.2, 24.6, 19.5 and 9.5%,
respectively. The lower average cluster size observed for deposited catalysts may be
assigned to the fact that the metals were more in dispersed state during deposition. The in-
situ reduction and deposition of metals in reduced state might have contributed in
deposition of nano clusters. The strong interaction with the support might have further

stabilized them.

For both preparation methods, the average cluster size for Pt was lower than that observed
for Pd catalyst. Since the reduction potential of Pt is higher, Pt is expected to be reduced
and deposited on the surface at a faster rate compared to that of Pd. This might have
generated higher number of nucleation sites on surface in case of Pt deposition.
Consequently, slightly lower growth of metal clusters was observed during deposition of
Pt compared to that for Pd deposition.
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Figure 2.10. TEM images and metal size distribution of monometallic catalysts prepared by
different methods.

Figure 2.11 shows the XRD profiles for the catalysts. AloO3z, used as support, exhibited
peaks at 20 values of 37.6° 45.8°and 66.8° that corresponded to (311), (400) and (440)
phases of y-Al>Os3 [5]. The peaks corresponding to Pd were expected at 40.15° 46.15°,
68.19°, and the peaks for Pt at 39.7°, 47° and 68°[6,17]. Thus, the characteristics peaks
corresponding to both metals were close to the peak positions of y-Al20s. For all the

catalysts no significant variation in intensity or position of these peaks were observed
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compared to that of the support. Hence, it can be suggested that metals were largely in

dispersed state over the support for all the catalysts.
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Figure 2.11. XRD profiles for monometallic catalysts prepared by different methods.

The presence of larger crystallites on support surface, if any, were lower in concentration
and undetectable by XRD. The TEM analysis also showed that for deposited catalysts most
of the metal clusters were below 4 nm, the detectable limit of XRD. For impregnated
catalysts, though the fraction of larger clusters was higher than that of deposited catalysts,
but still the total amount was lower than that can be detected by XRD [18].

2.3.3.2 Dehydrogenation study

Figure 2.12a illustrates the n-butane conversion obtained over all the monometallic
catalysts in the temperature range of 100-600 °C. The time to achieve the steady state was
around 8-10 min and total data collection time was approximately 150 min for procuring
one data set of each catalyst. The conversion of n-butane steadily increased with an increase
in the reaction temperature for all the catalysts. None of the catalyst showed conversion at
100 °C. The conversion picked up for the Pt/Al catalyst from 6.5% to 11.5% on raising the
temperature from 200 to 450 °C. In the same temperature range for Pd/Al the conversion
increased from 2.5 to 9.3%. Thus, Pt/Al catalyst exhibited higher activity in comparison to
Pd/Al catalyst up to temperature of 500 °C. As the temperature increased, difference in
activity diminished. At 550 °C, both the monometallic catalysts showed similar activity.
Thereafter, the activity of Pt/Al started to decrease but that of Pd/Al continued to increase.
The conversion was reduced from 18.4 at 550 °C to 16.3% at 600 °C for Pt/Al catalyst. In
case of Pd/Al, the conversion of 17.9% at 550 °C increased to 21.1% at 600 °C. The results
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showed that the Pd/Al catalyst was active at higher temperatures beyond 450 °C. This
suggested that the energy barrier for dehydrogenation was higher on Pd sites compared to
that on Pt sites. The higher energy barrier for Pd sites might have resulted from the lower

interaction tendency of Pd towards hydrocarbons [19].

The impregnated Pd/Al_W!I catalyst did not exhibit any conversion up to 300 °C however,
the conversion increased significantly from 9.4% at 400 °C to 13.5% at 550 °C. On the
contrary, Pt/Al showed 1-3% conversion at low temperature of 200-300 °C that increased
sharply to 8.3% at 400 °C. Thereafter conversion steadily increased to 14.4% for Pt/Al_WI
catalyst at 550 °C that decreased to 10% on raising the temperature to 600 °C. Likewise,
the fall in conversion values from 14 to 11.9% at 600 °C was also observed for Pd/Al_WI
catalyst. The overall conversion trend obtained at 550 °C was Pt/Al (18.4%) > Pd/Al
(17.9%) > Pt/Al_WI (14.4%) > Pd/Al_W!I (13.6%). The corresponding TOF obtained for
all the catalysts followed the similar trend as: Pt/Al (0.44 s™*) > Pd/Al (0.43 s1) > Pt/Al_WI
(0.37 s1) > Pd/Al_WI (0.35 s) at the reaction temperature of 550 °C.
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Figure 2.12. (a) Butane conversion profiles, (b) product distribution at 550 °C and (c) total
butene yield at 550 °C obtained over monometallic catalysts prepared by different methods.
Reaction conditions: Temperature = 100 - 600 °C, pressure = 1 atm, flow rate = 100 mL min"
1 (C4H10:H2:N2 = 1:3:6), catalyst mass (W) = 0.25 g.
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The TOF for other reported monometallic catalysts was observed to be in the range of 0.1
— 0.5 s, Deng et al. (2018) reported the TOF value of 0.1 s per total Pt at the start of
catalytic run over monometallic Pt/SiO, catalyst for butane dehydrogenation. Further,
Miguel et al. (2018) studied butane dehydrogenation over Pt/E-Mg-CN2 catalyst that gave
a TOF value of 0.54 s%. In another work, Miguel et al. (2019) obtained a TOF value of 0.38

st for dehydrogenation of butane over Sp-Zn-C supported monometallic Pt catalyst.

The overall selectivity towards the different products obtained over monometallic catalysts
during n-butane dehydrogenation at 550 °C is summarized in Table 2.4. The lower
hydrocarbons (C1-C3) were produced in addition to desired product of butenes. The C1—C3
compounds included methane, ethane, ethylene, propane, and propylene (Appendix G). For
the deposited catalysts, Pd/Al exhibited higher selectivity towards overall butene formation
(>90%) compared to Pt/Al (82%). The Pt/Al thus had a greater affinity towards the
formation of C1-Cs products (18%) in comparison to that shown by Pd/Al catalyst (~9%).
In comparison to deposited catalysts, impregnated catalysts exhibited considerably lower
butene selectivity due to high selectivity towards cracked product formation. The
impregnated Pt/Al_WI catalyst exhibited almost 50% selectivity towards C1-Cz products
which was closely followed by Pd/Al_W!1 catalyst with 43.7% selectivity.

Table 2.4. Catalytic performance of monometallic catalysts for n-butane dehydrogenation
[reaction temp. = 550 °C, gas ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalysts  Conversion TOF Selectivity
(%) (s (%)
Iso- 1- T-2- C-2- Total C:-Cs
butene butene  butene  butene Butene

Pt/Al 18.4 0.44 19.6 22.7 22.1 17.9 82.3 17.7
Pd/Al 17.9 0.43 13.9 19.6 32.8 24.2 90.5 9.5
Pt/AlL_WI 14.4 0.37 145 10.7 13.9 114 50.5 49.5
Pd/Al_WI 13.5 0.35 12.2 13.2 17.3 13.6 56.3 43.7

For all the catalysts, all the isomers, iso-butene as well as cis and trans 2-butenes, were
obtained. Figure 2.12b shows the selectivity of the butene isomers over all the catalysts at
550 °C. The Pt/Al showed higher selectivity for 1-butene, while Pd/Al showed higher
selectivity for 2-butenes. Pt/Al catalyst showed 22.7% and 19.6% selectivity for 1-butene
and isobutene respectively and the corresponding values were 19.6 and 13.9 % for Pd/Al.
The Pd/Al catalyst exhibited 57% selectivity for 2 butenes (33% trans-2-butene and 24%
cis-2-butenes) compared to 40% shown by Pt/Al catalyst (22% trans-2-butene and 18% cis-
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2-butenes). A drastically reduced selectivity towards 2-butenes, 24% and 30% respectively,
were obtained over Pt/Al_WI and Pd/Al_WI catalysts. Also, the 1-butene selectivity
dropped to mere 10.7 and 13.2% for impregnated Pt and Pd catalysts, respectively.

The total butene yield was calculated for all the catalysts as product of conversion and
selectivity (Eq. 2.8) and shown in Figure 2.12c. The deposited Pt and Pd catalysts exhibited
higher butene yields of 15.1 and 16.2%, respectively, in comparison to corresponding
impregnated Pt (7.3%) and Pd (7.6%) catalysts.

The Table 2.5 shows the initial conversion and final conversion of butane after 10 h of
process time at 550 °C, over Pt and Pd catalysts. The deactivation parameter of the catalyst
was calculated from initial and final conversion values of the catalyst (Eg. 2.9). The initial
conversion corresponded to the point when temperature reached and stabilized at 550 °C.
Thereafter, conversion of butane was determined for every one hour. All the monometallic
catalysts suffered deactivation and lost their activity significantly by the end of 10 h,
irrespective of the preparation method used. However, deposited catalysts were slightly
more stable compared to impregnated monometallic catalysts. The corresponding percent
deactivation calculated was as follows: Pd/Al (74%) > Pt/Al (75%) > Pd/Al_WI (79.5%) >
Pt/Al_WI (81%). From the trend obtained, it can also be observed that the deactivation was

slightly higher for Pt based catalysts compared to Pd catalysts for same preparation method.

Table 2.5. Deactivation data obtained for monometallic catalysts prepared by different

methods.
Catalysts Initial Conversion Final Conversion  Deactivation
(%) (%) (D%)
Pt/Al 19.7 4.9 75
Pd/Al 20.3 5.1 74
Pt/AL_WI 14.9 2.8 81
Pd/Al_WI 14.7 3.0 79.5

Hence, it can be concluded that catalysts prepared by deposition method were more active
but inhibited the cracked product formation, thereby increasing the selectivity towards
butene. As revealed by EDX mapping and TEM analysis, the low average particle size and
hence enhanced metal dispersion in deposited catalysts might have resulted in their higher

activity. The deposition method also facilitated reduction of metals on the support surface
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and stronger metal-support interaction as evidenced by TPR and XPS analysis. These might

have also contributed to its enhanced activity as well as stability during reaction.

Dehydrogenation was observed to be favoured by lower cluster size, while the higher
cracking tendency in impregnated catalysts could be related with higher cluster size of the
deposited metals. For a constant metal loading, when active metal was highly dispersed in
a catalyst with lower metal cluster size, the availability of exposed support surface
containing the stronger acid sites was comparatively less. Thus, the probability of formation
of cracked products was reduced for catalysts with higher metal dispersion. Further, when
the cluster size was larger, then the probability of interaction of primary products with
additional neighbouring metal sites might have increased and contributed to occurrence of
secondary reactions which led to formation of coke precursor compounds along with Ci-
Cs hydrocarbons, thereby reducing the butene selectivity [20]. The deactivation pattern
obtained was closely related to the amount of coke formed during reaction. The coke
deposition was in the range of 0.8 — 1.2 wt% for deposited catalysts, while it was
significantly higher in the range of 2.5 — 4 wt% for impregnated catalysts. Thus, the coke
deposition was slightly inhibited on the deposited catalysts with enhanced metal dispersion
which led to higher activity and slightly improved stability in comparison to the

impregnated catalysts.

24 Summary

This study showed that the preparation parameters of modified deposition method, such as
metal precursor concentration, reducing agent concentration, reducing agent type etc., had
significant effect not only on the metal loading but also on metal cluster size and hence on
metal dispersion. The Pt loading on the catalysts increased from 0.37 to 2.12 wt% and
average metal cluster size increased from 2.8 to 3.4 nm with the increase in metal precursor
concentration from 500 to 3000 ppm. The use of 50% excess reducing agent was observed
to be sufficient to facilitate reduction as well as considerable metal deposition. It was also
observed that it was advantageous to introduce reducing agent prior to the metal solution
to alumina support. The average metal cluster size was higher on depositing the Pt prior to
hydrazine. The use of hydrazine as reducing agent gave higher metal deposition but lower

metal cluster size compared to when formaldehyde was used as the reducing agent.
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The average metal cluster size for Pt was lower than that of Pd irrespective of preparation
method. The average metal cluster size for deposited catalysts was lower than
corresponding catalysts prepared by impregnation. At lower temperature range Pt/Al
showed higher activity while Pd/Al was more active at temperature above 550 °C. The
overall conversion trend obtained at 550 °C was Pt/Al (18.4%) > Pd/Al (17.9%) > Pt/Al_WI
(14.4%) > Pd/Al_WI (13.6%). The higher activity of Pt/Al catalyst may be explained by its
higher metal dispersion. The Pd/Al exhibited higher selectivity towards overall butene
formation (>90%) compared to Pt/Al (82%). The preferential formation of cracked
products might have caused deactivation of Pt/Al at higher temperature. In comparison to
deposited catalysts, impregnated catalysts exhibited higher selectivity (40-50 %) towards
cracked product formation leading to their faster deactivation. The corresponding percent
deactivation calculated was as follows: Pd/Al (74%) < Pt/Al (75%) < Pd/Al_WI (79.5%) <
PYAL_WI (81%).
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SUPPORTED MONOMETALLIC CATALYSTS:
EFFECT OF SURFACTANTS
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In this chapter, alumina supported palladium catalysts were prepared by modified
electroless deposition in presence of surfactants and their performance was significantly
improved compared to that prepared in absence of surfactants. Depending on the type of
surfactant, loading and morphology of deposited palladium varied. Both anionic (Sodium
dodecyl sulphate) and non-ionic (Tween 20) surfactants were observed to be most effective
in dispersing the metals support surface. The conversion of butane and selectivity to butene

was observed to be function of size of deposited Pd cluster.
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Surfactant assisted deposition; Palladium; Enhanced dispersion; Butane dehydrogenation
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3.1 Introduction

Electroless deposition as observed in Chapter 2 was very effective in preparation of well
dispersed metal clusters on support surface compared to that of catalysts prepared by
conventional impregnation process. The high metal dispersion for deposited catalysts
resulted in comparatively higher catalytic activity to that of impregnated Pd catalysts. In
this chapter, the effect of addition of surfactant as dispersing agent in metal precursor
solution was investigated. The palladium was investigated as the base catalytic agent for n-
butane dehydrogenation, as its precursor cost is lower than that of Pt. The surfactants were

used to control the crystal growth of Pd clusters on support surface.

Surfactants are widely used in synthesis of structured metal nanoparticles by bulk reduction
[1,2]. Shape directing and size limiting properties of different classes of surfactants during
metal nanoparticle synthesis have been explored in multiple works [3,4]. Details have been
discussed in Chapter 1. Coupling these properties of surfactants with an efficient metal

particle deposition method can yield a highly dispersed catalyst.

In this study, the effects of different classes of surfactants on properties of deposited metal
clusters on support surface have been investigated. The effect of anionic, cationic and non-
ionic  surfactants was studied wusing sodium dodecyl sulphate (SDS),
cetyltrimethylammonium bromide (CTAB) and polyoxyethylene (20) sorbitan
monolaurate (Tween 20), respectively. SDS consists of a 12-carbon tail attached to a
sulphate group and the interaction of Pd cations with anionic head groups of SDS is likely
to be highest as they both possess opposite charges. CTAB consists of a 16 carbon tail
attached to a quaternary ammonium group which ionises by releasing a bromide counter
ion in aqueous solution, resulting in a quaternary ammonium cation head group. However,
in case of non-ionic surfactant Tween 20, palladium ions may interact with the surfactant
monomer at multiple sites (carbonyl, ether and hydroxyl groups) unlike in case of SDS and
CTAB (Figure A3, Appendix C). Details of the properties of used surfactant are given in
Appendix C.
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3.2  Experimental
3.2.1 Preparation of surfactant modified catalysts

Alumina was prepared from aluminium nitrate by precipitation as discussed in section 2.2.2
of Chapter 2. The Pd/Al>O3 catalysts were prepared with a target loading of 1.2 wt% by
electroless deposition method using hydrazine as a reducing agent as discussed earlier in
section 2.2.3 of Chapter 2. The surfactant modified Pd catalysts were also prepared by
deposition method. The required amount of surfactant was directly added to 40 mL of metal
precursor solution and stirred for 10 min. The mixture solution was used for subsequent
deposition. The surfactant amount corresponded to CMC of respective surfactant as it gave

highest metal dispersion as reported in earlier work done in our laboratory [5].

The effect of anionic, cationic and non-ionic surfactants was studied using Sodium dodecyl
sulfate (SDS, Merck), Cetyl trimethylammonium bromide (CTAB, SRL) and
Polyoxyethylene 20 sorbitan monolaurate (Tween 20, Merck), respectively. The deposited
catalysts modified by SDS, Tween 20 and CTAB surfactant are referred to as Pd/Al-S;,
Pd/Al-T1 and Pd/AI-C, respectively. The other steps were same as described for
preparation of Pd/Al catalyst. To compare the performance of the catalysts prepared by
deposition method in absence and presence of surfactant, a reference catalyst was prepared
by conventional impregnation method with 1.2 wt% Pd metal loading as described in
Chapter 2, section 2.2.3. The target loading of the impregnated catalyst was kept same to
that prepared by deposition method. The catalyst prepared by conventional impregnation

technique is referred as Pd/Al_W1 in the text.
3.2.2 Catalyst characterization

The physicochemical properties of the prepared catalysts were determined using EDX
analysis, BET surface area, Temperature Programmed Reduction (TPR), Transmission
Electron Microscopy (TEM), X-ray Diffraction (XRD), FTIR spectroscopy, Temperature-
programmed desorption (TPD) of ammonia. The details of the characterization methods

are already discussed in section 2.2.4 in Chapter 2.
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3.2.3 Dehydrogenation tests

The dehydrogenation of butane was performed in a fixed-bed down-flow using 0.25 g of
catalyst. The temperature range was varied as 100 — 600 °C. The feed gas consisted of
butane, hydrogen and nitrogen in a volumetric ratio of 1:3:6 introduced at a total flow rate
of 100 mL mint, The experimental details are included in section 2.2.5 in Chapter 2.

3.3 Results and discussion
3.3.1 Effect on physicochemical properties

Table 3.1 shows the actual Pd loading of the catalysts prepared in absence and presence of
different surfactants. The palladium loading was determined by EDX analysis and ranged

between 0.9 - 1.1 wt% for the catalysts prepared in presence of surfactants.

Table 3.1. Physical properties of catalysts prepared with and without surfactants.

Catalysts Pd loading? BET surface Pore volume Average pore
(Wt%) (m? g (ccg?) ~(nm)
Pd/Al_WI 1.6 162 0.364 7.33
Pd/Al 1.3 173 0.315 6.00
Pd/Al-S; 1.1 179 0.293 5.80
Pd/Al-T, 1.1 175 0.276 5.57
Pd/Al-Cy 0.9 165 0.354 6.26

apd loading was determined by EDX analysis

The EDX spectra and EDX mapping of the catalysts synthesized by impregnation and
surfactant assisted deposition method are included in Appendix D and E, respectively. On
comparison of the images for Pd/Al-S; and Pd/Al_WI samples, higher agglomeration of
metals can be observed for the latter. For Pd/Al-S;, Pd metal was more uniformly
distributed suggesting better dispersion of the metal over the surface. For samples prepared
by surfactant assisted deposition, smaller metal ion clusters were deposited on the surface
of the support due to interaction of the metal ions with the surfactant in the solution. This
resulted in stronger interactions between support and the deposited metal, further

stabilizing the nano metal clusters and increasing the final metal dispersion.

The nitrogen adsorption-desorption isotherms and pore size distributions of the support and

the catalysts are compared in Figure 3.1. The N2 adsorption-desorption isotherm of the
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catalysts was similar to that of alumina irrespective of preparation method but with
reduction in total volume of nitrogen adsorbed. Accordingly, surface area of all the catalysts
was lower than that of the support. Pd/Al-S; catalyst exhibited the highest surface area of
179 m?g~! among all the catalysts followed by Pd/AI-T1 (175 m? g ) and Pd/Al (173 m?
g ). The other surfactant based catalyst Pd/Al-C:1 however exhibited a slightly lower
surface area of 165 m? g 1. The catalyst prepared by impregnation method also had a lower

surface area of 162 m? gL, Table 3.1 summarizes the physical properties of the prepared

catalysts.
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Figure 3.1. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size distribution
of Al,Oszsupport and catalysts prepared with and without surfactants.

For the support, the pore size was in the range of 2-17 nm. The catalysts showed a shift in
pore size distribution with decrease in average pore size compared to that of Al.Os support
(7.7 nm). The Pd/Al and Pd/ Al-C catalysts showed an average pore size of 6 and 6.3 nm,
while average pore size of Pd/Al-T1and Pd/Al-S; was further lowered to 5.6 and 5.8 nm,
respectively. No micropores were observed in any of the samples. The pore volume
obtained for all the catalysts prepared by deposition method ranged between 0.28 and 0.35
cc g. The impregnated Pd/Al_WI catalyst exhibited a broader pore size distribution and
average pore diameter of 7.3 nm approximately similar to that of alumina support.

Figure 3.2 shows the TEM images of all the catalyst samples. All the images showed
dispersed metals on the support. Darker part represented the metal clusters. As can be
observed from the images, the metal distribution on the surface varied with the catalysts

preparation method.
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Figure 3.2. TEM images and metal size distribution of catalysts prepared by (a) impregnation;
(b) electroless deposition in absence of surfactant and (c, d & e) presence of surfactant.
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The corresponding size distribution of palladium metal clusters on catalyst surface was
determined from TEM images using Image J software. The respective size distribution has
been also included in Figure 3.2. The Pd/Al_W!I catalyst prepared by impregnation showed
the densest distribution of metals and accordingly had the highest average metal cluster size
of 11.89 nm. All the catalysts prepared by electroless deposition method gave lower cluster
size in comparison to impregnated catalyst. The use of surfactant was observed to further
lower the average size of metal clusters. Catalyst Pd/Al, prepared by deposition gave an
average cluster size of 4.6 nm while catalysts Pd/Al-T1 and Pd/Al-S; prepared in presence
of surfactant had an average cluster size of 1.89 and 1.18 nm, respectively. The catalyst
prepared with CTAB surfactant exhibited an average cluster size of 4.14 nm. The
corresponding dispersion of metals for the catalysts calculated from average cluster size
are in the order of Pd/AI-S: (95.8%) > Pd/Al-T:1 (59.8%) > Pd/AI-C; (27.3%) > Pd/Al
(24.6%) > Pd/Al_WI (9.5%).

These results agreed with the previous cluster size study in solution where SDS was
observed to be the most efficient in dispersing Pd agglomerates in solution followed by
Tween 20 [5]. This suggested that better dispersion in solution facilitated higher dispersion
of deposited metal on the support. It was also observed in previous study that the CTAB
surfactant failed to show any significant dispersion effect on agglomerates of metal ions in
the solution [5]. Accordingly, minimal dispersion effect was observed on deposition of
metal on support surface in presence of CTAB. The Pd/Al-C; showed an average metal
cluster size close to that of Pd/Al catalyst. The significantly lower size of metal cluster for
deposited catalyst compared to that of impregnated catalyst can be attributed to the

preparation method which promoted metal dispersion as explained above.

Reduction in metal cluster size for catalysts prepared by surfactant assisted deposition
method may be attributed to lowering of cluster size in metal precursor solution which
facilitated deposition of lower metal entity on the surface. In addition, lowering of surface
tension in presence of surfactant may have contributed to deposition of highly dispersed
metal on the support. The lowering of surface tension with addition of surfactant facilitated
lowering of metal cluster size on surface by either or combination of following phenomena:
(1) increased substrate wettability (2) adsorption and growth inhibition of grains by
surfactant monomers (3) restriction of electrochemical Ostwald ripening of deposited
nanoparticles [6,7]. In case of a highly porous substrate like y-alumina, efficiency of
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deposition inside nano pores depends upon the wettability of substrate. Surface or interface
tension of a liquid is inversely proportional to the concentration of surfactant in
concentration ranges below critical micelle concentration (CMC) and stays constant
beyond the CMC [8]. Hence, for the prepared catalysts the surface tension was close to the
minimum, favouring rapid spreading of the precursor solution on the support. This ensured
better and faster contact of metal with the substrate and further reduced the probability of
agglomeration of particles on support surface. The lowering of surface tension also
restricted electrochemical Ostwald ripening of deposited nanoparticles. Lower surface

tension increased the stability of smaller nanoparticles [9].

The XRD patterns for the catalysts prepared using different surfactants are shown in Figure
3.3a. For none of the catalysts any variation in the peak intensity compared to y-Al.O3
peaks was observed, neither any peaks due to Pd metal were detected in any of the profiles.
This suggested that the deposited Pd metal was in a well dispersed state over the support

and had not formed any detectable crystals as also observed and discussed in Chapter 2.
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Figure 3.3. (a) XRD spectra of catalysts prepared in presence of different surfactants during
electroless deposition; (b) FTIR spectra of alumina and Pd/Al catalyst after pyridine
adsorption (L: Py bonded to Lewis acid sites; C: Coordinative bound pyridine; B: Py bonded
to Bronsted acid sites).

The FT-IR spectra of support and Pd/Al catalyst after pyridine adsorption on acidic sites
are shown in Figure 3.3b. Alumina exhibited high intensity peaks at 1450 and 1620 cm™
that may be ascribed to pyridine coordinated to Lewis acid sites [10]. The peak appearing
at 1637 cm™* may be attributed to pyridine bound to Brgnsted acid sites [11]. It can be

observed that the intensity of both the peaks attributed to Lewis and Brgnsted acid sites
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decreased after the addition of metal. The decrease in the acidic sites may be attributed to

the coverage or blocking of acidic sites due to deposition of metal on the alumina surface.
3.3.2 Dehydrogenation study

Figure 3.4a compares the conversion of n-butane over all the catalysts in the temperature
range of 100 — 600 °C. The performance of conventionally impregnated catalyst
Pd/Al_WI was also determined. The catalyst prepared by deposition method, Pd/Al
exhibited conversion at temperature as low as 200 °C. Thereafter, conversion increased
steadily with temperature and highest conversion was obtained as 21.1 % at 600 °C, the
highest temperature studied. The corresponding turnover frequency was 0.51 s that was

calculated from total moles of reactant converted per mole of total metal per unit time.
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Figure 3.4. (a) Butane conversion (b) product selectivity at different temperatures for all
catalysts.

When the catalysts were prepared in presence of surfactants, as in Pd/Al-S; and Pd/Al-
Ty, both the catalysts showed higher activity compared to that of Pd/Al in entire
temperature range studied. Conversion of 2-4% was observed even at 100 °C for
catalysts prepared in presence of surfactant. The conversion for both the catalysts
increased further with temperature maintaining the higher conversion compared to that
of Pd/Al catalyst. The highest conversion of 33.1 % was observed for Pd/Al-S; followed
by 26.2% for Pd/Al-T1 at 600 °C. Thus, the anionic surfactant modified catalyst was
more active compared to the catalyst prepared in presence of non-ionic surfactant. The

effect was more prominent at higher temperature beyond 500 °C. In comparison, the
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conventionally prepared Pd/Al_WI catalyst showed significant activity only after 300
°C. The activity picked up thereafter giving highest conversion of 14% at 525 °C. The

conversion dropped to 12% on further increasing the temperature to 600 °C.

The results showed that in terms of conversion the catalyst prepared by electroless
deposition showed better results compared to that by conventional impregnated catalyst.
When surfactant was used during preparation of catalysts during electroless deposition
the conversion was further improved drastically. Table 3.2 summarizes the catalytic
activity of the catalysts in terms of conversion and turnover frequency at 550 °C. The
activity in terms of the TOF values of the catalysts at 550 °C are in the order of Pd/Al-
S1(0.79 s1) > Pd/Al-T1 (0.64 s1) > Pd/Al (0.46 s) > Pd/Al_WI (0.31 s7).

Table 3.2. Conversion and product selectivity for n-butane dehydrogenation over all catalysts
[Reaction temperature: 550 °C, Feed ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalysts Conversion TOF Selectivity
(%) (s (%)
Ci-Cs Butenes
Pd/Al_WI 13.5 0.31 43.7 56.3
Pd/Al 17.9 0.46 9.5 90.5
Pd/Al-S; 28.9 0.79 0.4 99.6
Pd/AI-T, 24.8 0.64 0.7 99.3

The considerable enhancement in conversion achieved by catalysts synthesized employing
anionic and non-ionic surfactants can be attributed to their enhanced metal dispersion as
observed from their lower average size of metal cluster compared to that observed for Pd/Al
catalyst, prepared without using surfactant. The plot of conversion as function of the size
of the deposited metal clusters for different catalysts (Figure 3.5a) showed that conversion
increased with decreasing metal cluster size. The Pd/AI-S; catalysts prepared in presence
of anionic surfactant, having lowest metal cluster size of 1.18 nm, showed the highest
activity followed by that of Pd/Al-T1, which was prepared in presence of non-ionic
surfactant with second lowest metal cluster size of 1.89 nm. The conventionally prepared
catalyst Pd/Al_WI, with highest metal cluster size (11.9 nm), exhibited least activity.
Similar results have been reported correlating the enhancement in conversion with better

metal dispersion and decreasing particle size [12,13].
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Figure 3.5. (a) Butane conversion and (b) product selectivity as a function of Pd particle size
at 550 °C.

C1-C3 hydrocarbons and butenes were the main products obtained during the
dehydrogenation reactions. The Ci1-Cz products included methane, ethane, ethylene,
propane and propylene (Appendix G). These were reported to be produced by C-C bond
cleavage [14]. Figure 3.4b shows the overall selectivity of the catalysts towards C1-C3
products and butenes in the temperature range of 500 — 600 °C. The Pd/Al catalyst showed
high butene selectivity of ~90%. For catalysts synthesized using surfactant, the butene
selectivity was further improved; Pd/Al-S;: and Pd/Al-Ty1 exhibited over 99% selectivity
towards butenes with negligible formation of cracked products in the temperature range of
525-550 °C. In the same temperature range, the impregnated catalyst showed the lowest
selectivity for butenes (56%) and the highest selectivity for C1-Cs products (44%). In the
temperature range of 500 °C to 550 °C, there was only slight change in selectivity profiles
for all the catalysts. However, at higher temperature of 600 °C selectivity of C1-Cs products
increased significantly for all the catalysts with drop in selectivity of butenes. Higher
temperatures have been reported to promote C-C cleavage and formation of corresponding
C1-Cs products [15].

Comparing the selectivity of the catalysts, the cluster size of metal on the support also
seemed to have played an important role on determining the selectivity patterns of products.
The Figure 3.5b correlates the product selectivity of the catalysts at 550 °C with the metal
cluster sizes on the support of different catalysts. Catalysts with higher cluster size of metal
on support were observed to favour cracking whereas those with lower cluster sizes

favoured dehydrogenation. At similar metal loading, for highly dispersed catalyst with
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lower metal cluster size, there was less availability of exposed support surface containing
the stronger acid sites that are reported to favour cracking [14]. Thereby, the probability of
formation of C1-Cs products was reduced for catalysts with higher metal dispersion.

In addition, the larger metal cluster size might also have directly facilitated the secondary
reactions leading to formation of coke precursors along with C1-C3 hydrocarbons, thereby
again reducing the butene selectivity [16]. When the cluster size was larger, then the
probability of interaction of primary products with additional neighbouring metal sites
might have increased and contributed to occurrence of secondary reactions which led to
formation of coke precursor compounds. At the same time, primary as well as secondary
products forming at different stages may migrate to the exposed support surface, higher for
larger metal cluster, and may undergo further condensation and polymerization reactions
leading to coke deposition [16]. The secondary reactions leading to coke formation are

promoted by stronger acidic sites of the supports in comparison to active metal sites [17].

Figure 3.6a illustrates the yield of different products obtained at 550 °C. The percentage
yield obtained for the targeted products i.e. butenes was much higher for the catalysts
prepared in presence of surfactant due to higher conversion and more than 99% selectivity
(Table 3.2). Pd/AI-S; and Pd/Al-T1 showed the maximum yield of 23% and 22%,
respectively, at 550 °C. The Pd/Al catalyst prepared without presence of surfactant
exhibited a lower yield of 16%. However, all the catalysts prepared by electroless
deposition showed better yield in comparison to catalyst prepared by conventional
impregnation method (7%). Lowest conversion and butene selectivity resulted in lowest

yield of butenes for the impregnated catalyst.

The major problem associated with all the processes involving reactions of hydrocarbon is
deactivation of catalyst. The deactivation mainly results from the deposition of coke or
condensed products on the surface of the catalyst covering its active sites. The stability of
the catalyst is measured in terms of conversion as a function of time on stream. For this
study, the conversion was determined as function of time at 550 °C for 10 h as shown in
Figure 3.6b. The deactivation parameter of the catalyst was calculated from initial and final
conversion values of the catalyst as given by the Eq. 2.9 given in experimental section 2.2.5
of Chapter 2. The initial conversion corresponded to the point when temperature reached

and stabilized at 550 °C, which took approximately 50 min from start of heating of the
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catalysts. Thereafter, every one hour the products were analysed to calculate the

conversion.
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Figure 3.6. (a) Butene yield obtained at different temperatures and (b) Stability tests of
different catalysts at 550 °C during butane dehydrogenation reaction.

The catalysts prepared in presence of surfactant exhibited greater stability in comparison
to Pd/Al catalyst prepared in absence of surfactant. The Pd/Al-S; catalyst showed the higher
activity compared to Pd/Al-T1 over the entire range of time on stream. However, with
respect to the initial activity, the drop in conversion was more for Pd/Al-S; catalyst
compared to that for Pd/Al-T; catalyst. The Pd/Al-S; initially showed 33.1% conversion
that reduced to 18.6% after 10 h whereas, Pd/Al-T, catalyst showed lower initial conversion
value of 26% which dropped to 16.5% after 10 h of operation. This corresponded to 43.7
and 36% deactivation for Pd/Al-S; and Pd/Al-T; catalysts, respectively. The Pd/Al catalyst
showed an initial conversion of 20% that reduced to 5% at the end of 10 h of operation.
The Pd/Al_WI catalyst, prepared by impregnation method, lost its activity drastically from
15 to 3% conversion over same time period of 10 h. This corresponded to 80% overall
deactivation for impregnated catalyst compared to 75% for Pd/Al catalyst prepared by
deposition. Hence, the stability of the catalysts was improved when prepared by electroless
deposition and was further enhanced by presence of surfactant during the process. The
order of deactivation of the catalysts during butane conversion for 10 h reaction is: Pd/Al-
T1 (36%) > Pd/AI-S1 (43.7%)> Pd/Al (75%) > Pd/Al_WI1 (80%).

As it has been discussed earlier, the cracking, polymerization and condensation reactions
were responsible for formation and deposition of coke and condensed products leading to

deactivation of the dehydrogenation catalysts [18]. The deactivation trend of the catalysts
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agreed well with their product selectivity pattern as shown in the Figure 3.4b. The catalysts
prepared in presence of surfactants, Pd/Al-T1 and Pd/AI-S;, which had the highest
dispersion of the catalysts (thus lowest metal cluster size), exhibited the lowest selectivity
towards Ci:-Cz hydrocarbons and highest stability or least deactivation. In contrast,
impregnated catalyst, which had largest metal cluster size, showed the highest yield of

cracked products and least stability.

The higher activity of anionic surfactant modified catalyst, Pd/Al-Si1, compared to the
catalyst prepared in presence of non-ionic surfactant, Pd/Al-T1, at higher temperature
beyond 500 °C may be explained on basis of their metal cluster size and selectivity pattern.
From Table 3.2, it can be observed that the selectivity of Pd/Al-T1 was slightly higher for
cracked products compared to that of Pd/Al-S;. This can be explained based on the size
effect of the metal cluster. The slightly higher cluster size for Pd/Al-T; catalyst compared
to that of Pd/Al-S;, as observed from TEM analysis, might have resulted in less coverage
of surface acid sites for former, resulting in more cracked products as can be observed from
Figure 3.4b. Since the highly endothermic cracking reactions are favoured more at higher
temperatures, the effect of deactivation by cracking was observed mainly at higher
temperatures resulting in lower activity for Pd/Al-T1 compared to that of Pd/Al-S; catalyst.
However, the difference in cluster size or selectivity was small hence the deactivation by
cracking reactions was also small resulting in only slightly higher activity for Pd/Al-S;

compared to that of Pd/Al-T; at higher temperature.

3.4  Summary

An efficient method of catalyst preparation was established involving modified electroless
deposition of metal in presence of surfactant that increased metal dispersion on the porous
support significantly. The presence of anionic (SDS) and non-ionic (Tween 20) surfactants
during deposition resulted in the most effective reduction of size of metal clusters deposited
on support surface. Average metal cluster size obtained for catalysts prepared by
impregnation, deposition and surfactant assisted deposition method were 11.89, 4.6 and
1.18 nm, respectively. The catalysts prepared in presence of surfactant by deposition
exhibited the highest catalytic activity. Pd/Al-S; catalyst with the highest metal dispersion
showed the best catalytic performance with a conversion of 33% at 600 °C and 99.7%

selectivity towards butenes at 550 °C, followed by Pd/Al-T1 with 25% conversion and over

TH-2633_145121012 68



Surfactant Modified Catalysts

99% butene selectivity. The conversion and butene selectivity were observed to be function

of deposited Pd cluster size. The conversion increased with the decreasing particle size.

The SDS surfactant assisted prepared catalyst having the lowest metal size (1.18 nm)

showed the highest activity while conventionally prepared catalyst with the highest metal

particle size (11.89 nm) exhibited least activity. Catalysts with higher cluster sizes of Pd on

support were observed to favour cracking whereas those with lower metal cluster sizes

favoured butene formation. Thus, it can be concluded that surfactant assisted deposition

method of catalyst preparation improved the performance of the catalysts.
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Chapter 4

SUPPORTED Pd CATALYSTS:
EFFECT OF PROMOTERS
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This chapter discusses the synthesis of Ni, Cu and Ag promoted palladium catalysts which
were tested for butane dehydrogenation reactions. The catalysts were prepared by modified
electroless co-deposition of metals on alumina support. The co-deposition of 10 mol%
promoters along with palladium effectively increased the catalytic activity and butene
yield. The extent of enhancement depended on type of the promoter metal. The effect of
Cu content on Pd catalysts was also investigated by varying the copper loading as 5, 10 and
20 mol%.

Keywords

Supported palladium; Ni/Cu/Ag Promoter; Butane dehydrogenation
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4.1 Introduction

In previous chapters, monometallic Pd based catalysts showed better butene selectivity and
stability during butane dehydrogenation. To further increase the efficiency of Pd catalysts,
the effect of addition of promoters was investigated. It has been reported that on addition
of promoter, the resultant alloy or inter-metallic species exhibited superior catalytic activity
in comparison to the monometallic catalysts [1]. The promoters suppress metal sintering
and inhibit side reactions such as coking or hydrogenolysis [2]. The effects of promoters
such as Sn (most widely used), Zn, K, Pb or In have been investigated but mainly with Pt
based catalysts [3-6]. Limited studies have been also reported on Ni, Cu, or Ag as promoters
in dehydrogenation process [2,7-9]. Copper was reported to have a geometric effect on Pt
thus leading to high selectivity during dehydrogenation. Ma et al. [2] reported that the
incorporation of Cu to Pt increased the propene selectivity from 61 to 96% at 20% propane
conversion. Lee et al. [7] demonstrated that the Cu addition to Pt catalyst led to significant
improvement in selectivity from 40 to 73% thereby, enhancing the propene yield.
Simultaneously, the catalyst deactivation was also decreased as copper addition reduced
the acid sites. Kurokawa et al. [9] reported that the presence of Ag as a promoter in the
Pt/Al>Os catalyst increased the conversion from 28 to 50% with enhancement in product
selectivity to 78% during butane dehydrogenation. The details of studies reporting
employment of Ni, Cu or Ag as promoter or secondary metal for Pt/Pd catalysts in

dehydrogenation processes are summarized in Table 4.1.

Pd based catalysts have been employed for propane dehydrogenation, where addition of Sn
improved the initial selectivity to 61% as well as catalytic stability in comparison to
monometallic Pd (15%) [10]. Rodriguez et al. [11] studied butane dehydrogenation over
Pd and Pd-Ga catalysts. The addition of Ga promoter in high amounts was found to enhance
dehydrogenation activity and selectivity (>98%) compared to that of Pd catalyst alone
(75%). The promoters thus played an important role in increasing butene selectivity and
suppressing coke formation by exhibiting electronic and geometric effects on the metal
active sites. In this chapter, the supported Pd catalyst was modified using a promoter. The
Cu, Ni or Ag were selected as promoters to be added in 10 mol%. The promoter metals
were selected based on their importance in promoting dehydrogenation reactions [2,9,12].
The catalysts were prepared by deposition method for better metal dispersion as observed

in earlier chapters.
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Table 4.1. Reported studies on catalytic performance for dehydrogenation reactions over Ni, Cu or Ag promoted Pt/Pd catalysts.

S.No. Catalyst samples Feed Feed composition and Reaction Temp Conversion Selectivity Yield? Reference
and composition Flow rate (°C) (%) (%) (%)
(mL min?)

1 PtCufsilica Propane N2/H2/C3Hg 550 20 96 19.2 [2]
Cu (1.6), Pt (0.7) 100

2 PtCu/y-Al,O3 Propane N2/H2/C3Hg 600 42 73 30.6 [7]
Cu (5), Pt (1.5) 100

3 Pt-Cu/BN sheet Propane N2/H2/C3Hs 520 15 99 14,92 [8]
Cu (1), Pt (0.01) 20

4 PtAg/Al;O3 Butane He/H2/C4H1o 550 38 82 31.12 [9]
Ag (4) Pt (1.1) 99

5 PdSn/AlLOs Propane H2/C3Hs 500 10.5 61.3 6.432 [10]
Sn (0.08), Pt (0.34) 85

6 Pd-Cux/Al Butane N2/H2/CsH1o 550 37.1 86.5 32.1 [Present
Cu (0.3), Pd (1.2) 100 study]

@Yield determined as a product of conversion and selectivity
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4.2 Experimental
4.2.1 Catalyst preparation

The supported palladium catalyst was prepared with a target metal loading of 1.2 wt% Pd
corresponding to 112.8 pmoles of metal per gram of catalyst. The Pd catalyst was
synthesized using a modified electroless deposition method as described in section 2.2.3 of
Chapter 2.

a) Promoted catalysts

The alumina support and the promoted catalysts were prepared by steps similar to that
described in Chapter 2. The total metal loading for promoted catalysts was kept same as
that in Pd/Al catalyst. The Pd loading was kept 90 mol% with 10 mol% promoter loading.
In this case, separate aqueous solutions of metal precursors were prepared. Required
amounts of palladium metal precursor (PdClz, 99% Sigma-Aldrich) was dissolved in 20 mL
water. The precursor of promoters such as nickel nitrate (Ni(NOz)2, Merck), copper nitrate
trihydrate (Cu(NO3)2.3H20, Merck) or silver nitrate (AgNO3s, ACS reagent 99%, Sigma
Aldrich) were dissolved in 20 mL water each. Initially, 20 mL of respective promoter
solution was mixed with 20 mL of Pd precursor solution. The resulting 40 mL mixture
solution containing of Pd and promoter metal precursors was used for co-deposition on
alumina in four cycles along with 40 mL hydrazine in cyclic patterns. The steps for Cu
promoted catalyst preparation are shown in Figure 4.1. Similar procedure was adapted for

preparation of Ni and Ag promoted Pd catalysts.

The promoted catalysts are referred as Pd-Ni/Al, Pd-Cu/Al and Pd-Ag/Al in this chapter.
Except for Pd-Ni/Al, for all other catalysts the entire deposition was carried out at room
temperature. For Pd-Ni/Al catalyst, involving deposition of Ni, the process was carried out
at a higher temperature of 80 °C to facilitate Ni reduction. In order to determine the
effective reduction temperature for Ni, the temperature was raised at an interval of 5 °C
starting from room temperature. The characteristic colour change from pale green to grey
pertaining to metal reduction was obtained at 80 °C [13]. Hence, the electrodeposition for
Pd-Ni/Al catalyst was carried out at 80 °C. Most of the studies using hydrazine as reducing
agent for reduction of Ni have reported the reduction temperature in the range of 60-80 °C
[14,15].
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Figure 4.1. Schematic for steps involved in preparation of promoted catalyst by modified
electroless deposition method.

In addition, the effect of promoter content on catalytic performance was evaluated by
varying the copper content in Pd-Cu/Al catalyst. Catalysts with 5 and 20 mol% copper
content were prepared in addition to 10 mol%. The corresponding catalysts were
represented as Pd-Cus/Al, Pd-Cuio/Al and Pd-Cuzo/Al corresponding to amount of copper.
The Pd-Cu/Al and Pd-Cuio/Al mentioned in the text are essentially the same catalyst,
containing 10 mol% copper, represented by two different nomenclatures in two sections

for better clarity.
b) Reference catalysts

The monometallic catalysts of promoting metals, Ni, Cu or Ag, were also prepared using
modified deposition method for reference purpose. The preparation steps were similar to

that used for preparations of Pd/Al catalysts. The targeted metal loading for reference
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catalysts in terms of moles was same as that of monometallic Pd/Al catalyst. The reference
catalysts are further referred as Ni/Al, Cu/Al and Ag/Al. For nickel, the deposition was

carried out at 80 °C, as mentioned earlier.
4.2.2 Catalyst characterization

The promoted catalysts were characterized using techniques such as EDX, BET surface
area, XPS, TPR, XRD, TEM and FTIR spectroscopy using pyridine as probe molecule. The

details of characterization methods employed are included in section 2.2.4 in Chapter 2.
4.2.3 Dehydrogenation tests

The n-butane dehydrogenation was carried out in a fixed-bed down flow reactor in the
temperature range of 100 — 600 °C using 0.25 g catalyst. The feed gas mixture, containing
n-butane, H2 and N2 gases in the ratio of 1:3:6, was introduced to the reactor with a total

flow rate of 100 mL mint. The details are included in section 2.2.5 in Chapter 2.

4.3 Results and discussion

4.3.1 Effect of different promoters

The composition for the promoted catalysts as obtained by EDX is shown in Table 4.2. The
palladium loading for Pd/Al was 2.76 at% (1.1 wt%). For promoted catalysts, palladium
loadings were in the range 2.3 — 2.6 at% (~ 1 — 1.1 wt%) and the promoter metal loading
was in range of 0.2 — 0.25 at% (0.1 to 0.3 wt%). The corresponding wt% differed in the
range due to their different atomic weights. Thus, total metal loadings in promoted catalysts
varied in the range of 2.5 — 2.9 at% close to metal loading for monometallic Pd/Al catalyst.
The corresponding EDX spectra obtained for all the promoted catalysts are included in
Appendix D. The composition analysis showed that for the catalysts, co-deposition of the
Pd metal did not seem to have been affected by the presence of precursor of promoter metal

in the solution and vice versa.

The elemental composition of the reference catalysts was determined by EDX analysis.
Ni/Al, Cu/Al and Ag/Al exhibited loading of 1.9, 2.4 and 2.2 at% that corresponded to 0.6,
0.7 and 1.1 wt% loading, respectively. As stated earlier, for the reference catalysts the

targeted metal loading in terms of moles was same as that of monometallic Pd/Al catalyst.
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The metal loading for reference catalysts was slightly lower than that of Pd/Al having 2.8
at% loading. The lower loadings can be explained based on lower reduction potentials of
promoter metals compared to that of palladium. Lower reduction potential of the promoter
metals might have caused hindrance in their deposition on the support surface in a reduced
state. The order of their reduction potential values is Ni (- 0.26) < Cu (0.34) < Ag (0.80) <
Pd (0.91). For Ni, the lowest reduction potential might had caused difficulty in its reduction
and deposition and higher temperature was required for the same [16]. The difficulty in
reduction of Ni precursor by hydrazine might have also resulted from its tendency to form
complex with hydrazine at a faster rate than reduction [13]. The higher temperature may
had facilitated both breaking of complexes and reduction reaction. This difficulty in
reduction of nickel ion precursors might had resulted in lowest metal loading for Ni/Al
among the reference catalysts.

Table 4.2. Metal loadings obtained over promoted Pd catalysts.

Catalysts Loading (at%)
(EDX)

Palladium Promoter
Alumina - --
Pd/Al 2.76 (1.1)" -
Pd-Ni/Al 2.50 (1.0) 0.25 (0.3)
Pd-Cu/Al 2.62 (1.0 0.27 (0.1)
Pd-Ag/Al 2.30 (1.1) 0.24 (0.4)

* Values in parenthesis corresponds to metal loading in wt%

The nitrogen adsorption-desorption isotherms and pore size distributions of the support and
catalysts are compared in Figure 4.2a and b, respectively. All the catalysts exhibited type
IV isotherm with H2 type hysteresis loop, similar to that observed for the support alumina
[17]. As can be observed from the figure, the nitrogen adsorption decreased on addition of
metals. The extent of decrease depended on type of promoter metal. It was lowest for Pd-
Ni/Al catalyst. Accordingly, the surface area and pore volume were also lowest for this

catalyst, 164 m? g and 0.273 cc g (Table 4.3), respectively.

The sintering tendency of nickel metal might had caused the highest extent of blockage of
the pores resulting in lowest surface area and pore volume for Pd-Ni/Al. The Pd-Cu/Al
catalyst on the other hand, exhibited highest surface area of 203 m? g~* among all the

catalysts. The lower atomic size of Cu compared to that of Pd and Ag might have resulted
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in lesser blockage of pores. This was also reflected in highest pore volume for the Pd-Cu/Al

catalyst, 0.314 cc g*.
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Figure 4.2. Physical properties of support and catalysts (a) nitrogen adsorption-desorption
isotherms and (b) pore size distribution.

This trend agreed well with the surface area and pore volume values obtained for the
reference catalysts (Table 4.3). The reference sample of Cu/Al showed the highest surface
area of 181 m? g * followed by Ag/Al (178 m?g%). The lowest surface area of 124 m?g!
was observed for Ni/Al catalyst in spite of lowest metal loading among the reference
catalysts. This result agreed with the higher sintering tendency of Ni metal which might
had further increased in Ni/Al in absence of any other co-metal such as Pd. The higher
sintering tendency of Ni was also confirmed by larger size of metal clusters observed in
TEM images for both Ni/Al and Pd-Ni/Al catalysts as discussed later.

The doping of metals resulted in a narrowing of pore size distribution and average pore size
for all the catalysts compared to that of support (Figure 4.2b). The Pd/Al catalyst exhibited
a pore size distribution in the range of 3 — 12 nm with an average pore diameter of 6.4 nm.
Addition of promoter metal further narrowed the pore size distribution. The Pd-Cu/Al and
Pd-Ag/Al showed pores in the range of 3 — 7 nm while Pd-Ni/Al showed a little broader
pore range of 3 — 9 nm. The average pore size was ~ 5 nm for all the promoted catalysts.
The reference catalysts Cu/Al and Ag/Al showed similar pore size distribution in the range
5 — 6 nm (Figure 4.3). The Ni/Al showed slightly wider pore size distribution (3 — 8 nm).
No micropores were observed in any of the samples. The pore volumes for the promoted

as well as reference catalysts ranged between 0.23 to 0.33 cc g
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Table 4.3. Physical properties of promoted Pd and reference catalysts.

Catalysts BET surface area Pore volume Average pore
diameter
(m*g?) (ccgh) (nm)
Alumina 214 0.391 7.7
Pd/Al 189 0.295 6.4
Pd-Cu/Al 203 0.314 5.1
Pd-Ag/Al 172 0.288 5.1
Pd-Ni/Al 164 0.273 5.2
Cu/Al 181 0.282 6.0
Ag/Al 178 0.290 5.8
Ni/Al 124 0.231 5.2
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Figure 4.3. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of
reference monometallic catalysts.

Figure 4.4 depicts the XPS spectra in the Pdsq region in the catalysts. For Pd/Al, the major
peak at 334.6 may be attributed to the palladium existing in metallic state (Pd®) while the
minor peak at 336.2 eV corresponded to oxidized form Pd?* [18]. On addition of promoter
metals, the binding energy (B.E.) of these peaks showed a positive shift in all the promoted
catalysts. The corresponding peak positions of all the catalysts are summarized in Table
4.4. The significant positive shift in binding energy of Pd may be attributed to the strong
interaction between palladium and the promoter metal leading to alloy formation. Similar
interactions and shifts of B.E. have been reported in literature [19,20]. The relative content
of Pd®/Pd?* as summarized in Table 4.4 suggested that the palladium existed mostly in the
metallic state in all the catalysts. For promoted catalysts, about 70% palladium was in
metallic states. The presence of oxidized palladium might have resulted from incomplete
reduction during catalyst preparation in presence of hydrazine or/and to the atmospheric

oxidation of the metal.
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Figure 4.4. XPS spectra of Pd 3d region for (a) Pd/Al, (b) Pd-Ni/Al, (c) Pd-Cu/Al and (d) Pd-
Ag/Al catalysts.

Table 4.4. XPS analysis for the promoted catalysts.

Catalysts Binding Energy (eV) Oxidation Relative content of
Pd 3ds2 state respective metal (%)
Pd/Al 334.6 Pd° 62
336.2 Pd* 38
Pd-Ni/Al 335.2 Pd° 69
336.7 Pd? 31
Pd-Cu/Al 335.6 Pd° 70
336.5 Pd? 30
Pd-Ag/Al 335.3 Pd° 73
336.6 Pd?* 27

XPS analysis also confirmed the presence of promoter metals on catalyst surface. Peaks
due to Ni 2p, Cu 2p and Ag 3d were observed in high resolution spectra for Pd-Ni/Al, Pd-
Cu/Al and Pd-Ag/Al catalysts, respectively (Figure 4.5). The peaks appearing at binding
energy values of 852.1 eV, 932.1 eV and 367.8 eV may be attributed to the presence of

metallic Ni, Cu and Ag species respectively, over the catalyst surface.
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Figure 4.5. XPS spectra of (a) Ni 2p region of Pd-Ni/Al, (b) Cu 2p region of Pd-Cu/Al and (c)

Ag 3d region of Pd-Ag/Al catalyst.

Figure 4.6 illustrates the temperature programmed reduction (TPR) profiles of the catalysts.

The presence of reduction peaks in the profiles confirmed that a fraction of metals was in

oxide form in all the catalysts. This was also observed in XPS spectra. Multiple reduction

peaks of broad nature were observed in the TPR profiles of all the samples. The maxima of

these peaks are tabulated in supplementary Table 4.5.
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Figure 4.6. TPR profiles of promoted and monometallic reference catalysts.

The monometallic catalyst, Pd/Al exhibited three main reduction peaks centred at 90, 153

and 340 °C. Among the reference catalysts, Ni/Al showed peaks at 175 and 460 °C,

tentatively assigned to the reduction of Ni?* species in weak and strong interaction,

respectively, with alumina support [21]. The Cu/Al and Ag/Al showed major broad peaks
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with maxima at 285 and 190 °C, respectively, corresponding to the reduction of oxides to

metallic form [22-24]. Thus, silver oxide clusters showed most ease of reduction.

Table 4.5. Reduction peak maxima obtained in TPR profiles of promoted and reference

catalysts.

Catalysts Reduction peak position
(°C)

Pd/Al 90, 153, 340

Ni/Al 175, 460

Cu/Al 285

Ag/Al 190

Pd-Ni/Al 520, 560

Pd-Cu/Al 165, 450

Pd-Ag/Al 350-520

When the promoter metals were added to Pd/Al, the main peak of Pd shifted to higher or
lower temperature depending on type of promoter metal. For Pd-Ni/Al, the reduction peak
was shifted to higher temperature at 520 and 560 °C, with respect to both Pd/Al and Ni/Al.
This shift in reduction peak suggested stronger interaction between the two metals in
promoted catalyst tending towards alloy formation [25]. Further, the shift of the reduction
peaks to higher temperature suggested stronger interactions of these alloyed metal clusters
with the support. The TPR profile of Pd-Cu/Al catalyst also showed two distinct peaks at
165 and 450 °C, reducing at temperatures different from that of corresponding metal
clusters on monometallic samples. This agreed with strong interaction between Pd and Cu
metals as observed in XPS analysis. The higher reduction temperature suggested alloyed
Pd-Cu to be in stronger interaction with the support. The TPR profiles of Pd-Ag/Al showed
very broad peak of reduction in the temperature ranging of 350 to 520 °C. The
disappearance of the reduction peak for AgO, which was observed in Ag/Al sample,
suggested engagement of most the silver in strong interaction with Pd. The resultant alloyed
metal cluster was less reducible and strongly bounded to the support as observed from its

higher reduction temperature.

Above analysis confirmed that all the promoted metals had strong interaction with
palladium leading to alloy formation. The type and extent of interaction depended on the
type of promoter metal. The Cu was observed to form most easily reducible alloy with Pd

followed by Ag and Ni. The results showed that the co-deposition of Pd and promoter
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metals on the support facilitated not only the strong interaction between Pd and promoter
metal but also the interaction of the alloying metal clusters with the support. The stronger
interaction of alloyed metal clusters with the support might have inhibited sintering

tendency of metal clusters in promoted catalysts.

The TEM images of the promoted Pd catalysts are displayed in Figure 4.7. The average
metal cluster size for Pd/Al catalyst was 4.6 nm. On addition of the promoters to palladium
catalyst, the average metal cluster size increased. The average metal cluster size was highest
for Pd-Ni/Al catalyst with 11.4 nm followed by 9.1 nm for Pd-Ag/Al and 6.7 nm for Pd-
Cu/Al catalyst. The Ni promoted catalyst exhibited much broader particle size distribution.
The corresponding dispersion (D%) of metals was calculated using the equation: D=1.13/d,
where d is the average metal particle size in nm as determined from TEM analysis [26].
The dispersion values obtained for Pd/Al, Pd-Ni/Al, Pd-Cu/Al and Pd-Ag/Al were 24.5,
9.9, 16.9 and 12.4%, respectively.

Among the reference catalysts, the highest average cluster size of 18.4 nm was observed
for Ni/Al catalyst followed by Ag/Al (13.2 nm) and least for Cu/Al (7.9 nm) (Figure 4.8).
The corresponding dispersion values were calculated as 6.1, 8.6 and 14.3%, respectively,
for Ni/Al, Ag/Al and Cu/Al. Thus, all the promoter metals had higher sintering tendency
compared to that of the palladium. This higher sintering tendency of the promoter metals
might had resulted in higher average metal cluster sizes for all promoted catalysts compared
to that of monometallic Pd/Al catalyst. The addition of copper, with lowest sintering
tendency as observed for the reference Cu/Al, resulted in lowest metal cluster size among

promoted catalysts.

On the other hand, the highest tendency of the nickel particles to agglomerate as observed
for the reference Ni/Al catalyst might have contributed to highest crystallite size for Pd-
Ni/Al catalyst. The increase of average size of metal clusters on addition of 10 mol%
promoter metal to palladium in all the promoted catalysts might have resulted from
significant interaction between the two metals as shown by TPR analysis. The strong metal-
metal interaction tends to formation of alloys between palladium and promoter metals. For
the Cu promoted catalyst, the smallest metal cluster size confirmed not only the strongest
interaction of the copper with primary metal Pd but also with that of the support. These
strong interactions resulted in highest and stable dispersion of the Pd-Cu alloyed metals on

the support.
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37.6° (311), 45.8°

(400) and 66.8° (440). The XRD profiles of all the catalysts are included in Figure 4.9. All

alumina at 20

1 respectively [27]. The co-ordinatively

Figure 4.10a shows the FTIR spectra for support and catalysts adsorbed with pyridine as
85

probe molecule to determine the acid sites present on the sample surface. The alumina
support exhibited strong Lewis and Brgnsted acidity corresponding to peaks observed for

Figure 4.8. TEM images and particle size distribution of reference monometallic catalysts.
adsorbed pyridine at 1450 and 1637 cm

catalysts also did not show any peaks due to metals on support except that for Ag/Al, which
exhibited very small peaks at 38° and 77.8° corresponding to Ag phases (111) and (220),

the promoted catalyst showed peaks at similar positions. None of the promoted catalysts
showed any peaks that can be exclusively assigned to the deposited metals. The reference

The XRD spectra of the support showed peaks due to y

respectively.

TH-2633_145121012



Chapter 4

unsaturated aluminium ions act as Lewis sites, while surface hydroxyls groups act as

Bransted sites on alumina surface [28,29].

Alumina (311) (222) (400) (440)

&Pd-Ag}Al

Ag/Al

Pd-Cu/Al

Pd-Ni/Al

Intensity (a.u.)

Ni’Al

Pd/Al

Alumina
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Figure 4.9. XRD spectra of alumina support, promoted Pd catalysts and reference
monometallic catalysts.

The high intensity of the peaks suggested high acidity of the alumina support [30]. Again,
concentration of Brgnsted acidity was higher than Lewis acidity as the peak intensity was
much higher for the former. The Brgnsted acidity might had resulted from the hydroxyl
groups due to adsorbed moisture on alumina surface caused by an exposure to the

environment.
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Figure 4.10. FTIR spectra of pyridine chemisorbed on (a) support and promoted Pd catalysts
and (b) reference catalysts (L: Pyridine bonded to Lewis acid sites; C: Coordinative bound
pyridine; B: Pyridine bonded to Brgnsted acid sites).
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The intensity of peaks decreased significantly after the addition of metals to the support.
The decrease in acidity may be attributed to the partial coverage or blocking of support
acidic sites by deposition of metals on the alumina surface [7]. The Brgnsted sites were
almost negligible in Pd/Al catalyst. Further addition of promoter metals did not have
significant effect on distribution of acidic sites of Pd/Al catalyst. The reference samples
also exhibited only Lewis acidity, but it was higher than that of Pd/Al or promoter catalysts
as can be observed from the relative intensity of the peaks of Figure 4.10a and b. The higher
acidity of the reference catalysts can be explained based on their lower metal dispersion, as
discussed earlier, exposing more support acidic sites. The peak for co-ordinatively bounded

pyridine were observed in all the samples at 1490 cm ™.
4.3.2 Dehydrogenation study

Figure 4.11a compares the conversion of n-butane in the temperature range of 100-600 °C
over promoted and Pd/Al catalysts. The conversion increased with increase in the reaction
temperature. The monometallic palladium catalyst did not show any significant butane
conversion up to 400 °C. Thereafter, the conversion increased sharply and was 21.3% at
600 °C. The addition of Ni, Cu or Ag to the primary Pd/Al catalyst improved its catalytic
performance. The promoted catalysts exhibited much higher conversion in comparison to
Pd/Al catalyst in the entire range of reaction temperatures studied. All the promoted
catalysts showed initial conversion of about 6% below 200 °C. The activity of Ni promoted
catalyst, Pd-Ni/Al, increased significantly to 19% at 400 °C but thereafter, the increase was
slow. It was only 21.4 and 21.8% at 550 and 600 °C, respectively. In contrast, Pd-Cu/Al
showed significant increase in activity after 400 °C followed by that of Pd-Ag/Al. The Pd-
Cu/Al exhibited butane conversion of 34% at 550 °C that increased to 38% at 600 °C. The
Pd-Ag/Al exhibited conversions of 25.6 and 26.9% at 550 and 600 °C, respectively.

Hence, for all the samples, the increase in conversion was less prominent as temperature
was raised from 550 to 600 °C. The increase in activity was least for nickel promoted
sample and highest for copper promoted catalyst. The decrease in activity at higher
temperature may be attributed to slight coke deposition and metal sintering (as observed
from analysis of spent catalysts discussed in later section) as the temperature was raised.
The trend obtained for conversion at 550 °C was: Pd-Cu/Al (34.4%) > Pd-Ag/Al (25.6%)
> Pd-Ni/Al (21.4%) > Pd/Al (17.9%). The corresponding turn over frequency (TOF) at 550
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°C for the catalysts also followed the same order (Table 4.6); Pd-Cu/Al (0.84 s*) > Pd-
Ag/Al (0.63 s1) > Pd-Ni/Al (0.53 s1) > Pd/Al (0.44 s1). The TOF was calculated as moles

of butane reacting per mole of metal present in catalyst per unit time.
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Figure 4.11. Catalytic activity obtained at different temperatures over (a) Pd/Al and
promoted Pd catalysts; (b) Ni/Al, Cu/Al and Ag/Al reference catalysts.

The reference catalysts showed activity in low temperature zone. At 300 °C, the activity
order for reference catalysts was Cu/Al > Ag/Al > Ni/Al (Figure 4.11b). The activity order
may be explained by their respective metal dispersion and surface area. As determined
earlier, the Cu/Al showed highest metal dispersion (7.9 nm) followed by Ag/Al (9.1 nm)
and Ni/Al (11.4 nm). At higher temperature of 600 °C, the same order of activity was
observed for the reference catalysts; Cu/Al showed highest activity of 17.3% followed by
Ag/Al (14.6%) and Ni/Al (13.7%). The activity of the reference catalysts thereby was lower
than that of Pd/Al catalyst (21.3%) at higher temperature.

The results showed that at lower temperature, the monometallic Pd/Al catalyst showed
negligible activity while, all the reference catalysts showed considerable conversions but
their activity at higher temperatures was lower than that of Pd/Al. The promoted catalysts
showed significant activity over the entire range of temperature studied. The activity of the
promoted catalysts at lower temperature may be attributed to presence of promoting metals.
The significant activity at high temperatures might have resulted from higher activity of
palladium at raised temperature. However, the activity shown by the promoted catalysts
was always higher compared to that of both monometallic Pd/Al and the reference catalysts
over the entire range of temperature studied. The higher activity of the promoted catalysts

with respect to the monometallic catalysts was observed in spite of lower surface area and
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metal dispersion of the former. This higher activity of the promoted catalysts suggested
significant role of alloys formed between the base metal palladium and respective promoter
metal. The alloy formation was established by TPR and XPS analysis. Among the promoted
catalysts, the highest surface area, highest metal dispersion and stronger metal-metal
interaction of Pd-Cu/Al might have acted as the contributory factors towards its highest

conversion.

Table 4.6. Catalytic performance of promoted Pd catalysts for n-butane dehydrogenation at
550 °C [feed gas ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalysts  Conversion TOF Selectivity
(%) (s (%)
Iso- 1- Cis-2- Trans-2- Total Ci-Cs
butene butene butene butene butene

Pd/Al 17.9 0.44 13.9 19.6 24.2 32.8 90.5 9.5
Pd-Ni/Al 21.4 0.53 135 16.4 14.2 17.4 61.5 38.5
Pd-Cu/Al 34.4 0.84 12.3 17.1 23.7 31.9 85 15
Pd-Ag/Al 25.6 0.63 15.6 22.4 22.5 31.4 91.9 8.1

The butane dehydrogenation products over Pd/Al catalyst may be grouped into C:-Cs
hydrocarbons and butenes. The C1-Cs hydrocarbons resulted mainly from cracking of C-C
bonds and consisted of methane, ethane, ethylene, propane and propylene (Appendix G).
Among C4 products, both 1 and 2-butenes were obtained (Table 4.6). All corresponding
isomers such as iso-butene, 1-butene, cis and trans forms of 2 butenes were detected. Figure
4.12a shows the product selectivity pattern of the catalysts in the temperature range of 500-
600 °C. For all the catalysts, overall selectivity of butene increased as the temperature
increased from 500 to 550 °C and thereafter dropped at higher temperature of 600 °C. The
Pd-Cu/Al had a butene selectivity of 85% at 550 °C, which dropped to 63.8% at 600 °C.
The lowering of selectivity of butene at higher temperature suggested increasing tendency
of the catalysts towards cracking reactions at higher temperature [11,31]. Since the
activation energy of butane cracking is higher than that of butane dehydrogenation hence,

the former is favoured at higher temperatures [32].

The effect of addition of promoter metals on selectivity pattern of Pd/Al depended on the
type of promoter metals. The overall butene selectivity order at 550 °C was Pd-Ag/Al
(91.9%) > Pd/Al (90.5%) > Pd-Cu/Al (85%) > Pd-Ni/Al (61.5%) while that at 600 °C was
Pd-Ag/Al (86.2%) > Pd-Cu/Al (81%) > Pd/Al (63.8%) > Pd-Ni/Al (60.8%). Thus, Ag
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promoted catalyst showed highest selectivity at both temperatures, while Ni promoted
catalyst showed the lowest. On comparison of selectivity at two temperatures, it may be
observed that the drop in selectivity of butene was highest for Pd/Al compared to the
promoted catalysts. Though, for both Pd-Ag/Al and Pd-Cu/Al, the selectivity towards
butene was reduced at higher temperature (600 °C), but still it was much higher compared
to that of Pd/Al. The addition of both Ag and Cu as a promoter thus had a positive effect
on butene selectivity. The more number of exposed support acidic sites in Ni promoted
catalyst, due to higher sintering tendency of nickel, might have caused higher extent of
cracking reactions. Consequently, low butene selectivity was observed over Ni promoted

catalyst.
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Figure 4.12. (a) Product selectivity trend and (b) Total butene yield obtained over Pd/Al and
promoted Pd catalysts at different temperatures.

The selectivity trend shown by the promoted catalysts can also be understood from the
selectivity pattern of the reference catalysts containing only the promoter metal supported
on alumina. All the reference catalysts showed high selectivity for cracked products at 550
°C (Table 4.7). This high selectivity can be explained based on their higher acidity and
lower dispersion compared to Pd/Al catalyst as observed from the FT-IR and TEM analysis,

respectively.

Among the reference catalyst, Ag/Al gave the lowest selectivity (29.6%) towards cracked
product formation, while Ni/Al showed highest selectivity (49.3%) towards cracking
followed by Cu/Al (47.4%). The application of these metals as promoter resulted in same
trend as Pd-Ni/Al gave highest selectivity for C1-Cs products and Pd-Ag/Al showed the

least, as discussed earlier. However, the effect of alloying with palladium was dominant as
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the promoted catalysts exhibited much higher selectivity towards butene in contrast to the
respective reference catalysts. The comparison of selectivities of the different butenes over
promoted catalysts with respect to that of Pd/Al at 550 °C (Table 4.6), showed that the
addition of promoter metals did not have significant effect on the distribution of butene
isomers. The 2-butene was the major product obtained for all the catalysts. The selectivity
order was 2-butene > 1-butene > iso-butene. The highest selectivity was observed towards
trans-2-butenes for all the catalysts. The Pd/Al catalyst showed highest selectivities of 33
and 24% towards trans-2-butene and cis-2-butene, respectively, with total selectivity of
57% towards 2-butene. This 2-butene distribution did not change much for Pd-Cu/Al (32
and 24%) and Pd-Ag/Al (31.3 and 22.4%). However, addition of nickel drastically

decreased the selectivity for cis and trans-2-butene to 14.2% and 17.4%, respectively.

Table 4.7. Catalytic activity (conversion and selectivity) of reference catalysts for n-butane
dehydrogenation at 550 °C [feed gas ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalysts Conversion Selectivity
(%) (%)
Iso- 1- Trans-2- Cis-2- Total Ci-Cs
butene butene butene butene butenes
Ni/Al 13.0 6.1 15.1 15.9 13.6 50.7 49.3
Cu/Al 15.1 7.7 8.6 22.2 14.1 52.6 47 .4
Ag/Al 15.8 10 15.7 22.9 21.7 70.3 29.7

Figure 4.12b compares the total butene yield at 550 °C calculated from respective
conversion and selectivity as mentioned in section 2.2.5, Chapter 2. The overall yield
pattern of butene in the higher temperature range of 500-600 °C for promoted catalysts
depended on the type of promoter metal. For Pd-Ni/Al, it remained more or less same as
that of Pd/Al catalyst. The Pd-Cu/Al had the highest yield of butene over the entire
temperature range followed by that of Pd-Ag/Al. The lower yield of total butene for nickel
promoted catalyst resulted from its lower selectivity in spite of having higher conversion
than that of Pd/Al. The higher percentage yield of butenes obtained for both the Cu and Ag
promoted catalysts resulted from better conversion and high selectivity (>90%) exhibited
by both the catalysts. The order of yield of butene obtained at 550 °C was Pd-Cu/Al (29%)
> Pd-Ag/Al (23%) > Pd/Al (16%) > Pd-Ni/Al (13%).

The stability of the promoted catalysts was studied for butane dehydrogenation reactions

for a process time of 10 h at 550 °C. The stability of the catalysts was measured in terms
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of deactivation parameter as per Eg. 2.9 given in Chapter 2. Figure 4.13 compares the
conversion of butane as function of reaction time for 10 h over all the catalysts. The initial
conversion of 20.5% for Pd/Al catalyst was reduced to 5% after 10 h of time on stream
study. This corresponded to 76% deactivation of Pd/Al catalyst. The addition of promoters
to the Pd catalyst improved the stability of the catalysts, the extent of which depended on
the type of metal. Initially the Pd-Cu/Al showed highest activity (34%) but thereafter, its
activity steadily decreased with time. The Ag promoted catalyst showed second highest
conversion (27%) at initial condition. It also decreased with time. But, the rate of decrease
of conversion was slower for Pd-Ag/Al than that of Pd-Cu/Al catalyst, as may be observed

from the respective profiles.
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Figure 4.13. Conversion over promoted Pd catalysts at 550 °C for 10 h process time.

After 7 h of process time, the conversion over Pd-Cu /Al decreased further to a lower value
than that of Pd-Ag/Al. Thereafter, Pd-Cu /Al showed slightly lower activity than that of
Pd-Ag/Al catalyst. The total drop in conversion for Pd-Cu/Al was from 34 to 17% over 10
h, corresponding to 50% deactivation. In same time, the Pd-Ag/Al showed only 30%
deactivation as conversion gradually decreased to 18.7% after 10 h. The stability profile of
the Ag and Cu promoted catalysts with time may be explained based on their selectivity
pattern. The higher deactivation tendency for Pd-Cu/Al might be explained based on its
higher tendency towards C-C bond cleavage in comparison to Pd-Ag/Al. Higher formation
of cracked product over Cu based catalyst contributed towards its faster deactivation rate.
On the contrary, Ag more effectively suppressed the cracked product formation leading to
less deactivation and more steady conversion as observed. The sintering of the metal
clusters might also have contributed to gradual deactivation of the promoted catalysts over

10 h process time.
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The higher stability of the Ag and Cu promoted catalysts may be explained by their
selectivity pattern. Ag based catalysts suppressed the formation of cracked products to a
greater extent accounting for better stability. The higher activity of alloyed Pd-Ag and Pd-
Cu might also have contributed to sustain their higher butane conversion over 10 h process
time. Over the entire range of 10 h study, Pd-Ni/Al showed lower conversion than other
two promoted catalysts but higher than that of Pd/Al. The Pd-Ni/Al catalyst suffered the
maximum deactivation among the promoted catalysts, about 61% over the same period and
was least effective in terms of improving the stability of primary Pd/Al catalyst.

As discussed earlier, the sintering tendency of the nickel resulted in lowest dispersion of
alloyed metal exposing more acidic sites on support. This contributed to the higher cracking
reactions, ultimately leading to coke deposition and blockage of active metal sites. The
larger metal cluster of this catalyst may also have promoted more secondary and poly-
condensation reactions leading to more coke formation and faster deactivation. However,
activity of Pd-Ni/Al was still higher than that of Pd/Al for entire 10 h of process time
studied. This was in spite of the fact that Ni promoted catalyst exhibited higher selectivity
towards the cracked products compared to Pd/Al catalyst. The higher activity of the Pd-Ni
alloy might be the reason for its better performance during longer process time. The results
suggested that the alloys formed between palladium and promoter metals contributed

significantly to the improved stability of metal cluster and retaining of the activity.
4.3.3 Analysis of spent catalysts

The spent promoted catalysts were analysed by various characterization methods such as
BET, TEM and Raman spectroscopy and the results are compared with the corresponding
fresh catalysts to understand the variation in physicochemical properties of the catalysts
after undergoing reaction. Table 4.8 compares the physical properties of the spent catalysts.
The surface area values obtained for Pd/Al_spent, Pd-Ni/Al_spent, Pd-Cu/Al_spent and
Pd-Ag/Al_spent were 181, 132, 186 and 166 m? g, respectively (Table 4.8). The values
obtained for corresponding fresh catalysts were 189, 164, 203, 172 m? g, respectively
(Table 4.3). The associated decrease in surface area of the spent catalysts compared to
respective fresh catalysts was highest for Pd-Ni/Al_spent (19.5%) followed by that of Pd-
Cu/Al_spent (8.3%). The decrease in surface area was least for Pd-Ag/Al_spent (3.5%)
among all the catalysts.
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Table 4.8. Physical properties of spent Pd and spent promoted Pd catalysts.

Catalysts BET surface Pore volume Average pore
area diameter
(m? g?) (ccgh) (nm)
Pd/Al_spent 181 (4.2) 0.288 (2.4) 6.2
Pd-Ni/Al_spent 132 (19.5) 0.260 (4.8) 4.9
Pd-Cu/Al_spent 186 (8.3) 0.308 (1.9) 5.0
Pd-Ag/Al_spent 166 (3.5) 0.281 (2.4) 51

Values in parenthesis illustrate the percent decrease in surface area and pore volume
with respect to corresponding fresh catalysts

The average pore size and pore volume of spent catalysts also reduced marginally compared
to fresh catalysts (Table 4.8). The slight decrease in surface area, pore volume and average
pore size for all the spent catalysts may be attributed to morphological modification of
catalyst during reaction. The decrease was comparatively higher for Pd-Ni/Al_spent
catalyst. Except for Pd-Ni/Al_spent, the low percentage drop in surface area and pore
volume of spent catalysts suggested that there was no significant coke deposition during
reaction. However, higher drop of surface area and pore volume observed for spent Ni
promoted catalyst in comparison to other promoted catalysts suggested higher modification
of metal cluster. This higher modification may be attributed to higher sintering tendency of
the Ni as discussed earlier. The percent decrease was lowest (3.5%) for Ag promoted
catalyst followed by Pd/Al catalyst which was in agreement with the stability and

selectivity trend of the catalysts discussed earlier.

TEM analysis was employed to investigate the structural modifications in the spent
catalysts. The TEM images of spent catalysts are shown in Figure 4.14 along with
corresponding particle size distribution (inset). The average metal cluster size after the
dehydrogenation reaction was observed to increase for both monometallic Pd as well as
promoted Pd catalysts. The average cluster sizes grew to 4.9, 14.3, 7.2 and 10.4 nm for
spent catalyst from 4.6, 11.4, 6.7 and 9.1 nm for fresh Pd, Pd-Ni, Pd-Cu and Pd-Ag
catalysts, respectively. The corresponding dispersion values also decreased to 23, 7.9, 15.7
and 10.9% for spent Pd, Pd-Ni, Pd-Cu and Pd-Ag catalysts, respectively. The increase in
average metal cluster size and corresponding lowering in dispersion values for spent
catalysts may be attributed to modification of metal cluster due to sintering of metal under
reaction conditions. However, the change in dispersion was small (5 - 15%) for all the

catalysts.
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Figure 4.14. HRTEM images and particle size distribution of (a) Pd/Al_spent, (b) Pd-
Ni/Al_spent, (c) Pd-Cu/Al_spent and (d) Pd-Ag/Al_spent catalysts.

The weight analysis of all the catalysts before and after reaction confirmed the coke
deposition to be negligible. The change in wt% of the Pd/Al, Pd-Ni/Al, Pd-Cu/Al and Pd-
Ag/Al catalysts post reaction was 0.83, 1.07, 0.75 and 0.48%, respectively. The low coke
deposition may be attributed to the presence of hydrogen in the reaction feed which

suppressed the formation of coke precursors.
4.3.4 Effect of promoter content

The Pd-Cu/Al catalyst gave the highest activity and butene yield. The content of copper
was varied to comprehend the effect of copper loading. The composition of these catalysts
obtained by EDX analysis are given in Table 4.9. The palladium loading was about 1 wt%
in the catalysts, while loadings of copper were varied as 0.1, 0.2 and 0.3 wt% in Pd-Cus/Al,
Pd-Cuio/Al and Pd-Cuzo/Al, respectively. The total metal deposition for all the catalysts

was close to the targeted loading.
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Table 4.9. Composition and physical properties for promoted catalysts with varying Cu

content.
Catalysts Loading BET surface  Porevolume  Average pore
(at%) area diameter
(m?g?) (ccg?) (nm)
Palladium Copper

Pd-Cus/Al 2.7 (1) 0.20 (0.1) 192 0.293 6.0

Pd-Cuo/Al* 2.6 (1) 0.27 (0.2) 203 0.314 5.1

Pd-Cuzo/Al 2.3(0.9) 0.36 (0.3) 204 0.304 5.8

Values in parenthesis corresponds to metal loading in wt%
*Pd-Cu/Al catalyst and Pd-Cuio/Al are same

The N2 adsorption—desorption isotherms of promoted catalysts with varying copper content
are shown in Figure 4.15a. As discussed earlier, the catalysts showed type IV isotherms
with prominent hysteresis loops corresponding to mesoporous structures. The hysteresis
loops were of H2 type and attributed to interconnected complex pore network. The BET

surface areas, average pore diameter and pore volumes are summarized in Table 4.9.
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Figure 4.15. (a) Nitrogen adsorption-desorption isotherms; (b) pore size distribution and (c)
XRD spectra of Cu promoted Pd catalysts with various copper loadings.

TH-2633_145121012 96



Promoted Pd Catalysts

The variation in copper content in the studied range did not cause any significant difference
in physical properties of the Cu promoted catalysts. The surface areas were in the range of
192-204 m? g ! while the pore volumes varied in the range of 0.293 to 0.314 cc g™*. The pore
size distribution of the catalysts is shown in Figure 4.15b. All the samples exhibited
narrower pore size distribution in comparison to the support material. The average pore
size of Cu promoted catalysts was in the range of 5 - 6 nm. The XRD patterns of the
catalysts showed no peaks of metallic copper and palladium in any of the samples
suggesting high dispersion of both the metals on the support. The XRD spectra are included
in Figure 4.15c.

The TEM images of these catalysts are shown in Figure 4.16. The metal particles were
observed to be evenly distributed and well dispersed on the support surface of the catalyst
samples. The average cluster size for Pd-Cus/Al catalyst was 5.2 nm, which was slightly
changed with respect to the Pd/Al catalyst (4.6 nm) indicating that copper addition in such
a small amount did not have a significant effect on particle size. The average particle size
increased to 6.7 nm on increasing the copper content in Pd-Cuso/Al catalyst. The further
enhancement in copper loading in Pd-Cuzo/Al catalyst slightly increased the cluster size to

7.1 nm in comparison to that observed for Pd-Cuio/Al catalyst.

Figure 4.16. HRTEM images of Cu promoted palladium catalysts having various copper
loadings (a) Pd-Cus/Al, (b) Pd-Cuio/Al and (c) Pd-Cugx/Al.

Figure 4.17a illustrates the conversion of n-butane for Cu promoted catalysts with various
copper loadings in the temperature range of 100-600 °C. It is apparent from the figure that
the conversion of n-butane increased with increase in the reaction temperature for all the
catalysts. As it was discussed earlier, Cu promoted catalysts showed a better catalytic

performance with a higher conversion in comparison to both monometallic Pd and Cu
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catalysts. It can be observed that increase in copper content increased the conversion

significantly.
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Figure 4.17. Catalytic performance of Cu promoted Pd catalysts (a) Butane conversion at
different temperatures and (b) Total butene yield at 550 °C at various copper loadings.

The Pd-Cuzo/Al showed the highest catalytic activity with a conversion of 37% at 550 °C.
The conversion further increased to 41% on increasing the temperature to 600 °C. At 550
°C, the highest TOF of 0.88 s was exhibited by Pd-Cuzo/Al catalyst followed by Pd-
Cuio/Al catalyst (0.84 s). These values were approximately twice to that observed for
Pd/Al catalyst (0.44 s1). The conversion trend at 550 °C for different Cu promoted catalysts
followed the order: Pd-Cuz/Al (37.1%) > Pd-Cuio/Al (34.4%) > Pd-Cus/Al (26.4%) >
Pd/Al (17.9%) > Cu/Al (15.1%) (Table 4.10).

Table 4.10. Catalytic performance of promoted Pd catalysts with various Cu loading for n-
butane dehydrogenation at 550 °C [feed gas ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalysts Conversion TOF Selectivity
(%) (sh) (%)
Iso- 1- Trans-2- Cis-2- Total C;-Cs
butene butene  butene  butene butene

Pd/Al 17.9 0.44 13.9 19.6 32.8 24.2 90.5 9.5
Pd-Cus/Al 26.4 0.75 13.1 17.0 28.8 23.1 82 18
Pd-Cui/Al* 34.4 0.84 12.3 17.1 31.9 23.7 85 15
Pd-Cua/Al 37.1 0.88 17 19.3 27.8 21.3 86.5 135
Cu/Al 15.1 0.38 7.7 8.6 22.16 14.15 52.6 47.4

Total metal loading for Pd/Al and Cu/Al was kept constant at 225 umoles
*Pd-Cu/Al catalyst and Pd-Cuio/Al are same
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Addition of copper decreased the selectivity of total butene to some extent in Pd-Cus/Al
(82%) compared to 90.5% for Pd/Al. But thereafter, there was marginal increase in
selectivity with 85% for Pd-Cuio/Al and ~ 87% for Pd-Cuz/Al. The remaining products
were C1-Cs hydrocarbons. No significant change in distribution of products was observed
with variation of copper content (Table 4.10). Pd-Cuzxo/Al catalyst showed the highest
selectivity towards 1-butene (19%) followed by 17% selectivity towards formation of iso-
butene. Figure 4.17b compares the total butene yield of different copper containing
promoted catalysts with that of monometallic Pd/Al and Cu/Al at 550 °C. Pd/Al exhibited
a butene yield of 16.2% while the butene yield was observed to be low (8%) for reference
Cu/Al catalyst. However, the addition of Cu as promoter increased the butene yield. The
butene yield increased with the increase in copper content. Pd-Cus/Al exhibited 22.9%
butene yield that increased to 29.2% for Pd-Cuio/Al catalyst. Thereafter, the increase for
Pd-Cuzo/Al was only marginal. The highest yield of 32.1% was observed for Pd-Cuzo/Al.
This yield value is better or at par with reported yield values at similar conditions (Table
4.1).

44  Summary

In this chapter, Ni, Cu and Ag promoted palladium catalysts were prepared by modified
electroless co-deposition of metals on alumina support. The performance for butane
dehydrogenation was determined in terms of activity, selectivity, yield and stability in
temperature range of 100-600 °C under atmospheric pressure. The co-deposition of 10
mol% promoters along with palladium, very effectively increased activity and yield of
butene. The extent of enhancement depended on type of the promoter metal. The copper
promoted sample showed highest conversion of 34% at 550 °C that further increased to
38% on increasing the temperature to 600 °C. The Ag promoted catalyst possessed highest
selectivity towards butenes (>90% at 550 °C). The order of yield of butene was Pd-Cu/Al
(29%) > Pd-Ag/Al (23%) > Pd/Al (16%) > Pd-Ni/Al (13%) at 550 °C. Moreover, increase
in copper content increased yield of butene and highest yield of 32% was observed for Pd-
Cuzo/Al with 20 mol% copper. The palladium metal was in strong interaction with the
promoter metals forming alloys. Higher activity of these alloys enhanced performance of

the promoted catalysts. The stability of the catalysts was also enhanced by addition of
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promoters. The deactivation order was Pd-Ag/Al (27%) < Pd-Cu/Al (34%) < Pd-Ni/Al
(61%) < Pd/Al (76%).
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Chapter 5

SUPPORTED BIMETALLIC CATALYSTS: EFFECT OF
METAL COMPOSITION AND PREPARATION
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This chapter explored the performance of supported Pd and Pt based bimetallic catalysts
prepared by modified electroless deposition method. Their physicochemical properties and
performance for butane dehydrogenation reaction was evaluated and compared with that of
catalysts prepared by impregnation methods. The effect of metal composition was studied
by varying the Pd to Pt metal ratio in bimetallic catalysts as 3:1, 1:1 and 1:3. Catalysts with
higher Pd content exhibited lower acidity and highest selectivity while, higher Pt content
led to improved metal dispersion and higher activity. The equimolar Pd-Pt catalyst showed

the highest butane conversion and butene yield.
Keywords

Bimetallic Pd-Pt catalyst; composition; catalyst preparation; modified electroless

deposition; butane dehydrogenation
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5.1 Introduction

In chapter 2, it was observed that for butane dehydrogenation reaction, Pt was more active
at lower reaction temperatures and got deactivated at higher temperatures. The Pd based
catalysts though was less active at lower temperature, showed comparable or higher activity
at higher temperature beyond 500 °C. In addition, Pd/Al was more selective towards butene
and showed higher stability compared to Pt catalysts. Hence, the attainment of an enhanced
efficiency can be targeted by an employment of both the metals in an optimal ratio. In
literature also, the bimetallic catalysts are reported as more active than corresponding
monometallic under optimum conditions [1-3]. However, the main challenge remains with
achieving high activity along with minimizing deactivation over time. Thus, it is necessary
to optimize the relative amount of the two metals, to obtain maximum effectiveness on

catalytic performance.

Several studies have reported the effect of relative composition of two metals in bimetallic
catalysts on reaction [4-6]. Most of the studies are reported for Pt-Sn systems [7,8-10]. Lee
et al. studied butane dehydrogenation over Pt-Sn catalysts by varying amount of tin (0.5 to
1.5 wt%) [5]. The authors reported that small amount of tin (0.75 wt%) was effective in
enhancing the butene yield to 33.2% in comparison to higher tin content. Nagaraja et al.
reported the dehydrogenation of butane to butenes using PtSn catalysts with different metal
loadings [6]. The Sn loading was varied between 0.5 to 2 wt%. For 1.5 wt% Pt loading,
Pt1sSnis gave best product yield. The catalytic activity data for these literatures is
summarized in Table 5.1. The other metals that have been reported in combination with Pt
for dehydrogenation processes include Na, In, Pb, Ge, etc. [11-14]. Wu et al. demonstrated
that the performance of Pt/Mg(In)(Al)O catalysts for butane dehydrogenation was
dependent on the In/Pt ratio [4]. The optimal ratio was reported to be between 0.33 and

0.88, yielding >95% butene selectivity.

For Pt-Pd bimetallic systems, limited studies have been reported by varying the
composition of metals for various dehydrogenation and hydrogenation reactions [15-17].
Lei et al. (2012) synthesized Pt-Pd bimetallic catalysts by atomic layer deposition and
employed them for oxidative dehydrogenation of propane. They reported that bimetallic

catalysts exhibited better activity than the monometallic counterparts [17].
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Table 5.1. Details of various studies reported for butane dehydrogenation over Pt and Pd based bimetallic catalysts including the present one.

S.No. Catalysts Metal loading Feed Feed flow rate  Reaction  Conversion  Selectivity  Yield  Reference
Temp
(Wt%) (mL min) (°C) (%) (%) (%)
1 Pt/Mg(In)(AI)O Pt (0.9); In (0.17) H2/C4H10 80 530 13 96 12.5° [4]
2 PtSn/Al>O3 Pt (0.5); Sn (0.75)  Na/H./CsHao 30 550 3#5 89 334 [5]
3 PtSn/Al;O3 Pt (1.5); Sn (1.5) N2/H2/C4H10 30 550 43.6 86.4 37.7 [6]
4 PtSn/SBA-15 Pt (3); Sn (1.5) N2/C4H10 100 550 29.5 - 35.5 [7]
5 Pt-Sn/SAPO-34 Pt (0.5); Sn (1) H2/C4H10 - 585 36.1 92.7 33.5° [8]
6 PtSn/OMSO Pt (0.5); Sn (0.5) N2/H2/C4H10 36 575 37.3 95.8 35.7 [9]
7 PtSn/CMgO Pt (1.1); Sn (0.3) N2/H2/C4sH1o 30 550 30.6 95.2 29.1 [10]
8 InPtSn/MgAl.0,  Pt(0.3); In(0.28) H2/C4H10 18 530 30 96 29 [12]
Sn (0.37)
9 PtPb/MgAl,O4 Pt (0.3); Pb (0.5) H2/C4H1o 18 530 15 90 135 [13]
10 PdSn Pd (0.3); Sn (0.08) H./C3zHs 85 500 12.5 61.3 7.6 [18]
11 PdGa Pd (0.6); Ga (0.7) H2/C4H10 = 500 - 99 - [19]
12 1Pd1Ptep Pt (1.1); Pd (0.6)  Nio/H2/C4H1o 100 550 49 86 42.2 [Present
work]

@Yield determined as product of conversion and selectivity.
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However, the literatures on butane dehydrogenation over Pd based catalysts are still limited
[18,19]. Valecillos et al. [18] reported that modification of Pd with Sn (0.03 wt%) led to
increase in the product selectivity from 15% to 33%, that further improved to 62% on
increasing the Sn content to 0.08 wt%. Similarly, Ga-Pd bimetallic catalyst (0.72 wt% Ga
- 0.66 wt% Pd) also exhibited higher butene selectivity of 95% in comparison to
monometallic Pd (~80%) [19].

Hence, there is a wide scope of exploring effectiveness of Pd-Pt bimetallic catalysts for
butane dehydrogenation. In this study, the bimetallic Pd-Pt catalysts supported on an
alumina support were prepared with varying composition of Pd and Pt metals using
electroless deposition method. The amount of Pd and Pt loadings were varied in the molar
ratio of 1:3, 1:1 and 3:1 to study its effect on catalytic performance for butane
dehydrogenation. The performance of bimetallic catalysts was also compared with that of

conventionally prepared impregnated catalysts for all loadings.

52  Experimental
5.2.1 Preparation of bimetallic catalysts

The catalysts were prepared by modified electroless deposition as well as impregnation
method. The total metal loading was kept constant on molar basis in all the bimetallic
catalysts. All the catalysts had a metal loading of 112.8 umoles per gram of catalyst. The
composition of Pd to Pt was varied in the molar ratio of 3:1, 1:1 and 1:3.

a) Electroless deposition method

The Pd and Pt precursor solutions were prepared by dissolving required amount of PdCl»
and H2PtCle, respectively, in 20 mL of de-ionised water. Then, 20 mL of each Pd and Pt
precursor solution were mixed and stirred for 5 min. The resulting 40 mL solution contained
both the metal precursors in the desired ratio. The aqueous solution of hydrazine (reducing
agent) was prepared by adding required volume of N2H4.H20 in distilled water to facilitate
reduction of metals over the support. In a typical experiment, hydrazine solution (20 mL)
was passed through 2 g of alumina support and filtered after 10 min using vacuum. Then,
20 mL of co-deposited Pd-Pt metal precursor solution was gradually poured through the
filtered sample maintaining 10 min of interaction time. The filtrates for both hydrazine and
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metal precursor solutions were collected separately. These two steps represented the first
cycle. In the second cycle, the collected filtrate of hydrazine from the first cycle was again
passed through the same substrate followed by that of filtrate of Pd-Pt precursor solution.
In this cycle, as well, contact time of 10 min was maintained. Similarly, in the third and
fourth cycle, fresh and filtrate solutions were passed, respectively, leading to sufficient co-
deposition of both Pd and Pt metals in a desired ratio over the alumina support. The
resulting wet catalyst was then dried in an oven at 110 °C for 12 h. The deposited catalysts
were referred to as 3Pd1Ptep, 1Pd1Ptep and 1Pd3Ptep where the ratio of Pd to Pt was varied
as 3:1, 1:1 and 1:3, respectively.

b) Impregnation method

In this method, required amount of both Pd and Pt precursors were dissolved
simultaneously in 3 mL of water corresponding to a value slightly higher than the pore
volume of the support material. The bimetal precursor solution was then added to the
support slowly and mixed thoroughly to make a uniform paste. The impregnated catalyst
was then left at room temperature in air for 2 h and dried overnight in an oven at 110 °C.
The dried sample was then calcined in a muffle furnace at 400 °C for 4 h to obtain a final
catalyst. The nomenclature for the impregnated bimetallic catalysts used as 3Pd1Ptw,
1Pd1Ptw and 1Pd3Ptw corresponding to Pd to Pt ratio of 3:1, 1:1 and 1:3, respectively.

5.2.2 Catalyst characterization

The prepared catalysts were characterized using AAS, EDX, BET surface area, Reduction
TPR, TEM, XRD, FTIR spectroscopy, TPD of ammonia. The details of the characterization

methods are already included in section 2.2.4 in Chapter 2.
5.2.3 Dehydrogenation tests

The dehydrogenation of butane was performed in a fixed-bed down-flow reactor under
atmospheric pressure in the temperature range of 100 — 600 °C. Butane in gas phase was
fed into the reactor along with H> and N2 gases (volumetric ratio-1:3:6) with a total flow

rate of 100 mL min. The experimental details are included in section 2.2.5 in Chapter 2.
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5.3  Results and discussion
5.3.1 Effect on physicochemical properties

The Pd and Pt metal loadings in the bimetallic catalysts prepared by electroless deposition
were determined by AAS analysis of initial solution and final solution after metal
deposition. On molar basis, the obtained Pd and Pt loadings were almost in the same range
as targeted. The Pd and Pt content varied in the range of 28-84 umoles, that corresponded
to 0.3-0.9 wt% loading for Pd and 0.55-1.65 wt% loading for Pt catalysts, in all the
bimetallic catalysts as can be observed from Table 5.2. For impregnated catalysts, there
was no metal loss involved. The composition of the catalysts was also determined by EDX
and results were comparable to that obtained through AAS analysis for deposited bimetallic
catalysts. The EDX mapping images of the bimetallic catalysts synthesized by deposition
and impregnation methods are included in Appendix E. In 1Pd1Ptep catalyst prepared by
deposition method, Pd and Pt metals were more uniformly distributed suggesting better
dispersion of the metal over the surface. However, mapping images of corresponding
impregnated catalysts showed less uniform dispersion and clusters of the deposited metals

appeared.

Table 5.2. Metal loadings of bimetallic catalysts prepared by different methods with varied
Pd-Pt compositions.

Catalysts Ratio Loading? Loading®
Pd:Pt Palladium Platinum Palladium Platinum
(umoles) (Wt%)

3Pd1Ptep 3.1 80.6 27 0.8 (75.2) 0.5 (25.6)
1Pd1Ptep 1:1 45.4 49.3 0.55 (51.7) 1.1 (56.4)
1Pd3Ptep 1:3 26.7 81.2 0.3 (28.2) 1.6 (82.0)
3Pd1Ptw, 3:1 - - 0.9 (84.6) 0.55 (28.2)
1Pd1Ptw 1:1 L - 0.6 (56.4) 1.1 (56.4)
1Pd3Ptw 1:3 - - 0.3 (28.2) 1.65 (84.6)

1. Metal loading determined by a) AAS analysis and b) EDX analysis.
2. Total metal loading kept constant to 112.8 umoles per g of catalyst in all the samples.
3. Values in parenthesis corresponds to mol%.

The N2 adsorption-desorption isotherms and pore size distributions for support as well as
the bimetallic catalysts are shown in Figure 5.1a and b, respectively. All the catalysts
exhibited isotherms with similar characteristics as that of the support. The BET surface

area, pore volume and average pore size of the support and bimetallic catalysts with varying
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metal compositions and prepared by different methods are summarized in Table 5.3. The
surface area of all the catalysts decreased in comparison to the support, which can be

ascribed to the deposition of metal species within the pores [21].
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Figure 5.1. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size distribution
of alumina support and Pd-Pt bimetallic catalysts prepared by deposition and impregnation
method.

The bimetallic catalysts prepared by deposition method showed only a slight decrease in
surface area with respect to the support. The 1Pd3Ptep catalyst exhibited the highest surface
area of 183 m?g* followed by 1Pd1Ptep (181 m?g 1) while it was 179 m? g for 3Pd1Ptep
catalyst. Thus, the variation in metal composition did not lead to any significant changes in
surface area among the bimetallic samples. This agrees well with the fact that total metal
loading was kept constant for all the catalysts. However, the surface area of the bimetallic
catalysts prepared by impregnation method dropped significantly and was approximately
in the range of 169-172 m2g %, lower in comparison to that observed for deposited catalysts.

The significant decrease in the BET surface areas of the impregnated bimetallic samples
with respect to alumina support, suggested that the impregnation of the metals resulted in
higher pore blockage. This was in spite of the fact that the total metal loadings for all the
impregnated catalysts were kept same as that of the catalysts prepared by electroless
deposition. Accordingly, the decrease in pore volume was also significant for impregnated
catalysts as can be observed from Table 5.3. For alumina support, the total pore volume
was 0.39 cc g was lowered to 0.293-0.298 cc g for impregnated bimetallic catalysts,

while for deposited catalysts, it was in the range of 0.307-0.327 cc g*.
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Table 5.3. Physical properties of support and bimetallic catalysts prepared by deposition and
impregnation methods with different Pd-Pt compositions.

Catalysts BET Surface area Pore volume Average pore diameter
(m?*g?) (ccg?) (nm)

Alumina 214 0.391 7.7

3Pd1Ptep 180 0.307 59

1Pd1Ptep 181 0.327 6.0

1Pd3Ptep 183 0.314 5.9

3Pd1Ptw, 169 0.298 5.1

1Pd1Ptw, 172 0.295 5.2

1Pd3Ptw 171 0.293 5.0

The average pore size of all the deposited catalysts also decreased with respect to that of
support and was in the range of 5.9 - 6 nm. The variation in metal composition did not bring
about any significant change in pore size distribution for the deposited catalysts. Same
results were observed for impregnated catalysts, as they exhibited pore size in the range of
5-5.2 nm. Also, the pore size distribution was slightly broader for catalyst having equal Pd-
Pt content than the other two impregnated catalysts. However, lower average pore size for
impregnated catalysts compared to that of deposited catalysts agrees with the earlier
observation of higher pore blockage for former. No micropores were observed in any of the
catalysts (Figure 5.1b). The mesoporous character is expected to facilitate the easy transport
of the reactants as well as products to the active sites [22]. From these results, it can be
inferred that variation in preparation method affected the pore structure and surface area of

the bimetallic catalysts but the variation of metal composition had negligible effect.

All the bimetallic catalysts were further studied using H>-TPR analysis and Figure 5.2
shows the respective TPR profiles. All the catalysts exhibited multiple reduction peaks in
wide temperature range. As also discussed in earlier chapters, the 100 — 150 °C peak results
due to reduction of Pd or Pt oxide species less attached to the support, while peak at 300 —
400 °C results from reduction of oxide species strongly attached to the support. As depicted
in Fig. 5, the 1Pd3PtED catalyst showed a low temperature reduction peak centered at 160
°C, due to reduction of agglomerated bulk platinum species on the surface. The second
peak located at 350 °C with a small broad shoulder at 460 °C may be assigned to the
reduction of platinum species in a stronger interaction with co-deposited metal and the
support. When the catalyst with same composition was prepared by impregnation method,

the reduction peaks shifted to a lower temperature (130 and 310 °C) indicating weaker
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interaction of the deposited metals with support. The peaks corresponding to the presence
of platinum were more dominant in 1Pd3Ptep and 1Pd3Ptw; catalysts having higher Pt

content.
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Figure 5.2. TPR profiles of bimetallic catalysts prepared by deposition and impregnation
methods with different Pd-Pt compositions.

Similarly, the traits of Pd were dominant in 3Pd1Ptep catalyst, wherein, two low
temperature reduction peaks were obtained at 90 and 145 °C that can be attributed to the
reduction of weakly interacting PdO clusters. The 3Pd1Ptep catalyst also exhibited a high
temperature peak at 340 °C along with a small shoulder at 460 °C that disappeared in
corresponding impregnated 3Pd1Ptw, catalyst. For the deposited 1Pd1Ptep catalyst, with
equimolar content of Pd and Pt, the appearance of high intensity single broad peak in the
higher temperature range of 260-460 °C suggested stronger metal — metal interaction as
well as strengthening of the metal-support interaction. Non-appearance of any bulk peak at
lower temperature confirmed stronger interaction between species in 1Pd1Ptep catalyst
compared to other two metal composition catalysts. However, for impregnated 1Pd1Ptw;
catalyst a peak at lower temperature was observed at 85 °C. The intensity of the high
temperature broad reduction peak at 260-450 °C was also lower in this impregnated catalyst
compared to that of corresponding deposited catalystlPd1Ptep. These observations
suggested relatively lower metal-support or metal-metal interaction for impregnated

catalyst compared to that in deposited catalysts at same equimolar composition.
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The TEM images of the deposited bimetallic catalysts are shown in Figure 5.3. Metals sites
with higher atomic weight than that of support elements (aluminium and oxygen)
represented the darker spots. Since Pt is heavier atom with molecular weight almost double
(195.08) than that of Pd (106.4), the darkest spot may be identified with unalloyed Pt sites.
As it can be observed from images that these darkest zones are highest in 1Pd3Ptep catalyst
with highest Pt content and lowest in 3Pd1Ptep catalyst with lowest Pt content. In 1Pd1Ptep

catalyst, where alloy formation is expected to be maximum, showed fewer dark spots.
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Figure 5.3. HRTEM images and corresponding particle size distributions of bimetallic
catalysts prepared by deposition method with different Pd-Pt compositions.

The average size of the metal clusters calculated from TEM images ranged from 3 to 5 nm.
The 1Pd3Ptep catalyst with higher Pt content exhibited smallest average cluster size of 3.3
nm, while 3Pd1Ptep had an average metal cluster size of 4.9 nm. For 1Pd1Ptep catalyst

with equal Pd and Pt content, the average metal cluster size existed between the two
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extreme values, at 4.1 nm. The metallic dispersion (D%) for the catalysts was calculated
using the equation: D=1.13/d, where d is the mean particle size in nm as determined from
TEM analysis. Particles are assumed to be spherical for this calculation. The highest metal
dispersion of 34% was obtained for 1Pd3Ptep catalyst followed by 27.5 and 23% for
1Pd1Ptep and 3Pd1Ptep, respectively. Since the reduction potential of platinum is higher
than palladium, platinum ions tends to get reduced and deposited on the catalyst surface at
a faster rate compared to that of co-existing palladium ions in solution. This simultaneous
fast deposition of Pt metal ion clusters on bare support surface resulted in formation of
more nucleation sites. Hence with higher Pt content, higher concentration of nucleation
sites on support surface contributed to lower growth of metal clusters on surface. This
explained the lowest cluster size observed for 1Pd3Ptep with highest Pt content. The reverse
was observed for catalyst with lowest Pt content in 3Pd1Ptep with highest average particle

size.

Figure 5.4 shows the TEM images of the corresponding impregnated catalysts with varied
Pd-Pt composition. The TEM images revealed that the metal clusters were more densely
populated in all impregnated catalysts and corresponding average size was in the range of
7-8.5 nm, which was much higher compared to that of deposited bimetallic catalysts.
Accordingly, the corresponding dispersion values were much lower at 16, 14.7 and 13.8%
for 1Pd3Ptwi, 3Pd1Ptwi; and 1Pd1Ptw catalysts, respectively compared to that of
corresponding deposited catalysts. For 1Pd3Ptw catalyst, having higher Pt ratio, the lowest
average size of 7.1 nm was obtained. This may be explained by the fact that Pt being in
higher content in precursor solution, was naturally deposited first. On contrary, for the
3Pd1Ptw catalyst, Pd present in higher amount was deposited prior to Pt. Now, the
precursor for Pt was chloroplatinic acid in which each Pt ion remains in coordination with
6 chloride ions [23]. In limited solvent condition of impregnation, movement of ions are
restricted and, ligand effect of chloride ions may have contributed towards lowering the
agglomerating tendency of Pt ion clusters. However, similar ligand effect by counter ions
are not observed in case of palladium precursors. Hence, prior deposition of Pt due to its
higher concentration provided more nucleation sites in 1Pd3Ptw, catalyst than that in
3Pd1Ptw catalyst, where Pd was expected to be initially deposited as it was in higher
concentration in precursor solution in this case. Consequently, higher average metal size of
7.7 nm was obtained for the latter. However, for 1Pd1Ptw; catalyst with equal amount of

both metals, limited solvent condition might have increased the interaction between co-
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depositing metals and results in formation of larger metal clusters on the surface. The
highest average metal cluster size of 8.2 nm was obtained for this catalyst. The higher metal
cluster size for the impregnated catalysts might be the reason for their higher pore blockage
and consequent lower surface area as well as average pore size observed during surface

area and pore analysis.
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Figure 5.4. HRTEM images and corresponding particle size distributions of bimetallic
catalysts prepared by impregnation method with different Pd-Pt compositions.

The structures of the deposited bimetallic catalysts were also analysed using SAED
(Selected Area Electron Diffraction) patterns of metal clusters obtained during HRTEM
analysis as shown in Figure 5.5. The SAED patterns of corresponding impregnated
catalysts are also included in Figure 5.5. The ring identification was done through CrysT
Box software. The diffraction pattern obtained for the catalysts provided information on

the perpendicular distance between adjacent lattice planes (i.e. d-spacing) of Pt and Pd. The
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ring patterns obtained from the SAED analysis of the deposited bimetallic catalyst showed
the presence of Pd and Pt in accordance with the loading of each metal. The SAED pattern
of the 1Pd3Ptep and 3Pd1Ptep catalysts showed four diffraction rings corresponding to the
four planes of Pd-Pt particles, while 1Pd1Ptep catalyst showed six diffraction rings. The
presence of Pd (111) and (222) planes and Pt (111) and Pt (022) planes corresponded to the
FCC structure of Pd and Pt particles in deposited bimetallic Pd-Pt catalysts [24]. Further,
the SAED images revealed the occurrence of more platinum phases in 1Pd3Ptep catalyst
with higher Pt content. More palladium phases observed in 3Pd1Ptep is in accordance with

higher Pd content in the sample compared to Pt.
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Figure 5.5. SAED patterns obtained over bimetallic catalysts prepared by deposition method
(above) and impregnation method (below) with different Pd-Pt compositions.

In 1Pd1Ptep catalyst, uniform distribution and occurrence of Pd and Pt phases was
observed. The images showed that the inner most rings were that of Pt and Pd, in 1Pd3Ptep
and 3Pd1Ptep catalyst, respectively. This may be correlated with preferential deposition of
Pt and Pd on support in respective catalyst surface due to their higher concentration in
corresponding precursor solution as was also discussed earlier. Similarly, higher
concentration of Pt and Pd also resulted in observation of their outer rings in 1Pd3Ptep and
3Pd1Ptep catalysts, respectively. Interestingly, in 1Pd1Ptep with equal content of both the
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metals, faster deposition of Pt due to its higher reduction potential (1.18 V) than that of Pd
(0.91 V) resulted in inner rings for Pt while more rings assigned to Pd were detected at

outer periphery.

The XRD profiles for the support and catalysts are shown in Figure 5.6. It can be observed
that for all the bimetallic catalysts no sharp peaks corresponding to Pd or Pt were observed.
Neither any significant variation in peak intensity or peak position for y-Al,Oz was detected
in any of the bimetallic catalysts compared to that of the support. This confirmed that the
metal crystallites were in dispersed state over the alumina support, as was also observed
from TEM analysis. Absence of any prominent peak due to Pt or Pd metals suggested that
the fraction of metal cluster size above 4 nm, the detection limit of XRD, were too low to
be detected by XRD [25]. The TEM analysis also confirmed that the fraction of cluster
above 4 nm was only 17% for the deposited catalysts.
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Figure 5.6. XRD spectra of alumina support and bimetallic catalysts with different Pd-Pt
compositions prepared by different methods.

Figure 5.7a depicts the NH3-TPD profiles obtained for the alumina support and the
deposited bimetallic catalysts with varying Pd and Pt ratio. The corresponding total acidity
in terms of ammonia uptake in mmol g* calculated from the respective desorption profiles
is summarized in Table 5.4. Alumina showed the high surface acidity with highest ammonia
uptake of 8.83 mmol g. The broad desorption profiles showed a wide distribution of acid
strength in the range of 100-600 °C with dominance of acid sites of medium strength, 250-

350 °C. As can be observed from Table 5.4, the total acidity for the bimetallic catalysts

TH-2633_145121012 116



Bimetallic — Composition & preparation

decreased with deposition of metals on support surface which may be explained by partial
blockage of acid sites. However, the total acidity and acid strength distribution depended
on the metal composition. It was observed that higher Pt content resulted in highest acidity
among bimetallic catalysts and highest palladium content resulted in lowest total acidity.
The 1Pd3Ptep catalyst with highest Pt content showed the highest acidity of 8.46 mmol
NH3 gt while, 3Pd1Ptep with highest Pd content showed lowest acidity of 5.66 mmol NHs
gl. The 1Pd1Ptep with equimolar Pd-Pt content showed in-between acidity of 7.35 mmol
NHs g?. The overall order of acidity in terms of total ammonia uptake was Alumina >
1Pd3Ptep > 1Pd1Ptep > 3Pd1Ptep.
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Figure 5.7. (a) NHs-TPD profiles of alumina support and deposited bimetallic catalysts
prepared with different Pd-Pt compositions and (b) Comparison of FTIR spectra of pyridine
adsorbed on deposited and impregnated bimetallic catalysts prepared with different Pd-Pt
compositions.

The comparison of profiles showed that for all the bimetallic catalysts desorption peaks
were narrower in comparison to the support suggesting fraction of acid sites of lower
strength increased in bimetallic compared to that in support. The peak maxima shifted to
lower temperature from 198 °C for 1Pd3Ptep to 154 °C for 3Pd1Ptep with decreasing Pt
and increasing Pd content. The area under the curve also decreased with increasing Pd
content corresponding to lower total acidity as discussed above. The peaks also became
narrower corresponding to disappearance of acidic sites of higher strength with increasing
deposition of palladium. The results suggested more acidic nature for Pt metal compared
to that of Pd metal.
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Table 5.4. Acidity measurement of alumina support and deposited bimetallic catalysts
prepared with different Pd-Pt compositions.

Catalysts Total acidity
mmol NH3 g (cat)
Alumina 8.83
3Pd1Ptep 5.66
1Pd1Ptep 7.35
1Pd3Ptep 8.46

Further, the surface acidity of the deposited and impregnated Pd-Pt bimetallic catalysts of
varying Pd and Pt content was compared using FTIR with pyridine as a probe molecule
(Figure 5.7b). All the catalyst samples exhibited peaks at 1450 and 1620 cm™ which was
attributed to the pyridine adsorption on Lewis acid sites. A peak at 1490 cm™ common to
the vibrational bands for Lewis as well as Brgnsted acid sites was also observed for both
support as well as all the catalyst samples. The other peak appearing at 1637 cm™ was
attributed to the adsorption of pyridine to Bragnsted acid sites that might have resulted from
the surface hydroxyl groups generated from exposure to environment. Among the deposited
bimetallic catalysts, the catalyst with higher Pt content exhibited most intense peaks i.e.
higher acidity followed by catalyst with equimolar Pt and Pd content. The peaks were less
intense for 3Pd1Ptep catalyst suggesting low surface acidity. The difference in surface

acidity of the catalysts could be explained on basis of metal-acid site interaction.

On interaction with Lewis sites, Pd and Pt metal tend to get partially oxidized. Since the
oxidation potential of Pt is lower than that of Pd, interaction of Pt was lower with Lewis
acid sites. Hence, more availability of free Lewis sites on catalyst with higher Pt content
led to higher peak intensity of adsorbed pyridine compared to that observed for catalyst
having higher Pd content. Further, metal crystallites themselves can also act as Lewis acid
sites [26]. Because Pt has a higher reduction potential in comparison to Pd, it interacts
strongly with electron lone pair of pyridine, thus giving higher peak intensity for 1Pd3Ptep
catalyst in comparison to 3Pd1Ptep. The 1Pd1Ptep showed an intermediate acidity.
Furthermore, the very low intensity peaks for Brgnsted acid sites in 3Pd1Ptep catalyst
suggested that higher affinity of Pd for hydrogen neutralized all the Brgnsted sites involving

OH groups on the support surface.

Similar trend was also obtained for impregnated samples, where 1Pd3Ptw, catalyst
exhibited highest surface acidity followed by 1Pd1Ptw and 3Pd1Ptw catalysts. However,
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the surface acidity of all the impregnated bimetallic catalysts, as observed from the FTIR
spectra of adsorbed pyridine, was higher compared to that of corresponding deposited
bimetallic catalysts. This was confirmed from higher intensity of the peaks for the
impregnated catalysts. The higher acidity of impregnated catalysts may be attributed to
their lower dispersion and larger cluster size of metals, thereby, exposing stronger acidic

sites of the support surface.
5.3.2 Dehydrogenation study

Figure 5.8a illustrates the n-butane conversion in the temperature range of 100-600 °C
obtained over bimetallic catalysts with varying Pd-Pt composition synthesized using
deposition and impregnation methods. The conversion of n-butane steadily increased with
increase in the reaction temperature for all the catalysts. The conversion trends suggested
that the variation in both metal composition and preparation methods considerably affected
the catalytic activity. Among the deposited catalysts, the 1Pd1Ptep catalyst exhibited
highest conversion in the entire reaction temperature studied. In the lower temperature
range, 1Pd1Ptep catalyst exhibited a considerable conversion of 8% even at 100 °C. The
other two deposited catalysts, 3Pd1Ptep and 1Pd3Ptep exhibited lower conversion in the
low temperature range. The conversion picked up sharply for all three deposited catalysts
on increasing the temperature beyond 400 °C. At 400 °C, the 1Pd1Ptep catalyst with equal
Pd-Pt content showed highest butane conversion of 31.3%, nearly double to that observed
for other catalysts i.e. 14.5 and 17.3% for 3Pd1Ptep and 1Pd3Ptep, respectively. The
difference in activity decreased at the high reaction temperature range of 500-600 °C. At
500 °C, 1Pd3Ptep exhibited highest conversion (43.2%) closely followed by 1Pd1Ptep
(42.8%) and 3Pd1Ptep (39.7%). On increasing the temperature further to 550 °C, both
1Pd3Ptep and 1Pd1Ptep catalysts showed similar activity exhibiting approximately 48%
butane conversion. At the same reaction temperature, 3Pd1Ptep catalyst showed 44.3%
conversion. However, the activity of 1Pd3Ptep catalyst dropped to 44.5% on further
increase in temperature to 600 °C, while the conversion increased to 49.2 and 49.7% for

3Pd1Ptep and 1Pd1Ptep catalysts, respectively.

In the entire temperature range studied, bimetallic catalysts prepared by electroless
deposition method exhibited superior activity than those prepared by impregnation method.

At the initial temperature of 100 °C, none of the bimetallic catalysts synthesized by
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impregnation method exhibited any conversion. Similarly, at 200 °C, 3Pd1Ptw; and
1Pd1Ptw, catalysts did not show conversion, however, the conversion of 5% was detected
for 1Pd3Ptw catalyst. The conversion picked up gradually from 300 °C for all the
impregnated catalysts, with 1Pd3Ptw, catalyst showing the highest activity in the
temperature range of 100-550 °C. The highest conversion of 35.4% was obtained over
1Pd3Ptw catalyst followed by that for 3Pd1Ptw, (30.3%) and 1Pd1Ptw, catalyst (29.1%) at
550 °C. However, with the further increase in temperature to 600 °C, conversion dropped
to 27.3% for 1Pd3Ptw; catalyst, while it increased to 33.4% for 3Pd1Ptw, catalyst. The

conversion remained similar at 29.9% for 1Pd1Ptw, catalyst at 600 °C.
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Figure 5.8. Catalytic performance of bimetallic Pd-Pt catalysts at different temperatures (a)
butane conversion profiles and (b) product selectivity profiles.

The turnover frequencies (TOFs) of the catalysts were determined based on the total metal
loading. Table 5.5 shows the TOF values at 550 °C, obtained for all the bimetallic catalysts.
Deposited bimetallic catalysts exhibited higher TOFs than impregnated catalysts with
1Pd1Ptep showing highest TOF of 1.18 s followed by 1Pd3Ptep catalyst (1.16 s). The
catalyst with higher Pd content exhibited slightly lower TOF of 1.09 s, The TOFs were in
the range of 0.7-0.9 s for impregnated bimetallic catalysts at 550 °C. Both deposited and
impregnated catalysts with high palladium content showed lower activity up to a
temperature of 550 °C. The lower activity of these catalysts might be explained by the
higher energy barrier for interaction of hydrocarbon with Pd compared to that with Pt [27].
Thereby, butane interacted less with Pd compared to that with Pt giving lower conversion.
However, among deposited catalysts, significantly higher activity for 1Pd1Ptep catalyst

compared to that of 1Pd3Ptep suggested presence of more active species on former. This
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higher activity might had resulted from the alloying of Pd and Pt metal in 1Pd1Ptep catalyst
as observed from the characterization analysis discussed above. The metal-metal
interaction as well as metal support interaction was strongest for 1Pd1Ptep catalyst among
all the compositions. At same composition of 1Pd1Pt alloying was higher when prepared
by deposition compared to when prepared by impregnation. Thus lower alloying resulted

in lower activity of 1Pd1Ptw, catalyst.

Table 5.5. Catalytic activity of Pd-Pt bimetallic catalysts for n-butane dehydrogenation at 550
°C [Feed ratio (n-butane:hydrogen:nitrogen) = 1:3:6].

Catalyst Conversion TOF Selectivity
(%) (sh) (%)
Iso- 1- Trans-2-  Cis-2- Total C:i-Cs
butene  butene  butene  butene  butene

3Pd1Ptep 44.3 1.09 15.8 24.7 28.4 22.2 91.1 8.9
1Pd1Ptep 48.8 1.18 19.4 20.3 24.3 215 85.5 145
1Pd3Ptep 48.5 1.16 17.4 22.5 25.7 19.1 84.7 15.3
3Pd1Ptw, 30.3 0.72 12.4 16.3 19.4 13.7 61.8 38.2
1Pd1Ptw 29.1 0.71 9.0 10.6 19.9 14.8 54.3 45.7
1Pd3Ptw, 35.4 0.87 15.3 12.8 13.7 10.3 52.1 47.9

At 600 °C, the conversion decreased for both the high Pt containing catalysts prepared by
deposition and impregnation. At 600 °C, the sintering of Pt metal or deactivation by
secondary reaction might have led to decrease in activity of high Pt containing catalysts.
These observations have been later confirmed by analysis of spent catalysts. The overall
higher activity of deposited catalysts over impregnated catalysts at all compositions may
be explained by higher metal dispersion for former. The metal dispersion values were
obtained in the range of 23-34% for deposited bimetallic catalysts compared to only 13.5-
16% observed for impregnated catalysts at similar metal loadings. Thus, higher metallic
dispersion for all the deposited bimetallic catalysts led to the availability of greater number
of active metal sites, thereby increasing butane conversion. The pore analysis revealed that
the addition of metal on support by deposition did not result in significant pore blockage.
The decrease in surface area and pore volume for deposited catalysts was marginal at all
compositions. This might have resulted from better dispersion of metal in deposited catalyst
as discussed above. The less pore blockage in deposited catalysts might have offered lower
hindrance to diffusion of reaction and products, thereby also facilitating conversion of

butane.
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Butane dehydrogenation resulted in formation of all the butene isomers including iso-
butene, 1-butene and 2-butene along with Ci-Cs hydrocarbons over all the catalysts.
However relative amount varied with difference in composition and preparation method.
Both saturated and unsaturated C1—Csz compounds were detected (Appendix G). Neither
butadiene nor any higher hydrocarbons beyond butenes were detected in the product
stream. The overall selectivity trends for products in the temperature range of 500-600 °C
for all the catalysts are shown in Figure 5.8b. For all the deposited bimetallic catalysts, the
selectivity towards C:-C3 compounds was observed to increase gradually with the increase
in temperature up to 550 °C. A significant rise was noted on further increasing the
temperature to 600 °C. The cracking reactions, having higher activation energy than that of
dehydrogenations, are more favoured at higher temperature. Hence the observation of rise
in C1-C3 compounds with increase in temperature. The results are in agreement with the
reported works that observed enhanced generation of lower hydrocarbons by C-C cleavage

at higher temperature, lowering selectivity of butene [19].

The selectivity pattern for the bimetallic catalysts was observed to depend on the metal
composition. The bimetallic catalyst, 3Pd1Ptep showed highest selectivity of 91% towards
butenes at 550 °C, followed by 1Pd1Ptep (85.5%). The 1Pd3Ptep catalyst having higher Pt
content exhibited lowest butene selectivity of 84.7%. Accordingly, at 550 °C, the selectivity
towards cracked product formation was lowest for 3Pd1Ptep catalyst (9%) followed by that
of 1Pd1Ptep catalyst (14.5%), while it was highest for 1Pd3Ptep, 15.3%. On further
increasing the temperature to 600 °C, the butene selectivity decreased considerably for
1Pd1Ptep and 1Pd3Ptep catalysts to 74.5 and 76.2%, respectively. The decrease in butene
selectivity was lower for 3Pd1Ptep catalyst with higher Pd ratio (84% at 600 °C). From the
selectivity trends, it can be inferred that higher Pd content in catalysts favoured butene
formation, while higher Pt ratio resulted in comparatively higher formation of C:-Cs
hydrocarbons. This trend in selectivity can be explained by surface acidity of the catalyst
surface. Higher surface acidity contributes towards cracking of hydrocarbons. It is reported
that the cleavage of C-C bond is primarily catalysed by the strong acid sites which also
restrain desorption of olefins precursors [28]. This leads to polymerization and formation
of coke precursors. The 3Pd1Ptep catalyst exhibited least acidity, as observed from the
NH3-TPD analysis, and accordingly showed lowest selectivity towards cracked products
and highest selectivity to butenes. While, the higher surface acidity in 1Pd3Ptep catalysts

might have favoured formation of C1-Cs hydrocarbons.
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Similar effect of metal composition on product selectivity was observed for impregnated
bimetallic catalysts as well. The highest butene selectivity of 66.7% at 500 °C was observed
for 3Pd1Ptw catalyst that dropped to 59.4% on increasing the temperature from 500 to 600
°C. The lowest butene selectivity was obtained over 1Pd3Ptw catalyst, wherein, butene
selectivity decreased significantly from 58.7 to 48.3% on increasing the temperature to 600
°C. The bimetallic Pd-Pt catalysts prepared by impregnation thus exhibited much lower
selectivity towards butenes in comparison to deposited catalysts for all compositions. The
lower butene selectivity in impregnated catalysts was probably due to larger metal cluster
size and higher surface acidity. The large clusters tend to interact with the formed primary
products more easily, leading to secondary reactions such as oligomerization and
polymerization. Thereby, the butene selectivity decreased. Further, higher surface acidity
of impregnated catalysts led to enhanced cracking reaction as discussed earlier, ultimately

leading to decreased selectivity towards butene formation.

The comparison of product distributions for all bimetallic catalysts at 550 °C is shown in
Table 5.5. All the catalysts exhibited higher selectivity towards the formation of 2-butenes
followed by 1-butene. Also, the catalyst with higher Pd content exhibited lower selectivity
towards the formation of iso-butene in comparison to the other two catalysts having higher
Pt content. The highest selectivity towards butene, (1-butene: 24 %, trans-2-butene: 28 %

and cis-2-butene: 22 %) was obtained over 3Pd1Ptep catalyst.

Figure 5.9a illustrates the total butene yield obtained over different catalysts in the
temperature range of 500-600 °C. The product yield was calculated by Eq. 2.8 (section
2.2.5 of Chapter 2). The butene yield over bimetallic catalysts varied with the composition
of the metals as well as preparation method. The temperature at which the highest butene
yields were achieved differed for different metal compositions. Among the catalysts
prepared by deposition, the 1Pd1Ptep catalyst with equal Pd and Pt ratio showed the highest
butene yield of 43.8% at 525 °C that thereafter decreased at higher temperatures; 41.7% at
550 and 37% at 600 °C. For 1Pd3Ptep and 3Pd1Ptep catalysts, the highest butene yields of
41% and 40.3% were obtained at 550 °C. On raising the temperature to 600 °C, the butene
yield increased to 41.2% for 3Pd1Ptep catalyst with higher proportion of Pd, but decreased
for the other two metal compositions. Moreover, higher butene yields were obtained over
Pd-Pt bimetallic catalysts prepared by electroless deposition method in comparison to those
prepared by impregnation method. The higher yield of all deposited catalysts may be
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attributed to their higher butane conversion as well as butene selectivity. Among
impregnated catalysts, the highest yield of 19.8% was obtained at 600 °C over 3Pd1Ptw
catalyst. The overall yield order obtained at 550 °C was 1Pd1Ptep (41.7%) > 1Pd3Ptep
(41%) > 3Pd1Ptep (40.3%) > 3Pd1Ptwi (18.7%) > 1Pd3Ptwi (18.4%) > 1Pd1Ptw (15.8%).
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Figure 5.9. Catalytic performance of bimetallic catalysts prepared with different Pd-Pt
compositions by deposition and impregnation methods (a) product yield and (b) deactivation
profiles obtained at 550 °C.

Further, a deactivation study was carried out to investigate the effect of metal composition
and preparation method on catalyst stability. Figure 5.9b shows the change in butane
conversion at 550 °C with time on stream for 10 h. Among the deposited catalysts,
1Pd1Ptep catalyst showed greater stability in comparison to other two metal composition
of catalysts. Further, it was observed that irrespective of the metal composition, the
bimetallic catalysts synthesized by electroless deposition exhibited much greater stability
than those prepared by impregnation. In addition, for both electroless deposition and
impregnation method, the variation in metal composition had a similar effect on catalytic
stability. The catalysts having higher proportion of Pd possessed higher stability in
comparison to the catalysts having higher Pt proportion. The initial conversions obtained
for 3Pd1Ptep, 1Pd1Ptep, 1Pd3Ptep, 3Pd1Ptwi, 1Pd1Ptw and 1Pd3Ptw, catalysts were 45.7,
47, 47.6, 30.4, 29 and 34.4% that decreased to 37.8, 39.7, 31.4, 13.4, 10 and 10.9%,
respectively, after 10 h. Thus, percentage deactivation of the respective catalysts (Eq. 2.9,
section 2.2.5, Chapter 2) after 10 h of time on stream study was as follows: 1Pd1Ptep (15%)
< 3Pd1Ptep (17%) < 1Pd3Ptep (34%) < 3Pd1Ptw (56%) < 1Pd1Ptwi (65%) < 1Pd3Ptw
(68%).
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The higher content of Pd in catalysts enhanced stability by suppressing C-C cleavage
reactions, while, Pt promoted the same as observed from Figure 5.8b. As discussed earlier
higher acidic nature of catalyst with more Pt content promoted cracking reaction thereby
deactivating the catalyst. As observed above, the catalysts prepared by impregnation
method suffered severe deactivation and lost their activity drastically after 10 h. The
comparatively much lower deactivation and significantly improved stability in the
bimetallic catalysts synthesized by deposition method may have resulted from stronger
metal-support interaction and lower selectivity towards cracked product formation. It has
been reported that the cracking and condensation reactions stimulate coke formation
covering the active metal sites and ultimately leads to the deactivation of dehydrogenation
catalysts. Thus, the catalytic stability profiles were well related with their corresponding
product selectivity patterns and were influenced by the metal composition and preparation

methodology adopted.
5.3.3 Analysis of spent catalysts

The spent deposited bimetallic catalysts were analysed using BET, TEM and TGA analysis.
The obtained results were compared with the corresponding fresh catalysts to understand
the variation in physicochemical properties of the catalysts after undergoing reaction. The
properties of the spent bimetallic catalysts are summarized in Table 5.6. The surface area
was found to decrease to 176, 179 and 178 m? g* for spent 3Pd1Ptep 1Pd1Ptep and
1Pd3Ptep catalysts from 180, 181 and 183 m? g, respectively of corresponding fresh
catalyst. The decrease in surface area was thus nominal (1-3%) for all the spent catalysts.
The loss of surface area was lowest for 1Pd1Ptep_spent catalyst and highest for
1Pd3Ptep_spent catalyst. The average pore size and pore volume of spent catalysts also
reduced marginally compared to corresponding fresh catalysts (Table 5.6). A nominal
decrease in surface area and pore volume suggested that there was no significant coke

deposition or variation in support porous structure due to reaction.

Low coke deposition was also confirmed by the TGA analysis of samples in flow of air. In
the TGA analysis, weight loss is expected owing to the combustion of deposited carbon in
flow of air. The TGA profiles (Appendix H) of the spent catalysts showed the combustion
around 100-200 °C with weight loss of 2.6, 4.8, and 6.7 wt% for 1Pd1Ptep_spent,
3Pd1Ptep_spent and 1Pd3Ptep_spent, respectively. The higher platinum content catalyst
thus showed highest weight loss while 1Pd1PtED_spent showed lowest weight loss. This

TH-2633_145121012 125



Chapter 5

suggested under similar reaction conditions, the highest coke deposition was observed for
catalyst with higher Pt content that is 1Pd3PtED, while the lowest was observed for
1Pd1PtED. Along with the stability of the catalysts, the overall low coke deposition on the
all the deposited catalyst might have also resulted from the presence of hydrogen in the

feed which suppressed coke formation.

Table 5.6. Textural properties of spent bimetallic catalysts prepared by deposition method.

Catalysts BET surface area Pore volume Average pore diameter
(m*g) (ccg?) (nm)
3Pd1Ptep_spent 176 (2.2) 0.300 (2.3) 5.8
1Pd1Ptep_spent 179 (1.1) 0.319 (2.4) 6.0
1Pd3Ptep_spent 178 (2.7) 0.297 (5.1) 5.7
Values in parenthesis correspond to percentage decrease with respect to corresponding fresh
catalysts

The TEM images of spent catalysts are illustrated in Figure 5.10. The average cluster sizes
were observed to increase to 5.2, 4.5 and 4.2 nm for spent catalysts from 4.9, 4.1 and 3.3
nm for 3Pd1Ptep_spent, 1Pd1Ptep_spent.and 1Pd3Ptep_spent, respectively. Though, there
was a growth in average metal cluster size after the dehydrogenation reaction for all the
compositions, the percentage growth was highest for the 1Pd3Ptep_spent catalyst having
highest Pt content. The dispersion values also decreased to 21.7% (3Pd1Ptep_spent), 25.1%
(1Pd1Ptep_spent) and 26.9% (1Pd3Ptep_spent) for corresponding spent catalysts,
accordingly. The slight increase in average metal particle size and decrease in metal
dispersion may be attributed to some structural modification of metal clusters. The sintering
of the deposited metals under reaction conditions was the reason for the observed

phenomenon.

3Pd1Ptep_spent|

Figure 5.10. TEM images of spent bimetallic catalysts prepared by deposition method with
different Pd-Pt compositions.
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The analysis of the spent catalysts showed that overall coke deposition was low and catalyst
structure was relatively stable for all the deposited bimetallic catalysts. The relatively
higher deactivation observed for 1Pd3Ptep catalyst (high Pt content) at increased
temperature of 600 °C agreed with relatively more deposition of carbon and modification
of metal sites observed for this sample compared to other two deposited catalysts. The
relatively higher coke deposition for 1Pd3Ptep catalyst suggested higher extent of cracking
reaction over this catalyst that agreed with the lower butene selectivity observed for this
sample at 600 °C. The lowering of activity at this temperature for 1Pd3Ptep, as observed,
also might be the result of slight coke deposition. The least coke deposition and structural

modification led to highest activity and stability for 1Pd1Ptep catalyst.

5.4 Summary

The effects of metal composition and preparation were investigated on alumina supported
Pd-Pt bimetallic catalysts employed for butane dehydrogenation. The Pd to Pt metal ratio
was varied as 3:1, 1:1 and 1:3, while, preparation was done by electroless deposition and
impregnation methods. Catalysts with higher Pd content exhibited lower acidity and highest
selectivity while, higher Pt content led to improved metal dispersion and higher activity.
Equimolar Pd and Pt ratio led to better metal-metal interaction as well as metal-support
interaction. The deposited equimolar 1Pd1Ptep catalyst showed the highest butane
conversion of 48.5% and butene yield of 42% at 550 °C with lowest deactivation (15%)
after 10 h process time. For all compositions, the deposited catalysts showed better catalytic
performance than that of impregnated catalysts, which might be attributed to higher metal
dispersion, stronger metal-metal and metal-support interactions and lower surface acidity
observed in the former. The overall order for butene yield was 1Pd1Ptep (42%) > 1Pd3Ptep
(41%) > 3Pd1Ptep (40.3%) > 3Pd1Ptw (18.7%) > 1Pd3Ptw (18.4%) > 1Pd1Ptw (15.8%),
while for catalytic stability it was as follows: 1Pd1Ptep (15%) > 3Pd1Ptep (17%) >
1Pd3Ptep (34%) > 3Pd1Ptwi (56%) > 1Pd1Ptw (65%) > 1Pd3Ptw (68%).
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SUPPORTED BIMETALLIC CATALYSTS:
EFFECT OF METAL DEPOSITION SEQUENCE

AND OTHER MODIFICATIONS
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This chapter discusses the physicochemical properties and butane dehydrogenation activity

of alumina supported Pd and Pt based bimetallic catalysts prepared by varying the sequence

of metal deposition in modified electroless deposition method. The co-deposited Pd-Pt

catalyst exhibited better activity for butane dehydrogenation in comparison to sequentially

deposited catalysts. Effect of process parameters have been discussed for co-deposited Pd-

Pt catalyst. The effects of addition of Cu as promoter and surfactant as dispersing agent to

co-deposited Pd-Pt catalyst have also been discussed.

Keywords

Modified electroless deposition; palladium; platinum; bimetallic; butane dehydrogenation
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6.1 Introduction

In previous chapter, performance of Pd-Pt bimetallic catalysts was explored for
dehydrogenation of butane by varying metal composition. The bimetallic catalyst having
equal Pd and Pt ratio exhibited better catalytic activity in comparison to other two
compositions. In this section, the effect of sequence of metal addition for equimolar Pd-Pt

catalyst was investigated.

The change in deposition sequence is reported to control the interaction of metal with the
support or metal-metal interaction itself. There are several literatures which reported the
change in physicochemical properties and performance of the catalysts arising due to
change in impregnation or deposition sequence. Feng et al. [1] studied the effect of
deposition sequences on electro-catalytic properties of PtPd/C catalysts for formic acid
electro-oxidation. The authors reported greater stability in Pt-Pd catalysts due to synergistic
effects. Cai et al. [2] studied the metal deposition sequence in carbon supported Pd-Pt
catalysts towards CO: electro-reduction to formate. The results showed that surface
composition and coordination number of Pd and Pt were greatly influenced due to change
in deposition sequence. Recently, Al-Awadi et al. [3] also reported the change in catalysts
properties due to difference in addition sequence of precursor in Cr-MCM-41 catalysts used
for ethane oxidative dehydrogenation. Similar results were also obtained by Jing et al. [4]
on changing the metal precursor impregnation sequence, while investigating the structure

and performance of Ni-Co/MgO catalysts.

In this chapter, the bimetallic catalysts were prepared by deposition of equal amount of Pd
and Pt on alumina support and the effect of sequence of metal addition was investigated.
Two catalysts were prepared by sequential deposition — depositing Pd prior to Pt and vice-
versa and one was prepared by co-depositing both Pd and Pt simultaneously. The
performance of these bimetallic catalysts was compared with that of corresponding
monometallic catalysts. The effect of various process parameters on dehydrogenation
reaction were investigated over best performing Pd-Pt/Al catalyst. The effect of addition of
Cu as promoter and surfactant as dispersing agent to Pd-Pt bimetallic catalyst were also

investigated.
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6.2  Experimental
6.2.1 Preparation of bimetallic catalysts

All the catalysts were prepared with same total metal loading on molar basis. That is all the
catalysts contained 112 umoles of total metals per g of catalyst. For monometallic catalysts,
this corresponded to 1.2 and 2.1 wt% of Pd and Pt metals, respectively. For bimetallic
catalyst, each metal was 50% of total metal loading on molar basis and this corresponded

to 1.1 wt% loading for platinum and 0.6 wt% loading for palladium.

The catalyst preparation by sequential deposition method involved passing of each metal
precursor solution through the alumina support in a sequential manner. Thus, the Pt or Pd
precursor solutions were prepared by dissolving 116.5 mg of H2PtCls and 40 mg of PdClIy,
respectively, in 40 mL of de-ionised water. Aqueous solution of hydrazine (reducing agent)
was prepared by adding required volume of N2H4.H20 in distilled water. The molar ratio
of reducing agent to metal precursor was maintained at 1:0.75 for PdCl; and 1:1.5 for

H2PtCle. The molar ratio of reducing agent was in 50% excess to that of metal precursor.

For preparation of sequentially deposited Pd1Pt2/Al bimetallic catalyst, 20 mL of hydrazine
solution was passed through 2 g of alumina support and filtered after 10 min using vacuum.
Then, Pd precursor solution (20 mL) was gradually poured through the filtered sample
maintaining 10 min of interaction time. In the second cycle, filtrate collected for both
hydrazine and Pd metal precursor (obtained after filtration of 1% cycle) were again passed
through the support. In the third cycle, second metal i.e. Pt precursor solution (20 mL) was
gradually poured on alumina after pouring 20 mL of fresh N2H4 solution and in the fourth
cycle again the hydrazine filtrate (obtained from 3™ cycle) was passed followed by Pt
precursor filtrate solution. In this manner, Pd metal was loaded prior to Pt metal for
Pd:Pto/Al catalyst as shown in Figure 6.1. The fresh and filtrate solutions were passed,
respectively, to get sufficient deposition of metal (Pt or Pd) on aluminium oxide. The
resulting wet catalyst was then dried in an oven at 110 °C for 12 h. Similarly, for Pt:Pd2/Al
catalyst, the sequence was reversed, in which Pt precursor solution was poured in 1 and

2" cycles followed by addition of Pd solution in 3™ and 4" cycles.
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Alumina
N,H, solution (20 ml)
. 1%t cycle (fresh)
Alumina-N,H, 2" cycle (filtrate)
Pd precursor solution (20 ml)
Pd /Alumina

N,H, solution (20 mi)

3" cycle (fresh)

Pd/Alumina - N,H, 4t cycle (filtrate)

Pd,Pt, /Alumina

Figure 6.1. Preparation scheme of sequentially deposited bimetallic Pd;Pt,/Al catalyst.

For co-deposited bimetallic Pd-Pt/Al catalyst, 20 mL of each Pd and Pt precursor solution
was mixed and stirred for 5 min. The resulting 40 mL solution contained both the metal
precursors in required quantity. In the first cycle, 20 mL fresh solution of hydrazine was
poured and filtered after 10 min. It was followed by passage of 20 mL Pd-Pt precursor
solution prepared earlier. The respective filtrates of reducing agent and metal precursor
solution were again passed through alumina in the second cycle. Similarly, third and fourth
cycles were carried out with by pouring of fresh and filtrate solutions, respectively leading

to co-deposition of Pd and Pt metal over the alumina support.
6.2.2 Preparation of surfactant modified bimetallic catalyst

To comprehend the effect of surfactant, the bimetallic catalyst having equal amount of Pd
and Pt was prepared by electroless deposition method in presence of Tween 20 surfactant.
The target loading of the surfactant modified catalyst was kept same to that prepared by
ED method without surfactant. In this method, the required amount of surfactant
corresponding to critical micelle concentration was first dissolved in 20 mL of de-ionized
water and the resulting surfactant solution was added to 20 mL of solution containing
precursors of both the metals. The final solution (40 mL) was mixed and stirred for 10 min
to obtain the surfactant modified metal precursor solution. Then, the catalyst was prepared
employing the reducing agent and surfactant modified metal precursor solution by

TH-2633_145121012 134



Bimetallic — Deposition Sequence

electroless deposition method as described in previous sections. The surfactant modified

catalyst has been referred as Pd-Pt-T20 in the text.
6.2.3 Preparation of promoted bimetallic catalyst

The effect of copper promoter was investigated on monometallic Pt and bimetallic Pd-Pt
catalysts prepared by modified deposition method and compared with Cu promoted Pd
catalyst. In all catalysts the total metal loading was kept similar at 112.8 pmoles of metal
per gram of catalyst. The promoted catalysts have been denoted as PtCu/Al, PdCu/Al and
PdPtCu/Al in this section. The PtCu/Al catalyst had 90 mol% Pt loading and 10 mol% Cu,
the PdCu/Al catalyst had 90 mol% Pd loading and 10 mol% Cu loading while, PdPtCu/Al
had 45 mol% loading of Pd and Pt each with 10 mol% Cu loading. The preparation steps

are same as discussed earlier.
6.2.4 Catalyst characterization

The physicochemical properties of Pd-Pt bimetallic catalysts were analysed using various
characterization techniques such as EDX, BET surface area, XPS, TPR, XRD, TEM, NHs-
TPD and Pyr-FTIR spectroscopy. The details of the characterization methods employed are
included in section 2.2.4 in Chapter 2.

6.2.5 Dehydrogenation tests

As mentioned in previous chapters, the n-butane dehydrogenation was carried out in a
fixed-bed continuous down-flow reactor in the temperature range of 100-600 °C at
atmospheric pressure using 0.25 g catalyst. The details are included in section 2.2.5 in
Chapter 2.

6.3 Results and discussion
6.3.1 Effect on physicochemical properties

The metal loadings (Pd and/or Pt) of the prepared catalysts were determined by doing AAS
analysis of initial solution and final solution after deposition. On molar basis, the metal (Pt
and Pd) loadings were obtained almost in the same range as targeted. The Pt content was

in the range of 93 - 99 umoles (~1 wt%) while, Pd content was in the range of 85 - 99
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umoles (0.5 - 0.6 wt%) in bimetallic catalysts, as can be observed from Table 6.1. The
composition of the catalysts was also determined by EDX (Table 6.2) and was comparable
to that obtained through AAS analysis. The corresponding EDX spectra for the catalysts
are shown in Appendix D.

Table 6.1. Elemental composition determined by AAS of bimetallic catalysts prepared by
different metal deposition sequences.

Catalysts Pt loading Pd loading Total loading
(Wt%) (Wt%) (Wt%)
Pd/Al - 1.13 (106) 1.13 (106)
Pt/Al 2.08 (107) - 2.08 (107)
Pd;Pt./Al 1.0 (46.6) 0.60 (49.6) 1.60 (96.2)
Pd-Pt/Al 1.1 (49.3) 0.55 (45.4) 1.65 (94.7)
Pt:Pdo/Al 1.1 (49.5) 0.50 (42.9) 1.60 (92.4)

*Values in parenthesis represent the metal loading in umoles g™ of catalyst

Table 6.2. Elemental composition determined by EDX of bimetallic catalysts prepared by
different metal deposition sequences.

Catalysts Pt loading Pd loading Total loading
(Wt%) (Wt%) (Wt%)
Pd/Al - 11 N
Pt/AI 2.1 - 2.1
Pd:Pto/Al 1.4 0.6 2.0
Pd-Pt/Al 15 0.7 2.2
PtiPd2/Al 1.4 0.7 2.1

The nitrogen adsorption-desorption isotherms and pore size distributions for all the
catalysts are shown in Figure 6.2a and b, respectively. All the catalysts exhibited Type IV
isotherms with H2-type hysteresis loop similar to that observed for the support. The BET
surface area, pore volume and average pore size of the supported monometallic and
bimetallic catalysts are summarized in Table 6.3. The surface area of all the catalysts
reduced in comparison to the support. This decrease can be attributed to the deposition of
metal species within the pores [5]. The monometallic catalysts showed only a slight
decrease in surface area with respect to the support. The Pt/Al catalyst exhibited a surface
area of 181 m? g while it was 179 m? g~* for Pd/Al catalyst. The surface area of the
sequentially deposited bimetallic catalysts dropped significantly, irrespective of the
sequence of metal addition. The PdiPto/Al and PtiPd2/Al showed surface areas of 149 and

147 m? g%, respectively. However, surface area of bimetallic catalyst prepared by co-
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deposition was 181 m? g%, not showing any significant decrease with respect to that of
alumina support. The significant decrease in the BET surface areas of the sequentially
deposited bimetallic samples with respect to alumina support suggested that sequential

incorporation of metal resulted in higher pore blockage.
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Figure 6.2. (a) Nitrogen adsorption-desorption isotherm and (b) pore size distribution of
monometallic catalysts and bimetallic catalysts prepared by different metal deposition
sequences.

Table 6.3. Physical properties of support and bimetallic catalysts prepared by different
metal deposition sequences.

Catalysts BET surface Pore Average pore
area volume diameter
(m* gt (ccg?) (nm)
Alumina 184 0.343 7.0
Pd/Al 179 0.315 6.0
Pt/Al 181 0.334 6.1
Pd:Pt/Al 149 0.271 5.9
Pd-Pt/Al 181 0.327 6.0
PtiPdy/Al 147 0.277 5.9

Accordingly, the drop in pore volume was also significant for sequentially deposited
catalysts as can be observed from Table 6.3. The pore volume of 0.343 cc g observed for
alumina support was reduced to 0.271 and 0.277 cc g™* for sequentially deposited Pd:Ptz/Al
and PtiPdo/Al catalysts, respectively. For co-deposited Pd-Pt/Al catalyst, the pore volume
was reduced to only 0.327 cc g. The average pore size was lower for all the catalysts and
was in similar range of 5.9 - 6 nm, with respect to that of the support (7 nm). No micropores

were observed in any of the catalysts (Figure 6.2b). From these results, it can be inferred

TH-2633_145121012 137



Chapter 6

that variation in deposition sequence of metal strongly affected the physical properties of

the synthesized bimetallic catalysts.

The core level XPS spectra of Pd (3d) and Pt (4f) region for monometallic and co-deposited
bimetallic catalyst are shown in Figure 6.3. For Pd/Al catalyst, the Figure 6.3a shows two
peaks at 335.1 and 336.3 eV in Pd 3ds, region corresponding to the presence of Pd® and
Pd?* species, respectively. The peaks were shifted to 335.0 (Pd®) and 336.4 eV (Pd?") in the
bimetallic Pd-Pt/Al catalyst as shown in Figure 6.3b. As per Figure 6.3c, the Pt/Al exhibited
two peaks at 70.6 and 72.7 eV that corresponded to presence of metallic Pt and oxidized
Pt?* species, respectively. The binding energy values increased significantly from 70.6 to

71.1 eV and from 72.7 to 72.9 eV for Pt® and Pt?* states, respectively, in bimetallic Pd-
Pt/Al catalyst (Table 6.4).
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Figure 6.3. XPS spectra of Pd 3d region in (a) Pd/Al (b) Pd-Pt/Al and Pt 4f region in (c) PU/AI
(d) Pd-Pt/Al
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As already stated in chapter 2, binding energy values are generated due to the ejection of
photoelectrons from metal particles and depends on their size. Smaller the metal particle,
higher is the binding energy value. However, bimetallic Pd-Pt/Al catalyst exhibited almost
similar average particle size to that of mono metallic as established by TEM analysis later.
Hence, such a shift in binding energies observed for the metals in bimetallic catalyst
compared to that of corresponding monometallic catalyst may be attributed to the
modification in the electronic properties of Pd and Pt. These modifications might have
caused by the electronic interactions between the metals resulting in the formation of Pd-
Pt alloyed particles [6]. The significant 0.5 eV shift for Pt® in 4f region may be attributed
to the transfer of electrons from Pd to Pt owing to higher electronegativity of the latter [7].
The Pd® accordingly underwent decrease in binding energy. Stronger metal-support
interactions in bimetallic catalyst, as was also observed from TPR results discussed in next

section, could be another reason for shift in BE values [8].

Table 6.4. Binding energy (B.E.) of Pd (3ds/2) and Pt (4f+), oxidation states and their relative

contents.

Catalysts Pd 3ds, B.E. Pt 4f7, B.E. Oxidation state  Relative content of
(eV) (eV) respective metal (%)

Pd/Al 335.1 - Pd° 70

336.3 - Pd?* 30

Pt/Al - 70.6 PtO 64

- 72.7 Pt?* 36

Pd-Pt/Al 335.0 - Pd° 52

336.4 - Pd?* 48

- 71.1 Pt0 53

- 72.9 Pt 47

The binding energies, oxidation states and their relative contents for both metals are
compiled in Table 6.4. The relative concentration ratio of Pd®/Pd?* in Pd/Al and Pd-Pt/Al
were 70/30 and 52/48, respectively. The ratio of Pt%/Pt*? were found to be 64/36 and 53/47
for Pt/Al and Pd-Pt/Al catalysts, respectively. The oxidized state might have resulted either
from incomplete reduction during deposition or by subsequent oxidation on exposure to
surroundings. Interestingly, the co-deposited bimetallic catalyst displayed presence of
almost equal amount of metallic and oxidized states for both the metals. About 52-53 % of

both the metals was observed in zero oxidation state in the co-deposited catalyst.
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The TPR profiles of the catalysts with the de-convoluted peaks are shown in Figure 6.4.
The presence of reduction peaks resulted from presence of oxidized metals on surface as
observed in XPS analysis. The reduction peaks for the catalysts are summarized in Table
6.5. The monometallic catalyst, Pd/Al exhibited three peaks centered at 136 °C, 340 °C and
399 °C. The low temperature reduction peak at 136 °C corresponded to the reduction of the
easily reducible palladium oxide crystallites, while the broad peaks at 340 and 399 °C were
assigned to the reduction of relatively small and stable oxide species. The reduction peaks
were located at similar positions for Pt/Al catalyst, 194, 345 and 390 °C. The assignments
of the peaks are same as that for Pd/Al corresponding to reduction of bulk or weakly
interacting oxide at 194 °C and strongly interacting platinum oxide clusters with support at

temperature >300 °C.
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Figure 6.4. TPR patterns obtained for support, monometallic and bimetallic catalysts
prepared by different metal deposition sequences.
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In the sequential bimetallic catalysts, the low temperature reduction peaks appeared to have
shifted to further lower temperature compared to the both the monometallic catalysts. The
Pti1Pd2/Al catalyst exhibited two reduction peaks at 100 and 170 °C while, PdiPt,/Al
showed peak at 109 °C. This suggested weakening of metal-support interaction in
bimetallic catalysts in comparison to monometallic catalysts, with formation of metal oxide
clusters having stronger metal-metal interactions. For both the sequentially prepared
catalysts, the reduction peaks at higher temperature also experienced a shift to lower value
in bimetallic catalysts compared to that in monometallic catalysts. The effect was more
visible in Pt;PdJ>/Al. The results agreed with the existence of strong metal-metal interaction

and weakening of support-metal interaction.

Table 6.5. Reduction peaks as obtained in TPR profiles of monometallic and bimetallic
catalysts prepared by different metal deposition sequences.

Catalysts Reduction peak
(°C)

Pd/Al 136, 340, 399

Pt/Al 194, 345, 390

Pd;Pto/Al 109, 326, 399

Pd-Pt/Al 144, 313, 390, 432

PtiPd2/Al 100, 170, 338, 366

The strong metal-metal interaction in bimetallic catalysts indicated formation of alloys
between Pt and Pd, resulting in shift in their reduction behavior compared to that observed
for pure form in monometallic catalysts. For the co-deposited Pd-Pt/Al catalysts, similar
strong metal-metal interaction was observed by shifting of reduction peaks. In co-deposited
catalyst, appearance of a reduction peak at highest temperature of 432 °C suggested
formation of nano-metal cluster existing in strongest interaction with the support. This peak
was not observed for sequentially prepared bimetallic catalysts. The extent of reduction of
co-deposited catalyst was similar to that of monometallic catalysts, however it was
comparatively lower for sequentially deposited bimetallic samples. The TPR results
suggested that the Pd-Pt interaction in bimetallic catalyst was stronger when metals were

co-deposited.

The TEM images of the catalysts are shown in Figure 6.5. The average size of the metal
clusters ranged from 3 to 5 nm. The monometallic Pd/Al and Pt/Al catalysts exhibited an

average metal cluster size of 4.6 nm and 3.4 nm, respectively.
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Figure 6.5. TEM images and particle size distribution of monometallic and bimetallic
catalysts prepared by different metal deposition sequences.
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Since the reduction potential of Pt is higher, Pt is expected to be reduced and deposited on
the surface at a faster rate compared to that of Pd. This might have generated higher number
of nucleation sites on surface in case of Pt deposition. Consequently, slightly lower growth
of metal clusters was observed during deposition of Pt compared to that for Pd deposition.
For bimetallic catalysts, where deposition of Pt was carried out prior to Pd as in Pt;Pd2/Al,
the average cluster size was lower (3.8 nm) compared to that in PdiPto/Al (4.3 nm). The
synergistic effect of Pd-Pt in co-deposited catalysts may have resulted to a lowest average
cluster size of 3.6 nm. The formation of lowest supported metal clusters on surface of the
co-deposited catalyst was also confirmed by TPR profile which showed presence of

reduction peak at highest temperature.

The metallic dispersion (D%) over the monometallic as well as the bimetallic catalysts was
calculated using the equation: D = 1.13/d, where, d is the average particle size of deposited
metals in nm as determined from TEM analysis [9]. The dispersion values obtained for
Pd/Al, Pt/Al, PdiPt/Al, Pd-Pt/Al and PtiPda/Al were 24.5, 33.2, 26, 31.4 and 29.4%,

respectively.

The structures of the bimetallic catalyst were also analysed using SAED (Selected Area
Electron Diffraction) patterns obtained during HRTEM analysis as shown in Figure 6.6.
The ring patterns obtained from the SAED analysis of PtiPd2/Al catalyst showed the
presence of Pt predominantly in section of the clusters with Pd in the outer zone. The
presence of inner platinum was also observed for Pd-Pt/Al where both the metals were co-

deposited.

Figure 6.6. Electron diffraction patterns obtained during HRTEM analysis for bimetallic
catalysts prepared by different metal deposition sequences: (a) Pti:Pd2/Al (b) Pd-Pt/Al (c)
Pd;Pty/Al.
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As suggested earlier, the higher reduction rate of platinum might have resulted in its
preferential deposition. Even for the PdiPto/Al, where Pd was deposited prior to Pt, the
appearance of some Pt in inner core suggested galvanic displacement of some of the
initially deposited Pd by Pt. The higher reduction potential of Pt compared to that of Pd
might have facilitated the galvanic displacement of later, when the sample was exposed to
solution of Pt precursor. Pt was also observed in the exterior for Pd:Pto/Al catalyst. In Pd-

Pt/Al co-deposited catalyst, more uniform distribution of Pd and Pt was observed.

Figure 6.7 shows the XRD patterns for monometallic and bimetallic catalysts. The
comparison of the profiles of alumina support with that of catalysts showed no significant
variation in intensity of the alumina peaks. As discussed in earlier chapters, the results
suggested the metals to be in dispersed state. The metal crystallites of sizes above 4 nm, if
present on surface, were lower in concentration and hence difficult to detect by XRD. The
TEM analysis, as discussed earlier, indeed confirmed the presence of larger particles (> 4
nm) to contribute only smaller fractions (9-15%) for all the catalysts. Lower loading of the
metals might have also contributed to the non-detection of metal crystallites by XRD. It is
reported that the XRD method is less sensitive for the detection of phases at low metal
loading (<5%) [10].
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Figure 6.7. (a) XRD spectra and (b) FTIR spectra of chemisorbed pyridine for support,
monometallic and bimetallic catalysts prepared by different metal deposition sequences.

The surface acidity was determined from IR spectra (Figure 6.7b) of the support and
catalysts using pyridine as probe molecule. For alumina support, four peaks were observed
at 1450, 1490, 1620 and 1637 cm™. The intensity of these peaks was highest for alumina
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and decreased for catalysts after addition of metals. The decrease in the acidity for the metal
catalysts may be attributed to the coverage or interactions of the support acidic sites with
deposited metals. The acidity of Pt/Al was observed to be higher than that of Pd/Al as
intensity of Lewis acid sites was lower and that of Brgnsted acid sites was negligible for
later. The disappearance of Brensted acid sites for Pd/Al catalyst suggested that on
deposition Pd preferentially interacted with these acidic sites involving OH groups. The
higher interaction might have been caused by higher affinity of Pd for hydrogen thereby
neutralizing all the Brgnsted sites on the support surface. Pt also exhibited same tendency
to interact with Brgnsted sites OH but to lower extent, thus loss in Brensted acid sites on
Pt/Al catalyst was less. The decrease in intensity for Lewis acid sites can also be explained

based on interaction of metals with these sites as discussed earlier in Chapter 5.

For bimetallic catalysts, the intensity of peaks with respect to support or monometallic
catalysts depended of the sequence of metal deposition. The Pd;iPto/Al catalyst showed
acidic behaviour more like Pt/Al monometallic catalyst while PtiPd2/Al showed similar
behaviour with that of Pd/Al catalyst. This behaviour can be explained based on distribution
of Pd and Pt in metal clusters for bimetallic catalysts as discussed earlier. The Pd1Pt2/Al
with presence of more Pt in outer zone of cluster showed behaviour similar to Pt/Al and
Pt1Pd2/Al with more Pd in exterior part of cluster had acidic characteristic similar to that of
Pd/Al catalyst. The co-deposited Pd-Pt/Al catalyst having more uniform metal distribution
showed intermediate behaviour. The intensity of both the Lewis acid and Brgnsted acid
sites among bimetallic catalysts decreased in the following order: Pd1Pt2/Al > Pd-Pt/Al >
PtiPd2/Al. The peak at 1490 cm™ was also observed for all the catalysts and the intensity
of this peak did not change significantly among the samples.

Figure 6.8 compares the NHs-TPD profiles of the support and the catalysts. The
corresponding total acidity in terms of ammonia uptake in mmol g is summarized in Table
6.6. All the NH3-TPD profiles were de-convoluted using Gaussian function to obtain the
distribution of acidic strength of the samples. All the samples exhibited three types of
peaks. The first peak (1) at 120-150 °C corresponds to weak acidic sites, the second peak
(1) at 200-250 °C can be attributed to acidic sites of medium strength, and the third peak
(111) at 350-400 °C can be considered as strong acidic sites [11]. The alumina support

revealed the dominance of strong acidic sites with complete absence of weak acidic sites.
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Figure 6.8. NH3-TPD profiles for alumina support, monometallic and bimetallic catalysts
prepared by different metal deposition sequences.

As shown in Table 6.6, the total acidity for the support alumina was highest with an
ammonia uptake of 8.83 mmol g*. Both the monometallic catalysts exhibited lower acidity
than alumina support. The acidity of Pd/Al was lower (5.24 mmol NHs g*) compared to
that of Pt/Al catalyst (7.11 mmol NHs g). The presence of all three types of acidic sites
was observed in both the monometallic catalysts; Pt/Al showed slightly higher content of
weaker sites while Pd/Al showed slightly higher content of sites of medium strength. Both
showed similar quantity of stronger acidic sites. The result indicated that the incorporation
of metals to the support decreased the acidic sites, which is well in agreement with the

results obtained from FTIR analysis of adsorbed pyridine.

All the bimetallic catalysts also exhibited lower acidity compared to alumina support but
higher than that of monometallic catalysts. Higher acidity in bimetallic catalysts may be a
combined effect of presence of both the metals. The total acidity and relative distribution
of acidic sites for bimetallic catalysts depended on the metal deposition sequence. The order
of the total acidity (NHz uptakes) was Pd:Pt./Al > Pd-Pt/Al > Pt:Pd>/Al, same as was
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observed from pyridine adsorption study. Accordingly, PdiPto/Al exhibited highest fraction
of medium and strong acid sites followed by Pd-Pt/Al and Pt;Pdy/Al. The Pd:Pt/Al
catalyst, with presence more Pt in outer zone of metal clusters as discussed earlier, retained
the highest acidity in comparison to other two bimetallic catalysts while in Pt:Pd>/Al with
more Pd in outer section of metal clusters showed lowest acidity among bimetallic catalyst.
The overall order of acidity in terms of total ammonia uptake was Alumina > Pd;Pto/Al >
Pd-Pt/Al > Pt/Al > PtiPd2/Al > Pd/Al. The acidity pattern obtained correlates well with the
results of FTIR analysis of adsorbed pyridine.

Table 6.6. Acidity of support, monometallic and bimetallic catalysts prepared by different
metal deposition sequences, in terms of mmol of NH; adsorbed per g of catalyst as obtained
from NHs-TPD profiles of samples.

Catalysts Total acidity Acid strength distribution
(mmol NHs g cat) Peak fraction (%)
I I i
(weak ) (medium) (strong)

Alumina 8.83 0 24 76
Pd/Al 5.24 21 39 40
Pt/Al 7.11 24 35 41
Pd:Pto/Al 8.21 19 42 39
Pd-Pt/Al 7.35 25 37 38
PtiPdJ/Al 6.76 27 39 34

6.3.2 Dehydrogenation study

Figure 6.9a illustrates the n-butane conversion in the temperature range of 100-600 °C for
catalysts synthesized using electroless deposition. The conversion of n-butane steadily
increased with increase in the reaction temperature for all the catalysts. At 100 °C, the
monometallic Pd and Pt catalysts did not show any conversion. At 200 °C, the conversion
was detected for both the monometallic catalysts but conversion of Pt/Al was higher than
that of Pd/Al. This trend was observed up to temperature of 500 °C. As the temperature
increased, difference in activity was decreased. At 550 °C, both the monometallic catalysts
showed similar activity. Thereafter, the activity of Pt/Al started to decrease but that of
Pd/Al continued to increase. The conversion was reduced from 18.4 at 550 °C to 16.3% at

600 °C for Pt/Al catalyst. In case of Pd/Al, the conversion of 17.9% at 550 °C increased to
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21.1% at 600 °C. The results showed that the Pd/Al catalyst was more active at higher

temperatures.

All the bimetallic catalysts showed better dehydrogenation activity in comparison to the
monometallic catalysts. The dehydrogenation was observed even at 100 °C for bimetallic
catalysts. The conversion was about 6-8% at 100 °C, which gradually increased with the
increasing temperature. In the temperature range of 100-300 °C, the Pd;Pto/Al catalyst, with
more Pt in outer regions of metal clusters, showed highest activity while Pt:Pd2/Al with
more Pd in outer zone showed the lowest activity. From 400 °C onwards, the activity of the
Pd:Pto/Al catalyst was quite lower compared to other two bimetallic catalysts, though the
conversion still increased with temperature and was higher than both the monometallic
catalysts. Between 100-300 °C, the co-deposited Pd-Pt/Al catalyst showed intermediate

activity compared to other two sequentially deposited bimetallic catalysts.

However, beyond 400 °C the activity of co-deposited catalyst was highest closely followed
by that of PtiPd2/Al catalyst. At higher temperature range of 400-600 °C the activity of
bimetallic catalysts was much higher compared to monometallic catalysts and the order
obtained was Pd-Pt/Al > Pt:Pd2/Al > PdiPto/Al > Pd/Al > Pt/Al. The conversions of the
catalysts at 550 °C are summarized in Table 6.7. The conversions for the Pd-Pt/Al and

Pt:Pd2/Al catalysts were similar (~49%) and higher than the other catalysts at 550 °C.
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Figure 6.9. Catalytic performance of monometallic and bimetallic catalysts prepared by
different metal deposition sequences, for butane dehydrogenation at different temperatures
(a) conversion and (b) product selectivity.
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The turnover frequencies (TOFs) of the catalysts were determined based on the total metal
loading. Bimetallic catalysts exhibited higher TOFs than monometallic catalysts with Pd-
Pt/Al showing highest TOF of 1.18 s followed by PtiPd2/Al catalyst (1.15 s%). Both the
monometallic catalysts exhibited similar TOFs of about 0.43 s at 550 °C. The higher
activity of bimetallic catalysts may be attributed to higher synergy between two deposited
metals. The alloy formation was confirmed by TPR and XPS studies. Since, the dispersion
of metallic cluster in bimetallic catalyst was almost in similar range to that of monometallic
catalysts, the higher activity of the bimetallic catalysts must have resulted from higher
activity of the alloys present.

The butenes along with C:-Cs hydrocarbons were the main products obtained during
dehydrogenation of butane. The C:—Cz compounds included methane, ethane, ethylene,
propane, and propylene (Appendix G). Both 1-butene and 2-butene were produced, while
formation of butadiene was not observed as before. All the butene isomers were observed
in the products. No higher hydrocarbons beyond butenes were detected. The overall
selectivity trends for products in the temperature range of 500-600 °C for all the catalysts
are shown in Figure 6.9b. The selectivity towards cracked products increased slowly with
rising temperature up to 550 °C, but thereafter the increase was drastic at 600 °C as can be

observed from the figure.

The selectivity towards butenes decreased from 85.6 to 82.3% for Pt/Al catalyst on
increasing the temperature from 500 to 550 °C, while Pd/Al exhibited >90% selectivity in
the similar temperature range. On increasing the temperature to 600 °C, butene selectivity
dropped for both catalysts to ~63-65% due to increase in cracked product formation. The
results are in agreement with reported works that observed enhanced cracking to lower
hydrocarbons at higher process temperature, resulting in lower selectivity of butane. The
product distributions at 550 °C for all catalysts are given in Table 6.7. Among monometallic
catalysts, Pt/Al had slightly higher selectivity for cracked C:-Csz products (14-18%)
compared to that shown by Pd/Al catalyst (about 9%).

At the reaction temperature of 550 °C, Pt/Al showed higher selectivity for 1-butene, while
Pd/Al showed higher selectivity for 2-butenes. Pt/Al catalyst showed 22.7% and 19.6%
selectivity for 1-butene and isobutene, respectively, and the corresponding values were 19.6
and 13.9% for Pd/Al. The Pd/Al catalyst exhibited 57% selectivity for 2 butenes (33%
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trans-2-butene and 24% cis-2-butene) compared to 40% shown by Pt/Al catalyst (22%
trans-2-butene and 18% cis-2-butene). In the temperature range of 500-525 °C, the
bimetallic catalysts Pd-Pt/Al and Pt:Pd2/Al exhibited higher selectivity towards butenes in
comparison to monometallic Pt/Al while it was more or less similar to that of Pd/Al
catalyst. The bimetallic Pd1Pto/Al catalyst exhibited lowest selectivity towards butenes in
the same range. In contrast to monometallic catalysts, bimetallic catalysts retained higher

butene selectivity (70-76%) even on raising the temperature to 600 °C.

The selectivity pattern for bimetallic catalysts depended on the metal deposition sequence.
The bimetallic catalyst, PdiPto/Al showed highest selectivity of 19.7% towards C1-C3
products, followed by co-deposited Pd-Pt/Al (14.5%). The lowest selectivity of 12.4%
towards C1-Cs products was observed for PtiPd2/Al. Accordingly, at 550 °C, the total
selectivity towards butene formation was highest for PtiPd2/Al (87.6%) followed by that of
Pd-Pt/Al catalyst (85.5%), while it was lowest for PdiPto/Al, 71.5%.

Table 6.7. Catalytic performance of monometallic and bimetallic catalysts prepared by
different metal deposition sequences for n-butane dehydrogenation (reaction temp. =550 °C;
Feed composition - n-butane:hydrogen:nitrogen = 1:3:6).

Catalysts  Conversion  TOF Selectivity
(%) (sh) (%)
Iso- 1- Trans-2- Cis-2-  Total C:1-Cs
butene  butene  butene  butene Butene

Pd/Al 17.9 0.43 13.9 19.6 32.8 24.2 90.5 95
Pt/Al 18.4 0.44 19.6 22.7 22.1 17.9 82.3 17.7
Pt:Pd2/Al 48.5 1.15 24.6 17.7 25.8 19.5 87.6 12.4
Pd;Pt/Al 34.6 0.83 23.0 22.5 20.0 14.8 80.3 19.7
Pd-Pt/Al 48.8 1.18 19.4 20.3 24.3 215 85.5 145

The lowest butene selectivity of Pd:Pt2/Al agreed with the fact that it had more Pt in outer
zone of metal cluster and as noted earlier Pt/Al catalyst showed lower selectivity for butene.
The higher selectivity of butene for PtiPd2/Al similarly can be explained by presence of
higher percentage of Pd in outer shells of the metal clusters. Thus, the bimetallic catalyst
Pd:Pt2/Al had similar product distribution that of Pt/Al while PtiPd2/Al showed similar
selectivity trend as Pd/Al. The Pd-Pt/Al catalyst showed intermediate behaviour between
the two catalysts. The higher surface acidity in Pt/Al and Pd;Pt2/Al catalysts, as apparent
from the TPD and FTIR analysis, may have led to formation of cracked products. At higher

temperature, more cracking resulted in blocking of the active sites and hence reduction in
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activity was observed for these catalysts. The Pd/Al and PtiPd2/Al catalysts that exhibited
least acidity showed lowest selectivity towards cracked products and highest selectivity to

butenes.

Figure 6.10a shows the total butene yield over the catalysts in the temperature range of 500-
600 °C. The yield was calculated as product of conversion and selectivity. Compared to
monometallic catalysts, the yield of butenes was significantly higher for the bimetallic
catalysts. The higher yield resulted from higher conversion as well as higher selectivity
observed for bimetallic catalysts. The maximum butene yields were obtained at a reaction
temperature of 525-550 °C. Among the bimetallic catalysts, the co-deposited Pd-Pt/Al
exhibited highest yield (44%) for butenes followed by sequentially deposited PtiPd2/Al
catalyst (42.4%). The yield of PdiPto/Al (28%) was lowest among the bimetallic catalysts.
The comparison of conversion and yield data of present catalysts with that of reported Pt
based catalysts (Table 5.1) shows that the values were better for co-deposited Pd-Pt/Al

catalyst at a similar temperature range.
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Figure 6.10. (a) Total butene yield at different temperatures and (b) Stability tests for 10 h
time on stream at 550 °C for monometallic and bimetallic catalysts prepared by different
metal deposition sequences.

Figure 6.10b shows the change in conversion of butane at 550 °C with time on stream for
10 h. The bimetallic catalysts were more stable compared to monometallic catalysts with
time on stream. The catalytic activity of Pd-Pt/Al remained highest for entire range of time
studied, closely followed by PtiPd2/Al. The Pd:Pto/Al catalyst experienced a more severe
deactivation after 2 h of study but gradually became stable in the later stage. On the other

hand, both the monometallic catalysts, Pd/Al and Pt/Al, suffered continuous deactivation
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and lost their activity significantly by the end of study after 10 h. The initial conversions of
Pt/Al, Pd/Al, Pd:Pto/Al, PtiPd2/Al and Pd-Pt/Al catalysts were 19.7, 20.3, 40.1, 44 and
47%, which after 10 h decreased to 3.8, 4.8, 29.9, 37.1 and 39.7% respectively. Thus,
percent order of deactivation of the catalysts calculated after 10 h of reaction time was as
follows: Pd-Pt/Al (15%) < PtiPdo/Al (16%) < PdiPto/Al (25%) < Pd/Al (76%) < Pt/Al
(81%). The lower deactivation for the bimetallic catalysts may have resulted from lower

selectivity towards cracked products.

6.3.3 Reaction Mechanism

Based on the catalytic performance as discussed above, a mechanistic approach is shown
in Figure 6.11. The scheme shows that the butane molecules get adsorbed on metal sites
and undergoes C-H activation followed by hydrogen extraction to form butene. These
butenes may get desorbed or undergo further secondary reactions to form lower
hydrocarbons by C-C bond activation. The reaction results suggested that the butane
dehydrogenation on prepared catalysts involved both primary and secondary reactions
depending on the reaction conditions. The comparison of the conversion data of
monometallic Pt/Al and Pd/Al suggested that at lower temperature Pt/Al was more active
than that of Pd/Al. The Pd/Al showed similar or higher activity only at higher temperature
beyond 450 °C. This suggested that the energy barrier for dehydrogenation was higher on
Pd sites compared to that on Pt sites. The higher energy barrier for Pd sites might have
resulted from the lower interaction tendency of Pd towards hydrocarbons [12]. Hence, for
the co-deposited alloyed bimetallic catalyst with equal probability of exposure of Pd and
Pt sites, the alkane is expected to interact preferentially with the Pt sites compared to that
with Pd sites. As the temperature increased both platinum and palladium sites in alloyed
metal contributed to the dehydrogenation reaction increasing the total activity significantly

at higher temperature, as observed.

At lower temperature, mainly butenes were formed with negligible formation of C1-C3
hydrocarbons. This suggested absence of any secondary reactions of butene or C-C
hydrogenolysis of butane at this low temperature condition. At higher temperature,
appearance of lower hydrocarbons suggested contribution of these reactions. The higher
activation energy of C-C cleavage compared to C-H activation agreed with this
observations [13]. At higher temperature, simultaneous rupture of C-C bonds on the
stronger support acidic sites may have also contributed significantly towards formation of
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lighter hydrocarbons/cracked products [14,15]. The products of cracking reactions can
further undergo oligomerization or polymerization leading to coke formation. The analysis
of spent catalyst, as discussed later, showed negligible deposition of coke on catalyst
surface under used reaction conditions. This suggested absence of coke generating
reactions on the catalyst surface. This also agreed with the high selectivity observed for
butene over co-deposited bimetallic catalyst. Since there was no major difference in metal
size distribution and thereby, metal dispersion between bimetallic and monometallic
catalysts hence, exposed support acidic sites can be assumed to be similar in all the
catalysts. Therefore, the contribution of these support acidic sites to C-C cleavage reactions
can be expected to be similar. The difference in selectivity pattern of the bimetallic and
monometallic catalysts therefore might have resulted due to modification of electronic
structure of alloyed metals in the former.

: iso-butene
Dehydrogenation Reaction '

C4Hye > CHy + H; ko CiHg . 7 Y
‘ L.,, b-:_‘ Q’I 1-butene

Dehydrogenation %‘ 2-butene

c.‘ﬁv s <
C,Hyo 'X"H
e » c‘% \. . Ethane Propane
wh L% S \~° “ L . . . "

_ — Products
Alumina . Ethylene , Propylene
support - il e,

2 ® ’

C-C cleavage
C4Hyo > CH, + C3H;
C4Hy = C;H; + C,H, @ Metal ® Coke

Figure 6.11. Reaction scheme observed for butane dehydrogenation over prepared catalysts.

The increase in electron density on Pt sites in alloyed metal clusters in bimetallic catalyst
(as observed from XPS studies) allowed the product butene to desorb from the active sites
more easily as compared to the monometallic metal sites. Faster butene desorption may be
attributed to repulsive interaction between C=C and electron-rich Pt sites [12]. Faster
desorption of product butene thereby generated vacant active metal sites, ready for further
butane adsorption and subsequent dehydrogenation. This contributed to higher butane
conversion over alloyed metal sites on bimetallic catalysts. The faster desorption also

prevented butenes from undergoing deep dehydrogenation on alloyed metal sites
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facilitating inhibition of undesired secondary reactions [15,16]. Consequently, butene
selectivity and catalytic stability were improved as observed. The heat of adsorption for
alkenes is reported to be lowered by alloyed formations [7]. The presence of Pd as the other
metal in alloyed cluster which had inherently lower interaction tendency with
hydrocarbons, as discussed above, only further improved the selectivity. The lower
probability of formation C-C cleavage products might have inhibited the occurrence of

coke generating reactions thereby increasing the stability of the bimetallic catalysts.
6.3.4 Analysis of spent catalyst

The detailed characterization studies of spent Pd-Pt/Al catalyst were done and the results
were compared with that of fresh catalyst to understand the effect of reaction conditions on
the physicochemical properties of the catalyst. The Pd-Pt/Al was selected as it gave the best
performance among the studied catalysts. The spent catalyst was subjected to surface area
and pore analysis, TGA, XPS, and TEM. All the results are shown in Figure 6.12.

The Figure 6.12a compares the nitrogen adsorption-desorption isotherm of spent and fresh
Pd-Pt/Al catalyst. No significant change in nature of isotherm was observed for spent Pd-
Pt/Al catalyst compared to that of the fresh one. Only a slight decrease in volume of
adsorbed nitrogen was observed for the spent catalyst. Accordingly, the corresponding
surface area of Pd-Pt/Al_spent was marginally lowered to 175 m? g* compared to 181 m?
g! for the fresh Pd-Pt/Al catalyst (Table 6.8). The comparison of pore size distribution in
Figure 6.12b shows that for Pd-Pt/Al_spent catalyst, the distribution was slightly broadened
(2-11 nm) as compared to that of fresh Pd-Pt/Al catalyst (3-8 nm). The corresponding
average pore size and pore volume for Pd-Pt/Al_spent catalyst were also slightly reduced
as illustrated in Table 6.8. The slight decrease in surface area, pore volume and average
pore size for Pd-Pt/Al_spent catalyst may be attributed to coke deposition or moderation of
catalyst during reaction. However, only marginal decrease in the physical properties also

suggested extent of carbon deposition or moderation to be very low.

Table 6.8. Physical properties of fresh and spent Pd-Pt/Al catalysts.

Catalysts BET surface area  Pore volume  Average pore diameter
(m*g?) (ccg?) (nm)

Pd-Pt/Al_Fresh 181 0.327 6.0

Pd-Pt/Al_Spent 175 0.290 5.7
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Figure 6.12. (a) Nitrogen adsorption desorption isotherm and (b) pore size distribution for
fresh and spent Pd-Pt/Al catalyst; (c) XPS spectra of Pd 3d and Pt 4f region in spent Pd-Pt/Al
catalyst; (d) HRTEM images and particle size distribution for spent Pd-Pt/Al catalyst.

The weight analysis of catalyst before and after reaction confirmed the coke deposition to
be negligible, less than 0.5 wt%. The result was also confirmed by TGA analysis in flow
of air that showed coke deposition to be less than 3 wt% (Appendix H). This low coke
deposition may be accounted by two reasons. First is the presence of hydrogen in feed that
suppressed the formation coke precursors. Secondly, it was observed and discussed in detail
in earlier section how the alloyed metal sites in co-deposited bimetallic catalyst prevented

secondary reactions, minimizing the formation of coke precursors.

The XPS analysis was carried out for Pd-Pt/Al _spent catalyst to investigate the
modification in its electronic structure, if any, due to exposure to reaction conditions. The
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corresponding profiles are included in Figure 6.12c. It was observed that the intensity of Pt
4f peak was reduced in spent catalyst in comparison to that in the fresh Pd-Pt/Al catalyst.
The peaks were observed at 71.1 eV (for Pt%), 72.9 eV (for Pt?"), 335.0 eV (for Pd°) and
336.4 eV (for Pd?*) in the fresh Pd-Pt/Al catalyst. The corresponding peaks in monometallic
catalysts were observed at 70.6 (Pt%), 72.7 eV (Pt?"), 335.1 (Pd®) and 336.3 eV (Pd?"), as

already has been discussed in detail in earlier section.

The XPS profiles of the spent Pd-Pt/Al catalyst showed the peak positions of same metallic
and oxidized species at 70.8 eV (Pt°), 72.7 (for Pt?*), 335.2 eV (Pd), and 336.5 (for Pd?*),
respectively. The comparison of binding energies of monometallic, fresh bimetallic and
spent bimetallic suggested that there was slight redistribution of the electronic structure
after the exposure of catalyst to reaction conditions. The lowering of electron density on
alloyed Pt-sites for spent bimetallic catalysts compared to that in fresh bimetallic catalyst
suggested some adverse effect on Pd-Pt interaction on the support by modification of
structure during reaction. The ratio of Pd%/Pd?* and Pt%Pt*? in Pd-Pt/Al_spent catalyst were
51/49 and 47/53, respectively. These values are mostly similar to that observed for fresh
catalyst (Table 6.4).

TEM images of spent Pd-Pt/Al catalyst are illustrated in Figure 6.12d. The average metal
size increased slightly from 3.6 nm for fresh Pd-Pt/Al to 4 nm for Pd-Pt/Al_spent catalyst.
The corresponding dispersion value decreased to 28.2% for spent catalyst from 31.4 %
obtained for fresh catalyst. The high resolution TEM images of Pd-Pt/Al_spent catalyst
showed some distinct morphology that was not observed in fresh catalyst (Figure 6.12d).
This new disordered morphology may be assigned to the presence of coke deposits on

catalyst surface [16].
6.3.5 Effect of process parameters

This section discusses some additional effects of process parameters on butane conversion
and butene selectivity for best performing bimetallic Pd-Pt/Al catalyst. The butane
conversion and the product selectivity was determined by the Eq. 2.6 and 2.7 as described
in chapter 2, section 2.2.5 (page no. 34).

The Figure 6.13a illustrates the effect of reaction temperature on selectivity of different
butenes. The butane conversion increased from 39 to 48% with increase in temperature

from 450 to 600 °C as discussed in earlier section. In this range, selectivity towards total
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butenes decreased with the increasing reaction temperature. The decrease in butene
selectivity from 91% at 450 °C to 75% at 600 °C was attributed to increased tendency
towards cracking reaction at higher temperature. On increasing the reaction temperature
from 450 to 600 °C, the selectivity towards trans-2-butene and cis-2-butene also decreased
from 28 and 23% to 22.6 and 17.3%, respectively. Similar decrease in selectivity from 24
to 18.5% was also observed for 1-butene. However, the iso-butene selectivity increased
from 16.2 to 19.4% with the increase in temperature up to 550 °C. This suggested that the

isomerization reaction was more prominent at elevated temperature.
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Figure 6.13. Selectivity of butenes: total butene (m), isobutene (o), 1-butene (A), trans-2-butene
(%), cis-2-butene (¢) (a) as function of temperature and (b) as function of process time over
Pd-Pt/Al catalyst. Reaction conditions: pressure = 1 atm, CsH10:H2:N2 = 1:3:6, catalyst mass
(W)=0.25g.

Figure 6.13b shows the effect of process time of 10 h on selectivity of different butenes at
550 °C. The butane conversion decreased from 47 to 40% in the process time due to
deactivation as discussed earlier. A gradual increase in total butene selectivity from 85 to
88.5% was observed over the process time. The selectivity towards 1 and 2-butene also
increased with increase in process time. However, a decline in iso-butene selectivity was
observed over the process time of 10 h. The selectivity trends suggested shift in reaction
towards dehydrogenation from isomerization and cracking reactions over the time. The

slight deactivation of the bimetallic catalyst over time might be the reason for the same.

Figure 6.14a illustrates the effects of hydrogen partial pressure on butane conversion and
butene selectivity for Pd-Pt/Al catalyst at different temperatures. Previous studies have

shown that catalyst deactivation can be inhibited by addition of H- to the feed [17]. Hence,
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when no hydrogen was used in the reactant feed, butane conversion obtained was least. It
increased gradually on introducing the hydrogen into the feed and raising the H» partial
pressure from 10 to 30 kPa and decreased thereafter on further increasing the Hy ratio. A
similar effect has been observed previously during butane dehydrogenation over
Pt/Mg(In)(ADO catalyst by Wu et al. [18]. Thus, the maximum butane conversion was
obtained at 30 kPa, and hence that was chosen as the optimal hydrogen to butane ratio for

conducting butane dehydrogenation studies.
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Figure 6.14. (a) Effect of H; partial pressure on butane conversion at different temperatures
in dehydrogenation reaction using co-deposited Pd-Pt/Al catalyst and (b) Effect of H, partial
pressure on catalytic performance of Pd-Pt/Al catalyst at 550 °C. Reaction conditions: CsHio
=10 mL min, catalyst mass (W) = 0.25 g, W/Fa, = 0.025 g min mL™.

Figure 6.14b illustrates the effect of H» partial pressure on butene selectivity at 550 °C. The
butene selectivity of 58% was obtained without hydrogen that increased with the increase
in hydrogen partial pressure. The maximum butene selectivity of 85% was obtained at 30
kPa. However, increasing the partial pressure above 30 kPa caused a little decrease in
butene selectivity. Thus, in all the cases, the butane conversion and butene selectivity
increased with increasing Ho/butane ratio and then decreased beyond 30 kPa. It has been
reported that at optimal H> partial pressure, adsorbed hydrogen atoms on the catalyst
surface contribute to the removal of the second H atom of the adsorbed alkyl species,
thereby accelerating the rate of butene formation [19]. Increased butene production can also
be attributed to hydrogen inhibiting deactivation by coke formation. However, at much
higher hydrogen partial pressures, the conversion would decrease due to hydrogenation of
the formed butene. For butane dehydrogenation over Pd-Pt/Al, the optimum hydrogen
partial pressure was 30 kPa, at which considerable butane conversion was obtained and

butene formation was maximized.
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The Figure 6.15 shows the effect of residence time on butane conversion and total butene
selectivity at higher temperature range of 500-600 °C over co-deposited Pd-Pt/Al catalyst.
The conversion increased with residence time but plateaued off at higher residence time
suggesting to approach steady-state conversion under the reaction condition used. This was
observed in range of the temperatures studied. However, the change in butene selectivity

with residence time was negligible, irrespective of reaction temperature.
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Figure 6.15. Effect of residence time (W/Fa,) on butane conversion (dashed lines) and total
butene selectivity (solid lines) at different reaction temperatures over co-deposited Pd-Pt/Al
catalyst. W = 0.25 g; Fa, variation 2-10 kPa.

The effect of catalyst recycling on catalytic activity for dehydrogenation reaction was
investigated by using the spent Pd-Pt/Al catalyst for subsequent runs. The butane
dehydrogenation was repeated two times (Run 2 and Run 3) on the Pd-Pt/Al_spent catalyst
under similar conditions. The corresponding butane conversion and total butene selectivity
for all three runs are compared in Figure 6.16. Run 1 represents reaction over fresh catalyst,
while, Run 2 and Run 3 were carried out over spent catalyst. It was observed that the
catalytic activity obtained in Run 2 and 3 using the spent catalyst was quite close to that
obtained using fresh catalyst (Run 1). The highest butane conversion of 48.8% at 550 °C
on fresh catalyst was decreased to 45.2% for spent catalyst at same temperature on 2" run.
Later in 3 run the conversion further dropped to 42.1% at 550 °C. The corresponding
decrease in total butene selectivity, at 550 °C were also marginal: Run 1 (85.5%), Run 2
(82.4%) and Run 3 (81.3%). Thus, decrease in dehydrogenation performance, in terms of
activity and selectivity was not significant for spent catalyst. The dehydrogenation results

agreed with the characterization study of spent catalyst which showed only marginal
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modification in physical and electronic structure along with very minor coke deposition.

This suggested that alloyed nano-metals were mostly stable in the reaction condition used.
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Figure 6.16. Effect of catalyst recycling on butane conversion and total butene selectivity over
co-deposited Pd-Pt/Al catalyst. Reaction conditions: Temperature = 400 - 600 °C, pressure =
1 atm, flow rate = 100 mL min® (C4H10:H2:N2 = 1:3:6), catalyst mass (W) = 0.25 g.

The kinetic parameters, that is, order and activation energy of the butane dehydrogenation
reaction was estimated for bimetallic Pd-Pt catalyst using a simple power law model by
differential analysis. The contact time (W/Fao), where W is the weight of catalyst in grams
and Fa, is the molar flow rate of butane in mL min. Individually, the Fa, was varied in the
range of 2 — 5 mL min, while W was varied between 0.1 - 0.25 g. The W/Fa, data were
collected at conversion below 3% to maintain differential conditions. To calculate the
activation energy, the data were collected at different temperatures between 100 - 150 °C.
The total flow rate was maintained at 100 mL min™. At this condition, no mass transfer
effects or deactivation was observed (Appendix A). The product distribution showed no
presence of C1-Cs products. Hence, it can be assumed that under conditions mentioned,
only dehydrogenation of butane had occurred. The apparent order and activation energy of
butane dehydrogenation was obtained as ~1.2 and 103 kJ/mol. The Arrhenius plot is shown
in Figure 6.17. In literature, for butane dehydrogenation the order of reaction has been
reported as one, while the activation energies have been reported in range of 60 — 130
kJ/mol [20,21]. Curry and Thompson reported the apparent activation energy to be 117.5
kJ/mol for dehydrogenation of butane over Pt-Sn catalyst [20]. Wu et al. reported the
activation energy for butane dehydrogenation to be 129.4 kJ/mol using Pt/Mg(In)(Al)O

catalyst [18]. Natarajan et al. demonstrated that the apparent activation energies for n-
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butane dehydrogenation reaction were obtained in the range of 60 — 75 kJ/mol over

bimetallic Pt-Sn catalysts supported on mesoporous alumina [21].
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Figure 6.17. Arrhenius plot of butane dehydrogenation reaction over co-deposited Pd-Pt/Al
catalyst.

6.3.6 Effect of surfactant on bimetallic Pd-Pt catalyst

In this section, the physicochemical properties and butane dehydrogenation performance
of bimetallic Pd-Pt-T20 catalyst prepared in presence of surfactant were compared to that
of the corresponding Pd-Pt/Al catalyst prepared without using surfactant. Both the catalysts
were prepared by co-deposition method having equimolar Pd and Pt. The total metal
loading was also kept similar in both the catalysts. The composition analysis by EDX
confirmed that metal loading of the surfactant modified Pd-Pt-T20 catalyst was comparable
to that of Pd-Pt/Al catalyst as shown in Table 6.9.

The nitrogen adsorption-desorption isotherms and pore size distributions of these catalysts
are compared in Figure 6.18a and b, respectively. The nature of isotherm for both the
catalysts was similar to that of alumina, but total volume of adsorbed nitrogen was lower
for the catalysts compared to that of support. Pd-Pt-T20 catalyst exhibited higher surface
area of 205 m? g~* than Pd-Pt/Al catalyst (181 m?g™1). The Pd-Pt/Al catalyst exhibited a
wider pore size distribution with an average pore size of 6 nm, while the average pore size
was lowered to 5.1 nm in the surfactant modified Pd-Pt-T20 catalyst (Figure 6.18b). No
micropores were observed in any of the catalysts. The pore volume observed for both the
catalysts was also in similar range. All these physical properties are summarized in Table
6.9.
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Table 6.9. Metal loadings, surface area and pore analysis for co-deposited bimetallic catalysts
prepared with and without surfactant.

Catalysts Loading? BET surface Pore Average pore
area volume diameter
(Wt %) (m*g™) (ccgh) (nm)
Palladium  Platinum
Pd-Pt/Al 0.55 1.10 181 0.327 6.0
Pd-Pt-T20 0.50 1.10 205 0.288 5.1

@ Metal loading determined by EDX analysis
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Figure 6.18. (a) Nitrogen adsorption-desorption isotherms, (b) BJH pore size distribution, (c)
TPR profile and (d) XRD spectra of co-deposited bimetallic catalysts prepared with
surfactant (Pd-Pt-T20) and without surfactant (Pd-Pt/Al).

The TPR profiles of Pd-Pt-T20 and Pd-Pt/Al catalysts are compared in Figure 6.18c. The
Pd-Pt-T20 exhibited low temperature reduction peak at 100 °C corresponding to the
presence of oxidized Pd particles that are in weak interaction with the support and hence
easily reducible. This low temperature reduction peak was negligible in case of Pd-Pt/Al
catalyst. The high intensity peak located at a temperature of 310 °C with a broad shoulder

at 390 °C, as discussed earlier, assigned to the presence of Pd and Pt species in strong
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interaction with the support for Pd-Pt/Al. Similar peak in Pd-Pt-T20 catalyst was observed
at a much higher temperature of 480 °C. Such a shift for second reduction peak to a
significantly higher temperature could be attributed to establishment of a much stronger

metal-support interaction in the surfactant based catalyst.

The comparison of XRD profiles (Figure 6.18d) revealed that the crystalline structure of
surfactant based catalyst was similar to that of catalyst prepared in absence of surfactant.

Also, no characteristic peaks for Pd and Pt metals were observed in any catalysts as before.

From the TEM images (Figure 6.19), it can be observed that the metal particles were well
distributed in both the catalysts. The average cluster size for Pd-Pt-T20 catalyst was 2.9 nm
which was lower in comparison to that of Pd-Pt/Al catalyst (3.6 nm). The corresponding

dispersion values were 39 and 31.4%, respectively.
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Figure 6.19. HRTEM images and particle size distribution of co-deposited bimetallic catalysts
prepared without surfactant (a) Pd-Pt/Al and with surfactant (b) Pd-Pt-T20.

Figure 6.20a depicts the butane conversion obtained over the catalysts in the temperature
range of 100 °C — 600 °C. In the low reaction temperature range of 100-300 °C, both the
catalysts exhibited approximately similar conversion ranging from 8 to 15%. At all
temperatures beyond 300 °C, the Pd-Pt/Al catalyst prepared without surfactant showed
higher activity compared to that of Pd-Pt-T20 catalyst. The conversion picked up

remarkably for Pd-Pt/Al catalyst on reaching 400 °C and thereafter. The conversion

TH-2633_145121012 163



Chapter 6

increased gradually for Pd-Pt-T20 catalyst on raising the temperature, but it was
considerably lower throughout than that observed for Pd-Pt/Al catalyst. At 550 °C, the Pd-
Pt/Al catalyst exhibited higher conversion of 48.8% in comparison to Pd-Pt-T20 catalyst
(42.7%). Thus, higher TOF value of 1.18 s was attained by Pd-Pt/Al catalyst as compared
to that of Pd-Pt-T20 (1.05 s). The conversion increased to 49.7% and 44.6% at 600 °C for
Pd-Pt/Al and Pd-Pt-T20 catalyst, respectively.
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Figure 6.20. Catalytic activity of co-deposited Pd-Pt bimetallic catalysts prepared with and
without surfactant (a) butane conversion profile, (b) product selectivity profile, (c) butene
yield and (d) stability test at 550 °C.

Figure 6.20b compares the selectivity towards butene and cracked products at different
temperatures. The selectivity towards butenes decreased gradually on raising the
temperature from 500 °C to 600 °C, while selectivity for undesired C:-Cs products
increased proportionally. The maximum butene selectivity of 97.7% was obtained by Pd-
Pt-T20 catalyst at 500 °C that was significantly higher in comparison to Pd-Pt/Al catalyst
which exhibited maximum selectivity of 90.7% towards butenes at 525 °C. The selectivity
dropped to 84% and 75% for Pd-Pt-T20 and Pd-Pt/Al catalyst, respectively, on raising the
temperature to 600 °C.
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Table 6.10 depicts the selectivity towards different products at 550 °C by both the catalysts.
The Pd-Pt-T20 catalyst exhibited highest selectivity towards trans-2-butene (36.8%)
followed by cis-2-butene (27.5%) with a minimal selectivity towards cracked products
(3.7%). On the other hand, Pd-Pt/Al exhibited about 14.5% selectivity towards cracked
products and selectivity towards trans-2-butene and cis-2-butene decreased to 24.3% and
21.5%, respectively. Both the catalysts exhibited higher selectivity towards the formation
of 1-butene in comparison to iso-butene. Hence, for catalyst synthesized using surfactant,
the overall selectivity towards butenes was much higher in comparison to Pd-Pt/Al catalyst
prepared without surfactant. The lower conversion in same temperature range resulted in

higher butene selectivity for surfactant modified catalyst as observed.

Table 6.10. Catalytic performance of co-deposited bimetallic catalyst prepared with and
without surfactant for n-butane dehydrogenation [reaction temp. = 550 °C, gas ratio (n-
butane:hydrogen:nitrogen) = 1:3:6].

Catalysts  Conversion TOF Selectivity
(%) (sh) (%)
Iso- 1- Trans-2- Cis-2-  Total C:-Cs
butene butene  butene  butene butene
Pd-Pt/Al 48.8 1.18 19.4 20.3 24.3 21.5 85.5 145
Pd-Pt-T20 42.7 1.05 14 18 36.8 27.5 96.3 3.7

Figure 6.20c illustrates the butene yield obtained at 550 °C for both the catalysts. The
percentage yield for butenes was slightly higher in the temperature range of 500-525 °C for
the Pd-Pt/Al catalyst prepared without surfactant. The highest yield of 44% was obtained
at 525 °C for Pd-Pt/Al catalyst due to its higher conversion. At higher temperature of 550-
600 °C, the yields obtained were approximately similar for both the catalysts. Pd-Pt/Al and
Pd-Pt-T20 catalyst showed the butene yield in the range of 41-42% at 550 °C that dropped

to 37-38% at 600 °C, due to the decrease in butene selectivity at elevated temperature.

Figure 6.20d shows a time-on-stream study comparing the butane conversion over Pd-Pt-
T20 and Pd-Pt/Al catalysts for a duration of 10 h. The Pd-Pt-T20 catalyst exhibited lower
conversion than Pd-Pt/Al catalyst over entire process time. However, the overall
deactivation was slightly lower for the former. The Pd-Pt-T20 catalyst showed an initial
conversion of 43.8%, which reduced to 37.6% after 10 h, exhibiting only 14% deactivation.
The initial conversion of 47% obtained for Pd-Pt/Al catalyst decreased to 39.7% after 10
h, corresponding to 15% deactivation. A slightly lower deactivation in Pd-Pt-T20 catalyst
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may be attributed to lower formation of cracked products leading to less coke deposition

on active sites.

The results showed that use of surfactant during preparation of bimetallic catalyst by
electroless co-deposition increased the metal dispersion. This resulted in less pore blockage
and higher surface area of Pd-Pt-T20 compared to the catalyst that was prepared in absence
of surfactant. However, the performance of the Pd-Pt-T20 catalyst was not improved

significantly, with selectivity and yield for butene slightly increasing at higher temperature.

6.3.7 Effect of promoter on bimetallic Pd-Pt catalyst

In chapter 4, it was observed that addition of copper to monometallic supported palladium
catalyst increased the catalytic performance of monometallic catalyst. Based on this, copper
was also added to supported Pd-Pt bimetallic catalyst to investigate the effect. For
comparison, two bimetallic catalysts PtCu/Al and PdCu/Al were prepared. Table 6.11
compares the metal loadings of Cu promoted monometallic and bimetallic catalysts. All
the promoted catalysts were prepared keeping total metal loading constant to 112.8 pmoles.
The Cu loading was maintained at 10 mol%. PtCu/Al, PdCu/Al and PdPtCu/Al catalysts
exhibited a total metal loading of 1.97, 1.07 and 1.53 wt % respectively.

Table 6.11. Metal loading obtained for Cu promoted monometallic and bimetallic catalysts

using AAS.
Catalysts Cu loading Pd loading Ptloading Total loading
(wt %) (wt %) (wt %) (wt %)
PtCu/Al 0.073 (11.5)" - 1.9 (97) 1.97 (108.5)
PdCu/Al 0.071 (11.5) 1.00 (94) . 1.07 (105.5)
PdPtCu/Al 0.070 (11.0) 0.54 (51) 0.9 (46) 1.53 (108.0)

* Values in parenthesis denote metal loading in mol%

The nitrogen adsorption-desorption isotherms and pore size distributions for the prepared
catalysts are displayed in Figure 6.21a and b, respectively. All the catalysts exhibited Type
IV isotherms with H2-type hysteresis loop. Table 6.12 illustrates that PtCu/Al and PdCu/Al
catalyst exhibited almost similar surface area of 211 m?g* and 208 m? g%, respectively.
The surface area of tri-metallic PdPtCu/Al catalyst was significantly lower in comparison
to that for Cu promoted Pd and Pt bimetallic catalyst. The decrease in BET surface areas
of the tri-metallic sample with respect to other two catalysts may have resulted due to

blockage of pores by higher cluster size of metal particles, also confirmed by TEM analysis.

TH-2633_145121012 166



Bimetallic — Deposition Sequence

Table 6.12. Surface area and pore analysis for Cu promoted monometallic and bimetallic
catalysts.

Catalysts BET surface Pore Average pore
area volume diameter
(m*g) (ccgh) (nm)
PtCu/Al 211 0.327 5.2
PdCu/Al 208 0.320 5.2
PdPtCu/Al 197 0.302 6.0

All the three catalysts showed pores mainly in the range of 2-10 nm, with total peak
intensity of PdPtCu/Al lower than that of bimetallic PtCu/Al and PdCu/Al catalysts. The
PdCu/Al and PtCu/Al exhibited narrower pore size distribution with an average pore

diameter of 5.2 nm in comparison to the PdPtCu/Al catalyst which had an average pore

diameter of 5.8 nm. No micropores were observed in any of the catalysts. Among the

catalysts examined, PtCu/Al catalyst retained highest surface area with higher pore volume.
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Figure 6.21. (a) Nitrogen adsorption-desorption isotherms, (b) BJH pore size distribution and
(c) XRD spectra of Cu promoted monometallic and bimetallic catalysts.
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The pore volume of all the three catalysts varied in the range of 0.30 to 0.33 cc g*. Figure
6.21c shows the XRD spectra for the Cu promoted catalysts. The peaks corresponding to
copper, palladium and platinum phases were not present in any of the samples suggesting

high dispersion of metals on the support.

The particle morphology for the copper promoted catalysts was studied using TEM for
which the corresponding images are shown in Figure 6.22. Well dispersed metal particles
were observed on the surface of all the catalysts. The average cluster size of the PtCu/Al,
PdCu/Al and PdPtCu/Al catalysts were about 3.7, 3.8 and 4.2 nm, respectively. The
trimetallic catalyst thus gave the largest metal clusters. Furthermore, the elemental
composition of the promoted catalyst was confirmed through SAED patterns obtained

during HRTEM analysis as shown in Figure 6.22. The SAED results of these catalysts

confirmed the presence of Pt, Pd and Cu in the respective promoted catalysts.

Figure 6.22. HRTEM images and corresponding SAED patterns of (a) PACu/Al, (b) PtCu/Al
and (c) PdPtCu/Al catalysts.
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Figure 6.23a illustrates the n-butane conversion obtained in the temperature range of 100-
600 °C over Cu promoted Pt and Pd catalysts prepared by electroless deposition method. It
is apparent from the figure that the conversion of n-butane increased with an increase in
the reaction temperature for all the catalysts. In the lower temperature range of 100-200 °C,
PdCu/Al catalyst exhibited higher conversion than PtCu and PtPdCu catalysts. However,
from 300 °C onwards, both the Pt based catalysts PtCu/Al and PdPtCu/Al outperformed
PdCu catalyst. The PtCu/Al catalyst exhibited 38.4% butane conversion at 550 °C that
increased to 39.6% at 600 °C. While PdPtCu/Al catalyst showed 39.4% conversion at 550
°C which decreased to 38.5% on further raising the temperature to 600 °C. Hence, tri-
metallic PAPtCu/Al catalyst exhibited highest conversion at the reaction temperature of 550
°C followed by PtCu/Al (38.4%) and PdCu/Al catalyst (34.3%). However, in comparison
to co-deposited bimetallic Pd-Pt/Al catalyst, the addition of Cu to Pd-Pt was inefficient in

further enhancing the butane conversion.
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Figure 6.23. (a) Butane conversion profile and (b) stability tests for 10 h process time of Cu
promoted monometallic and bimetallic catalysts.

Table 6.13 illustrates the selectivity towards the different products obtained for both Cu
promoted Pd and Pt catalysts during n-butane dehydrogenation at 550 °C. The Ci1-C3
products and butenes were the main products obtained. It is evident from the table that the
formation of C1-Cs products was inhibited to higher extent by Cu addition to PdPt while
incorporation of Cu to Pt alone was least effective in suppressing the inhibition towards
cracked products. The addition of Cu to bimetallic Pd-Pt catalyst led to an enhancement in
the butene selectivity from 85.5 to 88%. It was followed by PdCu/Al (84%) and PtCu/Al
(80%). The higher selectivity to butenes in tri-metallic catalyst may be attributed to the
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alloying effect of Cu on Pd and Pt. The product distribution showed variation for three
catalysts. The selectivity of iso-butenes was highest (16.3%) for PtCu/Al, whereas,
PdCu/Al showed more preferable selectivity of 1-butene (17%). The PdPtCu/Al showed
the highest selectivity for 1-butene. The selectivity of iso-butene was lowest (9.9%) for this
trimetallic catalyst. There was no significant variation in selectivity of cis or trans-2-butene
for the three catalysts. The PtCu/Al showed slightly lower value of 27.3% while PdPtCu/Al
showed the highest value of 32.3%. All three samples showed cis-2-butene selectivity in
the range of 23-24%.

Table 6.13 illustrates the total butene yield at 550 °C calculated as a product of conversion
and selectivity. PtCu/Al catalyst showed a butene yield of ~31%, while, PdCu/Al had the
lowest butene yield of 29.1%. The lower yield for Cu promoted Pd catalyst resulted from
its lower conversion in spite of having higher butene selectivity than that of PtCu/Al. The
highest percentage yield of butene (35.1%) was obtained for Cu promoted PdPt catalyst
that resulted from high conversion and selectivity. The order of yield of butene obtained at
550 °C was PdPtCu/Al (35.1%) > PtCu/Al (30.9%) > PdCu/Al (29.1%). These yield values
are considerably higher than that of monometallic Pt/Al (15.1%) and Pd/Al (16.2%)

catalysts, which are discussed in chapter 2.

Table 6.13. Catalytic performance of Cu promoted monometallic and bimetallic catalysts for
n-butane dehydrogenation [reaction temp. = 550 °C, gas ratio (n-butane:hydrogen:nitrogen)
=1:3:6].

Catalysts  Conversion Selectivity Yield
(%) (%) (%)
Iso- 1- T-2- Cis-2-  Total C:1-Cs
butene butene butene butene butenes
PtCu/Al 38.4 16.3 12.6 27.3 24.4 80.6 19.4 30.9
PdCu/Al 34.3 12.3 17.1 31.9 23.7 85.0 15.0 29.1
PdPtCu/Al 39.9 9.9 21.7 32.3 24.0 87.9 12.1 35.1

The stability of these catalysts was then studied for butane dehydrogenation reactions for a
process time of 10 h at 550 °C. Figure 6.23b shows the conversion of butane over Cu
promoted Pd and Pt catalysts for a process time of 10 h. All the catalysts experienced a
gradual deactivation over a process time of 10 h. The incorporation of Cu in bimetallic PdPt
catalyst was observed to be most effective in enhancing the catalyst stability. PtCu/Al,
PdCu/Al and PdPtCu/Al catalyst exhibited initial conversions of 39.2, 34.4 and 38% that
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dropped to 18.6, 17.3 and 24.9, respectively, after 10 h. This corresponded to highest
deactivation of 53% for PtCu catalyst followed by 50% deactivation for PdCu catalyst. In
comparison, the time on stream activity was much steady for PdPtCu catalyst showing only
34% deactivation after 10 h. The deactivation behaviour can be correlated to product
selectivity pattern of the catalysts. The PdPtCu catalyst exhibited least selectivity towards
cracked product formation and experienced least deactivation. The PtCu/Al catalyst, with
highest selectivity for C1-Cs, was most deactivated during 10 h time on stream study. As
discussed in earlier sections, higher selectivity for C1-Cs products causes higher coke

formation tendency.

6.4 Summary

The alumina supported Pd and Pt based bimetallic catalysts were prepared by modified
electroless deposition (ED) method and evaluated for performance for butane
dehydrogenation reaction. The bimetallic Pd-Pt catalysts exhibited superior performance
compared to that of either Pd or Pt based monometallic catalysts. The superior performance
may be attributed to strong synergistic interaction between metals, stronger metal-support
interaction and lower acidity of catalysts. The higher activity of alloyed Pd-Pt metal
resulted in higher conversion for bimetallic catalysts. The lower acidity resulted in higher
butene selectivity and stability for bimetallic catalysts by minimizing the cracking and
secondary reactions. The metal deposition order of bimetallic catalysts also affected their
performance. The co-deposited catalyst with more uniform distribution of Pd and Pt metals
showed better performance than that of bimetallic catalysts prepared by sequential method.
The co-deposited Pd-Pt/Al catalyst showed the highest butane conversion of 50% at 600
°C and maintained a high stability with only 15% deactivation after reaction time of 10 h.
The same catalyst showed highest butene yield (~42%). Further, the analysis of spent Pd-
Pt/Al catalyst showed that physical and electronic structure of the co-deposited bimetallic
catalyst was mostly stable with very small modification by reaction condition. The coke
deposition was also negligible. The activation energy was estimated to be 103 kJ/mol for

butane dehydrogenation reaction over best performing Pd-Pt/Al catalyst.

The addition of surfactant did not show a considerable impact on the activity of co-
deposited Pd-Pt/Al catalyst. However, it led to a significant enhancement in butene

selectivity to 97.7% from 85% obtained over Pd-Pt/Al catalyst prepared without surfactant.
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Also, incorporation of Cu to Pt/Al catalyst significantly increased butane conversion to

38.4% but with a drop in butene selectivity in comparison to Cu promoted Pd/Al catalyst.
The addition of Cu to monometallic Pt/Al and Pd/Al as well as to bimetallic Pd-Pt led to a

significant enhancement in butene yield. The order of yield of butene obtained at 550 °C
was PdPtCu/Al (35.1%) > PtCu/Al (30.9%) > PdCu/Al (29.1%) > Pd/Al (16.2%) > Pt/Al

(15.1%) catalysts. However, compared to Pd-Pt/Al catalyst, the improvement was observed

only in terms of butene selectivity.
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CONCLUSIONS AND RECOMMENDATIONS

/ ALUMINA SUPPORTED Pd/Pt CATALYSTS \

(Electroless Deposition)

| MONOMETALLIC | PROMOTED BIMETALLIC

— Effect of synthesis parameters Effect of promoters in Pd based — Effect of metal composition
I:: catalysts [Ni, Cu & Ag (10 mol%)] (Pd to Pt ratio varied as 3:1, 1:1, 1:3)
l—» Comparison of monometallic Effect of promoter content —» Effect of metal deposition
Pt & Pd catalysts (Cu loading as 5,10 & 20 mol%) sequence

— Comparison with

—> Comparison with
Impregnated catalyst

Impregnated catalyst

L—» Effect of surfactants - Effect of surfactant

ICharacterization |
EDX, BET, XRD, TEM, XPS, TPR, FT-IR, NH;-TPD ‘

|
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Process study
\ Fixed Bed Reactor; Reaction Temperature: 100-600°C; Pressure: atm | /

This chapter summarizes the major findings of the study and suggests recommendations

for follow up work.
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7.1 Conclusions

In this work, the alumina supported palladium and platinum based catalysts were prepared
by electroless deposition method and their physicochemical properties and catalytic
performance for butane dehydrogenation were investigated. The effects of synthesis
parameters as well as addition of surfactants and promoters were studied for monometallic
catalysts. For alumina supported palladium and platinum bimetallic catalysts, the effects of
composition and sequence of addition of metals, process parameters, addition of promoter
and surfactant, were also investigated. The physicochemical properties and
dehydrogenation performance for catalysts prepared by electroless deposition was
compared with that prepared by conventional impregnation. The major findings of the study

are discussed below.

1. The modified electroless deposition method was successfully employed for the
preparation of highly dispersed alumina supported platinum and palladium based catalysts.
The preparation parameters, such as metal precursor concentration, reducing agent
concentration, reducing agent type etc., had significant effect not only on the metal loading
but also on metal cluster size and hence on metal dispersion. The platinum loading and
average metal cluster size increased with the increase in metal precursor concentration. The
use of 50% excess reducing agent was observed to be sufficient to facilitate reduction as
well as considerable metal deposition. It was also observed that it was advantageous to
introduce reducing agent prior to the metal solution to alumina support. The average metal
cluster size was higher on depositing platinum prior to hydrazine. The use of hydrazine as
reducing agent gave higher metal deposition but lower metal cluster size compared to when

formaldehyde was used as the reducing agent.

2. On comparing monometallic catalysts, it was observed that at lower temperature range
alumina supported platinum catalyst, Pt/Al, showed the higher activity while, alumina
supported palladium catalyst, Pd/Al, was more active at temperature above 550 °C. The
overall conversion trend obtained at 550 °C was Pt/Al (18.4%) > Pd/Al (17.9%) > Pt/Al_WI
(14.4%) > Pd/Al_WI (13.6%). The catalysts prepared by impregnation showed lower
conversion. The higher activity of Pt/Al catalyst may be explained by its higher metal
dispersion. The Pd/Al exhibited higher selectivity towards overall butene formation
(>90%) compared to Pt/Al (82%). In comparison to deposited catalysts, impregnated
catalysts exhibited higher selectivity (40-50 %) towards cracked product formation leading
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to their faster deactivation. The percent deactivation order was Pd/Al (74%) < Pt/Al (75%)
< Pd/Al_WI (79.5%) < Pt/Al_W!I (81%). The preferential formation of cracked products at

higher temperature might have caused greater deactivation of Pt/Al catalysts.

3. The effect of surfactant addition was investigated with alumina supported palladium
catalyst, exhibiting almost similar activity to that of alumina supported platinum catalyst
and with higher butene selectivity and stability. Both anionic (SDS) and non-ionic (Tween-
20) surfactant were observed to be effective. Surfactant-assisted electroless deposition
method facilitated the lowering of palladium cluster size to 1.2 nm from 4.6 nm and 11.9
nm obtained by deposition and impregnation method, respectively. The conversion and
butene selectivity were observed to be function of deposited palladium cluster size. The
catalyst, prepared in presence of anionic SDS surfactant with the highest metal dispersion
and lowest metal size (1.2 nm), showed the best catalytic performance with a conversion
of 33% and 99.7% selectivity towards butenes. It was followed by catalyst prepared in
presence of non-ionic Tween 20 surfactant, showing 25% conversion and over 99% butene
selectivity. The catalyst prepared by impregnation with the highest metal particle size
(11.89 nm) exhibited the least activity and selectivity for butene.

4. The efficiency of alumina supported palladium catalyst was modified by addition of Ni,
Cu and Ag as promoter. The co-deposition of copper or silver with palladium increased
activity and yield of butene. The copper promoted sample showed highest conversion of
34% at 550 °C that further increased to 38% on increasing the temperature to 600 °C. The
silver promoted catalyst possessed highest selectivity towards butenes ( >90% at 550 °C).
The order of yield of butene was Pd-Cu/Al (29%) > Pd-Ag/Al (23%) > Pd/Al (16%) > Pd-
Ni/Al (13%) at 550 °C. Further increase in copper content increased yield of butene and
highest yield of 32% was observed for Pd-Cuzo/Al with 20 mol% copper. The palladium
metal was in strong interaction with the promoter metals forming alloys. Higher activity of
these alloys enhanced performance of the promoted catalysts. The sintering tendency of
nickel lowered the performance of Pd-Ni/Al. The addition of promoters also led to
enhancement in stability of the catalysts. The stability order was Pd-Ag/Al (27%) > Pd-
Cu/Al (34%) > Pd-Ni/Al (61%) > Pd/Al (76%).

5. The variation in metal composition in alumina supported palladium and platinum
bimetallic catalysts affected the physiochemical properties and thereby their catalytic

performance. Catalysts with higher palladium content exhibited lower acidity while higher
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platinum content led to improved metal dispersion. The deposited bimetallic catalysts,
1Pd1Ptep, having equimolar palladium and platinum showed the highest butane conversion
of 48.5% and butene yield of 42% at 550 °C. The same catalyst was also most stable
showing only 15% deactivation after reaction time of 10 h. The 3Pd1Ptep catalyst with
higher palladium content showed higher butene selectivity (91%) and stability (17%
deactivation) in comparison to 1Pd3Ptep catalyst with higher platinum content (84.7 %
butene selectivity; 34% deactivation). The 3Pd1Ptep catalyst, having less acidic sites,
suppressed C-C cleavage. The catalysts prepared by electroless deposition method gave
higher product yield and stability, compared to that prepared by conventional impregnation
method. The overall order for butene yield was 1Pd1Ptep (42%) > 1Pd3Ptep (41%) >
3Pd1Ptep (40.3%) > 3Pd1Ptw (18.7%) > 1Pd3Ptw (18.4%) > 1Pd1Ptw, (15.8%).

6. The physicochemical properties and catalytic performance of alumina supported
bimetallic palladium and platinum catalyst was also affected by sequence of metal
deposition. The co-deposited catalyst with more uniform distribution of palladium and
platinum metals showed better performance than that of bimetallic catalysts prepared by
sequential deposition. The co-deposited Pd-Pt/Al catalyst showed the highest butane
conversion of 50% at 600 °C and butene yield (~42%). The addition of surfactant to co-
deposited Pd-Pt/Al catalyst improved butene selectivity to 97.7% from 85% obtained for
bimetallic catalyst prepared without surfactant. The addition of copper to monometallic and
bimetallic catalysts led to significant enhancement in butene yield. The apparent activation

energy for butane dehydrogenation was 103 kJ/mol over co-deposited bimetallic catalyst.

7.2 Recommendations for future work

In continuation to present studies, few other areas can also be explored. The effect of total
metal loading and different supports can also be explored. The effect of surfactant
modification can be further investigated on promoted Pd catalysts. In-situ study of the
dehydrogenation reaction on active sites can be performed to gain better insights to the
underlying mechanisms. Detail kinetic study for the bimetallic catalyst can be done.
Furthermore, the application of electroless deposition method can be investigated for other

catalytic systems as well.
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APPENDICES

Appendix A: Mass transfer effects

The effect of external mass transfer in dehydrogenation reactions was investigated with a
catalyst loading of 0.25 g by varying the total flow rate from 20 to 120 mL min™. Figure
Ala shows the effect of variation of feed flow rate on butane conversion at different
temperatures. At lower reaction temperatures of 100 and 150 °C, the butane conversion
kept increasing until 100 mL min but became constant thereafter. However, at higher
reaction temperature, the butane conversion of 48% was achieved at a feed flow rate of 80
mL min that did not change significantly with further increment in flow rate. The results
suggested that at all temperature studied, the effect of external mass transfer was negligible
at total flow rate of 100 mL min™. All the catalytic performance was measured at total flow
rate of 100 mL min ensuring that all the observations were only due to surface kinetics.
Internal mass transfer was considered to be negligible since the catalyst was used in a

powder form in all the dehydrogenation experiments.
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Figure Al. Butane conversion over Pd-Pt/Al catalyst at different feed flow rates.
Reaction conditions: pressure = 1 atm, C4Hi0:H2:N2> = 1:3:6, catalyst mass (W) =0.25g.
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Appendix B: Experimental setup and procedure
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Figure A2: Schematic of experimental setup used for conducting butane dehydrogenation.

The feed composition was decided by optimizing the required flow of butane and hydrogen
gas. The butane flow was varied in the range from 2 to 14 mL min™ and was fixed at 10
mL min. This ensured enough product formation with coke formation being tolerable.
Then, the hydrogen gas was fed in the ratio of 1:1, 1:2, 1:3 and 1:4 to further study the coke
inhibition pattern. The ratio of 1:3 was observed to give minimum coke formation without
affecting the butene yield. Hence, the butane and hydrogen flow rate was maintained at 10
and 30 mL mint, respectively. The total flow rate was maintained at 100 mL min, by
using inert nitrogen as the balance gas (60 mL min'), to avoid external mass transfer
limitations. This feed gas composition agreed well with that reported in literature for butane
dehydrogenation.

For a particular catalyst, temperature was gradually increased and data was collected at a
definite temperature interval ranging from 100-600 °C. The time to achieve the steady state
was around 8-10 min and total data collection time was approximately 150 min for
procuring one data set of each catalyst.
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Appendix C: Properties and interaction of surfactants

Table Al. Properties of different surfactants.

Surfactant Molecular Molecular weight CMC HLB
formula (g/mol) (mM) value
SDS NaCi12H25S04 288.37 8.2 40
TWEEN 20 CsgH114026 1,227.54 0.049 16.7
CTAB Ci1oH42BrN 364.45 1 10
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\ / ‘/ \, - N;. '
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Figure A3. Structure of different surfactants and probable surfactant—palladium cation
interactions: For SDS and Tween20, interactions are attractive with positively charged Pd
ions but it is repulsive in nature for CTAB.
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Appendix D: EDX spectra of different catalysts
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Figure A4. EDX spectra of alumina supported palladium catalysts prepared by (a) SDS
surfactant assisted deposition and (b) impregnation.
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Figure A5. EDX spectra of Ni, Cu and Ag promoted Pd catalysts.
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Figure A6. EDX spectra of Pd-Pt bimetallic catalysts prepared by different deposition
sequences.
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Appendix E: EDX mapping images of different catalysts
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Figure A7. EDX mapping images of alumina supported palladium catalysts prepared by
(a) SDS surfactant assisted deposition and (b) impregnation.
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Figure A8. EDX mapping images of Pd-Pt bimetallic catalysts prepared by co-deposition
and co-impregnation.
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Appendix F: Product Chromatogram

Figure A9. Chromatogram obtained for calibration gas mixtures (a) Hydrocarbon mixture I
containing ethane (5.2%), ethylene (5.17%), propane (5.12%) and propylene (5.2%0) in
sequence from left to right; (b) Hydrocarbon mixture Il containing iso-butane (4.91%), 1-
butene (9.85%b), iso-butene (14.33%) and 1,3-butadiene (4.91%0) in sequence from left to right.
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Appendix G: Distribution of C:-C3 products

Table A2. C1-Cs products selectivity obtained at 550 °C for different catalysts.

Catalysts Selectivity (%)
Methane Ethane Ethylene Propane Propylene

Pt/Al 4.0 1.9 2.7 3.1 6.0
Pd/Al 4.5 1.1 0.9 0.8 2.2
PY/AI_WI 16.2 2.7 2.9 6.3 214
Pd/Al_WI 25.1 5.8 2.9 1.7 8.2
Pd/Al-S1 0.3 -- -- -- 0.1
Pd/Al-Ty 0.4 0.2 -- - 0.1
Pd-Ni/Al 7.8 7.4 8.1 4.6 10.7
Pd-Cu/Al 5.6 2.3 -- 3.5 3.6
Pd-Ag/Al 2.6 0.7 1.2 2.2 1.4
Ni/Al 9.7 8.9 10.3 7.4 13.0
Cu/Al 7.6 11.6 - 23.6 4.6
Ag/Al 8.1 5.6 4.3 7.6 4.1
3Pd1Ptep 3.3 1.2 0.7 0.9 2.8
1Pd1Ptep 3.2 2.8 1.2 2.0 5.3
1Pd3Ptep 54 0.9 1.2 1.6 6.2
3Pd1Ptw 17.4 4.6 2.8 2.1 11.3
1Pd1Ptwi 19.0 6.1 54 6.6 8.6
1Pd3Ptwi 14.4 3.1 4.2 5.7 20.5
PtiPd2/Al 2 2.3 1.7 1.2 52
PdiPto/Al 4.4 2.8 3.3 3.7 55
Pd-Pt/Al 3.2 2.8 1.2 2.0 5.3
Pd-Pt-T20 1.8 0.7 -- 0.4 0.8
PdPtCu/Al 53 1.5 0.2 0.5 4.6
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Appendix H: Thermogravimetric plots of spent catalysts
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Figure A10. Thermogravimetric plots of (a) spent bimetallic catalysts prepared by deposition
method with different Pd-Pt compositions; (b) Pd-Pt/Al_spent catalyst.
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