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ABSTRACT

Full Name . [Babajide Patrick Ajayi]

Thesis Title . [Oxidation Dehydrogenation of n-Butane over Chromium and
Vanadium Supported Catalysts with CO2 as Mild Oxidant: Synthesis,
Characterization and Kinetics]

Major Field . [Chemical Engineering]
Date of Degree : [May 2013]

The study investigates the simple dehydrogenation of n-butane over mono (Cr or V) and bimetal
(Cr-V) loaded MCM-41 catalysts. Wet impregnation technique was used, where the metal content
maintained around 4wt.%. The unique properties of bimetal supported catalysts were evaluated
by means of XRD, N, adsorption, pyridine FT-IR, Raman spectroscopy, SEM-EDX,
temperature programmed analysis (H,-TPR, NH;-TPD, CO,-TPD). The catalytic evaluation
shows that Cr content of 1.2wt% and V content of 2.8wt% over MCM-41 designated as
1.2Cr2.8V/M-41 exhibited the highest butane conversion of 20.1% and butenes selectivity of
88.5% at 600 °C. In the presence of CO,, the stability of 1.2Cr2.8V/M-41catalyst was quite
improved. The improved performance of bimetal catalysts can be correlated to synergetic effect
of uniformly dispersed Cr-V-O mixed oxides over MCM-41, high reducibility and surface
acidity. Oxidative dehydrogenation of n-butane was tested using CO, as a mild oxidant over
bimetallic Cr-V supported catalysts (MCM-41, ZSM-5, MCM-22 and mesoZSM-5). The metal
content of Cr and V was maintained around 1.2wt.% and 2.8wt.% for the catalytic test in packed
bed reactor at different temperatures (525-600°C) for 180 min. 1.2Cr2.8V/MCM-41 and
1.2Cr2.8V/ZSM-5 exhibited maximum conversion of 14 % and 13.1%, respectively at 10 min
and 600 °C. Significantly, high butenes selectivity was observed over MCM-41 (86.27%) than
ZSM-5 support (58.1%). The mesoporousity in ZSM-5 had a negative impact on conversion
level (7.1%) but improved the butenes selectivity slightly. 1.2Cr2.8V/M-22 showed the highest
cracking ability leading to overall reduced butenes selectivity (57.9%). The study shows that over
all catalysts, n-butane conversion is independent of CO, conversion. 1.2Cr2.8V/M-22 showed
highest CO, conversion in the range 2.35-2.2% between 525-550°C. The kinetics of n-butane
dehydrogenation over 1.2Cr2.8V/M-41 catalyst was studied. The models were developed based
on the catalyst tests carried out in a fixed bed reactor at reaction temperature varied from 525-
575°C. Based on the experimental observations, power law type models were formulated and

parameters were estimated by fitting the experimental data implemented in MATLAB.

XVii



Gl g Jg il agd Sllal) daala

Lilranst) duigl) and

r

2529 (2 pspalidl) g a9 S0 das aall 5 JUad) Jal sall Ao ()l gall ganslill Cpa g g £ 58
LS all g ciuagl | ppaaail) ;Nine S aS ¢ a8 B g AU

uadlall

Cr) gal dese MCM-41 Jliall Jalall e Glisull (e din s el & 3 e Ay ity Sinl) 12
s S ) LS e Bliall 25 Gl il 48, 5l aladi) &5 (Cr-V) gamall A 1 (V
O el 48 XRD aladialy Lol o aeall JU acad) Jlisdl Jalall 33 8l Gal a0 0550 %4
H,-TPR, NH3z-) 4aw_uall 3, all a3 s SEM-EDX k!l Raman , pyridine FTIR s s il
Cajrdl MCM-41 e %2.8 4wy V 5 %1.2 4wy Cr of geaa s Slisd) Julall anii (TPD, CO,-TPD
e 9688.5 sty (i sm Al 5 %20.1 Ay Glisull Jigad Ao Jeb elal (1.2Cr2.8V/IM-41) «
5.1.2Cr2.8VIM-41 J d ) jwiny) vt oo SI a5l A6 25a 5 (A A gie da 33 600 30 s da 0
Cr-V- GlaS o Laglal uiladiall ag ) sill gacalell 51 ) el L8 laall el o1aY) 138 gl ) oSy
sty gl okl a5 juell £ 3 LR &8 mhandl dacadla 5 4l 441 3AY) MCM-41 = O
MCM-41,ZSM-5, MCM-22, ) (Cr, V) &aaall Gl acaall Sliall Juine auS5aS () 50 SU 2S5l Al
DL dleal Mgl e 9628 59%1.2 die agle Lliall 323V 5 Cr (e Saxall 5 5iaall (MesoZSM-5
Aady 180 sxl dysie Ax 2 600 5 525 Cm Adlida 3pla clany de Jelddl B Ll Jalall
sie sl e %13.1 5 %14 A Jasai s et | ekl 1.2Cr2.8V/IZSM-5 5 1.2Cr2.8V/IM-41
%86.27 dwis MCM-41 e 05 sall lle Zalis] AasDle o eal 5 S8 4 50 350 600 5 382 10
%7.1 sy Jasaill da 0 e les 535 L (IS ZSM-5 J 388 dpabsall ZSM-5 J %58.1 ae 4 lially
ale dalil Lo ge ol e 5508 el 1.2Cr2.8V/IM-41 sekal |0 sall 50E0Y1 AL dx ja Ciies 13S0
Josadll A o deadiandd) Jlaall Jal gl aen e 4l Aul ol oda < yedal (%57.9) O sl Aglan) b
S dasad s Jef 1.2Cr2.8VIM-41 selal 058l a6 Jigad dan Glo aaiad Y (i pall
&3 dlee A€ n Aul 0 5 Aygie da ) 550 5 525 On %2.2 G %2.35 Gl b o SISl
Gl Gle el Vol dashia ki o3 1.2Cr2.8V/IM-41 sl dalall e ol sad) e Cm s sl
Bl e ol digie a3 575 5525 ow suls Gla o vie Jelad) 8 cy ol ) sl Jalal) aus
ol A ey c¥aleall o388 Cul i) a8 s &3 5 3) EValeall £ 55 e OV alra (5SS o ylail)
MATLAB gk alaaiuly da il dpul1 Y oleal) g dplexdll

Xviii



CHAPTER 1

INTRODUCTION

1.1 Background

The petrochemical industry in Saudi Arabia has a small domestic market with a large raw
materials resource base, resulting in an export oriented industrial structure. To realize
better economic benefits, conversion of lower hydrocarbons such as C; to C4 alkanes to
higher value products is being investigated. The plan is to spend efforts in this direction,
investigating new processes with higher efficiencies and better economic returns than

current commercial processes.

The abundance and lower cost of light alkanes have generated extraordinary interest in
oxidative catalytic conversion of alkanes to olefins, oxygenates or nitriles in the
petroleum and petrochemical industries due to both the potential economic and
environmental advantages [1]. The direct conversion of light alkanes to commodity
chemical intermediates has the potential to radically transform the chemical industry. The
effectiveness of the catalyst, i.e. the activity for alkane conversion and the selectivity to
desired products, will ultimately determine the economic attractiveness of an alkane-
based chemical process. The successful commercial technologies will be those that link

catalyst performance characteristics with innovative process designs [2].



The importance of catalytic dehydrogenation of paraffin hydrocarbons to olefins has been
growing steadily in recent years. Light olefins, such as butenes, are important raw
materials for the synthesis of polymers, gasoline additives and various other
petrochemical products. The current world capacity for 1-butene is about 1.3 million
metric tpy, and the demand is expected to increase 5 — 6%/yr through 2015. Similarly,
global consumption of butadiene is expected to increase from 10 million tons in 2006 to
13 million tons by 2015.The cracking processes especially fluid catalytic cracking and
steam cracker produce high-purity mono-olefins, such as 1-butene or butadiene. Despite
such processes, currently more research is focused on developing alternatives such as
oxidative dehydrogenation (ODH) for two reasons: (1) undesired reactions take place at
high temperature leading to coking and catalyst deactivation, making frequent
regeneration of the catalyst unavoidable, (2) it consumes a large amount of heat and
requires high reaction temperatures. Oxidative dehydrogenation (ODH) of n-butane is an
alternative to classical dehydrogenation, steam cracking and fluid catalytic cracking

processes.

1.2 Industrial Technologies

Commercially, dehydrogenation units use Pt/Al,O3 or Pt/Sn/Al,O3 or Cr/Al,O3 catalysts,
respectively, refer to Table 1.1 [3]. The support alumina has high thermal stability,
mechanical strength, and catalyst regeneration capabilities. However, alumina tends to
have acidic sites that accelerate undesired side reactions such as skeletal isomerization

and cracking that enhance coke formation.  The catalyst is cycled through



dehydrogenation, coke burn-off and reduction cycles within approximately 20 minutes.
This environment is extremely challenging for any catalyst and significant catalyst

degradation is seen in the plant process within 2-3 years.

In addition to the above Pt and Cr based catalysts, zeolite based catalysts (modified and
impregnated ZSM-5, ZSM-11, MCM-41, SBA-15, etc), gallium oxides, and catalytic
membrane reactors have been investigated [4,5]. However, in parallel to the catalyst
effects, there are various process parameters that have direct impact on catalyst
performance that needs to be addressed. These parameters include reaction conditions,
feed and product purity requirements. Alternatively, ODH of butane by an oxidant is free
from thermodynamics constraints and can be operated at moderate temperatures in an

exothermic reaction [6, 7]



Table 1.1: Industrial Butane Dehydrogenation Processes

Process name  Catofin Oleflex STAR FBD Linde/BASF
Licensor Lummus UOP Uhde Snamprogetti BASF
Catalyst CrO4/AlL,O3 Pt/Sn/Al, O3  Pt/Sn/Zn/Ca/Al CrO,/Al,O3  Pt-Sn/Zr
Adiabatic ~ Adiabatic Isothermal
Reactor FB MB Adiabatic/Oxy  Continuous  FB
Temp/° C 590-650 550-620 550-590 550-600 500-600
Conversion/% 48-65 25 40 40 45-50
Selectivity/% 82-87 89-91 89 89 90




1.3 Motivation

Research and development of new catalysts, reactor designs, and process routes has been
continuously pursued to achieve process improvement. There are very many
collaborations going on between catalyst research and process development, and such
collaboration have enabled the development of a new energy saving catalytic process, to
reduce the cost of raw materials and to enhance production capability. BASF and DOW
processes composed of multi-tubular fixed bed reactor, whereas Lummus and Badger
processes composed of radial flow type reactor recently used due to its adiabatic
character applicable for large scale production. In view of this, a plausible catalytic
process of n-butane dehydrogenation to improve butene and butadiene production is
being developed. This process is going to utilize CO,, a well known greenhouse gas. The
development of this process depends primarily on the fundamental studies of catalyst
preparations as well as the catalytic reactions involved in the process. For the
dehydrogenation at low temperatures, a highly dispersed Cr and V catalyst with zeolite
carriers is a promising candidate due to its high activity. We aim to optimize the catalysts
by modifying the preparative conditions and metal compositions. The catalytic process
will make use of a fixed bed micro-reactor made from quartz material. The reaction will
be studied under several conditions for catalyst testing and kinetic modeling. Finally, by
optimizing the reaction conditions, a highly efficient process can be established in the
dehydrogenation of n-butane to butene and /or butadiene, as well as enable an energy

saving and environmental benign chemical process.

This project tests the effectiveness of using carbon dioxide as a mild oxidant. The

motivation for the choice of carbon dioxide is predicated on the following reasoning:

5



e Itis inexpensive.

e Itisarenewable feedstock.

e Offers new routes to chemical intermediates and products.

e Carbon dioxide removes the hydrogen adsorbed on the surface of the
catalysts through the reverse water gas shift reaction.

e Stability of catalysts improves in carbon dioxide atmosphere because solid
coke deposited on the surface of the catalyst is removed through reaction

with carbon dioxide to form gas phase carbon mono-oxide.

1.4 Objectives

The main objectives are three folds:

e To develop highly efficient bimetallic catalysts for catalytic dehydrogenation
of n-butane
e To test the influence of zeolites supports

e Kinetic studies of the reactions using the most efficient catalyst.
The detailed objectives are highlighted in the sub-header below

1.4.1 Synthesis and characterization of chromium and vanadium based catalysts

supported on MCM-41.

e Preparation of mono and bimetallic chromium and vanadium based MCM-41
supported catalysts.
e Determination of the physico-chemical properties of the catalysts through some

characterization techniques.



e Catalyst testing to determine the optimum catalyst in nitrogen atmosphere.

1.4.2 Oxidative dehydrogenation of n-butane over chromium and vanadium catalyst

supported on four selected zeolites using CO, as a soft oxidant.

e Impregnation of optimum Cr-V on four selected zeolite support of micro and
mesoporousity.

e Determination of the physico-chemical properties of the catalysts through some
characterization techniques.

e Catalyst testing in CO, atmosphere to determine the best catalyst as per n-butane

and CO reactivity and catalyst stability.

1.4.3 Kinetic modeling of optimum Cr-V catalyst loaded on MCM-41 carrier in a fixed

bed reactor.

An important aspect of process development is the availability of design parameters such

as activation energy of reaction, rate constants, etc. This involves the following;

e To predict the rate mechanistic steps by incorporating Cr-V bimetallic system
using the power law model.

e To estimate the kinetic parameters underlying the rate equation.

e Fitting experimental data into proposed models to check the suitability of the

models.



1.5 Scope & Outline of Work

Chapter two presents a comprehensive literature survey on catalytic n-butane
dehydrogenation. Challenges facing the industrial catalysts, and what has been done to

ameliorate these problems were discussed.

Chapter three deals with the experimental section of this research work. The description
of the equipment used for the experimental set-up as well as the procedure adopted to

accomplish various tasks vis-a-vis catalyst synthesis, characterization and evaluation.

Chapter four focuses on the results of the experimental work. All characterization
results of the prepared catalysts are discussed in details here. Discussion of the effects of
reaction conditions such as temperature effects, effect of time on stream, effect of
oxidants, contact time, etc, are all explained in details. Also, kinetic modeling results are
presented starting first with model development to the estimation of kinetic parameters

using a non-linear regression analysis.

Chapter five includes the summary of research work and the conclusions drawn from it.

Also, recommendations for future work were discussed here.



CHAPTER 2

LITERATURE REVIEW

2.1 Background
The principal catalytic systems that have a dehydrogenation activity reported in scientific
and patent literature are:

e Group VIII metals (mainly platinum with tin) supported on alumina and with

promoters [3].

e Chromium oxides on alumina or zirconium, with promoters.

e Vanadium oxides supported on zeolites and silica.

e Iron oxides supported, with promoters.

e Gallium, as a supported oxide or included in zeolitic structures.

e Copper, for the dehydrogenation of alcohols to aldehydes.
Including the most recent literature, the situation for dehydrogenation catalysts and their
applications is outlined in Table 2.1. Commercial application has restricted potential

catalysts to those indicated below:



Table 2.1 Performance of dehydrogenation catalysts

Active Dehydrogenation of
component Dehydrogenation of Dehydrogenation Ethyl Benzene to
of Catalysts Light Paraffin of Paraffin C1o-C14 | Styrene

Pt/sn Excellent Excellent Poor

Cr oxides Excellent Moderate Good

V oxides Excellent Moderate Good

Fe oxides Absent/poor Not available Excellent

Ga systems Excellent Not available Excellent

Source: www.trecanni.it
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e For the dehydrogenation of ethyl benzene to styrene, oxides of Fe as the only
choice.

e For long chain paraffins for LAB, Pt/Sn promoted on Al,Os.

e For light paraffins and olefins, Pt/Sn promoted on Al,O3 and Cr,O3 on Al,Os.
The two large families of catalysts for the dehydrogenation of paraffins (based on Pt and
Cr) were developed at the same time. The two families do not differ substantially in terms
of activity and selectivity, but rather in the quality of some by-products and in the
treatment needed to complete the regeneration after the combustion of the coke. In
addition, the phenomena that lead to the irreversible deactivation (sintering, volatilization
of the active components and transformations of the morphology or the state of the
support) are typically connected to the chemical types that characterize the various

catalysts.

2.2 Kinetics and Thermodynamics of Dehydrogenation Reactions

Dehydrogenation removes a molecule of hydrogen from paraffin forming an olefinic
double bond that will be the preferred point of attack for successive reactions.
Notwithstanding its apparent simplicity, the dehydrogenation of paraffin is one of the
most complex chemical processes to realize industrially, since the thermodynamic
equilibrium limits the conversion possible per pass and the reaction is highly
endothermic, that is to say, a large amount of heat must be supplied to the reactant
system. In Fig. 2.1, the conversion equilibrium is shown versus the temperature, for

paraffins with 2 to 15 atoms of carbon. It is clear that, in order to make the industrial
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Fig. 2.1. Equilibrium conversion in the dehydrogenation of some paraffins at atmospheric

pressure. Source: www.trecanni.it
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process more economic, it is advisable to increase the conversion per pass as much as
possible, so that the cost of recycling the unconverted reagent and that of separating the
reagent and the product is reduced. As shown in Fig.2.1, it is evident that temperatures
between 500 and above 700°C are needed to reach a conversion rate of 50%. However,
high temperatures also enhance an undesired parallel process, i.e., thermal cracking
reactions that reduce the selectivity to the desired product and make purification
operations downstream the reaction zone necessary. Oxidative dehydrogenation has been
widely studied, as one route to circumvent the thermodynamic limitations. This involves
supplying oxygen to the reagent mixture so that it combines with the hydrogen produced
by dehydrogenation and forms water. The removal of the hydrogen allows the
dehydrogenation reaction to proceed with a higher conversion than would be suggested
by the equilibrium. However, the practical application of this approach ran into the
problem of making the oxygen react only with the hydrogen, without causing direct
combustion of the hydrocarbons and a resulting loss of selectivity. An additional
advantage of this approach results from the exothermic nature of the reaction producing

water, which contributes heat for the dehydrogenation reaction, reducing the need for an
external source. In non-oxidative dehydrogenation, in order to reach high reaction rates
and minimize the effect of its complex secondary reactions, a suitable heterogeneous
catalyst is needed. The energy required to remove two atoms of hydrogen from the alkane
molecule is almost independent of the molecular weight of the paraffin and in the range
of 113-134 KJ/mol. The highly endothermic nature of the main reaction (and of the
greater part of the secondary reactions) leads to a strong temperature decrease, if the

reaction is carried out in an adiabatic manner. For example, in the case of the
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dehydrogenation of propane with a 25% conversion, there is an adiabatic temperature
decrease of 200°C. Since no catalyst is able to operate in such a wide temperature range,
it is clear that a single adiabatic reactor cannot be used, and a heat source must also be

supplied in the course of the reaction.

2.3 Chromium and Vanadium Catalysts

Over the years, a significant progress has been made in the development of catalysts for
ODH of n-butane (C4H10) and isobutane (i-C4H10) to C4Hg and i-C4Hg. Among the oxide
catalysts, vanadium and chromium oxide supported catalysts have been most promising
for ODH due to their high catalytic activity. The mononuclear Cr®* species dispersed on
the surface of silica support are reported to be responsible for dehydrogenation of light
alkanes. These species predominate at low Cr loadings, while at higher loadings less
active crystalline Cr,03 tends to dominate [8]. Hakuli et al. [9] reported that silica- and
alumina-supported chromium oxides were effective for the production of lower alkenes
such as propylene and isobutene. Botavina et al. [10] stated that for ODH of propane and
isobutane, the highest activity, selectivity and stability were achieved over 5.0 wt%
CrOx/silica catalysts prepared by wet impregnation method. Volpe et al. [11] investigated
n-butane dehydrogenation using VOx supported on USY, NaY, y-Al,0; and a-Al,Os.
The high catalytic activity of VOx/USY and butene selectivity was related to the VOx
monolayer and mild acidity. Recently, chromium oxide catalysts supported on high
surface area, pore expanded MCM-41 silica was investigated for ethane dehydrogenation.
The studies showed that the ethane conversion strongly depend on the chromia loading

and the catalyst preparation method [12]. Similarly, VOx species supported on hexagonal
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mesoporous silica (HMS) were found to be active in ODH of n-butane, where the isolated
monomeric VOx species were determined to play most active catalytic role [13]. The
comparative study on V-containing different mesoporous siliceous materials such HMS,
SBA-16, SBA-15 and MCM-48 in ODH of propane and n-butane highlights the
importance of population of tetrahedrally coordinated VOx complexes and isolated

monomeric VOx complexes [14].

2.4 Carbon Dioxide Assisted Dehydrogenation

The dehydrogenation of propane using CO, as a mild oxidant has been recently explored
as an alternative to the equilibrium controlled dehydrogenation. Oxygen assisted
dehydrogenation is less attractive because the abstracted hydrogen is oxidized, releasing
heat in an exothermic reaction. Due to the exothermic property of these reactions, it is
expedient to remove heat [15] and avoid the over-oxidation of n-butane to CO, in order
to reach high selectivity to butene. Nakagawa et al. [16] have shown that CO, improves
the stability of Ga,O3 loaded catalyst by the removal of the coke deposited on its surface
according to the Boudouard reaction:

_

Co+COxg === 200 @D

Also, CO, removes the H, adsorbed on the surface of the catalyst through the reverse

water gas shift reaction (RWGSR):

CO,+H, CO+H,0 (22

RWGSR is very important because it removes one of the products (H,) and shifts

the equilibrium to the products, thereby improving the conversion. Wang et al. [17]
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reported, for i-C4Hjo dehydrogenation with Cr/MCMA41 catalyst, a selectivity of 90.4% at
an i-C4Hjo conversion of 18.3%. Shimada et al. [18] discussed that iron loaded on
activated carbon produced an i-C4Hjo conversion of 48% with 80% i-C4Hg selectivity at

600 °C in the ODH of i-C4H10 by CO;.

The literature shows that ODH in n-butane are little and are primarily based on
monometallic system. It is well established that the incorporation of two different metals
might create new redox and acidic properties [19]. Yuan et al. [20] reported on the
synthesis of metallosilicate MCM-41 with hierarchical structure containing Cr and V
species. The synthesis and catalytic application of single or two transition metals systems
have been already reported [21, 22, 23 and 24]. MCM-41 mesoporous molecular sieve is

extensively used as support or catalysts as documented in recent review papers [25, 26].

Therefore, in the present study, we extend the investigation using Cr and V based
bimetallic impregnated MCM-41 in dehydrogenation of n-butane at different reaction

conditions via temperature, time on stream, contact time, feed and catalyst type.

The literature reports show that dehydrogenation reaction has been exhaustively carried
out in the presence of conventional oxygen as oxidant. Like pointed out previously, such
oxygen assisted dehydrogenation is less attractive due to its exothermicity, necessitating
the removal of heat in order to avoid the deep oxidation to CO,. The heat removal step is
necessary in order to achieve high selectivity to butenes. In the current trend, emissions
of greenhouse gas such as carbon dioxide have become major problem in global climate

changes. Recently, there are several attempts is being made either to capture CO, [27] or
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utilize it as co-feed gas in dehydrogenation of ethylbenzene and light alkanes [28]. Unlike
oxygen, CO; exists as gaseous state during whole reaction steps and possesses high heat
capacity. Moreover, reaction coupling, namely processes combining dehydrogenation
with reverse water-gas shift reaction, is an attractive approach to improve the equilibrium
conversion in the dehydrogenation reactions [29]. However, the best known commercial
CrOx/Al,O5 catalyst was found to be inhibited by CO,, while over CrOx/SiO, and
CrOx/ZSM-5, the presence of CO, showed a promoting effect [30]. Until now, ODH of
n-butane in CO, atmosphere over bimetal (Cr-V) containing mesoporous material
(MCM-41, mesoZSM-5) and microporous zeolites (MCM-22, ZSM-5) has not been
explored. In the present study, we have investigated the influence of time on stream and
different temperatures over the four catalysts. The conversion of n-butane and CO,, molar
selectivity of dehydrogenation products, distribution of butene isomers, apparent
activation energy, olefin to paraffin ratio, ratio of conversion to coke weight percent were

all investigated.
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CHAPTER 3

EXPERIMENTAL

3.1 Experimental Set-up

3.1.1 Set-up for Catalyst Evaluation
3.1.1.1 BELCAT microreactor

The catalytic runs were carried out in a fully integrated, fixed bed continuous flow
reactor system (BELCAT). The system consists of one tubular quartz reactor attached
with stainless steel one-zone furnace assembly through reactor furnace wall thermo well.
The catalysts sample (0.15g) was packed in the reactor and activated with flowing N, at
823 K for 2 h. After which the flow rate of reactants were maintained at 4.0 ml/min; n-
butane, 96 ml/min;N,, (non-oxidative reaction) and 56ml/min N, 40ml/min CO,,
(oxidative reaction) respectively. The gas product samples were analyzed by online gas
chromatograph (Agilent, 7890N) equipped with J&W Scientfic HP-5 capillary column
(length: 30 m, ID: 0.32 mm, and film thickness 0.25 um) and FID detector. The gas
products, including H,, CO and CO,, were analyzed with a TCD and a GS-GASPRO
capillary column. The products were identified by comparison with authentic samples.

See Fig 3.1 for the schematics and appendix for the complete specifications.
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3.1.1.2 Gas chromatograph (GC)

The quantitative analysis of the reactor products were carried out online using Agilent
GC (Agilent Chromatograph Model 7890N) equipped with one Flame lonization
Detector (FID) and two Thermal Conductivity Detectors (TCD), equipped with GS-
GASPRO capillary column (Polyethylene glycol, length:60m, internal diameter:0.32mm,
film thickness: 0.50um). Helium is used as the carrier gas, while air and hydrogen gases
are used for the FID. Furthermore, liquid nitrogen is used to facilitate the initial cryogenic
operation of the GC temperature program. The liquid nitrogen cools the GC oven to -
30°C. The flow of liquid nitrogen is administered by a solenoid valve actuated from the
GC’s internal oven temperature controller. The integrator allows strip chart recording as
well as integration of the GC detector signal. The integrator is connected to the GC via a

HPIL instrument network cabling system.

3.1.1.3 Coke Analyzer

A carbon analyzer multi EA 2000 was used. This multi EA 2000 equipped with CS
module is specially developed system which permits simultaneous or separate
determination of the total carbon and total sulphur in the samples of solids, pastes and
liquids by means of high temperature oxidation in a current of xygen supplied directly to
the unit. It is based on a special high temperature ceramics (HTC) technology which
renders a catalyst superfluous. By combining the finely tuned non-dispersive infra red gas
analysis (NDIR) detection which is selective to CO,/SO, with the patented
Verweilzeitgekoppelte Integration fur TOC-Analysen (VITA) procedure, which takes

into account the dwelling time, the analysis possible is very precise. The aliquot of the
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sample is accurately weighed into the combustion boat and delivered complete into the
hot zone of the furnace. There, pyrolysis and oxidation of the sample occurs at a high
temperature in the stream of oxygen. The gas produced in the pyrolysis is drawn through
a glass tube filled with a specialist dessicant. This dessication tube also serves as a
particle filter so that no water or dust can get into the detection system of the device.
NDIR detector is used to determine the CO, content in the carrier gas. Gases whose
molecules are composed of different types of atoms possess specific adsorption bands in
the infra red wavelength range. The concentration of CO, is signaled several times per
second. An integral over time is created from the series of signals. The integration is
proportional to the concentration of the carbon in the sample analyzed. The calibrations
allows for any changes to flow arising over time because of such factors such as ageing
process, dirt getting into flow regulators, or the dessicants going lumpy, will not
automatically necessitate re-calibration, which is a positive factor reducing the frequency
of the dessicant replacement. A small amount of the spent catalyst(0.09 — 0.1g) is used

for the analysis.

3.1.2 Set-up for catalyst characterization

BELCAT Catalyst analyzer can evaluate catalysis by using the following methods;
Temperature Programmed Desorption spectrum measurement (TPD), Temperature
Programmed Reaction spectrum measurement (TPReaction), Temperature Programmed
Reduction spectrum measurement (TPReduction), Temperature Programmed Oxidation

spectrum measurement (TPO), metal dispersion measurement, pulse injection
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measurement, and single-point BET method to measure the specific area of sample. You
can program BELCAT to automatically do pretreatment of sample, measurement, and

calculation.

3.1.2.1 Temperature Programmed Desorption (TPD)

Temperature-Programmed Desorption (TPD) is one of the most widely used and flexible
techniques for characterizing the acid sites on oxide surfaces. Determining the quantity
and strength of the acid sites on alumina, amorphous silica-alumina, and zeolites is

crucial to understanding and predicting the performance of a catalyst.

This method can also be said to be useful for measuring the status of physical adsorption
and chemisorptions. It is obtained by measuring desorption or decomposition of adsorbed
molecules from the surface while continually supplying heat [31]. By this method, one
can determine the number of desorption peaks (type of adsorption sites) from the
spectrum of desorbed molecules, desorbed temperature (activation energy of desorption),

and volume of desorption (number of adsorption active sites)

There are three types of molecular probes commonly used for characterizing acid sites

using TPD

e Ammonia
e Non-reactive vapors

e Reactive vapors
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For our experiment, ammonia was adopted as the molecular probes. TPD of ammonia is a
widely used method for characterization of site densities in solid acids due to the
simplicity of the technique. Ammonia often overestimates the quantity of acid sites. Its
small molecular size allows ammonia to penetrate into all pores of the solid where larger
molecules commonly found in cracking and hydrocracking reactions only have access to

large micropores and mesopores.

Also, ammonia is a very basic molecule which is capable of titrating weak acid sites
which may not contribute to the activity of catalysts. The strongly polar adsorbed

ammonia is also capable of adsorbing additional ammonia from the gas phase.

3.1.2.2 Temperature Programmable Reduction (TPR)

TPR is the method to measure the characteristics of reduction, and reactivity of adsorbed
molecules. They can be determined by measuring the consumption volume of reactive
gas.

In order to do TPR measurement, we use the same instrument that was used for TPD
measurement without many changes. In TPR, molecules are generally adsorbed by pulse
injection method, volumetric method under the vacuum, or flow method. TPR measures
the reduction under the H, flow during a temperature increase; there are various
categories depending on the gas you use and purposes. The measurement varies
depending on the condition (ambient pressure, etc), but basically, it is done by the heating
under the carrier gas flow. Desorbed gas can be detected by Thermal Conductivity

Detector [TCD] or mass analyzer [Q-mass].
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Reactor

Figure 3.1 Schematic diagram of the BELCAT microreactor experimental set-up
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3.1.2.3 Raman Spectroscopy

It is a spectroscopic technique used to observe vibrational, rotational, and other low-
frequency modes in a system[32] It relies on inelastic scattering, or Raman scattering,
of monochromatic light, usually from alaserin the visible, near infrared, or near
ultraviolet range. The laser light interacts with molecular vibrations, phonons or other
excitations in the system, resulting in the energy of the laser photons being shifted up or
down. The shift in energy gives information about the vibrational modes in the

system. Infrared spectroscopy yields similar, but complementary, information.

Typically, a sample is illuminated with a laser beam. Light from the illuminated spot is
collected with a lens and sent through a monochromator. Wavelengths close to the laser
line due to elastic Rayleigh scattering are filtered out while the rest of the collected light

is dispersed onto a detector.
3.1.2.4 SEM/EDX

A SEM is essentially a high magnification microscope, which uses a focused scanned
electron beam to produce images of the sample, both top-down and, with the necessary
sample preparation, cross-sections. The primary electron beam interacts with the sample

in a number of key ways:-

e Primary electrons generate low energy secondary electrons, which tend to
emphasize the topographic nature of the specimen.
« Primary electrons can be backscattered which produces images with a high degree

of atomic number (Z) contrast.
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e lonized atoms can relax by electron shell-to-shell transitions, which lead to either
X-ray emission or Auger electron ejection. The X-rays emitted are characteristic
of the elements in the top few um of the sample and are measured by the EDX

detector.

3.2 Experimental Procedure

3.2.1 Materials

The ZSM-5 was procured from Catal International, while the MCM-22 zeolite
was obtained from Industrial Chemicals, USA. The Meso-ZSM-5 zeolite having a Si/Al
of 30 was obtained from the J. Heyrovsky™ Institute of Physical Chemistry, Czech
Republic. It was synthesized using carbon black (CBP 2000, Cabot Corporation) as a
secondary template with an average particle diameter of 12 nm [33]. The H-form of
catalysts were turned into Na form by repeated ion-exchange with NaNOs at 60 °C for 3

h, filtered, dried and calcined at 550 °C for 4 h.

3.2.2 Catalyst Preparation
3.2.2.1 Synthesis of Si-MCM-41 by direct hydrothermal method

MCM-41 was synthesized as follows: 10.6 g of sodium meta silicate (Aldrich)
and appropriate amount of chromium nitrate was dissolved in 50 g of water and then
thoroughly stirred until a clear solution was obtained. 4.45 g of cetyltrimethylammonium
bromide (Aldrich) was dissolved in 30 g of distilled H,O. The resultant mixture was

stirred for 2h, and then the pH of the resulting gel was adjusted to 10.5 with 4N sulfuric
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acid followed by stirring for 3 h. The resulting homogenous solution was transferred into
an autoclave and heated to 140 °C in static conditions for 12 h. The solid product was
filtered, washed thoroughly using distilled water, dried at 80 oC overnight, then calcined

at 550 °C for 6 h to remove the surfactant.

3.2.2.2 Synthesis of Cr-MCM-41(CrM-41) by direct hydrothermal method

10.6 g of sodium meta silicate (Aldrich) and appropriate amount of chromium nitrate was
dissolved in 50 g of water and then thoroughly stirred until a clear solution was obtained.
4.45 g of cetyltrimethylammonium bromide (Aldrich) was dissolved in 30 g of distilled
H,0. The resultant mixture was stirred for 2h, and then the pH of the resulting gel was
adjusted to 10.5 with 4N sulfuric acid followed by stirring for 3 h. The resulting
homogenous solution was transferred into an autoclave and heated to 413K in static
conditions for 12 h. The solid product was filtered, washed thoroughly using distilled

water, dried at 80 °C overnight, then calcined at 550 °C for 6 h to remove the surfactant.

3.2.2.3 Synthesis of Cr-V/support (Si-MCM-41 (M-41), Na-MCM-22(M-22), Na-ZSM-

5 (Z-5) and mesoporous Na-ZSM-5 (mesoZ-5)) by wet impregnation method:

Cr-V bimetals was impregnated onto support by wet impregnation method. For 1.2wt.%
Cr and 2.8wt.% V impregnation over MCM-41(1.2Cr2.8V/M-41), 0.092g of chromium
nitrate and 0.064g of ammonium metavanadate was dissolved in 30mL deionized water
and then added to 1 g of support. The resulting mixture was stirred, dried overnight at 80

°C and then calcined at 550 °C for 4 h (3°C/min).
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3.2.3 Catalyst characterization

3.2.3.1 BET surface area and pore size distribution

The textural properties of the synthesized samples were characterized by nitrogen
adsorption measurements at 77K using Quantochrome Autosorbl-c adsorption analyzer.
Samples were outgassed at 220°C under vacuum (10 Torr.) for 3h before nitrogen
physisorption. The BET specific surface areas were determined from the adsorption data
in the relative pressure (P/Pg) range from 0.06-0.2, assuming a value of 0.164nm? for the
cross section of the nitrogen molecule. The pore size distribution was calculated from the

adsorption branch using the Barrett-Joyner-Halenda (BJH) method.

3.2.3.2 Atomic adsorption
The chemical compositions of the synthesized catalysts were determined by the atomic
adsorption spectroscopy Perkin-Elmer equipment of model AAnalyst 100 using a mixed

gas of acetylene-N,O-air.

3.2.3.3 X-ray diffraction

The Powder X-ray diffraction (XRD) was recorded on Rigaku Miniflex Il system using
nickel filtered CuKo radiation A = 1.5406 A at 40 kV and 30 mA. The diffraction patterns
were identified through comparison with those included in the Joint Committee of

Powder Diffraction Standards (JCPDS) literatures and database.

27



3.2.3.4 Pyridine Fourier Transform Infra Red Spectroscopy

The acidity of the zeolites was measured using a Nicolet 6700 FT-IR spectrophotometer
(Thermo Scientific) equipped with a high temperature vacuum chamber using pyridine as
a probe. The sample (50 mg) was pressed and placed in a sample holder for pretreatment
at 400 °C under vacuum for 1 h. The sample was then cooled and the spectrum was
recorded. After pyridine adsorption, the sample was heated at 150 °C, 250 °C and 400 °C
under vacuum (10> mbar) for 30 min. The removed material was then cooled to room
temperature and then the spectrum was recorded again. The acidity was calculated using
the extinction coefficient (0.75) of the bands of pyridine adsorbed Bronsted and Lewis

acid sites.

3.2.3.5 Raman Spectroscopy
Raman spectroscopy of catalysts was recorded at ambient conditions on a Bruker
Senterra in a frequency range of 65 — 4000 cm™ with a resolution of 9 — 13 cm™. A laser

wavelength of 532 cm™ with 10 mW power was used for zeolite supported catalysts.

3.2.3.6 SEM-EDX
The morphological characterization and elemental composition of the catalyst was carried

by SEM on a JEOL JSM 5600LV instrument coupled with an EDX analyser.

3.2.3.7 Temperature Programmable Analysis (TPx)
TPR and TPD (temperature-programmed reduction and ammonia or CO, desorption)

experiments were performed in BEL-CAT-A-200, chemisorption apparatus that consists
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of a gas mixing unit allowing both continuous and pulsed reactant dosing, U-tube quartz
microreactor with a thermocouple placed inside the sample, and a thermal conductivity
detector (TCD). The linearity of the TCD response was proven by the injection of gas
pulses of various known compositions, and the quantitative hydrogen consumption was
calibrated in every measurement by a series of calibration gas pulses. TPR analysis was
performed using Ar/H, gas mixture (95/5 vol%). The total flow rate of the feed was 50
ml/min. Before the experiment, the sample (50mg) was preheated in He at 300 °C for 3
hr, and then cooled to room temperature. The sample was heated at 10 °C min™ to the
final temperature of 700 °C. The H, consumption was measured by a thermal
conductivity detector and CuO was used as a reference for the calibration of H,
consumption. Temperature programmed ammonia (NH3-TPD) was carried out on the
same instrument. The sample (50mg) was pretreated in a flow of He (50 mL/min) at 500
°C for 1 h. Then the sample was exposed to He/NH3 mixture (95/5 vol%) or He/CO,
(95/5 vol%) at room temperature for 30 min. The gas phase was removed by He purging
for 1 h followed by which TPD was performed in He flow (50 mL/min) at a heating rate

of 10 °C/min, and the desorbed NH3 or CO, was monitored by a TCD detector.

3.3 Catalyst Evaluation

n-Butane dehydrogenation was carried out over synthesized Cr and/or V catalysts wet
impregnated on the following zeolites supports: MCM-41, MCM-22, ZSM-5, meso-
ZSM-5 in order to test their catalytic activity. These catalysts were evaluated for their
reactivity at reactions temperature 525, 550, 575 and 600 °C. From reaction temperatures

525-600 C, the activity of the first 30 min were tested while at 550C reaction
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temperature, the catalyst was tested for 3h in order to establish their stability at steady

state.

3.3.1 Testing Procedure

The catalytic runs were carried out in a fully integrated, fixed bed continuous flow
reactor system (BELCAT). The system consists of one tubular quartz reactor attached
with stainless steel one-zone furnace assembly through reactor furnace wall thermo well.
The catalysts sample (0.15g) was packed in the reactor and activated with flowing N, at
823 K for 2 h. In the case of the oxidative dehydrogenation reactions, the flow rate of
reactant (n-butane and CO;) and the diluents N, was maintained at 4.0 ml/min, 40 ml/min
and 56 ml/min, respectively while for the simple dehydrogenation reactions (non-
oxidative) the flow rate of reactant (n-butane) and the diluents N, was maintained at 4.0
ml/min, 96 ml/min. The gas product samples were analyzed by online gas chromatograph
(Agilent, 7890N) equipped with J&W Scientfic HP-5 capillary column (length: 30 m, ID:
0.32 mm, and film thickness 0.25 um) and FID detector. The gas products, including Ho,
CO and CO,, were analyzed with a TCD and a GS-GASPRO capillary column. The

products were identified by comparison with authentic samples.

The term gas hourly space velocity (GHSV) is the inverse of contact time (t) and is
defined as the mass flow rate of n-butane in g/min over the weight of the catalyst. The
contact times were varied by changing the partial pressure of n-butane in the mixed gas

containing n-butane and nitrogen while keeping the catalyst weight fixed.

T = 1 (gcatmin)
GHSV Ibutane
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GC analyzed data were further processed to evaluate conversion and selectivity using

the following equations:

moles of n—butane converted

: ] _ 0

Conversion of n-butane moles of butane fed X 100% (3.1)

Selectivity of product i = Z2es e/ Productt o 460, (3.2)
butane conversion

The yield to product i is expressed as follows:

Yield to product i = selectivity of product i (3.3)

butane conversion

To ascertain the reaction stoichiometry, the molar selectivities were estimated with the

equation:

weight fraction of product i .
gmolar _ 2219 [raction of p - X molecular weight of butane (3.4)
molecular weight of product i

3.4 Reactor product analysis

3.4.1 GC Calibration

The calibration of the gas chromatograph used in determining the product stream
composition of n-butane dehydrogenation reaction was done as explained in the sub-

header below.
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3.4.1.1 Determination of Retention Time

The retention times of all compounds of interest in this study were determined by
analyzing pure samples of each of the compounds in GC in turns. The retention times

were used to identify each component of the reaction products.
3.4.1.2 Correlating GC Response and Actual Weight% of Each Compound

In calibrating the GC, standard samples of different compositions containing n-butane,
main reaction products (1-butene, cis-2-butene, trans-2-butene, 1,3 butadiene) and
cracked products (methane, ethane, ethene, propane, propene) were prepared. The
composition of the prepared samples were carefully chosen to reflect all possible product
compositions (obtained from preliminary experimental runs) under different reaction
conditions to be investigated. 0.2uL of the first sample was then injected into the GC and
the GC response (area %) for each of the components in the sample were obtained. This

procedure was repeated for all other samples.
3.5 Coke Analysis

The amount of coke deposited on the spent catalysts was determined by the combustion
principle of the carbon analyzer multi EA 2000. A small amount of the spent catalyst
(100mg) was weighed into a combustion boat and fed completely into a hot zone of the
furnace, oxygen is fed directly into the unit and the coke deposited on the spent catalyst is
completely burnt, converting the carbonaceous deposit into carbon dioxide. The amount
of coke formed is determined by measuring the number of moles of CO, released. This

technique however cannot be used to determine the nature of coke formed.
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CHAPTER 4

RESULTS & DISCUSSIONS

4.1 n-Butane dehydrogenation over mono and bimetallic MCM-41
catalysts under nitrogen atmosphere.

4.1.1 Characterization
4.1.1.1 X-ray Diffraction

The X-ray diffraction patterns for impregnated samples (3.5Cr/M-41, 3.8V/M-41,
1.2Cr2.8VIM-41, 2Cr2VIM-41, 2.7Cr1.2V/IM-41) and hydrothermally synthesized Cr-M-
41 (Si/Cr = 50) are shown in Figure 4.1(a-f). CrM-41 showed characteristics XRD
diffraction patterns indexed to hexagonal symmetry [34] (Figure 1(a)). But apart from
intense (100) peak, a significant reduction in the higher order peaks occurs indicating a
decreased structural ordering of mesostructure. The d-spacing of CrM-41 decreased to
3.29 nm compared to 3.67 nm of SIMCM-41. In general, the incorporation of Cr** (0.76
A°) into the silicate framework is expected to increase lattice parameter. However, in the
case of Cr substituted MCM-41 sample, the d-spacing was found to be less similar to the

observation of Kevan et al. [35].
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Figure 4.1. X-ray diffraction analysis of CrM-41, Cr or V and Cr-V impregnated MCM-
41: (a) CrM-41 (Si/Cr = 50), (b) 3.5Cr/M-41 (c) 3.8V/M-41, (d) 1.2Cr2.8V/M-41,

()2.0Cr2.0V/IM-41, and (f) 2.7Cr1.2VIM-41.
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indicating less incorporation of chromium into MCM-41 framework. Overall, the
impregnated samples showed high orderedness irrespective of such high metal loadings.
The samples showed well resolved three diffraction lines at 26 range of 2.4, 4.2, 4.8
indexed to (100), (110) and (111) peaks corresponding to hexagonal symmetry (Figure
1(b-f)). Comparatively, 3.8V/M-41 showed the highest d-spacing at 3.74 nm, while
3.5Cr/M-41 showed lowest d-spacing at 3.53 nm. Such increase after vanadium
impregnation is usually attributed to incorporation of vanadium to certain degree in the
lattice position due to its longer V-O bond length (~1.58 A) compared with Si-O bond
length (~1.50 A) [36]. In the case of bimetal impregnated samples such as 1.2Cr2.8VM-
41 and 2Cr2V/M-41 (Figure 4.1(d and e)), the d-spacing remained at 3.67 nm similar to
that of SIMCM-41, which then decreased to 3.61 with Cr content of 2.7wt.% and
vanadium content of 1.2 wt.% (2.7Cr1.2V/M-41). Klinowski et al. [37] observed that
such a decrease occurs due to difference in the condensation of silicate polyanions and
metallosilicate polyanions. The absence of crystalline a-Cr,0; and V,0s between 26

range 10-50° shows the highly disbursed metal oxide phase over the support.
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Table 4.1 Physico-chemical properties of Cr or V and Cr-V supported MCM-41 catalysts

Metal content

(Wt.%) Ospacing Surface Pore Pore
area volume diameter
0
Catalyst (A (m¥g) (cclg)  (nm)
Cr Vv
SiIMCM-41 - - 36.78 1229 0.81 2.6
Cr-M-41(Si/Cr = 50) 1.5 - 32.93 577 0.39 2.7
3.5Cr/M-41 35 - 35.31 946 0.57 2.4
3.8V/M-41 3.8 - 37.40 939 0.61 2.6
1.2Cr2.8VIM-41 1.2 2.8 36.78 1079 0.66 25
2Cr2VIIM-41 2.0 2.0 36.78 959 0.59 25
2.7Crl1.2VIIM-41 2.7 1.2 36.17 866 0.63 2.9
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4.1.1.2 Nitrogen adsorption isotherms

The textural characteristics of CrM-41, mono and bimetal impregnated MCM-41 samples
are presented in Table 1. All samples showed characteristic type IV isotherms typical to
that of siliceous MCM-41(Figure 4.2(a-f)). Hydrothermally synthesized Cr-M-41
showed a less sharp inflection at P/P, range between 0.2-0.3 indicating a slight decrease
in textural characteristic after chromium incorporation (Figure 4.2(a)). The surface area
reduced considerably at 577 m?/g compared with Si-MCM-41 (1229 m?/g), while pore
volume decreased from 0.81 cc/g to 0.39 cc/g. Jha et al. [38] attributed such a trend to the
presence of large amount of chromium species outside the framework of MCM-41. In the
case of impregnated samples, a sharp inflection can be observed reflecting uniform
mesopore size distribution (Figure 4.2(b-f). When compared with SIMCM-41, only a
slight decrease in the surface area and pore volume is observed (Table 4.1).
1.2Cr2.8V/M-41 showed the highest surface area of 1079 m%g and pore volume of 0.66
cc/g. The pore size distribution curves of all samples as calculated by BJH method are

centered in the range 2.4-2.9 nm.
4.1.1.3 Temperature Programmed Reduction

In ODH of alkanes over transition metal oxides supported catalysts, the reaction proceeds
via redox mechanism, in which the reducibility is a key factor for the catalyst activity
[39]. XRD is a relatively known to be an insensitive method for the detection of

crystallites [40]. Therefore, the materials were characterized by H,-TPR. Figure 4.3(a-f)
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Volume of N, desorbed (cm 3/g)

P/P
0

Figure 4.2 N, adsorption isotherm of CrM-41, Cr or V and Cr-V impregnated MCM-41.:
(@ CrMCM-41 (Si/Cr = 50), (b) 3.5Cr/M-41 (c) 3.8V/M-41, (d) 1.2Cr2.8V/IM-41,

(€)2.0Cr2.0V/M-41, and (f) 2.7Cr1.2V/IM-41.
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shows the reducibility of Cr, V or Cr-V impregnated MCM-41 support. The TPR results
are presented in Table 4.2. A significant difference in the reducibility is observed
between the mono or bimetallic supported system. CrM-41 showed a sharp reduction
peak at the temperature around 444 °C. This peak can be attributed to the reduction of
Cr®* species [41]. In the case of 3.5Cr/M-41, two reduction peaks are observed at 354 and
435 °C, respectively. Ellison et al. [42] attributed such peaks to CrOs clusters with
smaller interaction over the silica support. However, the H, consumption was found to be
smaller than for other samples. In the case of 3.8V/M-41, two reduction peaks are
observed around 535 and 617 °C, respectively. The reduction peak maxima between 500-
550 °C is attributed to the reduction of surface VV°* species to surface VV** species [43, 44,
45 and 46] ]. The presence of a less intense peak between 580 and 630 °C for 3.8V/M-41
is attributed to the reduction of polymeric and bulk vanadia species [47]. In the case of
bimetal loading, for 1.2Cr2.8V/M-41 sample, a shift in the onset of reduction peak
towards lower temperature between 335 and 520 °C compared to 3.8V/M-41 indicating
more reducible species due to the Cr-V oxide interaction leading to mixed oxide phase
over the support. A small reduction peaks at 431 °C and a distinct reduction band at 457
°C were observed. Gasper et al. [48] ascribed such reduction to Cr® species that is
interacted at different locations over the silica support. The presence of high temperature
peak at 497 °C, which extends up to 540 °C can be due to monomeric or low oligomeric

surface dispersed tetrahedral species [49, 50].
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Figure 4.3 H,-TPR profile of CrM-41, Cr or V and Cr-V impregnated MCM-41: (a)
CrMCM-41 (Si/Cr = 50), (b) 3.5Cr/M-41 (c) 3.8V/IM-41, (d) 1.2Cr2.8V/M-41,

()2.0Cr2.0V/IM-41, and (f) 2.7Cr1.2VIM-41.



Table 4.2. Temperature programmed analysis (H,-TPR and NH3-TPD) of Cr or V and Cr-

V supported MCM-41 catalysts.

TPR TPD
Catalyst . H.uptake Total acidity

Tm (C) (mmol/g) (mmol NH3/g)
SIMCM-41 - - 0.071
Cr-M-41(Si/Cr=50) 444 0.385 0.087
3.5Cr/M-41 354, 435 0.285 0.323
3.8V/IM-41 535, 617 0.655 0.319
1.2Cr2.8V/IM-41 431, 457,497 0.790 0.533
2.0Cr2.0V//IM-41 370,454,490 0.605 0.410
2.7Crl.2VIIM-41 366, 445 0.495 0.539
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Thus it can be pointed out that the VOXx species in the presence of CrOx species tends to
inhibit the agglomerization of vanadia species and hence the formation of bulk-like
vanadia species becomes less prominent. The peaks at 366 and 445 °C became dominant
for the samples 2Cr2V/M-41 and 2.7Cr1.2V/M-41 with increasing chromium content
indicating the formation of polychromates. Airaksinen et al. [51] observed that such
polychromates species on the chromia/alumina sample are more reducible than
monochromates species. The H, consumptions (mmol/g) were in the following order:
1.2Cr2.8VIM-41 > 3.8V/M-41 (0.655) > 2.0Cr2.0V/M-41 (0.605) > 2.7Cr1.2V/IM-41
(0.495) > CrM-41 (0.385) > 3.5Cr/M-41 (0.285), respectively. The depreciation of H,
consumption with high Cr loading indicates increasing Cr—V oxide interactions, which
may lead to the formation of mixed oxide phases and, therefore, may inhibit the thermal
decomposition of chromium species in oxidation states VI and/or V during calcination

[52, 53].
4.1.1.4 Temperature Programmed Desorption

Particular, in the case of monometallic Cr or V impregnation, a major desorption peak
appear between 100-220 °C indicating an increased acid amount of weak acidity. This is
reflected in the overall concentration of acid sites of bimetallic Cr-V impregnated MCM-
41 (Table 4.2). Santamaria-Gonzalez et al. [55] attributed such a rise due to the
enhancement of acid strength of silanol groups caused by the strong interaction with
metal oxides. The amount of ammonia consumed in the samples is as follows:
1.2Cr2.8VIM-41 ~ 2.7Cr1.2VIM-41 > 2Cr2VI/IM-41 > 3.5Cr/M-41 ~ 3.8V/M-41 > CrM-
41 > SIMCM-41. The increased surface acidity shows the stronger interaction of mixed
oxides over support than that of the mono metal oxide supported catalysts. Raju et al.
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Figure 4.4 NH3-TPD of SIMCM-41, CrM-41 and different weight percentage Cr or V and

Cr-V impregnatedMCM-41.
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[56] indicated that such type of increased acidity to the existence of synergistic effect

between the metal oxides.

4.1.2 Dehydrogenation of n-butane

The catalyst performances are as shown in Figure 4.5. The dehydrogenation of n-butane
was carried out in the presence of nitrogen at 550°C over V/IM-41, Cr/M-41 and Cr-V/M-
41 catalysts with different metal loadings. The flow rate of n-butane was 4ml/min while
nitrogen flow rate was 96ml/min, and the catalyst loading was 0.15g. The major reaction
products observed were methane, ethane, ethylene, propane, propene, isobutene, t-2-
butene, 1-butene, isobutylene, cis-2-butene, and 1,3-butadiene. CrOx and VOy based
mesoporous catalysts have been proposed to be catalytically active in the
dehydrogenation of light alkanes [8, 57]. The main factors affecting the selectivity are
reported to be the metal content, nature of the support (structure, acidity) and the
reactions temperature [58]. In agreement with this report, hydrothermally synthesized
CrM-41 (Si/Cr molar ratio 50) exhibited a low dehydrogenation activity as well as a low
selectivity. The dehydrogenation selectivity was 81%, for the n-butane conversion of 3.74
% at 10 min. It indicates that in butane dehydrogenation, in addition to dispersion, a high
metal loading higher than 1.5wt.% and large surface area is significant for high
dehydrogenation activity. 3.8V/M-41 shows a better stability than 3.5Cr/M-41 even

though the first 10min initial activity of 3.5Cr/M-41 was better (9.2% conversion,
compared with 6.0% conversion for 3.8V/M-41). The selectivity to butenes of 3.8V/M-41
was slightly better. However, it is interesting to observe that the catalysts modified with

bimetals over MCM-41 shows an enhanced dehydrogenation activity. The impregnation
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of 1.2wt.% Cr and 2.8 wt.% V over MCM-41 (1.2Cr2.8V/M-41) significantly affects the
conversion of butane and butenes selectivity. The maximum conversion was 9.8% at 10
min of reaction time, whereas the selectivity to butenes improved sharply and remains
above 90% through the course of entire reaction time. The oxidative dehydrogenation
reaction is postulated to occur through a redox cycle, where the catalysts lattice oxygen
takes part in the oxidation reaction, and then the reduced catalyst is re-oxidized following
a Mars-van Krevelen mechanism [59]. Ruettinger et al. [60] shows that an isolated V=0
groups are active sites in the ODH reaction. The VOXx species with higher degree of
polymerization participate in undesired consecutive reactions with ODH products [13].
The improved results of bimetal impregnated MCM-41 samples can be explained to the
synergetic effect of active metals (VOx and/or CrOx species), which according to the
results of XRD and TPR, are well dispersed on the surface of mesoporous support. An
intermediate reduction temperature between 300 and 520 °C of the Cr-V/M-41 catalyst
determined by TPR than that of Cr and V based MCM-41 catalyst supports the
correlation between the higher activity and easier reducibility of the Cr-V/M-41 catalyst.
Karamullaoglu and Dogu [59] correlated the activity of Cr-O and Cr-V-O in oxidative
dehydrogenation of ethane with the reduction temperature as determined from the TPR
data. The Cr-O catalyst showed activity at temperatures over 225 °C, whereas the Cr-V
mixed oxide catalyst showed activities at much higher temperatures over 400 °C. In the
present study, TPR result of mixed oxides showed an intermediate reduction at about 366
and 490 °C, respectively (Figure 4.3(d-f). The absence of the high temperature reduction
peak shows a well dispersed monomeric VOx species. The observed activity and the TPR

result indicate the strong correlation between facile reducibility and the activation
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temperature of the catalyst. Thus the bimetallic supported catalysts were found to be most
reactive due to its higher reducibility, thus providing additional sites for oxygen
activation.

Figure 4.6 shows the influence of total acidity on the yield of butenes over CrM-41, Cr
or V and Cr-V impregnated MCM-41 for the reaction time of 10 min at 550°C. The total
number of acid sites of Cr-V impregnated MCM-41 samples increases linearly with
increased vanadium addition and it has a direct effect on the increase the yield of butenes
(Figure 4.6). The order of the amount of ammonia consumed in the samples is as follows:
1.2Cr2.8VIM-41 ~ 2.7Cr1.2VIM-41 > 2Cr2VIM-41 > 3.5Cr/M-41 ~ 3.8V/M-41 > CrM-
41 > SIMCM-41. This increase in weak acid sites with increasing vanadium content
could probably be due to the increased concentration of surface-isolated tetrahedral
vanadium species [61, 62, and 63]. In particular, 1.2Cr2.8V/M-41 showed a high total
acidity indicating the presence of large fraction of exposed active V sites. The yield of
butenes versus total acidity over CrM-41, Cr or V and Cr-V impregnated MCM-41
measured at the reaction time of 10 min at 550°C are in the following order:
1.2Cr2.8VIM-41 > 2.7Crl.2VIM-41 > 2.0Cr2.0V/M-41 > 3.5Cr/M-41 > 3.8V/IM-41 >
CrM-41 > SIMCM-41, respectively. The selectivity to dehydrogenation products over Cr-
V-0 based MCM-41 can be related to the acid-base character of the catalysts. It has been
reported that presence of VOXx species favor dehydrogenation, while vanadia over layer
or V,0s crystallites play detrimental role by favoring coke formations [11]. The observed

high conversion of 1.2Cr2.8V/M-41 followed by 2.7Cr1.2V/M-41 and 2.0Cr2.0V/M-41
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shows the presence of dispersed CrOx and VOX species that play an important role for the
formation of key intermediate species. The obtained results coincide with the report of Le
Bars et al., [64], where they showed a linear relation between conversion rate of ethane

and acid surface character of V/SiO, catalyst in the ODH of ethane.

Figure 4.7 presents the dependence of conversion and selectivity to butylenes on the
reaction temperature over 1.2Cr2.8V/M-41catalyst in the nitrogen atmosphere. It can be
observed that an increase of the reaction temperature from 525-600°C resulted in a
significant increase in n-butane conversion, but at the expense of butenes selectivity. The
conversion improved from 6.12% to 20.12%, while the dehydrogenation selectivity (trans
2-butene, 1-butene, cis 2-butene, isobutylene, 1,3-butadiene) decreased from 94.7% to
88.5% within the temperature range of 525-600°C. The cracked products include light
hydrocarbons like methane, ethane, ethene, propane and propene that occur at high
temperatures. The absence of aromatic and heavier products suggests that cracking occurs
through monomolecular mechanism [65]. The initial step of cracking on zeolite has been
considered to be a protonation followed by cracking in three paths: (1) to hydrogen and
butene; (2) to methane and propylene; (3) to ethane and ethylene [66]. Narbeshuber [67]
attributed the formation of ethene occurs due to secondary cracking of butene isomers via
primary carbenium ion formation. The present results with 1.2Cr2.8V/M-41 catalyst are
quite similar to dehydrogenation over ZSM-5 based catalyst [68]. The cracking pathways:

methane and propene,
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ethane and ethene increases with reaction temperature indicating lower energy activation

for dehydrogenation than cracking (Figure 4.8).

Figure 4.9 shows the activity of 1.2Cr2.8V/M-41 in ODH of n-butane in CO; or nitrogen
atmosphere at an operating temperature of 550°C. The flow rate of the reactant mixture
(n-butane/nitrogen/CO, was 4:56:40) was 100 ml/min, respectively, while the catalyst
loading was 0.15g. In the presence of CO,, the catalyst showed 6% n-butane conversion
with dehydrogenation selectivity above 90% for the duration of 180 min. However, in the
case of Ny, though the initial conversion was high at 10%, during the course of reaction
time, the conversion fell below 5% indicating rapid deactivation. This result shows that
CO; can be regarded as a good promoter in butane dehydrogenation.  Michorczyk et al.,
[50] reported similar positive effect in propane dehydrogenation, where the selectivity to

propylene was maintained above 80%.
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4.2 Oxidative dehydrogenation of n-butane over 1.2Cr2.8V/MCM-41,
1.2Cr2.8V/IMCM-22, 1.2Cr2.8V/ZSM-5 and 1.2Cr2.8V/mesoZSM-5
with CO, as mild oxidant

4.2.1 Characterization

4211 X-ray diffraction and nitrogen physisorption analysis:

The X-ray diffraction patterns for impregnated samples are shown in Figure 4.10(a-d).
1.2Cr2.8V/IM-41 sample showed a well resolved four diffraction lines at 20 range of 2.3,
4.2, 4.8 and 6.3 indexed to (100), (110), (200) and (210) peaks corresponding to
hexagonal symmetry indicating well ordered mesoporous support (Figure 4.10(a). The
XRD pattern for 1.2Cr2.8V/M-22 exhibited sharp crystalline peaks typical to that of the
parent MCM-22 with MWW structure (Figure (4.10b)). The XRD patterns of
conventional and mesoZ-5-supported chromium and vanadium oxide catalysts evidently
exhibited the characteristic reflections of the MFI topology (Figure 4.10 (c and d)). The
intensity of the diffraction peaks of mesoZ-5 catalyst is lower than that of Z-5, showing

that the former has a slightly lower crystallinity. The absence of crystalline a-Cr,O3 and

V,0s between 20 range 10-50° for all the samples show considerable dispersity of metal
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Fig.4.10. XRD profile for (a) 1.2Cr2.8V/M-41 (b) 1.2Cr2.8V/M-22 (c) 1.2Cr2.8V/Z-5
and (d) 1.2Cr2.8V /mesoZ-5.
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Table 4.3. Physico-chemical properties of Cr-V supported catalysts.

Surface Pore
area volume

Catalyst Si/Al - (m*g)  (cclg)

ratio
1.2Cr2.8VIM-41 i 1079 0.66
1.2Cr2.8VIM-22 15 201 0.34
1.2Cr2.8V/Z-5 75 271 0.29
1.2Cr2.8V/mesoZ-5 15 344 0.41

56



oxide phase over the support. The textural properties of bimetal impregnated samples are
presented in Table 4.3. The surface area (1079 m?/g), and pore volume (0.66 cc/g)
calculated from nitrogen adsorption isotherm was highest for 1.2Cr2.8V/M-41 sample
(Table 1). On the other hand, MCM-22 exhibited low surface area (291m?/g) and pore
volume (0.34 cc/g) which was slightly higher than commercial ZSM-5 catalysts. As
expected, surface area of mesoZ-5 (344 m?/g) was larger than Z-5 (284 m?/g) with
significantly higher mesopore volume of 0.41 cc/g compared with Z-5 (0.23 cc/g), which
includes inter-crystal void volume. The high pore volume of mesoZ-5 catalyst is due to

actual mesopores and does not represent intra-crystalline void volume [69].
4.2.1.2 Temperature programmed reduction

In order to analyze the reduction properties of the catalysts, TPR was carried out for
1.2Cr2.8VIM-41, 1.2Cr2.8VIM-22, 1.2Cr2.8V/Z-5, and 1.2Cr2.8V/mesoZ-5 at 100-700
°C (Fig. 4.11). The TPR results are presented in Table 4.4. In the case of 1.2Cr2.8V/M-41
sample, two reduction peaks are observed at 457 and 481°C, respectively. The peak at
457 °C can be attributed to the reduction of Cr®" species [30]. A shift in the onset of
reduction peak towards lower temperature at 400 °C indicates more reducible species due
to the Cr-V oxide interaction leading to mixed oxide phase over the support. Gasper et al.
[48] ascribed such reduction to Cr® species that is interacted at different locations over
the silica support. The observed onset reduction temperature is less for 1.2Cr2.8V/M-41,
followed by 1.2Cr2.8V/Z-5, 1.2Cr2.8V/M-22 and 1.2Cr2.8V/mesoZ-5, respectively. The
presence of high temperature peak at 481 °C, which extends up to 510 °C may be due to

monomeric or low oligomeric surface dispersed tetrahedral species.
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Fig.4.11. TPR profile for (a) 1.2Cr2.8V/M-41 (b) 1.2Cr2.8V/M-22 (c) 1.2Cr2.8V/Z-5 and
(d) 1.2Cr2.8V /mesoZ-5.
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Table 4.4. Temperature programmed analysis (H.-TPR and TPD) and Pyridine-FTIR of
Cr-V supported catalysts.

Pyridine-FTIR at

Catalyst (mmol/g)
Hy acidity besicity  2CaY/
0 . basicity ]
Tm (CC) consumption  (mmol  (mmol . Brgnsted Lewis
(mmollg)  NHslg) COyg) | 'ouo
s (mmol/g)
1.2Cr2.8V/IM-41 457, 481 0.790 053  0.053 10.06 0.031 0.097
1.2Cr2.8V/IM-22 461, 486 0.291 0.58 0.183 3.17 0.272 0.283
1.2Cr2.8V/Z-5 446, 457 0.372 0.28 0.090 3.08 0.030 0.070
1.2Cr2.8V/mesoZ-5 480, 534 0.370 0.283  0.142 2.00 0.033 0.410
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In agreement with earlier reports on the reducibility of vanadium supported silica [49,
50], the peak at 481 °C is attributable to the reduction of dispersed tetrahedral vanadium
species. The H, consumption was found to be higher than other samples. Thus the VOx
species in the presence of CrOx species tends to inhibit the agglomerization of vanadia
species and hence the formation of bulk-like vanadia species becomes less prominent.
Similarly, a sharp reduction peak was observed at 461 °C in the case of 1.2Cr2.8V/M-22,
accompanied by a shoulder peak at 486 °C. However, the presence of a less intense peak
between 540 and 580 °C was attributed to the reduction of polymeric and bulk vanadia
species [47]. The onset of reduction temperature of Cr-V supported Z-5 catalyst appears
at 370 °C, while a peak reduction maximum occurs at 445 °C. In addition, a very less
intense peak also appears at 540 °C. The reduction peak maxima between 500-550 °C
was attributed to the reduction of surface VV°* species to surface V** species [43]. In the
case of 1.2Cr2.8V/mesoZ-5, a shift in the onset of reduction peak towards higher
temperature occurs compared to other bimetallic supported systems. The onset
temperature begins at 380 °C and maximum reduction temperature peak appeared at 481
°C with a less intense peak at 496 °C. In addition, sample showed a distinct peak that
extended up to 565 °C, indicating the formation of less reducible bulk-like vanadia
species. The H, consumptions (mmol/g) were in the following order: 1.2Cr2.8V/M-41 >
1.2Cr2.8V/Z-5 > 1.2Cr2.8V/MesoZ-5 > 1.2Cr2.8V/M-22. The amount of transition metal
reduced for the four catalysts were estimated. In the case of 1.2Cr2.8V/M-41, almost all
the metal content in is observed to be reduced, whereas in 1.2Cr2.8V/M-22,

1.2Cr2.8V/Z-5 and 1.2Cr2.8VV/mesoZ-5, a reduction of 37.3%, 47.7% and 47.4% of

60



metals are observed indicating reduction of V°* to V** and Cr®" to Cr¥" species,
respectively. The depreciation of H, consumption with 1.2Cr2.8V/M-22 indicates
increasing Cr-V oxide interactions, which may lead to the formation of mixed oxide
phases and, therefore, may inhibit the thermal decomposition of chromium species in

oxidation states VI and/or V during calcination [52].
4.2.1.3 Temperature programmed desorption

The acid-base functionality of catalyst plays an important role in the selectivity of
dehydrogenation products [61, 70]. A recent report by Reddy et al. [56] also stressed the
importance of finding the catalysts with an optimum amount of acid-base catalyst for
high C,4 olefins selectivity. In the present study, the acidity and basicity of different
supports were compared using TPD of ammonia and carbon dioxide, respectively (Fig.
4.12(a and b)). The total acidity and basicity from corresponding maximum desorption
peak are presented in Table 4.4. The total acidity determines the acidity of support and
the acidity due to impregnation with bimetals. In case of parent MCM-41, only a small
broad peak was observed with very weak acid sites of about 0.071mmol/g mainly due to
perturbed silanol groups. However, after impregnation of Cr-V, 1.2Cr2.8V/M-41 showed
a broad desorption peak at temperature range of 100-330 °C with peak maxima at 136 °C
indicating a wide distribution of weak acidity (0.533mmol/g). The increased surface
acidity indicates the existence of synergistic effect between the metal oxides and shows
the stronger interaction of mixed oxides over support [56, 55]. Though TPD analysis
cannot provide direct information about interaction energies of ammonia molecule with

surface of catalyst, increasing amount of desorbed ammonia, observed for bimetallic
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Fig.4.12. NH3-TPD (a) and CO,-TPD (b) profile for bimetallic impregnated samples
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catalyst, can be caused by increase in number of adsorption site (e.g. better dispersion of
oxide species) or by change in nature of oxide species and stoichiometry of adsorption
adducts. 1.2Cr2.8V/M-22 showed relatively high number of acid sites with two
maximum desorption peaks at 162 and 350 °C that extend up to 420 °C suggesting the
presence of acidity in moderate range. In the case of 1.2Cr2.8V/Z-5, in addition to the
desorption peak at 168 °C, two additional desorption peak maxima with varying intensity
appeared at 344 and 478 °C indicating the presence of higher acid strength. Over
1.2Cr2.8V/mesoZ-5 sample, a similar broad NH; desorption peaks to that of
1.2Cr2.8V/IM-41 occurs in the temperature range 100-380 °C accompanied by a

significantly higher amount of weak acid sites.

In case of CO,-TPD, weak, medium, and strong basic sites are estimated from the curves
for the temperature range of 100-250, 250-400, and 400-650 °C, respectively. The
variation in acidity shows that sodium ion exchanges neutralize part of acidity to generate
the observed basicity. The loading of bimetals over Si-MCM-41 has shown to introduce
weak basic sites (0.053mmol/g) at 160 °C on the siliceous surface of the catalyst. In case
of 1.2Cr2.8VIM-22, the acid characters of the catalyst are observed to be affected
significantly. A single broad desorption peak from 100-300 °C corresponding to the basic
sites is seen that is apparently larger than all the samples (0.188mmol/g). 1.2Cr2.8V/Z-5
exhibited similar desorption peak indicating that the nature of the basic sites only
changed less considerably compared to MCM-41. 1.2Cr2.8V/meso-Z-5 shows a similar
desorption peak in that range, but with a lower amount of weak basic sites than

1.2Cr2.8V/IM-22, and a significantly higher amount than 1.2Cr2.8V/Z-5 and
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1.2Cr2.8VIM-41 (Table 2). The total acidity to basicity ratios of the four samples were
observed as follows: 1.2Cr2.8V/IM-41 > 1.2Cr2.8V/M-22 > 1.2Cr2.8V/Z-5 >

1.2Cr2.8V/mesoZ-5, respectively.

The nature of acid sites in Cr-V impregnated samples was determined using pyridine
FTIR spectroscopy technique. The spectra of the samples recorded after desorption at
different temperatures (150 °C, 250 °C and 400 °C) are shown in Fig. 4.13 The amount of
both Bregnsted and Lewis acid sites of zeolite samples are given in Table 4.4. In the case
of siliceous MCM-41, only a weak Lewis band appears at 1445 cm™ due to distorted
silica sites (Fig. 4.13a). However, after Cr-V impregnation, the number of total acid sites
including both Bragnsted and Lewis acid sites increased (Fig. 4.13b). Such increase in the
acidity over V-SBA-15 samples due to vanadium oxide impregnation is discussed in
detail by Liu et al. [71]. The distinct band at 1545 cm™ is associated with the coordination
of pyridine over acidic V-OH groups [72], while the additional peak at 1490 cm™ can be
attributed to the interaction of both types of acid sites with pyridine. Comparatively, the
pyridine spectrum of 1.2Cr2.8V/M-41 showed that the intensity of both acid sites
decreases with increasing desorption temperatures (Fig. 4.13(c and d)). The pyridine
adsorbed on Brgnsted acid site is found to disappear after evacuation at 250 °C. In
contrast, 1.2Cr2.8V/M-22 showed the presence of strong acidity with distinct peaks even
after evacuation at 400 °C. Thus pyridine desorption shows a relatively mild acid
strength over MCM-41, while presence of strong acid sites over 1.2Cr2.8V/M-22 (Fig.
4.13(e)). 1.2Cr2.8V/Z-5 and 1.2Cr2.8V/mesoZ-5 showed the presence of acidity with

intermediate acid strength (Fig. 4.13(f and g).
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Fig.4.13 FTIR-pyridine profile for impregnated samples evacuated at different
temperatures:

(@ SIMCM-41, (b-d) 1.2Cr2.8V/IM-41, (e) 1.2Cr2.8VIM-22, (f) 1.2Cr2.8V/Z-5 and
(9)1.2Cr2.8V/mesoZ-5.
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4.2.1.4 Raman spectra

The Raman spectra of Cr-V catalysts are shown in Fig. 4.14. In general, the presence of
typical strong bands at 287, 304, 402, 475, 526, 695, and 996 cm ' were ascribed to
crystalline V,0s, whereas the bands between 550-560 cm™ are related to the crystalline
a-Cry03 [73]. The absence of such peaks in the samples shows that chromium and
vanadium are well dispersed over the support. Over 1.2Cr2.8V/IM-41, a well
distinguishable peak at 875 cm™ appear due to monochromate Cr®* species. The bands at
900-1000 cm™ are usually assigned to hydrated polymeric vanadium oxide species with
different degree of oligomerization [74]. Comparatively, a less intense band at 915 cm™
assigned to V=0 symmetric stretching mode of octahedrally coordinated vanadium oxide
species is observed. A small band at 1042 cm™ is usually attributable to isolated terminal
V=0 stretching vibration of monomeric vanadyl species was also observed. In case of Z-
5 support, impregnation of bimetals resulted in an equally intense two band formations
due to polymeric vanadia band at 915 cm™ and polychromate species at 962 cm™. This
indicates less dispersity of bimetals over Z-5 support. A band at 487 cm™* assigned to the
symmetrical Si—O-Si stretching mode of siloxane rings was also observed [75]. For
1.2Cr2.8VIM-22 and 1.2Cr2.8V/mesoZ-5, an intense band of polymeric vanadia was
observed. Overall, the result reflects the existence of high bimetal dispersion over

1.2Cr2.8V/IM-41.
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Fig.4.14. FT-Raman spectra for bimetallic impregnated samples (a) V.05 (b)
1.2Cr2.8VIM-41 (c) 1.2Cr2.8V/Z-5 (d) 1.2Cr2.8V/M-22 and (e) 1.2Cr2.8V/mesoZ-5.
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4.2.2 Dehydrogenation of n-butane and CO, activation
4.2.2.1 Effects of time on stream

The dehydrogenation for n-butane was carried out over mesoporous silica (M-41) and
zeolite supports (M-22, Z-5 and mesoZ-5) with CO, as oxidant at 550°C for
3 h time on stream (Fig. 4.15a). In a typical reaction, the space velocity (WHSV) of n-
butane was maintained at 4 h™. In our previous report, we showed dehydrogenation
activity of 1.2Cr2.8V/M-41 catalyst in N, atmosphere [76]. In the present study, the
catalytic activity of four different catalysts is tested in CO, atmosphere. The catalytic
activity of all the samples showed a decreasing trend with increasing time-on-stream.
Interestingly, a significant difference in selectivity to butenes was observed depending on
the metal oxide supported system. The high activity is again reciprocated over
mesoporous MCM-41 based catalyst 1.2Cr2.8V/M-41 followed by 1.2Cr2.8V/Z-5. At the
initial reaction time of 10 min, n- butane conversion over 1.2Cr2.8V/M-41 and
1.2Cr2.8V/Z-5 were 8.18% and 6.79%, respectively. Importantly, butenes selectivity over
1.2Cr2.8V/M-41 was about 90% for the studied reaction time, while 1.2Cr2.8V/Z-5
shows lowest selectivity around 70%. It was observed that 1.2Cr2.8V/mesoZ-5 catalyst
shows the lowest activity followed by 1.2Cr2.8V/M-22 with intermediate selectivity to
butenes of about 77%. Fig.4.15b shows the CO, conversion over 1.2Cr2.8V impregnated
catalysts (M-41, Z-5, M-22, mesoZ-5) catalysts against the time on stream at 550°C. Sun

et al. [77] reported that in ethylbenzene dehydrogenation using Fe/Al,03 and V/AI,O3

68



30 T T T T T T T T T 1 00 2'5 ' 1 ' I ' I ' I

g — 8 =g

25 - -4 90

j

S
— =
e Ny '
c 20 A \v - 80 5 <
2 | XTI L 515- _
5 .?‘4.——0—.—0\. 0w ®
E 15 A 7 70 g g 1 ./.\./.\._’.\. A
o s €
o
P ] % o104 —=—12Cr2.8V/IM-41 -
5104 160 2 & —e—1.2Cr2.8V/Z-5
§ s © | —4—12Cr2.8VIM-22 ]
& | % ] 2 0.5 v 1.2Cr2.8V/mesoZ-5_
w -
> \\‘\A\H—A 1% ° .\\-\—\’\—\.
0 : J 40 0.0 :

T T T T T T — T T T T N
0 3I0 GIO 9I0 150 150 1;30 0 30 60 90 120 150 180

Time on Stream (min) Time on Stream (min)
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modified catalysts, conversion of CO, increased with conversion of EB showing
synergetic effect in coupling reaction. In addition, many recent literatures have shown the
reverse water gas shift effect in ethane and propane dehydrogenation over MCM-41 [78].
However, in butane dehydrogenation at 550 °C, CO, activation is observed among the
catalysts in the following order: 1.2Cr2.8V/M-22 > 1.2Cr2.8VV/meso-Z-5 > 1.2Cr2.8V/Z-
5 > 1.2Cr2.8V/M-41. With 1.2Cr2.8V/M-22, the highest conversion level of CO, was
observed, which decreases with time on stream (2.35-2.2%) at 550 °C. In case of
1.2Cr2.8V/M-41, the total conversion values were about 4.2 times lower than

1.2Cr2.8V/IM-22 despite its high dehydrogenation activity.

4.2.2.2 Effects of temperature

The effects of reaction temperatures (525, 550, 575 and 600 °C) on the conversions of n-
butane and CO; were studied (Fig. 4.16 a and b). Ogonowski and Skrzynska [79] showed
that the isobutane conversion and the activation of carbon dioxide depend on the reaction
temperature. Similarly, a marked difference was observed between the activities of
different catalysts. The conversion of n-butane tends to increase with increasing reaction
temperature. Overall, 1.2Cr2.8V/M-41 maintained high catalytic activity, where
conversion of n-butane increased from 4.7% at 525 °C to the maximum of 14% at 600 °C.
It has been reported in the literatures that Cr(VI) species are more active than Cr(lll)
polychromate in alumina based catalysts for dehydrogenation with CO, as the oxidant
[51]. In the case of vanadium supported catalysts, VOx species with higher degree of
polymerization participate in undesired consecutive reactions with ODH products [13].
The high activity of Cr-V supported MCM-41 with overall temperature range is

consistent with TPR results indicating the formation of synergy between active metals
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Fig.4.16. Effect of reaction temperature and CO, conversion on the oxidative
dehydrogenation of n-butane over 1.2Cr2.8V impregnated catalysts (M-41, Z-5, M-22,
mesoZ-5). Reaction temperature, 525-600 °C; catalyst weight, 0.15g, n-butane flow rate,
4 ml min™, CO, flow rate 40 ml min™ and N, flow rate 56 ml min™. All data were

collected within the first 10 min.
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(VOx and/or CrOx species), leading to the easy reducibility (about 300 °C) on the high
surface area of mesoporous support. Sun et al. [80] showed that in the case of
ethylbenzene dehydrogenation coupled reaction in the presence of CO,, the catalyst
which produced a good styrene yield also showed a high CO, conversion. However, in
the present results with n-butane as reactant, quite different results were obtained as
shown in Fig. 4.15b. 1.2Cr2.8V/M-41 exhibited high dehydrogenation capacity but on
the other hand it showed substantially lower capability to absorb carbon dioxide than
1.2Cr2.8V/Z-5, 1.2Cr2.8V/mesoZ-5 and 1.2Cr2.8V/M-22, respectively. However, CO,
conversion was observed reasonably well at higher temperature of 600 °C, where
maximum conversion of CO; (1.58%) occurred. Such trend in MCM-41 indicates simple
dehydrogenation takes place at temperature lower than 550 °C, where CO, behaves as an
inert gas. But at higher temperature, carbon dioxide is consumed and shifts the
dehydrogenation equilibrium to butenes. 1.2Cr2.8V/Z-5 with reduction temperature of
440 °C showed competitive catalytic ability with steady increase of conversion from
4.37% to the maximum of 13.1% from 525-600 °C. Conversely, 1.2Cr2.8V/M-22 catalyst
with reduction temperature of 461 °C containing stronger surface basic sites showed
intermediate activity with 3.44 to 9.07% of n-butane conversion. The presence of more
strong basic sites in 1.2Cr2.8V/M-22 sample than the other samples favours more
efficient dissociative adsorption of CO, with maximum conversion of 2% at 600 °C. The
activity of 1.2Cr2.8V/mesoZSM-5 catalyst was lowest with a conversion value ranging
from 2.26% to 7.14%, indicating that Cr-V was not active on this support. The lower
activity can be correlated to the higher reduction temperature (480 °C) due to the

formation of crystalline and high amount of polymerized Cr and V species that are not
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active for dehydrogenation. This result indicates the strong relation between reducibility,

and catalytic activity for the oxidative dehydrogenation of butane.

4.2.2.3 SEM and EDX

The particle morphology and elemental composition of parent (Fig 4.17a and b) and
active catalysts 1.2Cr2.8V/IM-41 (Fig 4.17c and d) were investigated using SEM
equipped with EDX detector. The SEM micrographs for parent and impregnated MCM-
41 showed similar particle morphology in the range 5um. The EDX elemental mapping
analysis indicated absence of V,0s5 and Cr,O3 clusters. In addition to the presence of
polymeric species, a homogeneous distribution of Cr and V species are observed on the

surface of MCM-41. No large clusters of metal species were observed on the surface.

4.2.2.4 Products distribution

The molar selectivity of the dehydrogenation products observed at 600 °C indicates that
along with dehydrogenation, cracking is also increased which is expected at such high
reaction temperature (Fig. 4.18). However, it is clearly observed that formation of
butenes with respect to 1.2Cr2.8V/M-41 is still the highest with the selectivity of 89%.
[51]. It is already been stated that dehydrogenation takes places either by coupling with
reverse water-gas shift reaction (Eq. 4.1 and 4. 2) or through redox mechanism (Eqg. 4.3
and 4.4) [50]. The high hydrogen consumption of 1.2Cr2.8V/M-41 coupled with high

butenes formation shows that reaction mostly favoured through redox cycle mechanism.
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Fig.4.17. SEM-EDX images of parent Si-MCM-41 (a and b) and 1.2Cr2.8V/M-41 (c and
d) at 5um.
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(4.1)
C4H10 e C4H8 + H2

CO, + H, CO + H,0 4.2)

MOX/MCM-41(M = Cr-V)

C4Hio C4Hg + Mo, ,+ H,O (4.3)

CO, + MO,y CO + MmO, (4.4)

The loading of rare earths on HZSM-5 also had been found to increase the hydrophilicity
of the catalyst that suppress bimolecular reactions which form BTX and stimulate
monomolecular cracking reactions which form olefins [81]. In this work, absence of
aromatic and heavier products suggests that cracking occurs through monomolecular
mechanism [65]. In the case of zeolites, the initial step of cracking on zeolite has been
considered to be a protonation followed by cracking in three paths [66]. The primary C-C
bond cracking leads to the formation of methane and propylene (Eqg. 4.5). Narbeshuber
[67] attributed the formation of ethene occurs due to secondary cracking of butene
isomers via primary carbenium ion formation (Eq. 4.6), whereas monomolecular primary
C-C cracking of butane leads to formation of ethane and ethylene (Eq. 4.7). The cracking
pathways: methane and propene, ethane and ethene increases with reaction temperature
indicating lower energy activation for dehydrogenation than cracking. The
monomolecular cracking of primary C-C bond and secondary C-C bond cleavage occurs
through acidic proton of zeolites. The formation of high ethene to ethane molar ratio may
be attributed to the excess ethene produced from the secondary cracking of butene

molecule through the formation of primary carbenium ions.
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Fig.4.18. Product molar selectivity over 1.2Cr2.8V impregnated catalysts (M-41,

Z-5, M-22, mesoZ-5) catalysts. With reaction time of 10minutes, n-
butane:CO,:N,=1:10:14, WHSV=4.0h"}(with respect to butane), reaction temperature of

600 °C and catalyst weight of 0.15¢.
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+

C4H10 L» CH4 + C3H6 (4.5)

H+ + + -H+
CjHg —— C/Hg — = CoH,; + CoHy — 2 C,H, (4.6)

monomolecular cracking of secondary C-C bond

+
C4Hqg H—> C,Hg + C,oHy

monomolecular cracking of primary C-C bond “.7)

As expected, the methane/propene molar ratio was fairly equal for 1.2Cr2.8V/M-41 and
1.2Cr2.8V/mesoZ-5 catalysts. However, the methane/propene imbalance in the other two
catalysts (1.2Cr2.8V/Z-5 and 1.2Cr2.8V/M-22) may be explained by a similar
observation in the work of Wang et al. [82]. The n-butane feedstock may have been
functionalized by the acidic sites of 1.2Cr2.8V/Z-5 and 1.2Cr2.8V/M-22 catalysts,
forming butyl carbenium ions (Eq. 4.8), which is capable of abstracting hydride ions from
propane impurity (0.4% of feedstock) to yield butane and adsorbed propyl ions which
ultimately transforms into propene (Eq. 4.9). Evidently, this explains the observed low

butene yield for 1.2Cr2.8V/Z-5 and 1.2Cr2.8V/M-22 catalysts.

+

CHy —1»  CyHg' (4.8)

The variation in vyield of butene isomers for 1.2Cr2.8V/IM-41, 1.2Cr2.8V/Z-5,
1.2Cr2.8V/IM-22 and 1.2Cr2.8V/mesoZ-5 are shown in Fig. 4.19. In general,
1-butene and 2-butenes are considered as primary products, while butadiene is a
secondary product formed from butenes. Butadiene is reported to oligomerize easily with
other olefins over acid based catalysts [83]. In the present study, for 1.2Cr2.8V/M-41
catalyst, the major product was found to be 1, 3-butadiene (6.6 wt %). The formation of
some trans 2-butene, 1-butene, cis 2-butene (< 2wt.%) with very less amount of

isobutene (0.21wt.%) was observed. It was reported that cerium containing MCM-41
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catalyst showed high selectivity (78%) for butadiene at moderate conversion of about 4%
[84]. The formation of competitive deep oxidation products is closely related to the
interaction of olefin or allylic intermediates with surface medium acid sites during the
ODH of propane [85]. The observed selectivity of 1,3- butadiene over 1.2Cr2.8V/M-41
indicates that a very less combustion of olefins occurs due to mild adsorption on the

catalyst surface.

With 1.2Cr2.8V/Z-5, a high vyield of isobutene (2.5 wt %) was obtained. The
dehydroisomerization of n-butane to isobutene over Pt-ZSM-5 catalysts with a high Si/Al
ratio was studied [86], and the highest yield of isobutene achieved at 560°C and with a
feed of 10% n-butane and 20% hydrogen was about 12.5%. At the same condition,
almost similar formation of primary products cis-2-butene (0.78wt.%), 1-butene
(0.9wt.%) and 2-butenes (1.02wt.%) was observed over 1.2Cr2.8V/M-22 and
1.2Cr2.8V/mesoZ-5, respectively. With respect to 1,3-butadiene formation, the selectivity
over 1.2Cr2.8V/M-22 was slightly less (1.18wt.%) compared to 1.2Cr2.8V/mesoZ-5
(1.46wt.%). Overall, the formation of primary products and high conversion of CO; is
observed. This behavior could be related to the presence of Lewis acid sites that is

reported to play an important role in the selective oxidative dehydrogenation of ethane
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Fig. 4.19. Butenes yields over 1.2Cr2.8V impregnated catalysts (M-41, Z-5, M-22,
mesoZ-5) catalysts. With reaction time of 10minutes, n-butane:CO,:N,=1:10:14,
WHSV=4.0h"(with respect to butane), reaction temperature of 600 °C and catalyst
weight of 0.15g.
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[87]. If the strength of Lewis acid sites is higher than a required value, adsorption of the
olefin is reported to be too strong and over-oxidation toward combustion products is
favored. In the case of 1.2Cr2.8V/M-22, and 1.2Cr2.8VV/mesoZ-5, the observed activity

could be related to the combustion of olefins strongly adsorbed on the catalysts surface.

4.2.2.5 Apparent activation energy

In order to evaluate the apparent activation energy, we varied the temperature from 525
to 600 °C with a step change of 25 °C each (Table 4.5) (Figure 4.20a and b). The
apparent activation energies of dehydrogenation reaction over the four catalysts are quite
similar at 72, 71, 69 and 67kJ/mol for 1.2Cr2.8V/M-41, 1.2Cr2.8V/Z-5, 1.2Cr2.8VIM-22
and 1.2Cr2.8V/mesoZ-5 respectively. However, apparent activation energies of cracking
shows higher values with a range of about one order of magnitude, with values from
80kJ/mol to 157kJ/mol. These values reflect the relative difficulty of cracking reaction of
n-butane. The reactant over 1.2Cr2.8V/M-41 catalyst evidently shows the most difficulty
to cracking while with 1.2Cr2.8V/M-22 catalyst, cracking was dominant. This is further
illustrated by the ratio of the apparent activation energy of cracking to the apparent
activation energy of dehydrogenation, in the following order: 1.2Cr2.8V/M-41>
1.2Cr2.8V/mesoZ-5> 1.2Cr2.8V/Z-5> 1.2Cr2.8V/M-22. The different values of the
apparent activation energy for cracking confirm that the reaction mechanism changes.
Narbeshuber et al [68] reported that the apparent activation energies of simple

dehydrogenation and cracking over H-ZSM-5 are 115kJ/mol and 135kJ/mol respectively.
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Fig.4.20 Arrhenius plots of n-butane dehydrogenation (a) and cracking (b) over
1.2Cr2.8VIS (S=M-41, Z-5, M-22, mesoZ-5) catalysts. Reaction temperature, 525-
600°C; catalyst weight, 0.15g, n-butane flow rate, 4 ml min™, CO, flow rate 40 ml min™

and N, flow rate 56 ml min™t. All data were collected within the first 10 min.
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Table 4.5. Apparent activation energies for n-butane dehydrogenation and cracking over
1.2Cr2.8VIS (S=M-41, Z-5, M-22, mesoZ-5) catalysts. Reaction temperature, 525°C-
600°C; catalyst weight, 0.15g, n-butane flow rate, 4 ml min™, CO, flow rate 40 ml min™

and N, flow rate 56 ml min™,

Apparent activation energy (kJ/mol)

Catalyst Dehydrogenation Cracking Eapp,crack/ Eapp,dehyd
(Eapp,dehyd) (Eapp,crack)
1.2Cr2.8VIM-41 72 157 2.18
1.2Cr2.8VIM-22 69 80 1.16
1.2Cr2.8V/Z-5 71 113 1.59
1.2Cr2.8V/mesoZ-5 67 131 1.96
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Elsewhere, reactions over three distinct aluminiumphosphate based molecular sieves
were tested and it was reported that the contribution of dehydrogenation was more
pronounced at low temperature (500°C) than at high temperature (560°C) [88]. This is a
direct consequence of the higher apparent activation energy for cracking (110-140kJ/mol)

than for dehydrogenation (70-100kJ/mol).

4.2.2.6. Olefin/Paraffin Ratio

The olefin/paraffin ratio was measured at the temperature range of 525°C to 600°C for 10
min time on stream (Fig.4.21). This ratio gives a clue about the dehydrogenation/cracking
ratio since only cracking reaction contributes to paraffin products. The selectivity to
dehydrogenation and cracking over 1.2Cr2.8V/M-41, 1.2Cr2.8V/mesoZ-5 and
1.2Cr2.8V/Z-5 were found to be strongly influenced by temperature. The olefin/paraffin
ratio is especially high at low temperatures and steadily reduces for the temperature range
under study. Cracking products involves rupture of the C-C bond [89]; therefore, they are
thermodynamically favored at high temperatures (endothermic reaction). However, for
1.2Cr2.8V/M-22 this ratio was maintained below 4.0. The stability of this ratio may be as
a result of the low apparent activation energy of cracking (80kJ/mol). It is noteworthy to
point out that for 1.2Cr2.8V/M-22 the ratio of dehydrogenation apparent activation
energy (69kJ/mol) and cracking activation energy is the lowest among four catalysts

indicating a pronounced competition between dehydrogenation and cracking reactions.
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Table 4.6 Coke formation for n-butane dehydrogenation and cracking reactions at given

reaction condition.

Catalyst Temp(° C)  Time(min) Conv.(%) Coke(wt%) Conv./Coke
1.2Cr2.8VIM-41 600 30 9.24 1.02 9.06
1.2Cr2.8VIM-22 600 30 6.89 3.74 1.84

1.2Cr2.8VIZ-5 600 30 12.39 1.55 7.99
1.2Cr2.8V/mesoZ-5 600 30 5.55 0.91 6.10
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4.2.2.7 Coke studies

The amount of coke formation was measured after dehydrogenation at 600°C for 30
minutes of reaction time (Table 4.6). The results show that the amount of coke deposited
over 1.2Cr2.8V /M-22 catalyst was found to be the highest among the four catalysts.
From observation, both micro-structured derived catalysts (1.2Cr2.8V/IM-22 &
1.2Cr2.8V/Z-5) gave a higher coke formation as compared with their meso-structured
counterparts. Though the tested catalysts activity decreases with time on stream, the
difference in coke formation on each catalyst may be due to pore size and/or surface
acidity variations. Bazyari et al. [90] attributed coke formation to the cracked products
with low molecular weights. According to them, these molecules usually have low
diffusional limitations which are said to be responsible for coke formation. The molecule
of these cracked products combine with the acid sites to form ionic radicals which then
polymerize with other unsaturated hydrocarbons, and then dehydrogenate to form
aggregates of coke [91]. As expected, the -catalyst which promotes cracking
(1.2Cr2.8V/M-22) gave the highest coke content. The ratio of conversion to coke weight
per cent over the four catalysts at same reaction condition, ranges from 1.84 to 9.01
(Table 4), and remains in the following order: 1.2Cr2.8V/M-41>1.2Cr2.8V/Z-

5>1.2Cr2.8V/mesoZ-5>1.2Cr2.8V/IM-22.
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4.3 Kinetic Modeling of n-Butane Dehydrogenation over

1.2Cr2.8V/IMCM-41 Catalyst in a Fixed Bed Reactor

4.3.1 Model development

It is instructive to develop a model with a reasonably low number of reaction steps and
kinetic parameters that will be just adequate to enable us to describe the essential features
of n-butane dehydrogenation and cracking reactions. Rather than develop a detailed
model incorporating all GC detected chemical species and possible reaction steps, we
simplified the model by lumping all cracked products consisting of methane, ethane,
ethene, propane, propene as one entity, and the butene isomers; namely 1-butene, cis-2-
butene, trans-2-butene were regarded as a single specie called C4 olefin. Also, some
reaction steps with no significant contribution to the overall rate were ignored. Examples
of such cases are Eq. 4.10 and Eq. 4.11 which is the single and double step bi-olefin route
respectively. The selectivity to butadiene in the entire sample size was less than 5%, so
the reaction steps leading to butadiene in the system were neglected. See Table 2 for

product distribution.
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Dehydrogenation steps

C,4Hyo C,Hg + Ha (4.10)
(4.11)
C,4Hg C4H6+ H»
(4.12)
C4H1o C4Hg+ 2H
Cracking steps
C4H; g —= CoH, + CaHg (4.13)
(4.15)

C4H8 —_— 2C2H4

Therefore, scheme 1 was proposed after making the simplifications explained in the

foregoing paragraph:

C,H - |
410 C,Olefin + H2

Cracked Products

Scheme 1: Catalytic reaction scheme of n-butane dehydrogenation

Further modification was made to scheme 1 after the model failed to work. As can be

seen by Eq. 4.12, the stoichiometric proportion of ethene to ethane is 1:1 which is
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expected to increase if the secondary cracking reactions (Eq. 4.14) were to be factored in.
However, the product distribution table suggested a decrease in the ratio (Table 4.7),

hence secondary monomolecular cracking of olefin was neglected in the new scheme:

C,H
410 — Cc,Olefin + H2

Cracked Products

Scheme 2: Modified catalytic reaction scheme of n-butane dehydrogenation

The experimental results were modeled using catalyst deactivation function model based
on reaction conversion catalyst decay function which was developed by Al-Khattaf and
de Lasa [92]. In this model, deactivation is dependent on the conversion of n-butane
which in turn is linked to the coke formed on the surface of the active sites of the
catalysts. This approach appears to be more accurate than the time-on-stream approach
widely used in literature to account for catalyst deactivation. Based on the fact that the
temperature difference across the catalyst bed is negligible, the fixed bed was considered
to be an isothermal plug flow reactor. The total reaction rate for each chemical specie i
expressed by r; was evaluated by summing up all the reaction rates at every step j which

specie i was involved. For ng number of reaction steps, the rate is given by:
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Table 4.7: Product distribution of n-butane dehydrogenation over 1.2Cr2.8V/M-41

Contact
Time Yield (wt.%) Conv.
(w> trans-2 _ cis-2-
Shutane CHy CHs CHy CgHg CsHs  CyHg  nCyHg iCHg CyHs CuHe (%)
525°C
15 0.02 0.02 0.02 0.06 0.04 0.57 0.46 0.01 043 004 1.9
3 0.03 0.03 0.03 0.07 0.07 0.89 0.70 0.02 0.67 0.07 297
0.06 0.05 0.05 0.07 0.14 1.43 1.11 0.09 109 018 4.87
12 0.10 0.09 0.09 012 0.23 1.78 1.40 014 136 027 7.38
16 024 023 015 014 0.50 1.77 1.84 045 155 0.18 10.00
19 029 028 0.17 020 057 1.98 2.11 058 1.75 020 11.52
24 035 035 019 025 0.64 2.35 2.72 0.67 218 025 1491
550°C
1.5 0.03 0.02 005 0.06 0.09 1.24 1.03 005 094 039 255
3 0.06 0.05 0.06 0.07 0.15 1.16 0.96 0.05 089 014 3.97
8 0.13 0.0 013 0.08 0.33 1.40 1.14 0.12 107 0.27 6.70
12 0.19 017 0.18 0.11 048 2.10 1.72 021 162 041 10.03
16 058 055 041 026 1.27 2.01 2.23 058 1.79 033 13.74
19 0.64 060 043 032 133 2.25 2.62 081 206 037 15.22
24 083 0.82 047 046 156 2.84 3.61 1.02 272 046 19.56
575°C
1.5 0.09 0.08 010 0.07 0.24 1.09 0.95 005 084 015 374
3 0.14 042 0415 0.09 0.37 1.38 1.20 0.09 106 022 4.90
036 030 037 0.16 0.86 3.14 2.20 047 222 059 10.86
12 039 029 043 014 1.00 1.99 1.72 021 154 0.65 16.59
16 135 133 084 071 248 3.39 4.64 170 335 0.68 20.88
19 167 151 1.16 0.63 3.29 2.75 3.48 1.09 259 0.7 2312
24 172 1.69 099 0.90 2092 3.79 5.07 215 370 077 27.24
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nR
dc;
== Zf‘“)frf (4.15)
]=

where ; is the stoichiometric coefficient of specie i. From the reaction network shown in
scheme 2 and on the assumption that butadiene formation is neglected, the following set

of mole balance can be written:

Rate of disappearance of n-butane, rg
dCy 1
=T T [kl(CB — Cpp Cy K_c) + kch] @ (4.16)
Rate of appearance of C, olefin, rg+

dCgp 1
g = = [k1 (CB — Cpp Cy K_)] @ (4.17)

(o

Rate of appearance of cracked products, rcp

Tcp = dr k,Cpe (4.18)

Rate of appearance of hydrogen, ry

dC 1
o = 2 = [ka(C5 = Con Cu )| 0 (4.19)
C
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where C; is the molar concentration of each of the chemical species, i being B (n-Butane),

B*(C, Olefin), CP (Cracked Products) and H (Hydrogen), and the contact time, 7 is given

by:

Y 4.20
== (4.20)

From which W is the catalyst weight (0.12g), F is total flow rate of the mixed gas into the
reactor comprising of n-butane and nitrogen. W was fixed at 0.12g while F was varied
keeping the partial pressure of n-butane constant in each case. ¢ is the catalyst decay
function, which accounts for the loss of catalytic activity as a result of catalytic
deactivation due to coking. For the reaction conversion model, the catalyst decay function

is given by:
@ = exp(—A.Xp) (4.21)
where A is the catalyst decay constant and Xg is the conversion of n-butane given by:

Cp — Cp

Xn =
B Cg

(4.22)

co=Cy(t =0).

The temperature dependent equilibrium constant (K;) for the reversible reaction was
found to be [93]:

122k]/mol)

K. =2.1x107exp (— °T

(4.23)
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The activation energy of reaction step j, E;, is related to the temperature dependent rate

constant k; by the Arrhenius equation:

E:

J ) (4.24)

kj = kojexp (_ﬁ

koj Is the pre-exponential factor. Elswhere[94], it has been suggested that
reparameterization of the Arrhenius equation will help reduce parameter interaction
during modeling. As a result Eg. 4.24 was reparameterized by centering the values
around koj which is the value of rate constant at reaction step j at the average temperature

To:

i = kojexp {—i(l— i)} (4.25)

The experimental runs were carried out at 525, 550, 575°C, therefore 550°C was selected

as the average temperature, Ty,
4.3.2 Model Assumptions:
Below are the premise on which the model was developed.

1. Mass transfer limitation is negligible

2. Catalyst deactivation is a function of n-butane conversion.

3. Assingle deactivation constant is adopted for all reaction steps
4. Effectiness factor is unity

5. Reactor operates isothermally

6. Butadiene yield is negligible

7. Secondary cracking of olefin is neglected
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8. Model assumes only catalytic conversion.

4.3.3 Determination of model parameters and model discrimination

The kinetic parameters in Eq 4.16-4.19 were estimated using a non-linear regression
analysis. To estimate the parameters and evaluate the models, individual specific rate
equations were combined with mole balance equations. The obtained ordinary differential
equations were then solved numerically together with a least square fitting of the
experimental n-butane dehydrogenation data. MATLAB ODE 45 subroutine (Runge-
Kutta-Gill method) was applied in solving the ODE while LSQCURVEFIT subroutine
(Modified Marquad method) was used for parameter estimation. To obtain more reliable
model and model parameters, the experiments were conducted at three different reaction
temperatures (525, 550, 575 °C) and seven different contact times (1.5, 3, 8, 12, 16, 19,
24 gea.MiN.gouane ) . Because there is sufficient data for iteration, the degrees of freedom

is more than is needed, hence we have a very accurate model results.

The model evaluation criteria are that all the rate parameters should be consistent with
physical principles which are the specific reaction and adsorption rates, the activation
energies for reactions and the heat of adsorption positive. The optimization criteria used

was based on a minimum sum of squares criteria defined by:

n
2
S§ = Z(Ci,exp - Ci,mod) (4.26)
i=1
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Model discrimination was based on:
1. Correlation coefficient closer to one
2. Lower sum of square residuals

3. Lower confidence interval for model parameters

The values of the model parameters with their corresponding 95% confidence
intervals are shown by Table 4.8 while the cross correlation matrix is as depicted by
Table 4.9. As can be seen from Table 4.8, the estimated apparent activation energies of
dehydrogenation and cracking are 90.2 and 130.4 kJ/mol respectively. The apparent
activation energy of n-butane dehydrogenation was found to be lower than those found in
literature [93, 95, 96 and 97]. Similar trend exists for the apparent activation energy of
cracking (refer to Table 4.10). It was also observed that the apparent activation energy for
the production of C, olefin is found to be much smaller (96.2 kJ/mol) than the cracking
reactions producing methane, ethane, ethene and propene (130.4 kJ/ mol). These results
were expected since the 1.2Cr2.8V/M-41 catalyst is more favorable for the
dehydrogenation to give C,4 olefin than cracking reaction which requires high activation
energy to produce the undesired products [76]. In Table 4, the correlation between Ej-k;
and E;-4 for all estimated parameters for dehydrogenation reaction and the correlation
between E,-k, and E,-A for all estimated parameters for cracking reaction have low to
medium parameter interaction, however; there are exceptions. The parameter interactions
between k;-4 and kp-1 for dehydrogenation and cracking reactions have been found to be
significant. The yield of butene as seen from Figure 4.22 was found to increase with both

contact time and temperature, which is also true for n-butane conversion. Maximum yield
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Table 4.8: Estimated values of the kinetic parameters at 95% confidence intervals

Parameters Reaction conversion model

E(kJ/mol) Pre-exponential factor R®
ki 96.2 +12.2 (5.9+0.5) x 1073 0.9994
ks 130.4+16.9 (5.0£0.5) x 1073
A 0.97+0.71

Table 4.9: Correlation matrix for n-butane dehydrogenation over 1.2Cr2.8V/M-41

catalyst
ky E: ko E, 4
Ky 1.00 0.29 0.60 0.41 0.88
E: 0.29 1.00 0.50 0.01 0.53
kz 0.60 0.50 1.00 -0.07 0.77
E, 0.41 0.01 -0.07 1.00 0.38
4 0.88 0.53 0.77 0.38 1.00
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Table 4.10: Apparent activation energy of n-butane dehydrogenation and cracking

reactions reported in selected works.

Author Catalyst Apparent activation energy(kJ/mol)

Dehydrogenation Cracking

J.A. Lecher et al®® H-ZSM-5 105 140

R. Gounder et al®’ H100NagMOR-T 177 191

" H100NagMOR-Z 194 208

" HisNassMOR-Z 186 205
J.Macgregor et al® VO,/Al, 04 132 -
Airaksinen et al® CrO,/Al,03 137 -

This Study 1.2Cr2.8V/M-41 96 130
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of 17, 13 and 9% were recorded at 575, 550 and 525°C respectively. The numerical
results were compared with experimental data as depicted by Figure 4.23. As illustrated
by the figure, the model prediction compares favorably with the experimental data. This
is a proof that the proposed kinetic model is a good fit for the obtained experimental
results. To further give credence to the determined model, a parity plot (Figure 4.24)
showing the overall agreement of the experimental data and the model predictions was
done. Also, the value of the regression coefficient was close to unity (R?=0.99)

suggesting a strong correlation between the experimental results and the model.
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CHAPTER 5

CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

The study shows the preparation and characterization of mono (Cr or V) and
bimetallic (Cr-V) based MCM-41 catalysts. The XRD results reveal that the CrOx and
VOx species are well dispersed without any detectable crystalline peaks. The BET results
indicate that in impregnated samples the mesoporous hexagonal is well retained with
uniform pore size distributions. According to TPR results, the absence of considerable
amount of polymeric vanadium species in bimetallic system clearly indicates a promoted
dispersion of VOx species in the presence of CrOx species. The H, consumptions
(mmol/g) were in the following order: 1.2Cr2.8V/IM-41 > 3.8V/M-41 (0.655) >
2.0Cr2.0V/M-41 (0.605) > 2.7Cr1.2V/IM-41 (0.495) > CrM-41 (0.385) > 3.5Cr/M-41
(0.285), respectively. The amount of ammonia consumed in the samples is as follows:
1.2Cr2.8VIM-41 ~ 2.7Cr1.2VIM-41 > 2Cr2VIM-41 > 3.5Cr/M-41 ~ 3.8V/M-41 > CrM-
41 > SIMCM-41. The increased surface acidity shows the stronger interaction of mixed
oxides over support than that of the mono metal oxide supported -catalysts.
Concomitantly, the catalytic selectivity can be related to the uniform dispersion of Cr, V
and surface acidity of the catalysts. 1.2Cr2.8V/M-41 showed highest butane conversion
of 20.1% and butenes selectivity 88.5% at 600 °C. In addition, it is shown that CO,
atmosphere has a promoting effect on catalysts stability accompanied with slightly

increased butane conversion.
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The activity of bimetallic Cr-V impregnated mesoporous and microporous
catalysts are tested in the oxidative dehydrogenation of n-butane using CO, as oxidant.
The results show that the high activity of 1.2Cr2.8V/M-41 depends on the reducibility
and acid to base functionality for the production of butenes. H, consumptions over the
four samples were in the following order: 1.2Cr2.8V/IM-41 > 1.2Cr2.8V/Z-5 >
1.2Cr2.8V/IMesoZ-5 > 2.7Cr1.2VIM-22. The total acidity to basicity ratio of samples was
observed as follows: 1.2Cr2.8V/M-41 > 1.2Cr2.8V/Z-5 > 1.2Cr2.8V/mesoZ-5 >
1.2Cr2.8VIM-22. For 1.2Cr2.8V/M-41 catalyst, the major product was found to be 1, 3-
butadiene (6.6 wt %), while less amounts of trans 2-butene, 1-butene, cis 2-butene (<
2wt.%), isobutene (0.21wt.%) were observed. The enhanced selectivity of olefins over
1.2Cr2.8V/IM-41 catalysts could be attributed to the mild adsorption on the catalyst acid
surface with moderate strength. With respect to CO, activation, 1.2Cr2.8V/M-22 shows
highest CO, conversion in the range 2.35-2.2% at 550 °C. While 1.2Cr2.8V/M-41
remains the best of the four samples as per dehydrogenation activity, further results show
that it is not active towards CO, at low temperatures as compared with the other three
samples. However, its CO, activation improves at higher temperatures. The apparent
activation energies of dehydrogenation reaction over the four catalysts remain similar
ranging from 67-72 kJ/mol. However, variation in the activation energies of cracking (80-
157 kJ/mol) indicates different cracking mechanisms, invariably; this variation
determines the performance of each catalyst for dehydrogenation reactions. The ratio of

conversion to coke weight per cent over the four catalysts at same reaction condition are
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in the following order: 1.2Cr2.8V/M-41>1.2Cr2.8V/Z-5>1.2Cr2.8V/mesoZ-

5>1.2Cr2.8VIM-22.

Comprehensive experimental Kkinetic data were obtained for n-butane
dehydrogenation over 1.2Cr2.8V/M-41 catalyst in a fixed bed reactor. Power law model
was adopted for evaluating the Kinetic parameters based on the reaction conversion
catalyst decay function. The experimental data showed reasonable fit for the model at
95% confidence interval with a correlation coefficient of R?=0.9994. The apparent
activation energies of dehydrogenation and cracking are 96.2 and 130.4 kJ/mol
respectively. From these results, the catalyst can be said to be a reliable catalyst for
dehydrogenation when compared with some catalysts from literature because of its lower
apparent activation energy. Also, the catalyst was observed to be selective towards
dehydrogenation rather than cracking based on its lower apparent activation energy for

dehydrogenation over cracking.
5.2 Recommendation

While 1.2Cr2.8V/M-41 enjoys a good activity for dehydrogenation, same cannot be said
of its stability at steady state. This study results for the activity of 1.2Cr2.8V/M-41 could
be fine-tuned for industrial applications if composite support comprising of MCM-41 and

ZSM-5 hierarchical support type could be implemented in future work.
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NOTATION
B = n-butane specie
B *= C, olefin specie
CP = cracked products lump
Cg’ = initial concentration of n-butane (mmol/ml.gcar)
C;i®® = experimental concentration of specie i (mmol/ml.gcq)
Ci™ = predicted concentration of specie i (mmol/ml.gear)
dspacing = inter-atomic spacing (A)
E; = apparent activation energy for reaction step j (kJ/mol)
H = hydrogen
F = inlet mixed gas flow rate (ml/min)
k; = specific reaction rate constants for step j at a particular temperature
K¢ = equilibrium constant (bar)
koj = pre-exponential factor of step j
ri = total reaction rate of specie i
R = universal gas constant (kJ/mol.K)
R? = correlation coefficient
Sger = BET surface area (m?/g)
T = reaction temperature (°C)
To = average or reference temperature (°C)
W = weight of the catalyst (g)

Z = atomic number
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GREEK LETTERS

@ = catalyst decay function
A = decay constant
Mi = stoichiometric coefficient of specie i

T = contact time (Zcat .MiN/Ybutane)
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APPENDIX

(Flow diagram of the BELLCAT reactor with standard specification)
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