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SUMMARY

Steam cracking process is a major contributor to the industrial production of olefins.
This pyrolysis process involves heating hydrocarbons to very high temperatures {800 °C
1000 °C) in the presence of diluting steam. At these high temperatures, radatans
play an important role in the formation of a wide range of hydrocarbons. One of the major
by-products of the steam cracking process is formation of carbonaceous deposits (coke) on
the wall of the reactor. The amount and type of coke formed depmm the operating
conditions, nature dhefeed, and nature of the reactor surface. Coke formation affects the
production efficiency by increasing the pressure drop in the reactor, it reduces the reactor
volume, increasing the temperature of the redctioe by affecting heat transfer fraime
tube tothegas, leading to expensigautdowns, etc. The aim of teidy presented in this
thesis is to develop catalysts that have the potential to minimize coke formation in steam

crackers as well as helptime oxidation of these deposits at [damperatures.

In the first study, a specialized therrgaavimetric analyzer was used for generation
of in-situ coke. The &ternal surface area of support was determined to be an important
factor in determining the cakg rate. Deconvolution of Raman spectra gave an insight into
the chemical structure of the coke samplessitu generated coke was found to be more
amorphous compared #mindustrial coke sample. This result was attributed to the fact
that industrial co& was subjected to a few months of high temperature treatment during
the continuous operation die reactor. Thermally aging the coke generateditu in an
inert atmosphere increased the graphitic nature of coke.findisg was supported by

temperatue programmed oxidation studies and Raman anallyssitu coke deposition

Xvii



was also observed to have improved co&talyst contact as compared to physical
mixtures of coke and catalydn-situ generation of coke is more representative of the

contacting onditiors observed in industrial operations, than the tight contact method.

Per f or malonira supgortet ceria catalysts with varying composition was
investigated for coking resistance and oxidation of coke foimsdu. A largeramount
ofcokewas deposi t-audinathmarrbtizecesa calalysts. This coking resistance
was attributed to the redox property of ceria, allowing ceria to provide oxygen atoms for
oxidation of cokeprecursorsas soon ashey aredeposited on the ceria surface. Ram
analysis on thes@-situ coked catalysts revealed that more amorphous coke was formed
onceriaal umi na cat al y st salumisa. Theoreaptianrragedconstants fora r e
oxidation of coke were determined by fitting a first order rate equatidimetonass loss
data for isothermal experimenfor data from O to 50% conversion. Ceria catalyzed
oxidation was faster than tgatalyzed oxidation. In addition, cemdumina catalysts
demonstrated faster kinetics than bulk ceria. At 350tR€,activity of the catalysts
increased from 20 to 50 mol% Ce and then remained steady until 80 mol% Ce. TPR runs
were used to measure the surface oxygen available at the temperature of oxidation for each
of the catalysts. The activity of cerddumina oxides was relatédl the availability of these

surface oxygen atoms. Higher surface oxygen availability increased the reaction rate.

Ceria catalysts were further developed for steam gasification of carbon deposits.
This involved doping the ceria lattice with transitmetls(Mn, Co, Cu), alkalmetal Sr),
and rare earthmetal (Gd). Among all the different catalystfie material containingd
was found to be the best for steam gasification studies and was able to reduce the

gasification temperature by 65 °[@.addition to steam, Gd, and Mn doped ceria catalysts

XVili
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also showed improved activity for oxidation. In the presence of steamn mixtures,
oxidation due to air dominated the process and Gd showed the best activity by reducing
the gasification temperature by 125. Catalytic gasification of coke also took place in
hydrogen atmosphere with simultaneous reduction of the catalyssactivity of theGd

doped catalystould be related to the presence of oxygen vacarsmnesll crystallite size

and the high dispersiaf the dopantFor Mn doped ceria, the high activity in gasification

and oxidation can be attributed to the presence of active specig€3: nd oxygen
vacancies. The possible incorporation of Sr into the ceria lattice and the smaller crystallite
size cold be the reason the high activity of the Sr doped catalyst for coke gasification in

steam.

Lastly, these developeazhtalyticmaterials were used in the form of coatings on a
metallic substrate to evaluate -Allmmawas ki ng
first coated oranIncoloy substrate followed by a ceria lay8olgel method gave smaller
particles of ceria and negligible flaking than the precursor method of prepaiéiese
catalytic coatings not only reduced catalytic coking acting ke a barrier between the
gaseous hydrocarbons and the metallic species on the Incoloy sulbstratisp reduced
the coke oxidation temperature by 16 °C. Negligible interaction existed between the
ceria layer and the Incoloy substrate, which wasctstein the same activity of supported
and unsupported ceria layetd:Alumina was found to be essential for hindering the
diffusion of Cr atoms into the ceria layer and maintain the activity of the ceria layer. Over
a period of four coking and decoking cycles, ceria layer exhibited slight deterioration in

the performance as showw the increased oxidation temperature by 10 °C.

Xix



The above studiesill aid inthedesignof catalysts for low temperature gasification
and oxidation of carbonaceous deposits, thus reducing the energy demaafficamnty

of the steam cracking process.
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CHAPTER 1. FORMATION AND OXIDATION/GASIFICATION

OF CARBON

This chapteris largelgg d a p t e Mah&amulkam S;&in. KAgrawal P. K.; Davis
R.; Jones, C.W. Malek A.; Shibata H.Formation and oxidation/gasification of
carboraceousdeposits a review. Ind. Eng. Chem. Re)16 55 (37),9760 9 8 1 8 a

also with permission from Dr. Kehua Yin,-anithor on the paper.

1.1 Steam Cracking

Carbonaceous deposits are produced during incomplete hydrocarbon combustion
(soot in diesl engines};? catalytic conversion of hydrocarborfsoke deposited on
catalystsy'® and thermal decomposition of hydrocarbons (coke formed in steam
crackers)'® These deposits cause numerous problems in chemical plants and diesel
engines. To this end, significant research has been focused on the development of

technologies that aid the oxidation of such deposits and/or limit the coke deposition.

Two temperatureanges exist in which deposition of carbon commonly takes place
namely: dow temperatureegimei below 600 °C, and khigh temperatureegime: 800 °C
T 1000 °C. Soot formation in diesel engines and coke deposition on catalysts takes place
at the lower temeratures.Coke formed during steam cracking reactions and soot formed

in diffusion flames, however, occurs at very high temperafires

Under ideal conditions, CCand HO are the products of complete combustion of
hydrocarbons in diesel engines. However, thermodynamic equilibrium is not achieved in

engines due to the limited time aadile for combustion and the huge temperature variation



in the combustion chambé&t! Moreover, collisions among hydrocarbon fragments are
common in fuekich atmospheres leading to the formation of $éblealth hazards of soot,
like chronic respiratory disorders, make it important to minimize its emission by capturing

it and subsequently oxidizing%ig

Another major process contubng to carbon deposits is steam cracking, which is a
widely used process for the industrial production of olefins. This pyrolysis process involves
heating hydrocarbons to very high temperatures (800 1000 °C) in the presence of
diluting steam'>1314The cracking units are typically madeadioys containing Ni, Fe, Cr,
that are capable of withstanding very high temperafdr&be residence time for these
reactions is around Oi5L s. At these high temperatures, radreakctions play an important
role in the formation of a wide range of hydrocarbons. One of the majanololycts of the
steam cracking process is tfemationof carbonaceous deposits (coke) on the walls of
the reactor. The amount and type of coke formepedds on the operating conditions,
nature of the feed, and nature of the reactor surface. Steam dilution of the feed has been
observed to reduce coke formatiSnCoke formation increases pressure drop in the
reactort® reduces the reactor volumecieases the temperature of the reactor tube by
affecting teat transfer from tube to gasals to expensive shutdos, causes carburization

of steel, hfluences the flow in the reactoedeases the pradtion capacity.”81°

Coke formed in the cracking reactor is typically combusted by passing a mixture of
steam and air at very high temperatures through the reactor in regeneration mode. The plant
typically requires ashutdown fordecokingevery 2060 days, depending on the type of
hydrocarborfeed used® These shutdowns are usually expensive and efforts are directed

towards increasing the run length of steam crackgmninimizing coke deposition



1.2 Reaction Mechanisms of Carbon Bposition

For scientific analysis of carbon oxidatiostudies,it is important to examine the
mechanisms by which the carbon deposits are formed. As mentioned previously, deposition
of carbonaceous compounds depends on numerous factors and hence can take place by a
variety of pathways. Broadly, the mechanisms haea lotassified in this section based on

the temperature range in which carbon deposition takes place.

Steam cracking involves thermal decomposition of hydrocarbons at high
temperatures (800 1000 °C) to yield valuable products like olefins. At these high
temperatures, radical reactions play an important role in the formation of a wide range of
hydrocarbons. The major reaction for cracking of ethane involves dejemhtion as

shown inEquation 1

‘06 60006 &0 O (1)

Steam cracking reactions are highly endothermic and many of the elementary radical
reactions have high activation energies. To reduce the production of undesired reactions
such adormation of large hydrocarbonske poly-aromaticsstructure, the products are
typically immediately cooled in a transfer line heat exchanger (TLE). The end product is a
complex mixture of hydrocarbons. This mixture is separated by distillation and absorption
processes to obtain valualgeoducts like olefinsParaffinsfrom natural gas, as well as
naphtha and gas oil from petroleum refineries, are the rfegdistocksfor production of

olefins.



The major byproduct of steam cracking is deposition of coke on the reactor surfaces.
Coke depesition in steam cracking reactions is a combination of the following mechanisms
namely: radical reactions in the gas phase, droplet condensation and coke formed on
metallic particles.These carbon formingmechanisms are described in detail in the

following sectiors.

1.2.1 Catalytic Coking Mchanism

O Active sites

Metal particle on surface

1. .Coke: precussor Metal particle on filament
* Grain boundary

Metal crystallite on surface

Metal oxides or carbides

5. Carbon diffusion
6. Nucleation and
precipitation

7. Migration of metal

2. Site adsorption particle
3. Surface reactions
carbon formation
Active site @ Tube surface

4. Carbon solution 5 6

Figure 1.1 Catalytic coke formation schematic

In a steam cracker, catalytic coke formation takes place in the presence of catalytic
sites, which can be the metalli@lls of the reactor, more likely at grain boundatfess.
Since most industrial cracking units are made of alloys of Ni, Fe, and Cr, many types of
metallic sites are present on the reactor setfahese sites can catalyze coke formation at
temperatures as low as 500 °C. Although the catalytic coking rate increases significantly
with increasing reaction temperatures, the coking rate is also highly dependent on the
reactor surface used. Due taethresence of metallic sites, coking rates are higher in
reactors made of materials like stainless steels or Incoloy (superalloys madenié ken

chromium having good corrosion resistance and stability at high temperatures), compared



to more inert oxid materials such as quaft?’?° Figure1.1!° shows a schematic of the
catalytic coking process taking place on a reactor wall. Hydrocarbons adsorb on the
metallic surface and form coke. This coke further digs and diffuses through the
metallic particle. With time, carbon deposits at the end of the metal particle, raising the
metal from the reactor surfad&ith time, additional carbon is deposited at the back end

of the metal particle leading to formatiohextended carbon filaments. Hence, the carbon
formed by this mechanism is referred to as filamentous coke. The presence of metallic tips
on the filaments makes them grow faster than the structure less coke deposits described
earlier. Carbon migration caake place on the surface of the metal in some cases, blocking
the metal sites and preventing further growth of the filament. This reduces the rate of
dehydrogenation of the hydrocarbons thereby reducing the rate of coke forni&imn.
mechanism is moginportant after the decoking step when the reactor wall is clean, devoid

of any coke exposing the metallic sites on the surface for re&étion.

The ease of carbon deposition omatal particle depends on the thermochemical
stability of the bulk metal carbide pha€éock et al. concluded that formati of a metal
carbide phase is a prerequisite for the synthesis of filamentous afigare1.2 shows
the various ways in which carbon can be deposited on a Co catalyst during-Fiegsah
synthesig? In the rate limiting step, CO dissociatesform adsorbed atomic carbongC
amorphous carbon @dontaining carbon) (), vermicular carbon (£, carbidic carbon
(C,) and graphitic carbon (L3 A few studies show a distinction between coke and carbon
based on the source of formation. The product oBimedouard reactionF{gure 1.2) is

termed as carbon while that of reactions involving hydrocarbons is termed &s coke.
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Figure 1.2 Coke formation pathways on a Cccatalyst

Similar mechanisms of coke formation are observed on Ni cataly§tse coke
formed either blocks the catalytic sites on the surfad®ouks the catalyst pore entrance,
which can weaken the structure, causing its breakdéwft. RostrupNielsen et al.
claimed that concentration driven dissolutiarecipitation was the most likely mechanism
for the growth of carbon filaments. There is Hiedence between the solubilities of carbon
in metal from the hydrocarbon side and from the carbon whisker side. Radical reactions in
the gas phase lead to carbon deposition on the metal particles. This carbon dissolves into
the metal and the presence dfldcations on the metal particle causes the precipitation of
carbon, as shown iRigure1.3 where G is the solubility of carbon in Ni with respect to
CrHm and G with respect to graphitéigure 1.3).2° Earlier studies by Yang et al. have
shown the importace of a temperature driven carbon diffusion mecharisithey
demonstrated that methane arldaxane, which have endothermic heats of decomposition,
formed a layer of coke on the face of Ni exposed to hydrocarbon. However, benzene and

toluene, whose decomposition is exothermic in natureyéd a layer of coke on the Ni



face that was not exposed to hydrocarbon. This suggested that carbon diffusion took place

through a temperatwdriven diffusion process.

CnHm
\
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Figure 1.3 Carbon diffusion model

1.2.2 Radical Coking Mchanism
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Figure 1.4 Radical mechanism for coke formation

At very high temperatures in the steam cracker, radicals are formed in the gas phase

producing pyrolytic coke, which deposits on tleactor surfacé’!® These endothermic



reactions require significant energy input to form the radical intermediates and hence take
place only at high temperaturésgure 1.4 shows a pathway for the formation of coke by

the radical mechanisii. Coke radicals in the gas phase react with thedgeh present

in unsaturated hydrocarbons. Decomposition of the aliphatic chain gives rise to new
radicals. Further dehydrogenation of such molecules results in increase in the aromatic
nature of the coke and also regeneration of radicals. Coke formégsbyechanism has

very low hydrogen content because of the dehydrogenation of molecules during the coking
reactions. The coke formed is typically very hard (graphitic) due to the-lonksygy of

aromatic molecules under the reaction conditions.

The rate b coke formation is highest for acetylene and lowest for paraffins and

follows the order: acetylene > olefins > aromatics > paraffins.

1.2.3 Droplet Condensation Coke
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Figure 1.5 Droplet condensation mechanism

Aromatics with one or two rings act as coke precursors and condense by

dehydrogenation to form tdike particles after striking the reactor surfa@eThis



condensation takes place downstream of the cracking reactor where the temperature is
lower than that in the reactor furnace. A schematic of the droplet condensation mechanism
is show in Figure 1.5. At elevated temperatures, molecules undergo dehydrogenation,
aided by radicals. This mechanism helps in further growth of the coke layer. Some
molecules undergo hydrogen abstraction in the gas phase itself and are deposited on the
reactor surface. The coke formed in the transfer line exchanger results from the
condensation of polyaromatiésSince the mechanism involves condensation of aromatic
molecules at lower temperature, tloeking rate is independent of the chemical

characteristics of the reactor sagé?®
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Figure 1.6 Rate of coke formation and weight content on anetallic cylinder

Figurel.6 shows the rate of coke formation on a stainless steel surface as a function
of time. The rate is initially high and decreases with titn@oke formation takes place
both by catalytic and radical mechanism in the region where the coking rate changes with
time. Deposition of coke on the metalface decreases the rate of catalytic coke formation

until all of the sites are blocked. At this point, the rate of coke formation becomes



approximately constant and only radical coke is forrkkshce, at any given point of time,

both catalytic and raditacoke deposits are found on the reactor surface. After
understanding the mechanisms of coke formation, the next step towards developing new
technologies for minimization of coke would be to know what currently exists in the market

and how successful thésave been. This topic is summarized in the next section.

1.3 Inhibition of Coke Formation in Steam Cracking

Various researchers have undertaken differemtel routes to reduce the coke
formed due to the catalytic mechanism. The main approach to reduce the coke formed by
this method is to create a barrier between the metallic reactor surface and the gas phase in
the reactorFor example, @ aluminum coating wassedto passivate the cracking reactor
surface before the reaction began, which reduced the amount of catalytic *¢dRing.
Addition of magnesium to aluminum further reduced the coking rate. It sesed that
the coke deposition reduced significantly due to these coatings, as the metal reactor surface
sites were blocked. Zinc coatings were found to be effective in the oxidation of the coke
formed on the reactor surfate.Thermal spraying®? plasma spraying, packed
cementatiof?° and chemical vapor depositig@VD) techniques werasedfor coating
of ceramic powders on the cracking furn&t&iC and SiC coatings proved to be effective

in reducing the rate of coke formation fehaxane crackingf

A coatingof sulfur or phosphorous on the cracking furna@sshown to passivate
the reactor surface, leading to decreased coke formation. This involved formation of
metallic sulfides or metal phosphorous complexes that coordinated with the metal sites and

reducedheir catalytic activity. Addition of SigS to the S/P coating further enhanced the
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coke reductiof®32 Dimethyl disulfide and carbon disulfide are other sulfur compounds
used as coke inhibitof$ Annealing of the cracking furnace in the presence o$/ei®
mixture wasapplied at lgher temperatures to reduce the presence of metallic sites (Ni, Fe)

and enrich the surface with chronifa.

Westaim Surface Engineered Products Inc. developed a coating called CddtAlloy
for use in ethylene pyrolysis furnaces. The coating consists of thyeesi to prevent
catalytic coking, gasify radical coke and stop carbon deposits from penetrating the metal
surface to cause carburization. After one year of service, no carburization was observed on
the surface of the coatif§SK Corporation developed a coating called@¥at that serves
similar purpose$ The coating formulation is immediately injected into the hot furnace
after the decoking step. The formulation vaporizes and deposits on the reactor inner surface
and acts as a barrier. The basic components of the cea#ir®), Cr, Al, Ti, and alkali and
alkalineearth. In a pilot plant setp for ethane cracking at 65% conversion, the coating
showed no pressure drop and temperature drop. The uncoated reactor showed a pressure

drop of 27 psi and temperature differenc®C higher than the start of the operation.

Another furnace coil coating technology called catalyzed assisted manufacture of
olefins (CAMOL) by BASF aims to have a cokee environment in cracking furnac¥s.
% This technology proposed to increase the-lamgth of the reactor and has been
undergoing commercial trials since 2006ese coatings have the ability to be used in high
temperature furnaces above 1130 °C, and they can potentially reduce the amount of steam
required for dilution to keep coke formation to an optimum. The coatings act as a barrier
between the metal sites fmothe reactor and the hydrocarbon gases and usually exist as an

oxide layer < 10 um in thickness. The coating also has a catalytic layer that can gasify the
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coke formed on the surface of the coating. ArouridZ2Lfurnace rurdengths have been
achieved withthis technology for lighter feedstocks and around 100 days for higher
feedstocks. The coating was reported to have no impact on the product distribution and a
positive impact on the yield of products, by mitigating the formation of filamentous and
amorphais coke. Two types of coatings have been developed, including one féevielw
catalytic gasification for lighter feeds and another for Heytel catalytic gasification

coating for heavier feeds.

The Alcroplex® diffusion coating from Alon Surface Teokogies Inc., which is a
surface modified HP material (heat resistant alloy made ofnickelchromium), has
been reported to reduce the coke formation rate up to 90% in the cracking offéthane.
a technology that uses a C\filechanism for creating a stable coating on the surface of the
reactor. Commercially, it has performed well by reducing the carburization of the steel and

also the surfacenduced catalytic coking.

NOVA Chemicals developed a technology called ANK 400 oWer past 10
years?®*1They claim to have increased run lengths in the crackers around 10 fottievith
help of an inert, nanocrystalline spinel coating that reduces both catalytic and radical coke.
They also have various pretreatments that could be carried out on stainless steel reactors

that can help passivate the reactor surface and reduce cokédattha

Schietekat et al. recently developed a coating called YieldUp based on a perovskite
catalyst system for reding coke formation during steam crackiigThese coatings
reduced the coke formed on Incoloy 800#tastically by aiding the reaction of coke with

steam. A reduction of 76% in the coke deposition on Incoloy was reported. Performance
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of the coating in an industrial reactor was checked by a simulation of the reactor. It was
estimated that a 525% increasehe run length could be achieved by application of the

coating.

In other work, an EPtCk additive lowered the rate of coke formation during steam
cracking of ethane or propane, both on a quartz and a stainless steefi@aettz.is inert
in nature due to the absence of metallic sites on its surface. The coke formed on quartz
surfaces is mainly gas phase coke. Stainless steetdsenpe of metallic sites which can
catalyze coke formation. Both pyrolytic and catalytic coke species are formed on stainless

steel surfaces. The addition offMClkwas able to reduce both pyrolytic and catalytic coke.

The coatings of materials on craudf furnaces develop cracks after prolonged use at
higher operating temperatures. These cracks might then serve as the sites for catalytic coke
formation. Thus, efforts are underway to increase the stability of the coatings used to
passivate the surfacdyus further increasing run lengtbsthe steam cracker€atalytic
coke is easier to minimize by using the existing coating technologies to act as a barrier
between the gas and the metallic species. The real challenge lies in minimizing the radical
coke akposits that are much harder to oxidize than the catalytic coke spéene®, this

work will involve working with radical coke deposits alone.

A critical step towards elvelopment of new technologies for minimization of coke
deposits and/or aiding theixidationinvolves choosing the right catalyst, whickeds a
basic understanding of the mechanism of oxidation of the carbon as well as the kinetics in

the presence and absenceaafatalyst. This knowledge can help in choosing lilest
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catalyst for furthe investigations The next section &b to providea comprehensive

overview of the different catalysts used for similar applications.

1.4 Kinetics and Mechanismof Carbon Oxidation

1.4.1 Noncatalytic Radical Carbon gdation

To study the catalytic activity @haterials in the oxidation of carbon, it is important
to understand the kinetics and nature of the-catalytic carbon oxidation as well.
Screening of catalysts can be done by comparing oxidation rates in the presence and
absence of catalyst. Catalyststiwithe highest difference in oxidation temperature
compared with the neoatalytic oxidation and/or activation energy for carbon oxidation
are identified as those with the highest activity. This section discusses the oxidative
behavior of carbon depositsrined by radical reactions in the absence of any cataélyst.
large extent of carbon oxidation literature involves use of diesel soot as the source of
carbon. Soot is also formed by radical reactions in the diesel engines and hence an excellent

example foreference.

Higgins et al. studied the-situ oxidation of diesel and flame soot in the presence
of air*® They concluded that the overall kinetics of oxidation of these two types of soot
were not very different, which is also supported layadobtained by Neeft et @i The
oxidation rate of flame soot and diesel soot were the same at a temperature of 760 °C,
below which the rate of oxidation of diesel soot was observed to hertigan for flame
soot. This was related to the presence of catalytically active metal particles observed in

soot particles originating from diesel fuel or lubricating oil. Mechanistically, both the soot
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samples are formed by a radical mechanism, therdiite being the temperature at which

they are formed.

The reaction order in molecular oxygen of flame soot oxidation was found to be
one and slightly less than one for diesel soot oxiddfidime reaction order in carbon for
flame soot was observed to be 0.7 according to the power law model. The authors reported
that the reaction order depended on the carbon conversion; however, no correlation was
determined. The activation energy for flas@ot oxidation was determined to be 164 kJ
mol?! Dernaika et af® found the peak oxidation temperature of diesel soot to be 565 °C

with an activation energy of 164 kJ riaimilar to that of flame soot.

LopezSuarez et ashowed that the necatalytic oxidation of soot yielded mainly
CO, indicating incomplete oxidation of the card®The selectivity towrds CQ did not
change when NQO, was used instead of air for oxidation. However, the onset temperature

for the noncatalytic soot oxidation decreased in presence gf O

For surface reactions between oxygen and carbon, a shrinking core mode&rhas be

used for analysis of the oxidation data. The model is givegomation2 & 3:

Q&
huinig o 2
a6 | O 2
L 3
[ 3
where A is the external surface aecmdan of th

is the mass burned in time ,i$ the diameter of the particle at time zero ani the

diameter at time t. The density of most carbons is between 1.8 and 2¥*glorthis
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model, the rate of combustion is proportional to the surface area of the ¢fthentotal
surface area of a particle shrinks slower than the volume leading toreas@aen specific
surface area. The reaction order with respect to carbon for this model 8% Bidrning

of carbon follows a shrinking core model at high temperatures (> 800 °C), whereas at low
temperatures the oxidation differs according to the reactivity of the carbon species. Darcy
et al. found a reaction order of 0.5 under 20% G between 500 °G 560 °Cin the
conversion range of 1590%, and clairadit to be close to the value of the shrinking core

model®!

According to a few researchers, OH radicals instead of molecular oxygen, are
responsible for soot oxidation. Fenimore et al. found that the exidedte of flame soot
was independent of the partial pressure of oxyddiney claimed that the oxidation of
soot involved OH radicals rather than molecular oxygen. Neoh et al. published a similar
result and proposed that oxidation by OH cat8 was of primary importance ahg O
was of secondary importan®@.The size of the soot particles was measured using light
scattering methods. The authors claimed that neglecting oxidation of soot undetfuel
flame conditions underestimated the oxidation behavior. Puri et al. used laser induced
fluorescence taneasure the concentration of OH radicals during soot oxid4towl the
concentration reduced sidieantly in the presence of soot particles. Evidently, a higher
concentration of soot led to an increased collision efficiency forr@dicals. CO is more
reactive than soot; however, the presence of large concentration of soot suppresses CO
oxidation. Inlaminar flames, oxygen diffusion allows for oxidation of soot particles, CO
or hydrogen. Feugier studied a fugdh flame system and calculated the activation energy

for soot oxidation to be 138 kJ migfP
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Fragmentation of soot particles is another mechanism by which oxidation can take
place in addition to surface reactions with OH or D this mechanism, the oxidizing
species can penetrate the soot particles causing a breakdown of big particles ieto small
ones. Neoh et al. showed that in lean flames, after a burnout of 80% of the soot, the
breakdown of the soot particles takes piEc&his phenomenon has been attributed to the
internal burning of particles by OT his breakdown is absent in rich flames where the major
oxidant is OH radicals. OH is more reactive thana@d causes less internal burning.
Fragmentton of particles can take place in two ways; breakdown of aggregates or of a
single particle’ In the cae of aggregates, the fragmentation occurs at the contact points
of the primary particles. For single particles, the fragmentation depends on the internal
structure of the particle. The rate of fragmentation can be related to the oxidation rate, as
oxygen @uses the fragmentation. This model was used to accurately predict the burnout of

particles in norpremixed flames’

In our recent review papéhe activation energies and reaction orders with respect
to oxygen and carbon during the oxidation of various types of carbon mateedisted
The activation energy values vary in the range 1300 kJ mof The reaction order in
oxygen for low temperature oxidation of soot has been widely accepted to be neéfly one.
However, some researchers do report a lower value of the reaction order in OXpigen.
reaction order in carbon has scattered values in literature due to the different sources of

carbon and varied reaction cotidins used by different researchers.
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1.4.2 Catalytic Oxidation of Radical &bon

Although there is an abundance of literature on catalyzed carbon oxidation, most
research reports qualitative observations rather than quantitative Magsity of the
resultsare obtained from temperature programmed oxidation reactions, in which specific
temperatures of oxidation are reported and compared. The most common characteristic
temperatures used areo [temperature at which 50% of the carbon is oxidized) and T
(pe& temperature of the temperature programmed oxidati®tO)Tcurve). The wide
variety of reaction conditions, including variations of carbon type, catalyst to carbon mass
ratio, heating rate, and oxygen concentration, make comparing catalyst performance
difficult. The oxidation temperature of n@atalytic carbon oxidation is often reported to
be different in the literature even when the same carbon and similar reaction conditions are
applied. The notatalytic oxidation temperaturego] in different repos varies between
586 °C and 651 °C. Therefore, one may surmise that the relative decrease of the oxidation
temperature of the catalyzed reaction compared with theatathytic reaction may better
represent catalyst activities than the absolute catalyadxbic oxidation temperaturen |
our recent review papé?the type of temperature igpoted along with its decrease as

compared to the necatalytic oxidation

Despite the relatively few efforts reported in the literature to obtain quantitative
reaction rates from isothermal reactions, one can calculate reaction rates from TPO results
reported in the literature when enough information is providée. recent reew also
includes reaction ratdsased on the total surface area of the catalysts, which may be used
for simple reaction modeling. The comparison of reaction rates is complex for catalyzed

carbon oxidation reactions. The most important parameter to usereferance for
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guantitative comparisons is likely the noatalytic reaction temperature. A small shift in
the TPO curves can cause a large change in the calculated reaction rates. Ideally, these
changes are associated with variations in use of aclathcterized catalyst, and not other

factors.

1.4.2.1 Cerium Oxide Basedd&ialysts

Cerium based oxides are used in the thwag catalytic converter for elimination
of CO, hydrocarbons and N@ engine exhaust gas due to their excellent oxygen storage

capacity?® These oxides have also gained much attention for diesel soot oxidation.

Early studies used oem salts as fuel additives in diesel engines. Cerium oxides
were formed in the combustion process and entered the soot particles, which significantly
lowered the ignition temperature of the soot and increased the oxidation rates by 20
fold.%9%1 However,the exhaust of cerium nanoparticles poses potential environmental,
health and ecological effects, which need to be taken into consideration, disfavoring use of

these species as fuel additi¥és.

BuenoeLopez et alstudied the Cegxatalyzed soot oxidation reaction with labelled
oxygen in an advancedmporal analysis of producfEAP) reactor®® They found that the

oxygen from Ce@reactedwvith soot, and the direct reaction of the-ghsse oxygen with

soot did not occur under the conditions us

which was induced from the chemisorption of-gasse dioxygenon CeO Such dAacti

0 X y g e n 0 oxyganysupkrexide ions (Q, which were detected by ESRand FTIR

experiment$>6
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However, these measurements were not performed ume#u soot oxidation
reactionsDensity functional theoryFT) calculations have also confirmed the formation
of superoxide and peroxide ions on cédrased catalysf:°® Machida et al. concluded that
adive oxygen could be formed by either the lattice oxygen at the/6@a interface or
gasphase oxygen adsorbed at the boundary of soot + reduced:Gk©gas phase, with
the former being much more import&fAiThe active oxygen was not only localized at the
CeQ/soot interface, but also transferred to the soot surface by spillover througbesurf
diffusion 8 However, the distance of spillover for active oxygen species whsdtilear.
The active oxygen species then reacted with soot to form surface oxygen species, followed
by their decomposition to form CO and £®igurel.7 shows a sheme of the proposed

active oxygen mechanism for Ce€atalyzed carbon oxidation.

Active oxygen mechanism
Ce0,+C — CeO, +5S0C

2 e \ Surface OXygen-carbon

Ce0,; +6/20, = CeO, I

SOC — CO/CO,+Ct ~s ;oo o

O-containing gas+ C; — S0OC

0, COICO,
00"

Ceria
catalyst

Figure 1.7 Scheme of active oxygen mechanism for Ce@atalyzed carbon oxidation

Shapedependent activity of ceria has besyserved in soot oxidatidit/!Aneggi
et al. synthesized ceria nanocubes displafifg) surfaces, ceria nanorods with a mixture

of (100), (110) and111) surfaces exposed, and conventional polycrystalline ceria with the
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majority of the surface displaying (111) faces. The nanoshaped ceria showed higher soot
oxidation activity than the polycrystalline ceria. The authors concluded that the activity
orde of the surface was: (100) > (110) > (171Buch surface sensitivity may be caused

by the different stability of active oxygen species on each face. Keating et al. concluded
that peroxide defects on the (100) and (110) surface were stable than oxygen
vacancies under an oxidizing environment through DFT+U calculdfossirface
transformations can occur through high temperature calcin2i®mneggi et al. found

that more reactive (100) and (110) surfaces were exposed while less reactive (1119 surface
decreased after thermal agiffddowever, due to a decrease of the surface area, the overall
activity of CeQ decreased, although the specific rate increased. Shempet@ared Ce®

with a modified precipitation method, in which the metal salt solution was treated by HNO
solution’? The resulting Ce®@showed higher soot oxidation activity and became even
more actie after thermal aging, which can be related to the preferential exposure of more
reactive (100) planes. Such surface sensitivity may also depend on the reaction conditions
employed. Piumetti et al. compared a set of eeaised catalysts with different texal
properties (ceria nanocubes, ceria nanorods, ceria nanocubeS/Z8&boporous ceria,

and a comparative mesoporous ceria prepared by solution combustion syhAthgisis).

ceria nanocubes showed the highest total soot oxidation activity, while theurighe

area ceria catalysts had lower onset oxidation temperatures. Thus, they concluded that the
soot oxidation reaction over ceria catalysts was swdaositive at igh temperature, but

was surfacensensitive at low temperature.

The reaction rates for soot oxidation over different cemxides are summarized

in our recent review papef There are several things one can learn from the collected
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reallts. First, the reaction rates under isothermal conditions are very close to the rates
calculated from the TPO experiments, which are always within 3 fold of each other. This
demonstrates that the methods used to calculate rates from TPO curves aableasoh
should be able to give a good estimate of reaction rates. Second, most of the cerium oxide
catalysts decreased theo by about 200 °C relative to naratalytic oxidation, which
confirms their high activity for soot oxidation. Third, the ordecafalyst activity based

on the reaction rates may be different from that based on the changesHourth, both

of the nanocube and nanorod cerium oxides showed higher activity than conventional

cerium oxides, while their relative activity order depahde their surface area.

Although ceria is active for the soot oxidation reaction, it suffers from sintering
under high temperatures and thus a loss of activity. Therefore, modification of ceria with
other metal ions has been explored to improve its tHestaaility, enhance the reducibility
of C&"*/Ce** and improve the bulk oxygen mobility. These elements includé (%zr,”"
80Hf, "9 Co B Mn, B2 PrE84Ssm& Th B Nd B Fel®Gd2#” and Lu®® Among those parameters,
surface reducibility is thought to be the most important. Mixed oxides can be prepared by
various methods: coprecipitati§hsolgel 2% thermal decomposition of mixed salfs,
solid combustio? formation of inverse micromulsiotf, and with poly(methyl
methacrylate) (PMMA) colloidal crystal templat®sThe carbon oxidation reaction
mechanism of carbon oxidation is thought to remain the same after the dopingearthre
metals, while the reaction mechanism may change after modifications with alkali metals,
transition metals andoble metals. These mechanisms are discussed in a recent review by

Liu et al?*
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It is well established that the doping of cerium oxide with*Zeads to the
formaion of solid solutions, which increases the thermal stability, reducibility and
enhances the oxygen storage capacity of the dRilleegpi et al. investigated the roles of
lattice/surface oxygen in ceriumirconium oxide catalysts for soot oxidation. They found
that there was an inverse correlation of total available surface oxygesoaRdrthermore,
the oxygen storage capacity was oimyportant in the absence of gaseous oxyjen.
Hurtado et al. found that the cerium zirconium mixed oxides prepared from
(NH4).Ce(NQ)s showed higher activity than those made from Cef{6H,0.%° The
cubic structure of the cerium zirconium mixed oxides gradually turned into a tetragonal
structure with an increaseamount of zirconium. The cerrgch mixed oxides showed
higher catalytic activity than the corresponding zircontuch mixed oxides. The optimal
molar fraction of Ce in the mixed oxides was between 0.7 anft®0:8.The morphology
of cerium zirconium mixed oxides was found to affect the soot oxidation actity.
Hierarchically porous cerium zirconium mixed oxides were synthesized with a biotemplate
method: pine sawdust was impregnated with a solution of cerium and zirconium nitrates
and the dried sample was calcined at 600 °C to give a mixed oxide with predictable
porosity. The resulting mixed oxides showed higher soot oxidation activity than the
corresponding ones made from aprecipitation method, which was attributed to higher
amoun of mobile lattice oxygen, as characterized by the lower temperature peak in H

TPR and the higher oxygen storage capacity.

La-doped Ce@showed higher soot oxidation activity than G€Oged= 25 °C)
under tight contact conditions, with the best catdlyatv i n g 5 sywt200 °Q).ahe( T

promotion effect was related to the increase of surface area and the enhancement of the
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sampl eds r e’8Howeper,itispdéficult forecatalysts with low surface area

to saturate th carbon. This was likely the case in this study due to the low catalyst surface
area of Ce@ (=2 nt g1), therefore the dramatic increase in activity after doping of La may

be related to both physical and chemical changes in the catalyst. The lanthartioen o
surface of Ce® could also improve the soot oxidation activity by introduction of a
carbonate pathway?Katta et al. compared and La doped ceria solid solutions for soot
oxidation and found that La doped ceria solid solutions (Ce/La,#Eb= 165 °C) gave

much higher activitythantheZodped ceri a sol i d sesdIlDCyandbns ( C
undoped s&=80°C)aMofe gXiygen vacancies and lattice defects existed in the La
doped solid solution, which were detected by Raman and XPS experiments. The authors
claimed that the introdition of La provoked the formation of active oxygen on the
surface!® Similarly , Hf d e 177 €) Was@lso more effective than Zr doping

(p Bo= 64 °Q.”° Such effects are due to the aliovalency of La and Hf, which leads to more

oxygen vacancies.

Krishna et al. studied four raearth (10 wt% La, Pr, Sm, Y) modified ceria
catalysts for soot oxidatiotf. There was an increase in activity for (ca o= 160 °Q, Pr
(pBo= 140 °Q andSm(p Fo= 100 °Q doped mixed oxides while there were no effects
derived from Y dopindmp Fo= 50 °Q compared with undoped cerium oxidp Eo= 50
K) under tight contact condition$hey claimed that the increased activity was due to the
increased meso/micro pore volumealdhe stabilization of the external surface area. The
role of the catalyst was to enhance the fia
not to change the ratketermining step, which was suggested to be the chemisorption of

the spillover oxygenmthe carbon active sites to form the surface oxygen species (SOC).
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A Mn-doped ceria solid solution improved the soot oxidation activity under both
tight and loose contact conditions, which was attributed to increased oxygen vacancies and
improved oxygen feemisorptior’* Cep.9Mno 102 had a Thax0f 365 °C and 500 °C for tight
and loose contact conditions, respectively, while £l a Tax of 390 °C and 555 °C,
respectively. Highlydispersed Mn@species were formed when the Mn molar percentage
was 25%. MA" and Mr#* were the two Mn species existing in the solid solution. Shan et
al. observed that the solution pH during precipitation of MGG a f f ect ed t he
soot oxidatim activity®? The best catalyst was prepared at pH = 4. The high soot oxidation
activity was attributed to the ability to activate oxygen over the MO€%. The addition
of Ba to the Mn@-CeQ mixed oxidesncreased the hydrothermal stability, which was due
to the formation of BaMn®perovskite nanoparticles at the surfd®eEscribano et al.
studied a CersZro.250, supported Mn catalyst for soot oxidatii The manganese species
on the surface were a highly dispers  mo n o | -MngGs and cafboxylic ions were

identified as intermediatgpecies during catalysis by FRI'spectroscopy.

Cobalt was not effective in forming a solid solution with ceria, but th©&6eQ
mixed oxides showed higher soot activity than the individual oxides£Ce@y-1216 °C,
CoxOs:  #¥T220 °C)1%* The best catalyst composition wase@sLe 002 (P Fo= 271
°C). Zou et al. deected the active oxygen species (superoxide and peroxide) and-carbon
oxygen intermediates (carbonyl and formate species) iwitsitu Raman spectroscopy
during Ce0s-CeO catalyzed soot oxidation reactions. Harrison et al. prepared ceria
supported cobalbxide catalysts by eprecipitation of an aqueous solution ofZCand
Ce*, and impregnation of a ceria gel with cobalt (Il) nitrate or cobalt () acetate

precursors. The cobalt species in the catalysts were found to &. Qdve material
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prepared by impregnation showed the highest soot oxidation activity, which could be
related to its smallest GO4 particle size. The authors concluded that the reduction of
cobalt associated with the oxygen spillover on £€e@s the reason for the high activity

observed?®

Cu-doped caa did not form a solid solution, but the copper oxide was highly
dispersed on the ceria surface. The strong interaction between dispersed copper oxide and
CeQ® may enhance the rapid release of the lattice oxygen of ceria, leading to higher soot
oxidation activity.>+1% As noted above, the morphology of ceria can affect the soot
oxidation activity. Nakagawa et al. synthesized rod and ellipsoid shaped ceria with the
assistance of amine surfactants as templates and used the resulting materials as supports
for coppert®” The observed better soot oxidation activity than the conweaitioeria
supported Cu catalysts was attributed to the enhanced surface reducibility and the improved
soot contact on the shaped catalysts. Reddy et al. also found that copper could promote the
soot oxidation activity of CoO/Ce&xrO, and NiO/CeG-ZrO; catalystsi”® Rao et al.
studied soot oxidation catalysts withpgeer supported on three cellased mixed oxides,
CeQ-Al,03, CeQ-Zr0,, and Ce®@Si0,.1%° Various copper species were formed on the
surface, such as highly dispersed CuO nanoparticles, isolatéwb@s) and large particles
CuO. The soot oxidation activity followed the order CuO/ &&aD, (Tso= 338 °C) >
CuO/ CeG-Al,0s(Tso= 386 °C) > CuO/ CeBSiO; (Tso= 409 °C). The generation of
oxygen vacancies with higher incorporation of Cu into the cerium zirconium mixed oxide
was responsible for the high activity of such samples. Muroyama studied the effects of
different metal dpants in ceria for soot oxidation reactféhThe addition of rarearth

metals (La, Nd) enhanced the activity slightly, while the addition of transition metals (Mn,
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Fe, Cu) significantly increaseithe activity. The best catalyst was associated with Cu
d o pi nugx=29%°0 and was attributed to the large amount of surface active oxygen
species. Cousin et al. found that a\@iCeO; ( gmix= 199224 °C, So= 94.899.4 %
catalyst showed both enhaatcsoot oxidation activity and G@electivity compared with

VICeO: ( galix= 181 °C, Sox= 87.4 %11

The wide applicabilityas mentioned aboyand the low cost of cerium oxide was
the reason for choosing it as the base catalyst in our studies. As mentioned earlier, the steam
cracker operates at very high temperatures and catalyst stability in this range is quite
critical. Deciding the support fdhe ceria materials hence was an important step towards

developing the catalysts. Fhissue is discussed in a lasection.

1.4.2.2 Oxygen Storage Capacity (OSC)

The total oxygen storage capacity is defined as the oxygen stored under
thermodynamic control. Is typically measured by carrying out temperature programmed
reduction (TPR) or by reducing the sample at a fixed temperature and then reoxidizing
it. 112113 Thermogravimetric analysis has also been used to measure the total OSC by
measuring the weight loss of the sample under a redatmgsphere such as a dilute
hydrogen strearff The observed weight loss can be attributed to the loss of oxygen, which
combines with hydrogen to form water. Reddy et al. and Katta et al. used a TGA to
calculate the OSC under cyclic heat treatments in flowing nitrogen and d?/afiThey
found out that the OSC of mixed oxides was higher than that of pure ceriaziCenida

mixed oxides showed the highest OSC. These experiments may not correlate directly with

27



catalytic activity under working conditions. Hence, the idea of measur®@ Gnder

transient conditions emergét.

Katta et al. showed that cedi@nthana mixed oxides act as better catalysts for soot
oxidation compared to cerarconia oxides, owing to the their highexygen storage
capacity:®! Aneggi et al. observed a correlation between thdrTinert atmosphere and
the OSC for ceriairconia materials, as shown fiigure 1.8.%° However, in the presence

of oxygen as the oxidizing gas, no correlation was found between OSC and catalytic

activity.
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Figure 1.8 Relation between OSC and catalytic activity in a inert atmosphere at
400 °C

1.4.2.3 U-Alumina as the Support for Ceriatlysts

Overall, a support material should be inert, stable under operating conditions and

cheapao-alumina has been used widely as a catalyst support due to its low cost, robustness
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at low temperatures and good textural properties of high surface area, pores.volum
H o w e v-alumjna las acidic properties which makes it unsuitabbecage inhibitor.

Alumina exists in various transition states. The order of transition is as follows:

9-Al203 A UG-Al203 A d-Al2037 U-Al203

The transition temperatureepend on thaluminum precursor used for synthesis
of alumina.U-alumina isthe thermodynamicallystable phase of alumindence, it can be
used at high temperatures. It has very low surface area but a high corrosion resistance.
Industrial steam cracking takes placehigth temperatures and the reaction continues for
months together. Hence, a catalyst that is stable at these operating conditions should be
chosen for t-duimmaisggpod candadate far catalystlsupfdrs project
will involve use of cea-alumina catalysts for oxidation of the coke formed during the

cracking reaction

1.4.2.4 Non-ceriaBased @talysts

Alkali metals have been shown to be active catalysts for soot/carbon oxidation
reactions. The observed activity order was Cs > K > Na >> Li urglércontact and full
contact conditions!811"118 BaO showed similar activity as the alkali metal oxides and the
activity order of alkalineearth metal oxides was Ba >> Ca > Mg under full contact
conditions. However, alkalinearth metal oxides were not active under loose contact

conditions because of their poor mobifity.

Mul et al. screened metal chlorides and oxychlorides for soot oxidatibdast of
the studied chlorides and oxychlorides were not converted to oxides at the reaction

temperature for soot oxidation. They observedraelation between the melting points and
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the catalytic soot oxidation activity. They found that BdCluCk and CuCl were very

active catalysts, lowering the oxidation temperature by 200~275 °C, which was due to their

low melting points and thus the wwé¢ i ng of soot by the <catal:
showed that surface oxygen complexes were formed and that active oxygen species were

transferred from the catalyst to the soot surface

Hleis et al. compared the promotion effects of different alkali médIZr=0.14,
M=Li, Na, K, Rb, Cs) over a Zr§xcatalyst during carbon oxidation and the order was Cs
( pk=242°Q> Rbma @16 °Q> K mg®08°Q> N ama 48V °Q >
Li ofaxepT16 °Q.12 Doggali et al. synthesized mesopas@rQ by using chitosan as a
template and used it as a support for a set of transition metals (10 mol% Fe, Co, Ni, Cu and
Mn).122Co/ZrG, ( g3d= 118 °Q was the most active soot oxidation catalyst while NiZrO
( gad= 37 °Q showed little catalytic activity. Amlumina supported CK-Mo catalyst
lowered the soot oxidation temperature by 190 °C under loose contact conditions,

exhibiting higher activity than the individual components supported on ald&dina.

Perovskites have a general formula AB3@here A and B represent two cations.
The A cation can belanthanide, alkaline, or alkalirearth cation while the B cation can
be a 3d, 4d or 5d transition metal. The combination of A and B cations and also the partial
substitution of A or B cations enables the tuning of the physical and chemical properties of
the perovskites, which makes them widely studied in heterogeneous caf4lysis.
application of perovskites in carbon oxidatiors maceived much attention over the past

ten years or so.
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Fino et al. compared the soot oxidation activity of different lanthanum containing
perovskite catalysts and they found that the activity followed: LaCr@nk= 142 °Q >
LaFeQ ( gmlx= 126 °Q & LaMnOs ( gmlx= 126 °Q.1?> The highest activity associated
with the chromite catalyst was attributed to kiigh concentration of suprafacial (weakly
chemisorbed) oxygen species frotemperature programmed desorptiofPD)
experiments, which transferred from the catalyst to the soot by spillover. Such oxygen
speci es we rtge akgyéniwitheadlesarpticetperature in the range of 300
°C1 600 °C. Wang et al. found usimg situ Raman spectroscopy that the active oxygen
species on a LaMnéperovskite catalyst were©, ;" (1 <n<2) and & (0 <m <
1).1?%Ifrah et al. observed that thermal treatment of Lar@ r o vV s kmixt 163°Q ( T
couldlead to the formation of L&rOs or LaxOs phases?’ The measured order of activity
for soot combustion was: LaCs@ gulx= 162 °Qa 9 4 % 3t6% Ca0( gamkk=
162 °Q > LaCrOs ( gqulx= 156 °Q > 86% LaCrQ-14% LaCrOs ( gaix= 140 °Q >
La2O3 ( gamdx= 160 °C, not all of the carbon was reagtétheyconcluded that both the
mobility of the surface oxygen species and the presence of active Cr spetiasd@@f*)
were important for the soot oxidation activity. Xiao et al. compared the soot oxidation
activity of bulk, supported and macroporous perdeskaFeQ catalysts under loose
contact conditions and found that the highest activity on macroporous t alsQelated

to its better contact with soot, rich active oxyg@eciesand better surface reducibilits?

1.4.2.5 CarbonrCatalyst @ntactConditions

Due to the nature of the solsblid-gas reactions that occur for catalyzed carbon
oxidation with an oxidizing gas, the contact between the carbon and the catalyst is very

important. During the early studies of diesel soot oxidation, Neeft et al. defioegdes
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of contact between carbon and catalygtght contact and loose cont&él. The loose
contact mixture was obtained by mixing with a spatula while the tight contact mixture was
achieved by mixing the cdyst and carbon in a mechanical mill for an extended time. A
loose contact mixture can also be obtained through other methods: filtration with a soot
aerosol, shaking in a sample bottle, and dipping in a soot disp&t&itme catalysts that

are in tight contact with carbon have higher oxidation actihiéyn those in loose contact
conditions!!® In fact, the activity ranking of an array of catalysts may be different under
tight contact and loose contact conditions. Shimokawa et al. compared the carbon oxidation
activity over TiQ and CeQ@supported Ag and K catalysts.-Supported Ag catalysts were
more active under tight contact conditions and supported K catalysts were more active
under loose contact conditions. Thus, the carbon oxidation activity of different catalysts
should be compared under the same contact conditions. The contact of sadieseth
particulate filters under practical conditions resembles loose contact condfititfis.
However, to achieve reproducible results and compare the carbon oxidation activity of
different catalysts, the experiments should be performed with samples under tight contact
conditions. Therefore, mostgearchers have used tight contact samples for the evaluation

of catalysts.

Clearly, to improve the catalytic oxidation activity, good contact of the carbon and
catalyst is desired. One method to achieve good contact of the carbon and catalyst is to use
a liquid phase catalyst at reaction temperature, like a eutectic salt mixture with a low
melting point. Jelles et al. observed a significant increase in carbon oxidation activity over
CsV:-MoOs and CsMo0O:-V20s molten salts at 347 °C or higher and attrdaliit to the

melting of these salts, which resulted in the wetting of the soot by hdde catalyst®
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These two salts also showed high stability%2 °C in air. Despite their high activity for
carbon oxidation and high stability at elevated temperature, their practical applications for
diesel soot oxidation are limited due to the liquid phase transformation at reaction
temperatures, making the dejiims of molten salts on proper supports desired. GsVO
MoOs and CsMo0Os-V:0s mo | t en sal ts weda leu md -@mpong,i & e d
cordierite, diatomaceous earth, silica, silicon carbide and silicon nitfitfe. These
catalysts showed similar carbon oxidation activity as their corresponding molten salts
under loose contact conditions and the highest soot oxidation rate obtained was similar to
that of the best catalytiduel additives (a combination of cerium and platinum).
Considering both the reactivity and stability, Van Setten et al. concluded that an ideal
support should meet three requirements: the molten salts should have an affinity for the
support to wet it; thevetted support should enforce a stable liquid distribution; and the
supports should stabilize the molten salts in such a way that even after prolonged heating,
the molten salts should remain accessible for carbon, e.gpdovus materials are

required*>*

Efforts have also been made to study the contact between carbon and catalysts
during the oxidation reaction. Bassou et al. evaluated ceria/soot contacts through
temperature programmed experiments (TPE) and successive adsorptiert*inCa
typical experiment, the mixture of ceria and carbon was first heatediumhfrom 27 °C
to 827 °C, with the products CO and £@acked. The mixture was then cooled to 23 °C
in helium, followed by a switch from He to,@r ceria to adsorb ©The consumption of
02 was quantified and used to represent the amount of oxygesfereed from ceria to

carbon. Successive TPE/@dsorption cycles were repeated on the same sample to mimic
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the progressive oxidation of carbon. They found that the amount of oxygen transferred
remained constant and concluded that the contact area reém@onstant during the
reaction. These results are consistent with conclusions from the ceria catalyzed carbon

oxidation studied witlin situ TEM by Simonsen et &P’

Besides tight and loose contact conditions, mixtures with full contact conditions
were obtained by impregnating carbon witle thqueous alkali metal (Na, K, Cs) and
alkaline earth metal (Mg, Ca, Ba) acetate solutfd®s® These mixtures were heated at
500 °C in He to turn the salts to oxides, followed by carbon oxidation tests. The intrinsic
reactivity of the alkaline and alkalirearth metal oxides was thus determined under full
contact conditions, showing highactivity than the tight contact mixtures. There was a
good correlation between the electronegativity of these elements and their carbon oxidation

activity: the lower the electronegativity, the higher the activity.

Although the contact conditions can sigrantly affect the carbon oxidation
activity, the direct contact between soot and catalyst may not be necessary as long as the
catalyst has high intrinsic activity and the materials between them allow diffusion of active
oxygen species. Yamazaki et alparmted the catalyst layer and carbon particles with an
ash layer of either alumina or calcium sulfefeCeQ did not show any catalytic activity
while the Ag/Ce@ (CeQ supported Ag catalyst) and Ce®g (Ag nanoparticles
surrounded by aggregated of Gegarticles) catalysts showed remote carbon oxidation
activity even when the ash layer thickness was more than 50 um. Based on results from
180/1%0 isotopic exchange reaction and electron spin resonancedeeh, they proposed

a reaction mechanism in which the superoxide ion) §pecies generated on the catalyst
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surface migrated to the ash layer and then to the carbon particles, where they oxidized the

carbon.

While diesel soot oxidation reactions haveextensively studied, the interest in
catalytic coating materials for steam crackers is growing, whereby there is intimate contact
between the catalyst and carbon througisitu coke formation. Obeid et al. deposited
carbon on yttrisstabilized zirconigpowder by propylene cracking, which showed higher
oxidation activity than the tight contact mixture, confirming the importance of contact area
for catalytic carbon oxidation reactiotf§.Mahamulkar et al. deposited coke directly on
catalytic powders by ethylene pyrolysis in a specialized TGA, where the coke oxidation
properties could be modified by thermally aging the cdék&he in-situ cokecatalyst

contact was close to the tight contact condition.

1.5 Kinetics and Mechanism ofSteam Gasificationof Carbon

Steam is widely used in industriaperations and could be of use in gasification of
carbon deposits. However, steam exposure can affect the physical properties of various
catalysts and investigation of the stability of catalysts under such conditions is necessary.
Steam has been used i tliterature as a gasifying agent, in the presence or absence of
oxygen. The following section gives a brief overview of the catalysts that are active in the

presence of steam as well as the effect of steam on the gasification of carbon.

1.5.1 Oxygen Assisted &im @Gsificationof Carbon

The effect of steam addition to oxygen has been investigated by a few researchers

and there seems to be no unanimous relation between the addition of steam and activity.
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Neeft et al. found no dependence of water on thecatalytic oxidation of diesel sodt.
However, addition of water in the range e1@ vol% to oxygen increased the oxidation

rate of flame soot while keeping the activation energy constant (168K}l floe apparent
reaction order in carbon increased with addition of water. Jeguirim et al. studied the effect
of water on norcatalytic carbon black oxidation in the presence ob.Niey found that

water vapor increased the oxidation rate, but the am@sm of oxidation remained the
same, irrespective of the presence or absence of water vapor. The activity of water vapor
was attributed to the formation of nitric and nitrous acids, which allowed reaction between
carbon and N@'*2 The effect of water vapor on the oxidation rate was found to decrease
with an increase in temperature. The rems forming acidic active intermediates involved

in soot oxidation in the presence of Nahd HO weregiven by Equationd & 5:

¢bG  "OU © "O6o 00 0 4)

o0l © 000 00 OO0 (5

Arnal et al**3 observed similar results as Neeft et al. for the influence of water
vapor on the norcatalytic oxidation of a commercial carbon sample. The dominant
reaction in the presence of water vapor was the gasification of carbon. Oxidation in
presence of water vapor resulted in more complete oxidation tdh@® for oxidation
using oy oxygen. The stability of carbon surface oxygen complexes was higher in the

presence of water vapor, causing the formation of i8€ead of CO.

Peralta et al. observed that Ba,K/Ge€atalyst showed no change in activity

towards soot oxidation in the ggence of water at 400 ' However, whenthe
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temperature was increased to 800 °C, the presence of water led to a significant decrease in
activity. For CuK-V-ClI catalysts, Badini et al. found a similar effect and hypothesized the
reason for the effect as an increase in the volatility of chl@edepounds in the presence

of water vapor at high temperatufés However, they found that binary catalysts like
CsVGs + KCl and KVQs + KCI showed different behavior, whereivater vapor did not

affect the catalytic activity.

1.5.2 Stean Gasification withouGaseouOxygen

McKee et al. suggested that during steam gasification using potassium, the
hydroxide of potassium was form&$.Reductioroxidation cycles involving reduction of
metal and oxidation of carbon, veesuggested to be the pathway for gasification. Sodium
and potassium salts showed similar catalytic activity for the gasification of graphite.
However, the activity shown by lithium was an order of magnitude higher than that of the
K and Na salts. This wasypothesized to be because of the lower melting point of the
lithium salt. The suggested reaction mechanism for gasification for all these three salts was

given Equation$, 7 & 8

0 @O0 cO O ch® oo 0 (6)
c0® ¢cOU O ¢hwid O (7)
cO O o0 O 0 WO O (8)

Freriks et al. showed that dispersed potassium was more active than bulk potassium

during the gasification of carbon deposited from poly(fufuryl alcohol) pyrotysislso,
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the activity was found to be dependent on the dispersion level of potassium. They suggested
formation of a potassium surface complex asatttere species and claimed that the earlier
prediction of formation of hydroxide was not probable. At low temperatures, this complex
reacted with water vapor to form potassium carbonate and a primary alcohol. Mouljin et
al*8 also showed that no intercalation compounds of K were formed during gasification.
A renewed mechanisrthat supports most results from the literature at that time was

proposedn the form of Equation8, 10 &11

60 vV 0O AO60 VU 9)
VIRV, 6000 00 (10
O0R OO0 (12)

where the structure af U is not clear. A similar mechanism can be written for the use of
H-O and Q as well. Meijer et al. found that increasing the K/C ratio increased the
gasification reactivity*® The activation energy for the gasification of the carbon support
was redued from 256 kJ mdito 166190 kJ mof on addition of alkali. This activity
decreased by 40% when 10% £fas fed along with steam. A similar effect was also
observed with addition of hydrogen to the feed. Increasing tHé-@ ratio reduced the
gasificaion activity. The gasification rate for catalysts with Na, K, Rb, Cs remained fairly

constant due to the similar dispersion of these materials.

The effect of Ca on carbon gasification in S&as related to chemisorbed €anh
the Ca surfac®® The carbon in this study was obtained by pyrolysis of a

phenolformaldehyde polymer resin. Ca was found to be more active in at@@sphere
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than in steam. With time, the gasification activity decreased in thea@@sphere due to
the enlargement of the Ca particles, leading to decreased surface area. The active species
were identified to be CaGOThis species was converted to CaO in the poesehsteam

and hence, lower activity was achieved

The above sections summarized the wide range of catalysts that have been used for
oxidation as well as gasification of carbon deposi#h this knowledge the next step
towards achieving our goal woulct lto define clear research objectives with a definite

focus. The next section states the objectives and hypotheses for the work carried out.

1.6 Research Objectives

The aims of the proposed work are to study the performance of-alengna
catalyststo aid he oxidation of the coke formed by the radical coking mechanism

(homogenous cokeajuringthe cracking of propylene or ethylene gas.

The specific objectives of the project are:

Aim 1 (CHAPTER 2): To understand what type of coke structures (graphitic or
amorphous) are present in the coke formed dwasgphaseracking reactiosandbe able

to identify operating conditions to formadical coke.

A custommade thermegravimetric analyzer (TGA) is used for formation of coke.

The structure and properties of ihesitu coke formed are compared to industrial coke.

Hypotheses: Graphitic carbon is formed at high temperatures, while amerph

carlon is formed at loviemperatures. The coke structure also depends on the hydrocarbon
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concentration in the feed, the reaction time and the residence time of the inletljases.
the concentration of hydrocarbon used is high (stea&#hC ratioi 0.8 to 1)and therun
time is a few months industrial operations, a high proportion of graphitic structures as

compared to amorphous ones are expectaulumstrialcoke.

The reaction conditions used in the TGA (2% hydrocarbon, reaction tithe) are
not harsh enough to create graphitic structumdarge proportions. Hence, a largenount
of amorphous structuremre expected in these coke samplEse flow reactor system
designed in the laboratoryagapable of handling largeoncentratioaof hydracarbon feed.

This system can be expected to give coke that has a similae tathat of industrial coke

Aim 2 (CHAPTER 3): To determine the structwactivity relationships of cerialumina

catalysts in the oxidation of coke

Ceriaalumina catalysts with different ceria loadings will be synthesized and
characterized. Coke and catalyst are then physically mixed. The performance of the

catalysts will be investigatday studying the oxidation kinetics of coke.

Hypothesis: The redox capacity of ceria has recently been used for oxidizing
carboraceousmaterials like soot. Based on the same redox principle,-aknmmaina
composites should be abile aid the oxidation ofake formed in gas phase reactions in

cracking reactors

Aim 3 (CHAPTER 4): To determine if use of steam, as an oxidizing gas, will aid the

oxidation of coke.
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Industrially, a mixture of air and steam is used for decoking the reactor. To have

similar conditions for decoking in the reactor, steam will be introduced as an oxidizing gas.

Hypotheses: Steam has been known to oxidize hydrocarbons by steam reforming
(SR) reactions and to oxidize carbon monoxide by the water gas shift (WGS) reaction. The
coke is a mixture of hydrocarbons whose partial oxidation may give rise to carbon
monoxide. Hence, it can be expected that steam will aid the oxidation of theses apecie
the coke by WGS and SR reactions. Ceria slightly enhances the performance of steam
reforming reaction8.The adsorption of water has been found to increase in the presence

of ceria, leading to increased gasidfiion of carbonaceous deposSits.

Aim 4 (CHAPTER 5): To synthesize ceria coatings ametallic substrate that minimize

cdalytic coking and also reduce the temperature of oxidaticlepbsiteccoke

The ultimate application of the catalytic powders that will show good activity
towards oxidation of coke would be to be used as coatings in industrial cracking furnaces.
Hencejt is necessary to be able to develop a methodology for synthesizing thermally stable
catalytic coatings on a metallic substrate and determine their activity towards coke

oxidation.

Hypotheses: The catalytic coating on the metallic substrate will actbasriar
between the hot hydrocarbons and the catalytic metal species in the substrate and thus help
in reducing catalytic coking. Synthesizing ceria coatings on the substrate will help in
oxidizing the coke precursors as soon as they are deposited, asswedtluce the

temperature of oxidation, behaving similarly to the catalytic powders
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1.7 Research Impact

The following presented workrovides a comprehensive way to understand the
changes in theoking rates and@oke structure with changing reactionnddgions. This
work is one of the few studies inthei t e r a t 4alungng thes most ¢herrdally stable
phase of aluminas a support for ceria the oxidatiorn/gasificationof coke. The ability to
work with 100% steam in the TGA can help understand the mechanism afakeation
under pure steam and also evaluate the stability and activity of catalysts in a realistic
industrial environment during the decoking phase. Wstdading the structwactivity
relationships of the catalyst&n help in designingetter cokeoxidaion and gasification
catalysts. These catalysts will help oxidize coke faster and decrease the down time of the
reactor for decoking. By burning the e&ff at low temperatures, these catalysts may also
help in decreasing the energy required for coke removal in industrial steam cracking
operation, making the process enegdfycient. This work can also potentially help in
reducing the carbonaceous depogiesponsible for deactivation of catalytic activity.
Synthesizing catalytic coatings will be the {bireal step towards the real application of
coating the industrial furnaces with a catalyst that can not only reduce catalytic coking but
also minimize rdical coke deposition and hence increase the run length of the industrial

furnaces
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CHAPTER 2. IN-SITU GENERATION OF RADICAL COKE

This chapterislargelg d apt ed fr om 0 Ma bawisRL;ISKimtaH., S; Yi
Malek A.; Agrawal P. K.;Jones, C.WiIn-situ generéion of radical coke and the role of
cokecatalyst contact on coke oxidatidnd. Eng. Chem. Re&016 55 (18), pp 5271

5278.

2.1 Background

As mentioned in the last chapteoke deposition on reactor walls or other process
equipmentn the steam crackingrocessaffects the process efficiency anduees the rate
of heat transfef1° The amount and type of coke depositsned dependnajorly on the
operating conditions such #ise nature ¢ the feed andcharacteristicof any surfaces
presentTo restore the normal operation of such processes, expensive process shutdowns
are typically carried out. Shutdowns often involve combustion of these carbon deposits
using steam and air mixturdsence, significantesearch has focused towards development

of technologies that can aid the oxidatargasificatiorof such deposits

Coke deposits can vary in structure and chemical composition based on the
mechanism of coke formation. The two most common mechanisfosnedition of coke
identified in the literature are (i) catalytic and (ii) radiices mentioned earlieCatalytic
coke formatioras the name suggests is catalyzed byrtbllicspecies in thevalls of the
reador, likely at grain boundarié$:*° At higher temperatures, radicals are formed in the
gas phase that can produce pyrolytic coke, which then deposits on the surface of the

cracking furnacé®!® Coke formed by the radical mechanism has very low hydrogen
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content due to the dehydrogenation of precursor molecules during the coking reactions.
The coke formed is typically very hard due to the ctodsng of aromatic molecules

under the reaction conditiorSatalytic coke is filamentous in nature and easier to oxidize

as compared to radical coke due to the high hydrogen cofiteete has been lot of
research done to minimize catalytic coking as stateld previous chapter. Minimization

and oxidation of radical coking is an issue that needs to be addressed to be able to increase
the life of the cracking furnace and hence reduce maintenance costs. Hence, the work
presented in this thesis revolves arotimeformation and oxidation ahdical coke species

only. It is assumed that the commercial coatings available in the market will be enough to
create a barrier between the hydrocarbon gases and the metallic walls thus avoiding

catalytic coking.

Thereadivity of catalysts towards carbon oxidatibasbeen reported to depend on
the degree of contact between the carbon and the cafdl/St'°in the literature, the
catalysts that were in tight contact with carbon have shown higher oxidation activity than
those in loose contact conditioff$0:11615|s0, thereproducibility of loose contact results
in the literature has beaomparatively poot?® In such cases, a comparison of catalytic
activity under different contact conditions can give rise to misleading results. For achieving
reproducible results, most researchers use tight contact samples for the initial screening of
catalystsHowever, tighttontact mayotbea true representation of the contact conditions

that might occur realistically in reactors, catalytic convsrter other process equipment.

For effective comparison between activities of different catalysts towards oxidation

of coke,it is important to have a realistic calaatalyst contact. In this work, emphasis is

pl acedin-sitnd dphees i6t i ond mode of contact bet wee

44



the effect ofn-situ cokd catalyst contact on the mbation of cokealuminasupported ceria
have been used asodel catalystsince ceria has been found to be effective for a number
of catalyticoxidationprocesses. The important characteristic of ceria is its redox capability
under oxidizing and reducing conditions. Its mosti§icgmt use lies in its application as

a threeway catalyst for ®ating exhaust gases from automobifé$>*Ceria catalysts are
promising candidates for many catalytic applications where redox cyclempogtant
such as soot oxidatidd?4 71155157 the water gas shift reactidff steam refornrig.1>° and

CO oxidationt®°

The present workocuseson generatingn-situ radical coke, which oxidizes at high
temperature, in theaboratory on powder catalyst samples. A specialized TGA was used
for coking experiments. The mechanismirekitu coke depositior{catalytic vs. radical)
was investigated thoroughlyhe dfect of thermal aging treatmestn the hardness of the
coke deposiwas also examined. The nature of the coke deposits was determined using a
combination of thermal analysis and spectroscopic techniques. A specific focus was placed
on ascertaining the effect of cokecatalyst contacbn theoxidation of coke It was
observed thain-situ radical coke generation in the laboratory showed bettercatedyst
contact than physical mixturesd is more representativerefilistic cokecatalyst contact

conditiors that might occur in process equipment.

2.2 Materialsand Methods

2.2.1 Material Synthesis

Me s 0 p o ralamirea was prepared via a surfactarddiated selhssembly

method!®¥ 163 A mixture of nitric acid (Sigma Aldrich, 70%) and deionized water (200
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mL) was used for peptization of 13.75 g of psebdehmite. This was followed by
sonication of the suspension at roommperature for 90 min and stirring at 60 °C for 17 h.

The peptized alumina sol was cooled to room temperature and added to a stirred solution
of ethanol and PlurorffcP-123.P-123 is used as a templ ate
alumina. During synthesis, Plumg P-123 interacts with species that is present in boehmite
dispersion and forms a polymeralumina mesostructured composite. Upon calcination,
the polymer is removed and mesoporous alumina is fotAiddhe mixture was stirred for

24 h at room temperature. The next step involved heating of the solutioRGf&060 h

to remove the solvent. Heating the mixture at 75 °C for 24 h carried out drying of the P
123-alumina. Residual water and ethanol were removed by heating the composite at 150
°C for about 1 h. The composite was then heated to 700 °C at aghedédirof 1 °C/min

and kept at 700 °C for four hours for removal of the P 3 t e malumina was U

obtained by heating o mme p-&li @i na at 1100 UC for 8 nh

UC/ mi n.

A commercialJ-alumina support was procured from Sigma Addr Ceria loaded

U-alumina materials were prepared by a wetness impregnation method using cerium nitrate

t

hexahydrate (Ce(N£k.6H0 ) as the ceriaumng asetleusuppoot r ano

(Sigma Aldrich, corundum). The cerium precursor is dissolved indiste d wa-t er an

alumina is added to the solution in the appropriate amount. The mixture was dried at 110

(Candcalcinedat 100 UC for 8 h wusi nTheyaredemoeddasrng r at

CeQ-Al20swhere x denotes the mol% of Ce in the catadgshple while Al is present in

(1-x) mol%.

A nndustrial coke sample was obtained from The Dow Chemical Company.
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2.2.2 CokeCatalyst Contacting

A customized thermogravimetric analyzer (TGA, NETZSCH, STA449F3
Jupiter®) was used fan-situ generation of coke an@ study coke oxidation. This TGA
can be operated with reactive gases like hydrocarbons at high temperfatureafety
reasons, flammable gas concentrations were kept below their flammability limits in the
TGA. In these experiments, 2 mol% of propyleneetirylene was used. The internal
components of this TGA were designed to work efficiently in the presence of corrosive
atmospheres. The measurement head, made of alumina, was stable at high temperatures

and resistant to corrosive gases.

Forin-situ coke dgosition, the TGA furnace was heated to the desired temperature
in helium flow. Once the desired temperature was reached, 2 mol% hydrocarbon in helium
was introduced into the system for 1 h. After 1 h, the hydrocarbon flow was stopped and
the furnace wasllawed to cool while under helium flow. The coking rate and the amount
of coke deposited were measured by the TGA. Coke deposited on the measurement head
was removed completely prior to oxidation of the coked catalysts, by temperature

programmed oxidatiom air up to 900°C.

For tight contact experiments, small amounts of industrial coke and catalyst or
support were ground in a mortar and pestle for 45 minutes in the ratio 1:9. Loose contact
experiments involved physical mixing of the above two materiatigrsame ratio with
the help of a spatula where the coke particles were reduced to a size of 500 pum using a

Wiley mill.
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2.2.3 Materials Characterization

Nitrogen physisorption isotherms were collected1®6 °C using Micromeritics
Tristar 1l after the samplewere heated to 200 °C under vacuum for 10 h prior to the
analysis. The data obtained were used to calculate surface areas and pore characteristics
for the various solids. A Witec confocal Raman microscope (Alpha 300R) was used to
obtain Raman spectra ftie reactioraged catalysts withan Ar on | aser (& =
nm) using a 1.5 mW excitation source intensity and 1800 grating with < 0'ixal
resolution. A magnification of 50x was used. A dense sample layer of about 1 mm thickness
was pressed ontcover slip with the help of a spatula. This coverslip was then placed on
the microscope sample holder. A white light source was used to focus on the surface of the
sample. After focusing on a spot, the sample was exposed to the laser beam and the Raman
spectra were recorded. First order Raman spectra wecengeluted using the peak

analyzer function of the OriginPro 8.5 software.

2.2.4 Thermal Coke Aging Experiments

Thermal aging experiments were performed on an Autochem Il 2920 instrument
from Micromeritics. A small amount of aim-situ coked sample from the TGA was placed
in a quartz Utube. This tube was mounted on the Autochem machine and the sample was
pretreated under a helium atmosphere by heating to 150 °C at a rate of 10 °C/min, to
remove traces ofolatile matter. The sample was then aged for longer times at the same
temperature used for coking, under helium atmosphere. Inert atmosphere was used to study

the effect of aging independently of the coking process.
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2.2.5 Temperature Programmed Oxidation

Temperature programmed oxidation (TPO) experiments were also performed on
the NETZSCH TGA. TGA was used to determine the reactivity of the coke. The
temperature was raised from room temperature to 950 °C at a rate of 10 °C/min in the
presence of air (100 mL/mj. The rate of mass loss was used to compare the oxidation of
different coke and cokedatalyst samples. The temperature, at which the rate of oxidation

was maximum, was denoted as the peak oxidation temperature.

2.3 Results and Discussion

The firstseries ofexperiments conducted was used to investigate the mechanism of
coke formation in the TGA in the presence of an oxide support. The rationale for doing
these experiments was to verify if the coke formed in the TGA was generated from
homogeneous radical rdems, and that heterogeneous coke was not
involved.Furthermore, conducting thermal cracking experiments in the TGA provided a

guantitative measurement of the coking rate and the amount of coke formed.

A blank coking experiment, with no support or catafyesent, showed some (~ 0.6
mg) coke deposition on the measurement head of the Fgarg Al, Appendix A. When
coking was carried out in the presence of a support, the amount of coke deposited increased.
Further experiments were carried out to determine the mechanism of formatius of
deposited coke. To determine if the total surface area of the support was a factor
determining the coking r at eaglumnhaweth differénf er e nt
surface areas were chosen for analysis. These samples were exposed to 2maérbepr

atmosphere at 950 °C for 1 h. Fr@mble2-1 one can see that the synthesized mesoporous
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o-alumina (203+2rM g, particle size 14 em) had a
t he commamina{8442®bg, particl e debsztlee cokifgratem) .
on the synthesized alumina was very similar to that on the commercial aldrablaZ-

2). The typical TG curve for coke deposition is showfigure A2, Appendix A Clearly,

the coking rate was not proportional to the total surface area and one can conclude that the
total surface area of the support did not play a significant role in the coking process. Pore
blockage was investigated by nitragphysisorption studies on the coked commerzial
alumina. The coked sample showed a lower surface area (7 ZHgRalomina) of coked
sample) as compared to the pristine commeoegilimina (84 + 2 rfig). To find the source

of this reduction in surfaca&rea, commercialalumina was subjected to the same thermal
treatment as the coking experiment but without exposing it to the hydrocarbon. This
thermal treatment caused sintering of the commeoeglimina that reduced its surface
area to 68 * 2 Afig (Table 2-1). Hence, the possibility of pot@ocking due to deposition

of coke was ruled out. This also suggests that coke deposition primarily took place on the
outer surface of the support.

Table 2-1 Textural properties of oxide supports and catalytic materials

Sample Total surface  Pore volume
area (nv/g) (cclg)

2-alumina (commercial) 84 0.42

o-alumina (synthesized) 203 1.10

Coked commerciad-alumina 77 0.37

Thermally treated 68 0.36

commerciab-alumina

dal umina (syn34 0.22

5C

t

(0]
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Table 2-2 Effect of total surface area on coke deposition

Material Weight of Total surface  Coke deposited in 1
material (mg) area (n?/g) h (mg)

o-alumina (commercial) 100 84 10.6 £ 0.25

o-alumina (synthesized) 100 203 12.1+£0.3

As mentioned earlier, coke deposition increased in the presence of a support. One
possible explanation for this observation could be the increased external surface area
provided by the supports. gecond explanation could be that the support induced coking
via a heterogeneous mechanism. To probe these possibilities, two supports of equivalent
external surface area were selected for exposure to hydrocarbon at 950 °C for 1 h. An inert
supportthatwul d not i nduce catalytic -alwnkna ag, Si
support that might induce some catalytic coking. The total external surface area of both
samples was ~0.06(SiCisnosp or ous, BET slumifaia034nt,ddg@a of
ofSi C with a particl ealsumienafwi5tOh gan; pdrt imygl
Figure2ls hows t hat the same qu a ndluminaandohthe ok e v
Si C. The coking rate on Si C was 4auinamg/ hr ,
(4.5 mg/hr). Similar behavio i s al s o s e-alumina. Ror thehsameavaighte o f
c o mme r-aumimd with larger particle size (16 pm) showed lower coke deposition as
compar ed t o-alsmina withemaller padicleasize (14 pm, higher external
surface area). This sbrvation clearly indicates that the quantity of coke deposited in the
TGA depends on the external surface area of the support and not on the chemical nature of
the support, suggesting that coking occurs primarily by a homogeneous, radical mechanism

underthe conditions used.
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Figure 2.1 Coke deposition (950 °C, 1 h) on support materials with equal external
surface area (sample masses were adjusted to equalize external surface area)

2.3.1 Kinetics of Insitu Coke [@position

Kinetic parameters can give additional insight in to the mechanism of coke
deposition. Hence, to determine the reaction order in hydrocarbon for deposition of coke
o n-allimina, during thermal decomposition of ethylene, three different condensrat
ethylene were used (1.4 mol%, 1.6 mol% and 1.8 mol% in He). The reaction temperature
was maintained at 950 °C for a period of 1 h. The coking rate was measured by the TGA
and a log plot of coking rate (mol s§oss ethylene concentration yieldedeaction order
of 1.2085 Table AL, Figure A31 Appendix A. A similaranalysis was carried out with
2% propylene as the hydrocarbon and we achieve an order ofFlgoBe( A4, Appendix
A). The thermal cracking kinetics of propane arthee have previously been found to be
first order in the hydrocarbon concentratiéi® Thermal cracking involves a large
number of radical reactions. A reaction order of approximately one suggests that coke

formation in the TGA took place by radil reactions.
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The apparent activation energy of the coke deposition process was calculated by
measuring the coking rate at the reaction temperatures of 850 °C, 950 °C and 1050 °C.
Assuming Arrhenius law, the log of the rate constant)(fsec! mol®?) as plotted against
the inverse reaction temperature which gave an activation energy of 91 kIrafgeA?2,

Figure A1 Appendix A). This value is significantly lower than the@bond dissociation
energy®° for ethylene which is 727.8 kJ mdnd alsdhe bond dissociation energy of the

sp* C-H bond which is 456 kJ mél®® The apparent activation energy for ethylene
cracking is 32%J mol*1® This apparent activation energy is calculated based on the
disappearance of the readtgathylene). However, in the current study, the activation
energy is calculated based on the coking rate. Similar studies on other reactions have been
done in the literature, which yield activation energy values in the same range as found in
the currentsidy (referTable A3). Hydrogen abstraction and addition reactions are known
key steps in the formation of radical cdRé®’From the literéure values, we can infer that
involvement of larger hydrocarbon molecules in the formation of coke has a low apparent
activation energy. Thus, the coke formed in this study is a result of the combination of

radical reactions takp place because of hydrogen abstraction and addition.

2.3.2 Raman Pectroscopy

Structural information about carbon materials can be obtained by Raman
spectroscopy. The amorphous and graphitic carbon content of the sample can be inferred

by deconvolution of ta Raman peaks.
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Table 2-3 Assignment of peaks in Raman spectra

Peaks Raman shift (cn')  Type of carbon

G 1585 Ideal graphitic
Disordered graphitic edgesplane
D1 1350 imperfections
D2 1620 Disorderedyraphitic surface
D3 1500 Amorphous carbon, $fponded
D4 1200 Disordered graphite lattice, ionic impurities

Table2-3 relates the Raman shift to the type of carbon in the saltfple higher
wavenumber corresponds to a higher epergguired for excitation of bonds, with
amorphous carbon species requiring lower energy for excitation than graphitic species. The
amorphous carbon species typically consist of smbmatic precursors of graphene layers.

The amount of graphite formed the sample depends on operating conditions that
produced the carbon/coke sample, e.g. reaction temperature, reaction time and residence

time.

Sadezky et al. found that fitting the G;,,, D4 peaks as Gaussians and the D
peak as a Lorentzian gave thesbfit for their spectt&®. A similar deconvolution analysis
was used here for obtaining Raman parameters for different coke samples. The
heterogeneity of the industrial cokengales was studied by measuring Raman spectra at
different spots on the sampleable2-4 shows the deconvolution results at different spots
in the industrial coke sample. Negligible differences were observed in the coke
composition values at different spots, indicating homogeneity of the sample Fijora
2.2, it can be inferred that the industrial coke has significantly more graphitic species than

amorphous species. The large contribution of the D peaks indicates a highly disordered
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structure. In congst, in-situ coke deposited in the TGA was more amorphous than the
industrial coke. This might be due to the short reaction time (1 h).

Table 2-4 Homogeneity of industrial coke sample by Raman deconvolutiomalysis

Spots G (%) D1(%) D2(%) D3(%) Da4(%)
Spot1l 20.0 49.0 14.0 7.00 10.0
Spot 2 18.5 47.5 14.9 7.50 11.6
Spot 3 21.0 47.7 14.4 6.00 10.8

60

Bl (ndustrial coke
B In-situ coke

504

40 1

30

Percentage

204

10

04
G D1 D2 D3 D4

Raman peak

Figure 2.2 Deconvolution analysis of Raman spectra foin-situ and industrial coke
showing amorphous nature ofin-situ coke

2.3.3 Thermal Aging

It would be useful to be able to produce coke in the TGA, where excellent coke
catalyst contact can be achieved (vide infra), with similar oxidizing nature as an industrial
coke. To this end, the ability to thermally ageimsitu coke to increase its graphitic
content was explored. Specifically, the exposure time to ethylene was increased during an
insitucoki ng exper i-auema sampkei(50Q mgh The degreecoke

graphitization was determined by the Raman analysis. The relative intensity aftbakD
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given by equatioi2, denoting amorphous carbon, was used as a measure of the graphitic
nature of the coke sampl&s.

0
YQa 0 &0 Q& "o w—o 5 O a2

A decrease in the relative intensity of thed@ak denotes a decrease in the amount
of the amorphous cokBigure2.3 shows a plot of the relative intensity of thepg2ak with
that of the peak oxidationtemperar e f or c ok e -@langnasupporedn on a
increase in the reaction time from 1 to 2 to 4 h yielded coke with decreased amorphous
carbon content. This decreased amorphous carbon led to a higher peak oxidation
temperature (sample size for TPDhi 37 mg, 2 i 21 mg, 4 i 10 mg). Repeating the
measurements showed minimal error in thecalevolution results, iggesting good

reproducibility

0.58

0.56 -
0.54 4 i

950°C, 1h
052
0.50 -
0.48 . l

950°C, 2h
0.46 -
0.44

0.42 +

Relative intensity of D,

0.40 -
950°C, 4h %
0.38 -

T T T T M T X T M T
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Peak oxidation temperature (°C)

Figure 2.3 Relation between amorphous nature of cokeral its oxidation behavior
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| —— 1050 °C coke, 2 hr
1.0 1 | —— Thermally aged, 6 hr
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— — Industrial coke
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Figure 2.4 Comparison of TPO curves of thermally aged coke with industrial coke
with following coke content: industrial i 2.7 mg,in-situ cokei 0.34 mg

To harden the coke, a thermal aging treatment was used in further studies. The coke
generatedn-situo n -alltmina (500 mg) at 1050 °C for 2 h was considered as a reference
sample. The coke sample formed at 1050 °C, 2 h had lower amorphous contenhéd.34) t
the coke formed at 950 °C, 2 h (0.47). A higher reaction temperature was chosen as the
hardness of the coke increased with temperature. This reference coke was thermally aged
under helium for a period of six and twelve holgure 2.4 shows that thermal aging
caused the TPO curve to shift right and oxidize the coke at higher temperatures. The
industrial coke had some carbon species oxidizing at higher temperai8@0°C) which
was not reflected in the thermally aged coke. However, it was demonstrated that increasing
the time for thermal aging is a suitable way of producing harder coke samples. Industrial
coke shows two peaks in TPO whiltesitu coke shows onpeak because industrial coke
is more graphitic according to Raman analysis (Fi@qug The higher temperature peak
seen is for the oxidation of graphitic specigssitu coke is less graphitic and more
amorphous than industrial coke. Timesitu coke male in the laboratory with a reaction

time of few hours cannot match the reaction time the industrial coke was exposed to
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possibly a few months. This increased high temperature exposure has caused the industrial

coke to harden and oxidize at much highergerature than thie-situ coke.

Figure 2.5 shows that thermally aging the coke for 6 h increases #e T
(temperature at which 50 wt% of the carbon content is oxddizample size 25 mg)
without a significant change in the amorphous content of the coke. This could be attributed
to the increase in the structural order of the graphitic species or morphology of the coke,
which is not discussed in this paper. Furtheristudre required to probe this observation.
However, increasing the thermal aging time from 6 to 12 h, decreased the amorphous
carbon content and increased the Thus, we observe that thermally aging the coke in an
inert atmosphere made it more diffictd oxidize. The thermally aged coke oxidized at a
similar temperature as the industrial coke and thus, radical coke with similar oxidizing

characteristics as industrial coke was generated in the laboratory.

0.35 E
% 1050°C, 2h 1050°C, 6h ¥
. . T

0.30 1 1050°C, 12h

0.25

0.20

0.15 1 =

Industrial coke

Relative intensity of D, peak
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Figure 2.5 Evolution of amorphous carbon content with thermal aging
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2.3.4 Cokel Catalyst @ntact

Schematic
Contact @ Coke
Catalyst
®
® [
(a) Loose ® ... o
~
(b) Tight eyl
00090
(c) In-situ OOO (@)
(od®]

Figure 2.6 Schematic of coke catalyst contact under different conditions: a) Loose
contact b) Tight contact c)In-situ deposited coke

Ceriaalumina catalysts were used as model catalysts for studying theaialgst
contact created via-situcoke generation. Nitrogen physisorption revealed the highly non
porous natur e odlumihahseppoc asadnia the catalyst gheparation.
| mpregnati on oadumicadncreased the durbacetateae sligbtly, though the

catalysts remainedon-porous in nature

Figure 2.6 shows a schematic of different contact conditions. In loose contact
conditions (Figure.6a), very few contact points exist between the coke particles and the
catalyst particles, leading to modest catalytic activity for oxidation. When the coke and
catalyst samples are ground together to create tight contact, the particle size of the coke
andcatalyst particles may be reduced, increasing the contact area of the coke and catalyst
particles (Figure.6b). As a result, the oxidation activity under these conditions is higher

than under loose contact. Duriimgsitu coke deposition on catalystswas demonstrated
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above that coke was deposited externally on the individual catalyst or support particles as
a coating, leading to intimate contact between the carbon particles and the catalyst (Figure

2.6C).

To study cokecatalyst contact, four differemmontact conditions were examined.
The first set of samples involved depositioniresitu coke (950 °C, 1 h) on a series of
ceriaalumina catalysts with varying cerium content. These coked catalysts were then
ground to simulate a tight contact mixtureaasecond set of samples. For comparison,
loose and tight contact samples were obtained using the industrial coke with the same
catalysts as mentioned above. To quantify the effect of-catadyst contact, TPO
experiments were carried out on all the sasplgjure2.7 shows thain-situcoke oxidized
with a peak oxidation temperature at 410 °C. Grindingirtk&tu coke and the catalyst
before the TPO experiment leddppearance of a smaller peak at a lower temperature of
350 °C. This showed that for oxidation iofsitu coke, tight contact (grinding) enhances
the catalytic activity of the supported ceria slightly. This effect could be attributed to the
increased contd between the coke and catalyst particles due to grinding. The tail observed
at higher temperatures could be due -to the
alumina in which case uncatalyzed oxidation takes place causing it to oxidize at higher
temperature. In contrast, tight contact for the industrial coke with the-akenmaina 6 ©
C e £A b0Os) catalyst showed a significant improvement in catalytic activity as compared

with the loose contact conditionBigure2.7).
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Figure 2.7 TPO curves showing coké catalyst (56CeQOz-Al203) contact under
different contacting conditions

Quantification of these results is givenTable2-5 . For instance, for a catalyst
with 20 mol% Ce (@-C e £A bOs), grinding afterin-situ coke deposition showed very
little (1 °C) reduction in the sb value (Table 2-5). For the same catalyst, the difference
between loose and tight contact with the industrial coke was significant, with a reduction
inTsoo f 7 6 1)AT@Is beh@avior was observed for other catalyst§g e £A bOszand
80-C e LA b0O3) as well, demonstrating that grinding to create tight contact conditions is
important to improve cokeatalyst contact using physical mixtures of separate coke and

catalyst particles.
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Table 2-5 Tso values for industrial coke in contact with ceriaa | umi na cédat al yst
difference between 5oof | oos e and :i diffgrente betweent Faotin-, T
situ coke andin-situ coke followed by grinding)

Cokei Ts0(°C) / Ts0(°C) / Ts0(°C) / Ts0(°C)/5 0

catalyst 2@eP 5CeH 8Lep Ce A O3

contact A bOs A bOs A £Os3 (thermally
aged coke)

Loose contact 657 657 657 -

Tight contact 581 565 601 -

Pl 76 92 56 -

In-situ coke 406 412 403 506

In-situ coke 405 398 394 507

(followed by

grinding)

Pb 1 14 9 1

The effect of cokecatalyst contact was also investigated on a harder coke deposited
in-situ on the5 @C e LA bOs catalystCoking was carried at 1050 °C for 2 h on thé®
C e A bOsmaterialand the coked sample was thermally aged for TPR yielded a do
value of 507 °C. Grinding the coke sample yielded a simdavTa | ue woftlt¥C, a T
indicating no improvement in coké catalyst contact on grinding. This observation
suggests thain-situ coke deposition leads to intimate contaetween coke and the
catalyst, irrespective of the hardness of the coke. This demonstrates thataaaibyst
contact after grindingn-situ coke remains the same as before grinding. The-catadyst
contact forin-situ coke generation shows catalytictigity similar to tight contact
conditions and is also more representative of the realistic contact that takes place in
industrial operationsin-situ coke forming methodology also helps in improving the
reproducibility and reliability of data as compatedsague descriptions of loose and tight

contact, where the mixing time can affect the catalytic activities.
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2.4 Conclusions

The present work demonstrated that radical coke can be generated in the laboratory
and deposited on catalyst or support samples ipeaiaized TGA. Deconvolution of
Raman spectra gave an insight into the chemical structure of the coke samgtesoke
was found to be more amorphous compared to an industrial coke sample. Temperature
programmed oxidation experiments were employestudy the oxidation behavior of the
coke deposits. Thermal aging has important effects on the oxidation characteristics of the
coke deposits. Thermal aging of the coke increased the hardnessimsttiecoke, as
shown by Raman analysis and TPO expenitxieCokd catalyst contact in the-situ coke
samples was improved as compared to the physical mixtures of coke and catalyst,
suggesting that coke generated on catalyst sarmpkati may be representative of coke
catalyst contact found in actual reastwhere coke is produced by a homogeneous radical

process.
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CHAPTER 3. CERIA CATALYZED COKE OXIDATION

3.1 Background

As described in the previous chapter, radical coke was successfully made on the
catalytic supports. The next step towards achieving the project doaleselop catalysts
that can aid the oxidation of these radical carbon deposits at temperatures lower than
uncatalyzed oxidation, thereby reducing the energy requirements of the phbitdss.
choosing catalysts, it is also important to choose maténeisio not contribute to catalytic
coking. For example, metals like Ni, Fe, Pt should be avoided to minimize catalytic coking.
In this work, catalytic materials that are resistant to coking and are active towards oxidation
of carbon deposits are explorddhese catalysts are active after high temperature treatment
and cannot only be used in steam cracking but also in other high temperature applications

such as pyrolysis reactions and in solid oxide fuel cells, where coking is a major issue

Coke depositedn industrial reactors or on catalysts is typically combusted by
passingair, other oxygeftontaining gase®r mixtures thereof (e.g. steam and airhigh
temperatures through the reactor in regeneration nfemteinstance,hte steam cracker
plantor processusuallyrequires a shutdown for decoking everyi260 days, depending
on the type of feed usédl The physical structure and chemical nature of thbara
deposits depends on a number of factors, namely the operating temperature, pressure,
residence time in the reactor and hydrocarbon feed compoditiese aspects and others
are summarized in an extensive review on different mechanisms of carbotidararal
technologies used for reducing coke formation as well as for oxicf&tionparallel,

materials that can reduce the rate of deposition of carbon deposits are alseafieught
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especially in solid oxide fuel cell (SOFC) applicaus. In SOFCs, coking is a major
problem on the Ni based anode. Coke can block the pores of the anode or cause micro

cracking, affecting cell performanéé

Due to the nature ahe solid-solid-gas reactios that occurfor catalyzed carbon
oxidation withan oxidizing gas, the contact betwetre carbon andhe catalyst isvery
important. In this paper, catalytic activity under amottype of coké catalyst contacin-
situ coke1 catalyst contact, where coke is directly deposited on the catalyst, has been
measured. This method of coke deposition has been described in detail in chiter 2.
This contact method is a near exact representation of how carbon and catalyst would come

in contact in an industrial setting

Over the last decades, cerium oxide and mixtures of cezamtaining oxides have
beenfound to be effective for a number okidative catalytic processes. Amportant
characteristic of ceria is its redox capability unioeth oxidizing and reducing conditions.
Cerium based oxides have been used in the-thiagecatalytic converter for elimination
of CO, hydrocarbons, and N@n engine exhaust due to their excellent oxygen storage
capacity. Their highly activesurface crystafacets and redox behavior allogycling
between C¥ and Cé' stateswith the formation and elimination of oxygen defeté’*
Such materials have also received wide attention for diesel soot oxid#ion.
comprehensive review of ceria materids carbon oxidation has been done in our
previous work® and also mentioned in some depth in chapter 1. Oxygen vacancy defects
are known to be one of the most reactive sites on metal oXitfééThe redox chemistry

of ceria can be written &quation 13
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where, CeQ.y is a nonstoichiometric phas@.he oxygen storage capacdaf/ceria can be
enhanced by doping with other rare earth elemerfS.Ceria catalysts arpromising
candidates foapplications like soot oxidatigf?64 7119157 the water gas shift reaoti,'°®

CO oxidation'®® and in solid oxide fuel cell§317°

Doping of ceria with zirconium has been obsert@dincrease the oxygen storage
capacityof ceria and enhan@atalytic activitytowards oxidation of sodt:’”8%14\ost of
the soot oxidation studies involving ceria work with temperatures bel®v@0above
which compositional changes might take place affecting the properties of the cfalyst.
However, steam crackers units operate at temperatures at000d°C and hencthe
thermal stability of thecatalytic materialss of high importanceTherefore,any support
materialuseds houl d be i nert, stable undAuminaoper at
has been used widely as a catalyst support due to its low cost, robustness at low
temperatures and good textural propertigse high surface areand pore volume.
However, it isnot stable at high temperatures (> 8@)and can transition to other phases
of aluminal'>1"6J-Alumina is the most thermodymécally stable phase of aluminaas
very low surface area but high corrosion resistance, which makes it an appropriate

candidate for high temperature applications

In this work, the aim was to apply the knowledge that exists in the literature for
oxidation of soot in designing catalysts that are active for coke oxidationrdingly,the
objective of this study was to developtalytic materials that aide coke oxida and

minimize coke deposition in high temperature applications and investigate the properties
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responsible for their activity.€€r i a di s per s e ehlumima suppodtoanone r ci a l
loadings was used to explozeke deposition as well asidationof coke. Two types of

cokei catalystcontact were examined, (paditional tight contact angi) in-situ contact.

The aluminasupported ceriunoxides were also characterized byarious analytical
techniques allowing for their oxidation performance to becorelated with the

composition andgtructural properties

3.2 Experiments

3.2.1 Catalyst $nthesis

Ceria loadedl-alumina materials were prepared by a wetness impregnation method
using cerium nitrate hexahydrate (Ce@4®bH-0, Sigma Aldrich) a the cerium precursor
a n daludina as the support (Sigma Aldrich, corundeb®0 mesh, 99%). The mixture
was dried at 110 °C overnight and calcined at 1100 °C for 8 h at a heating rate of 1 °C/min
in air. The synthesized catalysts are denoted@s®-Al.O3, where x denotes Ce/(Ce+Al)
atomic ratio in the catalyst sample. An industrial coke sample was obtained from the Dow

Chemical Company.

3.2.2 Catalyst Characterization

Catalyst samples were characterized by nitrogen physisorptioay Hiffraction,
Raman spctroscopy, UWis spectroscopy, and temperature programmed reduction.
Nitrogen physisorption isotherms were collectedl&6 °C using a Micromeritics Tristar
Il. The samples were heated to 200 °C under vacuum for 10 h prior to the analysis. The

data obtaned were used to calculate surface areas for the various powders. The powders
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were characterized by-Kay diffraction (XRDjus ng Cu K U radi ati on.
operated at 40 mA and samples were packed into a horizontally mounted sample holder.
Thecrystallite sizes werestimatedising the Scherrer equation. A Witec confocal Raman
microscope (Alpha 300R) was used to obtain Raman spectra for the fresh and coked
catalysts with an Ar+ ion |l aser (& = 513.
and 1800 grating with < 0.9 chrpixel resolution. A magnification of 50x was used. A
dense sample layer of about 1 mm thickness was pressed onto a cover slip with the help of
a spatula. This coverslip was then placed on the microscope sample holdete Aghth

source was used to focus on the surface of the sample. After focusing on a spot, the sample
was exposed to the laser beam and the Raman spectra were recorded at ambient
temperature. First order Raman spectra wereoteoluted using the peak ayzdr

function of the OriginPro 8.5 software.

X-ray absorption near edge structure (XANES) was performéadamline X18B
of the National Synchrodn Light Source (NSLS), Brookhaven Nationaboratory. The
X-ray absorption spectroscopyA%) data were obtained in transmission modthatCe
L edge (5723 eV). The CailLedge spectra wemeasured at room temperature in air.
The XANES samples were prepared by spreading a thin layer of material on pieces of
transparentape. Ce@ obtainedfom Sigma Aldrich, was used as the standawb scans
from 5,573 to 6,187 eV were collected for eaample. The XAS data were then processed

with Athena softwaréor background removal, and edgip normalization.

The ceria lattice oxygen speciesvaileble for oxidation reactions at different
conditions were measured by temperature programmed reduction (TPR) experiments on a

Micromeritics AutoChem 2920. The samples were pretreated at 150 °C in He for 1 h to
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remove volatile species. Approximately 460 mg of the sample was heated at a constant
rate (5 °C/min) from room temperature to 900 °C in 10% hydrogen in argon (30 mL/min),
in a U-shaped quartz tube. The water produced was removed by passing the effluent gas
through a cold trap (a mixture of acet@mal liquid nitrogen). Hydrogen consumption was
monitored by a thermal conductivity detector. For quantitative analysis, the instrument was
calibrated with the reduction of AQ. UV-Vis spectroscopy measurements were
performed in the wavelength range of02D0 800 nm using a Cary WVis NIR

spectrophotometer. The instrument was calibrated using B3l standard.

3.2.3 Cokei Catalyst Wntact

3.2.3.1 In-situ Cokei Catalyst @ntact

A customized thermogravimetric analyZ@GA, Netzsch, STA449F3 Jupiter®)
was used foin-situ generation of radical coke (coke formed in gas phase) and to study
coke oxidation. This TGA could be operated with reactive gases like hydrocarbons at high
temperatures. For safety reasons, flammable gas concentrations were kept below their
flammablity limits in the TGA. In these experiments, 2 mol% of ethylene was used. The
internal components of this TGA were designed to work efficiently in the presence of
corrosive atmospheres. The measurement head, made of alumina, was stable at high

temperatues and resistant to corrosive gases.

Forin-situ coke deposition, the TGA furnace was heated to the desired temperature
in helium flow. Once the desired temperatwaes reached, 2 mol% ethyleimehelium was
introduced into the system farh. After 1 hthe ethylendlow was stopped and the furnace

was allowed to cool while under helium flow. The coking rate and the amount of coke
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deposited were measured by the TGA. Coke deposited on the measurement head was
removed completely prior to oxidation of theked catalysts, by temperature programmed

oxidation in air up to 900C after removal of the coked catalyst sample

3.2.3.2 Tight Contact

For tight contact experimentan industrial coke sample obtained from the Dow
Chemical Company was used. A small amaafrindustrial coke and catalyst the ratio

1:9wereground in anortar and pestle for 45 min to achieve tight contact conditions

3.2.4 Catalytic Activity

3.2.4.1 Temperature Bgramned xidation

Temperature programmed oxidation (TPO) experiments were also performed on
theNetzschTGA. The TGA was used to determine the reactivity of the aidqeosited on
various catalyst material&or these measurements, 15 mg of the ¢osatalyst mixture
was placed in an alumina crucible. The temperature was raised from room temgerature
950 °C at a rate of 10 °C/min in the presence of air (100 mL/min). The rate of mass loss
was used to compare the activity of catalysts for lb#éhindustrial andin-situ coke

samples.

3.2.4.2 Isothermal Qidation

Isothermal oxidation was carried out on thetZ§chTGA by heating the coké
catalyst sample to the desired temperature under helium flow. Once the desired temperature

was reached, air was introducetbithe furnace. Rate constants were obtained by fitting
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the mass loss data to a first order rateadign. Thedata from OF 50% conversion were
used to calculate the rate constal#sthermal studies were also performed in the absence
of any oxidizing agent under helium flow establish a baseline or to study the effect of

surface oxygen species pees on the ceria.

3.2.4.3 Isothermal Reduction of &alysts

Isothermal reduction of catalysts was carried out at the reaction temperature (950
°C) to determine the amount of oxygen released during the pyrolysis reaction where
hydrogen is produced.hE TGA furnace was heated to the desiestttiontemperature in
nitrogenflow. Once the desired temperatuvas reached, 1.5 mol% hydrogemitrogen
was introduced into the system fbih. After 1 h, the hydrogeftow was stopped and the

furnace was atiwed to cool while under helium flow.

3.3 Results and Discussion

3.3.1 Catalyst Gharacterization

Figure 3.1 comparesthe XRD patternsfor U-alumina supportederia catalysts
along with unsup p-aumina supparte Moi sanifieant chariggase U
observedn thecrystallinity of theceriadomains ase | | aauminahseuctlreAll U-
alumina supportecceria composites showed distinct ceria peaks. Diffraction peaks
corresponding to fluorite structure of Ce@8.6°, 33.3, 47.5, 56.4) 1’ were well
defined in the diffractograms of the compositesak broadening was useddetermine
crystallite sizebased on the (111) plane of ceria. These sizes are in the rangé 6030

nm, assummarized imable3-1.
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Table3-1Crystallite sizes of the ceria (111) p
Sample XRD crystallite
size 111 peak (nm)
CeQ, 42

20-CeQ-Al 203 32
50-CeQ-Al0s 57
65-CeQ-Al 03 47
80-CeQ-Al0s 53

The surface areas of the variouaterials are summarized Table3-2. Since, the
surface areas are very low, around L5 g of the catalysts were used for physisorption
analysis. Catalysts with 20 and 50 mol % Ce
alumina. Higher ceria loadings of 80 mol% reduced the surfaea. &rom the
physisorption experiments, it was observed that the catalytic materials were highly non
porous in nature. This is attributed totheingnor ous nat ur e -aldimnahe <cor

support that was used, as well as the high calcination temaperBbth aspects make these
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catalysts thermally stable so they can be used in high temperature applications.
Unsupported ceria showed higher surface area than the supported ceria samples, but it had

a similar norporous nature.

Table3-2Text ur al p r-atumiea; unsugpsrtecband slipported ceria
catalysts

Support Surface area (ni/g)
U-alumina 1.5
20-CeQ-Al20s3 1.9
50-CeQ-Al20s3 2.1
65-CeQ-Al20s3 1.9
80-CeQ-Al20s3 1.0
CeQ 7.0

Figure3.2 shows that XANES spectra for bulk ceria ahdlumina supported ceria
aresimilar to the reference ceria sample obtained commercially. Two major peaks at 5731
eV (A) and 5738 eV (B) arpresat in all the catalysi® s p. @hege pemks have been
associatedo the +4 oxidation state of G€. The differencen the intemsity of the peaks
for various catalysts is related to the crystallite size of the cataly®te. largerthe
crystallite size of the materialthehigher the intensity of the A and B pealshich is also
consistent with the sizes obtained froRD analysis Table 3-1). A minor peak(C) &

5727 eV indicatethepresence of Ce species in the +3 axioh state. The presence of the
+3 and +4 oxidation states @fe is consistent with the wedthown redox nature of the
catalysts, and also demonstrates tttemical nature othe unsupportederia and ceria
supported on alumina is the sanience, there are no interactions between ceria and
alumina species in thegported materials that would change the electronic structure of the

ceria.
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Figure 3.3 Raman spectra of the ceria catalysts; 514 nm, 2 mW

Figure3.3 shows Raman spectra of the supported and unsupported ceria catalysts.

A peak at ~ 470 crh characteristic of Ce)Fy mode), wa observed for all samplg$’
This indicates presence of characteristic £d@mains in the catalysts. The absence of
spectral features at 250, 268, 288, 383, 558 demotes the absence of any interaction

between Ce and Al species. These features have been observed ohiceriper s e d
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alumina investigated by Shyu et'al and have been associgteith a CeAlQ species.
Thus, results from XANES and Raman spectroscopy demonstrate the presence of
independentCefl o mai ns on taminaswithodit any ietermiking With the

al umi na s p e c-alumna sudparted ceribh $ampleb.e U

——20-Ce0_-ALO,
—— 50-Ce0,-ALO,
——65-Ce0_-ALO,
—— 80-Ce0,-ALO,

Absorbance (a.u.)

250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 3.4 UV-VIS spectra of the ceria catalysts with different Ce loadings
Nanccrystallites in a material can escape XRD detection due to their small crystal
size. In such cases, UV absorption of materiatsbeaused to detect their presertégure
3.4 shows the UV spectra of both the supported and unsupported ceria catalysts. An
absorption band at around 37@80 nm vas observed for all the catalysts and has been

attributed to intetband transitions, which is in agreement with values in the literature for

transnission on single ceria crystaf€ This observation is again an indicatioh rm

significant i nteractions b ealuwirasuppocesicerica an d
catalysts. Absorbance at | ower wavelengths
crystallites (O 4 nm)® hat were not detect

75



TPR experiments of the alumina supported ceria materials and unsupported ceria
were performed to analyze the reduction properties of the catalysts. Two major peaks were
observed for both the unsupported and supported ceria, referred to here as the low
temperature and the high temperature peak, respectively whose values are shimurein
3.5. This is consistent with the reduction profiles for ceria reported by othettse
literature’®""Unsupported ceria has higher temperature values for both the peaks than the
U-alumina supported ceri#&igure3.5). The presence of two peaks depicts the-siise
reduction of Ce@ The low temperature peak has been typically associated with the
removal of surface oxygens of Ce@he higher temperature peak is then associated with
the progressive reduchawmf the bulk Ce@after all the surface species have been reduced.
Bulk ceria, when reduced, leads to formation of@e’’ Visually this compound appears
bluish black in color. All sampledtar the TPR runs turned bluish black, indicating the

reduction of bulk ceria.
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Figure 3.5 Peak reduction temperature of unsupported and supported ceria
materials from TPR analysis
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3.3.2 Coking Resistance of}Alumina Supported Ceriaatalysts
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Figure 3.6 Comparison of coking resistance of the supported ceria catalysts with
unsupported ekmnasuppotd t he U

Metallic and acidic catalystare well knownto catalyze coke formatiofy8!
Inhibition of coke deposition requsethe catalysts to also be cokeresistant. To
demonstrate the coke resistance abilities of the ceria catafysig) coke deposition was
performed in the T@hmina@®mal% Ce)veapusadiadaireference n U
case. In the previous studyt was demonstrated tham-situ coke deposition was
independent of the catalytic support and that radical coke was deposited on the supports.
Here, he support materials of equal surface areas were exposed to 2% ethylene in helium
at 950 °C for 1 h. Thamount of coke deposited on these supports is shotigume 3.6.
The maxi mum amount of coke deposalumnaon was
support. All the cea catalysts showed lower amounts of coke deposition. This observation
can be attributed to the ability of ceria to provide oxygen to the depositegi@kesors

for in-situ oxidation of cokespeciesslowing coke deposition to a degree. The bulk ceria
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material had the least amount of coke deposited on its suffaa@alculate the amount of
oxygen that may be labile and thus given up by the ceria catalyst in the presence of the
reducing hydrogen produced during pyrolysis of ethylene, the catalystshwengh the

same thermal treatment as the pyrolysis reaction in the presence of 1.5 vol.% hydrogen
alone.Table3-3 shows the values for isothermal reduction of the catalysts and the amount
of coke deposition observed on them. For the highest (20 mol% Ce) and lowes) (CeO
amounts of coke deposited, thésea clear correlation with theeight loss ofcatalysts

which may be related to reduction of the catalyatsl correlates with the amount of
oxygen released by the catalyst under pyrolysis conditions. For the other catalysts, the
resolution between thealues forthe weight loss of catalyst in presence of hydrogen

quite low and hence comparison is difficult.

Table 3-3 Weight loss of catalystsluring exposureat 950 °C, 1.5 vol.% H in N2

Catalyst Weight loss (%) Coke

in H2 atmosphere deposition (mQ)
20-CeQ-Al 03 1.17 1.7
50-CeQ-Al203  1.90 1.2
65-CeQ-Al,0s  1.88 15
80-CeQ-Al20z  1.95 1.6
CeQ 2.06 0.44

Raman analysis is an effective way to determine the type of carbon species in the
coked samples. Deconvolution of the Raman peaks reveals interesting information on the
amorphous carbon content in the coke samples. Raman spedtissitaf coke was
deconvduted into five peaks (G, DDz, Ds, Ds4), where R is the amorphous carbon peak
observed at 1500 chi®® Sadezky et al. found that fitting the G;,[D,, D4 peaks as
Gaussian ah the I peak as Lorentzian gave the best fit for thecspé® Similar

deconvolution analysis was used for obtaining Raman parameters for the different coked
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samples. The hetegeneity of the coke samples was studied by measuring the Raman

spectra at different spots on the sample. The relative intensity of the amorphous carbon is

given by equatior1 2:1%°
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Figure 3.7 Deconvolution of Raman spectra of coked catalyst samples comparing the
relative amorphous nature of the coke depositenh-situ on the variousmaterials.

Figure 3.7 shows the amount of amorphous carbon in the coke deposited on the

ceria catalysts
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alumina had lower amorphous content than the coke formed on the ceria catalysts. These

data demonstrate that ceria catalysts not only redtlee amount of coke deposition
relative to thea-alumina, but the deposited carbon also formed less haredurwler the
conditions usedThis observation can be attributed to the ability of ceria to oxidize coke
precursors athey becomelepositen the surface of the powder cataly3eria catalysts

thus appearedo not only reduce the amount of coke deposhiat also to reduce the

hardness of the deposited coke.
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3.3.3 Temperature Programmedx@ation Studies ofCoke usingAlumina Supported

Ceria

To investigate the activity of the ceria catalysts towards oxidation of coke,
temperature programmed oxidation studie=re performed under two coKecatalyst
contact conditions. For the tight contact conditidfig(ire3.8a), uncatalyzed (0 mol% Ce)
industrial coke oxidized at a vetygh Tso (temperature at which 50% of the coke was
oxidized) value of ~ 650 °C. This value reduced significantly (by ~100 °C) in the presence
of the ceria catalysts. All the ceria catalysts reduced #aigalue to a comparable degree,
as shown irFigure3.8a. Forin-situdeposited cokdsigure3.8b demonstrates that the coke
de s i t eaumiman(0 rlbl% Ce) had the highesp Falue (~ 550 °C) and hence, was
the most difficult to oxidize. This observation is likely related to the hardness of the coke,
asseeninsectidh3d.2 and t he | ow -alaminaiowatds coke axadationv i t y
The presence of ceria in the catalyst reduced #gevdlue by ~ 150 °C for all ceda
containing materialsHigure3.8b ) . Ox i dat rawmminasupported éeda andn U

bulk ceria catalysts showed very little variability in thgvalue.
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Figure 3.8 Tso values for oxidation of (a) industrial coke (b)in-situ coke

3.3.4 Catalytic Activity of Coke @mbustiorover CeriaAlumina

To measure the kinetics of the catalytic oxidation of coke, isothermal experiments
were performed on the tight contact cokaatalyst nixtures and thén-situcoked catalysts.
The lower temperatures were chosen for isothermal studies such thaatatytic
oxidation of coke was kept relatively low. As shownFigure 3.9, at 450 °C and in the
presence of a cereontaining catalyst, the catalytic activity was improved compared to
experiments using the ceffile alumina support. However, the differences ekimetic

constants for the catalysts with different ceria content were minimal. At an increased
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temperature of 500 °C, the catalytic effect was significantly enhanced. The catalytic
activity of the 56CeQ- Al20z material was five times that of the undgreed oxidation.
Unsupported ceria showed the lowest catalytic activity at both temperatures for the tight
contact conditions. The 20eG-Al0z material showed increased catalytic activity as
compared to the uoatalyzed oxidation. As the mol% Ce was eazed from zero to 50%,

the catalytic activity increased. However, after 50 mol% Ce loading, the activity remained
steady without any further improvement. This behavior was observed for both the coke
catalyst contact conditions, indicating the similarityresitu and tight contact conditions,

with both exhibiting intimate contact between the coke and catalyst particles. However,
after 50 mol% Ce loading, the activity remained steady without any further improvement.
Similar catalytic behavior was observied in-situ catalyst contact, as observedrigure

3.10, indicating the similarity ofn-situ and tight contact conditions. As shownHigure
310coke depos raluminh support dichret oxidize at all, which is likely
primarily related t o t-dumind Ehenksituooke depesitenlx a ct
was more morphous than the industrial coke sample and hence, the temperature chosen
for kinetic studies was lower for the-situ coke. As a result, the reaction rates cannot be
compared for the two temperature ranges, as the nature of the carbon species used was

different>8

Similar isothermal experiments were carried out in the absence of oxidizing gas
under helium flow at 450 °C. Industrial coke did not show any weight loss in the absence
of a catalyst as well or oxidizing agent. As expected, the reaction progressedasiggific
slower as compared to studies where air was present. In the presence of a catalyst, the

weight loss followed a zero order rate model. This observation demonstrates the ability of
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the ceria catalyst to provide oxygen to the carbon species in thealmdgaseous oxygen.

No weight loss occurred when a similar heat treatment was given to bare catalysts without
coke, indicating the weight loss observed during isothermal oxidation experiments was
entirely due to loss of carbon species. The rate constaratsidation in air were calculated

for the 010% conversion region of the industrial coke for the uncatalyzed (no catalyst) as
well as catalyzed reactions, as shown in Tabfe Bhe theoretical total surface oxygen
species that are available on theiaxaratalysts were calculated based on the average
exposure of 111, 110 and 100 crystal planes of ceria, assuming Al atoms were not reduced
and one out of four Ce atoms was redu@édAs the theoretical amount of surface oxygens

in the sample increased, the rate of gasification of carbon under inert conditions increased
too, implying the importancefosurface oxygen release by ceria leading to carbon
oxidation. This theoretical value calculates only the contribution from surface oxygen
species as opposed to bulk oxygen species, which are active at the high temperature of 950
°C used for measuring theydrogen consumption in Table33 Hence, the order of

magnitude observed for values in Tabl@ @nd Table 3} cannot be directly compared.
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Figure 3.9 Kinetic studies for oxidation in tight coke-catalyst cmnditions with the
industrial coke sample at 500 °C in air
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Table 3-4 Rate constants for gasification of coke in inert gas environment

Catalyst Rate constant, Theoretical
industrial coke, inert surface oxygens
gas, (garbon Min-t), 450 available,

°C emol / g
- 0.0000 -
20-CeG-Al03  0.0004 2.1
50-CeG-Al.03 0.0008 5.7
65-CeQ-Al203 0.0007 6.7
80-CeQ-Al.03 0.0006 4.4
CeQ 0.0009 37.5

3.3.5 RelatingCatalytic Activity to Surface Oxygero@tent

Tenperature programmed reduction curves showed thai+iiemina supported
ceriasamples had a lowewerallreduction temperatutthanbulk ceria. Surface reduction
of the ceria also improved when ceria was dispersed over alumina. The amount of surface
oxygen available for reduction up to a specific temperature was calculated from the TPR
data, as discsed aboveThis majority likely consisted of surface lattice oxygen species
due to the low temperatures used for coke oxidation. However, the possibility of
contribution from bulk lattice oxygens cannot be neglected. A good correlation was found
between tk available ceria lattice oxygen species and the kinetic rate constants calculated
from the isothermal oxidation datiaterestingly, this observation wadservedor both
the tight contact Kigure 3.11) and in-situ coke T catalyst Figure 3.12) contacting
conditions. This strengthens the previous observationiriksitu cokei catalyst contact

showed similar oxidation behavior as tight contact conditions.
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Figure 3.12 Relating the reaction rate constant taeria lattice oxygenavailability for
in-situ coke - catalyst contact

3.4 Proposed Mechanism of Coke ®idation over U-Alumina Supported Ceria

In the previous sectiornt, was demonstrated that the lattice oxygens from ceria were
responsible for the observed enhanced activity towards oxidation of Baked on this

observation, a mechanism of coke oxidation is proposed.
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Figure 3.13 Schematic representation of the mechanism of coke oxidation on ceria
and supported ceria catalysts

Figure 3.13 shows a schematic af-situ coke formation and the hypothesized
mechanism of coke oxidation using the ceria catalysts. During pyrolysis, coke is formed
on both ceria andlalumina Since ithas been shown that individual ceria domains of
varied crystallite s i-aumigaseppdrtsthe schematit shewss ur f
only ceria as the catalytic surface. As seen from the TPR results, ceria has two types of
lattice oxygens availabli®r reduction, namely surface oxygens and bulk oxygBased
on the temperature range of coke oxidation, the contribution of bulk oxygen changes and
as expected, it increases with temperature. In the proposed mechanism, under the
conditions used here, pmarily surface lattice oxygen are thought to participate in the
oxidation reactivity. It is proposed that surface lattice oxygen from ceria forms an active
species (O*) at the coKe ceria interface. This active species reacts with coke to form
volatile cabon oxides. Gaseous oxygen fills the oxygen vacancy formed by the loss of

oxygen. Simultaneously, there is increased mobility in the bulk of ceria and diffusion of

87



bulk lattice oxygens to the surface that can fill up the oxygen vacaitissmechanism
has been proposed for cetiairconia materials for soot oxidatighand CO oxidatiof®®

cerigt’?ceriai lanthana>"®copperi ceria for CO oxidatioft®* etc. previously

3.5 Conclusions

Thermally stablee r i a s u p falemint and unsupportéd cedppearedo
be resistant to coking andseful inthe oxidation ofcoke depositsunder realistian-situ
contact conditions. Using-aluminaas the support renders these catalysts suitable for high
temperature applications like steam cracking, pyrolysis, solid oxide fuel cell for use up to
~ 1000 °C. Surface characterization of catalysts by XANES and Raman spectroscopy
revealed the presence aidependent CeOdomains with no significant electronic
interactions with the alumina support. XRD gave evidence of large crystallites and smaller
crystallites were inferred to exist based on-Mi spectroscopyTwo types of coke
catalyst contact wermvestigatedor coke oxidationtight contact between the catalysts
and industrial coke and-situcontact where carbon was deposited directly on the catalysts.
Ceria catalysts were observed to -alimina coki i
suppat duringin-situ coking. This ability was qualitatively related to the ability of ceria
catalyst to release oxygen in a reducing environment. The oxidation performance was
probed by temperature programmed and isothermal oxidation stindieshcoke cailyst
contact conditions|Jalumina supported cerimaterialswere observed to have better
oxidation capability towards the coke depoghsn bulk ceriaThe kinetics of coke
oxidation were correlated to the availability of ceria lattice oxygen, whicholtsned
from temperature programmed reduction studies. The similarity observed for the behavior

of coke oxidation activity in these two contact conditions indicatesitiksitu coke i

88



catalyst contact mimics tight contact conditions. A mechanism inwpliattice active

adsorbed oxygen species causing oxidation of coke particles was proposed
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CHAPTER 4. DOPED CERIA CATALYST S FOR STEAM

GASIFICATION AND OXIDATION OF COKE

4.1 Background

In the steam cracking process, steam is used as a diluent to reduce coke formation
during the cracking phase. As mentioned in chapter 1, many dopants have been used
previously for improving the catalytic performance of ceria towards oxidation of coke. Zr
has been found to be one of the best dopants that increases the oxygen vacaheresand
helps in oxidation of carbon at lower temperatures. Our collaborators from the University
of Virginia have worked with G&r mixed oxide materials for coke oxidation and
gasification. Hence, this work has explored other elements that could pogeimigallin

aiding the gasification activity of ceria

Transition metals like Cu, Co, Mn, Fe have been useful in improving the catalytic
activity of ceria towards carbon oxidation, as explained earlier in chapter 1. While choosing
a catalyst for this partidar application of decoking in steam cracking, choosing a catalyst
that does not propagate the catalytic coke formation is critical. Fe and Ni have been known
to catalyze coke formation and were hence, eliminated. The transition elements considered

for the specific steam cracking application include Co, Cu and Mn

Alkali and alkaline earth materials have also been very useful in improving catalytic
activity towards gasification of coke. However, elements like potassium are volatile in
nature at the higletmperatures (800 °C) used in steam cracking operation. Although K has

the excellent property of increasing oxygen mobility, it is not feasible to use such catalysts
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in this particular operation. To explore the effect of alkali metals, Sr, which is alasitev

element, is used as a dopant for ceria

Rareearth element doping has shown significant improvement in the oxidation
properties of cerid?8>19%1%owever, he disadvantage of using razarth elements is the
high cost of these materials. In this steam cracking application, if all steam cracking
furnaces are coated with a catalyst that shows good activity for carbon removal, the
technology must be economic@le r i a aatumiinatsupgort Wsed for coke oxidation
are quite inexpensive materials and the dopant should be at par with these materials in
terms of cost. Despite its high cost, in this work we have explored gadolinium as the rare
earth element represgtive, based on its performance in initial screening experiments. Gd
has been used extensively for carbon oxidation in solid oxide fuel cells (SOFC) where
carbon deposition takes place on the electrét€8>Gd doped ceria catalysts are used to
provide oxygen for the carbon deposits and their immediate oxid&fislence, use of Gd
in this coke removal application may be appropriate due to its coke resisting capability,

especially if the loadings are kdptw.

In the industrial process, a mixture of steam and air is used for removal of coke from
steam cracking furnaces. Steam is used for the cracking cycle and the same steam flow is
continued for the decoking cycle. Air is introduced into the crackintace over a period
of time as per need. A significant portion of the reactive gas during the decoking cycle is
steam which makes it necessary to evaluate and develop catalysts that are stable as well as

active in a steam rich environment
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4.2 Experiments

4.2.1 Catalyst §nthesis

Cer i a Jalomina materidls were prepared by a wetness impregnation method
using cerium nitrate hexahydrate (Ce@¥3»H.O, Sigma Aldrich) as the cerium precursor
a n dalutdina as the support (Sigma Aldrich, corundeb®0 mesh, 99% The mixture
was dried at 110 °C overnight and calcined at 1100 °C for 8 h at a heating rate of 1 °C/min
in air. The synthesized catalysts are denoted@s®-Al O3, where x denotes Ce/(Ce+Al)
atomic ratio in the catalyst sample. Doped ceria catalyste prepared by vigorously
mixing citric acid, P1 2 3 , cerium nitrate hexahydrate,
alumina. The mixture was dried at 110 °C overnight and calcined at 900 °C for 8 h at a
heating rate of 1 °C/min in aiRoped ceria catalys&re represented as yZCeAl where Z
denotes the dopant and y denotes tl{g-#Z€) atomic ratio in the sample, while Ce:Al is
1:1. For comparison, an undoped cefial-alumina catalystdenoted as CeAlyas
prepared in the same manner as the doped catafysténdustrial coke sample was

obtained from the Dow Chemical Company.

4.2.2 Catalyst Qharacterization

Catalyst samples were characterized by nitrogen physisorpticay Hiffraction,
Raman spctroscopy and measurement of the oxygen storage capaditpgen
physisorption isotherms were collected-496 °C using a Micromeritics Tristar 1l. The
samples were heated to 200 °C under vacuum for 10 h prior to the analysis. The data
obtained were used to calculate surface areas for the various powders. The powalers wer

characterized by Xay diffraction (XRD)us ng Cu K U radiati on.
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operated at 40 mA and samples were packed into a horizontally mounted sample holder.
The crystallite sizes wemstimatedising the Scherrer equation. A Witec confocainaa
microscope (Alpha 300R) was used to obtain Raman spectra for the fresh and coked
catalysts with an Ar+ ion | aser (& = 513.9
and 1800 grating with < 0.9 chrpixel resolution. A magnification of 50x was dseA

dense sample layer of about 1 mm thickness was pressed onto a cover slip with the help of

a spatula. This coverslip was then placed on the microscope sample holder. A white light
source was used to focus on the surface of the sample. After focusirgpot the sample

was exposed to the laser beam and the Raman spectra were recorded at ambient

temperature

X-ray absorption spectroscopy (XANES and EXAFS) were conducted at the
Advanced Photon Source (APS), Argonne National Lab (ANL) at beamlhiBMLZThe
data were obtairkin transmission mode at the CdIL edge 6723 eV) in the range of
55256150eV, with a spot size of 0..am x 1.2mm. Each sample was ground thoroughly
and then a thin layer of powder was rubbed onto Kapton tape. The tape wdsrfaltiple
times to achieve proper edge step. Cr-&dge (989 eV) was utilized as the reference due
to the multiple Ce edge steps between 56250 eV, which make it difficult to use as a
reference materialAfter collection, Athena software conductedckground removal,
edgestep normalization, and Fourier transform on each XAS spectkuemis software
was utilized to fit the Fourier transformed EXAFS data with a mdded. CeO scattering
path was modelled from crystallographic data obtained fromy¥e@nd then prossed

using FEFFg?88
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Temperature programmed reduction (TPR) experimerdse performedon a
Micromeritics AutoChem 2920. The samples were pretreated at 150 °C in He for 1 h to
remove volatile specse Approximately 40 50 mg of the sample was heated at a constant
rate (5 °C/min) from room temperature to 900 °C in 10% hydrogen in argon (30 mL/min),
in a U-shaped quartz tube. The water produced was removed by passing the effluent gas
through a cold ap (a mixture of acetone and liquid nitrogen). Hydrogen consumption was
monitored by a thermal conductivity detector. For quantitative analysis, the instrument was

calibrated with the reduction of AQ.

Oxygen storage capacity measurements were perforonecé Micromeritics
AutoChem 2920. Approximately 40 50 mg of the samples were pyridized at the
desired temperature in 10% @ He for 1 h to completely oxidize the catalytic cerium
species, in a k$haped quartz tube. Pulses of 10% Hydrogen in Ar therepassed on the
sample every 4 minutes. A tota thirty pulses were used. The sum of the total hydrogen

consumed in every pulse gave the oxygen storage capacity of the catalysts.

4.2.3 Coking Resistance

A customized thermogravimetric analyzer (TGA, NETZ§CSTA449F3
Jupiter®) was used fan-situ generation of radical coke (coke formed in gas phase) and
to study coke oxidation. The methodology used for these experiments is descdetl

in Section2.2.2
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4.2.4 Catalytic Activity

The catalytic activity of these catalysts was nuead for steam gasification and

coke oxidation as well.

4.2.4.1 Temperature Programmedidation and/orGasification

In this work, experiments involving steam are denoted as gasification while the
ones with air are called as oxidation experimemtmperature programmed oxidation
(TPO)and gasification (TPG) experiments weerformed on the NSTZSCHTGA. This
TGA was customizedor handling pure steam at temperatures up to 1200 °C. A steam
generator was connected to the TGA furnace with a heated transfer line (180 °C) which
also had a bypass line. The steam generator consisted of a water tank which was filled with
deionizedwate( r esi sti vity 18.2 Mq.cm) with the h
refilled before it went empty. The steam generator was maintained at 180 °C to avoid
condensation. The generator was heated for one hour before starting an experiment. The
water tankwas purged with helium for 20 min to remove dissolved oxygen. The steam
generator consisted of a 15 em filter whic
contamination of the weighing balance. When the desired temperature of the furnace was
reachedthe steam flow was initiated on the TGA software. To avoid lag caused because
of the time taken for the water to evaporate, form steam and for the steam to flow through
the transfer line into the furnace, the steam was bypassed into a beaker fillegiovithed
water for 30 min. The steam flow also took some time to stabilize and provide constant
flow. Once a stable flow of steam was reached, the steam flow was directed into the

furnace. To avoid condensation in the furnace, the temperature of theefaurang the
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gasification measurements was always maintained above 125 °C. An extended heated line

(150 °C) was attached to the outlet of the furnace to avoid condensation aof steam

An industrial coke sample obtained from the Dow Chemical Company wassised
the source of carbon. A small amowftindustrial coke and catalyst the ratio 1:9wvere
ground in anortar and pestle for 45 min to achieve tight contact conditidmns TGA was
used to determine the reactivity of the caleposited on various catatymaterials For
these measurements, 15 mg of the cbkeatalyst mixture was placed in an alumina
crucible. The temperature was raised from room temperature to 950 °C at a rate of 10
°C/min in the presence of air (100 mL/mid at a rate of 3C/min in the presence of
pure steam (4.4 g/hYhe rate of mass loss was used tmpare the activity of catalysts.
The catalysts were also tested for their activity in the presence of both air and steam. As
mentioned earlier, industrial operation would involve use of mainly steam mixed with air.
Hence, temperature programmed studiesheating rate of 10 °C/miverealso performed
in a mixture of 90% steam and 10% dihis process will also be referred togasification

since the mixture mainly contains steam.

4.2.4.2 Isothermal Qidationand Gasification

Isothermal oxidationand gasification experiments we@rried out a the
NETZSCHTGA by heating the cokeé catalyst sample to the desired temperature under
helium flow. Once the desired temperature was reachedoxdation) or pure steam
(gasification)was introduced ito the furnaceThe steam flow rate was kept ad 4/h for
these measuremen®Rate constants were obtained by fitting the mass loss data to a first

order rate equation. Thaata from Oi 50% conversion werased to calculate the rate
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constantslsothermal studies were also performed in the absenceyabhadizing agent
under helium/nitrogen flowo establish a baseline or to study the effect of surface oxygen

species present on tdepedceriacatalysts

4.2.4.3 Temperature Programmed Hydrogasification of Coke

In the steam cracking operation, ethane crackghttemperature to form ethylene.
In this process, large amount of hydrogen is formed in the reactor. The amount of hydrogen
at the exit of the furnace is ~ 30 vol%. Hydrogen can act as a reducing agent for the catalysts
and can lower the catalytic actiyiof the ceria catalysts. Hence, it is extremely important
to understand the behavior of the catalysts in the presence of hydrogen as the gasifying
agent alone. To this effect,erhperature programmedhydrogasification (TPHQ)
experiments werperformed orthe NETZSCHTGA. The TGA was used to determine the
reactivity of the cokeleposited on various catalyst materi&er these measurements, 15
mg of the coké catalyst mixture was placed in an alumina crucible. The temperature was
raised from room tempature to 950 °C at a rate of°&€/min in the presence 4t5% H
in N2 (100 mL/min).Due to safety reasons, the amount of hydrogen that could dénuse
the experimerstwas limited to below the lower flammability limit of hydrogen in nitrogen.
The rate of mss losswith respect to temperatureas used to aopare the activity of

catalysts.
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4.3 Results and Discussion
4.3.1 Catalyst Characterization

For undoped ceria catalysts prepared by wetness impregnation the detailed
characterization has been specified in the previous chapter (S8@&idn This chapter
will hencesummarize the characterization of doped and undopedicaluanina catalysts

prepared by the oAgot method.

Figure 3.1 comparesthe XRD patternsfor U-alumina supported dopederia
catalysts No significant chang&as observeth the crystallinity of theceria domainsn
the doped sampleBiffraction peaks corresponding to fluorite structure of £€13.6,
33.3, 47.5, 56.£)'""were well defined in the diffractograms of the composiéspeaks
for oxides of the dagnts wee observed in the XRD patterns indicating either very small
crystallites that have escaped the detection or Higpersity of these domains on the
alumina surface. Peak broadening was useeétermine crystallite sizeased on the (1)1
plane of ceria. These sizesn@en the range of 2b 45 nm, asummarized imable4-1.
Gd and Sdoped samples particularly seemed to have lower crystallite sizes as compared
to the undoped catalyst while Cu, Co and Mn materials had domain sizes larger than the

undoped ceria
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Figure 4.1 XRD patterns for doped ceria catalysts

Table4-1Crystal lite sizes of tlohndopedcenaicaalygtsl 1 1) p
Catalyst XRD crystallite size(111)
peak (nm)
CeAl 32.9

10SrCeAl 25.9
10MnCeAl 37.2
10GdCeAl 23.7
10CuCeAl 42.8
10CoCeAl 42.8

The surface areas of the various materials are summariZedie3-2. Since, the
surface areas we very low, around 1.6 2 g of the catalysts were used for phygision
analysis. Catalystdopedwith otherelements had surface area higher than the undoped
catalyst Similar to the undoped catalysts mentioned in chapteoB) thephysisorption
experiments, it was observed that the catalytic materials were highiyanous in nature.
This is attributed tothendnpor ous nat ur e -aliminashpport¢chatmase r ci a
used, as well as the high calcination temperature. Both aspects make these catalysts

thermally stable so they can be used in high temperature applications.
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Table 4-2 Textural properties of doped and undopedsupported ceria catalysts

Intensity (a.u.)

Catalyst Surface area (ni/g)
CeAl 2.4
10SrCeAl 4.4
10MnCeAl 7.6
10GdCeAl 57

10SrCeAl
10MnCeAl Mn,O,
oxygen vacancy
10GdCeAl /O
10CuCeAl L\
10CoCeAl
. : . , .
200 400 600 800

Raman shift (cm™)

Figure 4.2 Raman spectra for doped ceria catalysts showing the dominant &2

interaction peak

Raman spectra fdhe doped catalysts agemonstrated ifrigure4.2. A peak at ~

470 cm?, characteristic of CeF; mode), wa observed for all saples!’® This indicated

the presence of characteristic Ce@omains in the dalysts. The absence of spectral

features at 250, 268, 288, 383 tuenotedthe absence of ansignificantinteractiors

bet ween

Ce and Al speci es.

These

features

alumina investigated by Shyu et‘dlas mentioned earlier in chapter 3 and have been

associated with a CeAl3pecis. There wa an extra peak observed for the Mn catalyst
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denoting the presence of M species. The Gd sample shovegdextra peak at ~550 cm

1 which wa attributed to the oxygen vacéspresent in the sample.
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Figure 4.3 XANES spectra for doped and undoped ceria catalysts

Figure 4.3 XANES spectra for doped and undoped ceria catalistsved that
XANES spectrafor doped and und p e @ilunmitha supported ceria wee similat Two
major peaksat 5731 eV (A) and 5738 eV (B) wepresentin all the catalys8 s pectr a
These peaks have been associtietie +4 oxidation state of G& A minor peak(C) a
5727 eV indicatethepresence of Ce species in the +3 akioh state. The presence of the
+3 and +4 oxidation states of Ce sveonsistenwith the weltknown redox nature of the
catalysts, and alsiemonstrated théthechemical nature dhe unsupportederia and ceria
supported on alumina is the sarhkence, there were no significant interactions between
the ceria and alumina speciesoioth the doped and undoped materials that would change
the electronic structure of the ceria. Thus, results from XANES and Raman spectroscopy
demonstrate the presence of independentGe@ mai ns on t-hleninag ur f ac e

without any intermixing with th@ | u mi na s p e c ialansina supported cerial t he

samples
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Figure 4.4 EXAFS spectra for the doped and undoped ceria catalysts

Figure 4.4 shows the EXAFS spectra for the doped and undopecatiigsts.
After the P! shell fitting with the spectrum, the @2 bond distance was calculated as
shown in Table 4. The lower bond distance for tipeepared catalysts as compared with
the stadard ceria impliedhe incorporation of either Al, Gd, Sr, Mn into the ceria matrix.
The pesence of}alumina along with dopants madgedifficult to interpret the results
accurately and distinguish between the two elem@ng. rotable result in this analysis
was the highDebyeWaller factor forthe Gd catalyst, which demonstratéde higher
dispersion of GdThe dispersion factor is also higher for the Sr catalyst. The bond distance
for CeO was less for the Gd and Mn doped catalysts and could be attributed to the
formation of oxygen vacancies. The atoms around a vacancy tend to repel away from the
vacancy, distorting the lattice and pulling the neighboring oxygen atoms closer to the Ce
atoms.Detailed EXAFS fittings are provided iRigure BL, Figure B, Figure B3 and

Figure Bt in Appendix B



Table 4-3 EXAFS results for analysis of Celll edge®

Catalyst Bond distance i tARD ok (eV) R factor
Ce-O (A)P

Standard Ce® 2.328 + 0.018 6.0+ 3.0 6914 0.012

CeAl 2.328 £ 0.017 6.3+£2.8 6.5+£1.6 0.016

10SrCeAl 2.328 £0.018 6.9+3.2 6915 0.014

10MnCeAl 2.324 + 0.020 6.3+£29 6.8+15 0.015

10GdCeAl 2.318 £ 0.022 8.0x35 6914 0.013

[a]Fi tting parameter s: F-ho0kiwithweighting K. 3fe®r m r an
range was 1:2.4 A and the coordination number for-Oewvas maintained at 8.

[b] radius

[c] DebyeWaller Factor

[d] edge energy

4.3.2 Catalytic Activity

4.3.2.1 Temperature Programmed Gasificataomd Oxidation

To investigate the activity of the doped ceria catalysts towards gasification of coke
in the presence of steam, temperature programmed gasification studies were performed. As
can be seen in Table# the range ofTso (temperature at which 50% of the coke was
gasified under steamvas higher by ~ 200 °C as compared to the air oxidation values seen
in chapte 3. This indicatedhat steam waa mild gasifyingagent as compared air and
might provide oxygen for combustion at a slower rate comparatively. With the undoped
ceria catalystprepared by wetness impregnation -G@Q-Al203) as well as ongot
method (CeAl)a reduction of ~@ °Cwas observed for the gasification oflustrial coke
This activity was further improved by incorporating dopants into the ceria matrix. Co was
the least active, followed by copper. Gadolinium, strontium and manganese showed similar

activity with a reduction of ~ 65 °C as compared to the uhzadgasification
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Table 4-4 Tso values for steam gasification of industrial coke

Catal yst

Uncataly
50-Ce-Al20s3
CeAl

T.{ AC)
8
8
8
10Sr Ce Al 8
8
8
8
8

\l

6

10MnCeAl
10GdCeAl
10CucCeAl
1

8
5
6
3
3
2
4
0OCoCeAl 6

N O1w o1 01©

These catalysts were also used for carrying out oxidation of industrial coke samples
in the presence of air. The TPO curves are shiavin Figure4.5. As can be seerthe Gd
and Mn samples particularly helgin shifting the curve to the left and also herlpeduce
the high temperature peak at ~ 700 °C. Since, Gd and Mneshtogh activities for both
gasification and oxidation, they we chosen for fuhter analys. Sr which demonstrated
goad activity for gasification waalso chosen as a potential candidate for the dopant since

the industrial decoking step wpkimarily constitute steam as the gasifying agent.

-0.8
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|| ——10CoCeAl
--- 10CuCeAl
064 —— 10GdCeAl
—— 10MnCeAl
|L——10SrCeAl

-0.4 1

-0.2
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00 F= . . : o Al
200 400 600 800
Temperature (°C)

Figure 4.5 TPO curves for oxidation of coke using doped ceria catalysts
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Table 4-5 Catalytic activity for gasification of industrial coke in steamair mixtures

Catalyst Ts50(°C),
Uncatalyzed 716
10SrCeAl 630
10MnCeAl 627
10GdCeAl 592
CeAl 645

When a mixture of steam and air was used for gasification of coke through
temperature programmed runs, once again Gd came out the best of all dopants and showed
a reduction of thgasification temperature by ~ 125 (Cable 45). This reduction quantity
is double that seen in steam gasification and of the same order of magnitude as the air
oxidation. This observation indicates that gasification in the presence ofaireaimtures
is mainly governed by air. Sr and Mn doped ceria also showed similar activity as undoped
ceria. As illustrated before, Mn is more active than Sr during oxidation while Sr is more
active than Mn during gasification. The similar activity shown by Sr, Mntearsair
mixture could be due to the dominance of the faster oxidizing agent air as compared to

steam

4.3.2.2 IsothermalOxidation andGasification ® Coke

To measure the kinetics of the catalytic gasification of coke, isothermal
experiments were performed on tight contact coké catalyst mixtures. A relatively low
temperature was chosen for isothermal studies such that theatadytic gasification of
coke was kept relatively low. A first order rate law was used to fit the mass loss of the
carbon in the catgst-carbon mixtures. As showm Table 4-6, at 750 °C and in the
presence of a cereontaining catalyst, the catalytic activity was improved and was almost

twicewhencompared to experiments using the uncatalyzed coke. Howeveliff¢hertes

10¢



in the kinetic constants for the undoped catalysts with different ceria content were minimal.
Cerial alumina with Ce:Al ratio of 1:1, prepared by wetn@ggregnation, showed similar
activity to the one prepared by the goa synthesis methodVhen ceria was doped with

Gd or Sr, the activity towards gasification significantly improved, while Mn showed a
slight improvement in activity. During air oxidation, Sr and Mn had lower reaction rates
than the Gd catalyst as well as the undoped ceritysttaGd doped ceria showed similar

rate constants as the undoped ceria catalysts supported on alumina in the presence of air.
Gd turned out to be the best catalyst for both steam gasification as well as air oxidation of

coke

Table 4-6 Rate constants for ceria catalysts for steam gasifitian (100% steam, 4.4
g h't) and air oxidation of coke

Catalyst Rate constant,steam, Rate constant, air,
750 °C,(min) 500 °C,(min™Y)
Uncatalyzed 0.0016 0.0040
20-CeQ-Al20s3 0.0028 0.0180
50-CeG-Al203 0.0026 0.0260
65-Ce-Al20s3 0.0029 0.0255
80-CeQ-Al 203 0.0028 0.0250
CeQ 0.0031 0.0120
CeAl 0.0030 0.0140
10MnCeAl 0.0034 0.0152
10SrCeAl 0.0047 0.0099
10GdCeAl 0.0050 0.0248

4.3.2.3 Temperature Programmétl/drogasification of Coke

In the hydrogasificédn experiments, only hydrogen svaised as the gasifying
agent to understand the behaviour of these catalysts under a reducing atmosphere.
The Gd doped ceria cataltysvas hydrogasified withoutoke and with cke. As seen in
Figure4.6, until 600 °C, no weight loss wabserved for the sample containing no coke

(black curve) indicating negligible reduction thie Gd catalgt. After 600 °C, increasl
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weight loss indicated catalyst reduction. When coks waxed with the catalyst (red
curve), ~ 1.5% of weight loss waeen below 600 °C implying the gasification of coke in
the presence of hydrogen. After 8UD, the weight los was more when coke w@aresent

as compared tthe case where coke was absent. This suggested coke gasification took
place in the presence of hydrogen too. Carbon can combine with hydrogen at high

temperatures to forwolatile CHy fragments®
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Figure 4.6 Hydrogasification of industrial coke in the presence of 10GdCeAdnd
10MnCeAl

In the presence of coke, the catalyst reduction should not be neglected. For the Gd
catalyst, temperature programmed reduction (TPR) studies with 20%0At showed a
4.7% of weght loss. The order of magnitude of this quantity is comparable to the weight
loss seen in the hydrogasification experiments. The absolute quantities cannot be compared

due to the lower hydrogen pressure (3%) used in the hydrogasification experiments.



For Mn catalyst, the weight loss in the presence of coke during hydrogasification
was higher when compared to the Gd catalyst. This difference could be related to the higher

reduction of the Mn catalyst (8.6 wt%) than the Gd catalyst (4.7 wt%) in the TBiRsst

4.3.2.4 Coking Resistance

The catalyst with the Mn dopant formed the lowest carbon amount dorsity
coke deposition experiments. Gd showed the next lowest coke loading (TAbM/Aen
this coke formed was combusted, Gd, Mn and the undoped ceria catalyst showed low
oxidation temperatures, unlike Sr, which inhibited the reaction similar to the oxidtion
industrial coke, as shown #h2.4.1 On performing the isothermal oxidation experiments
at 350 °C, Gd gave the highest reaction rate followed by the undopedatalyst and the
Mn doped catalyst. These rates are almost three times that of the undoped ceria catalysts
prepared by wetness impregnation, shown in Se@&i8m As expected, Sr had a low
oxidation rate, again similar to the industrial coke oxidation behavib.4(3. In
practical applications, Mn would be a bettépice of catalyst due to its comparative coke
gasification activity in steam, its high coke resistance, low cost and comparative coke

oxidation rates in air as compared to the Gd doped catalyst

In the presence of coke, the catalyst reduction shouldenoeglected. For the Gd
catalyst, temperature programmed reduction (TPR) studies with 20%0At showed a
4.7% of weight loss. The order of magnitude of this quantity is comparable to the weight
loss seen in the hydrogasification experiments. The afesgliantities cannot be compared

due to the lower hydrogen pressure (3%) used in the hydrogasification experiments.
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For Mn catalyst, the weight loss in the presence of coke during hydrogasification
was higher when compared to the Gd catalyst. Thisrdiffee could be related to the higher

reduction of the Mn catalyst (8.6 wt%) than the Gd catalyst (4.7 wt%) in the TPR studies.

Table 4-7 In-situ coke deposition and oxidation on doped ceria catalysts

Catalyst Coke T.{ AC) Rate const
deposit g air, 350 V/
CeAl 2. 86 385 0.070
10GdCeA 2. 04 382 0.076
10Sr CeA 2. 26 450 0.015
10MnCeA 1. 41 391 0.061

4.3.2.5 Analysis of Spen€Catalysts from the TPG Reaction

30d — 10GdCeAl spent
: —— 10GdCeAl fresh
4| —— 10MnCeAl spent
25 —— 10MnCeAl fresh
¥ 7| —— 10SrCeAl spent
4L —— 10SrCeAl fresh

2.04

Intensity (a.u.)

0.5

0.0+

T T T T T T T T T T T T T
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Raman shift (cm'1)

Figure 4.7 Raman spectra for spent catalysts after steam gasification of coke

Raman spectra of spent catalysts after the TPG red€ligure 4.7) demonstrated
the stability of the Gd catalyst after exposure to pure steam at elevated temperatures. The
oxygen vacancy peak for the Gd catablsbremainedafter reaction although the intensity
was lower than the fresh catalyst. For the Sr catalysiCeO interaction peak shifted left

indicating loss of Sr from the ceria matrix. For the Mn catalyst, no shift in the ceria peak
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was observed. However, the peak associated to the©4Vepecies disappeared after

reaction implying thehemicalreduction ofMn oxides during the gasification process.

Spent catalysts were also analysed by XRD and their crystallite sizes were
calculated by the Scherrer equat({@able 48). They showed negligible difference in the

crystallite size of ceria when compared tofitesh catalystsTable4-8).

Table 4-8 XRD crystallite sizes of spent catalysts after TPG reaction

Catalyst XRD carlylsitt
(111) peak

10GdCeAl 25.9

10MnCeAl 38.9

10SrCeAl  25.9

4.3.2.6 Oxygen Storage Capacity Measurements

As mentioned in Sectiod.4.2.2 the oxygen storage capacity of ceria materials has
been related in the literature to the carbon oxidation activity in the absence of external
oxygen. To compare the catalytic activity to @8C, the OSC measurements were carried
out at the same temperature as the isothermal gasification experiments, i.e. 750 °C, and the

values are mentioned in Table€94

There was no correlation between the OSC and the catalytic activity of these
catalystsjmplying steam did not act like an inert gas, and was mildly oxidizing. This also
suggests steam can provide external oxygen to the carbon system for gasification.
However, this external oxygen transfer was less as compared to transfer from air,rds evide

from the lower rates of gasification.
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Table 4-9 OSC values for ceria catalysts, 750 °C

Catalyst Oxygen Storage
Capacityh (

CeAl 237

10GdCeAl 225

10MnCeAl 148

10SrCeAl 102

4.4 Proposed Mechanisnof Steam Gasification of Coke

The mechanism of steam gasification for different dopant types could be different.
For a rare earth element, the presence of oxygen vacizisdeen related to their ability
to provide oxygen for carbon oxitlan. In this work too, Gd doped ceria showed the
presence of oxygen vacancies, which could be the major reason for the high activity of
these catalysts towards coke gasification in steam. The oxygen vacancies created on the
surface and the bulk increastdte oxygen mobility in the catalyst making it easier to
provide oxygen for oxidation of coke. There existed two sources of oxygen in this case,

the lattice oxygen from the Gd doped ceria and the dissociation of steam.

For alkaline earth metals, an oxygeansfer mechanism has been related to their
gasification activity:®® In the work presented here, the presence of Sr in the ceria lattice
created defects, and the high dispersion of the Sr species and thergstalite size of
ceria increased the rate of oxygen transfer for the oxidation of coke. The mechanism could

be generalized as follows for an alkaline element X,

00 O RO OO 1)
M 80 Q0 80 @)
8Gr 60 3)

111



The presence of active M@s species in the Mn doped catalyst as well as the
presence of oxygen vacancies, likely would have been responsible for the supply of oxygen

to the coke deposits for this catalyst.

Further studies are needed to probe the detailethamésm of action for these

catalysts.

4.5 Conclusions

Doped ceria catalysts (10 mol%) with Co, Cu, Gd, Mn, Sr were successfully prepared
using a ongot synthesis method. All the dopants showed improved activity towards steam
gasification of coke. Gd, in patlar, was able to reduce the peak steam gasification
temperature of coke by ~ 65 °C as compared to the uncatalyzed gasification. In addition to
high activity in steam, Gd and Mn dopants also demonstrated improved activity for coke
oxidation in air. Sr, o the other hand, lost its activity during coke oxidation. In the presence
of steami’ air mixtures, oxidation due to air dominated the process and Gd showed the best
activity by reducing the gasification temperature by 125 °C. When hydrogen was used as
thegasifying agent, reduction of the doped catalysts took place, along with gasification of
the industrial coke. The high activity of Gd could be related to the oxygen vacancies
(Raman spectrum), the smaller ceria crystallite size (XRD pattern) and the béglee
dispersion (EXAFS). No correlation was found between the oxygen storage capacity and
the gasification activity. This could be due to the ability of the steam to dissociate and
provide oxygen to replenish the catalysts. For Mn doped ceria, theabtighty in
gasification and oxidation can be attributed to the presence of active spea@savid

the presence of oxygen vacancies. The possible incorporation of Sr into the ceria lattice
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and the smaller ceria crystallite size could be the reasorefbigh activity of the Sr doped

catalyst for coke gasification in steam
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CHAPTER 5. CATALYTIC CERIA COAT INGS FOR

OXIDATION OF COKE

The work mentioned in this chapter is carried out in collaboration with the
Postdoctoral Research Fellow, Dr. Hyuk Taek Kwon, aeditiia are presented here with
his permission. Reviewing literature, detailed planning of experiments, contributing
intellectually was done by both researchers. Both were responsible for the operation and
maintenance of the therngravimetric analyzer focoking and decoking experiments

while characterization and synthesis of the coatings was done by Dr. Kwon

5.1 Background

As mentioned in chapter 1 Secti@rB, trememous efforts have been directed to
reduce the coke formed in steam crackers. Some of these efforts are in the area of coatings
that act as a barrier between the hydrocarbon gases and the metallic walls of the reactor,
thereby minimizing the formation of @ytic coke. In an attempt to take the project a step
further, the catalytic powders (mentioned in previous chapters) that showed good activity
towards coke oxidation were transformed into coatings on a metallic substrate and
evaluated for their oxidatiomctivity. This chapter describes how the coatings were

synthesized and their performance towards coking resistance and oxidation

5.2 Materials and Synthesis

Catalytic coatings were prepared on metallic substrates with Ni, Fe, Cr as a
constituent as the steam cracking reactors are made up of these elements, among others.

The aim was to try and find a substrate that could match with the alloy used in industrial

114



cracking furnaces. This section describes in detail the substrate chosen and the synthesis of

the coatings

5.2.1 Choiceof Metallic Substratedr Coatings

The steam cracking operation is carried out at very high temperatures. Choice of
the metallic substrate iargely dependent upon the thermal stability of the material at these
high temperatures. The material that was chosen as a substrate in this case was Incoloy800,
which is thermally stable up to a temperature of 850 °C. It is an allby ©f30-35%, Cr
19-23% and Fe 39.5%. The Incoloy 800 sheets were 12 in x 12 in in size. These sheets
were then cut into multiple coupons (1 cm x 1 cm). The weight of each coupon was ~ 800

mg.

5.2.2 Synthesis of Coatings

Coatings were synt headumnaewhsoated oh thweofresht ep s .
|l ncol oy 800 foll owed by -aclovartiinnag |eagdiynaae r i Tah ec
slurry consisted of a solvent (Toluene (84 mL, Sigma Aldrich) + IPA (42 mL, Sigma
Aldrich)), a plasticizer dibutyl phthalate (0.7 mL, Sigma Aldrigha dispersantfish oil
(0.4 mL, Sigma Aldrich), a homogenizer Tritdn(0.5mL, Sigma Aldrich), a binderpoly
(vinyl butyralco-vinyl-alcohol cev i ny | acetate) 0 :-AlkOz gano Si g ma
powder (~ 100 nm, 13.3 g, Inframat Advanced Materidlge slurry was prepared by
mixing all the ingredients in a ball mill with the help of zirconia balls of 1 mm size bought
from I nframat Advanced Materi alakminaBlarg | nc ol
for 30 s and dried for 1 mifthis was done tatimes before each sintering step. The dried

coupon was sintered in three steps:
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1. calcination a800 °C for 2 h
2. calcination at 800 °C for 2 h

3. calcination at 850 °C for 48 h
On c e -alumiea cbhting was ready, ceria was-diated on top in two ways.

1. Precursor method: This method involved forming a solution of cerium nitrate
hexahydrate (3 g) in methanol (15 mL)

2. Solgel method: It involved preparing a 0.5 M aqueous ceria sol by use of ceria
particles (~10 nmjnvolved preparing a 0.5 M aqueous ceriailsp use of ceria

particles (~10 nm)

For control experiments, ceria was deposited directly on a fresh Incoloy substrate
and calcined at 550 AC talamina fagee Shis coatimgis i mp o 1
denoted as Cegncoloy. Another control experie nt i nvol ved-alnnat hesi
coating without t h e -Ale@-mdolay). The ycaatings dhat are n c o | C
prepared by the precursor method are named as Pre_G800s-Incoloy whereas the
ones prepared by the sol gel method were calle8Gs CeQ_ kAl Os-Incoloy. An
oxidized Incoloy sample was prepared as a sample that had undergone the same thermal
treatment before coke oxidation evaluation as the ;Cd®l.Os-Incoloy coatings. An
unsupported ceria film was synthesized by thegeblmehod to investigate the effect of

the substrate on the ceria coated layer
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5.2.3 Material Characterization

Catalyst samples were charaed by X-ray diffraction, scanning electron
microscopy, energy dispersive spectroscoflye powders were characterized Xyay
diffraction (XRD)us ng Cu K U radiati on. The instrum
coated substrateamples werattached to the sample holder with the help of a tape. For
SEM measurements, the Incoloy substrate was placed on the mounts with tioé help
carbon tape. Gold sputtering of 60 s was done on the sample before observing it under the
microscope. SEM and EDS measurements were carried out on LEO 1530 thermally
assisted field emission scanning electron microscope, with an acceleration volifge of

kV, in the Center for Nanostructure Characterization, Georgia Institute of Technology

5.2.4 Coking and Decoking Experiments

For in-situ coke depositionthe uncoated or coated Incoloy 800 substrate was
placed in the measurement holder of the custom mad&SEMR TGA furnace. fie TGA
furnace washenheated t@00 °Cin helium flow.Coking experiments were limited to 800
°C due to the thermal stability limit of the substradamce the desired temperatwas
reached, 2 mol% ethylerie helium was introduced o the system foé h. The reaction
time was chosen to be 6 h to have a measurable amount of coke being deposited on the
substrate. After 6 h, the ethyleflew was stopped and the furnace was allowed to cool
while under helium flow. The coking rate ane timount of coke deposited were measured
by the TGA. Coke deposited on the measurement head was removed completely prior to

oxidation of the coked substratey temperature pgrammed oxidation in air up td08



°C. Coke deposited on the substrate was aediafter every cycle before the next coking

cycle began

5.3 Results and Discussion

5.3.1 Material Characterization

Figure 5.1 Visual inspection of CeQ coatings prepared by precursor and sebel
methods

A visual inspection of the samples coated by two different methods was done to
look for defects in the filmFigure5.1a shows an image of pieces of the ceria coated o
t op o-&lumin layer By the cerium nitrate method. Significant flaking was observed
on the samples made by the nitrate method where the coating was detached from the

substrate, causing exposure of the substrate to the reactive fjgees5.1b shows two
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sample pieces of the ceria coated by thegsblmethod. Segel method resulted in

negligible flaking of the coating

Figure52s hows t he SEM i mage odluminaeusingdghec oat e
nitrate precursor method. As illustrated, the coating was not smooth and the appearance
was s i mi Jalamina toatingslbne. The particles were quite large and passage of
hydrocarbon molecules through them was quite plausible. In contrast, the particles of the
coating made by sajel method were smaller in siZzégure5.3 shows SEM image ceria
coatedusingthesgfe | met h o d -auminalayg. The toatingiveas dlso cracked

and the crack was of the width of ~ 100.nm

Figure 5.2 SEM analysis of Pre_Ce®U-Al20s-Incoloy coating synthesized by the
precursor method
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Figure 5.3 SEM analysis ofSG_CeO.-U-Al 20s-Incoloy coating syrthesized by the
solgel method

XRD pattern for the various substrates and coatings before the coking experiments
is displayed irFigure5.4. Bare Incoloy without préreatment showed two sharp psaidt
44A and 52A. When the Incoloy substr-ate un
alumina coated layer, the XRD pattern was maintained and no changes were observed. An
Ual umina coated | ncol o-plunsnaatg6°, 85 arfel/° as well we d p ¢
as the substrate peaks. Walemna ayerwithacerwmm s ¢ 0 a
nitrate as the precursor, a sharp peak at 28° was observed which is the 111 peak of CeO

The XRD pattern of the coating prepared by thegebimethod give a much broader peak

at 28° indicating smaller Cearticles as compared to the nitrate method
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Figure 5.4 XRD pattern of substrate with or without coatings

Elemental mapping was done on thal.Os coating to understand the distribution

of different metals in the coating and the substrate and is displayEgjure 5.5. A

significant concentration of Al was found in the coating which was expected. The coating

itself was ~ 6 7

t oo i ndi

em thick. Th

cating

e mapping

of

Cr

showed

di f fusi on -dunina @ating fduriognthet he s

calcination process. Most of the Fe was restricted to the substrate and no diffusion was

observed.A small concentration of Ni was also seen in the coatingplying some

diffusion for Ni atoms too
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Figure 55El ement al rfd2P3dricaloy coating using SEMEDS

5.3.2 Coke Formatioron Coatings

The aim of the coatings is to not only help in the oxidative removal of coke but also
in minimizing coke formation. Hence, coking studwesre performed on various coated

and uncoated substrates to investigate the ability of the coatings to reduce coke formation

5.3.2.1 Coking Studies wBare Incoloy Substrate

Figureb.6 showsscanning electron microscopy (SEM) images of the fresh Incoloy
substrate. As can be seen that the surface of Incoloy was rough and there were numerous

loose patrticles



Figure 5.6 SEM analysis of fresh Incoloy800 substrate

The catalytic coke formed on the Incoloy after 25 min of the fourth coking cycle
was observed under SEM. Two different regions were analysed on the subsfyate
5.7a shows smaller filaments formed and some partidlegure 5.7b shows larger
formation of carbon filamentsThis filamentouscoke formation is consistent with the

previous knowledge dhe morphology otatalytic coke as described in Sectiof.1

Figure 5.7 SEM analysis of coke formed on bare Incoloy substrate after 25 min of
coking

Two points shown the in the figures on the coke species formed on bare Incoloy
substrate without coating, were analysed for their elemental cooseng energy

dispersive Xray spectroscopy (EDS) to provide a better understanding of the species
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presentTable5-1 provides the metallic, oxygen and carbon contenthese two points.
Point A constituted significant O, Cr and Mn. This could be attributed to the formation of
chromia scales on the surface due to the diffusion of chromium from the bulk of the
substrate to the surface. The high amount of oxygen ceuthlib to the presence of metal
oxides like chromium oxide, manganese oxide, iron oxide, nickel oxide, or due to the
surface carbon oxygen complexes. Point B, which is a point on the filamentous coke,

showed a large amount of carbon, as expected

Table 5-1 Elemental analysis of different coke species formed on bare Incoloy
substrate after 25 min of coking

Element (%) Point A Point B

C 2.31+0.71 74.96+2.38
O 64.78+4.72 17.07+1.35
Cr 18.59+0.93 0.30+0.15
Mn 10.83+3.10 0.46+0.16
Fe 1.78+0.46 4.33x0.57
Ni 0.35+0.05 1.84+0.59
Ti 1.23+0.42 0.65+0.04

5.3.2.2 Coking Studies on Oxidized Incoloy

Coke deposited on oxidized Incoloy 800 for a period of 6 h over a period of four
cycles is displayed ikigure5.8. The value in the parentheses gives the coke deposited x
10* per mg of coupon. As seen in the data, in the initial stage of coking up to 50 min, the
coking rate was quite high. This rate also increased with every cycle. This behaviour is
representative of catalytic coking, which takes place due to the exposdiccrapégies in
the Incoloy 800 substrate. After the catalytic coking phase the metallic species were
blocked and most of the coke that was formed was radical in nature and deposited at a rate

that was linear in time
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Figure 5.8 TG curves for coke deposition cyclesn oxidized Incoloy substrate

Figure 5.9 SEM analysis of oxidized Incoloy substrate a) before coking and b) after
coking

Figure5.9a shows SEM analysis of the fresh oxidized Incoloy substrate. A lot of
large particles can be observed on the surface, which appear like metal oxide scales formed
during the oxidation of theubstrate. After four coking cycle@-igure 5.9b), smaller
particles were seen on top of the scales. These particles were probably the coke particles

deposited duringhe coking cycle
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Figure 5.10 XRD pattern for oxidized Incoloy substrate before and after coking
cycles

In the XRD patterns for the oxidized Incoloy before and after coking and decoking
cyclesFigure5.10, all the three peaks correspond to the Incoloy substrate. After coking
cycles, the ratio of the peaks A and B changed indicating a changeoinethiation of the

crystal planes due to the thermal treatment during the coking cycle

5.3.2.3 Coking Studies ok}Al,0Os-Incoloy
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Figure 5.11 TG curves for coke deposition cycles ob-Al20s-Incoloy substrate
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Figure5.11s hows t he c ok i-Alfslncyloy bubstratef Ascanben e U
seen, the catalytic coking in the initial part of the coking experiment was minimal,
i ndi c a tAl@stpyet abted adbarrier between the hydrocarbon gas and the metallic
species in the Incoloy. After three cycles, the catalytic coking slightly increased but it was

still less than that observed on oxidized Incoloy

Figure 512S EM a n a | -plsOs-lecoloyfcoatihg a) before and b) after coking
cycles

As shown inFigure5.12a, the coating looks quite uniform on the freshly coailed
alumina layer on top of the Incoloy 800. Evidently, the coating was not fully continuous
and intergrown, and individual particles can be seen in the figure. Hence, the coating might
not be a perfect barrier to stop the hydrocarbon gases from reachimgdhey surface
and causing carburizatiokigure5.120s hows t h e S E MAIJO3teyay afterof t h e
being exposed to coking cycles. The particles grew largerthéearoking cycle due to the

exposure to high temperature for a prolonged period of time
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Figure 513X RD p at t é\k@s-Indoloy coating before and after coking cycles

Figure5.13di spl ays the effect of coking cycl
Al20s-Incoloy coatings. Similar to the oxidized Incoloy tests, a change in thakinisy
of the substrate was seen after exposure to coking cycles. The peak ratio of the 44° and 75°
peaks changed but the trend was opposite to that observed in oxidized Incoloy. This

behaviour suggest s -sllonma coatimgforh theestadirety oftheo m t h e

substrate

5.3.2.4 Coking Studies 085G CeQ-Al>0O3-Incoloy

Figure5.14 shows the coke deposited on SIBO-U-Al0s-Incoloy for a period
of 6 h over a period of four cycles. The value in the parentheses gives the coke deposited
per 10" mg of coupon. As seen, in the initial stage of coking up to 50 min, the coking rate
was almost the same as the rate later on in the process. This behaviour implies the
minimization of catalytic coking in the presence of the ceria coating. After foues;yal
smaller amount of coke was deposited on the coated substrate (3.1) than on the uncoated

one (5.3). Hence, the coating not only helped in minimizing catalytic coking but it also
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helped in lowering the total amount of coke deposited. This activithe@nn prolonging

the lifetime of a hypothetical cracking tube
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Figure 5.14 TG curves for coke deposition cycles on SGCeO,-U-Al 203-Incoloy

To understand the importance of the cerialayethe coke deposition, a coking
study was carried out with and without a ceria coating. After three coking cycles, the
amount of coke deposited on the ceria coated substrate was slightly lower than the
alumina coated substrate, as observdeignre5.15. This observation might be attributed
to the ability of ceria to release oxygen to the coke for oxidation. Due to the large amount
of time taken by the coking ami@coking cycles, this cycling study was limited to one run.
Hence, the obtained result may or may not be statistically significant. For reliable results,

further analysis of this effect is necessary by repeating the runs
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Figure 5.15TG curves for comparison of coke depositiowith and without ceria
layer

The coke that was deposited on the SG_£8@I,0s-Incoloy was analyzed using
SEM again at two different regions of the substraigure5.16a shows the rupture of the
coating where catalytic filamentous coke appeared to have built up in a crack due to the
exposure of the metallic species undernéagltoatingFigure5.16b shows another region
where cracks were present on the coating. Comparing this to the analysis of the fresh
coating, not much difference wabserved. This is mostly because of the absence of high

amounts of catalytic coke

Figure 5.16 SEM analysis of coke deposited on SG_Ce@}+Al Os-Incoloy coating
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Figure 5.17 XRD pattern of SG_CeOz-U-Al20s-Incoloy coating before and after
coking cycles

When XRD analysis was performed on St2Q-U-Al,Os-Incoloy coating, the
ceria 111 peak at 28° showed a sharper peak after the coking cydepared to the
freshly coated sampleFigure 5.17). Due to the high temperature exposure the ceria
particles in the coating sintered leading to growth of the pestidThere was a change in
the intensities of the peaks related to the substrate, an observation similar to what was

observed previ ous | -plumina tohtedtsubstrateasx i di zed and

5.3.2.5 Elemental Analysis of Various Substrates with and without Coating

Table5-2 provides the elemental percentages for different cases of the substrate
with coatings. Since EDS is a surface technique, the values represent the phenomena
happ@ing on the surface alone and the results should be interpreted in a similar way. The
bare Incoloy substrate showed a high amount of Cr, Fe and Ni on the surface, as expected.
When the I ncoloy was oxidized undemnat he s

coated Incoloy, the amount of Cr increased ~ 4 times. This is attributed to the diffusion of
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Cr to the Incoloy surface and forming chromia scales which are known to help in reducing

carbonization of the substréf&*!

Table 5-2 Elemental analysis of substrates with or without coatings

Substrate Al _ Ti _ Cr Fe Ni Ce
Il ncol oy 3.8NJ/0O.9N/19.8/43. 7|31. 7]-
Oxdii zéacol4. ON|2.5N[68. 7[20. 8|4. 0N|-
Oxdit zé¢acol, gglo gf|83.8(7. 7R|3. 1K -
A'tycl e
Ce@dncolo|5, 6N(1.1N|11.8(25.9(8.5N[47.1
Ce@ncolha . . N
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After the end of the fourth cycle the Cr concentration on the surface increased
even more indicating more diffusion of the Cr. When ceria was coated directly on Incoloy,
some amount of Cr was still present on the surface, denoting that the ceria waatimaf
uniform and continuous. There was also a greenish layer seen on the ceria coated Incoloy,
which could be related to the format-i on of
alumina was coated directly on Incoloy, a negligible amount of Cr wiastdd on the
surface, implying complete coverage of the Incoloy surface with the coating. This is the
reason that after fourth cycl ealumhacoahy a mou
while the Cr diffused towards the surface of the ceria coatiagsing the Cr content to
increase. -Alminawas gohcratkbeeit wds effective in minimizing the Cr

di ffusion towards the ceria | aguwnnalayhen ce



insignificant amounts of Cr were observed ongtigace, indicating hindered diffusion of

Cr atoms

5.3.2.6 | mp or t aAlumma as the Buffer Layer
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Figure518TG curves for comparison of -coke depo
alumina layer

Coking tests for ceria coatmnagreshmavn | nco
by the TG curves irFigure5.18 As obser ved, 4alongna minimizzcé nce o

cataltic coking in the region t = 0 to 50 min. This catalytic coking was significantly higher

i n the ab slemnma kyeo This toblebe attributed to the large amount of metal

content on the surface of the Gel@coloy as stated ifiable5-2.
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Figure 5.19 SEM analysis of SG_Ce®@Al20s-Incoloy coating 1) before and 2) after
coking

Scale formation was observed e CeQ-l nc ol oy s u-alUma@was wh e n
not used as a buffer layer, as displayed in the SEM analyBigune5.19. As compared
to the SG_Ce®AlOs-Incoloy, larger gaps were seen among the particles indicating a lack

of continuity.

—— CeO, / Incoloy after 1st cyclic test

—— Fresh CeO, / Incoloy
x: CeO,

o: Incoloy

[o]
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T T T T T T T 1
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Figure 5.20 XRD pattern for CeO2-Incoloy coating before and after coking

As shown inFigure 5.20, after cycling the XRD patterns revealed increase in
crystallite size of the ceria particles on the @&@oloy coating implying sintering of the
coating due to exposure to a high tergiure treatment. As expected, the peak ratio of the

two sharp peaks of the substrate also changed after the coking cycle
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5.3.3 Catalytic Activity of Coatings towards Coke Oxidation

5.3.3.1 Oxidized Incoloy

Figure 5.21 TPO curves for coke deposited on oxidized Incoloy

The oxidative capability of the coke deposited on the oxidized Incoloy substrate
was assessed by temperature programmed oxidation experiments in the presence of air.
Figure 5.21a shows the weight loss oke with respect to temperature, which can be used
to measure the amount of coke lost during oxidation. As sefeigume5.21a, the amount
(mg) of coke oxidized afteevery cycle changed because a different amount of coke was
deposited in every cycle. The mass of coke oxidized actually increased with every cycle.
This behaviour could be attributed to two things: 1) more catalytic coke was formed with
every cycle as siwn earlier in Figure 5.8 and catalytic coke is easier to oxidize as
compared to radical coke, 2) catalytic coke is formed due to exposure of metallic species

that can also help catalyse coke oxidation, hence increase in coke oxidation rate

Figure 5.21b tyes the derivative of weight loss with respect to temperature, which

tells the peak oxidation temperature needed to compare the oxidation activity over different
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