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Abstract

Extensive research has gone into developing ancimgdhe three-way catalyst (TWC)
to reduce the emissions of hydrocarbonsy @ CO from gasoline-fueled engines level.
However, much less has been done to model thefuke three-way catalyst to treat exhaust
from natural gas-fueled engines. Our research addhes gap in the literature by developing a
detailed surface reaction mechanism for platinusetdan elementary-step reactions. A reaction
mechanism consisting of 24 species and 115 elemyergactions was constructed from
literature values. All reaction parameters weredusefound in the literature sources except for
steps modified to improve the model fit to the expental data. The TWC was simulated as a
one-dimension, isothermal plug flow reactor (PFét)the steady state condition and a
continuous stirred-tank reactor (CSTR) for the elithg condition. This work describes a method
to quantitatively simulate the natural gas engiéCrconverter performance, providing a deep
understanding of the surface chemistry in the cdeve

Due to the depletion of petroleum oil and recenatiity in price, synthesizing value-
added chemicals from biomass-derived materialsatieected extensive attention. 1, 3-butadiene
(BD), an important intermediate to produce rubiseconventionally produced from petroleum.
Recently, one potential route is to produce BD bliration of 2, 3-butanediol (BDO), which
is produced at high yield from biomass. This reactvas studied over two commercial forms of
alumina. Our results indicate acid/base propegdreatly impact the BD selectivity.
Trimethylamine can also modify the acid/base prigeion alumina surface and affect the BD
selectivity. Scandium oxide, acidic oxide or zir@odual bed systems are also studied and our
results show that acidic oxide used as the seceddatalyst can promote the formation of BD,
while 2,5-dimethylphenol is found when the zircoisaised as the second bed catalyst which is
due to the strong basic sites.
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Chapter 1 - Introduction

Catalysis plays a critical role in a wide varietyraustrial processes. By one
estimate, catalysis plays a role in the manufacitiB9% of all commercially produced
chemical products [1]. Catalysis is important toisty both because it can be used to
remove harmful pollutants that can adversely affeciple’s health, but also because it
can be used to produce important products thatawgppeople’s lives.

This thesis addresses two disparate topics thatfabtunder the broader field of
heterogeneous catalysis. The first topic is theeting of three-way catalytic converter
performance with exhaust mixture from natural gasddd engines and the second topic
is the dehydration of BDO over various metal oxided the impact of acid/base
properties on product distribution.

1.1. Conversion of natural gas engine exhaust

Air quality is a worldwide issue that has triggeradre and more stringent
regulation since the first air emissions regulat@®ean Air Act (CAA) promulgated in
1970. The exhaust emission from the internal catibn engine is a major air pollution
source and the current regulations, such as EP&#@EURO VI, increase the need to
understand the aftertreatment system.

Natural gas is an important energy source andexjgected to see demand growth
of about 65 percent, rising into second place tmlgil by 2040 [2]. In the US natural gas
transmission industry, stationary internal comtmrsgngine fueled with natural gas is
responsible to drive the compressor to pump theralagjas from the producing area to
the consumers. In 2007, more than 1200 compretsorrss located along the natural gas
pipeline to maintain natural gas continuous floyv e exhaust emission control of
these natural gas-fueled engine is necessary tothree&PA 10 regulation.

The exhaust emission from a natural gas enginelynaamsists of unburnt
hydrocarbons (HC), CO, GONOx, NHs, formaldehyde. The exhaust gas reduction
process is carried out in the three-way catalyieverter (TWC), named after its ability
to simultaneously convert HC, CO and NOx into leasnful gases such as g®.0
and N



CeH, + (x + %) 0, > xC05 + 2 H,0 (1)
CO +-0, - CO, )
2NO, - N, + x0, 3)

A simple engine aftertreatment system is showngaré 1-1. Fuel flows into the
engine through the fuel injector and fuel combusbocurs in the engine. The exhaust
emission out of the engine is converted into lessful gas in the catalytic converter
before being released to the atmosphere. Therwvarexygen sensors placed both
upstream and downstream of the converter, meastivengxygen concentration in the
exhaust mixture. These sensors send signals tntjfiae control module (ECM), which
will control the fuel injector to keep the fuel cbostion near the stoichiometric point in

order to reduce the emission of pollutants.

ECM

'
r .
po——— r ™\ Oxygen

Sensors

Catalytic Converter

Figure 1-1. Engine aftertreatment system [4].

The common structure of TWC is shown in Figure T4 TWC is widely used
for both gasoline and natural gas engines. It gtjiconsists of a metallic or ceramic
monolithic substrate with a honeycomb structuré phavides a high geometric surface
area with a low pressure drop. The monolithic salbstis coated with a high surface-area
carrier material such as aluminum oxide>@J) called a “washcoat” or “support”, doped
with cerium (Ce) as an oxygen storage material. Gdtalytically active sites are the
noble metals, such as platinum, palladium and tmadwhich are doped on the
washcoat. Additionally, some stabilizers are useprévent the thermal ageing process.

The exhaust emission gas out of the engine wil flato the monolith channels. Firstly,



the gas species adsorb on the catalyst surfacdytareactions take place on the surface
and then the products desorb from the surfaceriadtand internal mass transfer
limitations are also important and will affect #aehaust removal efficiency.

Homogeneous reaction in the gas phase are notadgnaynsidered to be important.

Yo

E 022

Monolith

Substrate Washcoat

Inlet | ‘ Reactions 1 1 Outlet
‘ Reactants Products :t’>

| | Reactions i i

Figure 1-2. Monolith and washcoat in TWC.
The exhaust emission condition is quantized udiegibrmalized air to fuel ratio
as

7\12 AFrealistic

AF stoichiometric

Thereforep>1 corresponds to fuel lean conditions (excesand NOx) whilex<1
corresponds to fuel rich conditions (excess COH@IL It is widely accepted that the air
fuel ratio has a great impact on the TWC abilitetficiently remove HC, NOx and CO
from the exhaust. Fuel lean conditions promoteottidation of HC and CO, but the NOx
reduction is greatly inhibited by the excessive I@ the fuel rich condition, NOx
conversion is high due to excessive reductant asdiC, CO and &l but the HC and

CO conversion is inhibited by a lack of oxygerislhecessary to operate the engine
around the stoichiometric conditiok=1) to achieve exhaust gas conversions for alkthre
species. Figure 1-3 shows the £LNO and CO conversion as a functiorhoh the three



way catalyst [5]. It is seen that only within a yearrow range 0.98%0.002 can all

three components can be reduced significantly.
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Figure 1-3. Experimental result of CH4, NO and CO conversion as a function of A

[5].

To control exhaust emissions from natural gas esggione method is to operate
the engine near the stoichiometric poixt) to achieve high conversion of all species.
Another method is to operate the engine in a ditigezondition, where the air fuel ratio
(AFR) is cycled between fuel-rich and fuel-lean dions. Defoort and coworkers
studied the AFR dithering effect on the performaoic@WC operating on natural gas-
fueled engine and found that the operation wind@s widened in the dithering
condition compared to AFR without dithering [5].i%ind coworker studied the natural
gas engine exhaust gas conversion efficiency in TMv@er steady state and dithering
conditions. They found an optimal midpolptfrequency and amplitude to minimize the
exhaust emission, but the reaction chemistry wasvet understood [6].

The primary goal of this project is to numericalynulate the TWC performance
with the exhaust mixture from a natural gas engsiag a comprehensive and

thermodynamically consistent elementary-step reaghechanism. The reaction
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mechanism consisting of 24 species and 115 elemyergactions and was constructed
from literature values. All reaction parametersevesed as found in the literature
sources except for steps modified to improve thdehbt to the experimental data. Plug
flow reactor model and tanks-in-series model aeglder steady state and dithering
modes for operating the natural gas engine. Itlvalshown that simulations can
approximate experimental results reasonably welafeariety of conditions, while

providing molecular level information on catalytbemistry.

1.2. 2,3-butanediol conversion to 1,3-butadiene

1, 3-butadiene (BD) is a colorless gas at room tgatpre with a characteristic
hydrocarbon odor. It is sparingly soluble in wateg/L, 20°C); soluble in benzene,
carbon tetrachloride and diethyl ether. It is adndaus gas due to its flammability,
reactivity and carcinogenicity [7]. It has been alidused in manufacturing polymer
products. In the past years, 2, 3-butanediol (Bid@3 used as feedstock to make BD for
synthetic rubber [8]. However, since the developheépetroleum industry, BD is
produced directly from heavy oil, such as naphRecently, with the depletion and price
volatility of fossil fuel [9], interest has shiftéd the synthesis of BD from biomass.
Researchers are developing a cost-competitive dgicdbroute to BD to ensure ample
supply and reduce price volatility of the chemidadrmentation of biomass-based xylose
[10] and glucose by Klebsiella pneumodae yields Biitich can then be converted to
BD by catalytic dehydration. However, the BD sealaty is not impressive and
undesired methyl ethyl ketone (MEK) is the dominamtduct due to the keto-enol
tautomerization and pinacol rearrangement. Sintle &od sites and basic sites can be
involved in alcohol dehydration and affect the d#iagion orientation, such as the
Sayzeff orientation and Hofmann orientation, thgeotive of this study is to understand
how bi-functional catalysts impact in the dehydmatof BDO and selectivity of BD, in
particular how the acid and base sites on theysdtehan be tuned to increase BD

selectivity.



1.2.1. Application of 1,3-butadiene

Most BD is used in the production of polymers ahdmical intermediates for

manufacturing polymer products. These polymersareial components of automobile,

construction materials appliance parts, computelscommunications equipment,

clothing protective and clothing. The major endsuse BD are listed in Table 1-1. The

largest consumption of BD is in the production yithetic rubber, such as styrene-

butadiene rubber, polybutadiene rubber and othigmers. BD is also used for

manufacturing of adiponitrile, which is an interrmegd chemical used in the manufacture

of nylon 6, 6.

Table 1-1. 1,3-butadiene end uses[11].

BD end use

Percent of world BD
demand(9.1 million metr
tons in 2004) (%)

downstream use

Secondary downstream u

Styrene-butadiene- 28 Tires
rubber (SBR) Tire products
Adhesives
Sealants
Rubber articles Shoe soles
Polybutadiene (PB) 26 Tires
ABS resins Computers, printers
Impact modifiers| Plastics
Carpet backing, cushions,
Styrene-butadiene 12 Foam rubber | pads
latex (SBL) Adhesives Flooring, tiles, roofing
Sealants
Other uses 34
1.2.2. Production of BD in the petroleum industry

BD is commonly produced through three processels [11

=

Steam cracking of paraffinic hydrocarbons
Catalytic dehydrogenation of n-butane and n-butene

3. Oxidative dehydrogenation of n-butene

The most important process of the three is steackorg, since over 95% percent

of BD is produced as a by-product of ethylene potida via steam cracking. In this

process, the feedstocks (ethane, propane, butapktha, condensate or gas oil) are fed



to a pyrolysis furnace combined with steam and tieagt at temperatures between 790
and 830°C. Steam cracking produces a wide range of pyiojy®ducts, like hydrogen,
ethylene, propylene, BD and other olefins. The |ygate is quenched to separate the
heavy components; compressed to remove the C5ighdrlcomponents as a raw
pyrolysis gasoline, and then dried. The resultiognponents (C1-C4) are taken through a
series of distillation steps to get rid of the rogken, methane, ethylene and other light
products and leaving the crude BD.

The amounts of crude BD produced in steam crackinglependent on the
composition of feed. Heavier feeds, such as napltal higher amounts of BD than
lighter feeds. A cracker using ethane producestabduof BD per 100 Ib of ethylene,
while a naphtha cracker will produce about 16 IbX#0 Ib of ethylene. Depending on
plant operation and feedstock used, the BD conataitrin crude BD varies from 40 to
50%, maximum 75% [11].

The crude BD is purified by an extractive distilbat process since the boiling
points of the component of crude BD are so close. fJpical process involves one or
two extractive distillation steps, followed by ooetwo conventional distillation steps. In
the extractive distillation process, the crude B@ed into a column where it is washed
by an extraction solvent. The less soluble comptn@utane and butene) go out the
overhead of the column. The bottom products corttersolvent, BD and other more
soluble components. The bottom stream is fed irgoh&ent stripper to recycle the
solvent back to the extraction column. The BD-weferhead is sent to further distillation
to remove the acetylene and other components.ikedurified BD is typically>99.5%
BD. The BD is then sent to light hydrocarbon steragheres. Usually a tertiary-butyl
catechol (TBC) is added to BD as a stabilizer ®vpnt undesirable polymerization of
BD.

1.2.3. Production of BD from 2, 3-butanediol

Back in 1945, Winfield studied the catalytic dehatisn of BDO to BD over
thoria [8]. He found that thoria catalyzed the diagyion of the BDO to 3-buten-2-ol
(3B20L) and further to BD under reduced pressu@safC. With thoria as catalyst,
single pass conversions of 60% to BD and 80% toCdBglus BD have been obtained.



The rate of dehydration to 3B20L and BD was invigrpeoportional to the pressure. It
was decided to work at low pressure, not entirelyaose reduced pressure would favor a
reaction in which the number of molecules increglsesbecause the possibility of
poisoning of catalyst by reaction products. Thdnautlso mentioned that the difficulty
in dehydrating the BDO to BD is readily understadtkn its structure is considered. The
two hydroxyl groups on adjacent carbon atoms, itatihg dehydration to enol form
MEK. Two additional reactions in which a molecufean@ter is removed from the 2- and
3- position may occur, one yield 2-buten oxide andther proceeding to MEK by
pinacol rearrangement. In general, the author densd all the possible reaction
mechanism and different product distribution asrd@son why 3B20L and BD are
successfully produced, but do not predominant exeeger special conditions.

Extensive studies of BDO dehydration have beenrtegdhat focus on
producing MEK as an industrial solvent. Liquid phaghydration of BDO was carried
out to produce MEK using a sulfuric acid cataly2][ The kinetics of dehydration was
first order with respect to BDO and formation of KlEould be described by a pinacol
rearrangement. Zhang et al [13] modified HZSM-5lite® with boric acid to dehydrate
BDO to produce MEK. The results showed that higlAlSatio was beneficial to low-
temperature activation of BDO and methyl migratior2-methyl propanal (MPA),
leading to a high yield of MEK and high selectivitiyMPA. Slight modification with
boric acid enhanced the performance of HZSM-5(386¢ording to the characterization
results, the excellent performance over HZSM-5(36&3 due to the highest amount of
strong acidic sites attributed to H-bonded hydraygups, normally silanols. B-OH and
retained silanols were responsible for the pronmotibcatalytic performance over
1%B/HZSM-5(360). BD selectivity value in this resglawas about 1% with varying
Si/Al ratio, but since the analysis is carried ofitline by a gas chromatograph, the
selectivity value is only the amount of BD dissalve the analyte, not the entire BD
produced in the catalytic reaction.

Bourns et al [14] studied the effect of temperatteed rate and water dilution on
the dehydration of BDO over activated bentonitee Tihely powdered bentonite was
treated with 20% aqueous sulfuric acid of suchlame that the weight of acid was 50%

of the weight of the catalyst being activated. figture was boiled, diluted, filtered,



washed, dried and screened to four to eight mefheéase. This research showed that
increasing water content in BDO, increasing temipeeaand decreasing feed rate help
increase BD selectivity. The main liquid producesMPA, MEK and cyclic acetal.

Shlechter[15, 16] studied the esterification of Bidih acetic acid followed by
pyrolysis of the diacetate to BD. The crackingh# tiacetate to the unsaturated acetate
is a rapid and normal reaction below $@where no BD is formed, while BD
decomposition occurred above 6 The optimum conditions of operation obtained
from laboratory are 58% and contact time of 7.1 seconds.

Recently, BDO dehydration over rare earth metafiexihas been studied. 2rO
and SeOz can give a relative high 3B20L selectivity. Basites generated by
introducing CaO into Zrecan enhance the 3B20L selectivity [17-19]. The mmaxn
BD selectivity was 94 % with 100 % BDO conversionatwo-bed catalyst system
(Se0s +Al203) [20].

The primary goal of this project is to understanevtihe acid/base properties
impact on BD selectivity. BDO dehydration over tleoms of alumina are extensively
studied and the product distribution are compauzhnwhile, we used the basic
triethylamine to titrate the alumina surface acglies to study the modified acid/base
properties impact on the BD selectivity. In additizve are seeking the possible routes to
produce value-added chemicals from BDO by tunimgddtalyst properties in a dual-bed
system. We find that 2,5-dimethylphenol is produitethe dual bed system with the

S0z and ZrQ as the first and second bed catalyst respectively.



Chapter 2 - Modeling of three-way catalytic converter
per formance with exhaust mixture from

natural gas-fueled enginesl

Abstract

The ability of a three-way catalytic converter (TYG treat the exhaust from a
natural-gas fueled engine was evaluated by nuneiicalation. A comprehensive and
thermodynamically consistent surface reaction meishadescribing the surface
reactions in the TWC was built by compiling elenaegtstep reaction kinetics involving
CHs, CO, formaldehyde, NO, Nd-and NO from literature sources. The reaction
parameters are taken from literatures and fittmlgudations. The mechanism was
implemented in a one-dimensional PFR model desugibisingle channel of the catalyst.
The simulation results were evaluated by compangitim field data collected from a
TWC operated isothermally at steady-state. The iu@elicted the major trends in
conversion/formation of all species in the TWC oaevide range of air to fuel ratios.
Sensitivity analysis was utilized to study the kegction steps that impact the exhaust
emission mole fraction. It was found that methat®, CO and formaldehyde are most
sensitive to the corresponding adsorption stepgeWiHs and NO are sensitive to the
reactions that relate to their formations, sucheastions involving surface hydrogen
atoms for NH and NO for NO.

2.1. Introduction

In response to stringent environmental regulatitms automotive industry has
conducted a substantial amount of research ineettvay catalytic converter (TWC)
systems to simultaneously remove unburned hydrocafdC), NG and CO from the
exhaust from gasoline-fueled engines [21]. Thiduides the development of TWC

converter microkinetic models that comprehensidagcribe the catalytic chemistry on a

LChapter 1 is published Applied Catalysis B: Envinemtal. F. Zeng, K.L. Hohn, Appl. Catal. B 182
(2016) 570.
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molecular level [22, 23]. Recently, there is arrast in using TWC for treating the
exhaust from natural gas engines due to the NewcB8drerformance Standards
promulgated by EPA in January, 2008. In additiatural gas is the world’s fastest
growing major energy source and is projected ®ing second place among energy
sources by 2040 [2]. For this reason it will ber@asingly important to explore catalytic
processes to reduce emissions from natural gasfpdveagines. The models developed
for gasoline engines are insufficient for modelan@WC for treating emissions from
natural gas engines, since they lack detailed ctteyrfor methane.

The core of the TWC is a multi-channeled ceramimetallic monolith. A washcoat
(catalyst carrier) containing finely dispersed mobletals (Pt, Pd, Rh) and ceria is coated
on the wall of the channel, through which exhaasteg flows. The noble metals are the
active sites, catalyzing both oxidation and reauci{R4]. Ceria is added because of its
structural properties, its reversibility of sulfooisoning and its rapid kinetics of oxygen
storage and release [25], however this effect isapsidered in the current steady state
model. The exhaust emission condition is quantim@dg the normalized air to fuel ratio

as

}\.z AFrealistic

AF stoichiometric

ThereforeA>1 corresponds to fuel lean conditions whid. corresponds to fuel rich
conditions. It is widely accepted that the airdelfratio has a great impact on the TWC
ability to efficiently remove CO and NOx from thehaust. The efficiency reaches a
maximum around the stoichiometric conditia=x1) [26]. Research on gasoline [27] and
natural gas engines [5] both indicate that theeetrede-off between NO and CO
conversion. Fuel-rich conditions produce high N@wsion but low CO conversion,
while the opposite trend is noted at fuel-lean ¢oal Only at air to fuel ratios very
close to the stoichiometric point can both compasée reduced significantly.

Methane oxidation chemistry over noble metals,ipalerly platinum and palladium, has
been extensively studied. Activation of the C-H tdamgenerally considered as the rate
limiting step for methane combustion and two ad¢ioramechanism were proposed on
these two metals. Burch and coworker [28] propdkatiPt activates the C-H bond of

methane by dissociative adsorption of methane @ntametal sites, fully covered with
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oxygen species cannot activate C-H bond. By contiPasis much more effective than Pt
at lean condition®d*O? ions on PdO surface can more easily activate thet®nd and
PdO is considered as the active phase [29]. Thersible transformation between PdO
and metallic Pd is well observed and a correlatias been found between this
transformation and methane oxidation activity [3@jller and Malatpure [31] indicated
that methane total oxidation is correlated to teesity of PdO-Pd- is an O-vacancy)
site pairs: if the PdO is overstabilized by themarp (CeQ), then it cannot be partially
reduced to Rdto form the site pairs required by the reactiom activity is decreased.
Even though Pd exhibited better methane oxidatefopmance at lean condition, the
complex transformation between metallic palladiurd the metal oxide complicates the
kinetic modeling of methane oxidation which shouidude the PdO formation [32].

Methane chemistry over platinum has been invegithtdr autothermal
reforming [33], catalytic partial oxidation [34] dmomplete oxidation [35]. Burch and
Loader compared the methane combustion over #£4Aind Pd/AJO3, and showed that
at higher methane conversions with stoichiometrigath mixtures Pt/AOz is a more
active catalyst. They also concluded that platirnam be a more effective catalyst than
palladium for methane combustion under real cooul#i36].

Lyubovsky and coworkers studied the methane catatgimbustion over Pt-
group catalyst both in fuel lean and fuel rich atinds [37]. They showed that the
surface is covered with oxygen when reacting withed-lean mixture, while it is
covered with CO and H when reacting with a fuehngixture. They suggested that the
catalyst had a different state under fuel leanfaetrich conditions, which resulted in
different mechanisms for the interaction of methaaté the catalyst. Buyevskaya [38]
investigated the role of surface coverage on metipantial oxidation by flowing CH
over an initial @-treated catalyst. The initial GQelectivity was 100% but the major
product produced shifted from G@ CO as the surface oxygen was consumed,
indicating that an oxygen-rich catalyst surfacenpoted the C@formation, while an
oxygen-lean surface leads to CO formation.

Due to platinum’s high activity for methane oxiadatiand NOXx reduction,
detailed elementary-step mechanisms for methamytiatpartial oxidation and NO

reduction have been reported on platinum. Hicknrahaworker [39] proposed a 19-
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elementary-step model for methane oxidation undgthame-rich conditions on Pt and
Rh surfaces. The dissociative adsorption of methasegrouped into a single step and
was not reversible. The mechanism indicated theatgand CO are primary products.
Deutschmann and coworkers have developed microkimaidels for methane oxidation
on rhodium that can be used to simulate steadg-ptatial oxidation [40] and transient
behavior of catalytic monoliths [41]. Vlachos [4&ed a hybrid parameter estimation
methodology, based on experimental data, semi-&apmethods and first principle
density function theory to estimate reaction ratestants for various steps in methane
oxidation. The activation energy was both tempeeatund coverage dependent via the
UBI-QEP method. A comprehensive reaction mechamsding methane, CO,
formaldehyde and methanol was proposed. The mettiaseciative adsorption was
separated into four reversible, elementary steps.

NO reduction over platinum had been extensiveldisaiwith reducing agents
such as B CO, CH, propane and propene [43, 44} Was the most efficient while GH
was the least efficient. When hydrogen was usdtieaseducing agent, NO was reduced
to NHs [45, 46] , N [46], and slight amounts of @ [45]. NO formation is favored
when NO is reduced by CO [45] and NH7]. The primary role of hydrogen is to keep
the catalyst surface clean by reacting with surtaggen [48], exposing more vacant
sites for the adsorption of NO. Meanwhile, a metdrar{49] suggested that adsorbed
NO dissociated to surface nitrogen &hd surface oxygen-@vith the promotion of
vacant Pt sites.

In this paper, we describe a microkinetic modeltfe TWC applied to natural
gas engine exhaust. Due to the lack of microkin@tbdels of methane oxidation over
palladium, notably a lack of a comprehensive memamcluding carbon monoxide,
methanol, formaldehyde, we chose to build our TW&leh on a platinum reaction
mechanism. To create our model, published methaigaton and NO reduction
mechanisms on platinum were combined and modibdd experimental data while
maintaining thermodynamic consistency. The resglitnechanism was used to simulate
a commercial TWC [5] applied to reducing the enaissifrom a natural gas engine over

a wide range of air to fuel ratios.
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2.2. Mathematical M odel

The mass balance for the adsorbed species onliigkase are obtained by
assuming competitive adsorption of all species. ddsorption of each species on the
catalyst, represented here as a change in specfasescoveragdl), at steady state can
be calculated as follows:

80;

5 =0 (1)

26;
at = ERadsorption,i - ERdesorption,i + Zj ER1reaction,j (2)

The surface coverage of vacant sites is defingt} .as
0,=1-— x 0; (3)
The adsorption rate could be calculated as:

si | RT ,T Eadsorpti
s‘Radsorption,i = FL FML-(T_O)ﬁeXp(_ %)Cigv (4)

where s is the sticking coefficiert,is the site density of the catalyst, R is the gas
constant, T is the absolute temperatue300 K, is the temperature component and M
is the molecular weight.

The desorption rate is formulated as follows:

T —-Eg4 tion,i
8f{desorption,i = Adesorption,i(T_O)ﬁeXp (%) 91‘ (5)

The Langmuir-Hinshelwood type rate expressionsuaesl to describe reaction rate:
T —Ereaction,j
9zreaction,j = Areaction,j (T_O)ﬁexp (*) H 91’ (6)

Assuming that flow in the channel can be represeaseplug flow, we can write the

flowrate for each species as:

dF;

Az = Zj ER1reaction,j I' Sm Scross (7)

Where:S,,=catalyst surface area2m?, S..,ss= channel cross section are&, m
According to the definition above, at steady statedition, the PFR model equation can

be formulated as:

dF;
dz = (mdesorption,i - madsorption,i) r Sm Scross (8)

This plug-flow reactor (PFR) model was used to nhadgngle channel in the

TWC. The effects of mass transfer limitations ia ttansport of species to the monolith
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wall and through the washcoat layer were not camsitlin our model. To evaluate the
validity of ignoring external mass transfer, thensverse Peclet number in a single

channel was calculated according to [50]:

_ Rji<u>

Pe LDf

9)

Rai is the effective transverse diffusion length foird phase and the value is taken as
half the width of the monolith channel, <u> is thesrage fluid velocity, L is the

monolith length, BPis the molecular diffusivity of the reactant iretfluid phase. The
diffusivity at 400°C were calculate from the equation developed bieF{B1]. The
diffusivity of CHs, CO, CHO, NO, NH; and NOare: 8.771x18, 8.135x1(, 7.183x10

5, 7.578x1@, 10.937x1¢ and 7.623x18 m?/s respectively. The corresponding
calculated Peclet number are 0.7829, 0.8441, 0,956061, 0.6278 and 0.9008. We
note that Joshi and coworkers argued that extenaak transport could be ignored when
they studied Hoxidation on a Pt/ADs monolithic catalyst with a Peclet number close to
unity [52]. Since our calculated Peclet numberose to one, we assume that the exhaust
concentration profile is uniform in the transvedsection in each channel. The
assumption of no internal mass transport limitagionthe washcoat layer was tested by

calculating the Thiele moduldsas defined by [50]:
¢2

where K is the reaction rate constant;F25um (assumed washcoat thickness), antsD

_ KRG,
= .

(10)

the effective diffusivity of gas in the washcoatdagined below [53]:

D, = E97a(Mli)°'5 (11)
Wheres is the porosityr is the tortuosity and a is the pore radius. THaesare defined
below:£=0.41,7=8, a=10°m [53]. In this work, we used the correspondingoagion
step reaction rate constant to calculate the sxsgacies Thiele moduli in the washcoat
and the value are listed belogyy, = 0.31, oo = 0.62, o = 0.68, Pcp,0 =
0.59, pyu, = 0.68,¢y,0 = 0.0087. Because the Thiele moduli are far less than one,

internal mass transfer limitation can safely beoigal.
Since experimental data showed that the TWC reagterated at 408C, with

only 5-10°C temperature drop measured along the convertewfshave assumed

15



isothermal conditions in the TWC was operatedtataperature of 408C. Each surface
species is expressed in equation (2) and eachpgages is expressed by equation (8).
Equations (2) and (8) are coupled together to fitvendifferential-algebraic equations
and solved using Matlab solver odel5s. The defimstof all variables are listed in
Table 2-1.

Table 2-1. Notation.

A Pre-exponential factor

C Exhaust gas concentration [moflm

De Effective diffusivity of gas in the washcoat sl

D+ Molecular diffusivity of the reactant in the flughase
[m?/s]

E Activation energy [kJ/mol]

F Exhaust flow rate [mol/s]

L Monolith reactor length [m]

M Molecular weight [g/mol]

P Transverse Peclet number

R Gas constant [J/mol/K]

R Reaction rate [§

Ra1 Effective transverse diffusion length for fluidage
[m]

Ra2 Washcoat thickness [m]

S Sticking coefficient

S Sensitivity coefficient matrix

S Catalyst surface area ffm?

Scross Channel cross section area[m

t Time [s]

T Catalyst temperature [K]

<u> Average fluid velocity [m/s]

y Mole fraction

Axis coordinate
€ Porosity
T Tortuosity
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r Catalyst site density [molf
0 Surface coverage

) Thiele modulus

A Normalized air to fuel ratio
B Temperature component
Subscripts

[ Species

] Reaction number

% Vacant sites

2.3. Model Validation

Reaction parameters for the equations above weednell from literature
sources. However, since these values were typidalliyed for a system other than the
TWC treating natural-gas engine exhaust, it is s&aey to test and modify the model so
that it can represent this system. To accomplish) the model results were compared to
experimental data from Defoort et al [5]. Theiralatere obtained by using a commercial
TWC consisting of a stainless steel substrate antlalumina (AIOs3) and ceria (Ceg)
washcoat with platinum, palladium and rhodium prasimetals. The cell density was
approximately 75 cells per square centimeter. Eatalyst units were installed, the
dimensions of each were 30 cmx40 cmx7.5 cm. Thamadtemperature was 460G
with a 5-10°C temperature decrease across the catalyst. Tialystavas placed
downstream of a Superior 6G-825 four-stroke natg@asl engine with six cylinders with a
bore and stroke of 25.4 cm. During steady state ttes engine speed and load were held
constant and the air to fuel ratio was varied betw@ 953 and 1.03. Exhaust flowrate is
about 7.4 n¥s. Oxygen was measured by a Rosemount five-gdgzanaother
compounds of interest were measured using a NiEJIERR. H concentrations are
assumed to equal one third of the CO concentrfBiph4]. Exhaust gas mixture
composition are given in Table 2-2.

Table 2-2. Exhaust gas mixture composition entering TWC, balanced with Na.

A 1.030 1.012 0.992 0.987 0.977 0.953

Oz (%) 0.84 0.57 0.41 0.29 0.24 0.29
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CO (ppm) | 232.39  289.73  858.47  1281.92 260851  BBGO.
CO: (ppm) | 94444 96771 95673 94843 94755 92772
Hz (ppm) | 77.46 96.58 286.16  427.31  869.50  2653.55
H:0 (%) | 18.30 17.75 19.13 20.18 19.88 18.66
CHs (ppm) | 110.67  171.79  239.89  249.69  300.45  317.01
8;%0) 9.13 9.62 7.87 6.30 4.55 2.52

NO (ppm) | 2817.42 251859  2189.19  2068.51  1893.25 991%
NHs (ppm) | 0.49 0.89 0.59 2.51 4.95 1.87

N20 (ppm) | 3.35 2.47 1.84 1.60 1.05 0.29

2.4. Results and discussion

2.4.1. Surface reaction mechanism

The fundamental requirement for the surface reaatiechanism is that it should
include both methane oxidation and NO reductionyéneger a comprehensive and
validated mechanism involved these two chemistsie®t available in the literature. In
this work, we combined the NO reduction mechaniomfdifferent researchers [23, 55,
56] with a validated methane oxidation model [42je surface reaction mechanism for
C1 and NO reactions are shown in Table 2-3 andeT2dd respectively. In our surface
mechanism for NO reduction, we considered the Wahg products: NH, N, and NO.
Defoort et al. showed that N@oncentration was zero both pre and post of th&€TS8Y,
so reaction steps involving N@ere not considered.

Table 2-3. Surface reaction mechanism for C1 reactions on platinum [42].
Underlined parametersindicate values that were changein thiswork from the
literature valuesto improve the model fit to experimental data (six reaction

parameter s had been changed).

NO. | Reaction sIA(179 | B Ea (kcal/mol)
Adsorption

1 O2+ 2% - 20 5.42E-2 0.766

2 O+—-0- 4.91E-2 0.25

3 CO+—-CO- 1EO 0 0
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4 COx++—>COp 1.95E-1 0.25 0

5 Ho+2:—2H- 1.29E-1 0.858| 0

6 OH+—OH:x 9.99E-1 2 0

7 H20+— H20- 1.08E-1 1.162| O

8 H++—>H-« 3.84E-1 1.832| O

9 COOH+—-COOH 6.34E-2 -0.089 O

10 | HCOO+2—-HCOO« 1.46E-1 0201 O

11 | CH-C- 1.64E-2 0.156| O

12 | CH+—>CH= 1.35E-2 0051 O

13 | CHy+«—>CHox 4.5E-2 0.118| O

14 | CHz++— CHa+ 1.6E-1 -0.099| 0

15 | CH4+2-—>CHga++H-x 0.58 0.154 | 1.56+w8co?
16 | CH3OH+— CH:OH- 3.34E-1 0.258

17 | CHO+— CH30O- 1.49E-1 0.054

18 | CH:0+— CHO- 0.7016 0.098 | O

19 | CHO+—- CHO 1.14E-2 0.096

20 | CH20H+— CHOH-x 5.26E-2 0.233
Reaction

21 COp+ ++ >CO+0- 4.18E10 0.177| 26.3
22 | CO+0O—>COx++ 2.39E11 -0.177, 20.6
23 | OH:++—0Ox+H- 1.95E12 1.872| 27.1
24 | O+H«—> OH:+s 6.33E12 0.624| 8.8
25 | HoO«++—H++OH- 9.36E12 -0.118 17.8
26 | H«+OH:— H2Os++ 9.99E12 -1.049 13.5
27 | H2O«+0O-—20H- 4.32E10 0.082| 8.8
28 | 20H— HxO++0O- 1.7E10 0.325| 22.7
29 | CO+tH+—>CO-+OH- 8.03E8 -0.531] 6.0
30 | COOH+:—»CO-+OH: 8.43E8 0.024| 5.3
31 | CO+0OH:-—»COOH += 1.19E9 -0.024| 19.1
32 | COOH++—CQOp++H- 1.06E11 0549| 1
33 | COxtH:+—>COOH ++ 9.45E10 -0.549 24
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34 | CO+H20-—» COOH+H- 1.01E11 0.492| 23.7
35 | COOH+H+— CO+H20- 9.07E10 -0.4920 5.6
36 | COx+OH—-COOH+0O- 5.35E10 0.097| 26.6
37 | COOH+0O-—>COx++0OH- 1.87E11 -0.097, 6.9
38 | COx+H20--COOH+OH- 8.64E10 -0.031 17.5
39 | COOH+OH:— COx++H20+ 1.16E11 0.031| 11.9
40 | CO+OH—CO++H-+ 1.25E9 0.531| 18.5
41 | COx+H—»HCOO~ 1.12E11 -0.422, 18.5
42 HCOG: »COx++H- 8.96E10 0422 O
43 | COx+OH:++—> HCOO+-+0O- | 6.17E10 0.236| 36.8
44 | HCOO++0«—>COxz+OHx++ 1.62E11 -0.236f O
COp++H20:++— 1.02E11 0.095| 25.8
45 | HCOO++OH-
46 | HCOO++OH—CO+H0-++ | 9.78E10 -0.095 3
47 | CHy+H«— CHs+2 3.012E11 | -0.154 | 3.86
48 | CHsz++ «—> CHax+H- 1.11E11 0.419| 19.7
49 | CHz++H+ >CHa++ - 8.99E10 -0.419 17.3
50 | CH+ +— CH«+H- 5.22E10 0.222| 9
51 | CH-+Hx »CHax+ + 1.92E11 -0.2220 354
52 | CH+ - G+H- 9.11E10 0.398| 31.3
53 | Cs+H+ »CH-++ 1.1E11 -0.398, 13.2
54 | CH3++0O«— CHz++OH- 1.97E11 -0.23 | 10.8
55 | CH2++OH -»CHz++0O-x 5.08E10 0.23 26.6
56 | CH«+OH« ->CH2++O- 1.1E11 0.414 | 44.7
57 | CHx+0Or >CH«+OHx 9.1E10 -0.414) O
58 | C++OH— CH+0O- 6.37E10 0.225| 27.7
59 | CH+0O« -»C++0H- 1.57E11 -0.225 27.5
60 | CH2r+H20« ->CHg«+OHx 8.19E10 0.099| 141
61 | CH3+OH- -»CHz++H20- 1.22E11 -0.099 12.3
62 | CH+H20« >CH2++OH- 1.81E11 0.269| 34
63 | CH2+OH- -»CH-+H20- 5.53E10 -0.269 3.3
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64 | CG:+HxO« -»CH-+0OH- 1.04E11 0.09 15.6
65 | CH+OH« -Cs+H0- 9.61E10 -0.09 | 293
66 | CO++—>C+0x 2.85E11 0.468| 54.9
67 G+0O— CO++ 3.51E10 -0.468 0.3

68 | CO+H+ »CH-+0O- 3.12E11 0.073| 45.8
69 | CH+0O« 5>CO-+H- 3.21E10 -0.073 9.3
70 | CO+H«—>C++0OH- 4.97E11 -0.168 40.7
71 | CG+OH: -CO-+H- 2.01E10 0.168| 4.4
72 2CO-C+COpx 5.94E11 0.393| 48.8
73 | C+CO»—2CO 1.68E10 -0.393 0

74 | CH3OH:++—>CH30O++H- 7.82E10 0.102| 18.8
75 | CH3O++H+« ->CHzOH++ « 1.28E11 -0.102 4.3

76 | CH3O+++—>CHOs+H= 1.25E11 0.192| O

77 CHO«+H+« >CH30x«++ 8.03E10 -0.1920 14.7
78 | CHO+++—»CHO«+H:- 2.85E13 0.27 3.6

79 | CHO-+H+ 5>CHO«+= 5.60E13 |-0.27 | 21

80 | CHO++ -CO-+H- 7.11E10 0.33 0

81 | CO+H+ 5CHO-+- 1.41E11 -0.33 | 30.8
82 | CHOH:++—»CHOH+«+H:x 8.48E10 0.403| 8.7

83 | CH:OH:+H+«— CHzOH:+- 1.18E11 -0.403 14.6
84 | CHOH+++— CHyO«+H- 1.14E11 -0.104; 7.9

85 | CH2O++H+— CHOHx«++ 8.77E10 0.104| 2.2
Desorption

86 | 20— Opt2- 8.41E12 -0.796 51-32
87 | O-->0+ 1.44E13 -0.25 | 85-B
88 | CO—-CO+ 5.66E15 -0.5 40-¥zo
89 CQs— COpt= 3.63E12 -0.25 | 3.6

90 | 2H:— Hxt+2- 7.95E12 -0.001 19.86@
91 | OH«— OH+ 1.44E14 2 63-3Bo+2FH20
92 H20« -HO+ 2.03E12 1.372| 10-20820+20H
93 H«— H+ 4.37E13 1.890| 6263
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94 | COOH—-COOH+ 1.12E13 0.089| 55.3
95 | HCOO+—- HCOO+2 4.83E12 -0.201] 53.0
96 | CG—»C+ 4.3E13 -0.156| 157.7
97 | CH->CH+ 5.22E13 -0.051] 157.1
98 | CH2—»CHat+ 1.57E13 -0.118 91.6
99 | CHz+— CHa++ 4.42E12 0.099| 45.3
100 | CH3OH-—»CH3OH+ 2.11E12 -0.258 9.5
101 | CH3Ox »CHzO+ 4.73E12 -0.054 37
102 | CHO+ »CHO+ 6.448E13 | -0.098 | 12
103 | CHO- -CHO+ 6.21E13 -0.096 55.5
104 | CH.OH« -CHOH+ 1.35E13 -0.233 50

aw=0.89 for fuel lean conditions and 30.31 for ftieh conditions.

Table 2-4. Surface reaction mechanism for NO reactions on platinum proposed in

thiswork. Underlined parametersindicate values that were adjusted to improve the

model fit to experimental data.

NO. Reaction s/A (1/s-1) | P E(kJ/mol)
Adsorption

105 NO +— NO- 0.85 [23] 0 0

106 NF5+>NHar 1[56] 0 0

107 N20O+2—>NO«+N-x 0.01 [55] 0 23

Reaction

108 |[NO:++ - N« + O 9E14 0 107.8 [55]

109 | N« + O— NO- ++ 1.005E13[55]| 0 168

110 N+ Ne — N2 + 2 1.005E13[55]| O _81.9

111 N+ 3H —NH3- 2.005E16 69

112 NHsz« + 3 >N + 3H 1.005E12 110.2
Desorption

113 NG — NO +- 1.005E14 100

114 NHs+— NHs+ « 1.06E16 88.4

115 NO«+N+—N20+2 1.005E11 0 75.8
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One significant challenge for the model developethis work was the fact that it
is being used to simulate both fuel lean and fiskl conditions. At fuel rich conditions,
the surface is covered by partial oxidation spec¥3 and H in particular, while at fuel
lean conditions, the surface is covered by oxydédferences in surface coverages will
result in differences in how methane interacts whih catalyst [37]. Meanwhile,
Chatterjee andoworkers modeled the CO;lds and NO conversion at fuel rich, near
stoichiometric and fuel lean condition and pointed the GHe conversion was largely
over estimate in the fuel rich condition compar@thie experimental data. The deviation
was explained by the fact that in the rich condittowide variety of surface species, such
as partial oxidation product of:Be, resides on catalyst surface, which can reduce the
oxygen surface coverage and lead to different imapiathway [23]. To account for this,
the activation energy for methane adsorption waskemras a function of CO surface
coverage differently in the fuel rich and fuel lezondition. The activation energy was
represented by: 1.56+0.8®%for fuel lean and 1.56+30.3&xofor fuel rich Pco is the
initial surface coverage of carbon monoxide). Thyhér weight factor indicates that the
high CO surface coverage at fuel rich conditiomreéases the dissociative adsorption
activation energy and will greatly inhibit the adstion of methane, which leads to a low
conversion of methane at fuel rich conditions. Melaite, the methane sticking
coefficient was increased from 0.116 to 0.58, whsctlose to 0.68 proposed by
Aghalayam and coworkers [57]. Similar parametensnig procedure had been done by
Maestri and coworkers to increasing the metharw&iat] coefficient on Rh from 0.229 to
0.572 to better predict experimental results [58].

Model predictions as a function bfare shown in Figure 2-1. These results are
compared to experimental data obtained by Defdal [5]. As seen in Figure 2-1, the
simulation can capture all the important trendsegekthat ammonia is under-estimated at
one fuel rich conditioni(=0.953); however the Ngformation trend is predicted, with
little ammonia formation at fuel lean conditionslancreased amounts ashifts from
fuel lean to fuel rich conditions. Methane convensincreases asdecreases to the
stoichiometric point from the lean condition anaheersion suddenly decreases to about

10% at fuel rich conditions. The cause of the lomethane conversion at fuel rich
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conditions is not due to insufficient oxygen in #daust since there is still a large

amount of oxygen downstream of the converter. atsteve propose that the higher

surface coverage of CO in fuel rich conditions ietpanethane conversion. For this

reason, we have modeled the methane dissociatsg@itcbn activation energy

differently at fuel rich conditions than fuel leaonditions. This approach acknowledges

the literature that shows that the methane intemachechanism is different at fuel rich

conditions due to high CO surface coverage [31e WO conversion is low at fuel lean

conditions due to excessive oxygen and a limitedwarhof reducing agents, while &s

decreases, NO conversion gradually increasesthetgtoichiometric point, at which

point there is a step change in NO conversion @%4.0rhe formaldehyde conversion is

consistently high at all conditions while CO corsien decreases to 63.07% at fuel rich

condition ¢ =0.953) with the CO mole fraction (7960 ppm) tingl compared to the next
data pointX =0.977). NO mole fraction did not exhibit a noticeable chaager flowing

through the converter. The mole fraction is sevppath except one point that is over 10

ppm.
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Figure 2-1. Simulation of exhaust gas conversion and formation in TWC. Linesare

the smulation and symbols are the experimental data.

Figure 2-2 compares the simulated oxygen conceémsaais a function of
position in the catalytic converter for differéus. This figure shows that wheé0.953,
the oxygen concentration gradually decreases auhes zero at about 0.05 m. It is
notable that conversion of oxygen is much highanttihat in the experimental data
(20.68%). Meanwhile, the corresponding CO conversds3.07% which is slightly
under predicted. We can make two conclusions basede simulation results. First, the
CO conversion at fuel rich conditions is not ashtag that at fuel lean conditions since
there is insufficient oxygen for complete oxidat@inCO. Second, CO conversion is
slightly under predicted because the consumptiarxgfen is overestimated. When
A=0.977, oxygen concentration decreases initialty then remains at a high
concentration through the rest of the convertee fi@maining oxygen was sufficient to

cause the CO conversion to be higher than thatdfexperimentally.
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Figure 2-2. Oxygen mole fraction in exhaust mixture as a function of converter

length at variousair to fuel ratio.
2.4.2. Simulated exhaust compositions

Figure 2-3 and Figure 2-4 depict the exhaust coitipnsalong the catalyst
converter at fuel leari€1.03) and fuel rich\(=0.977) compositions, respectively. As
seen in these figures,>CHs, CO, CHO and NO concentration decrease along the
converter, while the C£NHs, N.O, N> concentration increase along the converter. This
trend is consistent with experimental observatams represent the general chemistry
happening in the catalytic converter. Even thougghN concentration is not available in
the experimental data, based on the nitrogen naasde, we can determine that\Mas
produced in the NO reduction process. For both amitipns, all reaction chemistry is
essentially complete by 0.1 m: only minor changegas phase compositions are noted
past that point.
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Figure 2-3. Exhaust composition as a function of position in the catalytic converter
with afuel lean inlet mixture (A=1.03).
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Figure 2-4. Exhaust composition as a function of position in the catalytic converter
with afuel rich inlet mixture (A=0.977).

2.4.3. Simulated surface cover ages

The calculated surface coverage of all speciesiih fuel lean{=1.03) and rich
(A=0.977) conditions are shown in Figure 2-5.-@Hd BO- are the dominant species on
the Pt surface for both conditions because ti@ ebncentration is about 19% in the
exhaust. NO surface coverage exhibits a steepeeas at the entrance of TWC at the
fuel rich condition than that at fuel lean conditiodicated that NOwas converted along
the converter which is consistent with the obséowathat NO conversion is higher at
fuel rich conditions. The Nsurface coverage is higher in the fuel rich caadjtwhich
results from higher conversion of NRrough decomposition into-Nind Q. Meanwhile,
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it can be seen that<ldurface coverage increases\aifts from lean to rich. The high N
and H surface coverage in the fuel rich conditeadl to the higher Ndbsurface coverage
at fuel rich condition, and ultimately higher am&iaf NHs in the exhaust under fuel

rich condition. For the fuel rich condition, it che seen that the coverage of vacant sites
initially increases at the entrance of the convethen decreases, while for the fuel lean
condition, vacant sites coverage continuously gemalong the converter. The trend for
fuel rich conditions can be attributed to the realaf adsorbed CO near entrance of the
convertor, followed by adsorption o8 later in the convertor after the major reactions
are complete. The vacant sites surface coveragmssstently higher in the fuel rich
condition than that in the fuel lean condition. Maacant sites would promote the
adsorption of NO, leading to higher NO conversioder fuel rich conditions, but this
does not help explain why the experimentally meadunethane conversion is low at

fuel rich conditions. CO coverage decreases agetiants progress through the reactor
for both conditions, while the initial CO surfaceverage at fuel rich condition is much
higher than that in the fuel lean condition duéh® 10 times higher gas concentration
than that in the fuel lean condition. The higher §i®face coverage under fuel rich
conditions was taken as the factor that increasednethane dissociative adsorption
activation energy to explain the low conversioffual rich conditions. High CO surface

coverage under fuel rich condition would promote-Ni@composition by removing-O
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Figure 2-5. Simulated surface coverage on catalyst surface as a function of converter length
at various air to fuel ratio, v representsthe vacant sites. Fuel lean condition (left, 2=1.03)
and fud rich condition (right, A=0.977).

NO conversion exhibited an opposite trend comptoedethane: the NO conversion is
relatively high at fuel rich conditions, but it idly decreases in the transition from fuel rich to
lean conditions, finally reaching a low value (<10 A=1.03. Methane, CO anckldre all
potential reducing agents to convert NO toadd NH. However, R108 (NO+ - — N= + O¢)
indicated that the adsorbed NO further decompasdk &nd O, and then reducing agents CO
and H can react with the QQR22 and R24), leaving vacant sites which alsdaexed why the
vacant sites initially increased in the fuel rignditions.

To investigate NO chemistry, simulations were penked by omitting surface-O
generation from R108 in eg. (2). These simulatgimsved that NO conversion and vacant sites
surface coverage increased, which indicated thggeaxinhibited the NO reduction by taking
the vacant sites for NO adsorption and further dgmusition. A similar conclusion was reached
by Koop and Deutschmann, who found that CO agids@hibited the oxidation of NO by
blocking the adsorption sites for the dissociatidsorption of oxygen [22]. As the NO
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conversion decreased, NFbrmation decreased correspondingly, which inéidahat NH
formed from the precursor NO and this reaction owolin the TWC, not during fuel
combustion in the engine [59].

2.4.4. Thermodynamic consistency

To check the thermodynamic consistency of the lan@irameters of the whole
mechanism, the reaction enthalpy and entropy ohetgary reaction were related to activation

energy and pre-exponential factor of a given fodramd backward reaction [60]
—rf
AH; = E] — Ef (12)
fyab _ ,ASi/R
Al /A% = esi/ (13)
For adsorption, sticking coefficients were used. The pre-exponential factor for the gudsm
reaction is given as [61]:

RT
Ai,sticking =S (TML) 1/2 (14)

The original C1 mechanism used to develop our rkinggic model is
thermodynamically consistent [42]. In order to siate TWC performance, the pre-exponential
factor of both forward and backward reactions wesdurbed by the same order to maintain
thermodynamic consistency. For example, the reaq#or consisting of formaldehyde
adsorption (R18) and desorption (R102) were chang&adble 2-3. The methane dissociation
adsorption activation energy was reduced from paigvalue 9 kcal/mol to 1.56 kcal/mol,
meanwhile the corresponding methane formation i@a&47 (CH«+H-— CHs+2:) activation
energy was decreased by the same amount to maihé&modynamic consistency.

To ensure thermodynamic consistency for the NOatalu portion of our model, we
have calculated enthalpy and entropy changes asthgrmodynamic database and compare
those values to the values obtained from the aaiv&nergies and pre-exponentials in the
microkinetic model. For example, for the overalction NO+2.5pENH3+H20, enthalpy and
entropy changes were calculated from the GRI-MbBelmtochemical database, giving values of
AH of -90.58 kcal/mol andS of -37.25 cal/(mol K) at 300 K. By summing the aation
energies and pre-exponentials of the individuaieser reaction steps and using equations (10)
and (11),values fohH andASwere found to be -89.13 kcal/mol and -37.23 call(Kjo
respectively. For the second gas phase reactt@+08l5Q=2NO, the same calculations was

carried out. In the gas phagg{ andAS are 24.12 kcal/mol and 23.64 cal/(mol K) respety:
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based on the model, they are 24.12 kcal/mol antP22al/(mol K). Thus, we proposed a

thermodynamically consistent surface reactiontiernatural gas engine exhaust in TWC.
2.4.5. Senditivity analysis

Since the reaction mechanism is large, it is diffito identify the important reaction
steps influencing a response without a systematiethod [62]. In this work, we examine
sensitivity coefficients when determining the imaoit reactions. The pre-exponential factor (A)
was chosen as the parameter and the exit emissitanfraction (y) as the response. The

sensitivity coefficient is defined as:

d(nyy) _ nyP=iny;
S, = = U 15
2 o(In4j) lnA?—lnA]- ( )

Here,A]‘? and4; denote the initial pre-exponential factor and pded pre-exponential factor,
respectively. The pre-exponential factor of eae@mantary reaction was perturbed by a same
factor.y? andy; are the species mole fraction usjﬁbandA-, respectively. In this calculation,

exit exhaust mole fraction was chosen as the respfam sensitivity coefficient calculations
[63].

Figure 2-6 shows the reactions that are importattie six key exhaust species. The
sensitivity analysis was performed for each exhbystecreasing the pre-exponential factor of
each elementary reaction by a factor of 1.2. Tinsifieity coefficient are further normalized to
the largest absolute value in each data set (N&Qjje maximum NSC value in each set is 1.0.
With a threshold value of 0.16 for the absolutaueabs shown in the figure, methane, NO and
CO are all most sensitive to the adsorption stBi®(R105 and R3, respectively). Aghalayam
and coworkers modelled the methane oxidation otinplisn and sensitivity analysis also showed
that methane conversion is most sensitive to thibane dissociative adsorption step [57]. These
species are converted in the TWC, so it makes gbas¢heir adsorption plays the biggest role
in their chemistry. However, Figure 2-6 also shdw®/ these three species are impacted by
reaction steps involving each other. For examglaction steps R105 (NO-+ NO-), R113
(NO- — NO ++) and R108 (N®++ — N+« + O) have noticeable NSC values for methane, NO,
and CO. These three steps are for NO adsorptiond@#0rption, and decomposition te &hd
O+, clearly indicating how NO can occupy surfacessiteat can otherwise be used for methane
and CO conversion. In a similar way, CO adsorphias a large impact on methane conversion.

Finally, oxygen adsorption (R1) had a noticeablgatige impact on NO conversion since the
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sign is opposite to the NO adsorption (R105). Tais be explained by considering that oxygen
inhibits NO- decomposition (R108) on the surface. Formaldeltpawersion is primarily
sensitive to the formaldehyde adsorption step REpQ+— CH.0O+), the formaldehyde
desorption step R102 (GB&- -CH.O+) and surface reaction R78 (&bt +-—CHO-+H-);
however, it has some dependence on NO chemistryodc@mpetitive adsorption. The ammonia
and NO are most sensitivity to reactions that relateth&formation of these two species since
both NH; and NO are produced within the TWC. R25,(B4+-—»H++0OH-) and R26 (FH+OH:-—
H20-++) both had a noticeable impact on the3d\NWhich indicates that ammonia formation
competes with other reactions involving. I$urface reactions R105 (N@— NO-), R108 (NG

++ = N« + O) and R113 (N®— NO ++), which are all related to the NO surface
concentration, are shown in the ammonia ap@ Bensitivity analysis, since NO is the nitrogen
source for their formation. R111 {N 3H- —NH3+) is the surface reaction that leads to ammonia
formation on the surface.

The sensitivity analysis provides information notyoon which reactions are important,
but also suggest which reactions should be moditduktter capture the experimental results.
The reaction parameters reported in Table 2-3 atleT2-4 were found using sensitivity
analysis to decide which reaction parameters shoeilchodified.
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Figure 2-6. Sensitivity analysis of CH4, NO, CO, CH20, NH3 and N20O mole fraction with
respect to pre-exponential factorsat reaction conditions, A=1.03. The numbersare
referringtothereactionslisted Table 2-3 and Table 2-4.

2.5. Conclusion

A detailed and thermodynamically consistent surf@eetion mechanism capable of
modelling all the key reactions in the TWC appliedreat exhaust from a natural-gas engine
was developed by selecting the elementary-stepioeadrom the literature. By adjusting six of
the 104 reaction steps in C1 mechanism and progashO reduction mechanism, the model
was able to predict the major trends inACNO, and CO conversion and hEnd NO
production over a wide range of fuel to air ratidomprehensive reaction mechanism and
sensitivity analysis to determine the importantctiea steps are essential for the modeling
process and predicting the experiment results. Witel rich feedX=0.953), CO conversion is
a little underpredicted due to the high conversib@®, which leads to insufficient oxygen for
further CO oxidation. Conversion of NO is highfal rich conditions because reducing agents
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such as CO and#tan remove the -Cand promote the decomposition of Nidto N- and G,

which accelerates the conversion of NO. In fuehleanditions, CO was almost completely
converted, and excessive oxygen further decre&sesurface CO concentration. Because of
this, dissociative adsorption of methane is lebghited by the surface CO. NO conversion is

low at fuel lean conditions because NO decompasitio the surface was inhibited by the high
concentration of oxygen and also by less reducgemato remove O A small variation of the
air-fuel ratio had a great impact on the simulatedverter performance, showing the importance
of maintaining the air to fuel ratio in a narrowishiometric window to obtain a high emission
removal efficiency. Sensitivity analysis indicatbat adsorption steps have the largest impact on
removing methane, NO, CO and formaldehyde. Amman@&NO, which are produced in the
TWC, are sensitive to the reactions that relatbéa formation, such as R25, R26, R108 and
R111 for NK and R1, R108 and R115 fop®. In addition, the R105 and R108 have large NSC
value means that NO adsorption and decompositepssiffect production/conversion of all six

important species.
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Chapter 3 - Modeling of three-way catalytic converter
per for mance with exhaust mixtures from dithering

natural gas-fueled engines

Abstract

The behavior of a three-way catalytic converter Wb treat the exhaust from a
natural-gas fueled engine in fuel dithering comtis was evaluated by numerical simulation. A
validated comprehensive and thermodynamically cbast surface reaction mechanism was
utilized to model the natural gas engine exhausversion in the TWC at dithering conditions.
The mechanism was implemented in a tank-in-sermseirto study the TWC behavior while air
to fuel ratio was cyclically varied (dithering catidns). The simulation results were evaluated
by comparison with data collected from a TWC opstait dithering conditions. The
microkinetic reaction model predicted the postlgatalHC, NO and CO concentrations well
when 5 reaction steps out of 115 elementary stegps modified. The inlet £concentration
fluctuation affected the THC, NO and CO conversiorygen promoted the THC and CO
oxidation but inhibited the NO reduction. Simulasondicated that the dithering frequency did
not noticeably impact the exhaust conversion sinpglyause the transition time is relative short.
Larger dithering amplitude decreased the THC caiorrbecause the air fuel ratio shifted to the
fuel rich side. Both simulations and experimentsvatd that dithering yielded improved NO
conversion as compared to steady state operativigtar air to fuel ratios. Simulations showed
that this was due to a higher number of vacancit#sdithering that improved NO adsorption

and surface reaction.

3.1. Introduction

Air quality is a worldwide concern that has accaled stricter emission control
requirements on vehicles, such as EPA 10 and EURO Vesponse to these stringent
environmental regulations, natural gas fueled eegylmave attracted extensive attention and have
been studied as a promising candidate to meemntigsi®on regulations. It is well known that

lean burn natural gas-fueled vehicles produced@&3semission [64] and engine-out emission
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levels of THC, NO and CO from the natural-gas eagiuere substantially lower than those of a
gasoline engine [65]. In addition, recent forecémtsatural gas resources in the United States
suggest that this fuel will be abundant and lowt émsmany decades [66]. In this way, natural
gas engines will have a huge development and lib@iincreasingly important to investigate the
catalytic processes to emissions abatement froaradagas fuel engines.

To control exhaust emissions from natural gas esggia three-way catalyst (TWC) can
be employed that simultaneously converts unburiydddecarbons, NOQand CO. The TWC must
be operated near the stoichiometric pokatl, wherer=AFRactual AF Rstoichiometricand AFR refers
to the air to fuel ratio) to achieve high convensad all three species. Another possible method
for improving emissions control is to operate thgiee in a cyclical fashion, where the AFR is
cycled between fuel-rich and fuel-lean conditioRisis process is often referred to as dithering.
Cho and coworkers studied the AFR oscillatory eftecthe performance of a Pth8; catalyst
in gasoline engine exhaust and found that a feegposition oscillation at 0.1 Hz around a time-
average stoichiometric point yielded a higher hgdrbon, NO and CO conversion than steady
state conditions below the reaction lightoff tengtere [67]. Defoort and coworkers studied the
AFR dithering effect on the performance of TWC @pierg on natural gas-fueled engine and
found that the TWC window was widened in the dithgicondition (period is 2.5s lean
excursion followed by 2.5s rich excursion, ampléwhange corresponds to a change (i =1/

A) of about £0.01) compared to AFR without dithgr[B]. Shi and coworker studied the natural
gas engine exhaust gas conversion efficiency in TMv@er steady state and dithering
conditions. They found an optimal midpoptfrequency and amplitude to minimize the exhaust
emission, but the reaction chemistry was not wetlarstood [6]. It is interesting to notice that
both Defoort and Shi’'s work indicated that the nagilh conversion efficiency declined on the
fuel lean side in the steady state condition, capthe favorable TWC window shift to rich side.
Ishii and co-workers found that the® concentration measured in the natural gas enggse
higher than that in the base gasoline engine amdthane conversion was reduced in the fuel
lean region. They examined the®effect on the methane conversion efficiency anohdl that
a high methane conversion was obtained when therwahcentration was zero in the fuel lean
region, while as the water concentration increadeximethane conversion sharply decreased in
the fuel lean region, which indicated that highevatoncentration was the main reason that
methane conversion was low in the fuel lean re§b&i.
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Transient effects are often attributed to oxygemagie, where excess oxygen in air-rich
conditions are stored for subsequent use in air-éeaditions. Usually, ceria is proposed as the
species responsible for oxygen storage and typiealtiled to TWC because of its structural
properties, its reversibility of sulfur poisoningdaits rapid kinetics of oxygen storage and
release [25].

In our previous work, we have proposed a 115-sEpentary microkinetic reaction
mechanism to model the steady-state behavior oTYM€ in the conversion of exhaust mixture
from a natural gas engine [68]. This mechanismbes®d on microkinetics for platinum. Our
simulation predicted the GHNO, CO, CHO, NHs and NO compositions reasonably well over
a wide AFR using a plug-flow reactor (PFR) modeltHis paper, we utilize the same surface
reaction mechanism with minor modifications to mdtie catalytic conversion of exhaust
mixture from natural gas engine while the air telftatio is cycled between different values
(dithering). Simulations are compared to experiralergsults in order to verify the accuracy of
the model. Although we recognize the importancetbér components besides platinum in the
TWC (particularly ceria, which affects transienteogtion), this first attempt to apply a detailed
microkinetic model to treatment of the exhaust frachithering natural gas engine relies on the

previous model that considered platinum as theacitalyst.

3.2. Experimental

All of the experimental results were obtained frar@ummins Onan Generator-Set, a
heavy duty Ford 4-stroke cycle (Model LSG-875)yBneler, turbo-charged, spark ignited
natural gas engine. The engine was loaded to peo@ddW at 60 Hz. It utilizes a cast iron
block and heads in a 90 degree V-8 configuratiowife specifications are shown in Table 3-1.

Table 3-1. Engine Specifications

Base Engine LSG-875, Turbocharged
Displacement ifi(L) 460.0 (7.5)

Engine Power Output bhp (kW) 173.0 (129.1)

BMEP, psi (kPa) 150.0 (1034.2)

Bore, in. (mm) 4.36 (110.7)

Stroke, in. (mm) 3.85(97.8)

Piston speed ft/min (m/s) 1155.0 (5.9)
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Compression Ratio 8.6:1

Lube OIil Capacity, qt. (L) 10.0 (9.5)

Exhaust Gas Flow (Full Load), cfm $min) 760.0 (21.5)

The engine was operated by a Continental Controtp@ation (CCC) Electronic Gas
Carburetor (EGC-2), which utilizes variable presstontrol, a patented advanced mixing
venturi for natural gas, and a wide band lambda®enstalled upstream of the NSCR catalyst
to provide AFR feedback. The EGC-2 can be configioeoperate at different AFR values. It
can operate in either steady state mode, whergRili3 can be optimized to maintain a stable,
fixed AFR, or in a dithering mode, where AFR unaezg a sinusoidal variation about a fixed
AFR. The AFR set point and dithering conditions.(frequency=0.5 Hz, amplitude=0.005) can
be adjusted through input parameters in CCC’s Vdliesver software.

Emissions were treated by a NSCR catalyst manutettioy DCL International Inc.,
model number A7AL-DQ-1Y07-22, which contains a camaltion of Pt, Pd and Rh. The catalyst
is comprised of two spools, each containing theesanbstrate configuration and material. The
assembled unit was approximately 6 inches in dianatd 17 inches long. Each spool’s
cylindrical substrate was 5.9 inches in diameter 218 inches long. Emissions were monitored
by a Rosemount 5-gas analyzer and a Nicolet 670@idfolransform Infra-Red (FTIR)
spectrometer. The 5-gas analyzer measured THG, ®&CQO,, and CO concentrations. Water
concentration was measured by FTIR.

Most of the sensors used in this system were e 8 show the time transients
required for the modeling work. For this reasonaliernate procedure was used to estimate the
concentrations of all gases over time. In thixpdure, the data provided by the output voltage
from the Woodward narrow banc @ensor was used to estimate the concentratioal$ of
species since it provided the highest time resmiut/oltage, equivalence ratio, and 5 gas
concentrations were averaged for each five minata goint taken, and then correlated with
each other. These discrete averaged points wereectad by linear interpolation and the real
time voltage signal was used with each relationghiprovide real time concentration data for 5

gas species.
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3.3. Mathematical M odel

The TWC is modeled as a series of continuouslyestitank reactors (CSTR). This
model can be used to describe a variety of mixatitepns based on the number of tanks used in
the model [69]. For a large number of tanks, th& RSin series model gives results similar to a
plug flow model, which is what is expected for ttt@nnels in the TWC. In this model, we used
10 tanks to simulate the exhaust conversion imancercial TWC. Decreasing the number of
tanks to five changed the results by about 2%lfdha dithering conditions, and further
increasing the number of tanks will not changedbmversion significantly, but will increase the
computation time. The advantage of using a CSTReiiies model is that algebraic equations
can be used to represent the mass balance in &I0R,Go the only differential equation that
has to be solved is the time transient that resudta dithering. This differs from a non-steady
state plug flow reactor which involves solving @eatives in both time and position.

The mass accumulation for the adsorbed specidseosolid phase are obtained by
assuming competitive adsorption of all species.tReradsorption of each species on the
catalyst, represented here as a change in specfasescoveragel), the accumulation on the
surface at transient state can be calculated svil

00k
at adsorption,i,k — 9{desorption,i,k + Zj mreaction,j,k (1)

The surface coverage of vacant sites in tank leimed as,, ;.
Oy =1— % O; 2)
The adsorption rate could be calculated as:

s; | RT ,T Eqdsorption,i
ERadsorption,i,k = FL 2mM; (T_O)ﬁexp(_ %)Ci,kev,k (3)

where s is the sticking coefficiert,is the site density of the catalyst, R is thegasstant, T is
the absolute temperaturezB00 K, is the temperature component and M is the molecula
weight.

The desorption rate is formulated as follows:

T —Eg4 tion,i
mdesorption,i,k = Adesorption,i(T_O)ﬁeXp (%) gi,k (4)
Langmuir-Hinshelwood type rate expressions are tse@scribe reaction rate:

T _E . . .
9zreaction,j,k = Areaction,j (T—O)ﬁeXp (%) H Hi,k (5)
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With the CSTRs-in-series model, the mass balarnrcedoh species is:
0= Fi,k—l - Fi,k - Zj(sﬁadsorption,i,k - SRdesorption,i,k) l-‘Sm (6)
where:S,,=active catalyst surface area?/m?

The geometric surface area per unit reactor vol(B%A) is calculated as:

22 = 4 x (celldensity) (7)

where d is the channel diameter, cell density i&ddlls per square inch, and the GSA is
calculated using Eq. (7) is 2212/m?®.
The assumption of no internal mass transport limomns in the washcoat layer was tested by

calculating the Thiele modulgsas defined by [50]:

_ KRG

¢t =5 ®)

where Kk is the reaction rate constant=R5um (assumed washcoat thickness), antsthe

effective diffusivity of gas in the washcoat asidefl below [53]:
D, =297a()" (©)

wherese is the porositys is the tortuosity and a is the pore radius. THaesmare defined below:
£=0.41,7=8, a=10®m [53]. In this work, we used the correspondingoagi§on step reaction rate
constant to calculate the six gas species Thielduinm the washcoat. The calculated values
are:¢gcy, = 0.025, oo = 0.62, pco = 0.68, because the Thiele moduli are less than one,
internal mass transfer limitation can safely beorgal. External mass transfer limitations were
not considered in this model.

Table 3-2. Notation.

A Pre-exponential factor

C Exhaust gas concentration [moflm

d Channel diameter [m]

De Effective diffusivity of gas in the washcoat is]

E Activation energy [kJ/mol]

F Exhaust flow rate [mol/s]

GSA Geometric surface area per unit reactor volfmfém?]
M Molecular weight [g/mol]

R Gas constant [J/mol/K]
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R Reaction rate [§

Ra Washcoat thickness [m]

S Sticking coefficient

t Time [s]

T Catalyst temperature [K]

€ Porosity

T Tortuosity

r Catalyst site density [molfh
0 Surface coverage

) Thiele modulus

A Normalized air to fuel ratio
B Temperature component
Subscripts

i Species

] Reaction number

k Tank number

v Vacant sites

To simplify the exhaust gas concentration profideihput into our model as the inlet
concentration profiled to the TWC, we use a piesewwrapezoid function to describe the pre
catalyst emission concentration profile. The remktdata and trapezoid function are compared
in Figure 3-1 for THC for one of the dithering taalt can be seen that the trapezoid function
can catch the trend quite well except for the ently sharp peaks. With this procedure, the five

gas concentrations can be expressed as functidimefor input to our MATLAB program.
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Figure 3-1. Comparison between the measured and simulated pre catalyst THC
concentration for dithering at a frequency of 0.5 Hz at an AFR of 17.0.
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Figure3-2. THC, NO, CO, Oz and CO:z inlet concentration as a function of time for
dithering at a frequency of 0.5 Hz at AFR of 17.0, 17.06, 17.1 and 17.2.

Figure 3-2 shows the THC, NO, COz; &hd CQ simulated inlet concentrations as
functions of time at AFR 17.0, 17.06, 17.1 and 1E&ch of these gave a similar fit to their
respective experimental profiles as shown in Fidlifie What is surprising about Figure 3-2 is
that the maximum and minimum concentrations o$jdicies are identical, even as the nominal
AFR is changing. Instead of changing the limitspécies concentrations exiting the engine,
changing the AFR is changing the period of timeravieich the engine produces those
maximum and minimum times. For example, in the fiscle of AFR 17.0, the THC
concentration stays at 745 ppm for 1.4 seconddeutlstays at 685 ppm for only 0.3 seconds.
The CO concentration profile had a similar patsrihe THC where more time is spent at high
concentration (3660 ppm) than low concentratiorOQLFpm). The @concentration profile had

a pattern opposite to THC and CO: for the firstleyt.4 seconds was spent at an O
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concentration of 0.283 % and 0.3 seconds at 0.33BM¥ is consistent with the fact the oxygen

concentration is higher in the fuel lean conditiban in the fuel rich condition.

Figure 3-3 displays more clearly how changing tldrAset point during dithering impacts the
ratio of time spent at the rich and lean conditibpplotting the ratio of these times for different
AFR ratios. It is easy to see that as the AFR ameethe ratio of rich to lean time decreases

which means that the exhaust compositions aravelatuel lean at higher AFR.

[=)]

=y

Rich to Lean
Excersion Time Ratio

16.95 17 17.05 17.1 17.15 17.2 17.25
AFR

Figure 3-3. Fuel rich to fuel lean excursion timeratio asa function of AFR.
The experimental values for fuel volumetric floveragéxhaust inlet temperature, catalyst
temperature (T1 and T2 are the first and secoralyshtspool temperatures), are listed in Table

3-3. The H concentration were assumed to equal one thirdeo€O concentration [3, 54]. The

pre-catalyst water concentration was calculateeédbas a hydrogen balance for the engine:

4X(F, in—F —2XF
( CH4,in CH4—,out) H2,out X 100 (10)

water concentraion % =
2XF¢otal,out

where kcHa,in, FcHa,ous FH2,0utand Fotal,outare the methane molar flowrate into the engingharee
molar flowrate out of the engine, hydrogen molamflate out of the engine and the total exhaust
gas molar flowrate out of the engine, respectively.

The experimental data showed that the TWC reagterated at ~668C, though the inlet
gas temperature was about®®&Dlower. The average temperature variation measaloedy the
converter (between T1 and T2) is less thaf@@nd the experimentally measured temperatures
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in the TWC shows a maximum 2@ deviation with time, so we have assumed an isothke

reactor. Each surface species is expressed inieqya) and each gas species is expressed by

equation (6). Equations (1) and (6) are coupleeéttugy to form the differential-algebraic

equations and solved using Matlab odel5s. Thaitiefis of all variables are listed in Table

3-2.

Table 3-3. Dithering operation parameters.

AFR Fuel flowrate (Ymin) | Inlet gas temperatureT1 °FC) | T2 C) | HO (%)
Tin (°C)

17 0.399 592.59 659.08 662.61 19.72

17.06 0.399 593.89 661.11 664.44 19.71

17.1 0.399 593.31 659.94 664.17 19.70

17.2 0.399 593.57 657.52 663.72 19.67

3.4. Results and discussion

3.4.1. Surfacereaction mechanism

In the experiments, the total hydrocarbons weresomea and lumped into one term,
THC. THC includes methane, ethane, propane, butadether hydrocarbons. Since methane is
the dominant hydrocarbon in the exhaust, we onhsicter the methane chemistry in the
microkinetic mechanism and methane concentratioerieiy the TWC is taken as the same as
the THC.

In our previous work, we proposed a microkinetidate reaction mechanism to
describe the methane oxidation and NO reductidhehatural gas engine exhaust reduction in
TWC [68]. In developing this model, we combined M@ reduction mechanism from different
researchers [23, 55, 56] with a validated methamgation model [42]. In this work, we utilize
the same mechanism from our previous work but @itew modifications in the reaction
parameters in order to fit the experimental resu#fi. The thermodynamic consistency of the
new mechanism is still maintained. The surfacetr@aenechanism for C1 and NO reactions are
shown in Table 3-4 and Table 3-5 respectively. &the concentration of NQvas measured by
FTIR to be less than 0.4% of the total NOx compasjtwith the vast majority of NOx
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comprised of NO, the reaction steps involving N@dakon were not considered. The
microkinetic mechanism sensitivity analysis wasnaixeed in our previous work which indicated
that the CH conversion are most sensitive to the adsorptiepssic8]. In this work, we modified
the CH; adsorption steps to better fit the experimentsaliits. The modified reaction parameters
are underlined in Table 3-4 and Table 3-5.

Table 3-4. Surface reaction mechanism for C1 reactions. Underlined parametersindicate
valuesthat were changein thiswork from the previouswork to improve the model fit to
experimental data.

NO. | Reaction sSIA(178 | B Ea (kcal/mol)
Adsorption

1 O2+ 2+ - 20 5.42E-2 0.766 0
2 O+—-0- 4.91E-2 0.25 0
3 CO+—-CO- 1EO 0 0
4 COx++—>COp+ 1.95E-1 0.25 0
5 Ho+2«—2H- 1.29E-1 0.858 0
6 OH+—0OH-x 9.99E-1 2 0
7 HoO+— HO« 1.08E-1 1.162 0
8 H++—H- 3.84E-1 1.832 0
9 COOH+—-COOH- 6.34E-2 -0.089| O
10 HCOO+2-HCOO- 1.46E-1 0.201 0
11 C+—-Cx 1.64E-2 0.156 0
12 CH+—->CH- 1.35E-2 0.051 0
13 CHo++—CHo+ 4.5E-2 0.118 0
14 CHs++— CHa-+ 1.6E-1 -0.099| O
15 CHsg+2-—>CHza++H- 0.116 0.154 8.5+58H20-1300H
16 CH30OH+— CH3OH- 3.34E-1 0.258 0
17 CH30O+— CH30- 1.49E-1 0.054 0
18 CHO+— CHO- 0.7016 0.098 0
19 CHO+— CHO- 1.14E-2 0.096 0
20 CHOH+— CHxOH- 5.26E-2 0.233 0
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Reaction

21 COp+ ++ »CO+O- 4.18E10 0.177 | 26.3
22 CO+0-—>COpx++ 2.39E11 -0.177| 20.6
23 OH«++—>0x+H- 1.95E12 1872 | 271
24 O«+H+— OHx++ 6.33E12 0.624 | 8.8
25 H20+++—>H+«+OH- 9.36E12 -0.118| 17.8
26 H++OH+— HyO«++ 9.99E12 -1.049| 135
27 H20:+0«—»20H: 4.32E10 0.082 | 8.8
28 20H-— H20++0- 1.7E10 0.325 | 22.7
29 COx+H+—»CO+0OH- 8.03E8 -0.531| 6.0
30 COOH++—»CO-+0OH- 8.43E8 0.024 | 5.3
31 CO+0OH—-»COOH ++ 1.19E9 -0.024| 191
32 COOH++—»CO++H- 1.06E11 0549 | 1
33 COp+H«—»COOH++ 9.45E10 -0.549| 24
34 CO+H20+—» COOH+H- 1.01E11 0.492 | 23.7
35 COOH+H+—» CO-+H20- 9.07E10 -0.492| 5.6
36 CO2++OH—»COOH+0- 5.35E10 0.097 | 26.6
37 COOH+0«—»COz++OH- 1.87E11 -0.097| 6.9
38 COp++H20-->COOH+0OH- 8.64E10 -0.031| 175
39 COOH+0OH+— COpx+H20- 1.16E11 0.031 | 11.9
40 CO+0OH—-»COx++H- 1.25E9 0.531 | 185
41 COx+H«—»HCOO- 1.12E11 -0.422| 185
42 HCOO+->COp++H- 8.96E10 0422 | O
43 COx+0OHx++—> HCOO++0O- 6.17E10 0.236 | 36.8
44 HCOO++0—»CO2++OHx++ 1.62E11 -0.236| O
45 COp++H20+++—» HCOO+-+OH- | 1.02E11 0.095 | 25.8
46 HCOO++0OH«—COp++H20x++ 9.78E10 -0.095| 3
47 CHa*+H+«— CHg+2- 6.12E10 -0.154 | 10.8+50120-1300H
48 CHa++ «— CHp++H-> 1.11E11 0.419 | 19.7
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49 CHz++H+« ->CHga++ - 8.99E10 -0.419| 17.3
50 CHz++ «— CH-+H- 5.22E10 0222 | 9
51 CH:+H+ -CHax+ + 1.92E11 -0.222| 35.4
52 CH:+ > CetH- 9.11E10 0.398 | 31.3
53 Ci+H« >CH«+ - 1.1E11 -0.398 | 13.2
54 CHz«+0O+— CHz++OH-x 1.97E11 -0.23 10.8
55 CHz++OH« ->CHz++0O- 5.08E10 0.23 26.6
56 CH-+OH -CH2++0O- 1.1E11 0.414 | 44.7
57 CHz2++0O« »CH-+OH- 9.1E10 -0.414| O

58 C++0OH-—» CH+O- 6.37E10 0.225 | 27.7
59 CH+0O+ -»C«+0OH- 1.57E11 -0.225| 27.5
60 CHz++H20+ -»CHz++OH- 8.19E10 0.099 | 141
61 CHz++OH+« ->CHz++H20+ 1.22E11 -0.099| 123
62 CH:+H20+« ->CHz++OH- 1.81E11 0.269 | 34
63 CHz++OHx ->CH-+H20- 5.53E10 -0.269| 3.3
64 C++H20- -CH-+OH- 1.04E11 0.09 15.6
65 CH-+OH »Cx+H20- 9.61E10 -0.09 29.3
66 CO+—>CH+0O- 2.85E11 0.468 | 54.9
67 C+0— CO++ 3.51E10 -0.468| 0.3
68 CO-+H+« -»CH«+0- 3.12E11 0.073 | 45.8
69 CH+0O+ »CO+H- 3.21E10 -0.073| 9.3
70 CO+H+«—»C+OH- 4.97E11 -0.168| 40.7
71 C+0OH -CO-+H- 2.01E10 0.168 | 4.4
72 2CO-C+COpx 5.94E11 0.393 | 48.8
73 C+COx—2CO 1.68E10 -0.393| O
74 CH3OH+++—>CH3O«+H- 7.82E10 0.102 | 18.8
75 CH3O+«+H+x >CH3zOH+«+ + 1.28E11 -0.102| 4.3
76 CH3O+++—>CH20++H-> 1.25E11 0192 | O
77 CH2O+«+H+ >CH3zO«++ 8.03E10 -0.192| 14.7
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78 CH20+++—>CHO:+H- 2.85E13 0.27 3.6

79 CHO-+H+x -»CH20+++ 5.60E13 -0.27 21

80 CHO«++« -»CO:+H- 7.11E10 0.33 0

81 CO+H« 5CHO:++ 1.41E11 -0.33 30.8

82 CH3OH+++—CH20H++H- 8.48E10 0.403 8.7

83 CH20OH«+H+— CH3OHx«++ 1.18E11 -0.403| 14.6

84 CH20OHx«++— CHO«+H- 1.14E11 -0.104| 7.9

85 CH20++H«— CH2OH+++ 8.77E10 0.104 2.2
Desorption

86 20— Opt2- 8.41E12 -0.796| 51-32

87 O-»0+ 1.44E13 -0.25 85-1%

88 CO—-CO+ 5.66E15 -0.5 40-¥r0-6201H20+800H

89 | COx— COpt» 3.63E12 -0.25 | 3.6

90 2H<— Ha+2- 7.95E12 -0.001| 19.866

91 OH-—» OH+ 1.44E14 2 63-3Bo+2FH20

92 H20+« -H20+ 2.03E12 1.372 10-20920+200H

93 | Hi—> H+ 4.37E13 1.890 | 6263

94 COOH-COOH+ 1.12E13 0.089 55.3

95 HCOO+— HCOO+2 4.83E12 -0.201| 53.0

96 C>C+ 4.3E13 -0.156| 157.7

97 CH-—CH+ 5.22E13 -0.051| 157.1

98 CH2+—>CHa++ 1.57E13 -0.118| 91.6

99 | CHs— CHa++ 4.42E12 0.099 | 453

100 | CH30OH+—»CH3OH+ 2.11E12 -0.258| 9.5

101 | CH30+x -»CH3O+ 4.73E12 -0.054| 37

102 | CH20+« -CHO+ 6.448E13 -0.098| 12

103 | CHO- -»CHO+ 6.21E13 -0.096| 55.5

104 | CH20OH< -CH.OH+ 1.35E13 -0.233| 50

Table 3-5. Surface reaction mechanism for NO reactions [68].
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NO. Reaction s/A (1/s-1) E(kJ/mol)
Adsorption

105 NO +— NO- 0.85 0

106 NHs+—NHa- 1 0

107 N20+2—-NO«+N-x 0.01 23

Reaction

108 NOs ++ = N« + O 9E15 107.8

109 N» + O-—= NO« +« 1.005E14 168

110 N+ N« — N2+ 2 1.005E13 81.9

111 N+ 3H —NH3- 2.005E16 69

112 NHsz« + 3—>N- + 3H 1.005E12 110.2
Desorption

113 NG — NO +- 1.005E14 100

114 NHs»— NHs+ « 1.06E16 88.4

115 NO++N+—>N20+2 1.005E11 75.8

In Figure 3-4, Figure 3-5, Figure 3-6 and Figuré, 3ve compare the dithering

(frequency of 0.5 Hz) experimental and simulatiesults at AFR 17.0, 17.06, 17.1 and 17.2,
respectively. Because the inlet composition tofW&C are varied cyclically, we’d expected the
outlet compositions to also demonstrate cyclic beltaHowever, it is difficult to discern such a
trend in the experimental results. The simulatesutts predict outlet concentrations that mirror
the assumed trapezoidal shape of the inlet compositOther than the difference in shape, the
THC, NO, CO and C@post catalyst concentration are well predictedn@ymodel on average,
while the Q concentration are overestimated. The oxygen sessmt optimized for the
concentrations seen in this work, so there mayobsiderable error in the measured oxygen

concentrations.
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Figure 3-4. AFR 17.0 dithering experimental and simulation results.
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Figure 3-5. AFR 17.06 dithering experimental and simulation results.
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Figure 3-6. AFR 17.1 dithering experimental and simulation results.
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Figure 3-7. AFR 17.2 dithering experimental and simulation results.
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Figure 3-8. Comparison of THC, NO and CO average conversion in dithering condition

between experimental and simulation results (frequency=0.5 Hz, amplitude=0.005).

Figure 3-8 compares the simulated THC, NO and C&aae conversion with the
experimental results at AFR 17.0, 17.06, 17.1 ah@.IThe model generally fits the
experimental results, except that experimentaklyTHC and CO conversions suddenly decrease
at AFR 17.2. The simulation results indicated thatTHC and CO conversion increase while
the NO conversion decrease as the AFR increasehvwdiconsistent with the our previous

simulation results of emission conversion in the@'Y&8].
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Figure 3-9. Simulated THC, NO and CO conversion in dithering condition as a function of

time.

Figure 3-9 shows the simulated THC, NO and CO caee at four AFRs (17.0, 17.06,
17.1 and 17.2) as a function of time. As seenimftgure, the species conversions for all AFR
vary between essentially the same high and low esion but spend different amounts of time
at those conversions. This mirrors the trend nédethe inlet compositions, where increasing
AFR led to longer times spent at fuel-lean condgiocelative to fuel-rich conditions. In Figure
3-2, it is easy to find that when.©@oncentration increases, the NO concentratioreas®s at the
same time while the THC and CO concentrations @serein Figure 3-9, the NO conversion
decreases as the @oncentration increases. This is likely due tabition of NO* dissociation
(R108 NG ++ — N« + O) due to competitive adsorption of oxygen. In castythe CO and
THC conversion both increase as theiidet concentration increases because& promote

the oxidation of THC and CO.
56



3.4.2. Smulated surface cover ages
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Figure 3-10. Comparison of calculated aver age surface coverage on catalyst surfaceasa
function of time between AFR 17.0 and AFR 17.2.

The calculated surface coverage in each tank aaged and compared between AFR
17.0 and AFR 17.2 in Figure 3-10. ®&hd HO- are the dominant species on the catalyst
surface for both conditions because th®©Honcentration is about 19 % in the exhaust mextur
It is also interesting to notice that even thoughwater inlet concentrations do not fluctuate
with time, the OH and ¥D surface coverages show a fluctuating patternmple explanation is
that the fluctuations of the other inlet specieange the surface species coverage, such,as O
CO,, NO+, H- and vacant sites, which finally impacts the OH bBia@® surface coverages. For
oxygen, the surface coverage fluctuation is coestswith the inlet @ concentration profile
shown in Figure 3-2: a higher©oncentration in the gas phase corresponds tgheehoxygen
surface coverage at the same time, which explamstiae oxygen surface coverage is higher in

the fuel lean conditions. Similar trends can bentbin NO surface coverage.
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3.4.3. Smulated dithering with different frequency

To study how the dithering frequency impacts thieaesst conversion in TWC, the
exhaust gas composition at AFR 17.1 was chosestdioly. The frequency of the exhaust gas
flow into the TWC was increased, while all concatitms were kept the same as for the
previous simulations. Figure 3-11 compares thecgasersions for two dithering cycles. The
gas conversion did not show a noticeable changjeeafsequency increases. The possible reason
is amplitude of the gas concentration were not ghdrn this calculation, so the conversion are
the same except for the transition section. Sihedransition time is a small portion in the two
cycles, it is not surprising to see that conversidil not change as the frequency increases. Our
results differ from Shi and coworkers who studiee matural gas engine emission conversion
from frequency 0.02 to 0.5 Hz withvalue 0.99 and amplitude 0.01 and found the THG,axd
CO conversion maximized at frequency 0.1 Hz.
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Figure 3-11. Gas conversion in dithering condition with varying dithering frequency.

3.4.4. Smulated dithering with different amplitude

To study how the dithering amplitude impacts thiaeist conversion in TWC, the
exhaust gas composition at AFR 17.1 was chosestdioly. Our approach was to simply increase
or decrease the exhaust gas concentration by smtw for each time point. The excursion time

for fuel-lean and fuel-rich conditions was kept stamt at the values measured for a frequency of
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0.5 Hz. For example, the THC and CO concentratrerirecreased in the 0-0.8 s (Figure 3-2)
section while the NO, £and CQ concentration are decreased; in the next excutsm(1.0-
1.5 s), the THC and CO concentration are decreakédd NO, G and CQ concentration are
increased. The same modifications are applied¢b sabsequent cycle.

Widening the range of AFR ratio during ditherindlwubstantially change the composition
going into the TWC. As shown in Figure 3-3, the maifect of changing the nominal AFR ratio
during dithering was to change the relative amouohtane spent at high and low AFR. For
example, changing to higher nominal AFR ratios ltegun higher amounts of time spent at
higher AFR. For this reason, increasing the amgdtwill change the effectivk entering the
TWC. The inlet gag was calculated using the time-averaged mole tracif each exhaust gas
constituent [70] and is shown in Figure 3-12. Aersin this figure, the averagalecreases as
the amplitude increases.

2xC02 + XC0+ZXOZ + XNO + xHZO (11)

1=
2xco, + 2xcot xu, + (2a + 5 +
Xco, XcoT XH, @ T 5 XceHg T XH,0

1.005
1.004
1.003

1.002

Average A

1.001

0.999

0.998
0 0.002 0.004 0006 0008 001 0012 0014 0016 0.018

Amplitude

Figure 3-12. Calculated inlet gas average A as a function of dithering amplitude.

Figure 3-13 shows the simulated gas conversioi$i@f, CO, and NO with varying
dithering amplitude and also the simulated resfltsteady state at AFR 17.1. Conversions of all

species increased as dithering was implementedntrgasing the dithering amplitude decreases
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those conversions. As the amplitude increasesT Itt@ conversion decreases from 42% to 36 %
and the CO conversion decreases since the exhasstkR shifts to the fuel rich side as the
dithering amplitude increases. This is consistatit the fact that THC and CO had a lower
conversion under fuel rich conditions. The NO casian slightly decreases as amplitude
increases. The possible reason is that even thimegRO conversion was high at fuel rich
conditions and the fuel rich excursion time is lenghe inlet NO concentration was reduced, so
the contribution to the overall NO conversion i$ pominent. At the fuel lean condition, the
NO conversion was lower plus the inlet concentrairereased. Combining the trends in fuel
rich and lean conditions, the overall NO conversbghtly decreases. Shi and coworker also
studied the dithering amplitude impact on the elmrssonversion and found 0.01 amplitude is
the optimal dithering amplitude. When the amplitigl@urther increased, the THC and CO
conversion decreased while the NO conversion wi#igth, the possible reason was the higher
amplitude resulted in an emission level similathi® steady state at fuel rich [6]. The results in
Figure 3-12 is consistent with their hypothesis.
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Figure 3-13. Simulated gas conversion in dithering condition with varying dithering

amplitude.
3.4.5. Dithering and steady state comparison

Calculations were done to predict the steady gtatirmance of the TWC. In the steady

state simulations, the same mathematical modeleapfu dithering is utilized with a 5 seconds
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calculation time to reach steady state (time wheapncentration is not changing). Figure 3-14
compares the simulations and experimental resuiteady state. The figure shows that
simulation can generally capture the experimengalds. In the lower AFR region, the
simulation fits well with the experimental resuiSTHC and NO. As the AFR increases, the
conversion of THC and NO are underestimated. CQeamion fits reasonably well with a
maximum conversion at AFR 17.02, while it is ovéireated at AFR 16.8. It is interesting to
note that in the plots of THC conversion in Fig8ré&4, the experimental and simulation
conversions both display a maximum at a specifiR A&though which AFR gives that
maximum is different: 17.1 for the experiments 4 for the simulations). The possible
reason was that the methane conversion was lowehti€h condition due to insufficient
oxygen, while the methane conversion was low i lieen conditions due to water inhibition.
This inhibition was not seen in the fuel rich cdratis [65].

To examine why there is a maximum in THC conversimund 17.0, the average net THC
consumption rate in the'tank in steady state conditions is plotted in Fégsr15. This plot

shows that the THC consumption rate is a maximu&F& 17.0 and has a relatively high value
at AFR 17.02.
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Figure 3-14. Simulation of exhaust conversion in the TWC in steady state conditions.

Symbols arethe experimental data and lines arethe simulation.

61



24 T T T T T T T

N
(N

N

Average THC Consumption rate [1/s]
> w

N
n

12 1 1 1 1 1 1 1
16.8 16.85 16.9 16.95 17 17.05 171 17.15 17.2

AFR
Figure 3-15. Average THC consumption ratein the 1% tank.
Figure 3-16 compares the experimental resultseration under steady state and
dithering conditions. The THC maximum conversioiftsho a higher AFR in the dithering

conditions, while the general trends are simildme TO conversions are close for both operation

conditions, while dithering shows a higher NO casien at fuel lean conditions.
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Figure 3-16. Comparison experimental results of TWC window between the steady state
(SS) and dithering conditions.

Figure 3-17 shows the calculated results for stessaty and dithering conditions. For all
three species, the dithering has a higher gas csiovecompared to the steady state at the same
AFR. It is also interesting to note that the NOgension remains above 80% in dithering while
for the steady state simulations it decreases tuaskthe AFR increases. The difference in NO
conversion between the steady state and ditheanditions are consistent with the experimental
results shown in Figure 3-16. Figure 3-18 showd\tenet consumption rate in the first tank
and indicates that NO consumption rate in dithecogdition is higher than that in the steady
state, especially at higher AFR, which explaing thahe AFR 17.0-17.2, the NO conversion is
higher than that in the steady state.
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Figure 3-19. Comparison calculated surface coverage on catalyst surface between dithering
and steady state conditionsat AFR 17.2.

To further understand why the NO consumption ré#terd in dithering and steady state
conditions, Figure 3-19 compares the surface cgesréor both conditions at AFR 17.2. In the
steady state, the CO surface coverage is lowerttiann the dithering conditions while the O,
OH and HO surface coverage is in between. NO surface cgedsahigher in the steady state.
However, the most important difference that caimsgiser conversion of NO under dithering
conditions is the concentration of vacancies: theetage of vacant sites (V) is much higher in
the dithering condition than the steady state. €k@ains why the NO conversion is higher in
the dithering condition since more vacant site$ pribmote the adsorption of NO and also
reaction R108 (NO++ — N« + O) leads to a higher NO consumption rate in dithgees
shown in Figure 3-18. It was also noted that thvecage of vacant sites decreased as AFR
increased for steady state conditions while it me@arly constant for dithering simulations (not
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shown). This explains why the results for ditheramgl steady state simulations of NO

conversion are not too different at AFR of 17.Q; éhverge as the AFR is increased.

3.5. Conclusion

A detailed and thermodynamically consistent surfeeetion mechanism capable of
modelling all the key reactions in a three-way lyastavas applied to treat exhaust from a
natural-gas engine under dithering conditions. &ysting five of the 115 reaction steps, the
model was able to predict the post catalyst THC, &i@ CO concentration generally well. The
simulated surface coverage indicated that @kl HO- were the dominant species on the
surface because water concentration was largesiexhaust mixture. The CO and THC
conversion increased as thedoncentration increased, while NO conversion atsoehsed
since NQ dissociation (R108 NO++ — N+ + O) was inhibited by excessive oxygen on the
catalyst surface. Simulation of dithering with difént frequencies and amplitude indicated that
frequency does not have a noticeable impact ogakeconversion while the THC and CO
conversion decrease as the dithering amplitudeaser since the larger dithering amplitude
shifts the AFR to the rich side. The simulatiorutessof both steady state and dithering condition
indicated that the NO conversion in the ditheringditions are higher than those in the steady
state conditions, in agreement with experimensllts. This is due to the higher vacant site
coverage present in the dithering conditions.
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Chapter 4 - Influence of basicity on 1, 3-butadiene for mation from

catalytic 2, 3-butanediol dehydration over y-alumina

Abstract

The direct catalytic conversion of 2, 3-butanedi&iDO) to 1, 3-butadiene (BD) was
studied over two commercial forms of alumina (dedads F200 and SCFa) at temperatures
between 248C and 450C. Even though these two catalysts are both higlaseiarea forms of
y-alumina, they gave remarkably different resultshv8CFa giving higher BD selectivities at all
experimental conditions. The difference is attrédalito the higher surface area of F200, which
means a greater number of acid sites that can coBi® to methyl ethyl ketone (MEK). NH
and CQ-TPD results supported this conclusion by showirgg the two forms of alumina had
different acid/base properties. Experimental resaléo showed that BD selectivity was
improved by increasing temperature, residence éinteco-feeding water. The residence time
study combined with density functional theory (DFEB)culations proved that 3-buten-2-ol
(3B20L) is an important intermediate in the coniarf BDO to BD. BD selectivity decreases
over sodium modified alumina SCFa. It is hypothedithat on sodium-modified alumina,
3B20L is dehydrogenated to form methyl vinyl ket¢h®/K) as opposed to dehydration to BD.
Basic sites catalyzed the retro-aldol condensatfdviVK, which produces acetone and
formaldehyde via cleavage of the C=C bond. Thia egreement with DFT calculations
showing that the proposed pathway for acetone fboma more energetically favored on Na-
modifiedy-Al 203 (110) surface compared to the pristine (110) serfa

4.1. Introduction

Nearly 70 years ago, Winfield demonstrated th&-Butanediol (BDO) could be
dehydrated over thoria to produce 1, 3-butadieri®) [Br synthetic rubber manufacturing [8].
However, due to the abundance of petroleum ressuBi2 has been almost exclusively
produced from hydrocarbon feeds, such as naphitjaRecently, there has been renewed
interest in producing industrial chemicals fromrhass resources [71]. In this regard, catalytic
BD production from renewable resources is an appgatrategy, which ensures ample supply
and reduces price volatility of the final produ@}.[Fermentation of biomass-based glucose and
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xylose by Klebsiella pneumodae yields BDO at higtdg [10]. Alternatively, BDO can be
produced by nonpathogenic bacteria utilizing indusataste gas [72]. These routes suggest that
BDO can be obtained on a large scale economicHfi. also suggests that the dehydration of
BDO to BD may be a plausible route for productiémemewable BD.

Dehydration of BDO can readily occur on zeolite3][land with mineral acids such as
sulfuric acid [12]. However, methyl ethyl ketone ), rather than BD, is the dominant
product due to the keto-enol tautomerization amaéqmol rearrangement. Only a few studies
resulting in successful selective production of Bd¥e been reported. Among them, Winfield,
who studied the catalytic dehydration of BDO to B&er thoria, reported a single pass
conversion of 60% to BD at 56C [8]. Shlechter obtained BD from the esterificataf BDO
with acetic acid, followed by pyrolysis of the detate [15, 16]. BD production started at
temperatures above 496. The optimal condition appeared to be at a teatpez of about 585
9C and contact time of 7.1 seconds, where the Bl yias 84.9 % under such conditions in his
study. Recently, BDO dehydration over rare eartbahuxides has been studied and basic sites
generated by introducing CaO into 4r€an enhance the 3B20L selectivity [17-19]. The
maximum BD selectivity was 94 % with 100 % BDO cersion on a two-bed catalyst system
(Se0s +Al203) [20].

As noted above, the most successful catalystsBop®duction have been thoria and
scandium oxide, neither of which are commonly us®datalysts. Thoria is a radioactive
compound, while scandium oxide is rare and expensior this reason, we have been
considering catalysts based on alumina to conve@ Bo BD. Specifically, we have been
studying ways to modify alumina to enhance BD daliy.

The literature suggests that acid-base propentesrgortant in BDO dehydration. In
particular, BD selectivity can be influenced in firesence of alkaline species. For example,
cesium doped silica can promote BD selectivity [K3in and Lee reported that BD selectivity
increased from 51% to 62% as the@®\I.O3 mass ratio increased from 11% to 40%. However,
other researchers have found that 10 wt%Cmd alkali metal oxides (Na and kO) loaded
on silica gave 2, 3-epoxybutane as the main proddgt Diez and coworkers studied the effect
of acid/base properties on the product distribuiiothe dehydration of 1,3-butanediol and
concluded that acidic oxides promote 1,3-butanatkblydration to unsaturated alcohols and

basic oxides dehydrogenate-dehydrate the dioldatisaturated ketone, which further
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decomposes by retro-aldol condensation, giving @&iCohols, aldehydes and ketones [75]. All
these experiments indicated that the acid/baseepropf the catalyst had a crucial impact on the
product distribution.

Insights on the reaction mechanisms governing tai@ @nd side reactions will be
valuable to advance BDO dehydration catalysis.ni®énd, we report a combined
experimental/theoretical study on the dehydratibB[@O using two commercial forms of
alumina. The surface of alumina contains hydroxglug, Lewis acid sites (aluminum atoms)
and basic site (oxygen atoms) [76]. Since both andibase sites are likely required to produce
BD from BDO [77], alumina is attractive as a potehtatalyst for BDO dehydration to BD. In
this study, BDO dehydration has been carried oat alumina samples where, the acid-base
properties are modified by using these two diffeferms of alumina, by calcining the samples
at different temperatures, and by doping alumirth wodium. To complement the experimental
studies, DFT calculations were carried out to itigase the energetics and kinetics of key BDO
dehydration steps on modehlumina surfaces, where sodium-doped surface isas a
introduced for comparison. A consistent experimiéhieoretical view was obtained for the main
BD formation pathways and relevant competing reasti and the catalytic routes for considered

catalysts were proposed based on the experimerddDRT results.

4.2. Experimental

4.2.1. Catalyst preparation

SCFa and F200 were obtained from Sasol and BASpeotively. The catalyst pellets
were crushed and sieved to >60 mesh before usecarhpositions of the alumina samples as
supplied by manufacturers are listed in Table 4-1.

Table 4-1. Comparison of compositions of SCFa and F200

Composition and SCFa F200
chemical/physical properties

Al203[%] 98 92.7
NaO [%] 0.002 0.3
SiOz [%] 0 0.02
FeO3 [%] 0 0.02
L.O.I (loss on ignition)[%] 2 7
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Sodium is present in most commercial alumina at@pmately 0.3-1.5 wt% N#.

F200 is typical of aluminas derived from the Bagescess which are typically low in cost.
Water and acid washing steps are sometimes emptoyeder the sodium content in aluminas
formed via the Bayer process. SCFa is a highetypaliumina derived from the Ziegler process
for the manufacture of linear fatty-alcohols, whicdes an alkyl aluminum catalyst. In the
Ziegler process, ethylene is oligomerized by the@hum catalyst followed by oxidation to

form an aluminum trialkoxide, which upon hydrolygises rise to the fatty-alcohol products and
boehmite. After boehmite calcination, very highipugamma-alumina is obtained, which have
less than 20 ppm sodium content.

To understand the role of sodium in the BDO dehiyoina SCFa was impregnated with
different amounts of sodium. Samples with differamounts of NgO were prepared by
dissolving NaNQ in deionized water and placing SCFa powder irréisalting solution. 0.041 g
NaNQ; was loaded onto 3.75 g of SCFa to prepare a satoptaining 0.3% N#D (mimicking
the amount of sodium in F200), while 0.85 g NaNw@s loaded onto 3.75 g SCFa to determine
the impact of high levels of sodium on catalysfgenance. The samples were dried at 420
in an oven for 12 hours and finally calcined at 80Gor 6 hours.

The impact of calcination catalyst was also studiechuse calcination will affect both
acid/base properties and physical properties ot#taysts. Calcination is particularly of interest
for this study since F200 has a much higher surfaea than SCFa, so calcination could convert
F200 to a form more similar to SCFa in terms ofawe area and acid/base site density. SCFa
and F200 calcined in the air at 480, 600°C, 1000°C and 1100C for 24, 24, 5 and 24 hours,
respectively, are denoted as SCFa-X and F200-XrenKes the calcination temperature.

4.2.2. Catalytic reaction

The dehydration of BDO was carried out in a fixesttiiHastelloy® tube reactor of
0.305” inner diameter. Since Hastelloy is a potdrdatalyst, blank tests were performed in an
empty tube with the same conditions as the acttalytic activity tests. For all catalyst activity
experiments, 0.5 g of catalyst was placed in thetor between two plugs of quartz wool. Liquid
phase BDO (2g/100 mL) agueous solution was fedflatnaate of 0.1 mL/min through a micro
pump (Eldex) to the top of the reactor through lautieer, where it was mixed with 100 mL/min

of N2 (regulated by a Brooks 5850E mass flow contrgllehich is used as an internal standard
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for product analysis. The approximate residence i810.14 s. The reactor was heated by
heating tape. The temperature was measured bype<#tiermocouple, and a controller was
used to ensure that temperature was held congttrg desired value.

Product analysis was carried out on-line by a SRIOE gas chromatograph using TCD
and FID detectors. The gas chromatograph was eedipith molecular sieve (to separatg N
from organic products) and MXT-1 columns (60 m,Q33 mm). The oven temperature was
held at 40°C for five minutes, then raised to 230 at a rate of 48C/minute, and the
temperature remained constant for 15 minutes. Agganwas used as the carrier gas. The
following compounds were identified using the gasmatograph: BD, acetone, 2-
methylpropanal (MPA), 3-buten-2-ol (3B20L), MEK ams®butanol. In addition to the above
species, heavy products were detected. Their reggactor was assumed to be the same as
BDO, and their total amount is lumped togethertasaVy species”. Condensed species were
characterized using GC-MS (Shimadzu GCMS-QP2010 Sggcies identified include 2-
methyl-2-cyclopenten-1-one, 3,4-dimethyl-2-cyclojenl-one, 3,4,4-trimethyl-2-cyclopenten-
1-one, 2-methyl-phenol, 3,4-dimethylphenol and dmethylphenol.
Each experimental condition was repeated at lbasé ttimes for each condition. All mass
balances closed within 20 %, with most closing with0%.

The conversion of BDO and selectivity of the maioducts were calculated as below:

2, 3-butanediol conversioﬁlgleBDrzz’Ze_mOleBDo"’“t * 100% (1)
BDO,in
Selectivity="-2¢tout_ . 1009 )

Oleproducts

where moleyroductsmeans the moles of products of reaction, includiikK, MPA, BD and
heavy products. The BDO conversion was 100% exgbpte stated.

4.2.3. Catalyst characterization
4.2.3.1. XRD

X-ray diffraction measurements were performed @nddtalyst powders with a Rigaku
MiniFlex Il desktop X-ray diffractometer with Cudkradiation £=0.15406 nm) in an operation
mode of 30 kV and 15 mA. Data were collected fradhtd 8¢ with a scanning rate of/min.
Crystallite sizes of-alumina were calculated using the Scherrer formula

d=0.9/p cod 3)
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whereA=0.15406 nmp is the full width at half-maximum (FWHM) in radiamf they-alumina
peak centered aB267°, ando is the Bragg angle.
4.232.TPD

Temperature programmed desorption of ammoniaz{lNPD) was performed on an
AMI-200. 200 mg of sample was treated under Helfam4 hours at 608C. Next, 1% ammonia
balanced in Helium was flowed over the catalystfdwours. After saturation with ammonia, the
sample was flushed in a He flow at 1%2Dfor 1 hour to remove physically adsorbed ammonia.
The temperature was then raised to 8D@t a heating rate of%/min. The amount of ammonia
desorption from the sample was measured by a theonductivity detector. The peak area was
converted to moles of gas by using a calibratindreated for the species of interest..d®D
was performed using the same procedure with 10%i@8elium as the adsorbate.

4.2.3.3. N2 adsor ption-desor ption

N> adsorption-desorption analyses were carried aogu3uanta Chrome Autosorb-1
instrument. The surface area was calculated bEE method with P/#0.05-0.3. The total
pore volume, average pore radius and pore sizetdigon were calculated by the BJH method
with the desorption branch of nitrogen isotherme amples were degassed under vacuum at
573 K for 4 h prior to adsorption analysis.

4.2.3.4. Density Functional Theory (DFT)

All DFT calculations were performed using the Viamb initio Simulation Package
(VASP) code [78]. The GGA-PBE functional was use@d¢count for the electron exchange-
correlation effects [79]. The projector augmentey/&v(PAW) method was used to treat the ion-
electron interactions [80]. The energy cutoff foe plane wave-based wave function was 380
eV. For the periodically bounded slabs, the firsti@&iin zone was sampled using a 2x2x1 k-
point mesh based on the Monkhorst-Pack schemeA8iigher number of k-points (i.e. 4x4x1)
were also used and it was found that the totalggnieas converged to within 50 meV. The break
condition for self-consistent iteration is 1x310onic relaxation is stopped when the forces on al
atoms are smaller than -0.05 eV/A. All the inis&iuctures of the molecular models were
created using the Materials Studio Visualizer. Awam equivalent to 4 layers of the slab was

used with the bottom two layers of the slab fixedsabulk value. Dipole corrections along the
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direction perpendicular to the surface were usatktmuple the electrostatic interaction between
periodic images.

The energies and geometries of the gas phase spegie calculated by placing the
molecule in a box with dimensions of 20 x 20 x 258 -point k point was used for these
calculations. Gaussian smearing was used to @ssigergence. All the calculations were non-
spin polarized (except for the gas phase specigsumpaired electrons).

Transition states (TS) and energy barriers wereutatied using the climbing-image Nudged
Elastic Band (CI-NEB) method [82], coupled with thener method [83]. For the NEB
calculations, seven images were used. The dimdradetas then used to further refine the
preliminary TS structures. Each TS was confirmelawee only one imaginary vibrational mode.
Finally, the total energies are also corrected Witimme’s DFT-D3 method for the dispersion

interactions between adsorbate molecules and sui84¢.

4.3. Results and discussion

4.3.1. Characterization

Figure 4-1-a and Figure 4-1-b shows the XRD pastefralumina samples SCFa and
F200, respectively. As can be seen in this figspectra of unmodified SCFa mainly correspond
to y-Al203 (JCPDS 10-0425) with the dominant peaks detedtd8.85 and 67.14 degrees. For
F200, peaks detected at 37.82 and 67.49 degreesattebuted tg-Al.0Os. F200 displays fewer
peaks and lower peak intensities as compared t@ ®€€ause is it a less crystalline, higher
surface area form. SCFa and F200 calcined at ltemaperature such as 460, 600°C and
1000°C did not have a noticeable phase change, bueasthperature increased to 1200
SCFa-1100 was converted to thphase of alumina (JCPDS 42-1468) with peaks dedeatt
25.49, 35.05, 43.25, 52.43, 57.37, 66.38 and 68e@Bees. It is easy to see that calcination leads
to an increased number of peaks and increasingiptsisity for F200 similar in both peak
distribution and intensity to SCFa at 114 In Figure 4-1-a, no obvious difference in thelXR
pattern is noted after 0.03% Na was loaded ontoaS8Bwever, as the Na loading increased
to 7.6%, diffraction peaks attributed to sodium aogport interactions were observed at
206=18.28 and 20.28. These can be assigned to sodiuminaim oxide (AtNaxOa) [85]. These
two peaks are not observed in the@®aRD pattern, obtained as a reference by cal@naif

NaNQOs at 600°C for 6 hours.
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Figure 4-1. XRD patterns of alumina SCFa samples (a); and XRD patterns of alumina
F200 samples (b).

To explore the differences in acid-base propelietgieen calcined SCFa samples and
calcined F200 samples, Nldnd CQ TPD experiments were performed. Figure 4-2 shows th
NH3-TPD performed on both calcined SCFa and F200 ssstwhile CG-TPD is shown in
Figure 4-3. The total acidity and basicity in terafisnoles of each gas adsorbed are tabulated in
Table 4-2.As seen in Figure 4-2, the broacsNEisorption peak over SCFa extends from 120 to
500°C. For F200, there is a sharp peak at ZDWith a broad shoulder extending out to 800
For both SCFa and F200 samples, the acid sitetglatesireases as the calcination temperature
increasesFigure 4-3hows the C®TPD of the SCFa and F200 samples. In generadpalttra
show a primary peak around 280 with a long tail that extends to higher tempea®sguAt high
temperature region, SCFa exhibits a large desorp@ak at 400C while this peak disappears
in sample SCFa-400 and SCFa-600. SCFa-1000 and SlfBaboth exhibit a C£desorption
peak at high temperature, but they both shift veelotemperature. Each F200 sample exhibits a
small CQ desorption peak at high temperature region, whitehardly seen in sample F200-
1100. The C@TPD data indicate that the base site density tf B&€Fa and F200 decrease as

the calcination temperature increases.
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Figure4-2. NH3-TPD of SCFa samples (a); and F200 samples (b).
The calculated acid site density (Acidity/BET sedarea) of SCFa and F200 are 1.8 and

1.6 umol/n? respectively. For comparison, Flego and coworRét feported an alumina acid
site density of 1.¢mol/m? by NHs-TPD while Colorio [87] and Curtin [88] reportedidsite
densities of 1.6 and 18mol/n? respectively. The calculated base site densitgi(Bs/BET
surface area) of SCFa and F200 are 0.45 andu@®¥/n? respectively, this is consistent with
they-Al 03 base site density 0.48nol/m? reported by Seki [89]. However, others report much

small base site densities of 0 d@ol/m? for y-Al ,03[90].
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Figure4-3. CO2-TPD of SCFa samples (a); and F200 samples (b).
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To study the effect of sodium on the density ofebsites on alumina, GEXYPD was
performed on SCFa, Na-modified SCFa and F200. &belts are shown in Figure 4-4. All four
samples exhibit a CQlesorption peak at 20C. Only SCFa exhibits a second desorption peak
from 300 to 500C. The addition of 0.3% sodium to SCFa only sligimiodifies the TPD
profile, increasing the low-temperature peak whiereasing the peak area in the middle region.
Addition of 7.6% sodium dramatically increases pleak area in the low-temperature region,
while there is no discernible peak in the middigioa. Clearly, sodium increases the number of
weakly basic sites, but appears to lower the nurabsites with medium base strengths. To
investigate this further, SCFa was calcined at%Dér 6 hours (labeled as “SCFa comparison”)
as a reference and characterized with-TBD. The results showed that the high temperature
CO: desorption peak was also not present in the adcsample, while basic site densities in
other regions were close to SCFa. This suggestshibaecond C&desorption peak in SCFa
was removed by the calcination step when sodiumadded, and not from sodium

modification.

—SCFa

——SCFa comparison
SCFa-Na-0.3%

—SCFa-Na-7.6%

—F200

TCD signal (a.u.)

100 200 300 400 500 600
Temperature (°C)

Figure 4-4. CO2-TPD of sodium contained alumina.
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The nitrogen adsorption isotherm for calcined S@ikeashown in Figure 4-5-a. All of
them exhibit a type IV isotherm (defined by IUPA@)ich is characteristic of mesoporous
material. SCFa has a H1 hysteresis loop, indicdaiagSCFa has a cylindrical pore structure. At
low pressure, the smooth adsorption indicatesfévaimicropores exist in SCFa. As the
calcination temperature increases, the hysteresvesitoward to higher relative pressure due to
the agglomeration of alumina particles. Figure d-€hows a type IV isotherm for F200, which
relates to a mesoporous structure. The samplehalssome micropores, as indicated by
adsorption at low relative pressure. F200 has ay4feresis loop which indicates that the ink-
bottle pore may be present in the mesoporous alufBit]. As the calcination temperature
increases, the adsorption at low relative presdisagpears and the hysteresis loop moves
toward higher relative pressure values, indicativag capillary condensation occurs in larger
mesoporous. F200 calcined at 1000 and P@06éxhibits a H3 hysteresis loop, indicating skeli
pores [92].

The pore size distributions shown in Figure 4-5 Rigure 4-6-b indicate that as the
calcination temperature increases, the SCFa and p@@ size distribution broadens. The pore
size of SCFa series are narrowly distributed betm@&&7 nm while SCFa calcined at 10D
and 1100C had a broad pore size distribution which ranges f6-30 nm. F200 alumina has a
narrow pore size distribution around 3.84 nm. Asdhlcination temperature increases, the pore
size distribution widens and F200 calcined at 1808 110PC exhibits an even wider pore size
distribution. This can be explained by noting tlrsopores in the alumina will be collapsed
during the long duration calcination at high tengpere. These results are consistent with the

differences in SCFa and F200 isotherms shown iarEig-5-a and Figure 4-6-a.
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Figure 4-5. N2 adsor ption/desor ption isotherms of alumina SCFa and SCFa calcined at 400,
600, 1000 and 1100 °C (a) and the corresponding pore diameter distribution (b).
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Figure 4-6. N2 adsor ption/desor ption isotherms of alumina F200 calcined at 400, 600, 1000
and 1100 °C (a) and the corresponding pore diameter distribution (b).

Figure 4-7-a shows that as the sodium loading iRé&Bi@creased, the H1 hysteresis also
moves toward to higher relative pressure due tbgbes agglomeration, similar to what
happened as the calcination temperature increadedXRD suggested that Na atoms are
intercalated with AIO3 during the calcination process. However, the sodtontent in SCFa did
not modify the SCFa H1 hysteresis loop to a H3drgstis loop as seen for F200. Figure 4-7-b
shows that the pore size distribution slightly nared as the sodium content increases to 7.6%.

Again, sodium did not change the SCFa pore sizeldlision to a distribution more like F200.
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Figure 4-7. N2 adsor ption/desor ption isother ms of sodium contained alumina (a) and the
corresponding por e diameter distribution (b).

Table 4-2 summarizes the physical properties ohala SCFa and F200 including the
total pore volume, BET surface area and the avegrageradius and crystallite size. The specific
surface area decreases as the calcination tempenatveases due to agglomeration. The
increase in average pore size with calcination tarebe explained by the growth of crystallites
as the calcination time increases, which can be sethe XRD results. The total pore volume of
both SCFa and F200 initially increases as the maficin temperature increases to 8GMbut
further decreases when the calcination increases 600 to 1100C because larger crystallites
occupy more space [93]. For the sodium modified &@fe BET surface decreases and the
average pore radius increases as the sodium loadirgases. The crystallite sizeyshlumina
was calculated from Scherrer equation. The crysgaize generally increase as the calcination

temperature increase.

Table 4-2. Physical properties and acid/base site density of calcined SCFa and F200.

Total pore BET surface | Average Pore Acidity Basicity | Crystallite
volume (cc/g)| area (n/g) Radius (A) | (mmol/g) | (mmol/g) | size (nm)

SCFa 0.461 131.0 70.3 0.24 0.059 5.6
SCFa-400 24h 0.461 128.6 71.8 0.23 0.05]] 6.2
SCFa-600 24h 0.463 126.8 73.1 0.21 0.038 6.0
SCFa-1000 5h 0.441 101.8 86.6 0.19 0.023 6.3
SCFa-1100 24h| 0.262 57.4 91.3 0.10 0.017] 10.4
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F200 0.430 341.0 25.2 0.55 0.127 2.5
F200-400 24h 0.453 264.9 34.2 0.50 0.117 4.0
F200-600 24h 0.459 184.6 49.8 0.37 0.072 4.1
F200-1000 5h 0.409 77.1 106.2 0.09 0.034 7.0
F200-1100 24h | 0.125 28.0 89.0 0.04 0.033 9.8

Table 4-3. Physical properties and base site density of sodium contained alumina

Total pore BET surface | Average Pore Basicity

volume (cc/g)| area(m/q) Radius (A) | (mmol/g)
SCFa 0.461 131.0 70.3 0.059
SCFa-Na-0.3% | 0.464 129.7 71.5 0.059
SCFa-Na-7.6% | 0.434 114.0 76.2 0.322
F200 0.430 341.0 25.2 0.127

4.3.2. BDO dehydration over SCFa and F200

The product distributions from the reaction of BD@r SCFa and F200 are summarized
in Table 4-4. It is easy to see that SCFa had laghnigctivity than F200 comparing the BDO

conversion at 248C. Figure 4-8 shows the species distributions fomttaén product in Table

4-4.

Table 4-4. Dehydration of BDO over different alumina samples at different temperatures.

Sample T Conversion Selectivity (mol. %)
(°C) | (%)
1 [2 3 ]41]5 6 7] 8 9] 10
300 | 0.0 0o o] o o 0 0 0| o0
Blank test 350 3.5 0| o ol o] o 184 d 816 0 O
400 | 34.2 6.2 0 ol o] o 190 4l4 695 ( 0
240 | 31.7 48] 00 | 0.0/ 0.0 00| 40/ 3pb 831 12 3B
300 | 100.0 3.4 152| 00| 0.0 0.0/ 7.3 00 728 1.4 0p0
SCFa 350 | 100.0 23| 226| 0.0 0.0 0.0| 9.9 00 644 Q0 08
400 | 100.0 0.0| 24.7| 0.0l 0.0 19| 81 0 577 40 75
450 | 100.0 1.4 | 28.0| 0.0/ 04 15| 33 00 56|19 Q0 84
240 | 3.8 0.0/ 00 | 0.0] 0.0 00| 54| 54p 805 51 3P
300 | 100.0 00|24 | 00/ 00 00| 36| 5[ 833 35 14
F200 350 | 100.0 0.3| 14.3| 0.2| 0.0 1.0/ 7.7/ 0 754 1.0 0p0
400 | 100.0 25| 19.4| 12| 00 34| 82/ 00 653 00 00
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450 | 100.0 14| 17.8| 1.0 0.8 50| 7.5 00 588 0.0 7.
240 | 95.2 0.0 0.0 | 0.0|] 0.0 00| 6.3] 3B 900 00 0D
300 | 100.0 0.0 | 11.9| 0.0/ 0.0 0.0| 7.0 1B 77/7 22 0P
350 | 100.0 0.0 | 23.8| 0.0/ 0.0 0.0/ 96/ 0L 66/6 0.0 0P
SCFa-Na-0.3% | 400 | 100.0 13| 24.3| 0.8/ 0.0 3.0/ 105 0/0 601 0.0 0J0
450 | 100.0 22| 240| 11| 00 42| 88/ 00 56/]8 04 24
240 | 0.0 0.0 0.0 | 0.0 0.0 00| 00/ 0D 00 00 0.
300 | 13.9 0.0/ 0.0 | 0.0|] 0.0 00| 304 0D 696 0.0 0P
SCFa-Na-7.6% | 350 | 28.7 00|00 | 0.0/ 0.0 00| 21.2 31 56/2 Q0 19.6
400 | 96.7 15|19 | 0.0/ 000 21.2 116 69 245 14 309
450 | 100.0 05|73 | 1.8/ 20 248 17/ 19 46/6 Q0 135

a1:C3 (propane and propylene); 2:BD; 3:trans-2-heitd:cis-2-butene; 5:aéetone; 6:MPA,
7:3B20L; 8:MEK; 9:isobutanol; 10:heavy species. &g identified include 2-methyl-2-
cyclopenten-1-one, 3,4-dimethyl-2-Cyclopenten-1;@é,4-trimethyl-2-Cyclopenten-1-one, 2-
methyl-Phenol, 3,4-dimethylphenol and 2,4-dimethgipol.

As shown in Table 4-4, dehydration of BDO can oaxen in the blank reactor tube.
Little reaction occurs below 40C (<4% conversion), but at 468G over 30% of the BDO is
converted to a mixture of MEK, MPA, 3B20L, and GCgllocarbons, with MEK comprising
almost 70% of the products.

With catalysts loaded in the reactor, both SCFaR2@D produce MEK as the major
product. F200 always produces more MEK than SCEabbth catalysts, BD selectivity
increases dramatically with increasing temperatlgo, BD selectivity is always higher on
SCFa than on F200. The difference in BD selectigitynost noticeable at 453C, where the BD
selectivity on SCFa is 28%, versus less than 18%200. SCFa also produces more isobutanol
and 3B20L than F200 (Table 4-4) at low temperataresacetone at high temperatures.
The catalysts appear to be relatively stable awes,tat least on the time scale of hours. After
running SCFa for seven hours, for example, the 8Bcsivity had changed from 24.7% to

22.6%, while conversion was still 100% at a tempeeaof 400C.
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Figure 4-8. Comparisons of BD, MPA, MEK, and acetone selectivities from the reactions of

BDO solution (2g9/100 mL) over (a) SCFa; and (b) F200. Points arethe experimental data
and lines are the average value.

MEK is the major product from BDO dehydration ewerthe blank test. Higher
temperature drives the reaction towards the foonatf BD, and inhibits the formation of MEK.
Two mechanisms are used to explain the formatibketone structures. The enol structure can

quickly form a keto structure via the keto-enolttamerization as shown in Scheme 1[94].

| | - ||
—C=C-OH ——» —?—CZO

Keto structure

Keto-enol tautomerism
Enol structure

Scheme 1. Keto-enol tautomerism.

Another possible explanation is pinacol rearrangemehich is a typical 1, 2-shift
reaction of vicinal diols under acidic conditiondacommonly believed to be the main pathway
for MEK formation [95]. We have proposed a stepwis®acol rearrangement mechanism for
BDO dehydration (Scheme 2). A migration of hydrogeth a pair of electrons is known as a
hydride shift, while migration with an alkyl groupknown as a alkyl shift. Hydride migration
leads to the formation of MPA, whereas methyl grougration produces MEK.
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Scheme 2. MEK and MPA formation from pinacol rearrangement of BDO.
4.3.3. BDO dehydration over calcined alumina SCFa and F200

Figure 4-9 shows the BD selectivity for BDO dehyina over calcined SCFa and F200.
In Figure 4-9-a, the BD selectivity slightly incesss as the calcination temperature increases and
then drops dramatically when the calcination terapee is 1106C. In Figure 4-9-b, a similar
trend is found for F200. The BD selectivity increass the calcination temperature increases,
reaching a maximum at F200-600.The BD selectivityhier decreases as the calcination
temperature increases to 1000 and 1%MOAs shown in Table 4-2, SCFa surface area dropped
only 3% as the calcination temperature increas&d@3C. A high surface area was maintained
even at 1006C. The small change in surface area in the SCFRagI00, SCFa-600 and SCFa-
1000 samples is likely the main reason behind tmstant BD selectivity. For F200, the surface
area monotonically decreases as the temperatueases, and the surface area losses are more
noticeable than those in SCFa.

As already described, SCFa consistently gives higBeselectivity than F200, even
though both samples are alumina. This is likely tudifferences in physical and chemical
properties. Table 4-2 and Table 4-3 compare thecitalyst samples, and show that there are
significant differences. However, these tables alsmv that F200 becomes more like SCFa in
terms of both surface area and acid and baseesitgtoks as it is calcined. The F200 sample
calcined at 608C, has a surface area of 184.8gnwhich is close to the SCFa surface area 131
m?/g. The acid and base site densities of F200-68@.&7 and 0.072 mmol/g respectively.
When compared to F200 samples calcined at othgraeatures, they are close to the SCFa acid
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and base densities 0.24 and 0.059 mmol/g. It esesting to note that these two samples gave
similar catalytic results in BDO dehydration. Wepbthesize that the higher concentration of
acid sites present in F200 selectively produce MEX. Another possibility is that well-
crystallized forms of alumina are superior to lesgstallized forms for BD production, and that
calcining F200 improves BD selectivity becauserdtduces a more well-crystallized surface. As
shown in Table 4-2, the crystallite size of F20€r@ases as it is calcined. Sato and coworkers
proposed that calcination could be important inydeaition of diols due to changes in
crystallinity [18].

Both SCFa and F200 alumina calcined at 14D@xhibited much lower BD selectivity.
This can be explained by the transformation-éi 2Oz into the thermodynamic stabieAl 203

which is generally considered as the most inedllahe aluminum oxides [96].
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Figure 4-9. BD selectivity over calcined alumina SCFa (a); and F200 (b).

4.3.4. Sodium effect on BD selectivity

Different amounts of sodium were added to SCFaeterchine how it affected BD
selectivity. The results are shown in Figure 4\Mbich shows that as the sodium loading
increases, the BD selectivity decreases. As th®Nacreases by 0.3%, only slight decreases are
seen at 300, 400, and 480 This suggests that the small amounts of soditgsemt in F200 are
probably not responsible for the differences in &iectivity between F200 and the higher-
purity SCFa. As the sodium content increases t%/HEBD selectivity drastically decreases. In
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addition, SCFa with high levels of sodium gave mioster conversions than unmodified SCFa,
and produced large amounts of acetone (21.2% a88a4t 400 and 458 respectively.

The formation of acetone on sodium-modified SCFa b®attributed to the enhancement of
basic properties of the alumina catalysts resultiogy sodium impregnation. It has been

reported that the conversion rate of cinnamaldehydenzaldehyde and acetaldehyde increased
as the basicity increased [97], indicating thatlibsic sites promote the retro-aldol condensation,
which breaks the C=C bond. In contrast, more acdés catalyze aldol condensation reactions,
where MVK has been found to be the sole produehfformaldehyde and acetone [98]. In this
study, considering that the acetone selectivitygased as the catalyst basicity was enhanced by
sodium (shown in Figure 4-2), we propose a mechakhisexplain the acetone formation
catalyzed by sodium-modified alumina through theoraldol condensation of MVK.
Formaldehyde was not directly observed in the pctslwhen acetone was detected, however
larger amounts of heavy species (shown in Tablewede observed compared to BDO
dehydration over SCFa. These heavier species magyldeen formed from the reaction of
formaldehyde with other aldehydes and alcoholsfufiher validate the proposed mechanism,
3B20L (2g/100mL) and MVK (2g/100mL) is separateded into to the reactor with 0.5g SCFa-
Na-7.6% catalyst at 40KC. Acetone is found in both two experiments and MigHlso found in

the reaction of 3B20L. These results are consistéhtthe proposed mechanism.
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Figure 4-10. Effects of temperature on BD (a); and acetone (b) selectivity over SCFa, SCFa-
Na-0.3%, F200, and SCFa-Na-7.6%.
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4.3.5. Reaction mechanism

Table 4-4 shows that 3B20OL was only observed attemperatures over SCFa, while at
high temperatures it was not observed due to fudbbydration to BD or other reactions.
However, over SCFa-Na-7.6% catalyst, 3B20L was mfeskonly at high temperatures, while it
was not observed at lower temperatures. This itelichat the strong base sites inhibited the
formation of 3B20OL and further dehydration of 3B2@LBD, which explains why BD
selectivity decreased as the sodium loading inexkas

Meanwhile, the inhibition of further dehydration2B20OL made the other reaction
pathways for 3B20L conversion possible over SCFaf&o, such as dehydrogenation to
MVK. Furthermore, the retro-aldol condensation watalyzed by basic sites. In Scheme 3, we
propose that the 3B20L was converted into MVK blyytkogenation on basic sites, which
catalyzed the retro-aldol condensation by cleawddlee C=C bond to form acetone and
formaldehyde. The detection of small amounts ofrbgdn that accompany acetone formation
when using the SCFa-Na-7.6% catalyst supportsypethesis that dehydrogenation can play a
role in the reaction mechanism for the base-madlif@talysts.

A
«2»9 MEK
OH ‘3‘”'0 \/\

.H2
OH 3B20L \
BDO %

X
\H/\ +H,0 YJr O

0 o)
MVK acetone

Scheme 3. Proposed reaction pathways of BDO conversion over alumina.
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4.3.6. Residence time study

Figure 4-11 depicts BD, 3B20L and BDO compositigrfuanctions of residence time in
the reaction of BDO over SCFa at 3Win a stainless steel reactor. By adjusting ttalgst
weight loading in the reactor and the feed rathefaqueous BDO solution (2g/100 mL),
residence time was varied from 0.00786 s to 0.16%gsire 4-11 shows that the 3B20L
composition initially increases to a maximum vatti@ residence time of 0.0133 s and then drop
as the residence time increases, the gap betweeatata SCFa 0.1g and 0.25 g may due the
experimental error. Meanwhile, the BD compositinareases and the BDO composition
decreases with increasing residence time. The fea@B20L is what would be expected for a
reaction intermediate in a series reaction, whnchdates that 3B20L is the intermediate in the
route BDO dehydration to BD. At a temperature od 22 (see Table 4-4), BD was not observed
over either form of alumina, however 3B20L was obsd instead, which indicates that high

temperature is required for complete dehydratioB@O to BD.
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Figure4-11. BD (a), 3B20L (b) and BDO (c) composition as a function of residence time
(points arethe experimental data and lines are thetrend line).

4.3.7. Effect of water vapor on dehydration performance over SCFa

BDO produced by fermentation is typically in a td@aqueous solution, and the
production of pure BDO requires expensive separailiberefore, it is technologically
significant to convert BDO to BD in dilute solut®nFor this reason, the impact of water on
BDO dehydration was studied in this work. Figuré2shows the effect of water on dehydration
of BDO over SCFa using pure BDO comparing withphevious diluted BDO (2g/100 mL).
The flow rate for pure BDO was lower than that fittd BDO (0.01 mL/min for pure BDO
and 0.1 mL/min for diluted BDO) because higher fl@ates of pure BDO led to problems in
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reactor operation. It can be seen that aceton@&/i#l selectivities were not affected by the
presence of water. Since the pure BDO flowratewsel than diluted BDO, it had a longer
residence time (0.397 s for pure BDO and 0.139 difated BDO) and it should give a higher
BD selectivity according to Figure 4-11, howeves BD selectivity is higher in the presence of
water vapor. The main reason for this is that hespgcies are formed during the dehydration
process due to BD polymerization and aldol condemsancluding water in the reaction
medium inhibits the formation of these heavy commusu The diluted and pure BDO conversion

in this figure is 100% for all the temperatures.
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Figure 4-12. Product distributionsfrom pure BDO (a); and BDO solution (2g/100 mL) (b)
dehydration over SCFa.

4.3.8. DFT calculationsfor BDO dehydration

The products from experimental BDO dehydration yalhan Figure 4-8 and Table 4-4)
indicate that the selectivity to MEK formation isbstantially higher than BD on both SCFa and
F200. It is also shown that calcination and sodaffact BD selectivity, and at much higher
sodium content (SCFa-Na-7.6%), acetone formati@otnes substantial. In order to gain further
insights on these experimental observations byiddtiag the proposed reaction pathways
(Scheme 3), periodic DFT calculations were perfattoeunderstand the selectivity of BDO
dehydration producing MEK and 3B20L; and also tplerse the relevant pathways for acetone
formation.

Periodically boundeg-Al .03 slabs with the (110) facet, which is the prefesdiyt
exposed surface, are shown in Figure 4-13 [99,.108 3-coordinated Al(lll) site, which is
catalytically active in alcohol dehydration [10D2] , is highlighted with the gold color. The
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sodium species were introduced as an adatom (dgniva a Na mass fraction of 2.7%, as
shown in Figure 4-13-b). In this discussion, wd wilmarily focus on the dry (dehydrated)
surface. Calculations on hydroxylated surface va¢se performed, but the main conclusions are

not affected by the hydroxylation.

Figure4-13. Top and side views of relaxed pristine (a) and Na-doped (b) y-Al203 (110)
surfaces. The Al(111) and Al(1V) sites arerepresented with gold and pink spheres
respectively. Sodium isrepresented by the purple sphereand islabeled in thefigure.

The optimized structures of experimentally relevaaiction species, such as BDO,£H
CH-CHOH-CH (INT, according to Scheme 2), 3B20L, MEK, and BB ahown in Figure
4-14.
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Figure 4-14. (a-e) Optimized structuresfor BDO, INT, 3B20L, MEK, and BD on
pristine y-Al203 (110) surfaces; and (f-j) sodium-modified y-Al203 (110) surfaces.
White, grey, red, pink, gold, and purple spheresrepresent theH, C, O, Al (1V),
Al(l11), and Na atoms, r espectively.

Molecular configurations and binding sites werelersgd to identify the structures
(Figure 4-14) at global energy minima; and theneanesed to construct the potential energy
surfaces. Except for BD, all the species prefenteract with the Al(lll) site in both pristine and
sodium-modified (110) surface. BDO (a and f) an@QR (c and h) bind via their hydroxyl
groups; INT (b and g) binds with its unsaturatedt@n; and MEK (d and i) binds with its
ketone oxygen (as in C=0) at the Al(lIl) sites,pestively. Noticeable structural changes at the
Al(111) site were observed upon BDO and 3B20L agsimns, as shown in Figure 4-14 (a and c),
indicating that surface restructuring of the Leatsd site may occur [103]. For sodium-modified

alumina, however, its Al(lll) site is found to bkle without significant structural changes.
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Figure 4-15. (a) Potential energies of the two-step BDO dehydration forming 3B20L,
MEK, and BD on pristine (blue) and sodium-modified (red) y-Al203 (110) surfaces.
The asterisksrepresent surface species. (b) Energy barriersfor thefirst step of BDO
dehydration on pristine (blue) and sodium-modified (red) y-Al203 (110) surfaces.
Inset figuresarethetransition state structuresidentified from DFT calculations.

Using gas-phase BDO and clean alumina surfacesaztérence (0 eV potential energy),
the potential energy surfaces of the MEK and 3B2i@hydration routes to BD formation
(Scheme 3) are shown in Figure 4-15-a. For eaciiditation step, the water from dehydration is
treated as a gas phase species. The overall @dtenérgies for BD production is lower on the
pristine (110) surfaces. The adsorption energidBDiD on pristine and sodium-modified (110)
surfaces (with the inclusion of van der Waals iatéions) are 2.19 eV and 1.66 eV, respectively.
The MEK route is much more energetically favorahin the 3B20L route on both surfaces,
due to stronger binding of MEK; and is consistentience supporting the observed higher MEK
selectivity. The MEK desorption energies of MEKrfrahe pristine and sodium-modified (110)
surfaces are quite endothermic, at 2.63 eV andd\W9%espectively.

BD is produced from a second dehydration, whicdmi€ndothermic step. As shown in
Figure 4-15-a, BD formation from the 3B20L routdlwe much more thermodynamically
favorable compared to the parallel route from MEKe to the steep potential well for MEK.
Figure 4-15-a also shows that the production ofdBDuld be more favorable on the pristine
(110) surface than the sodium-modified (110) swfachich is also consistent with the trend
derived from experimental product distribution esponding to catalyst samples with lower

sodium contents. The BDO dehydration pathways laetasted on hydroxylated alumina
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surface (both pristine and sodium-dope), whereAlfi#l) site remains open and the rest of the
surface is saturated with dissociated water mogsc(Figure A-1). It can be seen that the free
three-coordinate Al(lll) sites remain catalyticadlgtive as the preferred binding site (Figure
A-2). The overall reaction pathways shift to higpetential energies, and the dehydration
energetics becomes more endothermic. Comparee trytpristine surface, the MEK route is
still energetically favorable, but to a lesser ektendicating that hydroxylation could indeed
influence BD selectivity. This behavior is manifas$ty the catalyst samples calcined at higher
temperatures, corresponding to a less hydroxylsue@ce (Figure 4-9). The optimized surface
and reaction species structures (Figure A-1—- Aafd, the dehydration potential energies (Figure
A-3and Figure A-4) are shown in the Supporting tnfation.

The kinetics of the first dehydration step in th&lKland 3B20L routes is shown in
Figure 4-15b. It is assumed that the first dehydnastep proceeds via direct C-O bond
activation, producing INT (as shown in Scheme 2) ane hydroxyl group. The first dehydration
is completed with a dehydrogenation step via the kbnd cleavage. The C-O activation energy
barriers are 1.79 eV and 0.1 eV on respectiveipestnd sodium-modified alumina. The much
lower energy barrier can be understood as Na kabiegto stabilize the transition state structure.
The formations of 3B20L and MEK result from INT delnogenation (via C-H bond cleavage).
The transition state structures are shown as fitggees in Figure 4-15b. On pristine (110), these
energy barriers are 1.08 eV (TS1) and 0.91 eV (i®8pectively. On sodium-modified (110),
the respective C-H bond cleavage barriers increa2e32 eV (TS3) and 1.68 eV (TS4). In
particular, the barrier for TS4, which is respotesiior MEK formation, is much lower (by
approximately 0.64 eV) than the barrier for 3B2@knfiation on the sodium-doped (110)
surface. Since 3B20L is the main intermediate fagBD, the higher energy barrier
corresponding to the 3B20OL pathway could explaaltwer BD selectivity observed

experimentally.
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Figure 4-16. Optimized structuresfor MVK (a and ¢) and acetone (b and d) on respective
pristine and sodium-modified y-Al203 (110) surfaces. White, grey, red, pink, gold, and
purple spheresrepresent theH, C, O, Al (1V), Al(111), and Na atoms, respectively.

DFT calculations were also performed to exploresfiids reaction pathways for acetone
production observed experimentally for catalysthwigh sodium content (e.g. SCFa-Na-7.6%
in Figure 4-10). The proposed mechanism for aceftmmeation via retro-aldol condensation
[104], involving MVK from 3B20L dehydrogenation, wanvestigated. The optimized
structures of MVK and acetone are shown in Figul&4lLike MEK, both molecules bind via
their ketone group at the Al(lll) sites of the pinge and sodium-modified (110) surfaces. The
adsorption energies of acetone on pristine andugoanodified surfaces are 2.69 eV and 2.27

eV, respectively.
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Figure 4-17. Potential energiesfor proposed reaction pathwaysresponsible for
acetone formation on pristine and sodium-modified y-Al203 (110) surfaces.

The potential energies for the proposed 3BZOUVK —>acetone pathways on two
surfaces are shown in Figure 4-17. On the sodiurdHined (110) surface, it is more
energetically favorable for 3B20L to form MVK viahkydrogenation (-0.32 eV exothermic,
forming H gas), versus dehydration forming BD (1.79 eV, ¢hdonic). The retro-aldol
condensation enables MVK to break the C=C bondjyming acetone and formaldehyde. This
step is 0.96 eV endothermic on sodium-modified J1D&T calculations suggest that the MVK
pathway competes strongly with BD formation giveiffisiently high sodium contents (i.e.
7.6% NaO), and hence is able to explain the observed aedtymation (Table 4-4). On the
pristine (110) surface, both MVK and BD pathways andothermiowith reaction energies of
0.28 eV and 0.77 eV respectively. Higher selegtifor BD production, based on experimental
analysis, suggests that kinetics (with potentighiC-H bond cleavage barriers) might favor the
BD pathway on the more acidic pristine (110) suefaes shown in Figure A-5, similar trend can

be noted regarding the selectivity for the acefonmation pathway, except that energetic

95



favorability for MVK more pronounced. On the hydytated pristine surface, the MVK and BD
formation pathways remain competitive. Both treadsconsistent with the calculations on the

non-hydroxylated surfaces.

4.4. Conclusion

Dehydration of BDO was investigated over aluminilyats at temperatures between
240°C and 450C. Two different forms of alumina gave differenbguct selectivities, with the
higher purity form (SCFa) producing BD selectivstigp to 10% higher than the lower purity
form (F200). BD selectivity was enhanced by insneg reaction temperature and using longer
residence times. GAI'PD revealed that enhancing the basic site of St&feeeased the BD
selectivity. Diluting BDO with water inhibited tifermation of heavy species and increase BD
selectivity. DFT calculations indicated that MEK nee¢he most thermodynamically stable
product on alumina surface which explains why ME&swhe dominant product of BDO
dehydration over alumina. The difference betweenwo forms of alumina was due to either
the larger number of acid sites or lower crystéalim F200 that gave a lower BD selectivity. It
is hypothesized that sodium addition inhibits defagion of 3B20OL to BD while enhancing
dehydrogenation of 3B20L to MVK. Retro-aldol condation of MVK could then occur,
leading to significant amounts of acetone produmedodium-doped alumina catalysts. DFT
calculation proved that retro-aldol condensatioMdK is more favored on Na-ADs than on
pure AbOs.
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Chapter 5 - 2, 3-butanediol dehydration over trimethylamine

modified alumina

Abstract

The direct catalytic conversion of 2, 3-butanedi&iDO) to 1, 3-butadiene (BD) was
studied over two commercial forms of alumina (dedads F200 and SCFa) modified with
triethylamine (TEA). The alumina surface acid/bpsgperties were modified by TEA prior to
reaction (ex-situ modification) and while reactiwas occurring (in-situ modification). The
results indicated that ex-situ modification of F208 TEA slightly inhibited the BD selectivity,
while the BD selectivity increased on SCFa with $hene treatment. However, in-situ
modification of F200 and SCFa by co-feeding TEAWMBIDO increased BD selectivity for both
catalysts: the BD selectivity over F200 increasetf19.5% to 29.1% and the BD selectivity
over SCFa increased from 24.8% to 35.2% at’@0t is hypothesized that TEA acts to block

strong acid sites that produce the undesired sidédaet, methyl ethyl ketone.

5.1. Introduction

1,3-butadiene (BD) is an important intermediatéhm polymer industry, particularly for
the production of synthetic rubber. Currentlysiexclusively produced from petroleum [11];
however, there has been extensive recent inter@sbducing BD from renewable resources to
ensure an ample supply and reduce price volal8ityOne potential route to renewable BD is to
utilize 2,3-butanediol (BDO), which can be produeg¢@ large scale from biomass via
fermentation [105].

Early research by Winfield demonstrated that BDOldde dehydrated over thoria to
produce BD [8], substantiating that BD can be poedifrom BDO if a suitable catalyst can be
found. Dehydration of BDO can readily occur on #esl[13] and sulfuric acid [12]. However,
methyl ethyl ketone (MEK), rather than BD, is thmmdnant product due to the keto-enol
tautomerization and pinacol rearrangement. Recef#to and coworkers have studied a variety
of metal oxides for this reaction, and have rembthat SeOs gives remarkably high BD
selectivity, especially when ADs is added as a second catalyst bed. The BD satgatias 94%
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with 100 % BDO conversion [20]. While Sato’s woskimpressive, it relies on expensive rare
earth metal oxides to achieve high BD selectiViyr this reason, we have been studying more
conventional metal oxides for conversion of BD@M. In our previous work, the direct
catalytic conversion of BDO to BD was studied otveo formsy-alumina at temperatures
between 248C and 450C [106]. These two materials gave remarkably défieresults, with
SCFa giving higher BD selectivity at all experimardonditions. We found that the alumina
acid/base properties affect the product distribubbBDO dehydration. When F200 was
calcined, the number of acid sites decreased dadtisgty to BD increased until it was similar
to that achieved on SCFa. We hypothesize that tochracidity leads to formation of MEK
rather than BD, so the key to achieving high sel#gtto BD is using a catalyst with the
appropriate acid/base properties.

Recent published results also indicate that acsd/lpaoperties are key to converting
BDO to BD. Kim and coworker studied the BDO dehyuna over silica-supported Na/P
catalysts and found that product distribution dejeehon the Na/P ratio. This ratio was
important to provide a balance of acid and bass sithe optimal ratio for BD production was
found to be 1.8-1.9 [107]. A patent granted to Halgorted on BDO dehydration over
tungsten/AdOs with co-feeding MEK and triethylamine (TEA), arftetauthor claimed that 48%
BDO was converted into BD with no MEK or other innpies formed [108]. However, few
details were provided about the experimental proces]

The Hale patent suggests that treating catalystsamines could improve BD selectivity
in BDO dehydration. Other have explored using asitoemodify the basicity of metal oxides.
For example, amine-modified SBA-12 silica [109] an@M-48 [110] have been synthesize, and
it was shown that the grafting amine can increhsétse strength of the surface. Shylec and
coworkers demonstrated that supporting aminessilica surface promoted aldol condensation
by formation of acid-base pairs [111]. Bass andar&ners demonstrated that acid-base pair
activity was greatly reduced when silanol groupsensassivated [112]. These studies indicate
that amine addition can impact acid/base propewtlesn amine is chemically grafted to the
surface, but don’t necessarily explain Hale’s resswhen amine is continuously flowing over a

catalyst.
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In this study, we are seeking a method to use TeeWadify the acid/base properties of alumina
to improve the catalytic dehydration of BDO to BEDO dehydration has been carried out over

TEA modified alumina samples prepared via bothigxand in-situ modification methods.

5.2. Experimental

5.2.1. Catalyst preparation

SCFa and F200 were obtained from Sasol and BASpeotively. The catalyst pellets
were crushed and sieved to >60 mesh before usecdrhpositions of the alumina samples as
supplied by manufacturers are listed in Table 5-1.

Table 5-1. Comparison of compositions of SCFa and F200

Composition and SCFa F200
chemical/physical properties

Al203[%] 98 92.7
NaxO [%] 0.002 0.3
SiOp [%] 0 0.02
FeOs [%0] 0 0.02
L.O.I (loss on ignition)[%] 2 7
Surface area [Aig] 131 341

To test the impact of adding amines to alumina, types of catalysts were prepared: ex-situ and
in-situ modified catalysts. Ex-situ modification amess that TEA and alumina were mixed with
water and sonicated for 30 min before drying irmauwum oven (pressure -100kpa Temperature
~30°C for 24 hours). In-situ modification means thatATEas co-fed with the BDO (2g BDO

and 1g TEA in 100 mL aqueous solution) as the.inlet

5.2.2. Catalytic reaction

The dehydration of BDO was carried out in a fixesttiiHastelloy® tube reactor of
0.305” inner diameter. Since Hastelloy is a potdrdatalyst, blank tests were performed in an
empty tube with the same conditions as the acttalytic activity tests. The blank results were

reported in our previous work which showed thathitaak tube led to little conversion with
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nearly complete selectivity to MEK [106]. For a#italyst activity experiments, 0.5 g of catalyst
was placed in the reactor between two plugs oftgwenol. Liquid phase BDO aqueous solution
(29/100 mL) was fed at a flowrate of 0.1 mL/mindhgh a micro pump (Eldex) to the top of the
reactor through a nebulizer, where it was mixedh\&@0 mL/min of N (regulated by a Brooks
5850E mass flow controller), which is used as &eriral standard for product analysis. The
approximate residence time is 0.14 s. The reactésriveated by heating tape. The temperature
was measured by a K-type thermocouple, and a dtartreas used to ensure that temperature
was held constant at the desired value.

Product analysis was carried out on-line by a SRIO& gas chromatograph using TCD
and FID detectors. The gas chromatograph was eedipith molecular sieve (to separatg N
from organic products) and MXT-1 columns (60 m,Q33 mm). The oven temperature was
held at 40°C for five minutes, then raised to 230 at a rate of 48C/minute, and the
temperature remained constant for 15 minutes. Agganwas used as the carrier gas. The
following compounds were identified using the gasmatograph: BD, acetone, 2-
methylpropanal (MPA), 3-buten-2-ol (3B20L), MEK ams®butanol. In addition to the above
species, heavy products were detected. Their reggactor was assumed to be the same as
BDO, and their total amount is lumped togethertesaVy species”. Condensed species were
characterized using GC-MS (Shimadzu GCMS-QP2010 Sggcies identified include 2-
methyl-2-cyclopenten-1-one, 3, 4-dimethyl-2-cyclogn-1-one, 3,4,4-trimethyl-2-cyclopenten-
1-one, 2-methyl-phenol, 3,4-dimethylphenol and dmethylphenol.
Each experimental condition was repeated at lbasé ttimes for each condition. All mass
balances closed within 20 %, with most closing with0%.

The conversion of BDO and selectivity of the maiaducts were calculated as below:

2, 3-butanediol conversioﬁlgleBDrzz’Ze_mOleBDo"’“t * 100% (1)
BDO,in
Selectivity="-2¢tout_ . 1009 )

Oleproducts

where moleroductsmeans the moles of products of reaction, includiti€kk, MPA, BD and

heavy products.
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5.2.3. Catalyst characterization

Temperature programmed desorption of TEA was perdron an AMI-200. 100 mg of
pelletized sample was used. The TEA was fed irgstmple through a gas saturator and the
adsorption was carried out at 24D, 300°C, 350°C and 400C respectively for 2 hours. After
saturation, the sample was flushed in a He flowlfbour to remove physically adsorbed TEA.
The temperature was then raised to %G@t a heating rate of%/min. The amount of TEA
desorption from the sample was measured by a TG@xalculated by integrated the area under

the curve linked to the calibration file that isesfic to the active gas.

5.3. Results and discussion

5.3.1. Characterization

In order to study the impact of the TEA treatmemiatumina, the TEA-treated ex-situ
alumina and untreated alumina were heated td®8Qfl a heat rate of %&/min, to qualitatively
measure pre-adsorbed TEA on the alumina surfaced&bkorbed gas concentration signal were
recorded by the TCD. Figure 5-1-a shows that fereasived SCFa, only one desorption peak
was observed at 18C which is due to desorption of physically adsoriaeder, while for the
TEA treated alumina, two desorption peaks appe26@fC and 566C. The desorption peak at
high temperature is assigned to the TEA desorgteak. Since SCFa#2 was treated with more
TEA than SCFa#1, the TEA desorption peak areagefahan that in SCFa#1l. Figure 5-1-b
shows the pre-adsorbed TEA desorption on alumi@® FPhe water desorption peak is not
obvious in Figure 5-1-b; however, the TEA desompi@ak is consistently shown around 820
and desorption peak area increase as the TEA lpauinease. The results indicate that TEA
strongly adsorbed on the alumina surface.
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Figure5-1. TPD of ex-situ TEA modified alumina SCFa (a) and@®2b) with untreated
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alumina samples as comparison.

Table5-2. Ex-situ modification of SCFa and F200.

Sample Treatment

SCFa No treatment

SCFa#l 2g SCFa+0.1 mL TEA + 6mL DI water
SCFa#2 2g SCFa+4 mL TEA + émL DI water
F200 No treatment

F200#1 2g F200+0.1 mL TEA + 6mL DI water
F200#2 29 F200+4 mL TEA + 6mL DI water
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Figure5-2. TEA-TPD of SCFa (a) and F200 (b) starting at various temper atur es.

To further investigate the role of TEA in BDO dehgtion, TPD experiments were run
immediately after flowing TEA over SCFa and F20@i#ferent temperatures to approximate
what might be happening with TEA for in-situ modédtion. Figure 5-2 shows the results of
these experiments. For both catalysts, similaral&ends can be seen. For the lowest
temperature, multiple peaks can be seen. For S@Bananifests itself as a peak around 326
followed by a broad feature at higher temperatufes F200, there is a clear peak at 460
superimposed on a broader feature starting aP@88s the adsorption temperature increases,
S0, too, do the desorption temperatures for bailysts. This likely indicates that more stable
adsorbed species are being formed as temperatusages, potentially by conversion of TEA to
diethyl or monoethyl amine [113].

Table 5-3 compares the amount of TEA (or TEA decositpn products) released for
the two different catalysts for in-situ and ex-sitodification. This table shows that there are
some notable differences between the two typesuaiina. The main difference is that F200 can
adsorb approximately four times the amount of TEA&Fa in the in-situ modification. This is
consistent with the higher surface area of F20@. téble also shows that the in-situ TEA

modified alumina have much more amine adsorbethestrface compared to that ex-situ TEA

modification, thus the acid-base properties arattyehanged.
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Table5-3. TEA-TPD of SCFa and F200 in thein-situ and ex-situ modification

Samples TEA release mmol/g sample
In-situ-F200-240 0.78
In-situ-F200-300 0.63
In-situ-F200-350 0.39
In-situ-F200-400 0.13
In-situ-SCFa-240 0.19
In-situ-SCFa-300 0.17
In-situ-SCFa-350 0.12
In-situ-SCFa-400 0.05
Ex-situ-F200#1 0.09
Ex-situ-F200#2 0.11
Ex-situ-SCFa#1 0.02
Ex-situ-SCFa#2 0.05

5.3.2. Ex-situ and in-situ modification impact on BDO dehydration

Figure 5-3 shows selectivity to BD in BDO dehydvatas a function of temperature over
the TEA-modified alumina SCFa and F200. For allekpents, complete conversion of BDO
was achieved. A few notable trends can be obseA®the temperature increase, the BD
selectivity increases for all catalysts. For F206situ modified samples have slightly lower BD
selectivities at most temperatures, while the Bledwity is slightly increased over the ex-situ
modified SCFa samples. Furthermore, as the TEAhgadcrease on SCFa, the BD
correspondingly increases. The in-situ modificatdtoth SCFa and F200 were also studied
and much more dramatic changes were seen. BD iséleoicreased on both SCFa and F200 by

up to 10% and 15 %, respectively.
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Figure 5-3. BD selectivity of BDO dehydration oviedeA modified F200 (a) and SCFa (b).

Table 5-4 expands on the results shown in Figuebg-tabulating the product
distribution for BDO dehydration over the TEA-madd alumina SCFa and F200 at one
representative temperature: 380 BD, 2-methylpropanal (MPA) and MEK are the main
products. The other products include 3B20L and #hgiel-propanol and heavy species. Higher
amount of heavy species are seen at higher tenupesat

The results in Figure 5-3 confirm the trend sugegsty Hale that TEA addition to the
reactants can improve BD selectivity, though nahtlevel he reported [108]. On the other
hand, attempts to modify acid-base properties bgriporating TEA prior to reaction did not
substantially change the catalyst’s basic prope(as seen in Table 5-3 and Figure 5-1) or its
catalytic performance (Figure 5-3). It appears tha amount of TEA incorporated by ex-situ
modification is too little to make much of a difégrce.

It is difficult to hypothesize exactly how in-sitmodification is affecting the catalyst, but
insights can be gained by looking at the resul&igure 5-3 and comparing the results in this
paper with our previous results on the two formalamina. Figure 5-3 shows that some amine
adsorbs on the catalyst surface for the entire ¢eatpre range studied. This means that when
TEA is co-fed with BDO, TEA (or its decompositiorogucts) will adsorb on catalyst sites and
impact BDO chemistry. We hypothesize that TEAds@bed on the strong Lewis acid sites on
the alumina surface (aluminum atoms). This inhiME&K formation which is favored on acid
catalysts, resulting in higher selectivity to BOhi§ hypothesis is consistent with our previous
work where calcining F200 lowered its surface ane@ acid site density, increasing BD

selectivity. Figure 5-3 shows that in-situ catalydification by adding TEA to the feed
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impacts the BD selectivity more for F200 than f@Fa. This can be explained by Figure 5-2
and Table 5-3, which show much higher amounts sbdzed amine for F200 than SCFa: the

higher surface area of F200 adsorbs more TEAsstattalytic performance is impacted to a

greater degree than SCFa.

Table 5-4. Dehydration of BDO over TEA modified alumina SCFa and F200 at 350 °C.

Selectivity Catalyst
(mol %)

F200 | F200#1 F200#2 F200In-siftu SCFa SCFg SLCHaSCFa In-situ
BD 14.30| 11.76 12.70 21.05 22.60 26.56 27.79 28.05
MPA 7.70 | 8.06 7.95 9.13 9.90 11.28 11.96 10.06
MEK 75.40| 78.06 74.89 69.82 64.40 61.75 59.37 61.13
Others$ 2.60 | 2.12 4.46 0.00 3.10 0.41 0.87 0.77

a0thers include: 3-buten-2-ol, 2-methyl-1-propanad &eavy species.

5.4. Conclusion

Dehydration of BDO was investigated over TEA maatifalumina between 24C and
450°C. TPD of TEA ex-situ modified alumina indicatedthhe TEA is strongly adsorbed on

the alumina surface. The ex-situ modified F200hshgdecreased the BD selectivity, while the

phenomenon is reversed over TEA modified SCFah@J EA loading increased, the BD

selectivity correspondingly increased. In-situ nficdtion significantly increased BD selectivity

for both catalysts. We hypothesize that the TEAdsorbed on strong acid sites, inhibiting the

MEK formation pathway.
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Chapter 6 - Transformation of 2, 3-butanediol in

a dual-bed catalyst system

Abstract

The catalytic dehydration of 2, 3-butanediol (BD&3s investigated over two-bed
catalysts, S€s+Al,03, SeOs+silica-alumina and S©s+zirconia (dopant are calcium and
ceria), at temperatures between 30Gand 400°C. Both SgOz+alumina and S©z+silica
alumina gave 1, 3-butadiene (BD) selectivity of @@l %, while SgOs+zirconia gave BD
selectivity much less than 61%..8g+zirconia produced 2,5-dimethylphenol with seleityiv
reaching 12% at a maximum. The BDO dehydration av&ngle bed of zirconia catalyst was
studied at various residence time. 2,5-dimethylpheancentration increased as the residence
time increased. Possible intermediate to form 2gethylphenol from BDO are methyl vinyl
ketone (MVK), 3B20L and acetoin. %23 can converter the BDO to 3-buten-2-ol (3B20L) as
the first bed, while the second bed catalyst gyestected the product distribution. Acidic
oxides such as alumina oxide and silica alumindatter catalyst to convert 3B20L to BD,
while catalysts with stronger basic sites cataly@medensation reactions that ultimate lead to
phenols like 2,5-dimethyl phenol.

6.1. Introduction

The catalytic conversion of biomass to chemicatsreaeived extensive attention
recently because it offers a means for sustairaigenical production. Recently, 2,3-butanediol
(BDO) has been identified as a promising intermiedia the conversion of biomass to industrial
chemicals, both because it can be produced athayfetd via fermentation of glucose and
xylose [10] and it can be converted to a varietgltgmicals including 1,3-butadiene (BD) [20],
methyl ethyl ketone (MEK) [114], 3-buten-2-ol (3BRJJ18]. Strong acid catalysts, such as
zeolites, yield MEK via Pinacol rearrangement widarly 100% selectivity [114]. BD is the
product following two dehydration steps, but mogtahoxides catalysts favor production of
MEK [106]. However, Th@and SgOs have been found to give high yield to BD [8, ZDjese
studies show the utility of BDO for production dfeznicals and also point to the complexity of
BDO chemistry.
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One possible extension of the work on catalytiawiséy of BDO is to employ multiple
catalyst beds in order to direct BDO chemistry taisaa desired product. This was recently
demonstrated by Duan and coworkers who employaaded catalytic system consisting of
S©0s3 as the first bed and ADs as the second bed [20]. This system took advartbtie
selectivity of SeOz towards 3B20L, the key intermediate in producod®BD [106] , and the
acidic nature of A0z to dehydrate 3B20L to BD. This research proptisasa two-bed system
can be used to produce a variety of hydrocarbodsapgenates from BDO by taking advantage
of the wide variety of types of chemicals that baproduced from BDO (ketones, aldehydes,
unsaturated alcohols, unsaturated hydrocarbonsihanability to tune the catalytic properties of
the two catalyst beds.

In this work, SeOs was selected as the first catalyst bed becauise albility to
selectively convert BDO to 3B20L. The compositidrilee second bed was modified to
determine the extent to which the catalytic prapsrof the second bed could direct the product
selectivity in different directions. Two distingftes of catalytic materials were selected for the
second bed. The first are typical acid catalysts@fand SiQ- Al2Os) that would be expected
to favor dehydration pathways to convert 3B20L . Bhe second are a series of CaO and
CeO2-modified zirconia catalysts. Ceria modifietania has been shown to have activity for
Hoffman elimination of secondary alcohols to alkeftEL5], suggesting possible activity for
converting 3B20L into BD, but also have strong bsites that could promote other reactions
such as aldol condensation [116]. It is shown is Work that the catalytic properties of the
second bed have a significant influence on thenaltie produce selectivity, and that unexpected

products can arise when a two-bed system is used.

6.2. Experimental

6.2.1. Catalyst preparation

Se0swas purchased from Sigma-Aldrich and calcined ima800°C for 3 hours before
use. Silica alumina SiAI3111 (SiAl) were obtainedni DAVICAT (SiO, 85.7%; AbOs,
11.3%, Density, 0.35 g/cc; Pore Volume, 1.15 cBI§T Surface Area, 424 #gy). Alumina
SCFa were obtained from Sasol and the catalysttpellere crushed and sieved to >60 mesh

before use. Zirconia catalyst were obtained fromdbeKigenso Kagaku Kogyo and used as
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received. The compositions of the zirconia samatesupplied by manufacturer are listed in
Table 6-1.

6.2.2. Catalytic reaction

The dehydration of BDO was carried out in a fixesttiiHastelloy® tube reactor of
0.305” inner diameter. The catalyst was placed@reactor between two plugs of quartz wool.
Pure liquid BDO was fed at a flowrate of 0.018 mldrthrough a micro pump (Eldex) to the top
of the reactor through a nebulizer, where it wasethiwith H (regulated by a Brooks 5850E
mass flow controller), which is used as an intestahdard for product analysis. The reactor was
heated by heating tape. The temperature was mekisyte K-type thermocouple, and a
controller was used to ensure that temperaturehefalsconstant at the desired value. Product
analysis was carried out on-line by a SRI 8610Cahpasmatograph using thermal conductivity
detector (TCD) anflame ionization detectdiFID) detectors. The gas chromatograph was
equipped with molecular sieve (to separaidéréin organic products) and MXT-1 columns (60
m, ID 0.53 mm). The oven temperature was held &4fr five minutes, then raised to 23D
at a rate of 40C/minute, and the temperature remained constardtSoninutes. Argon gas was
used as the carrier gas. The following compounds wientified using the gas chromatograph:
BD, acetone, 2-methylpropanal (MPA), 3-buten-23820L), MEK and isobutanol (MPO).
Condensed species were characterized using GC-N®&8zu GCMS-QP2010 SE). Species
identified include 2-methyl-2-cyclopenten-1-one}-8jmethyl-2-cyclopenten-1-one, 3,4,4-
trimethyl-2-cyclopenten-1-one, 2-methyl-phenol,-8ithethylphenol and 2,5-dimethylphenol.
All mass balances closed within 20 %, with mossitlg within 10%.

The conversion of BDO and selectivity of the maiaducts were calculated as below:

2, 3-butanediol conversioRSERo.n"MOEDOout , 1)y, (1)
molegpo,in
.. mole ;
Selectlwty—Z — *100% (2)

where M means the mole number of product times the canlbiomber in the product.
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6.2.3. Catalyst characterization

6.2.3.1. XRD

X-ray diffraction measurements were performed @nddtalyst powders with a Rigaku
MiniFlex 1l desktop X-ray diffractometer with Cuckradiation £=0.15406 nm) in an operation
mode of 30 kV and 15 mA. Data were collected fra@dhtd 8@ with a scanning rate of/min.
6.2.3.2. TPD

Temperature programmed desorption of ammoniaz{lNPD) was performed on an
AMI-200. 200 mg of sample was treated under Helfamd hours at 600C. Next, 1% ammonia
balanced in Helium was flowed over the catalystfdwours. After saturation with ammonia, the
sample was flushed in a He flow at 1ZDfor 1 hour to remove physically adsorbed ammonia.
The temperature was then raised to 8D@t a heating rate of%® /min. The amount of
ammonia desorption from the sample was measuredi§yD. The peak area was converted to
moles of gas by using a calibration file creatadifie species of interest. GOPD was

performed using the same procedure with 10% @®elium as the adsorbate.
6.2.3.3. TPR

Temperature-programmed reduction (TPR) studies s@nducted with an Altamira
AMI-200. 100 mg samples were treated in He at %56r 1 h before TPR was performed. TPR
was carried out in a flow of 10% H2/Ar at a heatiate of 10°C /min. H2 consumption was
recorded by a TCD.

6.2.3.4. Raman

Raman spectra of the films were recorded usinga ®. spectrometer (iIHR550, Horiba-
Jobin Yvon) that was coupled to an upright micrgsc(BX41, Olympus) and a light source of
633 nm HeNe laser.
6.2.3.5. XPS

X-ray photoelectron spectroscopy (XPS) data wecended using a PerkinElmer PHI
5400 electron spectrometer with an achromatic AXKi@ay source (1486.6 eV) operating at 300
W (15 KV and 20 mA).
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6.3. Results and discussion

6.3.1. Characterization

-71143
71106
71174
: 71206
s I
2 ‘
= , .
: \
£ \ /\
A _w__,,\___.u,,// \\.M. / N\ ™ N\,
1
10 20 30 40 50 60 70 80

26/degree

Figure 6-1. XRD patterns of zirconia oxides Z1143= Cao.04Zr, Z1106= Cen.1Zr, Z1174=
Cen2Zr, and Z1206= Cep.19Zr.

Figure 6-1 shows the XRD patterns of the zircoammgles. The diffraction peak
distribution are consistent quite well among theaiia samples. The tetragonal Zn@hase
characteristic peak are & 2 30.2, 34.8 and 35°2117] and cubic Zr@phase peaks are & 2
30 and 34.8[118]. Four zirconia samples all show diffractiozafs are @- 30.2 and 35 The
diffraction peaks at@~ 3(° for Cay.o4Zr shifts to lower 2 degree as the ceria content in ZrO
increase. This is due to larger ionic radius of"@empared to that of Zr[115]. Since the free
phase of CaO and Ce@re not observed, the CaO, Gedd ZrQ mixed oxides form a solid
solution. Since tetragonal and cubic phase areslidentical and the weak and broad
diffraction peaks obtained in the sample makefitadilt to differentiate the cubic or tetragonal
phase in the zirconia samples. The identificatibthe phase is confirmed in the Raman spectra
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shown in Figure 6-2. The Raman spectra of the Zoaonia samples are relatively close to each
other, with six feature peaks at 137, 244, 311, 899, 630 cm that are typical of a tetragonal
ZrO, phase [119] Cubic zirconia would show a single Rampeak around 465 c¢hj120].
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Figure 6-2. Raman spectra of zirconia samples Z1143= Cao.0sZr, Z1106= Cen1Zr, Z1174=
Cen2Zr, and Z1206= Cep.19Zr.

Figure 6-3 shows the NH\TPD and CQ-TPD of zirconia samples. A broad NH
desorption peak extends from 120 to 860 The CQ desertion peak also extends over a wide
temperature range, showing two desorption peakalifsamples except GeZr. The acid and
base site densities are shown in Table 6-1. lh$y ¢o0 see that the even though samptei&e
has similar a compositions &£r, it has much fewer acid and base sites. Comgaamples
Ce.2Zr and Ce2Zr, as the ceria content increases, the acidityedses while the basicity
increases because ceria possess a large numlesiosies [121]. GasZr has 4% CaO which
can possibly explain its higher basicity. Lafaye aoworker compared the various Ceria sample
and found that CeZrQwith Ce/Zr molar ratio 3:1 had acid and base d#esities of 283 and 171
pmol/g respectively [122]. These results are ctoghe zirconia samples results reported here.
The acid/base sites density of alumina SCFa aimmdsalumina SiAl3111 are 0.24/0.059 and
0.289/0.157 mmol/g respectively, indicating thatFa@nd SiAlI3111 are relatively acidic

catalysts compares to the other four zirconia ysts\
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Figure6-3. NH3-TPD (a) and CO2-TPD (b) of zirconia samples Z1143= Cap.0sZr, Z1106=
Cen1Zr, Z1174= Cev2Zr, and Z1206= Cev19Zr .

Table 6-1. Comparison of zirconia catalyst composition.

Name | Substance Formula Short Ce/Zr | °Ce/zr | Acidity Basicity
name |theor |exp (mmol/g) | (mmol/g)
Z1143 | calcium doped zirconia (CafaXZrO2)o.96 Caosr | O 0 0.322 0.305
Z1106 | ceria doped zirconia (Ce(ZrO2)o.0 CepiZr | 0.11 0.15 0.333 0.254
Z1174 | ceria doped zirconia (CeA(ZrO2)os Ce2Zr | 0.25 0.40 0.310 0.278

Z1206 | cerium stabilized zirconia (C8@10{ZrO2)o.807 | Cev.1Zr | 0.24 0.41 0.150 0.187

aThe Ce/Zr is calculated based on formula compmsiti
®The Ce/Zr is measured by XPS.
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Figure 6-4. H2>-TPR profiles of CeO2-ZrO2 mixed oxides Z1143= Cao.0sZr, Z1106= Ceon.1 Zr,
Z1174= Cen2Zr, and Z1206= Ceo.19Zr.

Figure 6-4 shows the TPR results of the &&8D, mixed oxides. It is easy to see
Ca.04Zr which has 96 % zirconia consumes a small amotHg. As the ceria content increase
(Cen.19Zr has more ceria on the surface), the consumptiéty greatly increase which means the
reducibility of zirconia greatly increases by thearporation of ceria. Li and cowokers attributed
the enhancement of the Honsumption to the increase of the lattice oxygeiility in CeQ-

ZrO», since the incorporated ceria can distort theoniie structure and make the lattice oxygen
more active to react with Hi123]. Two peaks are observed at 380 and€Dh Ce 1Zr and

Cea2Zr, which possibly correspond with the reductiorsofface oxygen and bulk oxygen
respectively [25]. Table 6-1 also shows the surtoenic ratio of Ce/Zr for four samples, which
are consistently higher than those of the theaktialues. This suggests that the ceria
concentration is higher on the surface. Similanltssvere also found by Martinez-Arias and
their explanation was that the differences in tharge-to-radius ratio between®and zf*

would favor precipitation of Zr first, leading tee(orecipitation later that forms the external parts

of the agglomerates, causing the cerium enrichrmenie surface [115, 124].

6.3.2. Catalytic Results

The primary hypothesis of this research is that Bfa® be converted to a variety of

chemicals by selecting multiple catalytic functibies that favor specific reaction pathways in
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the complex reaction mechanism for BDO catalytieratstry. SeOs offers the unique ability to
dehydrate BDO to 3B20L, rather than MEK [18]. Bezmof this capability, this work
considered S€s as the first catalyst bed, where a second bedidbeh be selected to convert
3B20L to BD and other products.

Figure 6-5 shows BDO dehydration over a singlelgstded comprised of 1g Zs.
High temperature increases the BDO conversion. 3B&8ectivity decreases with the
temperature from 90% at 326 to 34% at 41°C, while the BD and MEK selectivities both
increase with temperature. Duan and coworker stiutie BDO dehydration over ZsCand
their results also showed that the 3B20L selegtiddcreases as the temperature increases while
the BD and MEK selectivities both increase with pemature [17]. Our previous results also
showed that 3B20OL was produced at low temperatuhglg it disappeared when temperature

was increased [106] .
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Figure 6-5. BDO dehydration over 1g Sc203, carrier gasH2is46 mL/min, BDO feed rateis
0.018 mL/min.

Figure 6-6 shows the BDO dehydration over a doblelé-catalyst system of %2
+Al 203 at different temperatures. Note that both catalyatre physically in the same reactor
tube, so their temperatures were essentially threes@ihe measured BDO conversions were

100% for all the conditions. Figure 6-5 shows tiattwo main products at all temperatures are
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BD and MEK and that temperature impacts the redaimounts of both. There is an optimal
reaction temperature for BD selectivity. At 3AB the BD selectivity is lower than MEK. This
can be explained by comparing the results for thglesand dual catalyst beds. As seen in Figure
6-5, there is incomplete conversion of BDO oveiGaat temperatures below 380. For this
reason, when the dual catalyst bed system is uded d&emperatures, unreacted BDO is mostly
converted to MEK by AlO3[106] leading to higher MEK selectivity at 328. At 350°C, the
single SeO3 bed achieves complete BDO conversion with 90%ctelty to 3B20L. Therefore,
the primary role of the ADsbed is to convert 3B20L to BD, resulting in higtestivity to BD.
As the temperature further increased to 37and 400°C, BD selectivity slightly decreased as
more heavy species such as 2,5-dimethylphenobameed due to high temperatures that
increase the potential of side reactions.
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Figure 6-6. BDO dehydration over Sc203 + Al203 as a function of reaction temper ature,
carrier gasH2is80 mL/min, BDO feed rateis0.018 mL/min.

The BDO dehydration results over a double-befD&€eSiAl system at 318, 350, 375 and
400°C are shown in Figure 6-7. This figure shows th&m@n optimal reaction temperature for
BD selectivity. At 318C, the BD selectivity is lower than MEK, for thensareason as
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described above: the acidic catalyst in the set@&uadconverts unreacted BDO from the first bed
mostly into MEK instead of BD. As the temperaturereased to 358, BD selectivity
continuously increased to 60% with the maximum &d&1.9%. As the reaction temperature
further increased to 375 and 4%, the BD selectivity slightly decreased as othredpcts
(notably 2,5-dimethylphenol and MEK) are formedn@aring the results to BDO dehydration
over Sg0s + Al2Os, similar trends can be found on,Sg+SiAl. The highest BD selectivity is
about 60% which is also found at 3%Dand the BD selectivity slightly dropped as the
temperature further increased to 375 and“@0rhe BDO conversion is 100% for all the

conditions.
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Figure 6-7. BDO dehydration over Sc2O3+SiAl asa function of reaction temperature,
carrier gasH2is80 mL/min, BDO feed rateis0.018 mL/min.

Figure 6-8 shows the results for BDO dehydratioerdiie SgOs + Ca 04Zr at 318, 350,
375 and 400C. The BD selectivity is zero at 328 while the BD selectivity increases as the
reaction temperature increases. The highest av@Bgeelectivity is about 43% at 40C. Itis
interesting to notice that the dehydrogenation pebdcetoin is formed with a selectivity of
around 17% at 318, while its selectivity is zero at higher temparas. The 3B20L selectivity

is about 40% at 318 and 3%0, however the selectivity decrease as the temyreratcreases to
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375°C and 400C. For 2,5-dimethylphenol, the selectivity is ialty about 6% at 318 C and the
selectivity increases to 12% at 3%D, then as the temperature increases furtherglbetiity

decreases, falling to zero at 40
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Figure 6-8. BDO dehydration over Sc2Os+CaoosZr asa function of reaction temperature,
carrier gasH2is80 mL/min, BDO feed rateis 0.018 mL/min.

Figure 6-9 shows that the BDO dehydration oveOs€Ce.1Zr at 318, 350, 375 and 400
°C. The 3B20L selectivity is about 28% at 318 anl ®5, but as the temperature increases, the
selectivity decreases significantly. BD selectiviyat its highest of ~18% at 376. The 2,5-
dimethylphenol selectivity is highest at ~7% at 3C8nd as the temperature increases, the

selectivity gradually decreases.

118



100 : o 0
90 —
80
70
60

50

S(%)

40
30
20

300 325 350 375 400
T(°C)

—o—BD ——MPA 3B20L MEK —e—2,5-dimethylphenol —e—Acetoin —e—BDO conversion

Figure 6-9. BDO dehydration over Sc203+CepaZr asafunction of reaction temperature,
carrier gasH2is80 mL/min, BDO feed rateis0.018 mL/min.

Figure 6-10 shows the BDO dehydration ovei(¢Ce 2Zr. The 3B20L selectivity at
318°C and 350C are 30% and 17% at respectively. At higher teatpees, 3B20L is not
observed. The BD selectivity is highest ~21% at @75The 2,5-dimethylphenol has the highest

selectivity of 9% at 318C and the selectivity decreases as the temperfatdher increases.
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Figure 6-10. BDO dehydration over Sc20O3+Cen2Zr asa function of reaction temperature,
carrier gasH2is80 mL/min, BDO feed rateis0.018 mL/min.

Figure 6-11 shows the BDO dehydration over th€05eCey 1971 at 318, 350, 375 and
400°C. The 2,5-dimethylphenol selectivity is zero 483C but it increases to 4% at 3%0. As
temperature increase further, the 2,5-dimethylphselectivity decreases. The highest BD
selectivity is about 23% at 40C. 3B20L selectivity is greatly reduced as the terafure
increases, while the MEK and BD selectivities i@ as the temperature increase. These
results are consistent with the results of BDO deityon over a single-bed %23 shown in

Figure 6-5 where temperature had a huge impadt@prioduct distribution.

120



100 n = a

90
80

70

60

50

40 /

30

20 == |

0 b4 -.\‘;‘,,—'
300 325 350 375 400
T(°C)

S(%)

3

llik

——BD —e—Acetoin —==—BDO conversion 3B20L —=—MPA MEK —e—2,5-dimethylphenol

Figure 6-11. BDO dehydration over Sc2Os+Ceni9Zr asa function of reaction temperature,
carrier gasH2is80 mL/min, BDO feed rateis0.018 mL/min.

6.3.3. Comparison of Catalysts

Figure 6-12 compares the selectivity of all two-lsgdtems to the main products. It is
easy to see that zirconia is not an optimal catadysonvert the 3B20L to BD when compared
to acid catalyst Az or SiAl. Interestingly, 2,5-dimethylphenol is foeah in significant amounts
when the zirconia catalysts was used as the sdmhdatalyst. Notably, when g€aZr was
used as the catalyst for the second bed, the highksctivity to 2,5-dimethylphenol (12%) was
achieved at 356C. The 2,5-dimethylphenol selectivities are higheer Ca.osZr and Ce2Zr.

This is likely because they possess strong basis sompare to the other two zirconia samples
as shown in Figure 6-3-b. The zirconia catalyst&lpce a significant amount of other species
(shown as “Others” in Figure 6-12), that includestane, butene, MPA, MPO, 2-buten-1-ol and

heavy species.
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Figure 6-12. Selectivity of all two-bed systemsin the conversion of BDO at 350 °C.

Our results indicate that 2,5-dimethylphenol is agiogéctly produced from BDO. The
maximum 2,5-dimethylphenol selectivities for theotiyed catalytic systems were produced at
350°C. At this temperature, the first catalytic bed>(&} has converted all BDO to other
products (Figure 6-5). For this reason, an inteiatedspecies formed from BDO must be
responsible for 2,5-dimethylphenol production.

To further investigate the reaction pathways teditbethylphenol, experiments were
conducted where BDO was reacted on all four zi@aaitalysts for a range of residence times
(2.4-2.81 seconds). Differences in results foreddht residence times can provide information
on possible intermediates. Figure 6-13 shows thelteof these experiments, conducted at
318C. The analysis of the product distributions a<fioms of temperature (Figure 6-8-11)
indicates that 3B20L is a possible intermediate2{drdimethylphenol formation. The 3B20L
concentration only shows a maximum orp €& while the concentration monotonically
increases or decreases on the other three zirsamales. For GasZr and Ce2Zr, acetoin
concentration increases to the maxmium then drdbeasesidence time increase. Meanwhile,
BDO concentration decreases and the 2,5-dimethgtghslectivity continuously increases as

the residence time increases. This implies thabaces a likely intermediate to produce 2,5-
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dimethylphenol on these catalysts. Figure 6-13emshBDO dehydration over Ger. The 2,5-
dimethylphenol concentration still increases wahkidence time, while the 3B20L and acetoin
concertation continuously decrease with resideince. tFigure 6-13-d shows the BDO
dehydration over GadZr. The BDO concentration still decrease with resitke time. However,

it is interesting to notice that the 2,5-dimethydpbl concentration is zero at all the residence
time. This is consistent with Figure 6-11 that skdhat the 2,5-dimethylphenol concentration is
zero over the two-bed catalyst;8g+ Ce.19Zr. In addition, the acetoin selectivity contingusl
increases with residence time which is differeatrfrthe other zirconia catalyst. A possible
explanation is that this catalyst may not be adiiweconverting acetoin to 2,5-dimethylphenol.
Generally, 2,5-dimethylphenol selectivity was maizied at lower temperatures. As the

temperature further increased, the 2,5-dimethylphéecreased.
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Figure 6-13. BDO dehydration over a 1g single-bed Z1143= Cao.o4Zr (a), Z1174= Cev2Zr
(b), Z1106= Cen.1Zr (c) and Z1206= Cen.10Zr (d) at 318 °C.
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To further investigate which species is the intadiai in the production of 2,5-dimethyl
phenol, experiments were conducted where diffqueteéntial intermediates were reacted over
two of the zirconia catalysts. Table 6-2 showsZltedimethylphenol selectivity of MVK,
3B20L and acetoin react over catalyst e@r and CeZr. This results show that acetoin can be
converted to 2,5-dimethylphenol, but also shows kMK and 3B20L can also be converted to
2,5-dimethylphenol. It is important to note thas three intermediates can be converted from
one to the other. For example, acetoin can be datadito form MVK. For the experiment
reported in Table 6-2 for acetoin, ds&r produced almost 15% MVK and &&r produced
nearly 39%. While MVK production from 3B20L is nobserved. These results indicate that
more than one of the C4 oxygenates can be convierg®-dimethylphoneol. It is also
interesting to note that the 2,5-dimethylphenoésility over Ca.o4Zr is higher than that over
Ce2Zr, which is consistent with the results that theximum 2,5-dimethylphenol selectivity of

BDO as reactant is on catalystoG&r.

Table 6-2. 2,5-dimethylphenol selectivity of MVK, 3B20L and acetoin react over Cao.o4Zr
and Ceo2Zr.

2,5-dimethylphenol Selectivity (%)| Catalyst

Reactant Ceodlr Cey2Lr
MVK 18.94 11.10
3B20L 15.67 6.46
Acetoin 27.92 16.71

6.3.4. Reaction M echanism

The mechanism for BDO conversion to different piidinas been discussed in a few
different papers [20, 106]; however, previous papeve not reported the formation of aromatic
phenols, as is shown in this work. Figure 6-14 shtve main reaction pathways of BDO in this
paper. BDO dehydration readily occurs on acid gatalto form MEK. Some catalysts, notably
S©0g, can dehydrate BDO to 3B20L, which can then bth&rrdehydrated to form BD [106].

Alternatively, BDO can be dehydrogenated to forratain, which can further be dehydrated to
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MVK. If sufficiently strong basic sites are presekiVK can further be converted to acetone and

formaldehyde via the retro-aldol condensation tieadtL06].
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Figure 6-14. Proposed reaction pathways of BDO conversion and 2,5-dimethylphenol
formation.

The mechanism of 2,5-dimethylphenol formation coflsenot clear. One possible
explanation is the Diels-Alder reaction between &id an unsaturated C4 such as MVK or
3B20L to form C8. However, in the reaction of MVKdacetoin over GasZr and CeZr, BD
is not observed, while the 2,5-dimethylphenol ikest produced. This indicates that the Diels-
Alder reaction is not the best explanation for @ifethylphenol formation. Another more likely
explanation are condensation reactions betweerx@genates. Figure 6-15 illustrates one such
route, where acetoin and 3B20L are coupled oversiclratalyst. A key step in this scheme is
the nucleophilic attack that leads to condensadidhe two molecules to form a C8 molecule.
Once a C8 molecule has been produced, an intramatddichael addition can then produce a
ring structure. Dehydration and dehydrogenatiopsstesult in the aromatic product, then via
methyl group migration, 2,5-dimehtylphenol can berfed. Figure 6-15 is meant to represent
one possible way the substituted phenol can beugest Another possibility is the reaction of a
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C4 oxygenate with MVK. Unsaturated ketones like M@&n be attacked by a nucleophile in the
Michael addition reaction [125], so this pathwayubbe expected to occur readily over basic

catalysts.
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Figure 6-15. 2,5-dimethylphenol for mation mechanism.

Implicit in the discussion of how 2,5-dimethylploéis formed is the importance of the
nature of the catalyst. As shown in Figure 6-12,dhidic metal oxides did not form 2,5-
dimethylphenol, instead favoring dehydration of 8820 BD. Only when Ca- and Ce-modified
zirconia were used was the substituted phenol pediurhese materials have sufficient basicity
to favor Michael addition reactions. In additionaterials with more basic sites ({2a&r and
Cea2Zr) produce more 2,5-dimethylphenol, supportinghfipothesis that strong base sites are

needed for the condensation reactions responsib® %-dimethylphenol production.

6.4. Conclusion

Dehydration of BDO was investigated over two-betlyat systems, SOs+AIl203,
ScOs+silica-alumina and S©s+zirconia, at temperatures between 30tand 400C. The
product selectivities were greatly impacted by d@ade properties of the second bed catalyst.
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BD selectivity was enhanced by using acidic alunaind silica-alumina as the second bed
catalyst which favor the dehydration. When theaia used as the second bed catalyst, the BD
selectivity decreased, while the 2,5-dimethylphemat formed which is due to the strong basic
site favors condensation reactions over dehydralibis study also indicated that MVK, 3B20OL

and acetoin are the possible intermediates foBI® conversion into 2,5-dimethylphenol.
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Chapter 7 - Futurework

For the future work, it includes two parts:
1: Modeling of Three-way Catalytic Converter

a. The 115-step microkinetic mechanism can be redused) the sensitivity
analysis method, a more compacted mechanism imgudiportant reaction steps
can be proposed. This will greatly reduce the cdatmn time.

b. External mass transfer limitation should be congddoth in the PFR model and
tanks-in-series model.

c. Energy balance will be considered to include timeperature effect on the TWC
performance.

2: BDO conversion

a. Triethylamine in-situ modification process can bplaced by ethylamine,
diethylamine and other common acid or base gasas€0 and NH to further
prove the triethylamine change the alumina acid/lpmeperties during the in-situ
modification process.

b. 2,5-dimethylphenol formation mechanism is still ntgar, MVK, 3B20L and
acetoin are the possible intermediates. More irgerates study is need to find
out the reaction pathway step by step.

c. Zirconia with strong basic sites seems to promme2t 5-dimethylphenol
formation, zirconia doped with basic oxide suclCas» and MgO can increase
the basic site strength [121] which is possibl&utther improve the 2,5-

dimethylphenol selectivity.
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Appendix A - Supporting information

Molecular structures and potential energy surfacelydroxylated surfaces are shown in

this Supporting Information document.

Figure A-1. Top and side views of relaxed hydroxylated pristine (a) and Na-doped (b) y-
Al203 (110) surfaces. The Al(111) siteremains open, and therest of the surfaceis
hydroxylated with three dissociated water molecules. The Al(111) and Al(1V) sitesare
represented with gold and pink spheresrespectively.
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Figure A-2. (a-f) Optimized structuresof BDO, 3B20L, MEK, BD, MVK, and acetone on
hydroxylated pristiney-Al203 (110) surfaces; (g-1) on Na-modified y-Al203 (110) surfaces.
White, grey, red, pink, gold, and purple spheresrepresent theH, C, O, Al (1V), Al(l11), and
Na atoms, respectively.
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Figure A-3. Potential energiesof the two-step BDO dehydration forming 3B20L, MEK,

and BD on dry and hydroxylated pristiney-Al203 (110) surfaces. The asterisksrepresent
surface species.
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Figure A-4. Potential energies of the two-step BDO dehydration forming 3B20L, MEK,
and BD on dry and hydroxylated Na-modified y-Al203 (110) surfaces. The asterisks
represent surface species.
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Figure A-5. Potential energies of proposed reaction pathwaysresponsible for acetone
formation on hydroxylated pristine and Na-modified y-Al203 (110) surfaces.
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