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light-assisted micro-reactor is introduced for diesization of dibenzothiophene.

Dibenzothiophene is mixed with decane and oxidtart;butyl hydro peroxide.
The mixture forms a thin layer inside the microetea which has a rectangular
window to facilitate ultraviolet light irradiationlhin spacers, 100m and 50um,
establish fluid thickness within the micro-channéltraviolet light reacts with
oxidant to create hydroxyl radicals and convered#nthiophene to sulfoxides and
sulfones. These products are easily extracted.oVkeall desulfurization process

is a pseudo first-order reaction.

Experiments using the 100 micron spacer are corduat steady state conditions

and three temperatures; 22, 40 °C, and 60°C. For the 50 micron spacer,



temperature conditions were 22 and 4F°C. Micro-reactor residence times range
from 2 to 30 seconds. The desulfurization studyuithes a comparison between
theoretical model and experimental results, sigarfce of spacer thickness,
significance of temperature, and comparison betwadnomes of this study to

those obtained from other researchers.

A mathematical model of the micro-reaction systesndeveloped to predict
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Oxidative Desulfurization of Dibenzothiophene witart-Butyl Hydro Peroxide in
a Photochemical Micro-Reactor

CHAPTER 1
INTRODUCTION

1.1 Sulfur Content Regulations

SO, gases, the main source of acid rain and air poflutresult from the

conversion of fuels containing sulfur compoundscombustion engines. As a
result of environmental impact, strict requiremeoslow sulfur content in fuels
are becoming prominent throughout the world. Duriing next 3-5 years, diesel
sulfur content is expected to reach sub-15 ppmtggaer million) in the United

States, Canada and the European Union.

Diesel engines emit particulate matter composedadbon soot, soluble organic
fractions, and sulfates in the sub-micron size eanthese elements have been
shown to cause respiratory ailments with potemntiedincer causing consequences.
Soluble organic fractions are made up of condenaemmnatic compounds
originating from partial combustion of diesel fuéidigenous sulfur oxidizes in
combustion environments form sulfur dioxide andwsulrioxide. However, some
sulfur forms hydrated sulfates and become parheftotal particulate matter that
is emitted into the atmosphere (Brown and Espenk@®6). The extent of sulfated
particulate matter is directly related to the sulfantent of diesel fuel. Therefore,

reducing sulfur in fuel helps to reduce total gartate matter emissions.

Effective June 2007, EPA is mandating a 500 ppniuswdap on all off-road
diesel, with a 2010 deadline for all highway anchewoff-road diesel to be at the
15 ppm ultra-low sulfur diesel level. In June 20t®& sulfur cap will be lowered

to 15 ppm for all non-road diesels other with thxeeption of locomotive and



marine fuels, but small refiners are exempted ftbat rule. In June 2012, the
ultra-low sulfur diesel requirement will apply toclbomotive and marine diesel, and
by June 2014 the ultra-low sulfur diesel cap willesd to small refiners that make
non-road diesel (Fletcher, 2007).

From 1 January 2009, all diesel fuel marketed enElropean Union will have an
ultra-low sulfur content of no more than 10 ppm g&e, 2007) Abu Dhabi, of the
United Arab Emirates, has enacted an action plidimgdor the replacement of
the currently used diesel with diesel of 50 ppniusudontent by 2010. By the year
2012, diesel with a sulfur content of 10 ppm wi# mtroduced (UPI, 2007).
Federal regulations in Canada, effective Octobd&l62@nandate fuel companies
reduce sulfur content of on-road diesel fuel froB0 5pm to 15 ppm (Pedro
Arrais, 2006).

Currently, hydrodesulfurization is used to remowdfus from hydrocarbons in
petroleum refineries. However, further desulfulizat is necessary so new

methods of desulfurization are required.

1.2 State of Micro-Technology

1.2.1 Characterization of Micro-Reactors

By nature of the term “Micro-Technology,” micro-ctars are miniaturized
reaction systems fabricated using precision engimge Internal structures of
micro-reactors are characterized by dimensions hi@ $ub-millimeter range.
Micro-reactors have diameters in the 100 to 100€roni range and lengths in the
1 to 10 mm range. The construction of micro-react® performed in a hierarchic

manner; consisting of an assembly of units compo$edany smaller subunits.

With very small internal volumes, micro-reactortemsify mass transfer and heat
transfer. These advantages to the chemical engngekeld are the main drivers

for micro-reactor investigation.



1.2.2 Fundamental Advantages of Micro-Reactors
Originating from chemical engineering first prinigg, there are inherent benefits
associated with miniaturized reaction vessels tinake micro-reactors more

favorable than traditional systems.

Decreasing Linear Dimensions

Important chemical reactor processing propertiesichs as temperature,
concentration, or pressure (and their gradients)rease with the reduction of
linear micro-reactor dimensions. Therefore, thwing forces for heat transfer,
mass transfer, and diffusion flux per unit areap atgcrease when using micro-
reactors. Diffusion times are shorter and thethtion of mass transfer on rate of
reaction can be dramatically lowered. For exampilxjng time in micro-mixers

can be as fast as milliseconds. Such times arattenhable using macro stirring

equipment or other conventional mixers.

High surface to volume ratios deliver efficient masd heat transfer. The average
laboratory and production vessel has a ratio ob@,&f/m* and 100 rffm?
respectively. Specific surfaces available in migactors are on the order of
10,000 m/m* (Sugimoto, et al., 2006). Heat transfer coefficgiert micro-
exchangers exceed those of conventional heat egehsnby an order of
magnitude. Therefore, micro-scaled reactors arenoftised for fast, highly
exothermic or endothermic chemical reactions. Tigk heat transfer results yield
fast heating and cooling of reaction mixtures. Algoore favorable operating
conditions are attainable compared to larger-scadetors. Reactions can be
performed under isothermal conditions for well-defi residence times and
decomposition of unstable products can be avoidstemting higher selectivity
and product quality. Improved heat transfer makighdr reaction temperatures

achievable, reducing reaction volumes and catatysasitity.



Numbering Up

Increasing throughput is possible with repetitioh basic micro-reactor units;
called the numbering-up approach. The functiondliarsimply applied again and
again. Connection between units can be realizedyudistribution lines and fractal
structures. Flexibility is apparent in that any @pe units can be deactivated or
added for plant advancement, whereas, increasagjaredimensions or scaling-up
is necessary for conventional reactors. Numberimgssures desired features of
the unit are maintained while total system sizeakdes (Zhang, et al., 2004).

1.2.3 Benefits of Micro-Processing

Micro-reactors enable fast translation of reseamsults into production due to
advantageous operating conditions leading to moeeige data. In production,
profits are directly correlated with reactor thrbpgt and therefore reaction
volume. Micro-reactor volumes yield comparativelygghh manufacturing costs.
According to the economy of scale, production costsease with decreasing
reactor volume. Thus, when similar performance btaimed from conventional
reactors and micro-reactors, production using miesextors is unprofitable.

However, in specific instances having a lower cédpag a benefit.

Continuous Processing

In specialty chemical synthesis, reaction times aften longer than kinetically
needed due to slow mass and heat transfer in lofacguarea systems (Wang, et
al., 2005). Due to fast transport in thin layersflafd, continuous flow micro-
reactors can replace current equipment. Pharmaeégtynthesis, and pigments
technology are examples of replacing batch proeatfsa continuous process in
micro-reactors (Kleemann, 2002). Processes mayimpleted faster. In addition,
selectivity may increase. Hence, micro-reactorsdgiecan exceed that of batch

processes.



Safety Concerns

Due to short diffusion paths and enhanced conuersaes, micro-systems can
intensify reactive processes. Micro-reactors haeenahstrated safe process
operations in otherwise explosive regimes. If atiea did “run away,” then the

resulting heat generation would not be a threateamount. Moreover, the small
scale of micro-reactors allows for very fast intgtion of a chemical process.
Small reactor dimensions also make it easier todiseibuted reactants at the
place of consumption thus avoiding the transpamasind storage of dangerous or
hazardous materials (Zhang, et al., 2004). By eatsimall reactant and product
guantities lead to increased inherent safety ofrélaetor. Even if a micro-reactor
fails, the small quantity of chemicals releasedidmutally could be easily

contained. Processing would have to be achievenlimbering-up identical units,

thus keeping the individual reaction units smalhe3e features illustrate that

micro-reactors are promising tools for safe operetiin manufacturing.

1.3 Goals and Objectives

The primary goal of this thesis is to demonstrduat tdesulfurization of sulfur
containing compounds, specifically dibenzothiopheise possible via a single
phase ultraviolet light-assisted micro-reactioncess.

The necessary objectives to achieve this goal are:

 To design the micro-reactor.

* To build the micro-reaction system.

* To perform experiments.

* To design a mathematical model of the process.

» To analyze data using an appropriate mathematiodel.



CHAPTER 2
BACKGROUND

2.1 Hydrodesulfurization

2.1.1 Overview

Hydrodesulfurization is a catalytic hydrogenatiorrogess that removes
contaminants such as nitrogen, metals, oxygen,satfdr from liquid petroleum
fractions. If not contained, these contaminantsvefrathrough the refinery
processing units having harmful effects on equipieatalysts, and product
qguality. Hydrogenolysis is a type of hydrogenateond results in the cleavage of
the carbon-X chemical bond, where X is a sulfutrogien or oxygen atom. In

hydrodesulfurization the net result is formationH and H-S chemical bonds.
RSR' + 2H, O RH + R'H + H.,S

Figure 2.1. Hydrogenolysis Reaction

Using a generic sulfur compound as an examplehydeodesulfurization reaction
above simply decomposes the compound into smallbioa-containing molecules

and hydrogen sulfide gas via a reaction with hydrog

In a typical catalytic hydrodesulfurization unigedstock is mixed with hydrogen
and preheated. Next, the feedstock flows througineasurized fixed-bed reactor
containing Co-Mo or Ni-Mo catalysts. In the react@ulfur and nitrogen
compounds are converted intg3Hand NH. The products are quenched then
liquid and gas phases are separated. The hydragegas from the separation is
recycled, and the gas stream rich igBHs sent to a gas treating unit. There, the

H,S is removed and the resulting gas becomes fughéorefinery furnaces. The



liquid stream is sent to an8 stripping column generating the clean final paidu
(Mochida and Choi, 2004).

H, Feed H, recycle Fuelgas
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Figure 2.2. Hydrodesulfurization Process

There are disadvantages associated with hydrodezalfion. Reaction conditions
cause safety concerns with such high temperatundspaessures. Operational
costs need minimizing through the reduction of bgén consumption and
expensive catalysts. The largest challenge in timeent hydrodesulfurization
process is that it does not effectively remove dargulfur-containing molecules
due to low reactivity of highly aromatic sulfur sjpes. The hydrodesulphurization
reactivity decreases by about an order of magnityaten the addition of each
aromatic ring (Houalla, et al., 1980). Therefotee order of reaction rate
constants from fastest to slowest is thiophene, ztwdiophene and
dibenzothiophene. Reactivity further decreases vdudstituents sterically hinder
the reaction such as dibenzothiophene with funatignoups in the four- and six-

positions (Nag, et al., 1979).

2.1.2 Advancements in Hydrodesulfurization
Recent improvements in catalyst performance mairttgdrodesulfurization as a

commercially viable option for diesel. Major hydesdilfurization-catalyst



suppliers have been modifying catalyst formulatitm&nhance hydrogenation of
aromatic rings by increasing hydrogenating abilitf the catalyst and

incorporating acidic features in catalysts to irelusomerization of substituents
away from sterically hindering positions (Song, 20Academic research
advances have led to alternative catalyst carrgrsh as mixed oxides, through
alternative preparative methods, including sol-geld meso-porous bulk sulfides,
and to novel active phases, like thulium phosph(&es, et al., 2004), (Kim, et al.,

2005).

The hydrodesulfurization process design has also benovated. “Iso-therming,”
a concept developed by Process-Dynamics and Lieliminates the need to
circulate hydrogen through catalyst (Ackerson agdrB, 2005). Hydrogen and oil
are mixed with a solvent such that hydrogen salyks "high" relative to the oil
feed. Reactor conditions and solvent are adjustedllshydrogen required in
hydro-processing reactions is available in solutidrsolution containing all feed
reactants is then supplied to a plug flow reactcked with catalyst where the
reactions proceed. Therefore, the large trickle testtors can be replaced by

much smaller tubular reactor because no additioy@logen is required.

2.2 Oxidative Desulfurization

Oxidative fuel desulfurization converts recalcitraniophenes and other sulfur-
containing compounds into polar sulfoxides, polaifaes and other polar
oxidation products which can be removed from fuglelatraction using a polar
solvent. Dibenzohiophene (DBT) is a large sulfurt@émning compound with a
stable aromatic ring structure such that it remains fuels after the

hydrodesulfurization process. The oxidation reacté dibenzothiophene is well
known (Adiwidjaja, et al., 1993). Oxidation of sulf by a hydroxyl radical

produces a sulfoxide and further oxidation generatkighly polar sulfone.
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Figure 2.3. Dibenzothiophene Oxidation

A polar agueous fluid can serve as extracting sulfe all polar sulfur-containing
compounds produced by oxidation of dibenzothiophd&igophene sulfones can
undergo further conversion via well known Diels-&idreaction (Jackson and
Moody, 1990). The reaction forms a cyclic prodwes a cyclic transition state,
described as a “cyclo-addition.” This polymerizaticeaction is avoided due to
difficult to remove non-polar products. Dibenzoipiiene, however, does not

undergo the Diels-Alder reaction because it hasrg stable molecular structure.

=z
Q-4-00 -

Figure 2.4. Diels-Alder Reaction
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Oxidative desulfurization offers several advantagesien compared to
hydrodesulfurization. The use of mild reaction dtinds, such as room
temperature and atmospheric pressure, makes toegsraesirable. Cost savings
are incurred with the reduction of expensive materiike catalysts and hydrogen.
Additionally, processes are easy to control. Magportantly, highly aromatic

sulfur species are more reactive.

2.2.1 Initial Efforts

History on oxidative desulfurization dates backhe 1920’s with initial attempts
to oxidize sulfur and also to nitrate aromatic ncales. Nitrated aromatics were
thought to have a high cetane number. Howeveicratids and nitric oxides, like
HNO;3; or NO/NG, gases, lead to high amounts of residue formaflam( et al.,
1990). Afterward in the 1960’s, oxidation of moreomatic sulfur species by
hydro peroxides and per acids were reported andnigtfrom oil companies
emerged on desulfurization of sulfides using ofrbyperoxides as oxidants (Ito
and van Veen, 2006). In the late 1990’s, the maidamts being employed were
hydro peroxides like hydrogen peroxide,@4) and tert-butyl hydro peroxide
(TBHP) in combination with a catalyst or per-acifler example, kD, and formic
acid was explored (Ito and van Veen, 2006). Thoselamts convert sulfur
efficiently to sulfones without forming a residyabduct.

2.2.2 Recent Progress

Oxidative desulfurization can be classified inteefidifferent categories. The first
is a two phase liquid system using aqueous hydrpgeosxide as oxidant. Next are
single phase liquid systems with organic hydro pieles as oxidants. Third is a
gas—liquid system oxidized by means of ozone,,ND O,. Next are biological
oxidation systems via £and bacteria. The final category is a miscellasegoup

of unconventional methods that also cause desuéftion.
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Two Phase Liquid Oxidation Systems

Two liquid phase systems, usually consisting of emgs hydrogen peroxide
introduced to oil, are very well explored. Litenawdiscusses a variety of catalysts
and assisting components, such as phase trangetsdike tertaoctylammonium
bromide (Collins, et al., 1997) and co-adsorbeiis &active carbon (Yu, et al.,
2005) (Ania and Bandosz, 2006). Also mentionedcest@nitrile as a co-solvent
(Campos-Martin, et al., 2004) (Hulea, et al., 20819 physical methods including
ultrasound (Mei, et al., 2003). Catalysts vary frorganic acids like formic acid
(Otsuki, et al., 2000) (Yu, et al., 2005) to phaspimgstic acids (Collins, et al.,
1997) (Mei, et al.,, 2003) or biperoxotungstate (@asMartin, et al., 2004).
Heterogeneous catalysts include titanium-silicaeasatalysts (Hulea, et al.,
2001), solid bases like hydrotalcites, and MgLadegi (Palomeque, et al., 2002).
Using activated carbon in a,B,-formic acid oxidation system is suggested to
yield deeper desulfurization (Yu, et al., 2005)rtRar, it seems the presence of an
extracting agent like acetonitrile enhances sulforigation substantially (Hulea,
et al.,, 2001). Appendix A summarizes recent lita@aton two phase liquid
oxidation and extraction systems using aqueousdgglr peroxide as the main

oxidizing agent for sulfur containing compounds.

Single Phase Liguid Oxidation Systems

Tert-butyl hydro peroxide is well investigated imgle phase liquid systems. An
advantage of the single phase technique is sing@letor engineering, exploiting a
fixed bed system. Lyondell Chemicals (Han and Lewsh2005) and ENI
Technology (Zanibelli, et al., 2004) announced-bertyl hydro peroxide based
commercial oxidative desulfurization processes. Pphecesses perform sulfone
extraction via adsorption. Lyondell uses silicad aitania, while ENI applies
amorphous mixed oxides containing silica, alumioaria, and magnesia. One
group found that titanium-silica based catalystsagcge tert-butyl hydro peroxide
oxidation chemistry (Corma Canos, et al., 2002}J.debective oxidation of sulfide,

an unusual catalyst like silica tethered oxorheniiu dithiolate has been used
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(Stanger, et al., 2006 Appendix A displays recent work in single phasguill

systems that utilize hydro peroxides for oxidation.

Gas-Liguid Oxidation Systems

In gas—liquid systems, oxygen is a powerful oxidavblecular oxygen in the
presence of cobalt catalysts and aldehydes oxidimdar species in diesel fuel
(Murata, et al., 2004). The cobalt acetate fatdgaoxidation of aldehydes, leading
to per acid formation which reacts with sulfur tceate sulfone. Cobalt and
manganese based catalysts for air oxidation of ationsulfur compounds are
reported (Thirugnanasampanthar, et al., 2005)whtin catalytic FeBg stabilized
in cyclodextrin oxidizes sulfides to sulfoxides @o0and de Rossi, 2004). Few
recent advances have been made in gas—liquid system

Biological Oxidation Systems

Conceptually, using a biological system for oxidatiof sulfur species is very
attractive. The reaction occurs in water and oxygemambient temperature and
pressure. Bacteria that convert dibenzothiopher# a@kyl sulfides are well
investigated, whereas fewer bacteria are foundémzothiophene and thiophene
(Atlas, et al., 2000). Bio-desulfurization does sbbw very deep desulfurization
due to more bacterial activity at higher sulfur cemtrations. Therefore, bio-
desulfurization may not have the ability to achieequired low sulfur levels.
There is also the potential for competitive baefeneactions, common in
biological systems. However, successful biologmalcesses utilize only one type
of bacteria, such as Thiobacilli, that survive inigpnous HS environments,
converting HS to elemental sulfur efficiently (Kleinjan, et,a2003). Occasional
reports appear on newly developed bacteria for lflggation; for instance,
Nocardia globerula R-9 could be a potential bagterifor reducing the sulfur

content of petroleum products (Luo Mingfang, 2003).



13

Miscellaneous Desulfurization Systems

As previously noted, the obstacle in diesel desilftion is low reactivity of
highly aromatic sulfur compounds. Therefore, anotlesulfurization approach is
the application of an energy source to decompolerstompounds. Microwaves
can aid in hydrotreating. Hydrocarbon streams doimg sulfur are mixed with
organic catalyst. Applying microwave or radio freqay energy (500-3000 MHz)
generates monatomic hydrogen at reaction surfatéseocatalyst which reacts
with sulfur compounds (Purta, et al.,, 2004). Higlergy radiation beams, or X-
rays, can be also applied for desulfurization. tdgdrbons and an AgNO
catalyst, irradiated with X-rays, result in remolainetal sulfides. The silver is
regenerated for reuse as AgNQAyakawa and Ono, 2002). Radiochemical
desulfurization reactions can be induced by gamumdiation and result in
significant sulfur removal. Cobalt-oxide catalystpregnated on AD3; promotes

dibenzothiophene removal in gamma irradiated enwirents (Qu, et al., 2006).

Ultraviolet light induces photo-oxidation of sulfurontaining compounds in
extraction systems. Hydroxyl radicals are formeahirirradiation of hydrogen
peroxide. These activated radicals react with mteselfur species to create
sulfones (Shiraishi, et al., 2000). However, desuhtion by photochemical
electron-transfer oxidation in organic two-phasdraotion systems based on
visible light with wavelengths greater than 400 isnalso achievable (Shiraishi, et
al., 1999). Sulfur-rich diesel oil can be irraddhteith a mercury lamp in the
presence of dichloroacetic acid and acetonitrileirtorease the intensity of
photosensitized oxidation (Zhan, et al., 2005).UResrom using a titanium(IV)
oxide-hectorite nano-film photo-catalyst indicatdtlat photo-oxidation of
dibenzothiophene was effective in reducing suléwels (Robertson and Bandosz,
2006). Using tungsten containing layered double rénide as a catalyst
determined that tungsten anions are active catalysimoting fast oxidation of
sulfur containing organic compounds with 30% hyemgeroxide under mild
reaction conditions (Hulea, et al., 2006). Photaation of sulfur containing

compounds is a viable desulfurization method.
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CHAPTER 3
MICRO-REACTOR SELECTION

All reactions are not limited to a single methodaativation. For oxidation of
dibenzothiophene, activation using ultrasound at@wiolet light were explored
to determine the best system on which to perforpeaments.

3.1 Ultrasound-Assisted Micro-Reactor

Two different ultrasound-activated reaction systemesre investigated. Both
ultrasound-assisted micro-reactor designs use #abDigonifier manufactured by
BRANSON Ultrasonics Corporation, model 450 with & thameter tapped

stepped disruptor horn to generate ultrasonic washesvn in Figure 3.1.

Figure 3.1. Digital Sonifier with Disruptor Horn
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3.1.1 Design Version 1

The first ultrasound-assisted micro-reactor coedigif three major components,
visible in Figure 3.2. The upper part is made oftevbelrin, has two inlet and two
outlet Swagelok ports, and has an o-ring lined df&mo house the sonicator
horn. The lower piece has barbed ports and an esgage for cooling water to
pass through; it is also made of Delrin. The twdriDeconstituents encase the

inner plate and are screwed together to form apeakf seal.

Figure 3.2. Expanded Ultrasound Reactor DesignetcBk

The inner plate is made up of five stainless stbekets that are fused together to
create the reaction chamber. The bottom sheek@egis the cooling fluid and the
reacting fluid separate. The next two sheets aliaseate discrete inlet channels
that merge into the reaction chamber and outlet pext is an extension of the
inlets and outlet. The uppermost sheet has inlétautlet areas but also a cutout
section that creates a “well” for the ultrasounduong fluid between the

sonicator tip and the top of the reaction chamber.
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Figure 3.3. Micro-Reactor Design 1 Inner Plate

The sheets are combined together to form the irgeetion plate in Figure 3.3.
Clearly visible are the two reactor inlets and ettalong with the voided area
intended for ultrasonic wave coupling and an oeth the internal fluid chamber.

Single Phase TBHP Results
Two feed streams of the same TBHP/DBT/decane nescéaie fed into the micro-

reactor explained above at a flow rate that yieldesidence time of 5 minutes.
Heating water set to 78 warms the fluid as it passes through the micemba

and is indirectly exposed to the coupled energjefsonicator set to 70 % of total
power. The single phase system results depictédgure 3.4 demonstrate 3.6 %
of dibenzothiophene is removed from the feed smiutusing TBHP as the

oxidizing agent.

Two Phase bD, Results
Feed streams of agueougd and dibenzothiophene doped decane are supplied to

the micro-reactor at a residence time of 15 minusawilarly, the heating water is
fixed to 70°C and the liquids are indirectly sonicated at 7@®4otal power. The
portrayal of these results in Figure 3.5 demonstrathat 1.1 % of

dibenzothiophene is removed from the feed solutith H,O, as the oxidant.
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Figure 3.4. DBT Concentrations Before and After Billes of Sonication in
Micro-Reactor Design 1 with TBHP as the Oxidant
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Figure 3.5. DBT Concentrations Before and AfteMiButes of Sonication in
Micro-Reactor Design 1 with #D, as the Oxidant



18

3.1.2 Design Version 2

It was determined that ultrasonic waves generatech fthe sonicator were not
traveling through the silicone coupling fluid oretkop layer of the micro-reaction
chamber to activate the oxidants within the redcsatution. After doing a few
large scale tests, direct sonication of feed flwds found to yield higher
dibenzothiophene conversions. Therefore, the nmeagtor was redesigned as to

expose liquids to the direct impact of ultrasomergy waves.

As shown in Figure 3.6, the Delrin casing still quiees upper and lower portions
of the micro-reaction system. The lower compartmstilt allows for reactor

cooling and heating, while the upper piece provicesctor inlets, outlets, and
sonicator entrance. Both reactor inlet ports wesedu however, only one of the
reactor outlets was utilized. The second outlet blasked off. Silicone vacuum

grease was used to form a seal between the sonizatoand the upper Delrin.

- 9

p

Figure 3.6. Expanded Ultrasound Reactor Designe2chk
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Figure 3.7. Micro-Reactor Design 2 Inner Plate

The inner plate, Figure 3.7, is made up of a 2 mmicktaluminum plate and a sheet
of 127um thick Teflon. The sonicator tip is immersed ie tieactant fluid flowing
as a thin film approximately 36.5 mm by 26.7 mm®%27 mm defined by the
Teflon cut out.

Single Phase TBHP Results

The solitary phase is fed into the micro-reactothwa residence time of 10

minutes. Heating water is adjusted to°@0and the solution is directly sonicated at
50 % of total power. Figure 3.8 reveals a dibehnibpthene conversion of 7.9 %
by means of TBHP oxidation.

Two Phase bD, Results

Both feed streams, aqueous and dibenzothiopheheleicane, are presented to the
micro-reactor at a residence time of 10 minutekewise, the heating water is at
90 °C and reactants are directly sonicated at 50 %otaf power. The results in
Figure 3.9 demonstrate that 4.2 % of dibenzothiophis removed from feed
solution by way of reaction with @;.



800

750 A

700 -

DBT Concentration [ppm]

650 -

600 -

Design: 2
Cxidant. TBHP
Time: 10 Minutes
Temp: 90°C

Feed 50
Sonicator Amplitude [%]

20

Figure 3.8. DBT Concentrations Before and AfteMi@utes of Sonication in

Micro-Reactor Design 2 with TBHP as the Oxidant
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Figure 3.9. DBT Concentrations Before and AfteMi@utes of Sonication in

Micro-Reactor Design 2 with #D, as the Oxidant
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3.2 Ultraviolet Light-Assisted Micro-Reactor

The effects of using ultraviolet light for reactiantivation and KO, as an oxidant
have been previously documented in the March 20@&g@h State University
chemical engineering master’'s thesis by Ali H. Adi®R Dibenzothiophene is
mixed with hexane at a concentration of 300 ppne fixture is introduced into a
micro-reactor concurrently with hydrogen peroxidesgqual volumetric flow rates.
The reactants form two thin layers inside the mieactor that are irradiated by a
ultraviolet light source 1.5 cm above the reackte.achieves approximately 60%
dibenzothiophene conversion in about a 10 minus@eace time, bringing the

concentration down to approximately 120 ppm dibémpphene.

3.2.1 Preliminary Batch System

A meso-scaled batch system was used for prelimieapforation of ultraviolet

light on the system containing TBHP as the oxidana glass petrie dish, 5 ml of
a TBHP/DBT/decane feed solution is exposed to uiltiat light for 10 minutes at

a distance of 15 cm, 6.5 cm, and 1.5 cm. The feasl & dibenzothiophene

concentration of 740 ppm or about 130 ppm sulfur.

Figure 3.10 shows the dibenzothiophene concentratsoa function of ultraviolet

light intensity or distance. The dibenzothiopher@naentration decreases as
distance between the micro-reactor and ultravitigtt source decrease. The
overall best conversion of dibenzothiophene is 8@rfib occurs at 1.5 cm from the
light source. The final dibenzothiophene concernais 84 ppm, which translates
into a sulfur concentration of just below 15 ppnhese results are expected to

improve when introduced into a micro-scaled cordumly flowing system.
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Figure 3.10. DBT Concentrations Before and AfteMifiutes of UV Exposure at
Various Distances from Light Source in Batch Syswith TBHP as Oxidant

3.2.2 Preliminary Micro-Reactor System

A ultraviolet light micro-reactor set from Interi@tal Crystal Laboratories was
used as a reaction vessel and is described in detad in Chapter 5 Experimental
Apparatus and Methods.

Two experiments were conducted using the ultravibgght micro-reactor. The
first explored short residence times. The ultraatidight source was positioned 15
cm away from the micro-reactor. The results, inuFég3.11, show a downward
trend with a maximum dibenzothiophene conversiomtmdut 16 %. The second
experiment investigated the same ultraviolet sodistance at a longer residence
time of 10 minutes assuming the best possible asiorefor dibenzothiophene is
reached under these slow flow conditions. Oveiéknizothiophene conversion of

23 % is obtained for these operating conditionswhim Figure 3.12.
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Figure 3.11. DBT Concentrations Before and Afteoiiimes at 15 cm Distance
from Light Source in Micro-Reactor System with TBId® Oxidant
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from Light Source in Micro-Reactor System with TBIA® Oxidant
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3.3 Micro-Reactor Comparison

The dibenzothiophene conversion results from thevipusly described
ultrasound-assisted and ultraviolet light-assisg&geriments are summarized in

Table 3.1 below. A number of interesting obsensati can be made from these
results.

Using TBHP as an oxidizing agent yields consistertigher conversion of
dibenzothiophene compared to hydrogen peroxideveryesystem. As far as
ultrasound-assisted micro-reactors are concermedditrect sonication utilized in
Design 2, gives consistently higher dibenzothioghesonversion with any
oxidizing agent. Finally, limiting the focus to Wwih the realm of ultrasound
reaction activation, using TBHP as the oxidant dirdct sonication of the fluid

generates the best dibenzothiophene conversion.

Table 3.1 Results from Micro-Scaled Experiments

Oxidizing Agent Activation Method Maximum.DBT
Conversion
H,0O, Ultrasound- Design 2 4.2%
H,O, Ultrasound- Design 1 1.1%
TBHP Ultrasound- Design 2 7.9%
TBHP Ultrasound- Design 1 3.6%
TBHP UV Light 23.1%

The dibenzothiophene conversion that is achievadhe ultraviolet light-assisted
micro-reactor is significantly larger than any dietultrasound-assisted micro-

reactor systems. A conversion of about 23% isregthwith the light source about
15 cm above the reactor.
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It was decided to discontinue using ultrasound wawe activate the
dibenzothiophene desulfurization reaction basedhenlow conversion rates that

were attained.

With as high as 90 % dibenzothiophene conversiotherbatch scale and positive
results from the micro-reactor, it was determinedfurther explore the use of
TBHP for desulfurization of dibenzothiophene wittan ultraviolet light-assisted

micro-reactor.
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CHAPTER 4
FUNDAMENTALS

4.1 Chemistry
The oxidation reaction achieved in this resear@s usrt-butyl hydro peroxide and

dibenzothiophene as reactants.
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Dibenzothiophene Sulfoxide Sulfone

As mentioned previously, dibenzothiophene is oxddidy hydroxyl radicals to

ultimately form the dibenzothiophene sulfone.

(4.1) C,H,S+OH* 0. CH 0S

4.2) C,HOS+OH*O0"E-C HOS

A homogeneous reaction occurs within the micro4@aevherever hydroxyl
radicals and dibenzothiophene are present togetlidre reaction of
dibenzothiophene is a function of the dibenzothesgh concentration, hydroxyl
radical concentration, and ultraviolet light inténs However, in the second

reaction, the sulfoxide concentration also playslain reaction kinetics.
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The rate equations for dibenzothiophene and swoxre illustrated below in
equations (4.3) and (4.4).

(4.3) ~Toer =K Cpgr Cons

(4.4) Ty =K, Co Cops — K Cogr Cops

To determine the overall reaction kinetics, the sointhe resistances of each

reaction rate constant is explored in equatiors) rough (4.9).

It is proposed that the first reaction, convertthigenzothiophene to sulfoxide, is a
much slower reaction than the second reaction ghaduces sulfone. Therefore,
the first reaction rate constant, ks smaller than the second rate constant, k

1_ 1,1

(4.5) E_E+k—2
(4.6) 1.k + K
K k1k2 klk2

The second term on the right hand side of equd4d) is essentially zero because

the reaction rate constant, ks comparatively very small.

(4.7)
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In the term that remains, the reaction rate comskancancels out of the numerator

and denominator.

(4.8)

1_ Kk
Kok Ky

Thus, the inverse overall reaction rate constaegisal to the inverse of reaction
rate constant,k

(4.9)

1.1
KKk

Finally, overall reaction kinetics are found to eppmate the slow step in the

series and the final reaction rate equation isrgieequation (4.10).
(4.10) ~Togr = k1 Coer Con-

Hydroxyl radicals are generated from tert-butyl toygperoxide as depicted in
Figure 4.1.

on |
o~ loht_, | o* + OH

A

Tert-butyl Hydro Peroxide Tert-butoxyl Radical Hydroxyl Radical

Figure 4.1. Generation of Hydroxyl Radicals
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Tert-butyl hydro peroxide decomposes into a tettkyl radical and a hydroxyl
radical in the presence of light, given in equat{dril). The hydroxyl radical is
highly reactive and will readily react with othewolacules that are present in the
surrounding environment. The reaction rate constanincorporates these radical

guenching reactions into the kinetics.

(4.11) (CH;),COOH O 1~ (CH,),CO* +OH*

Formation of hydroxyl radical occurs when tert-Butydro peroxide is exposed to
an ultraviolet light source. A mercury lamp emight at a wavelength of 254 nm
indicated in Figure 4.2 by the large light intepsat that wavelength. Notice that
intensity is measured as the photon count perumsnt integration time and
instrument surface area. In this case, photon soanet given for a 1.1 millisecond
integration time. The spectrophotometer surfaca 400um diameter circle with

an area of about 1.26*T0n’.

Hydroxyl radicals can be created via a mercury ldhg emits ultraviolet light at
254 nm. Ultraviolet light penetrates the quartzdaw and prompts the formation
of hydroxyl radicals. As seen in Figure 4.3, a 8oluof tert-butyl hydro peroxide
with a concentration of 0.129 M has an absorbandeloat 254 nm.

The concentration of hydroxyl radicals cannot beasueed directly. Therefore, it

is determined as a function of the tert-butyl hydesoxide concentration and light

intensity vertically through the micro-reactor.

(4.12) Fors = K Crgp | =K, Cope
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Figure 4.4. Sketch of Light Distribution Within Mi@-Reactor

Light intensity, I, is the distribution of ultravet light within the micro-reactor

fluid. Figure 4.4 is a sketch of the light attenoat

The ultraviolet light distribution through the ftliwithin the micro-reactor is given

by the following exponential equation.

(413) | = Io Eld_[fTBHP Crgup+ Epar CDBT]y)

The intensity of ultraviolet light before penetaati into the fluid, 4, can be
measured experimentally at the back of the quamzloaw. The § value changes

with distance from the light source as seen in FEgu5.
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With the micro-reactor positioned 8.5 mm below thercury lamp, Figure 4.5
yields an § of 10566 photon counts over a 1.1 millisecondgragon time and a
1.26*10" m? surface area or simply 7.64*f@&ounts seém™.

The extinction coefficientg for a known concentration of tert-butyl hydro
peroxide in decane can be determined using thelzdosce measured in

Figure 4.3 and Beer’s Law.

(4.14) £=——

Path length, L, is given by the dimensions of thenlsquare quartz cuvette. The
value of the tert-butyl hydro peroxide extinctiooeéficient is 8.53 Mcm™ at a

concentration of 0.129 M and an absorbance of 112% nm. For
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dibenzothiophene at a concentration of 0.000078nd absorbance of 1.1, the
extinction coefficient is 14061 Mem*. The sulfone extinction coefficient is 1728
Mcm? at a concentration of 0.00027 M and a 0.48 absadha

Inserting the extinction coefficient and light intensityfrom Figure 4.5 into
equation (4.13) then ultraviolet light intensitydabhghout the micro-reactor fluid

can be determined.
4.2 Velocity Profile

The flow of fluid through the micro-reactor effecesaction conversion. Therefore,
the velocity profile through the channel must berd. Figure 4.6 gives a sketch

of the velocity profile within the micro-reactor.
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Figure 4.6. Sketch of Velocity Profile

The velocity profile can be simplified using systassumptions.



34

Assumptions

* The system is at steady state.

» Physical properties are constant.

» Within the reactor, fluid flow is laminar.

* The system has uniform temperature.

* The liquids are Newtonian fluids.

* A rectangular coordinate system is used.

 Gravity is ignored; g=g,= g = 0.

* Velocities in y and z directions are negligiblg, £U, = 0.

* Velocity in the x direction is a function of y onlyy = Ux(y) # O.

The velocity profile can be determined by solvifg tcontinuity equation and

eqguations of motion for a rectangular coordinattey.

The continuity equation given below can be redutcedquation (4.16) using the

above assumptions.

op 0 d d
4.15 — + —(pU.)+ —(pU.) + —(pU.) =0
(4.15) 3t aX(p ) ay(p y) az(p 2)
o, _g
(4.16) 0X

This proves that velocity in the x direction is @ofunction of x or z but a function

of y only.

The fluid dynamics within the micro-reactor are ralmdl by Navier-Stokes

equations. Each directional fluid flow equatiorgigen below.
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X-Component:

ou ou ou ou oP 0°U, 90°U, 0%
4.17 X +U x +U X +U xy=-"" 4 + X 4+ X 4 X
(@.17) ol ot “ox Yoy ‘oz ) ax P H( ox>  dy* 0z° )
Y-Component:

ou ouU ou ou oP 0°U, 09°U, od°U
4.18 Y +U Y +U Y +U Y=+ + Y 4+ Y 4 y
(4.18) ol ot “ox Yoy ooz ) ay Pg, * W ox> oy* 0z° )

Z-Component:

ou ou ou ou oP 0°U, 0°U, o0°U
4.19 z+U zZ+U z+U 2y =-"_ 4 + z 4 z 4 z
(4.19) ol o4  “ox Yoy ‘oz ) oz PO H( x> oy  0z°

)

Incorporating the assumptions stated earlier, moumentransfer differential

equations are simplified and reduce to the follgntimree equations.

2
(4.20) 0=, 2Y
ox ay®
(4.21) 0=-"
oy
(4.22) 0=-°
0z

From equations (4.21) and (4.22), it is concluded pressure is only a function of
X. Hence, the partial pressure drop in the direactibx can be rewritten as shown

in equation (4.23).

(4.23) ==
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Therefore, equation (4.20) becomes equation (41P4);simplified x-component

of the Navier-Stokes equation.

2 _ —
(4.24) uaL& _ -AP a(au{]: AP

ay? L ay\ oy uL

The simplified equation is integrated twice, getiagpequations (4.25) and (4.26).

(4.25) {aaL;Xj = _pA—LPy +C,
(4.26) U, = %yz roy+e,

The boundary conditions for the system are asvallo

Boundary Conditions
A. No slip at the top wall
U,=0 where y =0
B. No slip at the bottom wall

U, =0 where y =H

Applying boundary condition A to equation (4.25)tatenines the second
integration constant,cis zero. Applying boundary condition B to equat(@.26)

establishes value of the second constant, c

(4.27) c,=0

(4.28) c,= —H
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Therefore, the final velocity profile is given iguation (4.29).

_ AP iy
(4.29) U, = ZHLy(H y)

4.3 Mathematical Model

In the following section, a mathematical model eveloped that will be used to
predict the amount of dibenzothiophene being comslby the ultraviolet light-

assisted, micro-scaled process.

7 Y

X
7
N
X
pr
<
1
o

X

oy =H

v

____‘I___

Figure 4.7. Sketch of Differential System

Consider a differential element of fluid within th&cro-reactor with dimensions

of Ax, Ay, andAz as depicted in Figure 4.7 above.
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Conducting a material balance on dibenzothiophenéhé differential element

yields the following.

Input:
(4.30) N. tAyAz + N, | AxAz + N tAxAy

x|, Yyt z1z,
Output:
(4.31) N, AyAz + N, AxAz + N, AxAy

X IX+AX,t Yly+Ay,t z1z+Az,t
Generation:
(4.32) I, AXAy Az
Accumulation:
|:Ci w) G }

(4.33) ) ‘(t) AxAy Az

At

The subscript “i” denotes species i. Ultimatelyuations (4.30) through (4.33)
combine together to form the mass conservationtexueepicted below:

Input — Output + Generation = Accumulation

N bz | N, Bvaz Clay = Cily ]
4.34) |+N | oxaz|-|+N | axaz|+r axayaz =L 0T avaynz
vyt vly+ay t At
+N,; tAxAy +N, " tAxAy
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This equation is then divided by the volum&AyAz to yield:
-N

ML 4o,
X X+AX,t + yt y+Ay t + z

x,t Ix
At At At

%,
Z+Az t

zt 2

(4.35)

_[C(t+atx) - € (tx)]
o At

Finally, the limit is taken aAx, Ay, Az, andAt go to zero and the final differential

mass conservation equation remains.

(4.36) “ON -9N -9 4= Y
ox * o0y ¥ 0z * ot

A general flux equation encompassing both diffusivass transfer through the
solvent, denoted as “species B”, and convectivesrtrassfer of the bulk fluid can

be developed for each direction in the coordingstesn:

0

(4.37) N, = -D,—C, + UC,
x 0X

(4.38) N, = —DiBic:i +U,C,
y ay
0

4.39 N = -D.—C + UC
( ) iB az i zl
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Substituting each flux equation into the appropribtication in equation (4.36)

yields:
_i|:_DiBiCi + UiCi:| _i _DiBiCi + U Ci
ox ox ay oy Y
(4.40)
9

With rearranging, the overall differential equatisrdetermined.

i a 2 i iB azz

ox Yoy ‘

2 2 2
[DiBa—zc +0, 2 c +p a—ci}{uxici +ulc +ulc
0x y

(4.41)

Assumptions

* The system is at steady state.

» Physical properties are constant.

* The system has uniform temperature.

* The liquid is Newtonian fluids.

* A rectangular coordinate system is used.

» The laminar flow profile given by ls fully developed.

» There is a homogeneous reaction given;lyithin the micro-reactor

« Diffusion in the z directions is negligible.

0z
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Using the system assumptions stated above, theofsewerall mass balance

equations is:

Dibenzothiophene:

62 62 a
9 {DDBT’DECa?CDBT ' DDBT’DECWCDBT} U, = Coer = ks Cogr Cone = 0
Hydroxyl Radical:
(4.43)
0° 0’ 0 —k, CoarCon» +K; Crppp |
{Da—c " Porose gy Con Hua—CHk N

Tert-Butyl Hydro Peroxide:

0
ay &CTBHPj|+ [ks CTBHP I] =0

9° 9°
(4-44) |:DTBHP/DEC WCTBHP + DTBHP/DEC _ZCTBHP } - [Ux
Ultraviolet Light:

(413) | = |0 D.d_[‘ETBHP Cranp * £par CDBT]y)

4.3.1 Scalar Analysis
A comparison is conducted in equation (4.45) toedeine which term is more

significant in the x direction; diffusive mass tsé@r or convective mass transfer.

2 or ., 1
DiB izci DiB i2Ci DiB } 107 [m /sec] 0 Ol[m]
(4.45) 0x ~—t "t : ~10° < 1
U iC. U }C- U, 0.01]m/sec]

Xaxl Xél
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Clearly, diffusion is not as significant as convewtin the x direction for any
species. Exact fluid velocities and species diffascoefficients are available in
Appendix B and Appendix C. Therefore, the final sétoverall mass balance
equations consists of the next four equations. Mhss transfer system boundary

conditions for each species follow.

Dibenzothiophene:

02 0
(4-46) DDBT/DEC WCDBT - Ux _XCDBT - [kl CDBT COH*] =0
Hydroxyl Radical:
(4.47)
9° 0

DOH*/DEC WCOH* - Ux &COH* + [_kl CDBTCOH* + ks CTBHP | - k4 COH*] =0

Tert-Butyl Hydro Peroxide:

0° 0
(4.48) DTBHP/DEC WCTBHP - Ux &CTBHP + [ks CTBHP I] =0
Ultraviolet Light:
(413) | = Io D_d_[fTBHP Crgup+ Epar CDBT]y)

Boundary Conditions
A. Inlet concentration is constant
C. =C, where x=0
B. Impenetrable boundary at the walls
0

—C, =0 where y =0
ay

y =H
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To ease numerical solving and optimization, thevdkey of the system has been

simplified to pseudo first order chemical reactiametics.

Figure 4.8 shows multiple absorbance spectrum hitisa containing tert-butyl
hydro peroxide (left) and dibenzothiophene (cemtsd right) as it is exposed to
ultraviolet light. A decrease is visible in the eitzothiophene absorbance
corresponding to a decrease in the dibenzothiopbeneentration. As ultraviolet
exposure time increases, a sulfone absorbance geaks in place of the
dibenzothiophene peak. Dibenzothiophene is directpverted to sulfone as
characterized by the isosbestic point at aboutr28@vavelength. This implies that
hydroxyl radicals are very quickly created and Hgadreact with
dibenzothiophene.

Consequently, Figure 4.9 demonstrated the absoebapectrum once the
ultraviolet light is turned off. There is no changethe spectrum, indicate that
hydroxyl radicals are very short lived and die sfrapidly that dibenzothiophene

and sulfone concentrations do not change.
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Figure 4.10 combines light and dark informatiomirBigure 4.8 and Figure 4.9 to

illustrate absorbance as a function of time forawvelength of 271 nm. Ultraviolet
light is removed at 8 minutes, illustrated by thHeebline and a flattening in

absorbance. The reaction stops when ultraviolét lig eliminated. This further

supports that the dibenzothiophene reaction is retion of light intensity as

absorbance does not change significantly once isgtatken away.

The desulfurization reaction is reduced to a furctiof dibenzothiophene
concentration and light intensity as seen in equa.49).

(4.49) “Iogr = k1 CDBT I
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Equation (4.49) can be rewritten into a pseudda @irder reaction, equation (4.50),
where the rate constant is a combination ofakd light intensity. Thus, the
optimized COMSOL model reaction rate constant, Kl lmave units of surface

area per photon count.

(4.50) “Iogr = k CDBT

(4.51)

=5

A constant extinction coefficient is used in theaglified model. Given in equation
(4.52), the new extinction coefficient is a comliioa of each reactant’s

coefficient and average concentration.

(4.52) € = &rgyp Crapp + €pgr Cppr
The final set of mass balance equations and boyrmerditions need to be scaled

to facilitate simulation of the system using modgli software; COMSOL

Multiphysics Version 3.3.

(4.53)

~ | x
1
>

y _
(4.54) m =¢

The x direction will be scaled with respect tothe length of the micro-reactor
window, as shown in (4.53). The y direction wi# bcaled with respect to H, the

spacer and fluid thickness, given by (4.54).



a7

4.3.2 Final COMSOL Model Equations
The final model equations to be put into COMSOL #ifulysics Version 3.3 are
given in equations (4.55) through (4.57).

Ultraviolet Light:

(4.55) | =1 10#¢H)

Velocity Profile:

4.56 —X = H2&(1-
Dibenzothiophene:
D 2 D, 2
@57y —oery O o oy Doea O o Ui 0o [k Cper] = 0

H2 a_é—z DBT /2 0_/72 DBT ¢ an
The new boundary conditions for the scaled massfea system are as follows:

Boundary Conditions
A. Inlet concentration is constant
C =C, where n =20
B. Impenetrable boundary at the walls
0

—C, =0 where =0
oy

£=1
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CHAPTER 5
EXPERIMENTAL APPARATUS AND METHODS

5.1 Materials

Dibenzothiophene (purity 98+ % Fluka Chemical Compais used to model
sulfur containing compounds in fuel. Dibenzothioplesulfone (purity 97 %
ALDRICH Chemical Company) is used for calibratioh HPLC. Tert-butyl
hydroperoxide solution is used as the oxidizingnage5.5 M in decane) was
obtained from Fluka Chemical Company. Decane (pudb+ % from Fluka
Chemical Company) is used as the simulation fuelmiture of acetonitrile
(purity 99.8 % from EMD Chemicals, Inc.) and reweosmosis (RO) water from a
Millipore Corporation Milli-Q Academic A10 systens used as the mobile phase
in the HPLC. Tetrahydrofuran with a purity of 99.94, obtained from EMD
Chemicals, Inc. is used to clean the HPLC and tieroameactor. All chemicals

were used as received.

5.2 Equipment

A programmable syringe pump manufactured by New Bumap Systems, Inc.
model NE-1010 is used to deliver feed reactanthéomicro-reactor. A mercury
lamp, model STER-L-RAY G12T6L-52431 from Atlantidttaviolet Co., with a

wave length of 254 nm irradiates reactants indiéenticro-reactor.
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ﬂﬂ@(

Viton Gasket

Quartz Window

Teflon Spacer

Figure 5.1. Expanded UV Light Reactor Sketch

A set from International Crystal Laboratories wasdi as a reaction vessel. The
micro-reactor is a liquid cell model SL-3 consigtiof the following elements

assembled with screws as shown in Figure 5.1, Eigut, and Figure 5.3:

» Stainless steel front plate, part # 0005-599.

« Stainless steel back plate, part # 0005-600.

» Two Viton gaskets, part # 0001-2107.

» Two polished quartz windows with dimensions of 38 x 19.5 mm x 4 mm,
part # 0002H-7827.

» Teflon spacer set of various thicknesses (50, Ha0280um), part # 0001-3875.
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Figure 5.2. Exploded Micro-Reactor

Figure 5.3. Micro-Reactor Side View

High-pressure liquid chromatography instrument (Bflshown in Figure 5.4 is
used to determine the concentrations of tert-butyydro peroxide,

dibenzothiophene, and sulfone in the reactor prodtream. An HPLC pump
delivers mobile phase to the column at the flove @ft1.0 ml/min and up to 3000
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psi. Samples are injected into a sample loop pf@pmately 20ul. The column
is a Waters XTerra RP18 column with particle siZe3&d pum, column inner
diameter of 4.6 mm, column length of 150 mm, anceize of 125 A with silica
gel packing. The column is heated to 8D Finally, a Hewlett Packard variable
ultraviolet detector set to the wavelength of 21 determines the components.
The mobile phase used in the HPLC consists of 6&cétonitrile and 34 % RO

water. All chemicals are HPLC grade.

Sample z I
Loop :

Column

Figure 5.4. HPLC Analytical System

5.3 Desulfurization Experimental Method

The experiment setup is shown in Figure 5.6 andurgigs.7. A solution of
dibenzothiophene in decane enclosed in a 60 mhggriand mounted on the
syringe pump. The syringe pump delivers the sotutm the micro-reactor at a
constant volumetric flow rate. The feed stream martiee micro-reactor and forms
a thin film. The thickness of the layer is deteredrby the spacer’s thickness.
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UV Light

|11}
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TBHP and DBT

Micro-Reactor

yringe Pump

Outlet

Figure 5.5. Sketch of Experimental Set Up

For the 10Qum thick spacer, volumetric flow rates of 660.0, E3®20.0, 165.0,
132.0, 110.0, 88.0, 73.3, 66.0, 57.4, 52.8, 4&4, 44.0ul/min were used. These
rates correspond to residence times of 2, 4, 60812, 15, 18, 20, 23, 25, 27, and

30 seconds, respectively.

For the 50um thick spacer, volumetric flow rates of 165.0, 132110.0, 82.5,
66.0, 55.0, 44.0, 36.7, 33.0, 28.7, 26.4, 24.4, 22@ pl/min were used. These
rates correspond to residence times of 4, 5, 60812, 15, 18, 20, 23, 25, 27, and

30 seconds, respectively.

A mercury lamp is suspended above the micro-reagiodow and irradiates the
fluid within. The system is allowed to reach steathte. Fluid exiting the micro-
reactor is collected in amber-colored vials and@amare injected into the HPLC

to determine compositions.
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Mercury Lamp

M icro-Reactor

Syringe Pump

Figure 5.6. Desulfurization Experimental Setup

Reactor Outlet

Reactor Inlet

Figure 5.7. Experimental Setup With Emphasis oncRednlet and Outlet Ports
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5.4 Desulfurization Analytical Method

An HPLC was used to determine species concentsati@alibration curves were
created using a series of decane solutions at kmowoentrations. The calibration
curves of dibenzothiophene in decane, sulfone icanke, and tert-butyl hydro
peroxide in decane, Appendix D - F, yield a spec@wxentration for a given peak

area in the reactor product stream.

The dibenzothiophene, dibenzothiophene sulfone, tartebutyl hydro peroxide
peaks eluted from the silica gel column at a specdtention times. Figure 5.8,
Figure 5.9, and Figure 5.10 show chromatographdileénzothiophene, sulfone
and tert-butyl hydro peroxide, respectively.
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Figure 5.8. Sample Dibenzothiophene Chromatogram
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Figure 5.9. Sample Sulfone Chromatogram
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Figure 5.10. Sample Tert-butyl Hydro Peroxide Chatogram
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The obtained peaks for dibenzothiophene, sulfond,tart-butyl hydro peroxide
have retention times of about 5.6 minutes, 2.3 temuand 2.0 minutes,
respectively, at these HPLC conditions. The analoffage signal from the
absorbance cell in the UV detector was recordedVisyal Designer, the data
acquisition software.
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CHAPTER 6
EXPERIMENTAL MEASURMENTS

Experiments were conducted following the experiraeand analytical methods
described in Chapter 5. The desulfurization resofitall HPLC analysis are listed
in Appendix G - K.

At least one experiment in every data set for @miset of experimental conditions
was repeated five times. The variance between itlee eixperiments was never
more than 8.6 %. Thus, experiments qualify as iyseible. Instrument error was
determined by running the same samples throughEHeC ten times. Variance in
HPLC measurements was less than 1%. Hence, sultdesgueples were only run
once. To determine if the data sets are statitichiferent from each other, a
paired t-test is implemented. Appendix L outlinée imethod used to test the

dibenzothiophene conversion data.

6.1 Absent Light Source

To ensure the oxidation in dibenzothiophene isrectliresult from ultraviolet light
exposure, a single experiment was conducted iralbisence of an ultraviolet light
source. A feed solution with a known amount of di@hiophene and tert-butyl
hydro peroxide in decane ran through the microtoFaat multiple flow rates

yielding different residence times whilst the meyclamp was not energized.

Figure 6.1 indicates dibenzothiophene and tertibutyydro peroxide
concentrations as a function of residence timehim dark experiment. Results
show concentrations do not change significantlyr dvee when a light source is
not present. It can be concluded that the oxidateaction within the micro-

reactor only occurs when reactants are exposelir&violet light
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Figure 6.1. DBT and TBHP Concentrations at Multiglesidence Times Without
the Presence of UV Light Using a fifth Spacer at a System Temperature of@2

6.2 Desulfurization with 100 Micron Spacer

Reaction kinetics and performance parameters aieedefor the micro-reactor in
the oxidation of dibenzothiophene with tert-butyldho peroxide in the presence
of ultraviolet light. Therefore, experiments werend at multiple residence times
for three different temperatures using a spacel0ffum. Figure 6.2 shows the
normalized concentration of dibenzothiophene asiration of mean residence

time for different operating temperatures with daktrend lines to guide the eye.
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The data set at 22 shows a dibenzothiophene concentration reductfombout
32% with a final concentration of 491 ppm dibenzaphene (or 85 ppm sulfur).
At a temperature of 48C the conversion of dibenzothiophene is 42% withrap
to 394 ppm dibenzothiophene or 69 ppm sulfur. Tighdst temperature yields a
decrease to 362 ppm dibenzothiophene or 63 ppnursddr an ultimate

desulfurization of 47%.

Tert-butyl hydro peroxide concentrations were atsoorded for the 10Qm
spacer experiments and are listed in Appendix gurfé 6.3 and Figure 6.5 show
the amount of tert-butyl hydro peroxide preserthie micro-reactor outlet changes
significantly with residence time. The trend in tdeutyl hydro peroxide
concentration mimics that of dibenzothiophene. Heve much more tert-butyl
hydro peroxide is consumed compared to the stam&ioc amount required on
molar basis. The ultimate destination of the tertybhydro peroxide not utilized
in the oxidation reaction is not clear, and is a@bed into the previously

mentioned Kk reaction rate constant.

6.3 Desulfurization with 50 Micron Spacer

In order to evaluate the effect of micro-channétkhess on system performance,
experiments were done at multiple residence tiroeswo temperatures using the
50 um spacer in the micro-reactor. Figure 6.4 showstrenalized concentration
of dibenzothiophene as a function of mean residéince for different operating

temperatures. Dashed lines are meant to guideythe e

The data set at 2Z shows a dibenzothiophene concentration reducticabout
63 % with a final concentration of 250 ppm dibemzagphene (or 43 ppm sulfur).
At a temperature of 4%C the conversion of dibenzothiophene is about #9it a

drop to 182 ppm dibenzothiophene or 32 ppm sulfur.
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6.4 Material Balance on Sulfur

Material balances account for material entering l@agling a system as matter can
not disappear or be created according to the noassecvation principle. All sulfur
that enters the micro-reactor must either leavesylséem or accumulate within the
system. In this arrangement, sulfur enters as didtdophene and exits in two
forms; unreacted dibenzothiophene and oxidatiomyebsulfone. Therefore, for
any given residence time through the reactor tifarsconcentration of the reactor

outlet should be the same as the sulfur conceoirati the feed.

The micro-reactor product stream is analyzed ttdyilee concentration of newly
created sulfone and remaining dibenzothiopheneh Esaaconverted into sulfur
concentrations, added together to give the findlisaoncentration, and compared

to the original sulfur concentration.

The material balance information is gathered foe temperature for the 10t
spacer system and for two temperatures for themb@&pacer assembly. The
material balance is not explored at every set efajng conditions as the systems

listed above are representative of the other aenaegts.

6.4.1 100 Micron System

Appendix J contains all of the material balanceinfation from the micro-reactor
system with 10@m spacer and an operating temperature 0C2Figure 6.6
shows the downward trend of dibenzothiophene andease of sulfone in the
micro-reactor outlet at various residence timessHed lines guide the eye. The
final normalized dibenzothiophene concentrationtlanleft y axis, is about 0.70.
In other words, about 70% of the original dibenzmphene is still present. This is
consistent with the results depicted in Figure f6r2the same arrangement. The
normalized sulfone concentration, the right y agiscuments growth from zero in
the feed to about 25% of the total sulfur at thegkst residence time.
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As shown in Figure 6.7, the sulfur concentrationthef feed or at a residence time
of zero seconds is about 145 ppm of sulfur. Thal @tount of sulfur, present as
both dibenzothiophene and sulfone, is given fohaasidence time. On average,
about 13 ppm of sulfur is unaccounted for or “mmg8ifrom the original sulfur
count. This corresponds to about 9% of the totHusin the material balance.

This is close to the experimental error observedte overall system.

6.4.2 50 Micron System

Material balance information from the micro-reactgstem with 5Qm spacer and
an operating temperature of °22 are summarized in Appendix K. Figure 6.8
depicts a decrease in dibenzothiophene and an dptnemd for sulfone in the
micro-reactor outlet as a function of residenceetimbout 40% of unreacted
dibenzothiophene is present (left axis). Theseltesare similar to the results
depicted in Figure 6.4 for the same arrangementadaumulation of about 70% is

shown for sulfone.

In Figure 6.9, the sulfur feed concentration is ppsn of sulfur. Only 2 ppm of
sulfur is absent from the original sulfur mark. Fimdicates that only 1.2% of the
total sulfur in the material balance is lost. Esisdly, all of the reacted
dibenzothiophene forms sulfone; implying that theidation intermediate

molecule is not significantly present.
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Appendix K contains all of the material balanceomfiation from the micro-
reactor system with %0n spacer and an operating temperature 6€C4Figure
6.10 illustrates diminishing dibenzothiophene con@ions and strengthening
sulfone concentrations. Dibenzothiophene is redtcedmost 20%. These results
are compatible with Figure 6.4. Sulfone concentregj right axis, approach 80%

at longer residence times. Dashed lines guideybe e

Figure 6.11 shows a sulfur feed concentration @uald20 ppm. The amount of
sulfur missing from the original sulfur tally is lgn6 ppm. Again, it is suggested
that a majority of the reacted dibenzothiophenebess sulfone as only 5% of the

total sulfur in the material balance is not detdct®hich is within experimental

error.
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CHAPTER 7
RESULTS AND DISCUSSION

7.1 Effect of Spacer Thickness

Experiments were conducted under similar experiaierinditions with different

spacer thicknesses. Changing the spacer thickmesslocing the film thickness
within the micro-reactor, changes the light intensi the system. As intensity is a
function of reactor thickness, a higher ratio afli is available to activate the

oxidation reaction in the 50 micron system.
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Figure 7.1. Normalized Concentration of DBT at \das Residence Times for
Micro-Reactor Spacers of 30n and 10Qum at 40°C Temperature

Figure 7.1 shows that a reduction in spacer thiskngields lower outlet
concentrations of dibenzothiophene. With smallén fthicknesses and smaller
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reaction volumes come consequently smaller diffugiath lengths, giving faster
mixing and higher reactant conversion. Thus, a@ttants have a greater chance of

reacting. This diminishes diffusion limitations the process.
7.2 Effect of Temperature
Temperature conditions were varied for experimavite the same micro-reactor

spacer thickness. Changing the temperature chaddksion rates of each

species, which influence mixing within the micr@acéor and reaction kinetics.
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Figure 7.2. Normalized Concentration of DBT at \das Residence Times for
Micro-Reactor 10um Spacer at Temperatures of’22and 6°C

Figure 7.2 reveals that an increase in system teahpe generates lower outlet
concentrations and enhanced dibenzothiophene amerHigher temperatures
will yield faster reactant diffusion and superieaction rates for a given reaction
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volume. Thus, greater dibenzothiophene conversi@athieved at 68C compared
to 22°C.

7.3 Mathematical Model

The mathematical model derived in Chapter 4 predietrformance of the micro-
reactor process at various experimental conditiohBe software package
COMSOL Multiphysics is used to solve the model ndoadly by applying the

finite element modeling approach. The search isptete when the objective

function, least squares error, has reached a mmimu

(7.1) Objective Function = Z (Corp = Crrose),

i=1

2

First, optimization was conducted on COMSOL modelswhich the reactor
thicknesses were both 100 microns and 50 microdshentemperature was 22.
The average molar extinction coefficiemt,and reaction rate constant, k, were
allowed to float. Four separate initial guessesewesed. The surface plot in Figure
7.3 illustrates morphology of the COMSOL solutionsparameter space. The
model is relatively insensitive to changes in eotion coefficient, but shows
significant response to the reaction rate paramelberefore, a reasonable

extinction coefficient is selected and focus iglomreaction rate constant.

Figure 7.4 shows the results of a global fit to tgective function for all data
points shown in Figure 6.2 and Figure 6.4. Thera ctear global minimum when
k is approximately 9.5*18" m?photon. Identical results were obtained regardless

of which reaction rate seed value was used.
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The pseudo first order reaction rate constantsar&, determined as 1.02%10
m?/photon and 1.92*13’ mé/photon for temperatures of 2% and 40°C,
respectively. This corresponds to reaction ratestzonis, k, of 7.76*10% sec' and
1.47*10° se¢' for temperatures of 22C and 40°C, respectively.

Figure 7.5 and Figure 7.6 compares the trend afmipéd COMSOL model to
experimental data from 100 and 50 micron spacesperctively. The model has a
reasonable fit for each temperature and thickness.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions from Experimental Data

A model for the oxidative desulfurization of fuelsy reaction with organic
peroxides was created by studying the oxidatiomlibénzothiophene in a light
activated micro-reactor. The micro-reactor in theestigation utilized spacers
with thicknesses of 50n and 100um yielding characteristic dimensions of the
same size. The experiments were conducted at watesaperatures ranging from
22°C to 60C. Different volumetric flow rates of decane contag
dibenzothiophene and tert-butyl hydro peroxide egponding to different micro-
reactor residence times were set in the range td 30 seconds. A constant
intensity ultraviolet light source irradiated theactants within the micro-reactor
through a quartz window. Samples were collected analyzed via HPLC to

determine the concentration of unreacted dibenaptigne.

It was determined that ultraviolet light plays ajonaole in the desulfurization of
dibenzothiophene. Experiments show that the oxidateaction does not take
place in the absence ultraviolet light. This canfr the reaction mechanism
indicating that hydroxyl radicals generated frone tinradiated hydro peroxide

directly oxidize dibenzothiophene.

The dibenzothiophene concentration exiting the oareactor decreases as mean
residence time increases. The compounds are exptsddvorable reaction

conditions longer and therefore dibenzothiophemeversion increases with time.

The experimental results obtained in this study esepared with the work
reported by other researchers in this field. foisnd that a micro-reaction system
is much more efficient than a batch reactor forutfeszation. The micro-scaled

process was capable of 79 % dibenzothiophene csioven less than a minute;
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compared to the 240-600 minutes necessary for reempic batch reactor
operation (Shiraishi, et al., 2002). When furth@mpared to similar photo-
chemical micro-scaled systems, this process isrgupéJsing a single reaction
phase and organic peroxide as an oxidant, extertsivgersions are attainable
within seconds; compared to the 10 minutes requimeivo phase systems with
hydrogen peroxide (Al-Raie, 2005).

In this research, the effect of micro-reactor fitmckness and overall system

temperature in the feed were observed.

In this study, a reduction of film thickness withihve micro-reactor results in better
performance. Decreasing the spacer thickness redueediffusion path lengths
for all components, yielding better mixing of resus and accelerating the overall

reaction process.

In this research, an increase of overall systempézature results in better
performance. Higher temperatures enhance the éowerattion process due to

faster reaction rates.

In summary, this research has shown that desudftimiz of dibenzothiophene can
be achieved in a micro-reactor by combining theed#mthiophene and tert-butyl

hydro peroxide under ultraviolet irradiation.

8.2 Conclusions from Model

A mathematical model was derived from first prinego The mathematical model,
with the reaction rate constant as an adjustabdtesy parameter, was used to

match experimental data.

A mathematical model is proposed that includes eotive mass transfer, axial

and radial diffusion, and homogeneous chemicalti@adhroughout the fluid.
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Appropriate boundary conditions are incorporatednumerical solution using
COMSOL Multiphysics is successfully implemented gvdsented in this work.
The simulation results, namely chemical kineticomfation for the oxidative
desulfurization reaction of dibenzothiophene, aomststent with experimental
data. The reaction rate constant i determined and found to be of the order of
10°%s™.

Table 8.1. Comparison of This Study’s Conditiond Results to Open Literature

Reference Oxidant Catalyst Reaction Rate Constant Method
Houalla, et al. 1980 H, CoMo / NiMo 7.38*10° L (g cat)’ HDS
Otsuki, et al. 2000 H,0, Formic Acid 7.66*10" L (mol sec)’ | Batch Process|
Shiraishi and Hirai, 2002 10, UV Light 2.86*10° sec' Batch Process|
Wang, et al., 2003 TBHP Mo/Al 04 2.73*10% sect Batch Process|
Al-Raie, 2005 H,0, UV Light 1.47*107 sec¢’ Micro-Reactor
Stanger and Angelici, 2006 ~ TBHP Silica 2.88+10° sect Batch Process
Stanger, et al., 2006 TBHP (SKRTA)Re(O)(Me)(PPY 8.88*10° sec’ Batch Process|
This Work TBHP UV Light 1.47*10° sec" Micro-Reactor

The dibenzothiophene reaction rate constantiskcompared to values reported by
other investigators in Table 8.1. Our value is amr pvith other suggested

dibenzothiophene reaction rate constants.

The numerical solutions from the proposed matherakathodel were sufficiently
accurate to extract a reaction rate constant aadigirthe concentration profile of

dibenzothiophene.

8.3 Recommendations

Diesel hydrodesulfurization is limited by the lowarctivity of highly aromatic
sulfur containing compounds. Literature shows thataddition of aromatic rings
decreases the species reactivity. Hence, reactofitthiophene is higher than
benzo-thiophene which is more reactive then dib#maphene. In addition,
species reactivity is further lowered when substits are present in sterically

hindering positions. Experimentation using sulfuseal compounds such 4-
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methyldibenzothiophene and 4,6-dimethyldibenzothem® would simulate
oxidative desulfurization of molecules that are enstable and more difficult to

remove from fuels.

The reactivity of alkylated dibenzothiophene spgdee further decreased in the
presence of other inhibitors like aromatics andaarg nitrogen compounds, which
are generally also present in the feed. Authent&lsf like gasoline and diesel
would more accurately portray the reaction envirentrof actual fuel treatment.

Precise analytics are necessary to correctly rezeghe many species present in

authentic fuels.

An appropriate heat activated catalyst would remtwe need for ultraviolet
radiation and increase the activity for dibenzgbhiene oxidation. Two main
catalysts are used for selective desulfurizatiorthadphene derivatives: organic
acids and polyoxometalates. Catalysts might be flmégle in micro-reaction

systems due to better contacting in lower reactmomes.

An investigation to fully determine the optimal c&nt ratio of tert-butyl hydro

peroxide and dibenzothiophene in the system isiredju

Tert-butyl hydro peroxide is one of many organicogx&les that may be used for
oxidative desulfurization. Additional organic pemdes that are soluble in
hydrocarbons such as decane and nonane shoulddsigated as they maintain
the benefits of a single phase reaction systemaaludthe potential to improve

performance.

For true desulfurization, the present oxidation trhes followed by an extraction
step, since, though oxidized, sulfur compoundd stiinain in the fluid. Many
extraction solvents can be used in tandem withotboiing fuel desulfurization.
Contact with an extraction solvent would physicalgmove the reacted sulfur

from the stream. Water is an inexpensive polaraeibn solvent that is easily
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obtained and safe to use. Other extraction soliantsding ionic fluids could be
used to draw out oxidation products and possibigesof the unreacted reactants.

Implementing an extraction step following the désigation would yield a
cleaner, more polished product.
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Appendix A
Literature Review Summary

The following tables present the information avalain literature regarding liquid

oxidative desulfurization systems:

Table A.1. Summary of Two Phase Liquid Systems @si0, Oxidation

Reference Sulfur Compounds Additional Oxidant Catalyst Extraction Solvent
1-methyl-1H-imidazolium
Lu, et al., 2007 T, BT, DBT Monotetrafluoroborate lonig - -
Liquid
Shiraishi and Hirai, 2004 BT, DBT Acetic Acid - Acetitniie
Komintarachat and BT, DBT, 4,6-DMDBT Acetic Acid Tetrabutylammonium Saltp, Acetonitrile, DMF
Trakarnpruk, 2006 Polyoxometalates
T, BT, 2-MT, 2,5-DMT,
Otsuki, et al. 2000 DBT, 4-MDBT, 4,6- Formic Acid - Acetonitrile, Methanol, DMF
DMDBT
Yu, et al. 2005 DBT Formic Acid Activated Carbon -
Huang, et al., 2006 DBT Phosphotungstic Acid: Octadepyltrlmethyl— 2-Methylnaphthalene
ammonium Bromide
Mei, et al, 2003 DBT Phosphotungsucl Acids, - ~
Heteropolyacids
Phosphotungstic Acids,
Collins, et al. 1997 DBT Tertraoctylammonium Silica Gel Toluene, Water
Bromide
Ania and Bandosz, 2006 DBT Activated Carbon, Sodjum -
Campos-Martin, et al. 2004 BT, DBT, 4-E,6M-DBT Bipgotungstate Acetonitrile
. Acetonitrile, Methanol, 3-
Palomeque, et al. 2002 DBT - Hydrotglcne apd MgLa Methoxypropionitrile,
Mixed Oxide -
Benzonitrile
Titanium Silicalite, Titaniul Acetonitrile, Methanol,

Hulea, etal. 2001 T.2,5-DMT, DBT - Silica Ethanol, Tert-butanol

Table A.2. Summary of Single Phase Liquid OxidatBystems

Reference Sulfur Compounds Oxidant Catalyst

Stanger, et al., 2006

4,6-DMDBT

Tert-butyl Hydro Bede

Oxorhenium(V) Dithiolate

Corma Canos, et al., 2002

Tert-butyl Hydro Perexi

d

Titanium Silica

Chica, et al., 2006

T, BT, 2-MT, 2-BMT, DBT, 4-
MDBT, 4,6-DMDBT

Tert-butyl Hydro Peroxide

Ti-MCM-41, MoOX/Al,O,

Wang, et al., 2003 BT, DBT, 4-MDBT, 4,6-DMDBT Tert#yUHydro Peroxide Mo/Al,O4
Stanger and Angelici, 2006 DBT, 4,6-DMDBT Tert-butiydro Peroxide Silica
Zhou, et al., 2007 DBT Cyclohexanone Peroxide MoO,
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Appendix B
Micro-Reactor Flow Rates and Velocities

Volumetric flow rates and fluid velocities are detened by the following:

v=_
t A

Where...

Q= Volumetric Flow Rate

t = Residence Time

V = Reactor Internal Volume v = Fluid Velocity
A = Reactor Cross-sectional Area

Table B.1. Volumetric Flow Rates and Fluid Veloe#tifor Given Residence
Times in Micro-Reactor with a Spacer Thickness@ Microns

Residence| Volumetric
Time Flow Rate | Fluid Velocity
[sec] [p/min] [m/sec]
2 660 0.0110
4 330 0.0055
6 220 0.0037
8 165 0.0028
10 132 0.0022
12 110 0.0018
15 88 0.0015
18 73 0.0012
20 66 0.0011
23 57 0.0010
25 53 0.0009
27 49 0.0008
30 44 0.0007

Table B.2. Volumetric Flow Rates and Fluid Veloestifor Given Residence
Times in Micro-Reactor with a Spacer Thickness@Microns

Residence| Volumetric
Time Flow Rate | Fluid Velocity
[sec] [p/min] [m/sec]
4 165 0.0055
5 132 0.0044
6 110 0.0037
8 83 0.0028
10 66 0.0022
12 55 0.0018
15 44 0.0015
18 37 0.0012
20 33 0.0011
23 29 0.0010
25 26 0.0009
27 24 0.0008
30 22 0.0007
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Appendix C
Diffusion Coefficient Calculations

An estimation of diffusivities of non-electrolyt@s liquids at low concentration is
given by Wilke and Chang, 1955:

T 7.4x10°[pM,]"
D12 =—0 06
2 Vi

V, =0.285/1%

Where...

D1, = Diffusivity of solute at infinite dilution (cfiisec)

® = Association parameter (dimensionless)

M, = Solvent molecular weight (g/mol)

T = Absolute temperature (K)

p2 = Solution viscosity (centipoises)

V1= Molar volume of solute at normal boiling point@mol)
V.= Critial volume of solute (cfmol)

All of the relevant physical parameters are spedifn the following tables:

Compound|M [g/gmol]| KIcp] | @[] Compound V. [m*Kmole]*

Decane 142.3 0.92 1 Dibenzothiophene 0.547
Hydroxyl Radicals 0.056
Tert-Butyl Hydro Peroxide 0.297

* Note: Calculated from R. F. Fedors critical volemorrelation, 1979.

The final calculated diffusion coefficients arelmed in Table C.1.

Table C.1. Diffusion Coefficients at Various Tenmgteres

Diffusion Coefficient (m%/sec) 22°C 40°C 60°C

Dibenzothiophene in decane 1.14*10° | 1.21*10° | 1.29*10°
Hydroxyl Radicals in decane 4.78*10° | 5.07*10° | 5.40*10°
Tert-Butyl Hydro Peroxide in decang 1.6810° | 1.78*10° | 1.89*10°
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Appendix D
Dibenzothiophene Calibration Curves

The following figures graphically display the retat between five averaged
HPLC peak areas and dibenzothiophene or elemaiifat soncentrations:

1.6E+07

1.2E+07 -

8.0E+06 -

HPLC Average Peak Area[]

4.0E+06 -

y =24043x% + 96963

0.0E+00 T T T T T T
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DBT Ceoncentration [ppm]

Figure D.1. Dibenzothiophene Calibration Curve
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Figure D.2. Sulfur Calibration Curve for Dibenzatphene
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Appendix E
Sulfone Calibration Curves

The following figures graphically display the retat between five averaged
HPLC peak areas and sulfone or elemental sulfucexanations:

1.6E+06
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Figure E.1. Sulfone Calibration Curve
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Figure E.2. Sulfur Calibration Curve for Sulfone
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Appendix F
Tert-Butyl Hydro Peroxide Calibration Curve

The following figures graphically display the retat between five averaged
HPLC peak areas and tert-butyl hydro peroxide cotnagons:
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Figure F.1. Tert-Butyl Hydro Peroxide Calibrationr@e
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All data for experiments without UV light are tabtdd in the following Table:

Table G.1. HPLC Measurements of Tert-Butyl HydrooR&le and
Dibenzothiophene for Experiments Conducted Withditrtaviolet Light at 22°C
and 50 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [ [ppm] [ [ppm] [ppm]
0 476300 130174 17002828 703 122
4 479087 130948 17137822 709 123
6 466644 127491 16875680 698 121
8 474652 129716 17009178 703 122
10 469615 128317 17069150 706 123
12 465512 127177 16980074 702 122
15 475176 129861 16985516 702 122
18 469485 128281 16825382 696 121
20 467551 127743 17121900 708 123
23 471654 128883 17009216 703 122
25 476942 130352 17025212 704 122
27 474718 129734 17000036 703 122
30 468055 127883 17059168 705 123
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Appendix H
HPCL Measurements for 100 Micron Experiments

All experimental data using the 1Q@n spacer are tabulated in Tables H.1 — H.3:

Table H.1. HPLC Measurements of Tert-Butyl Hydrodxele and
Dibenzothiophene for Experiments Conducted &t2and 100 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [] [ppm] [ [ppm] [ppm]
0 407544 111075 17501796 724 126
2 357298 97118 15091946 624 108
4 371318 101012 13652747 564 98
6 325327 88237 12213102 504 88
8 289325 78236 11173019 461 80
10 296259 80162 11450385 472 82
12 281278 76001 10051138 414 72
15 291591 78866 11263661 464 81
18 284032 76766 11761284 485 84
20 294978 79806 11799144 487 85
23 271665 73331 11266627 465 81
25 273097 73728 11323910 467 81
27 245448 66048 11017942 454 79
30 251918 67845 11676726 482 84

Table H.2. HPLC Measurements of Tert-Butyl HydrodXele and

Dibenzothiophene for Experiments Conducted atGtand 100 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [] [ppm] [] [ppm] [ppm]
0 476926 130348 16559921 685 119
2 405402 110480 14247285 589 102
4 365960 99524 13123602 542 94
6 343906 93398 11524512 475 83
8 315099 85396 11357590 468 81
10 307165 83192 9832114 405 70
12 290854 78661 9265782 381 66
15 317039 85934 9758298 402 70
18 314044 85103 10070983 415 72
20 301560 81635 9220846 379 66
23 293125 79292 9344610 385 67
25 275515 74400 9441488 389 68
27 271536 73295 9845018 405 71
30 255444 68825 9286254 382 66




Table H.3. HPLC Measurements of Tert-Butyl Hydrodxele and

Dibenzothiophene for Experiments Conducted &t@and 100 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [] [ppm] [ [ppm] [ppm]
0 459879 125612 16424250 679 118
2 418347 114076 14940972 617 107
4 420088 114559 13931714 575 100
6 352305 95731 12582305 519 90
8 366576 99695 12020563 496 86
10 309543 83852 10697960 441 77
12 269237 72656 10687023 440 77
15 277992 75088 9571129 394 69
18 256606 69148 9521629 392 68
20 278598 75256 9557083 393 68
23 225201 60424 8400043 345 60
25 252817 68095 7957733 327 57
27 240480 64668 9302848 383 67
30 227912 61177 7889730 324 56
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All experimental data using the pn spacer are tabulated in Tables 1.1 — I.2:

Table I.1. HPLC Measurements of Tert-Butyl Hydradxéde and
Dibenzothiophene for Experiments Conducted &t®22and 50 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [] [ppm] [ [ppm] [ppm]
0 487326 133236 16559921 685 119
4 440684 120280 15828421 654 114
5 374105 101786 16464279 681 118
6 395333 107683 12721608 525 91
8 369042 100380 11298115 466 81
10 248767 66970 12289568 507 70
12 277694 75005 9972546 411 71
15 214473 57444 12328741 509 88
18 251003 67591 8462577 348 61
20 156463 41330 8662120 356 62
23 198512 53010 8882923 365 64
25 142239 37379 6985592 287 50
27 191655 51106 8782705 361 63
30 163707 43342 11634622 480 83

Table I.2. HPLC Measurements of Tert-Butyl Hydradxéde and
Dibenzothiophene for Experiments Conducted atGtand 50 Micron Spacer

TBHP DBT
Mean Res | TBHP Peak TBHP DBT Peak DBT Sulfur
Time Area Concentration Area Concentration | Concentration
[sec] [] [ppm] [] [ppm] [ppm]
0 487547 133298 16809296 695 119
4 392027 106764 11491702 474 114
5 348454 94661 9520181 392 118
6 394062 107330 9775336 403 91
8 358805 97536 9012811 371 81
10 242675 65278 7747756 318 70
12 164998 43701 5063253 207 71
15 174679 46390 5092854 208 88
18 188187 50142 6754257 277 61
20 102386 26309 3856037 156 62
23 172473 45777 4254581 173 64
25 118660 30829 3366565 136 50
27 159693 42227 3817875 155 63
30 149907 39509 4131413 168 83
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Appendix J
Material Balance for 100 Micron Experiments

A material balance on sulfur is performed basecexperimental data collected
from experiments conducted with the 100 micron spat a temperature of 2¢.

The results are tabulated in Tables J.1 — J.2 @following pages:
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Table J.1. HPLC Measurements of Tert-Butyl HydrooRiele, Sulfone, and Dibenzothiophene for Experita€onducted at 2
and Micro-Reactor Spacer of 100 Micron Thickness

TBHP SF DBT
Mean | aip peak TBHP Normalized | oo by SF Normalized SF Sulfur DBT Peak DBT D Sulfur
Residence . TBHP . . . . DBT .
. Area Concentration . Area Concentration | Concentration | Concentration Area Concentration . Concentration
Time Concentration Concentration
[sec] [ [ppm] 1 [ [ppm] 1 [ppm] [ [ppm] 1 [ppm]
0 3981056 112261 1.00 49500 4 0.00 1 19905280 824 1.00 143
2 3502067 96294 0.88 551484 59 0.06 9 18010335 745 0.90 130
4 3376659 92114 0.85 892384 97 0.10 14 16383296 677 0.82 118
6 3178144 85497 0.80 1001296 109 0.11 16 14655722 606 0.74 105
8 2581524 65609 0.65 1615055 176 0.18 26 13407622 554 0.67 96
10 2648092 67828 0.67 1591547 174 0.18 26 13740461 567 0.69 99
12 2432273 60634 0.61 2072841 226 0.23 34 12661365 523 0.64 91
15 2503278 63001 0.63 1897445 207 0.21 31 13516393 558 0.68 97
18 2922708 76982 0.73 1984030 217 0.22 32 14113540 583 0.71 101
20 2631794 67285 0.66 2090607 228 0.23 34 14158972 585 0.71 102
25 2577738 65483 0.65 2406686 263 0.27 39 13588692 561 0.68 98
30 2492414 62639 0.63 2257832 247 0.25 37 14012071 579 0.70 101

Table J.2. Sulfur Material Balance on Sulfone afioeDzothiophene for 100 Micron and 22 Experiment. Lists Amount of Sulfur
Present and Absent at Various Residence Times.

SF DBT S Unaccounted % Unaccounted

Re(ss;;;;ne ppm S ppm S Total ppm S Feigpnfifter (Fee'geégter)/
0 0.6 143.3 143.9 0.0 0.0%
2 8.8 129.6 138.4 5.5 3.9%
4 14.3 117.8 132.1 11.8 8.2%
6 16.1 105.3 121.4 22.5 15.6%
8 26.1 96.3 122.4 21.6 15.0%
10 25.7 98.7 124.4 19.5 13.6%
12 33.5 90.9 124.4 19.5 13.6%
15 30.7 97.1 127.7 16.2 11.2%
18 32.1 101.4 133.5 10.5 7.3%
20 33.8 101.7 135.5 8.4 5.8%
25 38.9 97.6 136.5 7.4 5.1%
30 36.5 100.7 137.2 6.7 4.7%
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Appendix K
Material Balance for 50 Micron Experiments

Two material balances on sulfur are performed basedexperimental data
collected from experiments conducted with the 5@ram spacer at temperatures
of 22°C and 40°C. The results are tabulated in Tables K.1 — K.4henfollowing
pages:
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Table K.1. HPLC Measurements of Tert-Butyl HydradXéde, Sulfone, and Dibenzothiophene for Experitaé&onducted at 2
and Micro-Reactor Spacer of 50 Micron Thickness

TBHP SF DBT
Mean | 1Hp peak TBHP Normalized | g by SF Normalized SF Sulfur DBT Peak DBT M Sulfur
Residence . TBHP . . . . DBT .
- Area Concentration . Area Concentration | Concentration | Concentration Area Concentration . Concentration
Time Concentration Concentration
[sec] [ [ppm] [1 [ [ppm] 1 [ppm] [ [ppm] i [ppm]
0 4571178 131931 1.00 28339 2 0.00 0 16559921 685 1.00 119
4 2891571 75944 0.63 2639856 288 0.34 43 11079894 457 0.67 79
5 2972708 78649 0.65 3147854 344 0.41 51 10824995 446 0.65 78
8 2335343 57403 0.51 3905108 427 0.51 63 7908680 325 0.48 57
10 2114728 50050 0.46 4475148 490 0.58 73 8202697 337 0.50 59
12 1784811 39052 0.39 4357421 477 0.57 71 6980782 286 0.42 50
18 1699426 36206 0.37 4645896 509 0.60 75 5923803 242 0.36 42
20 1937140 44130 0.42 4865159 533 0.63 79 6063484 248 0.37 43
23 1778872 38854 0.39 4774123 523 0.62 77 6218045 255 0.38 44
25 1620276 33568 0.35 4578411 501 0.59 74 4889914 199 0.30 35
27 1559931 31556 0.34 5095178 558 0.66 83 6147893 252 0.37 44
30 1801943 39623 0.39 5268749 577 0.68 85 7044235 289 0.43 50

Table K.2.Sulfur Material Balance on Sulfone and Dibenzothiepe for 50 Micron and ZZ Experiment. Lists Amount of Sulfur
Present and Absent at Various Residence Times

SF DBT S Unaccounted |% Unaccounted

Re-(ss;;'ne ppm S ppm S Total ppm S FeTgpr:iﬁer (Fee'ge,:;ter)/
0 0.3 124.5 124.8 0.0 0.0%
4 42.7 79.4 122.2 2.6 2.1%
5) 51.0 77.6 128.6 -3.8 -3.0%
8 63.3 56.5 119.8 5.0 4.0%
10 72.6 58.6 131.2 -6.4 -5.1%
12 70.6 49.8 120.4 4.4 3.5%
18 75.3 42.1 1175 7.3 5.9%
20 78.9 43.2 122.1 2.7 2.2%
23 77.4 44.3 121.7 3.1 2.5%
25 74.2 34.7 108.9 15.9 12.7%
27 82.6 43.8 126.4 -1.6 -1.3%
30 85.5 50.3 135.7 -10.9 -8.7%
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Table K.3. HPLC Measurements of Tert-Butyl Hyderdkide, Sulfone, and Dibenzothiophene for Expenitmé€onducted at 4T
and Micro-Reactor Spacer of 50 Micron Thickness

TBHP SF DBT
Mean | rpip peak TBHP Normalized | o b SF Normalized SF Sulfur DBT Peak DBT Rl St Sulfur
Residence . TBHP . . . . DBT .

. Area Concentration . Area Concentration | Concentration | Concentration Area Concentration . Concentration

Time Concentration Concentration

[sec] [ [ppm] ] [] [ppm] [ [ppm] [] [ppm] [ [ppm]
0 4908379 143171 1.00 41035 8 0.00 1 16494598 682 1.00 119
4 3064897 81722 0.62 1819369 198 0.25 29 11216326 462 0.68 80
6 2670059 68561 0.54 2880875 315 0.39 47 9566866 394 0.58 68
8 2852331 74636 0.58 2720169 297 0.37 44 8841104 364 0.54 63
10 2086151 49097 0.43 3486425 381 0.47 56 7620504 313 0.46 54
12 2109428 49873 0.43 3898145 427 0.53 63 6364760 261 0.39 45
15 1809358 39871 0.37 4486266 491 0.61 73 4997862 204 0.30 35
18 1669248 35200 0.34 4880573 534 0.66 79 6230828 255 0.38 44
20 933178 10665 0.19 4986184 546 0.68 81 3777262 153 0.23 27
25 1409675 26548 0.29 5445359 596 0.74 88 3298919 133 0.20 23
27 1223281 20335 0.25 5802343 635 0.79 94 3744273 152 0.23 26

Table K.4. Sulfur Material Balance on Sulfone aridedzothiophene for 50 Micron and 2D Experiment. Lists Amount of Sulfur
Present and Absent at Various Residence Times

SF DBT S Unaccounted |% Unaccounted

Re(ss(;lgne ppm S opm S Total ppm S Fe(?gpnfiﬂer (Fee'gegfjter)/
0 0.5 118.6 119.1 0.0 0.0%
4 29.4 80.4 109.8 9.3 7.8%
6 46.7 68.5 115.2 4.0 3.3%
8 44.0 63.3 107.3 11.8 9.9%
10 56.5 54.4 110.9 8.2 6.9%
12 63.2 45.3 108.5 10.6 8.9%
15 72.7 35.5 108.2 10.9 9.2%
18 79.1 44.4 123.5 -4.4 -3.7%
20 80.9 26.6 107.5 11.6 9.8%
25 88.3 23.2 111.5 7.6 6.4%
27 94.1 26.4 120.5 -1.4 -1.2%
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Appendix L
Paired T-Test Statistics

The paired-test statistic for the mean difference of the expental data obtained
for dibenzothiophene will determine if two setsdatta are statistically different. A
modification to the pairedt-test statistic allows for weighing the data’s
significance. Data points at shorter residence diraee more likely to be less

significant than data at longer residence time® following equations are used:

_ :D_,UD
t —test SD/\/E
_ Yo
D =izl
n
3(t/t)(0,-B)
SD_ i=1

Where,

D, = Difference in data points & residence time
D = Average difference

n = Number of data points

t = Longest residence time

t; = i" residence time

S = Standard deviation

up = Population mean difference

For a specified significance leved, null hypothesis (b is rejected if the
calculatedt-test statistic surpasses the upper-tailed critreélet,, or falls short

of the lower-tailed critical value .1 of thet distribution. The evaluation rule of

thumb is:

Reject B if t > t1
orift<—tn;
Otherwise do not rejectH
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The null hypothesis in question is that there idifference between the two sets
of paired data. Table L.1 presents the output ohe#dest analysis conducted for
each pair of dibenzothiophene experimental datawcted at 100 microns. While
Tables L.2 presents the output of theest analysis conducted for the pair of
dibenzothiophene experimental data conducted atibfbns. For value of 0.02,
the limits are (+2.681) and (-2.681). Since ettdst result of is greater than 2.681

or less than -2.681, the three sets of experimeatal are statistically different.

Table L.1.T-Test Results from Three Dibenzothiophene DatasFam
Experiments Conducted with 1@@n Thick Spacer

Setl Set 2 Paired t-test
22°C 40°C 5.542
22°C 60°C 2.773
40°C 60°C -2.937

Table L.2.T-Test Results from Dibenzothiophene Data Pair fEoperiment
Conducted with 5@um Thick Spacer

Set 1 Set 2 |Paired t-test
22°C 40°C 4.212
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Appendix M
COMSOL Model Report

The following pages are a detailed report of theMS®L Multiphysics model.
This summary recreates the model for a micro-reactystem with a 100 micron
spacer, diffusion coefficient for 4, volumetric flow rate corresponding to a 2

second residence time, and;adaction rate constant of 1.8*1(seck.
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COMSOL Model Report

1. Table of Contents

« Title - COMSOL Model Report
« Table of Contents

« Model Properties

- Constants

« Geometry

- Geoml

« Solver Settings

« Postprocessing

- Variables

2. Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Aug 10, 2007 1:55:07 PM

Creation date Jun 29, 2007 1:38:59 PM

COMSOL version| COMSOL 3.3.0.511
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File name: Z:\\Research\pseudo 1st order.mph
Application modes and modules used in this model:

« Geoml (2D)
o Convection and Diffusion (Chemical Engineering Module)

3. Constants

Name |Expression |Value Description
Ddbx [1.21e-9/1"2 |2.5e-6

Ddby |[1.21e-9/H"2|0.121

10 7.644e13 |7.644e13

eta 4282 4282

k1 1.38e-3/I0 |1.805338e-17
cDBTO |3.26 3.26

H 10e-5 le-4

F 1.1e-8 1.1e-8

W .01 0.01

I .022 0.022

4. Geometry

Number of geometries: 1

4.1. Geoml
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4.1.1. Point mode

o8

0.6

0.2

o8

-2

4.1.2. Boundary mode

0.8
0.6
0.2

0.8

-0z



4.1.3. Subdomain mode

5. Geoml

Space dimensions: 2D

Independent variables: x, y, z

5.1. Scalar Expressions

Name |Expression

ux 6*F/H/W*y*(1-y)

Rdb -k1*cDBT*|

Intensity| 10*107(-eta*(1-y)*H)

5.2. Expressions

5.2.1. Subdomain Expressions

Subdomain|1, 3|2

I 0 |Intensity
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5.3. Mesh

5.3.1. Mesh Statistics

Number of degrees of freedom|4665

Number of mesh points 1191
Number of elements 2284
Triangular 2284
Quadrilateral 0

Number of boundary elements |136

Number of vertex elements 8

Minimum element quality 0.721

Element area ratio 0.217

5.4. Application Mode: Convection and
Diffusion (chcd)

Application mode type: Convection and Diffusion (Chemical Engineering
Module)

Application mode name: chcd



5.4.1. Application Mode Properties

Property

Value

Default element type

Lagrange - Quadratic

Analysis type

Stationary

Equation form

Non-conservative

Equilibrium assumption

Off

Frame

Frame (xy)

Weak constraints

Off

5.4.2. Variables

Dependent variables: cDBT

Shape functions: shlag(2,'cDBT")

Interior boundaries not active

5.4.3. Boundary Settings

Boundary 1 2-3, 5-6, 8-9

Type Concentration | Insulation/Symmetry
Concentration (cO) |[mol/m* |cDBTO 0

Boundary 10

Type Convective flux

Concentration (c0)|0

5.4.4. Subdomain Settings

Subdomain 1-3

Diffusion coefficient (dtensor)| m?/s

{{Ddbx,0;0,Ddby}}

dtype aniso
Reaction rate (R) mol/(m?-s)|Rdb
x-velocity (u) m/s ux

6. Solver Settings

Analysis type Stationary
Auto select solver|On
Solver Stationary
Solution form Automatic
Symmetric Off
Adaption Off
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6.1. Direct (UMFPACK)

Solver type: Linear system solver

Parameter Value

Pivot threshold 0.1

Memory allocation factor(0.7

6.2. Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Assembly block size 5000

Use Hermitian transpose of constraint matrix and in | Off
symmetry detection

Use complex functions with real input Off
Stop if error due to undefined operation On
Type of scaling Automatic
Manual scaling

Row equilibration On
Manual control of reassembly Off
Load constant On
Constraint constant On
Mass constant On
Damping (mass) constant On
Jacobian constant On

Constraint Jacobian constant On
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7. Postprocessing

Surtace: Convenvaton, cOBT [maim’)

¥
L

8. Variables

8.1. Boundary

Name Description Expression
ndflux_cDBT_chcd|Normal diffusive |nx_chcd *
flux, cDBT dflux_cDBT_x_chcd+ny_chcd *
dflux_cDBT_y chcd
ncflux_cDBT_chcd|Normal nx_chcd *
convective flux, [cflux_cDBT_x_chcd+ny_chcd *
cDBT cflux_cDBT_y_chcd
ntflux_cDBT_chcd |Normal total nx_chcd *
flux, cDBT tflux_cDBT_x_chcd+ny_chcd *
tflux_cDBT_y_chcd

8.2. Subdomain

Name Description Expression
grad_cDBT _ |Concentration cDBTx
x_chcd gradient, cDBT, x
component
dflux_cDBT _ | Diffusive flux, cDBT, |-Dxx_cDBT_chcd * cDBTx-Dxy_cDBT_chcd *
x_chcd X component cDBTy
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cflux_cDBT_ |Convective flux, cDBT *u_cDBT_chcd

x_chcd cDBT, x component

tflux_cDBT_ |Total flux, cDBT, x  |dflux_cDBT_x_chcd+cflux_cDBT_x_chcd

x_chcd component

grad_cDBT_ |Concentration cDBTy

y_chcd gradient, cDBT, y

component

dflux_cDBT__ | Diffusive flux, cDBT, |-Dyx_cDBT_chcd * cDBTx-Dyy cDBT_chcd *

y_chcd y component cDBTy

cflux_cDBT _ |Convective flux, cDBT *v_cDBT_chcd

y_chcd cDBT, y component

tflux_cDBT_ |Total flux, cDBT,y |dflux_cDBT_y chcd+cflux cDBT_y chcd

y_chcd component

beta cDBT_ |Convective field, u_cDBT_chcd

x_chcd cDBT, x component

beta cDBT_ |Convective field, v_cDBT_chcd

y_chcd cDBT, y component

grad_cDBT _ |Concentration sqrt(grad_cDBT_x_chcd”2+grad_cDBT_y_chcd”

chcd gradient, cDBT 2)

dflux_cDBT _ | Diffusive flux, cDBT |sqrt(dflux_cDBT_x_chcd”"2+dflux_cDBT_y chcd”

chcd 2)

cflux_cDBT_ |Convective flux, sqrt(cflux_cDBT_x_chcd”2+cflux_cDBT_y chcd”

chcd cDBT 2)

tflux_cDBT_ |Total flux, cDBT sqrt(tflux_cDBT_x_chcd”™2+tflux_cDBT_y_chcd”"2

chcd )

cellPe_cDBT|Cell Peclet number, |h*

_chced cDBT sqrt(beta_cDBT_x_chcd”2+beta_cDBT_y_chcd”"2
)/Dm_cDBT_chcd

Dm_cDBT_c |Mean diffusion (Dxx_cDBT_chcd *

hcd coefficient, cDBT u_cDBT_chcd"2+Dxy_cDBT_chcd *
u_cDBT_chcd *v_cDBT_chcd+Dyx_cDBT_chcd
*v_cDBT_chcd *
u_cDBT_chcd+Dyy cDBT_chcd *
v_cDBT_chcd”2)/(u_cDBT_chcd"2+v_cDBT_chc
d"2+eps)

res_cDBT_c |Equation residual for |-Dxx_cDBT_chcd * cDBTxx-Dxy_cDBT_chcd *

hcd cDBT cDBTxy+cDBTx * u_cDBT_chcd-Dyx_cDBT_chcd
* cDBTyx-Dyy_cDBT_chcd * cDBTyy+cDBTy *
v_cDBT_chcd-R_cDBT_chcd

res_sc_cDB |Shock capturing cDBTx * u_cDBT_chcd+cDBTy * v_cDBT_chcd-

T chcd residual for cDBT R_cDBT_chcd

da_cDBT_ch|Total time scale Dts_cDBT_chcd

cd factor, cDBT







