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Abstract

The removd of sulfur compounds from petroleum is crucid to producing clean
burning fuds. Sulfur compounds poison emission control catayss and are the source of
acid ran. New federd regulations require the remova of sulfur in both gasoline and
died to vay low levds forcing exiging technologies to be pushed into inefficient

operating regimes. New technology is required to efficiently produce low sulfur fuds.

Two processes for the remova of sulfur compounds from petroleum have been
developed: the remova of dkanethiols by heterogeneous reaction with metd oxides, and
oxidative desulfurization of aulfides and thiophene by reection with sulfuric acid.
Alkanethiols, common in hydrotresied gasoline, can be odectively removed and
recovered from a hydrocarbon stream by heterogeneous reaction with oxides of Pb,
Hg(ll), and Ba The choice of reactive meta oxides may be predicted from smple
thermodynamic congderations. The reaction is found to be autocataytic, first order in
water, and zero order in thiol in the presence of excess oxide. The thiols are recovered by

resctive extraction with dilute oxidizing acid.

The potentid for usng polymer membrane hydrogenation reactors (PEMHRS) to
peform hydrogenation reactions such as hydrodesulfurization is  explored by
hydrogenating ketones and olefins over Pt and Au group metds. The dependence of
reection rate on current densty suggests tha the firs hydrogen addition to the olefin is
the rate limiting sep, rather than the adsorption of hydrogen, for dl of the metds tested.

PEMHRs proved unsuccessful in hydrogenating sulfur compounds to perform HDS.



For the remova of sulfides, a two-phase reactor is used in which concentrated sulfuric
acid oxidizes aromatic and diphatic sulfides present in a hydrocarbon solvent, generating
sulfoxides and sulfones. The polar oxidized species are extracted into the acid phase,
efectivdy desulfurizing the hydrocarbon. A reaction scheme is proposed for this system

and is judified with a thermodynamic andyss and an experimentd determination of the

reaction rate law.
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Chapter 1 Introduction

1. Introduction

Energy production is one of the most pressng issues of modern times. Economic
activity and erergy usage are intimately linked. The production of ussful goods and
sarvices requires energy, and more global economic output requires more energy usage.
World energy usage increased by an average of 1.7% annudly from 1980-2001, to a total
of 404 quadrillion BTUs! Although the percentage of energy obtained from fossl fuds
declined over the same period, the share of world energy from fossl fuds is Hill over

82%, half of which comes from petroleum.*

Unfortunatdly, the predominant modern technique for producing energy, the burning of
fossl fuds has a severe impact on the globa environment. Some of this impact is the
result of impure fuds. Naturdly occurring sulfur compounds left in fues leed to the
emisson of sulfur oxide gases. These gases react with water in the amosphere to form
aulfates and acid rain which damages buildings, destroys automotive paint finishes, and
adidifies oil, ultimately leading to loss of forests and other ecosystems? Figure 1.1
illusrates the devadtating effects unchecked sulfur emissons can have on the locd
environment. Sulfur emissons dso cause respiratory illnesses, aggravate heart disease,

trigger asthma, and contribute to formation of atmospheric particulates®

Federd programs designed to reduce sulfur emissons from dectric utilities and other
indudtrial sources have been successful. A cap-and trade program indituted by the EPA
in 1990 has led to decreased acidification of lakes and streams and an estimated human
hedth benefit of $70 billion. The cost of this program is estimated between $1-2 hillion.?
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Chapter 1 Introduction

Figure 1.1: Forest in Poland destroyed by sulfur emissions from a coal-fired power plant without

sulfur emission controls. Courtesy of the US Geological Survey.
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Chapter 1 Introduction

Utilities are not the only source for amaospheric sulfur. Automobiles are dso adversdy
affected by sulfur compounds. Sulfur levels in automotive fuds have a profound effect on
the efficacy of cadytic converters. Sulfur affects these emisson control devices by
srongly adsorbing to the precious metd catdysts, preventing the adsorption and reaction
of hydrocarbons, nitrogen oxides, and carbon monoxide. The EPA edimates® that
reducing sulfur levels from 400 ppm to 50 ppm reduces emissons of hydrocarbons by
45.9%, NOy by 7.01%, and CO by 31.12% (based on Tier 1 running specification) by
reducing the poisoning effect of sulfur. Obvioudy, emissons of SOy are aso reduced by
an amount equivdent to the sulfur reduction The US nationd average sulfur levd in

automotive fud in 1997 was 339 ppm.*

Producing energy in a clean and responsible manner can be accomplished in a number
of ways. The use of nonfossl fud energy sources such as solar, wind, and nuclear power
will eventudly replace fossl fuds However, many of these technologies will require
many years before they are able to provide the amounts of energy needed. In the
immediate future, fossl fud-based energy production  will continue, and new

technologies need to be developed in order to produce clean fuels to power our societies.

The present work focuses on new ways to remove sulfur compounds from petroleum.
Sulfur compounds represent one of the most prevalent impurities found in crude ail. As
the world maket for crude oil tightens with increesng demand, lower qudity oils

containing higher levels of sulfur are used. Developing techniques to remove the sulfur



Chapter 1 Introduction

from these lower qudity feedstocks efficiently will ensure that energy is avalable a a

reasonable cost.

The devdopment of the new desulfurization techniques in this Thess begins with a
sudy of polymer membrane reectors. These reactors offer a new way to peform
hydrogenation reections induding, possbly, hydrodesulfurization. The fundamenta
reaction mechanisms in such reectors are sudied to provide a bass for the development
of desulfurization techniques. Although polymer membrane reectors ultimaey proved
unsuccessful for desulfurization, two new techniques for desulfurization are demonstrated

and evaluated.

Firg, the removd of dkanethiols by heterogeneous reection with metd oxides is
presented. This method reduces the level of one category of sulfur compound to <20 ppm
by weight sulfur by sdectively reecting the thiols with certan metd oxides, forming
metd thiolaes. The metd thiolates are insoluble in hydrocarbons and water a
aufficently low temperatures, permitting ther removd by filtration. The metd oxide can

aso be recovered by decomposing the thiolate with an oxidizing acid.

The second technique is the removd of sulfides and thiophene by oxidation usng
sulfuric acid. Sulfuric acid is shown to be a fast and effective oxidizer of aromatic and
diphatic aulfides, yidding sulfoxides and sulfones, which can then be extracted into a
polar phase. Both of these techniques, plus the study of polymer membrane reaction

mechanisms, are decribed in detail in this volume.
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Chapter 2 Background

2. Background

2.1. Petroleum Refining

Refining crude oil is a complicated series of chemical processes desgned to separate
petroleum into a variety of useful products, eech meeting certain compostiona criteria
Refining begins by fractionating (didtilling) crude oil into a series of sreams with defined

bailing ranges. Table 2.1 shows some of the fractions and their boiling ranges.

Fuds, incuding gasoline, diesd, and kerosene (jet fud), ae the mogt vauable
products from petroleum. To enhance the quantity of these fuels produced from a single
barrel of crude, heavier streams are cracked, or broken down into smaler molecules.
Fluid cadytic cracking (FCC) typicdly utilizes a solid acid zeolite catdys, often
promoted with rare earth metals® in a fluidized bed. Large molecules are broken down to
create additiond materid in the naphtha range in order to produce more gasoline, a
vauable product. The “cracked naphtha” stream often contains larger amounts of sulfur
than virgin ngphtha, snce much of the sulfur in crude is in the form of heavy polynuclear

aromatic molecules present in the FCC feed stream.

Two additiond processes are used to improve the quality of the resuting fuds
paticulaly gasoline. Reforming uses Pt based catdyds to isomerize linear paraffins,
such as n-hexane, to higher octane number branched paraffins like 2,3-dimethylbutane. Pt
supported on chlorided aumina, sulfated zirconia, and zeolites are al used.® The support

dters the activity of the catadys, with dumina being mogt active and zeolites being least

14



Chapter 2 Background

active. However, high activity catayss are more susceptible to poisoning by sulfur and
water.’ Removd of sufur compounds before reforming gasoline sresms is therefore

required.

The second process used to improve the qudity of gasoline is dkylation. Alkylation
reacts n-butene with isobutane to create 2,2,4-trimethylpentane, dso called isooctane, and
other branched paraffins” Alkylation adso uses an acid cadys, but due to excessive
coking, only liquid acid catadysts are currently used. Alkylation resctors blend either
aulfuric or hydrofluoric acid with the butane/isobutene stream to creste akylate, a high

quelity gasoline that is blended into other gasoline streams.

The last mgor process used in oil refining is hydrotregting, or hydrodesulfurization
(HDS). Crude petroleum typicaly contains from 0.1 wt% to 3.0 wt% sulfur, depending
on the source. Crude from Norway and the North Sea typicaly have the lowest sulfur
concentration, while that from the Arebian Peninsula contains the most? Table 2.2 shows
the didribution of some aromatic sulfur species found in petroleum by boailing point. The
most common light species, denoted “gasoline-range sulfur” in the table, are methane-,
ehane-, and t-butanethiol, dimethyl sulfide, cabonyl sulfide (COS), and

tetrahydrothiophene.®
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Chapter 2 Background

Table2.1: Petroleum distillate fractionsand their bailing points. Adapted from Pafko.*

Digtillate Fraction Boiling Paint (°C) Carbon Number

Gases/ LPG <30 1-4
Straight-run gasoline 30-210 5-12
Naphtha 100-200 8-12
Kerosene 150-250 11-13
Died & fud ail 160-400 13-17
Atmospheric gas ail 220-345 17-20
Heavy fud ol 315-540 20-45
Atmospheric resdue >450 30+
Vacuum resdue >615 60+

16



Chapter 2 Background

Table2.2: Aromatic sulfur speciesfound in petroleum. Data from **.

Sulfur Species Bailing Range (°F)
Gasoline-range sulfur <425
Benzothiophene 429
C1-benzothiophenes 430-500
C,-benzothiophenes 500-535
C3-benzothiophenes 535-584
C4+-benzothiophenes 584-630
Dibenzothiophene 633
C;-dibenzothiophenes 635-685
C,-dibenzothiophenes 685-720
4,6- dimethyldibenzothiophene 691
C3:-dibenzothiophenes 720

17



Chapter 2 Background

HDS reduces these sulfur-containing compounds in a stream using hydrogen and a
catays. HDS can be peformed either before FCC or after, depending on the refinery
desgn. HDS musgt be performed before reforming, however, due to the poisoning effect
of sulfur on Pt. In the HDS reactor, sulfur is reduced, liberating H,S, which is then
removed from the flue gas by amine scrubbing. HDS is the primary desulfurization
technology used today,'? athough caustic washing to remove low molecular weight thiols
is dso performed.®® Most HDS operations adso remove nitrogen compounds and some

metal impurities

Typica operating conditions for the HDS reactor are 300-450°C and 35-270 bar.*
However, under these harsh conditions, olefins are aso hydrogenated, leading to a loss of
octane rating and excess hydrogen consumption. Under mild HDS conditions, H,S can
react with olefins in the reactor to create recombinant mercaptans which are linear or
branched thiols of typicdly 5-12 carbons. An example of this reaction is shown in Figure
2.1. The reection is completely andogous to the formation of acohols by hydration of
olefins. The formation of recombinant mercaptans causes sulfur to be retained in the
product, limiting the effectiveness of the HDS process. The baance between degree of
ulfur remova and degradation of fud qudity provides the impetus for continued

research into HDS catalysts and process designs.*>*°

Figure 2.1: Examplerecombination reaction producing an alkanethiol in an HDSreactor.

18



Chapter 2 Background

By fa, the mog common catayss used in HDS are cobdt or nickd promoted
molybdenum sulfide’?** The development of improved cadysts for HDS is the focus of
virtudly al research in HDS. The leader in the fidd of HDS cadys development is
Hador-Topsge, with much of the origind characterization of cobat promoted
molybdenum catalysts attributed to Henrik Topsge and coworkers'®’  Development of
nickd promoted molybdenum sulfide catdyss for HDS of diesd fud, which contans

more substituted polynuclear aromatic sulfur compounds than gasoline, is ongoing.*?

2.1.1.1.1.New Developmentsin Desulfurization

Mog research in the fidd of desulfurization is focused into three categories. oxidative
desulfurizetion, metabolisan  of sulfur compounds using microbes, and sdective
adsorbents. Of these three, only oxidetive desulfurization is being widdy developed for

commercid use.

Oxidative desulfurization (ODS) is based on the remova of heavy aulfides usudly in
the form of polynuclear aromatics where one ring is a thiophene dructure. In ODS, these
compounds ae oxidized by adding one or two oxygen aoms to the sulfur without
bresking any carbon-sulfur bonds, yidding the sulfoxide and sulfone, respectively. These
oxidized compounds can then be effectively extracted or adsorbed from the petroleum
dream. A detailed explanation of ODS, induding the commercia processes, is given in

section 5.1.
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Chapter 2 Background

Removd of sulfur by metabolism usng microbes is a new concept to improve the
refining process using biotechnology. Severd species of bacteria have the ability to
metabolize organosulfur compounds in one of three ways reductive C-S bond cleavage,
oxidative C-S bond cleavage, or oxidaive C-C bond cleavage. For example,
desulfovibrio desulfuricans can metabolize dibenzothiophene, rdeasng the sulfur as H,S
in the presence of a reducing agent.!® The genes responsible for the “4S’ metabolic
pathway (oxidative C-S cleavage), in which organosulfur is oxidized to aulfite or sulfate,
have been transferred to severa bacterid species® dter its initid discovery in
Rhodococcus erythropolis strain 1IGTS82° SO, in flue gas has dso been removed by

reection with water to sulfite followed by metabolism to sulfate®

Biologicd removd of sulfur has severd limitations that prevent it from being goplied
today.??> The metabolism of sulfur compounds is typicaly sow compared to chemica
reections. Sulfur-metabolizing bacteria have been shown to reduce the sulfur content of
diesdl fud from 535 ppm to 75 ppm in 24 hours?® The rate of metabolism is rate limiting
in the process, though mass trandfer resstance from the oil/water interface to the microbe
is dso dow compared to the rate of transfer of the sulfur compound to the oil-water
interface®* Large amounts of hiomass are needed (typicaly 25 g biomass per g sulfur),
and biologica sysems mugt be kept dive to function, which can be difficult under the
variable input conditions found in refineries. The rate of desulfurization depends strongly
on pH, temperature, and dissolved oxygen concentration.?® Separation of the cdls from
the ol can dso be difficult®®, and immobilized cdls often have lower activity and limited

lifetimes %2

20



Chapter 2 Background

Adsorbents for sulfur compounds are dso commonly sudied. Remova of H;S,
dibenzothiophene, and other sulfur compounds is peformed over zeolites” %,
duminosilicates™, carbon aerogels®, activated carbon, dumina®®, and zinc oxide®, for
example. Adsorbents have been shown to be highly sdective for sulfur compounds,
induding difficult to hydrotrest molecules such a  4,6-dimethyldibenzothiophene®?
While highly effective, these adsorbents are difficult to regenerate, often requiring

cacinatior?®! or solvent washing.

The adsorption capacity of many adsorbents is low. The capacity of an unspecified
trangtion metd on slica adsorbent was measured & 0.123 mol S per mol metd.>
Economica day materids displayed capacities of 1-4 mg S compound per g clay**, thus
requiring huge amounts of adsorbent. Pressure swing adsorption is not effective due to
the strong interaction of sulfur with the adsorbent. Large adsorbent beds are therefore
required to minimize the number of turnovers, and multiple beds are needed to keep a
refinery on-stream. Repeated calcinations can dso lead to a loss of surface area due to
dgntering, reducing the amount of sulfur a bed can remove. Most research efforts

therefore focus on creating less expensive® and higher surface area materias™.

Most commercid desulfurizetion processes, such as ExxonMobil’'s  SCANfining
process”® and UniPures ASR-2%’ involve combinaions of severd desulfurization
technologies. These combinaions remove sulfur to low levels by focusng on the

drengths of each technology. SCANfining, for example, can involve mild HDS
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mercaptan extraction, and amine scrubbing to remove H,S. ASR-2, which is an ODS

process, includes two extraction and several adsorption steps.

Despite these research aress, the primary method for sulfur removd is ill HDS,
which is a conventiona, heterogeneous hydrogenation reection. The extensve use of
cadytic hydrogenation for sulfur remova suggests that better techniques for
desulfurization may be found in atypicad hydrogenation reactors. Before they can be
goplied to desulfurization, however, the operation of different types of hydrogenation

reactors must be understood.

2.2. Hydrogenation Reactors

Hydrogenation reactions are criticdly important in the modern chemicd indudries.
The petrochemica industry uses vast amounts of hydrogen to reform petroleum during
catalytic cracking and hydrotregting. Edible oils are hydrogenated to convert unsaturated
vegetable oils into semisolids used in margarine®®° Hydrogenations are used to convert
phenol to e-caprolactam, a precursor of nylon.*® Alcohols are formed from esters or faity
adids, a ae amines from nitriles, through hydrogenation reections*' Hydrogenation

reactions are acommon and integral part of modern chemical processes.

Virtudly al commercid hydrogenations are peformed using packed bed reactor
technology that has been refined for many years. While this technology has proven useful
and efficent, it has begun to reach its limitations in some areas. High temperatures and
pressures, usudly ranging from 120-400°C and 1-1000 amospheres, limit hydrogenation
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to stable molecules*? Alternate types of hydrogenation reactors do exist, however. Three

types of hydrogenation reactors are discussed below.

2.2.1. Conventional Reactors

By far, most hydrogenation reactions in commercid applications today are performed
in conventiond packed bed or durry reactors. Since the addition of hydrogen to most
functiona groups or double bonds is exothermic and thermodynamically favorable,
mixing the reactant, hydrogen, and catdys together is sufficient to perform the reaction.
In conventiond reactors, the bed or solid fraction of the durry is made up of catdyd in
the form of a metd or metd oxide on an inorganic support of aumina, slica, or carbon.
The supports provide a high specific surface area to reduce the required volume of
cadys and improve cadys utilization The active metd lowers the activation energy of

the reaction sufficiently to allow areasonable reection velocity.

The catdyss of choice are noble metds such as platiinum, pdladium, rhodium, and
ruthenium, with nickd as a lower-cost dternaive thet requires harsher conditions.
Osmium and iridium are occasondly used as wel. Copper chromite serves to convert
esters to acohols, while cobat and iron hydrogenate nitriles*® The catdysts are tailored
to the specific reaction to ensure high yidd with minima sSde reections. The cadys
loading, surface area, and resstance to poisoning are dl important factors in catdyst

choice.®®
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Conventiond reactors can be operated with ether a gas phase or a liquid phase
unsaturated molecule. Gas phase hydrogenation is used for low molecular weight species
and does not suffer from the hydrogen mass trandfer limitations experienced in liquid
phase reactors. Consequently, gas phase hydrogenation reactions can be performed at
much lower pressures. Some examples of gas phase hydrogenations are the production of
cyclohexane from benzene (both gas and liquid phase reactions are used indudridly),
production of oxo-acohols from ddehydes, production of dlyl dcohols, ammonia

synthesis, and methanol synthesis**

Conventiondl  liquid phase reectors atempt to dissolve gaseous hydrogen into the
liquid reactant, where it is then trangported to the catdytic surface, dissociates, and
reects. The dissolution of the hydrogen is achieved by bubbling hydrogen through the
packed bed, or by intense mixing in a durry reactor a high pressures. Despite the use of
pressures ranging from 1-1000 atmospheres, the solubility of hydrogen remains low. As a
result, most conventiond reectors are limited by the rate of hydrogen transport to the
cadys surface®® An exception is the hydrogenation of edible oils, which is usudly
limited by the rate of heat remova. Bubbling the gas through a packed bed aso requires
large compressors, both to pressurize the hydrogen initidly and to recycle the gas tha

does not dissolve:*? Figure 2.2 gives an example of this type of reector.
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Figure2.2: A conventional slurry hydrogenation reactor and associated processes. Adapted from .
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The temperature of the reaction must be carefully controlled. Typica temperatures for
hydrogenations range from 120-400°C. Higher temperatures increase the reaction rate,
but usudly reduce the sdectivity of the reaction, dlowing more sde reactions to occur.

Elevated temperatures also reduce catalyst life due to coking and similar blockages.*?

An engineer desgning a conventiond hydrogenation reactor has a number of variables
with which to optimize the performance. Increases in temperature, pressure, agitation
rate, and catadys loading dl increase the reaction rate, but with varying effects on
sdectivity. The rate of hydrogen supplied to the reactor and the catayst choice dso affect
the sdlectivity, as can the presence of solvent.*? Many years of refinement in this area has
led to the efficient operation of these reactors, dthough safety remains an important

issue,

2.2.2. Palladium Membrane Reactors

A second type of hydrogenation reactor uses a thin membrane of pdladium metd.
Pdladium has a uniqudy high permesbility to hydrogen, and it is dso an active catdyst
for many types of hydrogenation. Membranes are created by deposting a thin layer of
paladium metal onto a porous support, such as porous sainless sted, porous ceramics, or

Vycor glass by one of severad different deposition methods.*

The mogt widdy dudied reaction in  pdladium membrane reectors is the
dehydrogenation of saturated hydrocarbons. Typicaly, these reections are performed in

conventiona reactors over platinum-group meta catadysts. The reactions are equilibrium
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limited, but can be pushed towards the product via eevated temperatures, usudly 700-

800°C.

Studies have concluded that countercurrent paladium membrane reectors, where gas
phase cyclohexane is reacted near a paladium membrane with a low pressure sweep gas
on the other side, can produce nearly 100% conversion to benzene®® In these reactors, the
membrane acts to remove hydrogen from the reactant stream, dlowing the reection to
proceed to completion. Membranes made from aloys, such as Pd-Au-Ag, which are more
permegble to hydrogen than pure Pd, show faster overdl reaction rates. The membrane,
however, is dso shown to play little pat in the cadyss of the reaction. Insteed,
conventiona catayst packed on the reactant side of the membrane is respongble for the
reaction. *® Such reactors have shown similar results for the steam reforming of methane

and methanal. 4°

Pdladium membrane reactors provide a way to smultaneoudy react and separate a
given mixture, amilar to reactive didillation. Such a reactor reduces the number of unit
operations required for a given process. Temperatures around 500°C are till required for
the reaction. By comparison, the reactors studied in the present work are capable of
dehydrogenation reactions at room temperature and can remove generated protons by

using an gpplied voltage as the driving force.
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2.2.3. Polymer Electrolyte Membrane Hydrogenation Reactor s

Polymer eectrolyte membrane hydrogenation reactors (PEMHRS) are eectrochemica
sysdems usng a polymer membrane to sepaae the anode and the cathode. The
membrane used in the current work is Nafior® (DuPont), which is a sulfonated
fluoropolymer. The sulfonic acid groups form duders, or ionic domans within a
fluorocarbon matrix. In an agueous environment, these clusers swel with water,
hydrating the sulfonic acid groups and creating a cation-conducting eectrolyte within the

dusters?’

In a polymer eectrolyte membrane hydrogenation reactor, the membrane separates two
compartments, each with an dectrode. For hydrogenation reactions, water is circulated
through the anode compartment, while the liquid to be hydrogenated is placed in the
cathode compartment. When a voltage is applied to the eectrodes, the water undergoes
eectrolyss, solitting into oxygen atoms, protons, and eectrons. The dectrons are carried
out through the anode, while the protons, under the influence of a concentration gradient
and the dectric field, migrate through the membrane via the swollen ionic domains. Two
oxygen aoms combine to form molecular oxygen on the anode and leave the system in

the form of gas bubbles.

Hydrogenation occurs once the protons reach the cathode. At the cathode, the protons
are reduced to atomic hydrogen, which then react to hydrogenate unsaturated compounds
in the catholyte. It is aso possible for two hydrogen atoms to react and leave the system

as hydrogen gas.
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PEMHRSs have severd advantages over conventiond hydrogenation reactors. When the
protons reach the cathode, they are converted into adsorbed hydrogen atoms directly.
Elevated pressure to dissolve molecular hydrogen in the liquid is not required. By
controlling the current dengty, the rate of hydrogen supplied to the surface can be easly
controlled. The use of water as the hydrogen source limits PEMHRs to operation below
100°C unless pressurized. The lower temperatures dlow thermaly ungtable molecules to
be hydrogenated while using the gavanodaticdly controlled current densty to increese
the trangport rate of hydrogen to the surface, compensating for the decreased reaction rate

constant.

PEMHRs are dso rdatively easy to set up at the laboratory scale, and they are much
safer than conventiona reactors. A conventiona reactor mixes hydrogen, a catays, and
flanmable hydrocarbon together at high temperature and pressure. Introducing a smdl
amount of oxygen to the system, perhaps from a lesk, is enough to cause a catastrophic
exploson. PEMHRs do not use compressed hydrogen, operate a lower pressures and
temperatures, and haf of the liquid in the reactor a& any given time is water, making them

considerably safer.

Research on PEMHRs has been limited to only a few groups. Most of the early work
was peformed by Ogumi.*®>? His group studied hydrogenation of olefins, but most of
ther remaning work was in oxidation of organic molecules or reduction of other

functions such as nitro groups in a PEMR. Sarrazin developed a water eectrolyzer based
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on the PEMHR principle®® More recently, Pintauro et d. studied the hydrogenation of
edible oils in a PEMHR.383%°* Other recent work®®® has focused on other unique

goplications of PEMHR-style reactors, such as dectroreduction of CO,, dbet with

limited success.

The PEMHR was chosen for study due its unique control parameters, such as the
ability to directly control the rate of formation of surface adsorbed hydrogen by atering
the current. Before a PEMHR can be agpplied to desulfurization, however, severd

fundamental aspects of its operation need to be determined.
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3. Reaction Mechanismsin Polymer Electrolyte Membrane

Hydrogenation Reactors

3.1. A Comparison of Catalytic Hydrogenation Mechanisms in Polymer

Membrane Hydrogenation Reactors

3.1.1. Introduction

Hydrogendtion reactions are an integrd pat of the manufacture of many chemicas,
from pharmaceuticas to petrochemicds. Most hydrogenations are performed in two- or
three-phase reactors in which the gas or liquid to be hydrogenated is mixed with
hydrogen over a catalys, typicdly Pt-group metas or dloys. The rate of reaction can be
controlled in severa ways including dtering the partid pressure of hydrogen in order to

increase the concentration of hydrogen on the surface of the catalyst.

The polymer dectrolyte membrane hydrogenation reactor (PEMHR) peforms
hydrogenations using hydrogen produced from eectrolysis of water®® A polymer
electrolyte membrane separates the water from the organic phase. A porous catayst on
an dectricaly conductive support (eg. carbon) is pressed againg the polymer membrane
a the organic dde of the membrane this forms the essentid three phase interface

between the polymer eectrolyte membrane (PEM), the catdyst, and the organic phase.
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A second eectrode is placed in the agueous phase; it does not need to be in direct
contact with the polymer membrane. When a voltage is applied between the eectrode in
the agueous phase (the anode) and the eectrode a the membrane-organic phase interface
(the cathode), water is oxidized a the anode, generating molecular oxygen and protons.
The protons move through the membrane driven by an eectricd potentia gradient. The
membrane is permegble only to cations, so only protons move through the membrane.
An dectron current passes through an externd circuit from the anode to the cathode to
balance the ion current. The protons and eectrons recombine & the cathode, directly
forming surface adsorbed hydrogen. The cathode may then act as a catdyst to promote
the hydrogenation of an unsaturated compound. At steedy dstate, the adsorbed hydrogen
formed a the cathode ether hydrogenates the organic or combines with another adsorbed
hydrogen atom and desorbs as H; the current is equd to the sum of the rates of these two
reections multiplied by two. The reection sdectivity is the rate of the hydrogenation

reaction divided by half the current.

The route of formation of the surface adsorbed hydrogen differentiates the PEMHR
from conventiond three phase hydrogenation reactors. A conventiona hydrogenation
reactor relies on the dissociative adsorption of di-hydrogen molecules. In the PEMHR,
adsorbed hydrogen is formed directly during reduction of the protons. Both sources of
hydrogen form adsorbed hydrogen on the catayst surface®’ The advantage of the
PEMHR is that adsorbed hydrogen can be supplied to the catalyst surface in a liquid

phase without the need for high pressure.
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In a conventionad hydrogenation reactor usng molecular hydrogen, the partid pressure
of hydrogen dictates the rate of hydrogen adsorption onto the catalyst surface. In a
PEMHR, the applied current is a direct meassurement of the rate of arriva of protons to
the catadyst surface, where they become adsorbed hydrogen. Increasing the current is
andogous to increasing the partia pressure of hydrogen in a conventiond three phase

reactor, as both increase the rate of arrival of hydrogen at the catdyst surface.

Since adsorbed hydrogen can be formed directly on any cathode surface, metas that do
not readily dissociate hydrogen might be activated for hydrogenations in a PEMHR. To
examine this posshility and to confirm the andogy between current dendty and partid
pressure, a PEMHR was used to evaduate the hydrogenation of olefin and ketone groups
on the Pt group metads, known for ther cadytic activity, and Au group metds, which are

typicdly inective.

3.1.2. Experimental

Catalytic cathodes were made using Pt, Pd, Ni, Au, Ag, and Cu by suspending 50 mg
of the powdered metal in aout 20 mL of isopropanol. The nomind metd particle sze
was 0.3-2.5 mm. 125 mg of 5 wt% Nafion solution (lon Power, Inc., Liquion 1100) was
added to the suspension. The suspension was sprayed onto carbon cloth (E-tek, Inc., Type
B-1) using an artist’s airbrush. The metd loadings were circa 8 mg/en? and the Nafion
load was 1 mg/cn?. The resulting layers of meta powder on the electrodes were evenly
dispersed. The dectrodes were dried a 60°C for 1 hour and then 140°C for 20 minutes.

The dectrodes were pressed onto Nafion 115 membranes (lon Power, Inc.) for 3 minutes
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a 140°C a 1.7 MPa. A Pt mesh anode was suspended in close proximity to the plain

Nafion sde of the membrane- e ectrode-assembly. This processis shown in Figure 3.1.

The reactor consigts of two graphite plates with a serpentine flow channel, as shown in
Figure 3.2. The graphite plates were backed with duminum blocks with a Teflon spacer
between. The Pt mesh anode and the pressed membrane/dectrode were sandwiched
between the graphite plates and the whole assembly was bolted together. A Viton gasket

sedled the membrane—graphite interface. The total active areaof the cell is 5 cnf.

A solution of 40 mL Zdecene (Fluka, 95%) and 400 mL cyclohexane (Aldrich, 99%)
was prepared for the olefin studies. A solution of 29 mL 4 heptanone (Alfa Aesar, 98%)
and 400 mL cyclohexane was prepared for the carbonyl hydrogenation studies. A 1:10 by
volume solution of acetone (Fisher, 99.5%) in delonized water was aso prepared for the

carbonyl hydrogenation studies.
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Figure 3.1: Photographs of sample MEAs created by the airbrushing technique. On left, an MEA
after pressing showing good dispersion of Ag powder over the initially black carbon cloth. On right,
spraying of Cu powder onto carbon cloth using the airbrush. The carbon cloth is pinned & one edge

between glass slides during spraying.
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The reactor was run in batch mode usng the design shown in Figure 3.3. Ten mL of
eech solution were circulated through the reactor for one hour, permitting sufficient
converson to effectivdly measure the products with gas chromatography. The anode was
fed with 20 mL of 0.1 M HSO,. The sulfuric acid permitted the anode to be separated
from the membrane to promote uniform proton current didribution with negligible
voltage drop. The proton current from the anode to the cathode was controlled by a
gavanodat (Arbin Insruments MSTAT4+). In the studies reported here the current was
limited to 0-30 mA cm? (typicaly the applied voltage was ~ 2V). All reactions were
performed a 50°C. After the reaction, each organic solution was anayzed by gas
chromatography for the reactant and saturated product. Smal amounts of octane (or
ethanol for the acetone solution) were added to the stock solutions for use as an internd
sandard. Cdibration of pesk area was peformed usng solutions of known product

concentration.
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Figure 3.2: Photgraphs of the membrane reactor. Clockwise from top left are 1) the two reactor
plates with gaskets, 2) detail of one reactor plate showing flow channels and o-ring groove; 3)
previous version of reactor in operation with galvanostat and cartridge heaters attached; 4) previous
version of reactor showing flow channels and gaskets; and 5) assembled reactor showing aluminum

backing platesand Teflon tubing adapters.
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3.1.3. Results

3.1.3.1. Olefins

Only Pt and Pd showed ggnificant activity for the hydrogenation of 1-decene to
decane under the experimenta conditions. Figure 3.4 and Figure 3.5 show the variation in
rate of hydrogenation with current densty, i. Pd was dlightly more active than P,
conggent with observations in conventiond hydrogenation reactors and in  previous
studies of this type of reactor.>® The reaction rate for olefin hydrogenation over Pd and Pt
increased with the sguare root of the current. Decene hydrogenation was 100 times
dower on Ni and Cu, Ag and Au catayds as shown in Fgure 3.5. Proton current to
electrodes with these metals primarily evolved hydrogen gas. There was no systemdtic
vaiation of rate of olefin hydrogenation with current for the low activity metds, the rates
of hydrogenation on Ni and the group IB metds dl seem to be independent of the

current.
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Figure 3.4: Rate of hydrogenation of 1-decene over various catalysts. Lines are fits to ki®®. The values

of k arelisted in Table3.2.
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3.1.3.2. Ketones

Under the experimentd conditions, none of the metds showed activity for
hydrogenation of 4-heptanone. Similar results have been previoudy reported®® One
posshble explanation of this result is that the butyl chains sericaly block access to the
adsorbed carbonyl. Acetone hydrogenation over Pt and Cu was examined, and the results
are summarized in Fgure 3.6. The rate of acetone hydrogenation over Pt was one order
of magnitude less than for decene on Pt. The rate of hydrogenation of acetone over Cu
was gpproximately one order of magnitude less than that over Pt, but it was comparable
to the rate of decene hydrogenation over Cu. The extremdy low reectivity of 4heptanone
compared to acetone siggests that there is a geric effect caused by the dkyl chains, with
longer chains blocking access to the carbonyl. The reldive reection rates are summarized

inTable3.1.

Table 3.1: Relativerates of hydrogenation of olefin and ketone speciesin a PEMHR.

Cathode Reative hydrogenation reection rate
Pt 1-decene > acetone >> 4-heptanone
Cu 1-decene” acetone >> 4-heptanone
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Figure 3.6: Rate of hydrogenation of acetone over Pt and Cu catalysts. Lines are fits to the Tafd /

Langmuir-Hinshelwood mechanism and the power law, ki®".

3.2.

The fit parameters are listed in Table
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3.1.4. Discussion

The results of the olefin and carbonyl hydrogenation study, shown in Figure 3.4
through Fgure 3.6, reved important mechanidic information about hydrogenations in
PEMHRs. Catdytic hydrogenations are generdly accepted to follow the Horiuti-Polanyi
mechaniam in which the addition of the firg hydrogen atom to the adsorbed organic
molecule is rate limiting.%*®° Different rate laws and reaction sdlectivity can be derived
from this sating point, each yidding different reaction orders depending on the reection
deps involved with molecular hydrogen formation. Due to the complexities associated

with most hydrogenation reections, rate laws are often determined empiricaly in the form

rate=kP; P’ ., where R, is the partid pressure of reactant n and x and y are between 0-

H, " unsat ?

1.60

Figure 3.7 summarizes the steps for hydrogenation by the Horiuti-Polyani mechanism.
The rate of adsorbed hydrogen formation is equa to the current. Adsorbed hydrogen
aloms add sequentidly to an adsorbed unsaturated hydrocarbon molecule. The rate-
limiting step is normaly hypothesized to be the addition of the firs hydrogen. Adsorbed
hydrogen can dso recombine and desorb from the catalyst surface. Two common
mechanisms for hydrogen recombination found in the literature ae the Langmuir-
Hinshelwood desorption mechanism where associative desorption occurs between two
neutral hydrogen atoms from the surface, and an Eley-Rided mechanism in which a
neutrd hydrogen atom on the surface reacts with an incoming proton in a combination
reduction-desorption step.%! In the dectrochemica literature these are cdled the Tafd
reection and the Heyrovski reaction respectively. These two mechaniams result in
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different functiond reationships between current and hydrogenation rate. Figure 3.7
shows the geps in these mechanisms and the resulting rate laws. The rae laws ae
amplified by assuming a condant coverage of organic species, equivdent to assuming
non-competitive adsorption which has been suggested to occur.®? The two rate laws each
have a dngle adjudable fitting parameter. The parameter to fit the Eley-Rided
mechaniam is the group kyQu/knn, where Qu is the surface coverage of unsaturated
hydrocarbon, ky is the rate congant for the firs hydrogen addition and kpy is the rate
consant of molecular hydrogen formation by the Heyrovski reection. The fit parameter
for the Langmuir-Hinshdwood mechanism is (kyQu)%/2kyr, where kyr is the rate

congtant for molecular hydrogen formation by the Tafd reection.



Chapter 3.

Reaction Mechanisms in Polymer Electrolyte Membrane Hydrogenation Reactors

H'+e +*® H,

U+*® U,

Ho +U o %98® UH

UH +H, ®
S, ® S+*

Proton reduction

Reactant adsorption

1* hydrogen addition (RLS)
2™ hydrogen addition
Product desorption

Heyrovski / Eley-Rideal

Tafel / Langmuir-Hinshelwood

Hp tH +e %%% H, +*

2H,, %:%® H, +2*

=K Qu -k Qs

y =
i
Q,=—=%

kHHE+kUQU

i

r=kQuQ =—=&

&Ky Ol

kQu F

Rate Law

ke @ +QUQ
Q :%—i +%JQU (..jzig./z_kJ_QU
TERG, €2, gt 24

Hydrogen Desorption

Figure 3.7: Comparison of two common hydrogenation mechanisms. Rate eguations are simplified

by assuming constant surface coverage of organic. F is Faraday's constant, U is the unsaturated

organic species, and Sisthe saturated or ganic species.



Chapter 3. Reaction Mechanisms in Polymer Electrolyte Membrane Hydrogenation Reactors

Fgure 3.8 provides a comparison between the fit of these two mechanisms to the
experimental data for hydrogenation of tdecene. The power law fit of k%2 is dso shown.
All three laws match the experimenta data well; the data does not discriminate between
the modds. All of the fitting parameters are given in Table 2.

The two mechanisms shown in Figure 3.7 both predict reaction rates lower than the
experimenta vaues a low current dengty. The reaction rates a low current, particularly
on Pd, may be higher than expected due to pdladium’s ability to absorb hydrogen into
the bulk in large quantities®®, an effect enhanced by the negative potentia applied to the
cathode. Absorption into the bulk may lower the rate of desorption of hydrogen, though
this hydrogen is dill adtive for hydrogenations®® An dternaive explanation is that the
predicted rates should be higher a the low currents and the mode over-estimates the
reection rates a high current dendty. This could be the case if hydrogen adsorption and
recombination on the carbon support became sgnificant when the hydrogen coverage on

the metd catalyst surface became saturated.

The andogy between current and hydrogen pressure becomes clear upon closer
ingoection of the rate laws derived in Figure 3.7. The Eley-Rided mechaniam with the
amplifying assumption of congstant organic surface coverage becomes a monomolecular
adsorption (of HY) followed by a surface reaction first order in hydrogen coverage. If

such areection occurred from the gas phase, the resulting rate law would be

r = ﬂ (31)
1+k,P,

where Py is the pressure of the “monomolecula” hydrogen gas. This familiar rate law is

the same form obtained in Figure 3.7, but with pressure replacing current.
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The reationship between current and pressure dso aises in the Langmuir-
Hinshdwood mechanism from Fgure 3.7. In deriving kinetic expressons of this type, the
seady date surface coverage of a species is found by equating the rates of adsorption and
desorption. Following Langmuir®, the rate of adsorption of hydrogen from the gas is
kP4(1-Qn)% In a PEMHR, the rate of adsorption is i/F. The current term in any of the
expressons in the Langmuir-Hinshdwood mechanism shown in FHgure 3.7 can be
replaced by kP4(1-Qn)? to yidd the same result as if the derivation were performed for a

gas phase reaction.

In addition to the mechanisms presented in Figure 3.7, the data is aso well fit by k°°.
Dependencies of (P42)*° ae found in traditiond caaytic hydrogenation studies®™ and
result from one hydrogen @om beng involved in the rae limiting sep. The Tad /

Langmuir-Hinshewood mechaniam in Figure 3.7 shows avery smilar dependence.

Table 3.2: Fitting parameters for all mechanisms. Current density, i, has units mA cm? except in the

power lawsin which the unitsarenmol sec* cm™.

1-Decene Acetone
Rate Law Parameter Pt Pd Cu Pt Cu
Tafel / Langmuir-Hinshelwood | (KuQu)?/2kur | 105  31.6 0.338  0.0016
Heyrovski / Eley-Rideal kuQuknt | 585 121.8
Rate = ki’® K 3.66  5.47 0.042
Rate = ki®"® k 0.333  0.0248
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The acetone hydrogenation results, shown in Figure 3.6, are not fit particularly wel by
gther of these rate laws. Instead, a better fit was obtained with a power law with
exponent 0.75 for both Pt and Cu. The exponent in this fit is perhaps a result of the
averaging of two competing mechanisms or multiple rate limiting steps, one with the 0.5
power seen with the olefin, and the other with a linear dependence on current. Such a
dtuation might aise from nonuniform didribution of protons ariving a the cadyd,

leading to some areas where hydrogenation is rate limiting (0.5 power) and others where

hydrogen supply islimiting (1.0 power).

It can be concluded from these results that the rate of hydrogen formation on the
surface of the catalyst is not the rate limiting step for current densities above 3 mA cm?,
as suggested previoudy.>® If proton reduction were rate limiting, the plots in Figures 24
would be linear with current. All the data show that the rate incresses less than linearly
with current, especidly a high current dendty. This concluson is further supported by
the absence of reaction on the ineffective catdyst metals. If hydrogen adsorption were

rate limiting, reaction would occur on dl of the metals when current is goplied.

The current dendity (or pressure for gas phase reactions) necessary to shift the reaction
from mass trangport limited to reaction limited depends on the reative rates of mass
transgport and surface reaction. A fast surface reaction will require large currents or
pressures to become reaction limited. In this sudy, the rates of hydrogenation on Pt and
Pd are accderated by increasing the current dengity, suggesting that the reaction rate is of

a Smilar order of magnitude as the rate of mass trander. On the ineffective cadydts,
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however, the rate of reaction is independent of current, suggesting a much dsower
reection rate. When the rate of surface reaction is dow the adsorbed hydrogen primarily
reacts by recombination and desorption as Hy. In the rate laws lised in Figure 5 this
corresponds to the first term on the right hand sde of the rate laws being dominant. The
rate of mass trangport is controlled by the current and is therefore the same on both the
active and inactive catdysts, but the reaction sdectivity depends on the cataytic activity.

In aPEMHR the rate determining step and reaction selectivity changes with the current.

In cataytic reections using gas phase hydrogen, the rate limiting step changes with
pressure; the overdl reaction is limited by mass trandfer of hydrogen to the surface
(adsorption) a low pressure and then shifts to surface reaction limited at higher pressures.
Increasing agitation speed in a durry reactor can have the same effect of reducing mass
tranfer limitations, causing a shift in rate limiting sep.®®’ Pressure or mixing is

employed to alter the reaction rate in conventiona hydrogenation reactors.

For example, the Langmuir-Hinshelwood rate law for a generic surface reaction A + B
® Cis

dn, - -k A . (3.2)
dt (1+ bR, + bDPB+bCPC)

where Py is the partid pressure of species x and by are condants. This type of rate
equation is representative of hydrogendion reactions where A is the olefin, B is hydrogen
and C is the paraffin product. At low pressures of B, the rate gppears first order in B. The
rate then passes through a maximum a moderate pressures of B. At higher pressures of
B, species B displaces A on the surface and the reaction rate decreases.
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Andogoudy, the rate-limiting step in PEM hydrogenation reactors may change from
being linear in current & low current dengty (relaive to the rate of the surface reection)
to less than linear a higher current dendty. At very high current dersity, the hydrogen
gas generation may displace the organic a the dectrode surface, causng a decrease in
reaction rate. A maximum in the rate of hydrogenation was not observed here because the
rate of Hy generation became disruptive to the measurements before that point could be

reached.

Hydrogen surface coverage is the true controlling variable for cataytic hydrogenation.
In gas phase reactions the hydrogen pressure is manipulated to control hydrogen
coverage. In the PEMHR the current is manipulated to control the hydrogen coverage.
Idedly the rate should be related to the current supplied to the active catdyst surface.
Some of the proton current can aso be reduced on the carbon eectrode support, where
hydrogen diffuson and/or recombination can occur. Idedlly the current densty should be
based on the active caldys area, as reection raes are normdized to the active catayst
area for supported metas. In a PEMHR, active catdyst must be accessble to both the
organic and the proton current to ensure that the two reactants mix on the surface.
Cadytic eectrodes with extremdy high surface areas, such as those conggting of
supported metal particles, may have a lower hydrogen surface coverage a a given current
than one of the same sze with a smooth surface. High dectrode surface area-to-current
ratios are equivaent to very low hydrogen partia pressures, since the true current dengity

(defined per unit surface area of the meta) is very low. Because of the complex Structure
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of the cathode/polymer eectrolytelhydrocarbon interface, good andytic tools to identify
the active catdyst surface are not avalable We have followed tradition and reported

current density based the geometric area of the eectrode.

3.1.5. Conclusions

Hydrogenation with a PEM hydrogenation reactor is damilar to traditiond catdytic
hydrogenation, with the added benefit of generating high surface coverages of hydrogen
a ambient pressure. Current dendty in a PEMHR is anadogous to hydrogen partia
pressure in a conventional catalytic hydrogenation reector. The rate of hydrogenation of
1-decene in a PEMHR is limited by the addition of one atom of hydrogen to the adsorbed
olefin rather than the rate of hydrogen adsorption onto the catdys for dl of the Pt and Au
group metdls. The rate is well fit by a rate law in the form k®°, analogous to rates found
in conventiond hydrogenation reactors.  Aliphatic ketones hydrogenate much more
dowly than olefins a the experimental conditions. Acetone hydrogenated one order of
megnitude sower than Xdecene on Pt, and 4heptanone did not react, suggesting a steric
effect blocking access to the centra carbonyl. Acetone hydrogenation over Pt and Cu was
fit by ki®"®, suggesting a more complex mechanism for this reaction. Since the
hydrogenation mechanisms in PEMHRs are catdytic, the true hydrogen surface coverage
controls the rate of reaction rather than current dendgity, which is often not defined in
terms of the surface area of catalyst but rather in terms of the geometric area of the

electrode.
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3.2. Electrochemical Reactionsin a Polymer Membrane Reactor

3.2.1. Introduction and Theory

In the preceding sections, hydrogenation reactions occurring in a PEMHR were shown
to be cadytic. These reactions are exothermic and are thermodynamicdly favorable, but
rey on the interaction between the reacting molecules and the catalytic surface. Another
type of reaction is ds0 possble in PEMHRs. eectrochemica reactions. Electrochemica
reactions are driven by the potentid a one of the two eectrodes and can be

thermodynamically unfavorable (positive DGyn).

The dehydrogenation of isopropanol is used to demondrate the differences between
catalytic and dectrochemica reactions. This reaction is the reverse of the hydrogenation
of acetone reaction discussed earlier. Like most dehydrogenation reactions, it has a
postive DGy = 27.6 kImol and is driven by the postive potentid at the anode. In the
current study, water eectrolyss competes with isopropanol dehydrogenation. The charge
is balanced for both reactions by the reduction of protons at the cathode to form H. The

mechanism for these reactions is given as Figure 3.9.
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Dehydrogenation of isopropanol

Isopropanol + M 3/4_3/14@ C,H,O---M +H" +€&  (oxidative adsorption of isopropanol)

C,H,O---M %.g/z/@ Acetone---M +H" +¢ (oxidation of adsorbed isopropoxide)
Acetone---M 34435 2 Acetone+ M (desorption of acetone)

Electrolysis of water

HO+M %,%@ HO---M +H*'+¢e (oxidative adsorption of water)
HO---M 3/4|§€/A® .O---M+H "+e (oxidation of adsorbed hydroxide)
O---M 2@;@ 10,+M (oxygen recombination and desorption)

Figure 3.9: Reaction mechanism for the dehydrogenation of sopropanol and electrolysis of water.

Theremoval of thefirst electron isratelimiting in each mechanism.
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Assuming the removd of the firs éectron and proton from isopropanol and water is
the rate limiting step, the mechanisms shown in Figure 3.9 suggest the rate law shown in
equation (3.6). The expresson derived dates that the rate of dehydrogenation of

isopropanal is the total current times the sdlectivity for the isopropanol reaction over the

water reaction.,
fo = KilISOpropanol]M g, exp(a,F e(i)/(RT)) (3.3)
fw = Ky [WateM g, exp(a,F e(i)/(RT)) (3.4)
ri:ao = (I/(ZF ))(riso/(riso-l_rwater )) (35)
aei_9
(= 82F o (36)

1+ (;a(wate’ 9& [HZO] 96X aéawater - aiso)F e(l)/ 9
é ke, gellsopropanol ] § RTS

where F is Faraday’s congtant, e is the potentia of the anode, i is the current density, and

a is the asymmetry factor which accounts for differences between the forward and

reverse reaction mechanisms.

Equation (3.6) suggedts that the rate of dehydrogenaion should be a linear function of
current if the two asymmetry factors are the same. The asymmetry factor for any reaction
is 0.5 if the reaction has the same forward and reverse reaction mechanism. Also, if the
reaction is eectrochemicd, the anode materid should not affect the reaction rate, in

strong contrast to a cataytic reaction.

3.2.2. Experimental

The dehydrogendtion reection was peformed in the PEMHR usng 10 vol%

isopropanol in DI water, with 0.1 M H>SO, as the supporting dectrolyte. The same
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solution was used on both sdes of the reactor due to the high permeability of isopropancl
through Nafion. The reaction was performed over Pt mesh and carbon cloth anodes using
a Pt mesh cathode. The reaction temperature was 50°C and reaction time was 1 hour. The
same experimenta setup and protocols were used as for the acetone hydrogenation

described previoudy. Product analysis was performed by gas chromatography.

3.2.3. Resultsand Discussion

Figure 3.10 confirms the eectrochemica nature of this reaction. On the Pt anode, the
rate of dehydrogendaion of isopropanol is linear with current, as predicted by equation
(3.6). On the C anode, the rate is linear a low current but reaches a maximum at higher
current. The reaction rate over C is aso predicted by equation (3.6) by assuming that aix
? aw. The difference in the asymmetry factors over C likdy arises from a surface
interaction of the isopropanol or an intermediate with the carbon causing the mechanism
of the dehydrogenation to change dightly. Figure 3.10 aso demonsrates how the
dectrode maerid has little effect on the rae of the reaction. Until the asymmetry
difference becomes dominant at high current, the rate of dehydrogenation over Pt and C

areequd.
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Figure 3.10: Rate of dehydrogenation of isopropanol over Pt and C anodes. Lines are fits to EQ.
Fitting parameters for Pt are ky/Kis, = 0.0135, ay-aiso = 0. Parametersfor C are ky/kjso = 0.0102, a -

aiso = 0.026.
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The dehydrogenation of isopropanol clearly demondrates the difference between a
cataytic and an dectrochemica reaction. Electrochemica reactions are less sendtive to
electrode materia and surface area and the rate limiting step involves a charge trandfer.
Because charge trander is rate limiting, more gpplied current yidds a higher reaction
rate, unless asymmetries exist between competing reactions, as observed with the carbon

anode.
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3.3. Desulfurization in a Polymer Membrane Hydrogenation Reactor

Numerous dtempts were made to achieve desulfurization reections in a polymer
membrane reactor. The most reective species, dkanethiol, was tested in a PEMHR using
Pt, Pd, Cu, Al, Pb, Fe, C, Co-Mo (deposited on C from the sdlts), and Ag electrodes.
Solutions of 10 vol% dodecanethiol in cyclohexane were reacted at current dendties from

1-15 mA cm, and dso under cyclic voltage and current programs.

Adsorption of thiol was evident on high surface area carbon dectrodes, and a trace
amount of the desulfurization product, dodecane, was detected. The production of
dodecane from activated carbon electrodes probably results from surface adsorption and
reaction. No application of current or voltage was able to regenerate the surface to alow
the reaction to continue once the initial trace amounts of thiol had adsorbed and reacted.
This result is condggent with the difficulty of regenerating high surface area adsorbents

for desulfurization, which typically require cacination.®®

Pb dectrodes, which are capable of high energy eectroreductions®®, aso were unable
to reduce thiols. The only product observed was lead thiolate, described in the following
chapter. Cu eectrodes produced a smdl amount of a waxy polymeric materia, but no
dodecane was produced. The other metas were completdly ineffective in reducing thiols

under any conditions.

Cydic voltammetry was performed for Cu, Ni, Pb, Ag, Pd, and Pt dectrodes to

determine if any reections involving an eectron transfer, such as a direct eectroreduction
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of thiol, were occurring. Electrodes of each metd were submersed in solutions of
gpproximately 60 vol% ethanol and 36 vol% deionized water. The kAance of the solution
is sulfuric acid (supporting dectrolyte) and the sulfur compound of interest. The counter
electrode was a Pt wire. Potentid was controlled with an Arbin MSTAT4+ battery testing
dation. The potentiadl was referenced againg a Pt wire in the same eectrolyte solution.
The potentid window was experimentdly determined for each compound by scanning

until the current exceeded about 10 mA.

No irreversble reduction of thiol was observed for any of the Studied eectrodes,
dthough Ag woud react with some sulfur compounds to form a non-adherent layer of
A®pS. Unfortunately, the metd was not ale to be completdy regenerated by
electrochemicd means, leading to the digntegration of the eectrode. Figure 3.11 shows
the cydic voltanmmogran of an Ag dectrode in an dectrolyte solution containing
tetrahydrothiophene. The difference in sze of the anodic (downward) and cathodic
(upwards) pesks is the amount of metal that cannot be regenerated. The use of a Ag

electrode in the PEMHR was unsuccessful in producing any desulfurization products.

While sulfur compounds were observed to interact with severa of the metds in a
potential-dependent manner, the lack of a reduction reaction occurring at the surface,
ether cadytic or eectrochemicd, suggests tha PEMHRs ae not uited to
desulfurization reections. The high temperatures and specific catdysts required for HDS

ae not possble in a PEMHR. Additiondly, economics requires that any desulfurization
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reaction occur quickly to minimize the necessxy reactor area. Other techniques for

desulfurization are therefore required.
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Figure 3.11: Cyclic voltammogram of an Ag electrode in a tetrahydrothiophene solution. The anodic

(oxidation) current increases with sulfur concentration, indicating the production of more Ag.S. The

smaller cathodic wavenear 0V isthereduction of some of the Ag,S.
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4. Removal and Recovery of Alkanethiols

Thiols are present in petroleum from many parts of the world. The “sweet” designation
of crude refers to low thiol content, while “sour” petroleum has high concentrations of
thiols. Alkanethiols are aso produced in HDS reactors by the reaction of olefins with S
present in the reactor. Here we present a new process for the remova and recovery of

dkanethiols from petroleum.

4.1. Chemistry and Reactions

4.1.1. Introduction

The removad of thiols from hydrocarbon sreams, such as petroleum, has been a
concern since the earliest days of refining. Thiols have a strong and unpleasant odor and
aso can be acidic. The remova of thiols from petroleum is commonly called swesetening.
Most crude oils contain some thiol species, and a few contain dgnificant quantities of

thiols.”®

Over the past fifty years, the remova of sulfur from petroleum products has become an
essential part of the refining process. Sulfur poisoning of Pt reforming catalysts led to the
widespread use of hydrodesulfurization (HDS).}*"* HDS reacts organosulfur compounds
with hydrogen over a catdys at elevated temperature (T = 300-450 °C) and pressure (P =

35-270 bar) to produce a hydrocarbon and H,S.** The feedstocks trested by HDS are
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primarily those used for cadytic reforming to meke gasoline. Desulfurization of diesd

fuel is now required to meet new environmental emissions standards.”?

The reaction described here provides the basis for a smple, low temperature method
for the removd of thiols from a hydrocarbon stream. In this reection, thiols are converted
directly to insoluble metd thiolates by heterogeneous reaction with certain metd oxides
or hydroxides. The thiolates can then be mechanicdly filtered from the hydrocarbon
dream. The metal and the origind thiols can then be recovered in a reactive liquid-liquid
extraction step. This reaction could form a process to complement conventional HDS Ly

reducing the sulfur load on an HDS reactor while recovering the thiols for other uses. "

The reaction is based on thiolate chemigtry in which thiols react with meta ions to
form metd thiolates’® "’ Most work in this area focuses on the reaction of thiols with
agueous solutions of heavy metd sdts”” " or with surface reactions on metas®®®* and
meta oxides®®’ The reaction system applied here is distinct from these works because
the reaction removes ions from the surface of the oxide, dlowing a dense oxide particle
to be completdly consumed. While the heterogeneous reaction was admost certainly
observed previoudy, the reaction is absent from much of the literature®®8° Sources
indicating that such a reaction occurs do not specify the reaction.”® We demonstrate here
some prediminary resuts of the heterogeneous reection between a liquid thiol and a solid
metd oxide to form a solid thiolate and water, and agpply this obscure reaction to the
modern day problem of removing and recovering thiols from a hydrocarbon mixture. An

example reactionwith PbO is
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PbO+2RSH ® PH(SR), +H,0 (4.1)

The reaction works with any combination of thiols and meta oxides that form stable,
insoluble thiolates. We have found numerous oxides and hydroxides of Pb, Hg(ll), and

Bato react with dkanethiols.

The reection of thiols with these metd oxides or hydroxides occurs quickly and
completely at room temperature and atmospheric pressure. Under these conditions, the
thiolates are solid and insoluble in either agueous or hydrocarbon liquids, consstent with

older studies of Po thiolates.”®

After separation of the thiolates from the hydrocarbon solution, the recovery of the
metals is achieved by reective extraction with a dilute oxidizing acid. The choice of acid

depends on the metal sAt desired. An examplereaction is
Pb(SR), +2HNO, ® Pb(NO,), +2RSH (4.2)

This smple process uses inexpendve maerids and very little energy compared to

conventiona desulfurization techniques.

Potentidly  reactive oxides ae identified through smple thermodynamic
congderations. The reaction of a thiol with a meta oxide involves the bresking of an SH
and an M-O bond and the formation of an M-S and an O-H bond per reacting thiol

molecule. An edimate of DH,x, can be obtained by comparing the heats of formation of
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the metd oxide and the metd sulfide This technique identifies which reections are

favorable but does not quantitetively predict the kinetics of the reaction.

4.1.2. Experimental

Powdered PbO (massicot form, Aldrich) of mass between 0.02 and 0.2 g was added to
a glass vid. An n-dkanethiol, dther 1-hexanethiol, 1-octanethiol, or 1-dodecanethiol
(Aldrich), was added to the vid. An inert hydrocarbon, usudly cyclohexane or toluene,
was sometimes added to prevent the reaction product from becoming a paste. The solid
product could be suspended in the hydrocarbon by dirring to facilitate filtration. Some
samples were stirred usng a magnetic stir bar, and some were hested to about 70°C on a

hotplate and cooled before filtering.

The solid reaction product, a yellow powder, was gravity filtered (Whatman #50
hardened circles), then rinsed severd times with water, acetone, cyclohexane, and then

pentane and dried at room temperature.

The Pb was extracted fom the thiolates by liquid-liquid extraction with dilute (0.2-0.3
M) nitric acid. The solid thiolates were added to cyclohexane and the mixture was heated
to the mdting point of the thiolate, gpproximatey 60-80 °C. This mixture was added to
the nitric aid and agitated by ragpid dirring. The hydrocarbon layer was then andyzed for
thiol content by gas chromatography (Hewlett Packard HP-1 column). The aqueous layer

was evaporated and the Pb was recovered as Pb(NOs), crydals.
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Other metd oxides and hydroxides were tested by adding 1-octanethiol to a smal
amount (approx. 0.15-0.5 g) of the oxide or hydroxide in a glass vid. The formation of
thiolates was evidenced by a dramdic increase in gpparent s0lid volume and in some
cases, a color change. Reacted mixtures were filtered and dried as above, then weighed to
determine conversion. The compounds tested were BaO, Bi,O3, CaO, CdO, CoO, Cr,0s3,
CuO, HgO, MgO, MoOs, metdlic Pb wire, PbO, PbsO4, PbO,, Pb(OH),, Pb(NO3),, PbS,

SbO, SnO, and Sr(OH)».

4.1.3. Results

4.1.3.1. Reactions

All of the tested oxides of Pb (Aldrich), Pb(OH), (made from oxide), metdlic Pb wire
(Alfa-Aesar), HgO (Fisher), Ba(OH),, and BaO (Barium and Chemicas, Inc.) formed
dable, insoluble thiolates of several adkanethiols. Based on these results, we assume that
Hg(OH), would dso form a dable thiolate. These oxides did not react with butyl
disulfide (97%, Aldrich), butyl sulfide (96%, Aldrich), tetrahydrothiophene (99%,

Aldrich), or thiophene (99+%, Aldrich).

Although dynamic scanning caorimery was not peformed, a mdting point anayss
was conducted. The thiolates of the tested akanethiols were solid a room temperature,
but melted a temperatures above about 50°C when mixed with a hydrocarbon solvent.
The mdting point was lower for lower molecular weight thiolates. In the presence of
cyclohexane, a miscible solution of the dioctylthiolate, Pb(SCgH17)2, was formed a 54-
55°C. The mdting temperature of the dried diadkylthiolates increased with molecular
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weight and was 70-80°C for the dioctylthiolate. The observed meting point was lower
than reported esewhere’’, probably due to impurities or incomplete remova of the
hydrocarbon solvent. The melting range was dso wide, further suggesting the presence of
unremoved solvent. Vacuum drying may be necessary to completdy dry the thiolates.
The thiolates were insoluble in cyclohexane, toluene, acetone, and water a room
temperature. The thiolate mets were miscible with cyclohexane and toluene, but
immiscible with water. The thiolates recrysdlize when a mdt, ether diluted with solvent

or not, was cooled to room temperature.

Lead dioctylthiolate, made from the reaction of PbO and octanethiol, is stable to about
100°C. Thermogravimetric andyss (TGA) reveded tha this materid, when dried,
decomposes dowly between 100-140°C, followed by a rapid decomposition between
140-220°C. After decompostion, the mass of the remaning materid corresponds
reasonably well to PbS, a known decompostion product. The difference probably results
from some formation of PoO a the higher temperatures. The TGA data is given as Figure

4.1. The temperature ramp rate was 1°C/min from 32-100°C and 2°C/min afterwards.

Figure 4.2 shows the WAXD pattern of a sample of Pb(n-CgH17S)2 prepared from solid
PoO by this reaction. The thiolate was recrystdlized once from hot toluene. The WAXD
pattern shows two smilar crysta morphologies, as indicated by the double pesks. The
average d-spacing, caculated from Bragg's Law, is 26.2 A, in dose agreement with the
reported value of 25.8 A.”” The high order pesks result from dense layers of Pb atoms

separated at regular spacing by a bilayer of hydrocarbon chains. The measured dspacing
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represents the distance between two layers of Pb atoms and increases with increasng
dkyl chan length.”” A sketch of this structure is given as Figure 4.3. This crystd
dructure is most likey respongble for two physcad propeties of these materids. The
grong adheson of the PbS cores prevents dissolution a low temperatures and the
lamelar structure with loosely bound sheets provides the greasy smearing behavior of the

compound when not completely free of organic solvents.
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Figure4.1: TGA results showing decomposition of Pb(SCgH17),.
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Figure4.2: WAXD pattern of recrystallized Pb(SCgH;7),. Calculated aver age d-spacing is 26.2 A.
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D-spacing = 26.2 A

Figure4.3: Sketch of likely structure of a Pb(SCgH17), crystal.
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PbO, Pb3O4, Pb(OH),, and PbO, reacted quickly yieding an insoluble, ydlow thiolate.
No other reaction products were detected. Reactions were typicaly complete in about 1
hour without agitation or heat. The thiolate does not gppear to foul the surface of the
oxide, adlowing the reaction to go to completion without agitation. Yieds of Po(SCgH17)2
were typicdly 80-90%, incuding transfer losses. Heeting the product above the mdting
temperature of the thiolate reveded no remaning solid oxide, indicating that some
amounts of sub-thiolate, such as P(SCgH17)(OH), may have been formed, reducing the
yidd. Pb*" compounds only reacted with two thiols per Pb, probably resulting in the

formation of POO(SCSHJ_?)Z or Pb(OH)z(SCgH]J)z.

In the presence of a 48% stoichiometric excess of PO, a find thiol concentration of 13
mmol/mL, or 527 ppm S by weight, was achieved. This reaction was performed without

optimization of reaction conditions and was carried out in aglass vid with mild agitation.

Metalic Pb wire was dso active in forming thiolates. The thiol reacted with te Pb, or
more likely the natural coating of oxides present on a Pb surface when exposed to air, to
form an insoluble ydlow thiolate. The extent of reaction on a Pb wire was very low when
caried out in an inert nitrogen amosphere. The reaction occurred at the surface of the
wire, forming plates of thiolate that were pushed outwards as new thiolate was formed.
Mechanicd agitation to remove the thiolate layer is usudly sufficdent to mantan an

active surface if oxygen isavailable.
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Hg(INO reacted exothermicdly to generate a white, insoluble thiolate. The reaction
occurred faster with HgO than for PbO or BaO. Experimenters should be aware that
adding undiluted thiol to HgO directly relesses sufficient heat to vaporize some of the
generated thiolate on contact. Diluting the thiol with an inet solvent is aufficient to

prevent a potentially dangerous heet release. Theyidd of Hg(SCgH17), was 99%.

The initid reaction proceeded more quickly with HgO than PO, but the thiolate
formed hindered the reaction of the underlying oxide more than in the Pb reaction. The
higher degree of fouling may be the result of the thiolate recryddlizing around the oxide
ater mdting in the initid hest rdesse. Again, diluting the thiol should dlevige this

problem. The reaction went to completion with mild agitation.

BaO and Ba(OH), dso reacted with adkanethiols to generate an insoluble, white
thiolate. The reaction was fast and occurred without agitation, but the yield of 54% was
lower than for PbO or HgO. The lower yield is agan mog likely due to the formation of
sub-thiolate, Ba(SCgH17)(OH). This reaction is interesting, however, because of the lower

environmental and health risks associated with Ba as opposed to Hg and Ph.

Bi,O3 reacted more dowly to yied an orange-yelow thiolate that was soluble in
cyclohexane. The thiolate was recoverable by evaporating the cyclohexane. Since we are
interested in usdng these reactions to remove thiols from hydrocarbon streams, a soluble

thiolate will not work in this process and Bi was not studied further.
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CuO and a mixture of MoOs and CoO both reacted very dowly to generate grey-white
thiolates. The reactions were incomplete, leaving some unreacted metal oxide even after
severd weeks. Other metals were excluded from the sudy. Some trandtion metas such
as P, Au, Ru, Rh, Os, and Ir and the lanthanide series are too expensive to be practica in

desulfurization reections. Tl and Po were excluded due to their very high toxicity.

4.1.3.2. Metal Recovery

Filtration of the solid thiolates from the hydrocarbon affects the separation of the thiols
from the origind mixture. The separation requires that the thiolates be solid and must be
peformed a a temperaure beow the miscibility point of the thiolates, approximatdy
55°C for the compounds in this study. Once the thiolates have been filtered from the
origind hydrocarbon sream, the metd can be recovered by extraction with dilute

oxidizing acid. An example reaction was given previoudy as equation (4.2).

Reactive liquid-liquid extraction can be peformed by hedting the thiolates to mdting,
ether with or without the addition of a hydrocarbon solvent. Agitating the thiolates with
a dilute solution (0.1-0.3 M typicdly) of an oxidizing acid, such as nitric, dlows the
reaction to reach completion in about 2 hours. Improved contacting between the liquid
phases and usng more concentrated acids can reduce the time required. The result is an
agueous phase containing the metd sdt and a hydrocarbon phase containing the origind

thiols and any added solvent.
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The choice of acid depends on the dedred metd sdt. If the resulting sdt is soluble in
the acid phasg, as in the above example, the metal can be recovered by evaporation of the
water. An insoluble metd sat can be filtered. A mixture of nitric and sulfuric acid will
decompose Pb thiolates and precipitate the meta as PbSO,. A reusable oxide can be

obtained by roasting most metd sdtsin air.

Using this technique, thiolates made from reaction with PbO were extracted with 0.21
M HNOs. The ydlow diluted met of P(SCsH17)2 changed to colorless as the reaction
proceeded. The recovery of Pb as Pb(NOs), was 102%, or essentidly al of the lead,
within experimentd error. A second trid with thiolates made from PbO, and 0.31 M
HNO3 yiedded a 95% Pb recovery. Thiol recoveries in the hydrocarbon phase, as

measured by GC, for these two runs were 78% and 90%, respectively.

4.1.3.3. Thermodynamic Predictions

The reaction of the thiols to make metd thiolates is thermodynamicdly driven by the

concurrent production of water. For example,
MO+2RSH ® M(R), +H,O 4.3

M+2RSH ® M(SR), +H, 4.9
Equation (4.3) is more favorable than equation (4.4) for any metd that forms an oxide
reducible by hydrogen, as shown in equetion (4.5).

DHz.3- DHg,,, = DH, (H,0) - DH,; (MO) (4.5)
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Metas in the 2" oxidation State have the smplest stoichiometry, requiring interaction
between two thiol molecules and only one metd atom per water molecule formed. Metds
in other oxidation states require the coupling of the reduction reaction at two metd aoms
to generate the stable products. This coupling will likdy dow down the reaction. PbO,
reacted with only two thiols per Pb atom rather than forming Pb(SCgH17)s. This reaction

retains the smple stoichiometry observed with Pb?* compounds.

The search for reective oxides can be narrowed by caculating the heat of formation of

the thiolates from the metd oxides. Reections with smdl negative or postive vaues for
DGixn ae not thermodynamically favorable and will not react spontaneoudy, as desired in

this process. Only those oxides with large negetive values of DGixn need be studied.

Unfortunately, very little information regarding the enthdpy and entropy of formetion
of goecific metd thiolaies is avaldble Mod avaladle information pertans to thiol
adsorption on gold surfaces®™ Cdculations of meta-sulfur bond energies from studies of
diakyldithiocarbamates’>®® were not successful. A method for estimating DGixn from

readily available datais required.

The free energy of reaction for each meta oxide can be esimated from the heat of

formation of the metd oxide and sulfide. For a bivdent metd, the DH; of the metal oxide,
MO, is assumed to equa twice the MO bond energy. Smilarly, DH; of the sulfide, MS,

is assumed equd to twice the M-S bond energy. Water and H»,S are used in the same
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manner to estimate the OH and SH bond energies. The complete equation for a bivaent
metd is

DH =DH,(MS)+DH, (H,0)-DH, (MO)-DH, (H,S) . (4.6)

Equation (4.6) can be corrected for soichiometry for use with metas of other
oxidation states. The entopic effects are neglected snce DS data is not available, but the
entropic contribution should be small when the products and reactants each consst of one

solid and one liquid phase.

The data required for this estimate are widdy available for many metads®*®® The heats
of reaction caculated by this method range from -378 kJmol for Ru(IV) to +159 kJmal

for B(I11). A graphicd representation of the resultsis shown in Figure 4.4.

The mos active meds ae those with smdl exothermic hests of formation,
surrounding the noble metd Au, whose oxide is ungtable. The heavier group 1 and 2
metds are dso highly favorable. Figure 4.5 shows the experimentd results. All four of
the highly reective metd oxides, (Ba, Hg, Pb, Bi) are predicted to be highly favorable.

The egtimated vaues of DH,y, are shown in Table 4.1.
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y H He
F | Ne
Cl| Ar
Ti Co NI’ Cu [Zn Br | Kr
Zr Rh Pd Ag Cd I | Xe
Hf At | Rn
Rf
Lanthanides Ce Nd|[Pm|Sm| Eu| Gd| Tb | Dy[Ho| Er [ Tm| Yb| Lu
Actinides Ac| Th|Pa| U | Np| PulAm|Cm| Bk | Cf [ Es| Fm[Md| No| Lr

Legend:
DH x, < -100 kJ/mol

DH .y, < -60 kJ/mol
Al |DHixn > -60 kJ/mol

Figure 4.4: Graphical representation of predicted heats of formation of metal thiolates from the

oxide.
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12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 _18
| H He
2| Li | Be Bl C|N]O| F/|Ne
3[ Na|Mg Al| S| P Se| Cl|Ar
4 K |Cal S| Ti| V|Cr|Mn| Fe Ni Zn| Ga| Ge| As| Se| Br | Kr
5 Rb| Sr] Y| Zr | Nb Tc|Ru|Rh| Pd|Ag]Cd| In|Sn|Sb] Te|l I | Xe
6] Cs Lalul Hf | Ta| W Re| Os| Ir | Pt | Au Tl HzEM:TM Po | At | Rn
7| Fr | Rajacur| Rf | Db| Sg | Bh| Hs| Mt |Uun|UuujUub

Lanthanides | La| Ce| Pr |[Nd|Pm|Sm| Eu|Gd| Tb [ Dy | Ho| Er | Tm| Yb| Lu

Actinoids Ac| Th|{Pa] U |Np| Pu|Am|Cm| Bk| Cf | Es|Fm|Md| No| Lr
Legend:

=}l Fast Reaction Observed

Slow Reaction Observed

S |No Reaction Observed

Figure4.5: Graphical representation of observed metal oxide activity.
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Metal DH Observed
[kJ/mol]

Hg -205.7 Fast Rxn
Ba -150.3 Rxn
Bi -142.1 Rxn
Cu -134.1 Slow Rxn
Mo -123.9 Slow Rxn
Pb -121.4 Rxn
Co -83.2 Slow Rxn

Table4.1: Predicted heats of reaction of metal oxideswith observed reactivity.
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Thermodynamics only indicates whether a reaction can proceed without an energy
input, but are of limited vaue in predicting reection rates. Large activaion energy
barriers dow the kinetics of a reaction, preventing it from happening on a ussful time
scde. For example, Cu has a larger predicted vaue of DHixn than Pb, but the reaction
proceeds much more dowly. Metds such as Cd and S do not react, despite having

favorable vdues of DHx,. As expected, however, none of the metas with smal or

positive value of DH,x, were observed to be reactive.

If we require both favorable thermodynamics and an M?* oxide or hydroxide for
favorable stoichiometry, the resulting prediction of metds is an excdlent match to the

group of metds for which the reaction to form thiolates is favorable.

4.1.4. Conclusions

Thiols can be removed from hydrocarbon streams by heterogeneous reaction with
oxides and hydroxides of Pb, Hg(ll), and Ba The thiolates formed are insoluble in both
agueous and hydrocarbon solvents, dlowing them to be filtered from the remaning
sream. Once the thiolates are separated from the origind feed stream, the metd and the
thiols can be separated again usng liquid-liquid extraction with a dilute acid. The meta
is recovered as a sdt from the agueous phase and the thiol remains in the hydrocarbon
phase. This process uses inexpensve materids and requires very little energy. Resactive
meta oxides can be easly predicted from the heats of formation of the meta oxide and

sulfide after accounting for the favorable M+ oxidation state.
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The process is limited to thiols, snce sulfides and disulfides lack the hydrogen
required to make water by equation (4.1). The formation of water as a byproduct of the

reaection makes the reaction thermodynamically favorable.

Congderable work to measure properties such as solubility and the effects of other
reactive compounds found in petroleum is 4ill required for any process optimization.
However, some applications of this process are readily gpparent. Replaceable filter
cartridges filled with one of the active oxides for sweetening could be added to deivery
lines or dorage tanks. The thiolates formed would be retained in the cartridge, which
could be returned to the manufacturer for reprocessing by the extraction technique when
full. The sysem would require no additiond energy inputs asde from exising pumps.
The process dso recovers thiols which are a vauable feedstock to the food and fragrance

industries aswell as the pharmaceutical industry.”> "
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4.2. Process Demonstration

4.2.1. Introduction

Hydrodesulfurizetion (HDS) is effective for removing sulfur from certain petroleum
feedstocks by converting organo-sulfur compounds into hydrocarbons and H,S*. The
removad of sulfur from gasoline fractions is necessay to prevent the poisoning of Pt
reforming cadysts’ as wdl as reduwing the emisson of SO, with the combustion

products from engines.

Thiols conditute a condderable amount of the sulfur found in light streams. Table 4.2
indicates the prevdence of thiols in various sreams used for gasoline production. Thiols
can aso be crested by sdectively hydrotresting other sulfur containing species. HDS
resctors operate most efficiently under mild reaction conditions. At higher temperature
and pressures, olefins are dso hydrogenated, leading to a loss of octane and unnecessary
consumption of hydrogen. Under mild conditions, however, BS in the reactor reacts with
olefins to form recombinant mercegptans, high molecular weight straight and  branched

chain thiols that are not caustic extractable.®®

ExxonMobil Research and Engineering Co. and Merichem Chemicds and Refinery
Services LLC have recently introduced a process caled the Exomer process to remove
thiol species formed during sdective hydrotresting by caudic extraction with a

proprietary liquid extractant.’®®” The Exomer process, shown in Figure 4.6 is more
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complicated than the process presented here, and the ability to recover the thiols is not

reported.

Many new desulfurization processes focus on adsorption of sulfur-containing species
onto metal oxides and zeolites®®%1% Unfortunately, regeneration of the adsorbent is
usudly difficult. The adsorbed sulfur compounds decompose, forming metd sulfides a
elevated temperatures®>1%! Cadcining these adsorbents in air requires additional process

steps to remove SO, generated during the oxidetion.

A smple, low cost process that reduces the mercagptan sulfur content of petroleum
digillates, especidly recombinant mercgptans, could provide the environmenta benefits
of desulfurization without sgnificantly increesing the cogt of the fuds. The economics of
such a process would be improved if the sulfur compounds removed could be recovered

rather than converted to H,S, since many of these compounds have commercia vaue.” "

The heterogeneous reection of thiols with metal oxides enables a process that meets
these criteria Section 4.1 demondrated that liquid akanethiols can be removed from
hydrocarbon mixtures by heterogeneous reaction with certain metd oxides a room
temperature. Here we present an entire process by which this reaction can be used to
achieve the separdtion of thiols from hydrocarbons usng lead oxide. The process is
sdective for thiols. No reaction is observed between PbO and disulfide, sulfide, or

thiophenic species 1?2
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Gasoline Feedstock End Point Mercaptan Sulfur

(°F) (Wt% of total S)
Amylene N/A 92%
Light Coker Naphtha 212 75%
Light FCC 340 48%
FCC 400 45%

Table4.2: Thiol content of several light streams used in gasoline production. Data from %,
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Figure 4.6: The Exomer process, designed by ExxonMobil and Merichem, Inc. to remove high

molecular weight recombinant mer captans. Adapted from ¥’
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The Doctor Sweetening process is a technique developed in the 1860's that dso uses
PbO to diminae thiols from petroleum.’® The Doctor process combines PbO with
NaOH to form an agueous solution of lead plumbites, as given in equation (4.7). The
plumbites react with thiols in a petroeum stream to form lead thiolates (dso cdled
mercaptides) according to equation (4.8). At the standard operating temperature of this
reaction (circa 100-150°C), the thiolates were miscible with the petroleum and were

converted b organic disulfides by the addition of powdered sulfur, as shown in equation

(4.9).
PbO+2NaOH ® Na,PbO, +H,0 4.7)
2RSH +Na,PbO, ® Pb(SR), + 2 NaOH (4.8)
Pb(SR), +S ® RSSR + PbS (4.9)

The proposed process is digtinct from the Doctor process in several ways. Fird, the
proposed process removes the thiols from the petroleum stream rather than converting
them to disulfides. Second, the process uses powdered PbO rather than aqueous solutions
of Pb sdts diminaing an extraction operaion. Third, no addition of sulfur is required.

Fourth, the thiols can be recovered.

4.2.2. Process Description

The complete process for the separation of thiols from hydrocarbons with PO and the
recovery of both the PbO and the thiodls is diagrammed in Figure 4.7. The hydrocarbon
dream is contacted with powdered PbO or any other metd oxide identified as active in

section 4.1.3.1 in a reactor. The PO reacts with the thiols to form lead thiolates
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according to equation (4.10). The lead thiolates formed are ydlow solids and insoluble in
water, acetone, cyclohexane, or toluene a temperatures below about 50°C. The
temperature a which the thiolates become miscible increases with incressng molecular

weight of the akyl thiolates'%?

PO +2RSH ® PH(SR), +H,0 (4.10)

This reaction occurs readily a room temperature. While the reaction can dso be
peformed a an eevated temperature, heating to above 60-80°C causes the thiolates to
melt and become miscible in hydrocarbons, preventing their separation. If heated, the
reacted stream must first be cooled to near room temperature prior to separaion to ensure
that the thiolates have completely recrysdlized. The solid thiolates can ether be filtered

or settled to achieve the desired separation.

Once the thiolates are separated from the hydrocarbon mixture, they can be converted
back to the origind thiols and a Pb sdt by eactive extraction with a dilute oxidizing acid,
such as nitric, as shown in reaction (4.11). The Pb(NOs), remans in the agueous solution
while the thiols separate into an organic phase. The reaction can be carried out a room
temperature with solid lead thiolates, but the interfacia contacting can be improved by
melting the thiolates and forming a miscible solution with an organic solvent.

Pb(SR)z (solid or melt) T 2 HNO3 (aq) ® 2RSH (org) Pb(N03)2 (aq) (4.11)
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Figure 4.7: Diagram of the thiol removal process using lead oxides, showing the key operations

including reaction, separation, and extraction.
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The compound Pb(SCgH17)2 was found to form a miscible solution with the resdud
cyclohexane a 54-55°C,'%? so the required operaing temperature of the extractor is
aoproximately  60-80°C, depending on the compodtion of the feed dream. The
temperature a which the thiolates become miscible with hydrocarbon solvents is below
the mdting point of the purified thiolates’” reducing the hest load required in the

extractor.

The two liquid phases, now congsting of an aqueous lead sdt solution (or an acid and
a precipitated lead sat such as PbSO,4) and a hydrophobic thiol layer, are dlowed to stle
and are separated. These two stages could be combined in a single unit operation such as
a Kar column.®® The agueous layer is separated and filtered, leaving solid PbSO,. The
acid can be recycled to the extractor. Active PbO can be regenerated by roasting PbSO,
in ar, liberating nitrogen and oxygen. The roading of PbS, dso cdled gdena is the

source of most PbO.**

An dternative method for desulfurizing stocks of petroleum fuels is to use this reaction
with metdlic Pb as the PbO source. Metdlic Pb oxidizes rapidly when exposed to humid
ar. The naturd oxide coating on a piece of metdlic Pb is dso active for this reaction,
provided that a sipply of oxygen, such as air, is available to regenerate the surface oxide
layer.X9? The reactor and separator in Figure 4.7 could be replaced by rods of Pb placed

into storage tanks of thiol-containing petroleum fractions.



Chapter 4 Removal and Recovery of Alkanethiols

4.2.3. Experimental

The heterogeneous reaction and the reective extraction portions of this process were
studied. The reaction was carried out in batch mode with powdered PbO (massicot form,
Aldrich) and n-octanethiol (Aldrich) in a glass vid. The thiol was diluted with
cyclohexane (Aldrich) to a concentration of 0.5-1.7 M thiol prior to the addition of the
PbO. The reaction proceeds identicdly with toluene as the solvent. All reactions were

performed at room temperature.

The reaction was dso studied usng metdlic Pb wire (99.9% Pb, Alfa-Aesar) as the
oxide source. Some of the oxide coating on the wire was removed by wiping with a paper
towd, reveding fresh Pb. The wire was coiled and placed into a glass vid containing the
same diluted thiol solution as was used in the PbO trids. The jar was not sedled airtight,

providing an oxygencontaining atmosphere.

The reective extraction was performed usng 021 M HNOs; and thiolates produced
from the reaction of n-octanethiol and PbO. The thiolates were filtered from the origind
thiol-cyclohexane mixture, rinsed with water, cyclohexane, and pentane, and then dried
before use. Cyclohexane was added to the hydrophobic phase to dlow for easer
measurement of the thiol recovery. The extraction was performed in a glass jar, heated to

about 70°C. Agitation was provided by rapid stirring with a magnetic stir bar.
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4.2.4. Results

The reaction of PO with excess n-octanethiol produced thiolates at room temperature
with or without mild agitation. The yidd of thiolates, as determined by the change in
mass of the solids divided by the theoretical change in mass to convert al PbO into
Pb(SR),, corrected for water loss, is shown in Fgure 4.8. The yidd is above 80% on most
runs, even a low thiol to PbO molar ratios. The low yidd for the 1795 molar ratio is
mos likdy due to transfer and filtering losses, since this trid used the smalest mass of
PpO. This result suggests that the converson of PbO to thiolate proceeds to completion,
dthough not al Pb aoms have two thiolate groups. A single thiolate and a hydroxide

group is aso possible on asmal percentage of the metal atoms.

9%
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Reaction Yield at Various Compositions
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Figure 4.8: The yidd of thiolates, indicating the degree to which PbO was converted into Pb(SR); in

excessthiol.
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The thermodynamic limit for the remova of thiols by this reaction can be determined

from the heat of reaction. The equilibrium congtant K is given by

-DG,,, =RTInK (4.12)

where, from equation (4.10),

K = an( SR), a'H 20

4.13
aliSRanO @13

The solids PbO and Pb(SR), both have unit activity. Assuming an ided solution, the
activity of the water and thiol are equd to their mole fraction in the hydrocarbon solvent.
The vaue of DGy, edimated in section 4.1.3.3 is -121 kI¥mol. The equilibrium constant
for this reaction, assuming unit water adtivity (saturated), is approximately 1.9 ~ 10%,
permitting the remova of thiols to 23 parts per trillion. The thermodynamic limit of this
reection permits desulfurizetion to extremdy low levels, dthough kingic and mass

trandfer limitations prevent this limit from being practicaly achieved.

Figure 4.8 presents a series of photographs demongrating the reaction of 3 mL n-
octanethiol diluted with 4 mL cyclohexane with 0.75g PbO, a room temperature, without
agitation. PO, was used in the photographs for color contrast purposes, since the
massicot form of PO and the thiolate product are both yelow. PbO; is black but reacts
to form the same ydlow thiolate product. Both compounds react in the same way. The
reection is marked by a rapid growth in gpparent solids volume as the liquid thiol is

converted into solid thiolate. The color change from the black PbO, to the ydlow
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PbO(SR), is dso evident. The reection front is dso visble as the thiol, which was
injected from the top of the jar, mixes with the oxide. The reaction shown occurred over

an egpsed time of 23 min.

The reaction of n-octanethiol with metdlic Pb wire was aso successful. An example of
this reaction is shown in Fgure 4.8 in which a piece of Pb wire is placed into a liquid
congging of 2 mL cyclohexane and 4 mL of n-octanethiol. The reaction is much dower
than the reaction with powdered PbO due to the time required diffusng oxygen to the Pb
surface and the lower surface area of the wire compared to the powdered oxides. The
reaction shown in the photographs occurred over a period of about 62 hours. The
thiolates that were formed on the Pb wire grew in the form of plates which were pushed
outwards as new thiolates were produced at the Pb surface. Figure 4.8 shows the product
of amilar reaction conditions after 14 days. The growing thiolate plates uncoiled the
wire, pushing it upwards. The dructure was able to fill the vid because the thiolates are
wetted by the organic mixture in bottom of the jar, acting like a sponge and drawing the

liquid upward, dlowing the structure above the liquid to continue growing.

In the extraction studies, the Pb thiolates were successfully decomposed back to the
origind thiols and Pb(NOs), under the experimenta conditions. The thiol recovery in the
organic phase, as determined by GC, was 78.4%, assuming Pb(SR); as the darting
goichiometry. The recovery of Pb as Pb(NOs),, as determined by weighing the crystds

produced after evaporaion of the agueous phase, was 102%. The dight excess mass is
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conddered experimentd error. A second trid using thiolates produced from PbO, and

using 0.3 M nitric acid yielded athiol recovery of 90.1% and a Pb recovery of 94.6%.



Chapter 4 Removal and Recovery of Alkanethiols

Figure 4.8: Photographs of the reaction of PbO, with n-octanethiol. Photographs are

chronological, starting from top left, occurring at elapsed times shown. The initial mixture was

0.75g PbO3, 4 mL cyclohexane, and 3 mL n-octanethiol (added after first picture).
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Figure 4.8: Photographs of the reaction of n-octanethiol and metallic Pb wire. Initial conditions

are a coil of Pb wire (approx. 8 cm long) in a mixture of 2 mL cyclohexane and 4 mL n-

octanethiol.
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t =336 hr

Figure 4.8: Photographs of the reaction of Pb wire with n-octanethiol. Top left: Pb wire
in cyclohexane before reaction. Top right: After reaction with n-octanethiol for 14
days. Bottom: Detail view of same reaction product structure shown above right. Initial

mixturewas 2 mL cyclohexane and 4 mL n-octanethiol (added after first picture).
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Water was found to catalyze the reaction between PbO and thiols. The rate of reaction
was measured for both a reactor containing excess water in the form of a second liquid
phase and for a reactor containing a desiccant to remove water formed by the reaction.
Toluene was the solvent, excess PbO was used, and other resction conditions were

identical to those previoudy described.

The reaction proceeded much faster in the presence of water. The reaction rate was
congtant at 1.07 ppm S/sec in the reactor with excess water, and 0.0172 ppm S/sec when
the water was removed, as shown in Figure 4.9. In the presence of water, the reaction
resched completion in less than 30 minutes with a find sulfur concentration of
agpproximately 12 ppm S. Additiondly, the reaction rate appeared to be zero order with
respect to thiol even to very low thiol concentrations, perhgps owing to the drong

adsorption of thiols onto the metal oxide surface.

The reaction order was confirmed with batch reaction rate data, shown in Figure 4.10.
The batch data are fit well by a rate law that is zero order in thiol and proportiond to
water concentration. The line shown in Fgure 4.10 is the rae law fit to the data using the
kinetic rate constant and the initid water concentration as fitting parameters. The initid
and find water concentration determined from this fit are both within the solubility of
water in toluene. The catalytic effect of water is likely due to the water acting as a proton
trandfer agent, ading the movement of the proton from the thiol to the metd oxide. In
this reaction, the thiols are dightly acidic and the oxygen in the metd oxide acts as a base

(proton acceptor). The water will solvate the proton, facilitating the trandfer.
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Reaction Kinetics of PbO-Octanethiol in Toluene
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Figure 4.9: Reaction rate of PbO and octanethiol with water added and water removed from the

reactor.
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Reaction Kinetics of PbO-Octanethiol Reaction in Toluene
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Figure 4.10: Batch reaction rate of PbO and octanethiol. Solid line is fit of the rate law shown to the

data using atwo parameter fit, with parameter valuesgiven in thefigure.
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4.2.5. Conclusions

The heterogeneous reaction of thiols with lead oxide can be used to remove and
recover thiols from a petroleum dsream. Experimenta results suggest that a smple
process consgting of reaction, filtration, and extraction is dl that is required to separate
and recover the thiols. The PbO can be recovered by additional evaporation and roasting
seps. Most of the required unit operations have low energy requirements and low reagent

materid cods.

The use of metdlic Pb rods placed into storage tanks aso shows promise for the
reduction of the sulfur content of certan fuds without sgnificant capita requirements.
Pb rods placed into storage tanks could be removed periodicdly for cleaning, and the

thiolates could be collected for regeneration at another facility.

The reaction is autocataytic; water produced by the reaction of a metal oxide and a
thiol species accelerates the reaction between the two. The catalytic effect of water is
assumed to result from water acting as a proton transfer agent during the reaction,
fecilitating the transfer of the thiol proton to the oxide oxygen. The reection rate follows a
rate law that is zero order in thiol concentration and proportiona to water concentration.
The observed reaction rate is ided for remova of thiols to very low levels since the
reection does not dow down appreciably until thiol concentrations reach levels on the

order of 20 ppm S. Thiol remova down to 12 ppm S have been observed.

106



Chapter 4 Removal and Recovery of Alkanethiols

This reaivdy sample process was not previoudy recognized, most likely, due to the
requirement of keeping the operating temperatures sufficiently low. At temperatures
above about 50°C, the thiolates become miscible in hydrocarbons and a smple physica
separation is no longer possble. Additionaly, previous processes, such as Doctor
Sweetening, relied on the therma decompostion of lead thiolates to remove Pb as PbS
while converting thiols into disulfides!® During the development of the Doctor
Sweetening process, the removad of sulfur compounds was less important than the
eiminaion of the odor and acidity caused by thiols. By the time sulfur remova became
rdlevant, HDS technology was avalable to remove thiols as wel as other organo-sulfur

compounds.

This process can reduce the sulfur content of fuels for environmental benefits. It could
aso reduce the load on a conventiond HDS unit when sour feedstocks are used by
removing the thiols before the feed is introduced to the HDS unit, saving codts in
hydrogen and catalyst life. This process can aso be used to remove recombinant
mercaptans from hydrotreated streams. Operation of the HDS reactor under mild
conditions will reduce the operating costs and this process will ensure that product sulfur

levels meet regulatory criteria
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5. Oxidation of Aliphatic and Aromatic SulfidesUsing

SulfuricAcid

5.1. Introduction to Oxidative Desulfurization

Advances in refining technology ultimately lead to large-scde desulfurization of
petroleum fuels in the 1960s. Platinum cadyss used during reforming of gasoline, which
converts low octane linear hydrocarbons into high octane branched paraffing, ae
poisoned by sulfur compounds.”* Desulfurization of naphtha Streams became necessary in

order to produce high quality gasoline,

Deaulfurization has only been peformed for environmenta reasons recently. The
advent of “threeeway” catdytic converters in automobiles required the dimination of
tetragthyl lead from gasoline in the early 1970s due to lead poisoning of the Pt-Rh
cadys. Sulfur was dready being removed from gasoline so no other changes were
made to refining practices a tha time. Diesd fuel, dong with other heavier fuels such as
gas ol and fud oail, continued not to be treated and thus cataytic converters were not

useable on diesdl powered vehicles.

Environmental pressures have only recently forced the legidation of low-sulfur diesd
to permit the use of emisson control technologies on diesd engines. A new US law limits
the level of sulfur permitted in diesel fuel to 15 ppm by 2006.2%° Sulfur levels as low a 5

ppm in diesd are aso suggested as afuture regulaory limit in the same law.
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Exiging hydrodesulfurization (HDS) technology, based on the catdytic hydrogenation
of sulfur compounds over cobdt promoted molybdenum sulfide catalysts'® is highly
effective for reactive compounds having accessble sulfur aoms, such as thiols,
disulfidess, and some saulfides Lower boiling dreams, such as draight-run gasoline,

contain mostly thiols and some small sulfides which are successfully removed by HDS.*

Diesdl fud, gas oail, and other heavier dreams however, contain primaily heavy
polynuclear aromatics that include a thiophene dructure. These larger compounds,
paticularly those with stericdly hindered sulfur atoms, are not easily hydrogenated 6197
The usud example of this cdass of compounds is 4,6-dimethyldibenzothiophene, shown
below. The sulfur is relatively inaccessble when adsorbed onto a heterogeneous catdyd,

limiting the reactivity.

S

-0

4,6-dimethyldibenzothiophere

While operating an HDS reactor a high pressure and temperature can remove some
sulfur in this form, the harsh conditions required (800-2500 psig, up to 370°C)'%°
typicdly result in high hydrogen consumption and lowered octane réing due to

hydrogenation of olefins'%®

Other techniques are required to efficiently remove these types of sulfur compounds

from diesd and other heavy dreams. Oxidaive desulfurization (ODS) is one such
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process. ODS is based on the facile oxidation of organic sulfur. The concept is not new,
spawning patents as early as 1967.1%° ODS rdies on the ability of hivdent sulfur in
organic compounds to expand its vaence shdl and add oxygen without needing to bresk

carbon+sulfur bonds. The oxidation of thiophene is shown below.

cl? O\\ //O

S S S
) — U u
Thiophene Sulfoxide Sulfone

The oxidized sulfur atom becomes highly polar and enhances the subsequent extraction
or adsorptior®’11° of the sulfoxide or sulfone to effect the remova of the sulfur from the

feed stream.

The oxidizer used in ODS mugt be very sdective for sulfur to prevent the oxidation of
olefins or aromatic compounds present in the feed. Oxidation of these compounds
reduces the octane rating (if performed on olefin-containing gasoline) and dso increases
the loss of feed materid by extracting oxidized hydrocarbon compounds in addition to

sulfur compounds.

The oxidant sysem of choice is hydrogen peroxide combined with acetic or formic
acid. 37198119 \When combined, a peroxoacid, having a GO-O-H peroxide bond, is formed.
The peroxoacid oxidizes the sulfur compounds and is reduced back to the origind
carboxylic acid. The exact mechanism of this reaction is not known. Other oxidizing

112

systems induding oxygen and adehydes'!, nitrogen dioxide!*® and ultrasound and
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water''® have aso been explored. Reaction conditions are typicaly atmospheric pressure

and less than 120°C.

The oxidized sulfur compounds are subsequently extracted, adsorbed, or both.*’
Methanol,®” acetonitrile*® butyrolactone*? and other solvents are used for solvent

extraction and duminaisthe primary adsorbent.

Three commercid versions of ODS have been reported3"*'° The firgt is from Petro
Star, Inc. which uses peroxoacetic acid followed by solvent extraction. Peroxoacetic acid
is an oxidizing acid formed by mixing hydrogen peroxide and acetic acid. This or smilar

reaction and extraction steps form the core of dl three commercial ODS processes.

The ASR-2 process®’, developed by UniPure Corp. and ChevronTexaco, is based on a
two liquid phase reective extraction usng a hydrogen peroxide — organic acid mixture.
The organic acid is ungpecified, dthough formic and acetic acids ae typicd. The
resulting sulfones are extracted by methanol and separated by flash didtillation of the
methanol-sulfone mixture. The treated diesd dream is neutrdized and any remaning
sulfones are adsorbed over dumina. The smplified process flowsheet is shown as Figure

5.1.
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UniPure ASR-2 Simplified Flow Plan

Diesel Fuel Doy SEpAmtar
500 ppm S _L Extraction Clean Diesel
5 ppm S
Aquegus Catalyst Methanol
OXIdant Recovery
SpentjAqueous
atalyst Methanol
J Sulfones ‘ Recovery

To Recycle: Hydrotreater, Coker,
Petrochemical Feedstock

Figure5.1: ASR-2 oxidative desulfurization process developed by UniPure. Adapted from *'.
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SulphCo, Inc. licenses a technology based on in Stu generation of hydroxyl radicds by
ultrasonicetion of a water-oil emulson in the presence of proprietary hydrogen peroxide
generating cadyst}'%** The hydroxyl and aomic hydrogen radicds reect with
hydrocarbons in the high temperature and pressure center of imploding cavitations caused
by the ultrasonication. Control over the reactions that occur in these cavitations is

suspect, and the selectivity islikely to be low.

ODS has one dgnificant advantage over HDS that makes it the ided complement to
exiging HDS units. The least reactive compounds in HDS, such as subgtituted
dibenzothiophenes, are highly resctive in ODS due to the high eectron densty on the
aulfur aom. Although the order of reactivity ssems to vay with the oxidat and
catdyst,'™® no mgor caegory of sulfur compound found in petroleum is unreective
towards ODS. This process has been shown to effectivdly remove virtudly dl of the
sulfur from a diesd fud sreart’ and is effective on the polynucear aromatic family of

sulfur compounds including substituted dibenzothiophene 3116

Limitations of ODS are primarily economic. UniPure has acknowledged that the cost
of the hydrogen peroxide oxidant is the limiting economic factor for ther process®’
Difficulties inherent in manufacturing, concentrating, transporting, and oring oxidizers
should dso be consdered, particularly as more refineries are built in the Middle East and
in developing countries where safe and reliable access to a broad range of chemicds may

be limited.
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5.2. TheUse of Sulfuric Acidin ODS

The traditiond method of removing sulfur, hydrodesulfurization (HDS), has limited
effectiveness a removing thiophene derivatives, such as dibenzothiophene, from heavier
diesd fue.®” Given the economic limitations of peroxide-based ODS and the need for an
dternate technology for refineries where a supply of hydrogen peroxide is not reedily

available, oxidation methods besides H,O, are needed.**!

We report here the oxidation and extraction of organo-sulfur compounds, including
thiophene and adkyl sulfides with concentrated sulfuric acid. Sulfuric acid is not typicdly
regarded as an oxidizing acid due to the dability of the sulfate ion. However, in the
presence of sulfur aoms with a lower oxidation state, such as those in sulfides, sulfate
can be reduced.*” The reaction between HS and concentrated sulfuric acid is known to
be fast and yidd dementa sulfur, water, and SO, as reaction products!!® Here we
describe the oxidation of thiophene and dkyl sulfides with sulfuric acid. The oxidized
organosulfur compounds separated into the agueous phase, demondrating that these
sulfide compounds can be reduced to low leves in hydrocarbon solutions. This new
goproach employing sulfuric acid to oxidize organosulfur compounds and extract the

oxidized products offers an dternative or supplement to peroxide-based ODS.

5.3. Experimental

Solutions of severd aulfides in hydrocarbon solvents were desulfurized in a glass

reaction vessd. Four test solutions were prepared: (1) 2000 ppmw sulfur (~0.047 M) as
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tetrahydrothiophene (Aldrich, 99%) in cyclohexane (Alfa Aesar, 99+%), (2) 2000 ppmw
aulfur (~0.047 M) as tetrahydrothiophene in tetrahydrofuran (Alfa Aesar, 99+%), (3)
2050 ppmw sulfur (0.056 M) as thiophene (Aldrich, 99+%) in toluene (Sigma-Aldrich,
995%) and (4) dibutyl sulfide (Aldrich, 96%) in toluene. A smdl amount of decane

(Aldrich, 99+%) was added to each stock solution as an internal standard for GC analysis.

Ten mL of the organic solution and 10 mL of sulfuric acid (dilutions of 96% H2SO4,
Fisher) were added to the reaction vessd, forming two liquid phases. The reaection
temperature was 22°C. The two phase mixture was vigoroudy girred for 1 hour (unless
otherwise indicated). After reaction, the phases were alowed to separate and the organic

layer was removed by syringe to to prevent further reaction.

The concentration of the sulfide species in the organic layer was measured by gas
chromatography (30m methyl slicone capillary column, flame ionization detector). The
concentration of unreacted sulfide species was determined by normdizing al results
usng the internd d<andard (decane). We were unable to accurady andyze the
composition of the agueous layer by GC due to the high acid content. Compositions of
organic species in the aqueous phases are only semiquantitetive. To analyze the agueous
phase by GC the solutions were diluted to reduce the acid concentration. However, the
acid ether adsorbed or reacted with the GC column packing and results were only

semiquantitative. Quantitative andyss was limited to the organic phase.
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Tetrahydrothiophene aso was reacted in a homogeneous solution of tetrahydrofuran
and sulfuric acid. The reaction products obtained by this technique were andyzed by

Mass Spectrometry.

5.4. Results

All three sulfide compounds were successfully removed from the hydrocarbon solvent
by oxidation and extraction into the agueous (acid) phase. No oxidized reaction products
remained in the organic phase, and only trace amounts (<50 ppm) of the sulfide
compounds were detected in the agueous phase. Colloidd eemental sulfur was formed in
the agueous phase, evidenced by the classc Tynddl “sunsst” effect, shown in Figure 5.2.
The agueous phase became ydlow upon mixing with the organic phase. As the reaction
proceeds, the aqueous phase color changed first to orange, then brownishrred. If high
concentrations of sulfide were used, the colloid concentration became large enough to
eventudly turn dark red and findly black, as no light was transmitted. The agueous phase
contaning the colloidd sulfur was recovered by gravity separation.  This colloidd
solution became milky white if the add was diluted sufficiently with water, forming
“milk of sulfur”. The colloidd sulfur could be dowly dissolved with CS;, yidding an

opticdly clear agueous phase.

Gas chromatography andyss of the agueous phases reveded three primary oxidized
aulfide products for the tetrahydrothiophene reaction. All three oxidized products were

extracted completely into the agueous phase, there was no evidence for any of these
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products in the organic phase. The same three products were detected by GC for the
reaction of tetrahydrothiophene in THF as in the diluted agueous phase. The products
were andyzed by mass spectrometry, shown in Fgure 5.3. The mass fragmentation
patterns were compared to those in the NIST database (http://webbook.nist.gov). The
gpectrum of product B matiches tetrahydrothiophene sulfoxide. Product A was not able to
be pogtivey identified, but based on the parent pesk and fragmentation the compound is
likey a ketosulfoxide species or the dehydrogenated sulfone. Product C yidded a highly
fragmented spectrum with mass fragments going up to m/z=189. The mass spectrum
appears best described as an adduct of tetrahydrothiophene and sulfuric acid, shown in

figure 2.
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Figure 5.2: Photographs of the Tyndall sunset effect in a solution of toluene, tetrahydrothiophene,

and thiophene.
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The reaction rate was measured for each of the three sulfides when reacting with 16M
H,SO, (18 M sulfuric acid is fully concentrated (96 wt% H,SO,)). The dirring was
sopped for severd seconds after various time intervas and the phases dlowed to
separate. Samples were drawn from the organic phase and the concentration of unreacted
aulfide was determined by GC. The results are shown in Figure 5.4; the observed reaction
rates are well fit by a first order rate law. Dibutyl sulfide was removed to about 27 ppm S
within 5 minutes and was undetectable (<10 ppm S) a 20 minutes. Tetrahydrothiophene
was reduced to 120 ppm in 5 minutes, and reached 66 ppm S after 65 minutes. Thiophene
reacted more dowly, being reduced to 283 ppm S a 20 minutes and 113 ppm S after 65
minutes. Vaues beow about 150 ppm S are near the limit of rdiable quantification for

the andysi's method used.

The reaction rate appears to be first order with respect to sulfuric acid concentration at
lower acid concentrations. Figure 5.5 shows the integrated reaction rae of the
tetrahydrothiophene solution over 1 hour for various acid concentrations. Fgure 5.6
shows the extent of reaction over time for the same system using 9M acid. The reaction
rate shown in Fgure 5.6 is congant over time, suggesting that the reection is now zero
order in sulfide concentration. Conddering Figure 5.5 and Fgure 5.6, the lower acid
concentration gppears to shift the reaction from being firs order in sulfide concentration
to fird order in sulfuric acid concentration. A reaction scheme congdent with these

resultsis presented in the following section.
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Figure 5.3: GC/MS spectra for the reaction products of tetrahydrothiophene and sulfuric acid. The
mass spectrum for product B matches that of tetrohydrothiophene L-oxide. The spectrum of product
A suggests a species with two oxygen atoms, such as the sulfone or ketosulfoxide. Mass spectrum C

could bethe adduct of sulfuric acid and tetrahydr othiophene.
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Figure 5.4: Reaction rate of 2000 ppm solutions of thiophene, tetrahydrothiophene, and dibutyl
sulfide with 16M H2SO4. Data are fit by a rate law that is first order in sulfide concentration, shown

above. For the given rate constants, sulfide concentration isgiven in unitsof ppm S.
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Figure 5.6: Reaction rate of tetrahydrothiophene from a 2000 ppm S solution reacting with 9M

H,S0,. Rateis constant at 0.0055 min'~.
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5.5. Discussion

A reaction scheme developed for the reaction of H,S with sulfuric acid can be easly
adapted to explain the observed results. Chuang, et a*'®!° have shown that a two step
reaction, conagting firsg of reaction between H,S and H,SO4, produces SO,, which is
then consumed by further reduction to dementd sulfur. If a smilar scheme is assumed
for sulfides, the resulting reections are:

@
I

S\ +H,80, — _S._+ H,0+ S0, DGrxn” -5 kJ mol”* (5.1)

C”> O. .0

NI

DGxn = -45.5 kI molt  (5.2)
2 S\ +S0, —>= 2 _-S\_ *S o

where the dimethyl sulfide compounds shown can be replaced by any sulfide.

Usng dimethyl sulfide as an example in the above reections, the Gibbs energy of
reaction (5.1) is +25.5 kJ moll, using each naterid in its standard state!*® However, in
concentrated acid solutions, the heat of mixing of water and sufuric acid is consderable.
The patid molar enthdpy of formation of water in a 96 wt% solution of sulfuric acid is
higher by about 30 kImol than the standard state'®!, meking the overdl DGy, ~ -5
kd¥mol. Other sulfide compounds have approximately the same free energy change for
the formation of the sulfoxide from the sulfide. The large excess of sulfuric acid and the
consumption of SO, by reaction (5.2) favor formation of the product sulfoxide. No gas
was ever observed being evolved from the reaction, probably due to the very high

olubility of SO, in the concentrated acid. The solubility of SO, in sulfuric acid ranges
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from 10-100+ g SO./kg H.SO4, depending on concentration and temperature. At the
experimenta conditions, the solubility is aout 30 g SO./kg HSO,4. SO, is dso oluble in

most organic liquids.1??

Severd other reactions ae dso possble, though most are not thermodynamicaly
favoradle. One reaction that might occur with tetrahydrothiophene is a modification of
reaction (5.1), shown below. This reaction explains the presence of product A from
Figure 5.3. Note that the double bond can be formed a ether of the two possble
postions with about the same energy. The formation of the ketosulfoxide would occur
from eectrophilic attack on the ring, with the second oxygen adding at the apha carbon,

rather than the sulfur.
O\\S//O

S
< 7 +2H,0+S DHyxn=-85.1kJ mol* (5.3)

{ /] +H,S0,

These proposed resctions are thermodynamicaly favorable, account for the observed

products and dso agree with the observed reaction rate laws. Figure 5.4 shows that at
high acid concentrations, the rate of oxidation is firg order in sulfide concentration, in
agreement with reactions (5.1) and (5.3). The initid reaction between the sulfide and
H.SO, appears to be rate limiting. This result agrees with the rate law determined for HS

reacting with sulfuric acid.**°

The active acid species has been proposed to be HSO;, rather than HSO,”.**° At high

acid concentrations, the SO, species is abundant and reaction 1 is the rate limiting step.
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At lower acid concentrations, however, the dissociated species is more prevdent. The
reaction rate may then become limited by the rate of association of HSO,4 from the ions,
H" + HSO4 ® H,S0,4, which must occur before the oxidation step can proceed. Under
these conditions, the rate would appear first order in acid concentration and zero order in
aulfide concentration, despite the acid being far in excess of the sulfide The data in
Figure 5.6 supports this hypothesis, showing that the reaction rate in 9M HySO, is
congtant (since the concentration of H,SO,4 is not gppreciably changed by the reaction
with smal amounts of sulfide), and Fgure 5.5 confirms the reaction is first order in acid
concentration. Below the threshold acid concentration shown in Figure 5.5, the rate of
associdion is likey too smdl to permit the oxidation reaction and the thermodynamics of

the reaction become unfavorable.

The reaction of sulfide species with concentrated sulfuric acid was previoudy reported
by Meadow, et a'?®'?* who atributed the desulfurization effect to NO, additives in
gndl quantities of H,SO4. However, their anadyss method could not distinguish between
sulfoxides and other oxidized sulfur species present in the hydrocarbon phase and

unreacted sulfide, nor did they report the reduction of sulfuric acid.

Ealy work of Wood et d suggested that sulfides were removed by dissolution into
aulfuric acid*®® In the present work, al of the oxidized sulfur compounds were extracted
into the agueous phase, while the unreacted sulfides remained in the organic phase. The
octanol-water partition coefficients'?® for the three sulfides studied here are summarized

in Table 5.1. All three aulfides show a drong preference for the organic phase
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Furthermore, very little of the origind sulfide was detected in the acid phase after the
reaction. The absence of the sulfide species and the presence of the sulfoxides and other
oxidized species reved that the observed “solubility” only occurs after the sulfides are

converted to the more polar oxidized species.

Table5.1: Partition coefficientsfor the sulfides studied. Data fromY aws?°

Log of Octanol-Water

Species

Partition Coefficient (25°C)
Thiophene 181
Tetrahydrothiophene 1.79
Dibutyl sulfide 3.87

This smple extraction method reported here may not work with higher molecular
weight sulfides  The higher molecular weight sulfoxides and sulfones may not be
aufficiently polar to be fully extracted into the agueous phase.  These higher molecular
weight species may require the sulfoxides and sulfones to be extracted with methanol or
adsorbed onto dumina to effect their removad, as is done in conventiond peroxide-based

oDS?

The ability of sulfuric acid to quickly remove sulfide species by converting them into
sulfoxides and other oxidized species provides a possible addition to or replacement for
ODS performed by hydrogen peroxide. Since peroxide-based ODS is limited by the cost
of the oxidant, a pre-treetment with sulfuric acid could remove much of the origind
sulfur content before the stream is sent to the ODS reactor. A sulfuric acid wash could

adso reduce the load on hydrodesulfurization (HDS) reactors when processing high-sulfur
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crude. The reactor design for such a sulfuric acid system is essentidly the same as for
aulfuric acid-based akylation reactors. Only low olefin feeds could be used since the acid

will catalyze polymerization resctions.

5.6. Conclusions

Oxidetive extraction of thiophene, tetrahydrothiophene, and dibutyl sulfide was
demondrated in a two phase reactor using concentrated sulfuric acid. The oxidized
products are likely the sulfoxides and other oxidized sulfur species, which are effectively
extracted into the acid phase. Sulfuric acid is reduced to dementd sulfur, which remains
in a colloidd date in the agueous phase. The reaction rates are firs order in sulfide
concentration when performed in concentrated (16M+) sulfuric acid, and first order in
aulfuric acid when performed in less concentrated acids. This reaction could be used to
greatly reduce the sulfur concentration in petroleum fractions prior to HDS or ODS

processes.
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6. Conclusions

Despite extensve research into desulfurization by the petrochemicd industry over the
last thirty years, few vigble dternaives to hydrodesulfurization have been developed.
The lack of progress is likedy due to a combination of factors including the effectiveness
of HDS, the cost associated with ingtaling new processes, and resstance to change in the

established community of refineries.

Regulatory limitations on sulfur levels in automotive fuds, particularly diesd, have led
to a renewed interest in dternative desulfurization technologies, as demondrated by the
commercid development of severa oxidative desulfurization technologies. The scope of
new technologies under devdopment is dill limited, however. For example, virtudly dl

ODS research is based on hydrogen peroxide-organic acid systems.

The need exigs for a wider vaiety of desulfurization techniques, particulaly as
refineries are built in many parts of the world and a wider variety of crude sources are
used. The increesng vaiety of crude compogtions, incuding the use of high-sulfur
“sour” crude from Russa and Canada, poses a paticular chalenge to refiners. The
exigence of multiple desulfurizetion techniques would dlow the efficent removd of

sulfur from these petroleum sources.

Despite the effectiveness of other catadytic processes such as HDS in sulfur removd,
PEMHRs were not successful. The reactions occurring in PEMHRs are cataytic and
folow the same rate laws as those occurring in conventiond hydrogenation reectors.
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Except perhaps a very low current dendties, the reaction step (addition of first hydrogen)
becomes rate limiting. Despite the smilarities to HDS, the temperature, pressure, ad
choice of cadyds avalable in PEMHRs ae inaufficient to effectivdy remove sulfur

from petroleum.

The removd of thiols from petroleum usng metd oxides is very promisng. PoO is
able to scavenge adkanethiols from a hydrocarbon solution to very low (=10 ppm S)
levels. The reaction is catadyzed by water, which likely functions as a proton transfer
agent during the reection. The reaction is zero order in thiol concentration and
proportional to water concentration, permitting the fast remova of smdl amounts of
thiols. This process could complement HDS by peforming a pod-tregting function to
remove recombinant thiols formed in the HDS reector, minimizing the amount of meta
oxide used and thiolate formed. The product thiolates can aso be easly decomposed to

regenerate the origind thiols and metd oxide.

The primary limitations of this process are its specificity to thiols and the use of heavy
metds. The specificity of the reaction prevents this process from being applied
independently from an HDS unit unless the feed stream contains dmost exclusvey thiol
ulfur. The use of heavy metds, such as Pb, is dso undesrable due to the risk of
contamination of the refinery dte or the environment. The use of Bi instead of Pb can

mitigate this problem somewhat, athough containment will remain an issue.
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The effectiveness of this process on actua crude or gasoline streams needs to be
investigated. These streams contain a wide variety of thiols and other organic compounds
that may complicate the remova of the thiols. Retall gasoline is not suited for this type of

andysis because it has dready been hydrotreated to remove dl of thethiols.

The use of aulfuric acid as a Hective oxidizing agent for desulfurization of sulfides
and thiophene derivatives is dso promisng. This process relies on the thermodynamic
equilibrium between sulfur in the +6 oxidaion date (sulfate) and sulfur in the -2
oxidation date (organic sulfide). Despite the gability of the sulfate ion, a mixture of these
two oxidation states will try to move towards equilibrium, generating the O (dementd)
and +4 (dioxide) oxidation dtates of sulfur. At sufficiently high concentrations of sulfuric
acid, aulfides and thiophene are oxidized to sulfoxides and other oxidized species in a
reaction that is fird order in sulfide concentration until an equilibrium concentration is

reached.

The oxidation of the sulfides permits sdective extraction or adsorption of the sulfur
compounds, identica to ODS. The effectiveness of this extraction is demonstrated by the
removal of the product species to undetectable levels in the hydrocarbon phase after
reactive extraction with concentrated sulfuric acid. This process replaces oxidation by the
expengve hydrogen peroxide with inexpensve sulfuric acid, without Sgnificant changes

to the remaining ODS flowshest.
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The oxidation of sulfur compounds with sulfuric acd has two limitations. Firg, the
reaction reaches equilibrium for some compounds at sulfur levels that are above the legd
limits, requiring remova of the products and long resction times. This limitation can be
overcome by combining the most desrable festures of sulfuric acid-based ODS and
hydrogen peroxide-based ODS. A pretreatment with sulfuric acid can chesply remove
mos of the aulfur from petroleum streams. A peroxide unit can then oxidize the
remaining traces of sulfur to meet regulatory limits. The two units can share many of the

extraction, adsorption, and neutralization process steps.

The second limitetion is the use of a liquid sulfuric acid. Extensve efforts are being
made to diminate the use of sulfuric acid as a cadys for dkylation due, in part, to the
need to dispose of large quantities of petroleum-contaminated acid. The introduction of
the same materid into a new process iIs somewhat counterproductive, dthough the
technology for safely using and disposing of such acid dready exids. Also, this process
could only be used on dreams that do not contain sgnificant amounts of olefins snce

aulfuric acid will catadyze dkylation and oligomerization reactions.

The effect of this treetment technique on actud diesd sreams should be evauated.
Specificdly, the sulfur levels obtained and any sSde reactions occurring are of particular
importance. Methods to regenerate the sulfuric acid and remove the colloidd sulfur are

a0 needed before commercidization.
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Two new desulfurization techniques have been demondtrated here, each gpplicable to
different aspects of refining. Each permits the more efficient use of other desulfurization
technologies by the pre- or post-trestment of streams desulfurized by ODS or HDS.
Application of these technologies could permit the efficient production of ultra-low sulfur

fudsfrom lower qudity, high-sulfur crude,
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