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Abstract 

The removal of sulfur compounds from petroleum is crucial to producing clean 

burning fuels. Sulfur compounds poison emission control catalysts and are the source of 

acid rain. New federal regulations require the removal of sulfur in both gasoline and 

diesel to very low levels, forcing existing technologies to be pushed into inefficient 

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

 

Two processes for the removal of sulfur compounds from petroleum have been 

developed: the removal of alkanethiols by heterogeneous reaction with metal oxides; and 

oxidative desulfurization of sulfides and thiophene by reaction with sulfuric acid. 

Alkanethiols, common in hydrotreated gasoline, can be selectively removed and 

recovered from a hydrocarbon stream by heterogeneous reaction with oxides of Pb, 

Hg(II), and Ba. The choice of reactive metal oxides may be predicted from simple 

thermodynamic considerations. The reaction is found to be autocatalytic, first order in 

water, and zero order in thiol in the presence of excess oxide. The thiols are recovered by 

reactive extraction with dilute oxidizing acid. 

 

The potential for using polymer membrane hydrogenation reactors (PEMHRs) to 

perform hydrogenation reactions such as hydrodesulfurization is explored by 

hydrogenating ketones and olefins over Pt and Au group metals. The dependence of 

reaction rate on current density suggests that the first hydrogen addition to the olefin is 

the rate limiting step, rather than the adsorption of hydrogen, for all of the metals tested. 

PEMHRs proved unsuccessful in hydrogenating sulfur compounds to perform HDS.  



 

iv 

 

For the removal of sulfides, a two-phase reactor is used in which concentrated sulfuric 

acid oxidizes aromatic and aliphatic sulfides present in a hydrocarbon solvent, generating 

sulfoxides and sulfones. The polar oxidized species are extracted into the acid phase, 

effectively desulfurizing the hydrocarbon. A reaction scheme is proposed for this system 

and is justified with a thermodynamic analysis and an experimental determination of the 

reaction rate law. 
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1. Introduction 

Energy production is one of the most pressing issues of modern times. Economic 

activity and energy usage are intimately linked. The production of useful goods and 

services requires energy, and more global economic output requires more energy usage. 

World energy usage increased by an average of 1.7% annually from 1980-2001, to a total 

of 404 quadrillion BTUs.1 Although the percentage of energy obtained from fossil fuels 

declined over the same period, the share of world energy from fossil fuels is still over 

82%, half of which comes from petroleum.1 

 

Unfortunately, the predominant modern technique for producing energy, the burning of 

fossil fuels, has a severe impact on the global environment. Some of this impact is the 

result of impure fuels. Naturally occurring sulfur compounds left in fuels lead to the 

emission of sulfur oxide gases. These gases react with water in the atmosphere to form 

sulfates and acid rain which damages buildings, destroys automotive paint finishes, and 

acidifies soil, ultimately leading to loss of forests and other ecosystems.2 Figure 1.1 

illustrates the devastating effects unchecked sulfur emissions can have on the local 

environment. Sulfur emissions also cause respiratory illnesses, aggravate heart disease, 

trigger asthma, and contribute to formation of atmospheric particulates.3  

 

Federal programs designed to reduce sulfur emissions from electric utilities and other 

industrial sources have been successful. A cap-and trade program instituted by the EPA 

in 1990 has led to decreased acidification of lakes and streams and an estimated human 

health benefit of $70 billion. The cost of this program is estimated between $1-2 billion.2 
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Figure 1.1: Forest in Poland destroyed by sulfur emissions from a coal-fired power plant wi thout 

sulfur emission controls. Courtesy of the US Geological Survey. 
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Utilities are not the only source for atmospheric sulfur. Automobiles are also adversely 

affected by sulfur compounds. Sulfur levels in automotive fuels have a profound effect on 

the efficacy of catalytic converters. Sulfur affects these emission control devices by 

strongly adsorbing to the precious metal catalysts, preventing the adsorption and reaction 

of hydrocarbons, nitrogen oxides, and carbon monoxide. The EPA estimates4 that 

reducing sulfur levels from 400 ppm to 50 ppm reduces emissions of hydrocarbons by 

45.9%, NOx by 7.01%, and CO by 31.12% (based on Tier 1 running specification) by 

reducing the poisoning effect of sulfur. Obviously, emissions of SOx are also reduced by 

an amount equivalent to the sulfur reduction. The US national average sulfur level in 

automotive fuel in 1997 was 339 ppm.4 

 

Producing energy in a clean and responsible manner can be accomplished in a number 

of ways. The use of non-fossil fuel energy sources such as solar, wind, and nuclear power 

will eventually replace fossil fuels. However, many of these technologies will require 

many years before they are able to provide the amounts of energy needed.  In the 

immediate future, fossil fuel-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 oil. As 

the world market for crude oil tightens with increasing demand, lower quality oils 

containing higher levels of sulfur are used. Developing techniques to remove the sulfur 
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from these lower quality feedstocks efficiently will ensure that energy is available at a 

reasonable cost. 

 

The development of the new desulfurization techniques in this Thesis begins with a 

study of polymer membrane reactors. These reactors offer a new way to perform 

hydrogenation reactions including, possibly, hydrodesulfurization. The fundamental 

reaction mechanisms in such reactors are studied to provide a basis for the development 

of desulfurization techniques. Although polymer membrane reactors ultimately proved 

unsuccessful for desulfurization, two new techniques for desulfurization are demonstrated 

and evaluated.  

 

First, the removal of alkanethiols by heterogeneous reaction with metal oxides is 

presented. This method reduces the level of one category of sulfur compound to <20 ppm 

by weight sulfur by selectively reacting the thiols with certain metal oxides, forming 

metal thiolates. The metal thiolates are insoluble in hydrocarbons and water at 

sufficiently low temperatures, permitting their removal by filtration. The metal oxide can 

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

 

The second technique is the removal of sulfides and thiophene by oxidation using 

sulfuric acid. Sulfuric acid is shown to be a fast and effective oxidizer of aromatic and 

aliphatic sulfides, yielding 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 described in detail in this volume. 
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2. Background 

2.1. Petroleum Refining 

Refining crude oil is a complicated series of chemical processes designed to separate 

petroleum into a variety of useful products, each meeting certain compositional criteria. 

Refining begins by fractionating (distilling) crude oil into a series of streams with defined 

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

 

Fuels, including gasoline, diesel, and kerosene (jet fuel), are the most valuable 

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 smaller molecules. 

Fluid catalytic cracking (FCC) typically utilizes a solid acid zeolite catalyst, often 

promoted with rare earth metals5 in a fluidized bed. Large molecules are broken down to 

create additional material in the naphtha range in order to produce more gasoline, a 

valuable product. The “cracked naphtha” stream often contains larger amounts of sulfur 

than virgin naphtha, since much of the sulfur in crude is in the form of heavy polynuclear 

aromatic molecules present in the FCC feed stream. 

 

Two additional processes are used to improve the quality of the resulting fuels, 

particularly gasoline. Reforming uses Pt based catalysts to isomerize linear paraffins, 

such as n-hexane, to higher octane number branched paraffins like 2,3-dimethylbutane. Pt 

supported on chlorided alumina, sulfated zirconia, and zeolites are all used.6 The support 

alters the activity of the catalyst, with alumina being most active and zeolites being least 
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active. However, high activity catalysts are more susceptible to poisoning by sulfur and 

water.6 Removal of sulfur compounds before reforming gasoline streams is therefore 

required. 

 

The second process used to improve the quality of gasoline is alkylation. Alkylation 

reacts n-butene with isobutane to create 2,2,4-trimethylpentane, also called isooctane, and 

other branched paraffins.7 Alkylation also uses an acid catalyst, but due to excessive 

coking, only liquid acid catalysts are currently used. Alkylation reactors blend either 

sulfuric or hydrofluoric acid with the butane/isobutene stream to create alkylate, a high 

quality gasoline that is blended into other gasoline streams. 

 

The last major process used in oil refining is hydrotreating, or hydrodesulfurization 

(HDS). Crude petroleum typically contains from 0.1 wt% to 3.0 wt% sulfur, depending 

on the source. Crude from Norway and the North Sea typically have the lowest sulfur 

concentration, while that from the Arabian Peninsula contains the most.8 Table 2.2 shows 

the distribution of some aromatic sulfur species found in petroleum by boiling point. The 

most common light species, denoted “gasoline-range sulfur” in the table, are methane-, 

ethane-, and t-butanethiol, dimethyl sulfide, carbonyl sulfide (COS), and 

tetrahydrothiophene.9 
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Table 2.1: Petroleum distillate fractions and their boiling points. Adapted from Pafko.10 

Distillate Fraction Boiling Point (ºC) Carbon Number 

Gases / LPG <30 1-4 
Straight-run gasoline 30-210 5-12 
Naphtha 100-200 8-12 
Kerosene 150-250 11-13 
Diesel & fuel oil 160-400 13-17 
Atmospheric gas oil 220-345 17-20 
Heavy fuel oil 315-540 20-45 
Atmospheric residue >450 30+ 
Vacuum residue >615 60+ 
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Table 2.2: Aromatic sulfur species found in petroleum. Data from 11. 

Sulfur Species Boiling Range (°F) 

Gasoline-range sulfur < 425 

Benzothiophene 429 

C1-benzothiophenes 430-500 

C2-benzothiophenes 500-535 

C3-benzothiophenes 535-584 

C4+-benzothiophenes 584-630 

Dibenzothiophene 633 

C1-dibenzothiophenes 635-685 

C2-dibenzothiophenes 685-720 

4,6-dimethyldibenzothiophene 691 

C3+-dibenzothiophenes 720 
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HDS reduces these sulfur-containing compounds in a stream using hydrogen and a 

catalyst. HDS can be performed either before FCC or after, depending on the refinery 

design. HDS must be performed before reforming, however, due to the poisoning effect 

of sulfur on Pt. In the HDS reactor, sulfur is reduced, liberating H2S, which is then 

removed from the flue gas by amine scrubbing. HDS is the primary desulfurization 

technology used today,12 although caustic washing to remove low molecular weight thiols 

is also performed.13 Most HDS operations also remove nitrogen compounds and some 

metal impurities.  

 

Typical operating conditions for the HDS reactor are 300-450ºC and 35-270 bar.14 

However, under these harsh conditions, olefins are also hydrogenated, leading to a loss of 

octane rating and excess hydrogen consumption. Under mild HDS conditions, H2S can 

react with olefins in the reactor to create recombinant mercaptans which are linear or 

branched thiols of typically 5-12 carbons. An example of this reaction is shown in Figure 

2.1. The reaction is completely analogous to the formation of alcohols 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 balance between degree of 

sulfur removal and degradation of fuel quality provides the impetus for continued 

research into HDS catalysts and process designs.12,15  

 

H
S

H H
S+  

Figure 2.1: Example recombination reaction producing an alkanethiol in an HDS reactor. 
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By far, the most common catalysts used in HDS are cobalt or nickel promoted 

molybdenum sulfide.12,14 The development of improved catalysts for HDS is the focus of 

virtually all research in HDS. The leader in the field of HDS catalyst development is 

Haldor-Topsøe, with much of the original characterization of cobalt promoted 

molybdenum catalysts attributed to Henrik Topsøe and coworkers.16,17  Development of 

nickel promoted molybdenum sulfide catalysts for HDS of diesel fuel, which contains 

more substituted polynuclear aromatic sulfur compounds than gasoline, is ongoing.12 

 

2.1.1.1.1. New Developments in Desulfurization 

Most research in the field of desulfurization is focused into three categories: oxidative 

desulfurization, metabolism of sulfur compounds using microbes, and selective 

adsorbents. Of these three, only oxidative desulfurization is being widely developed for 

commercial use. 

 

Oxidative desulfurization (ODS) is based on the removal of heavy sulfides, usually in 

the form of polynuclear aromatics where one ring is a thiophene structure. In ODS, these 

compounds are oxidized by adding one or two oxygen atoms to the sulfur without 

breaking any carbon-sulfur bonds, yielding the sulfoxide and sulfone, respectively. These 

oxidized compounds can then be effectively extracted or adsorbed from the petroleum 

stream. A detailed explanation of ODS, including the commercial processes, is given in 

section 5.1. 
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Removal of sulfur by metabolism using microbes is a new concept to improve the 

refining process using biotechnology. Several 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 oxidative C-C bond cleavage. For example, 

desulfovibrio desulfuricans can metabolize dibenzothiophene, releasing the sulfur as H2S 

in the presence of a reducing agent.18 The genes responsible for the “4S” metabolic 

pathway (oxidative C-S cleavage), in which organosulfur is oxidized to sulfite or sulfate, 

have been transferred to several bacterial species19 after its initial discovery in 

Rhodococcus erythropolis strain IGTS8.20 SO2 in flue gas has also been removed by 

reaction with water to sulfite followed by metabolism to sulfate.21 

 

Biological removal of sulfur has several limitations that prevent it from being applied 

today.22 The metabolism of sulfur compounds is typically slow compared to chemical 

reactions. Sulfur-metabolizing bacteria have been shown to reduce the sulfur content of 

diesel fuel from 535 ppm to 75 ppm in 24 hours.23 The rate of metabolism is rate limiting 

in the process, though mass transfer resistance from the oil/water interface to the microbe 

is also slow compared to the rate of transfer of the sulfur compound to the oil-water 

interface.24 Large amounts of biomass are needed (typically 2.5 g biomass per g sulfur), 

and biological systems must be kept alive 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.25 Separation of the cells from 

the oil can also be difficult26, and immobilized cells often have lower activity and limited 

lifetimes.19,22 
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Adsorbents for sulfur compounds are also commonly studied. Removal of H2S, 

dibenzothiophene, and other sulfur compounds is performed over zeolites27,28, 

aluminosilicates29, carbon aerogels30, activated carbon, alumina28, and zinc oxide31, for 

example. Adsorbents have been shown to be highly selective for sulfur compounds, 

including difficult to hydrotreat molecules such as 4,6-dimethyldibenzothiophene.32 

While highly effective, these adsorbents are difficult to regenerate, often requiring 

calcination28,31 or solvent washing.  

 

The adsorption capacity of many adsorbents is low. The capacity of an unspecified 

transition metal on silica adsorbent was measured at 0.123 mol S per mol metal.33 

Economical clay materials displayed capacities of 1-4 mg S compound per g clay34, 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 also lead to a loss of surface area due to 

sintering, reducing the amount of sulfur a bed can remove. Most research efforts 

therefore focus on creating less expensive35 and higher surface area materials36. 

 

Most commercial desulfurization processes, such as ExxonMobil’s SCANfining 

process15 and UniPure’s ASR-237 involve combinations of several desulfurization 

technologies. These combinations remove sulfur to low levels by focusing on the 

strengths of each technology. SCANfining, for example, can involve mild HDS, 
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mercaptan extraction, and amine scrubbing to remove H2S. ASR-2, which is an ODS 

process, includes two extraction and several adsorption steps.  

 

Despite these research areas, the primary method for sulfur removal is still HDS, 

which is a conventional, heterogeneous hydrogenation reaction. The extensive use of 

catalytic hydrogenation for sulfur removal suggests that better techniques for 

desulfurization may be found in atypical hydrogenation reactors. Before they can be 

applied to desulfurization, however, the operation of different types of hydrogenation 

reactors must be understood. 

 

2.2. Hydrogenation Reactors 

Hydrogenation reactions are critically important in the modern chemical industries. 

The petrochemical industry uses vast amounts of hydrogen to reform petroleum during 

catalytic cracking and hydrotreating. Edible oils are hydrogenated to convert unsaturated 

vegetable oils into semisolids used in margarine.38,39 Hydrogenations are used to convert 

phenol to ε-caprolactam, a precursor of nylon.40 Alcohols are formed from esters or fatty 

acids, as are amines from nitriles, through hydrogenation reactions.41 Hydrogenation 

reactions are a common and integral part of modern chemical processes. 

 

Virtually all commercial hydrogenations are performed using packed bed reactor 

technology that has been refined for many years. While this technology has proven useful 

and efficient, it has begun to reach its limitations in some areas. High temperatures and 

pressures, usually ranging from 120-400°C and 1-1000 atmospheres, limit hydrogenation 
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to stable molecules.42 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 commercial applications today are performed 

in conventional packed bed or slurry reactors. Since the addition of hydrogen to most 

functional groups or double bonds is exothermic and thermodynamically favorable, 

mixing the reactant, hydrogen, and catalyst together is sufficient to perform the reaction. 

In conventional reactors, the bed or solid fraction of the slurry is made up of catalyst in 

the form of a metal or metal oxide on an inorganic support of alumina, silica, or carbon. 

The supports provide a high specific surface area to reduce the required volume of 

catalyst and improve catalyst utilization. The active metal lowers the activation energy of 

the reaction sufficiently to allow a reasonable reaction velocity.  

 

The catalysts of choice are noble metals such as platinum, palladium, rhodium, and 

ruthenium, with nickel as a lower-cost alternative that requires harsher conditions. 

Osmium and iridium are occasionally used as well. Copper chromite serves to convert 

esters to alcohols, while cobalt and iron hydrogenate nitriles.43 The catalysts are tailored 

to the specific reaction to ensure high yield with minimal side reactions. The catalyst 

loading, surface area, and resistance to poisoning are all important factors in catalyst 

choice.43  
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Conventional reactors can be operated with either 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 transfer 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 industrially), 

production of oxo-alcohols from aldehydes, production of allyl alcohols, ammonia 

synthesis, and methanol synthesis.44 

 

Conventional liquid phase reactors attempt to dissolve gaseous hydrogen into the 

liquid reactant, where it is then transported to the catalytic surface, dissociates, and 

reacts. The dissolution of the hydrogen is achieved by bubbling hydrogen through the 

packed bed, or by intense mixing in a slurry reactor at high pressures. Despite the use of 

pressures ranging from 1-1000 atmospheres, the solubility of hydrogen remains low. As a 

result, most conventional reactors are limited by the rate of hydrogen transport to the 

catalyst surface.43 An exception is the hydrogenation of edible oils, which is usually 

limited by the rate of heat removal. Bubbling the gas through a packed bed also requires 

large compressors, both to pressurize the hydrogen initially and to recycle the gas that 

does not dissolve.42 Figure 2.2 gives an example of this type of reactor. 
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Figure 2.2: A conventional slurry hydrogenation reactor and associated processes. Adapted from 41. 
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The temperature of the reaction must be carefully controlled. Typical temperatures for 

hydrogenations range from 120-400oC. Higher temperatures increase the reaction rate, 

but usually reduce the selectivity of the reaction, allowing more side reactions to occur. 

Elevated temperatures also reduce catalyst life due to coking and similar blockages.42  

 

An engineer designing a conventional hydrogenation reactor has a number of variables 

with which to optimize the performance. Increases in temperature, pressure, agitation 

rate, and catalyst loading all increase the reaction rate, but with varying effects on 

selectivity. The rate of hydrogen supplied to the reactor and the catalyst choice also affect 

the selectivity, as can the presence of solvent.42 Many years of refinement in this area has 

led to the efficient operation of these reactors, although safety remains an important 

issue. 

 

2.2.2. Palladium Membrane Reactors 

 A second type of hydrogenation reactor uses a thin membrane of palladium metal. 

Palladium has a uniquely high permeability to hydrogen, and it is also an active catalyst 

for many types of hydrogenation. Membranes are created by depositing a thin layer of 

palladium metal onto a porous support, such as porous stainless steel, porous ceramics, or 

Vycor glass by one of several different deposition methods.45  

 

The most widely studied reaction in palladium membrane reactors is the 

dehydrogenation of saturated hydrocarbons. Typically, these reactions are performed in 

conventional reactors over platinum-group metal catalysts. The reactions are equilibrium 
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limited, but can be pushed towards the product via elevated temperatures, usually 700-

800ºC. 

 

Studies have concluded that countercurrent palladium membrane reactors, where gas 

phase cyclohexane is reacted near a palladium membrane with a low pressure sweep gas 

on the other side, can produce nearly 100% conversion to benzene.46 In these reactors, the 

membrane acts to remove hydrogen from the reactant stream, allowing the reaction to 

proceed to completion. Membranes made from alloys, such as Pd-Au-Ag, which are more 

permeable to hydrogen than pure Pd, show faster overall reaction rates. The membrane, 

however, is also shown to play little part in the catalysis of the reaction. Instead, 

conventional catalyst packed on the reactant side of the membrane is responsible for the 

reaction. 46 Such reactors have shown similar results for the steam reforming of methane 

and methanol. 45 

 

Palladium membrane reactors provide a way to simultaneously react and separate a 

given mixture, similar to reactive distillation. Such a reactor reduces the number of unit 

operations required for a given process. Temperatures around 500ºC are still 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 applied voltage as the driving force. 
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2.2.3. Polymer Electrolyte Membrane Hydrogenation Reactors 

Polymer electrolyte membrane hydrogenation reactors (PEMHRs) are electrochemical 

systems using a polymer membrane to separate the anode and the cathode. The 

membrane used in the current work is Nafion (DuPont), which is a sulfonated 

fluoropolymer. The sulfonic acid groups form clusters, or ionic domains, within a 

fluorocarbon matrix. In an aqueous environment, these clusters swell with water, 

hydrating the sulfonic acid groups and creating a cation-conducting electrolyte within the 

clusters.47 

 

In a polymer electrolyte membrane hydrogenation reactor, the membrane separates two 

compartments, each with an electrode. 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 electrodes, the water undergoes 

electrolysis, splitting into oxygen atoms, protons, and electrons. The electrons are carried 

out through the anode, while the protons, under the influence of a concentration gradient 

and the electric field, migrate through the membrane via the swollen ionic domains. Two 

oxygen atoms 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 also possible for two hydrogen atoms to react and leave the system 

as hydrogen gas. 



Chapter 2   Background 

29 

 

PEMHRs have several advantages over conventional 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 density, the rate of hydrogen supplied to the surface can be easily 

controlled. The use of water as the hydrogen source limits PEMHRs to operation below 

100°C unless pressurized. The lower temperatures allow thermally unstable molecules to 

be hydrogenated while using the galvanostatically controlled current density to increase 

the transport rate of hydrogen to the surface, compensating for the decreased reaction rate 

constant.  

 

PEMHRs are also relatively easy to set up at the laboratory scale, and they are much 

safer than conventional reactors. A conventional reactor mixes hydrogen, a catalyst, and 

flammable hydrocarbon together at high temperature and pressure. Introducing a small 

amount of oxygen to the system, perhaps from a leak, is enough to cause a catastrophic 

explosion. PEMHRs do not use compressed hydrogen, operate at lower pressures and 

temperatures, and half of the liquid in the reactor at 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 performed by Ogumi.48-52  His group studied hydrogenation of olefins, but most of 

their remaining work was in oxidation of organic molecules or reduction of other 

functions such as nitro groups in a PEMR. Sarrazin developed a water electrolyzer based 
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on the PEMHR principle.53 More recently, Pintauro et al. studied the hydrogenation of 

edible oils in a PEMHR.38,39,54 Other recent work55,56 has focused on other unique 

applications of PEMHR-style reactors, such as electroreduction of CO2, albeit 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 altering 

the current. Before a PEMHR can be applied to desulfurization, however, several 

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

Hydrogenation Reactors 

 

3.1. A Comparison of Catalytic Hydrogenation Mechanisms in Polymer 

Membrane Hydrogenation Reactors 

3.1.1. Introduction 

Hydrogenation reactions are an integral part of the manufacture of many chemicals, 

from pharmaceuticals to petrochemicals. 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 catalyst, typically Pt-group metals or alloys. The rate of reaction can be 

controlled in several ways including altering the partial pressure of hydrogen in order to 

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

 

The polymer electrolyte membrane hydrogenation reactor (PEMHR) performs 

hydrogenations using hydrogen produced from electrolysis of water.48 A polymer 

electrolyte membrane separates the water from the organic phase.  A porous catalyst on 

an electrically conductive support (e.g. carbon) is pressed against the polymer membrane 

at the organic side of the membrane; this forms the essential three phase interface 

between the polymer electrolyte membrane (PEM), the catalyst, and the organic phase.  
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A second electrode is placed in the aqueous phase; it does not need to be in direct 

contact with the polymer membrane.  When a voltage is applied between the electrode in 

the aqueous phase (the anode) and the electrode at the membrane-organic phase interface 

(the cathode), water is oxidized at the anode, generating molecular oxygen and protons. 

The protons move through the membrane driven by an electrical potential gradient.  The 

membrane is permeable only to cations, so only protons move through the membrane.  

An electron current passes through an external circuit from the anode to the cathode to 

balance the ion current.  The protons and electrons recombine at the cathode, directly 

forming surface adsorbed hydrogen. The cathode may then act as a catalyst to promote 

the hydrogenation of an unsaturated compound. At steady state, the adsorbed hydrogen 

formed at the cathode either hydrogenates the organic or combines with another adsorbed 

hydrogen atom and desorbs as H2; the current is equal to the sum of the rates of these two 

reactions multiplied by two. The reaction selectivity 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 conventional three phase hydrogenation reactors. A conventional 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 catalyst surface.57 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 conventional hydrogenation reactor using molecular hydrogen, the partial pressure 

of hydrogen dictates the rate of hydrogen adsorption onto the catalyst surface. In a 

PEMHR, the applied current is a direct measurement of the rate of arrival of protons to 

the catalyst surface, where they become adsorbed hydrogen.  Increasing the current is 

analogous to increasing the partial pressure of hydrogen in a conventional three phase 

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

 

Since adsorbed hydrogen can be formed directly on any cathode surface, metals that do 

not readily dissociate hydrogen might be activated for hydrogenations in a PEMHR. To 

examine this possibility and to confirm the analogy between current density and partial 

pressure, a PEMHR was used to evaluate the hydrogenation of olefin and ketone groups 

on the Pt group metals, known for their catalytic activity, and Au group metals, which are 

typically inactive.  

 

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 about 20 mL of isopropanol. The nominal metal particle size 

was 0.3-2.5 µm.  125 mg of 5 wt% Nafion solution (Ion 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 metal loadings were circa 8 mg/cm2 and the Nafion 

load was 1 mg/cm2.  The resulting layers of metal powder on the electrodes were evenly 

dispersed. The electrodes were dried at 60ºC for 1 hour and then 140ºC for 20 minutes. 

The electrodes were pressed onto Nafion 115 membranes (Ion Power, Inc.) for 3 minutes 
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at 140ºC at 1.7 MPa. A Pt mesh anode was suspended in close proximity to the plain 

Nafion side of the membrane-electrode-assembly. This process is shown in Figure 3.1. 

 

The reactor consists of two graphite plates with a serpentine flow channel, as shown in 

Figure 3.2. The graphite plates were backed with aluminum blocks with a Teflon spacer 

between. The Pt mesh anode and the pressed membrane/electrode were sandwiched 

between the graphite plates and the whole assembly was bolted together. A Viton gasket 

sealed the membrane–graphite interface. The total active area of the cell is 5 cm2. 

 

A solution of 40 mL 1-decene (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 deionized water was also 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 at one edge 

between glass slides during spraying. 
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The reactor was run in batch mode using the design shown in Figure 3.3. Ten mL of 

each solution were circulated through the reactor for one hour, permitting sufficient 

conversion to effectively measure the products with gas chromatography. The anode was 

fed with 20 mL of 0.1 M H2SO4. The sulfuric acid permitted the anode to be separated 

from the membrane to promote uniform proton current distribution with negligible 

voltage drop. The proton current from the anode to the cathode was controlled by a 

galvanostat (Arbin Instruments MSTAT4+). In the studies reported here the current was 

limited to 0-30 mA cm-2 (typically the applied voltage was ~ 2V).  All reactions were 

performed at 50ºC. After the reaction, each organic solution was analyzed by gas 

chromatography for the reactant and saturated product. Small amounts of octane (or 

ethanol for the acetone solution) were added to the stock solutions for use as an internal 

standard. Calibration of peak area was performed using 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 plates and Teflon tubing adapters.  
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Figure 3.3: Experimental apparatus schematic. 
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3.1.3. Results 

3.1.3.1. Olefins 

Only Pt and Pd showed significant activity for the hydrogenation of 1-decene to 

decane under the experimental conditions. Figure 3.4 and Figure 3.5 show the variation in 

rate of hydrogenation with current density, i. Pd was slightly more active than Pt, 

consistent with observations in conventional hydrogenation reactors and in previous 

studies of this type of reactor.54 The reaction rate for olefin hydrogenation over Pd and Pt 

increased with the square root of the current. Decene hydrogenation was 100 times 

slower on Ni and Cu, Ag and Au catalysts as shown in Figure 3.5. Proton current to 

electrodes with these metals primarily evolved hydrogen gas. There was no systematic 

variation of rate of olefin hydrogenation with current for the low activity metals; the rates 

of hydrogenation on Ni and the group IB metals all 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 ki0.5. The values 

of k are listed in Table 3.2. 
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Figure 3.5: Rate of hydrogenation of 1-decene over ineffective catalysts. Data enlarged from Figure 

3.4, note the change in scale. Uncertainty in the data is considerable, shown by sample error bars for 

Cu. Line is an example fit to i0.5. 



Chapter 3.   Reaction Mechanisms  in Polymer Electrolyte Membrane Hydrogenation Reactors 

42 

3.1.3.2. Ketones 

Under the experimental conditions, none of the metals showed activity for 

hydrogenation of 4-heptanone. Similar results have been previously reported.58 One 

possible explanation of this result is that the butyl chains sterically block access to the 

adsorbed carbonyl. Acetone hydrogenation over Pt and Cu was examined, and the results 

are summarized in Figure 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 approximately one order of magnitude less than that over Pt, but it was comparable 

to the rate of decene hydrogenation over Cu. The extremely low reactivity of 4-heptanone 

compared to acetone suggests that there is a steric effect caused by the alkyl chains, with 

longer chains blocking access to the carbonyl. The relative reaction rates are summarized 

in Table 3.1. 

 

Table 3.1: Relative rates of hydrogenation of olefin and ketone species in a PEMHR. 

Cathode Relative hydrogenation reaction 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 Tafel / 

Langmuir-Hinshelwood mechanism and the power law, ki0.75.  The fit parameters are listed in Table 

3.2. 
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3.1.4. Discussion 

The results of the olefin and carbonyl hydrogenation study, shown in Figure 3.4 

through Figure 3.6, reveal important mechanistic information about hydrogenations in 

PEMHRs. Catalytic hydrogenations are generally accepted to follow the Horiuti-Polanyi 

mechanism in which the addition of the first hydrogen atom to the adsorbed organic 

molecule is rate limiting.59,60 Different rate laws and reaction selectivity can be derived 

from this starting point, each yielding different reaction orders depending on the reaction 

steps involved with molecular hydrogen formation. Due to the complexities associated 

with most hydrogenation reactions, rate laws are often determined empirically in the form 

2

x y
H unsatrate kP P= , where Pn is the partial pressure of reactant n and x and y are between 0-

1.60  

 

Figure 3.7 summarizes the steps for hydrogenation by the Horiuti-Polyani mechanism. 

The rate of adsorbed hydrogen formation is equal to the current. Adsorbed hydrogen 

atoms add sequentially to an adsorbed unsaturated hydrocarbon molecule. The rate-

limiting step is normally hypothesized to be the addition of the first hydrogen. Adsorbed 

hydrogen can also recombine and desorb from the catalyst surface. Two common 

mechanisms for hydrogen recombination found in the literature are the Langmuir-

Hinshelwood desorption mechanism where associative desorption occurs between two 

neutral hydrogen atoms from the surface, and an Eley-Rideal mechanism in which a 

neutral hydrogen atom on the surface reacts with an incoming proton in a combination 

reduction-desorption step.61 In the electrochemical literature these are called the Tafel 

reaction and the Heyrovski reaction respectively. These two mechanisms result in 
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different functional relationships between current and hydrogenation rate. Figure 3.7 

shows the steps in these mechanisms and the resulting rate laws. The rate laws are 

simplified by assuming a constant coverage of organic species, equivalent to assuming 

non-competitive adsorption which has been suggested to occur.62 The two rate laws each 

have a single adjustable fitting parameter. The parameter to fit the Eley-Rideal 

mechanism is the group kUΘU/kHH, where ΘU is the surface coverage of unsaturated 

hydrocarbon, kU is the rate constant for the first hydrogen addition and kHH is the rate 

constant of molecular hydrogen formation by the Heyrovski reaction. The fit parameter 

for the Langmuir-Hinshelwood mechanism is (kUΘU)2/2kHT, where kHT is the rate 

constant for molecular hydrogen formation by the Tafel reaction. 
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Figure 3.7: Comparison of two common hydrogenation mechanisms. Rate equations are simplified 

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

organic species, and S is the saturated organic species. 
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Figure 3.8 provides a comparison between the fit of these two mechanisms to the 

experimental data for hydrogenation of 1-decene. The power law fit of ki0.5 is also shown. 

All three laws match the experimental data well; the data does not discriminate between 

the models. 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 

experimental values at low current density. The reaction rates at low current, particularly 

on Pd, may be higher than expected due to palladium’s ability to absorb hydrogen into 

the bulk in large quantities63, an effect enhanced by the negative potential applied to the 

cathode. Absorption into the bulk may lower the rate of desorption of hydrogen, though 

this hydrogen is still active for hydrogenations.58 An alternative explanation is that the 

predicted rates should be higher at the low currents and the model over-estimates the 

reaction rates at high current density. This could be the case if hydrogen adsorption and 

recombination on the carbon support became significant when the hydrogen coverage on 

the metal catalyst surface became saturated. 

 

The analogy between current and hydrogen pressure becomes clear upon closer 

inspection of the rate laws derived in Figure 3.7. The Eley-Rideal mechanism with the 

simplifying assumption of constant organic surface coverage becomes a monomolecular 

adsorption (of H+) followed by a surface reaction first order in hydrogen coverage. If 

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

    1

21
H

H

k P
r

k P
=

+
        (3.1) 

where PH is the pressure of the “monomolecular” 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 relationship between current and pressure also arises in the Langmuir-

Hinshelwood mechanism from Figure 3.7. In deriving kinetic expressions of this type, the 

steady state surface coverage of a species is found by equating the rates of adsorption and 

desorption. Following Langmuir64, the rate of adsorption of hydrogen from the gas is 

kPH(1-ΘH)2. In a PEMHR, the rate of adsorption is i/F. The current term in any of the 

expressions in the Langmuir-Hinshelwood mechanism shown in Figure 3.7 can be 

replaced by kPH(1-ΘH)2 to yield 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 also well fit by ki0.5. 

Dependencies of (PH2)0.5 are found in traditional catalytic hydrogenation studies65 and 

result from one hydrogen atom being involved in the rate limiting step. The Tafel / 

Langmuir-Hinshelwood mechanism in Figure 3.7 shows a very similar dependence. 

 

 

Table 3.2: Fitting parameters for all mechanisms. Current density, i, has units mA cm-2 except in the 

power laws in which the units are nmol sec-1 cm-2. 

    1-Decene Acetone 

Rate Law Parameter Pt Pd Cu Pt Cu 

Tafel / Langmuir-Hinshelwood (kUΘU)2/2kHT 10.5 31.6 --- 0.338 0.0016 

Heyrovski / Eley-Rideal kUΘU/kHH 58.5 121.8 --- --- --- 

Rate = ki0.5 k 3.66 5.47 0.042 --- --- 

Rate = ki0.75 k --- --- --- 0.333 0.0248 
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Figure 3.8: Rate of hydrogenation of 1-decene over Pt and Pd catalysts (from Figure 3.4) compared 

to Langmuir-Hinshelwood and Eley-Rideal style mechanisms. The fit of the power law ki0.5 is also 

shown. 
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The acetone hydrogenation results, shown in Figure 3.6, are not fit particularly well by 

either 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 

situation might arise from non-uniform distribution of protons arriving at the catalyst, 

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

hydrogen supply is limiting (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-2, 

as suggested previously.58 If proton reduction were rate limiting, the plots in Figures 2-4 

would be linear with current. All the data show that the rate increases less than linearly 

with current, especially at high current density.  This conclusion is further supported by 

the absence of reaction on the ineffective catalyst metals. If hydrogen adsorption were 

rate limiting, reaction would occur on all of the metals when current is applied. 

 

The current density (or pressure for gas phase reactions) necessary to shift the reaction 

from mass transport limited to reaction limited depends on the relative rates of mass 

transport and surface reaction. A fast surface reaction will require large currents or 

pressures to become reaction limited. In this study, the rates of hydrogenation on Pt and 

Pd are accelerated by increasing the current density, suggesting that the reaction rate is of 

a similar order of magnitude as the rate of mass transfer. On the ineffective catalysts, 
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however, the rate of reaction is independent of current, suggesting a much slower 

reaction rate. When the rate of surface reaction is slow the adsorbed hydrogen primarily 

reacts by recombination and desorption as H2.  In the rate laws listed in Figure 5 this 

corresponds to the first term on the right hand side of the rate laws being dominant.  The 

rate of mass transport is controlled by the current and is therefore the same on both the 

active and inactive catalysts, but the reaction selectivity depends on the catalytic activity.  

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

 

In catalytic reactions using gas phase hydrogen, the rate limiting step changes with 

pressure; the overall reaction is limited by mass transfer of hydrogen to the surface 

(adsorption) at low pressure and then shifts to surface reaction limited at higher pressures. 

Increasing agitation speed in a slurry reactor can have the same effect of reducing mass 

transfer limitations, causing a shift in rate limiting step.66,67 Pressure or mixing is 

employed to alter the reaction rate in conventional hydrogenation reactors.  

 

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

→ C is 

( )2
1

A A b BA

A A b B C C

b P b Pdn
k

dt b P b P b P
= −

+ + +
       (3.2) 

where Px is the partial pressure of species x and bx are constants. This type of rate 

equation is representative of hydrogenation reactions where A is the olefin, B is hydrogen 

and C is the paraffin product.  At low pressures of B, the rate appears first order in B. The 

rate then passes through a maximum at moderate pressures of B. At higher pressures of 

B, species B displaces A on the surface and the reaction rate decreases.  



Chapter 3.   Reaction Mechanisms  in Polymer Electrolyte Membrane Hydrogenation Reactors 

52 

 

Analogously, the rate-limiting step in PEM hydrogenation reactors may change from 

being linear in current at low current density (relative to the rate of the surface reaction) 

to less than linear at higher current density. At very high current density, the hydrogen 

gas generation may displace the organic at the electrode surface, causing a decrease in 

reaction rate. A maximum in the rate of hydrogenation was not observed here because the 

rate of H2 generation became disruptive to the measurements before that point could be 

reached. 

 

Hydrogen surface coverage is the true controlling variable for catalytic 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. 

Ideally the rate should be related to the current supplied to the active catalyst surface. 

Some of the proton current can also be reduced on the carbon electrode support, where 

hydrogen diffusion and/or recombination can occur. Ideally the current density should be 

based on the active catalyst area, as reaction rates are normalized to the active catalyst 

area for supported metals. In a PEMHR, active catalyst must be accessible to both the 

organic and the proton current to ensure that the two reactants mix on the surface. 

Catalytic electrodes with extremely high surface areas, such as those consisting of 

supported metal particles, may have a lower hydrogen surface coverage at a given current 

than one of the same size with a smooth surface. High electrode surface area-to-current 

ratios are equivalent to very low hydrogen partial pressures, since the true current density 

(defined per unit surface area of the metal) is very low. Because of the complex structure 
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of the cathode/polymer electrolyte/hydrocarbon interface, good analytic tools to identify 

the active catalyst surface are not available. We have followed tradition and reported 

current density based the geometric area of the electrode. 

 

3.1.5. Conclusions 

Hydrogenation with a PEM hydrogenation reactor is similar to traditional catalytic 

hydrogenation, with the added benefit of generating high surface coverages of hydrogen 

at ambient pressure. Current density in a PEMHR is analogous to hydrogen partial 

pressure in a conventional catalytic hydrogenation reactor. 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 catalyst for all of the Pt and Au 

group metals. The rate is well fit by a rate law in the form ki0.5, analogous to rates found 

in conventional hydrogenation reactors. Aliphatic ketones hydrogenate much more 

slowly than olefins at the experimental conditions. Acetone hydrogenated one order of 

magnitude slower than 1-decene on Pt, and 4-heptanone did not react, suggesting a steric 

effect blocking access to the central carbonyl. Acetone hydrogenation over Pt and Cu was 

fit by ki0.75, suggesting a more complex mechanism for this reaction. Since the 

hydrogenation mechanisms in PEMHRs are catalytic, the true hydrogen surface coverage 

controls the rate of reaction rather than current density, 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 Reactions in a Polymer Membrane Reactor 

3.2.1. Introduction and Theory 

In the preceding sections, hydrogenation reactions occurring in a PEMHR were shown 

to be catalytic. These reactions are exothermic and are thermodynamically favorable, but 

rely on the interaction between the reacting molecules and the catalytic surface. Another 

type of reaction is also possible in PEMHRs: electrochemical reactions. Electrochemical 

reactions are driven by the potential at one of the two electrodes and can be 

thermodynamically unfavorable (positive ∆Grxn). 

 

The dehydrogenation of isopropanol is used to demonstrate the differences between 

catalytic and electrochemical reactions. This reaction is the reverse of the hydrogenation 

of acetone reaction discussed earlier. Like most dehydrogenation reactions, it has a 

positive ∆Grxn = 27.6 kJ/mol and is driven by the positive potential at the anode. In the 

current study, water electrolysis competes with isopropanol dehydrogenation. The charge 

is balanced for both reactions by the reduction of protons at the cathode to form H2. The 

mechanism for these reactions is given as Figure 3.9. 
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Figure 3.9: Reaction mechanism for the dehydrogenation of isopropanol and electrolysis of water. 

The removal of the first electron is rate limiting in each mechanism. 
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Assuming the removal of the first electron 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 expression derived states that the rate of dehydrogenation of 

isopropanol is the total current times the selectivity for the isopropanol reaction over the 

water reaction.  

 iso iso T M isor  = k [Isopropanol]M exp(  (i)/(RT)) θ α εF    (3.3) 
 W W T M Wr  = k [Water]M exp(  (i)/(RT)) θ α εF    (3.4) 
 iso iso iso waterr  = (i/(2 ))(r /(r +r )) F       (3.5) 

 
( )2

2
[ ] ( )

1 exp
[ ]

iso
water water iso

iso

i

r
k H O i

RTk Isopropanol
α α ε

 
 
 =

   − 
+     

   

F
F

 (3.6) 

 
where F is Faraday’s constant, ε is the potential of the anode, i is the current density, and 

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

reverse reaction mechanisms. 

 

Equation (3.6) suggests that the rate of dehydrogenation 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 electrochemical, the anode material should not affect the reaction rate, in 

strong contrast to a catalytic reaction. 

 

3.2.2. Experimental  

The dehydrogenation reaction was performed in the PEMHR using 10 vol% 

isopropanol in DI water, with 0.1 M H2SO4 as the supporting electrolyte. The same 
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solution was used on both sides of the reactor due to the high permeability of isopropanol 

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 experimental setup and protocols were used as for the acetone hydrogenation 

described previously. Product analysis was performed by gas chromatography. 

 

3.2.3. Results and Discussion 

Figure 3.10 confirms the electrochemical nature of this reaction. On the Pt anode, the 

rate of dehydrogenation of isopropanol is linear with current, as predicted by equation 

(3.6). On the C anode, the rate is linear at low current but reaches a maximum at higher 

current. The reaction rate over C is also predicted by equation (3.6) by assuming that αiso 

?  αw. The difference in the asymmetry factors over C likely arises from a surface 

interaction of the isopropanol or an intermediate with the carbon causing the mechanism 

of the dehydrogenation to change slightly. Figure 3.10 also demonstrates how the 

electrode material has little effect on the rate of the reaction. Until the asymmetry 

difference becomes dominant at high current, the rate of dehydrogenation over Pt and C 

are equal. 
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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 kw/kiso = 0.0135, αw-α iso = 0. Parameters for C are kw/kiso = 0.0102, αw-

α iso = 0.026. 
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The dehydrogenation of isopropanol clearly demonstrates the difference between a 

catalytic and an electrochemical reaction. Electrochemical reactions are less sensitive to 

electrode material and surface area and the rate limiting step involves a charge transfer. 

Because charge transfer is rate limiting, more applied current yields 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 attempts were made to achieve desulfurization reactions in a polymer 

membrane reactor. The most reactive species, alkanethiol, was tested in a PEMHR using 

Pt, Pd, Cu, Al, Pb, Fe, C, Co-Mo (deposited on C from the salts), and Ag electrodes. 

Solutions of 10 vol% dodecanethiol in cyclohexane were reacted at current densities from 

1-15 mA cm-2, and also under cyclic voltage and current programs.  

 

Adsorption of thiol was evident on high surface area carbon electrodes, 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 allow 

the reaction to continue once the initial trace amounts of thiol had adsorbed and reacted. 

This result is consistent with the difficulty of regenerating high surface area adsorbents 

for desulfurization, which typically require calcination.68 

 

Pb electrodes, which are capable of high energy electroreductions69, also were unable 

to reduce thiols. The only product observed was lead thiolate, described in the following 

chapter. Cu electrodes produced a small amount of a waxy polymeric material, but no 

dodecane was produced. The other metals were completely ineffective in reducing thiols 

under any conditions. 

 

Cyclic voltammetry was performed for Cu, Ni, Pb, Ag, Pd, and Pt electrodes to 

determine if any reactions involving an electron transfer, such as a direct electroreduction 
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of thiol, were occurring. Electrodes of each metal were submersed in solutions of 

approximately 60 vol% ethanol and 36 vol% deionized water. The balance of the solution 

is sulfuric acid (supporting electrolyte) and the sulfur compound of interest. The counter 

electrode was a Pt wire. Potential was controlled with an Arbin MSTAT4+ battery testing 

station. The potential was referenced against a Pt wire in the same electrolyte solution. 

The potential window was experimentally determined for each compound by scanning 

until the current exceeded about 10 mA. 

 

No irreversible reduction of thiol was observed for any of the studied electrodes, 

although Ag would react with some sulfur compounds to form a non-adherent layer of 

Ag2S. Unfortunately, the metal was not able to be completely regenerated by 

electrochemical means, leading to the disintegration of the electrode. Figure 3.11 shows 

the cyclic voltammogram of an Ag electrode in an electrolyte solution containing 

tetrahydrothiophene. The difference in size of the anodic (downward) and cathodic 

(upwards) peaks 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 several of the metals in a 

potential-dependent manner, the lack of a reduction reaction occurring at the surface, 

either catalytic or electrochemical, suggests that PEMHRs are not suited to 

desulfurization reactions. The high temperatures and specific catalysts required for HDS 

are not possible in a PEMHR. Additionally, economics requires that any desulfurization 
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reaction occur quickly to minimize the necessary 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 Ag2S. The 

smaller cathodic wave near 0 V is the reduction of some of the Ag2S. 
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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 also produced in HDS reactors by the reaction of olefins with H2S 

present in the reactor. Here we present a new process for the removal and recovery of 

alkanethiols from petroleum.  

 

4.1. Chemistry and Reactions 

4.1.1. Introduction 

The removal of thiols from hydrocarbon streams, such as petroleum, has been a 

concern since the earliest days of refining. Thiols have a strong and unpleasant odor and 

also can be acidic. The removal of thiols from petroleum is commonly called sweetening. 

Most crude oils contain some thiol species, and a few contain significant quantities of 

thiols.70  

 

Over the past fifty years, the removal 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).14,71 HDS reacts organosulfur compounds 

with hydrogen over a catalyst at elevated temperature (T = 300-450 ºC) and pressure (P = 

35-270 bar) to produce a hydrocarbon and H2S.14 The feedstocks treated by HDS are 
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primarily those used for catalytic reforming to make gasoline. Desulfurization of diesel 

fuel is now required to meet new environmental emissions standards.72 

 

The reaction described here provides the basis for a simple, low temperature method 

for the removal of thiols from a hydrocarbon stream. In this reaction, thiols are converted 

directly to insoluble metal thiolates by heterogeneous reaction with certain metal oxides 

or hydroxides. The thiolates can then be mechanically filtered from the hydrocarbon 

stream. The metal and the original thiols can then be recovered in a reactive liquid-liquid 

extraction step. This reaction could form a process to complement conventional HDS by 

reducing the sulfur load on an HDS reactor while recovering the thiols for other uses.73-75 

 

The reaction is based on thiolate chemistry in which thiols react with metal ions to 

form metal thiolates.76,77 Most work in this area focuses on the reaction of thiols with 

aqueous solutions of heavy metal salts77-79 or with surface reactions on metals80-84 and 

metal oxides.85-87 The reaction system applied here is distinct from these works because 

the reaction removes ions from the surface of the oxide, allowing a dense oxide particle 

to be completely consumed. While the heterogeneous reaction was almost certainly 

observed previously, the reaction is absent from much of the literature.88,89 Sources 

indicating that such a reaction occurs do not specify the reaction.76 We demonstrate here 

some preliminary results of the heterogeneous reaction between a liquid thiol and a solid 

metal oxide to form a solid thiolate and water, and apply this obscure reaction to the 

modern day problem of removing and recovering thiols from a hydrocarbon mixture. An 

example reaction with PbO is 
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2 2PbO + 2 RSH  Pb(SR)  + H O→         (4.1)  

The reaction works with any combination of thiols and metal oxides that form stable, 

insoluble thiolates. We have found numerous oxides and hydroxides of Pb, Hg(II), and 

Ba to react with alkanethiols. 

 

The reaction of thiols with these metal oxides or hydroxides occurs quickly and 

completely at room temperature and atmospheric pressure. Under these conditions, the 

thiolates are solid and insoluble in either aqueous or hydrocarbon liquids, consistent with 

older studies of Pb thiolates.78 

 

After separation of the thiolates from the hydrocarbon solution, the recovery of the 

metals is achieved by reactive extraction with a dilute oxidizing acid. The choice of acid 

depends on the metal salt desired. An example reaction is 

2 3 3 2
Pb(SR)   + 2 HNO   Pb(NO )  + 2 RSH→        (4.2) 

This simple process uses inexpensive materials and very little energy compared to 

conventional desulfurization techniques.  

 

Potentially reactive oxides are identified through simple thermodynamic 

considerations. The reaction of a thiol with a metal oxide involves the breaking of an S-H 

and an M-O bond and the formation of an M-S and an O-H bond per reacting thiol 

molecule. An estimate of ∆Hrxn can be obtained by comparing the heats of formation of 
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the metal oxide and the metal sulfide. This technique identifies which reactions are 

favorable but does not quantitatively 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 vial. An n-alkanethiol, either 1-hexanethiol, 1-octanethiol, or 1-dodecanethiol 

(Aldrich), was added to the vial. An inert hydrocarbon, usually 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 stirring to facilitate filtration. Some 

samples were stirred using a magnetic stir bar, and some were heated 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 several times with water, acetone, cyclohexane, and then 

pentane and dried at room temperature. 

 

The Pb was extracted from 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 melting point of the thiolate, approximately 60-80 ºC. This mixture was added to 

the nitric acid and agitated by rapid stirring. The hydrocarbon layer was then analyzed for 

thiol content by gas chromatography (Hewlett Packard HP-1 column). The aqueous layer 

was evaporated and the Pb was recovered as Pb(NO3)2 crystals. 
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Other metal oxides and hydroxides were tested by adding 1-octanethiol to a small 

amount (approx. 0.15-0.5 g) of the oxide or hydroxide in a glass vial. The formation of 

thiolates was evidenced by a dramatic increase in apparent solid 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, Bi2O3, CaO, CdO, CoO, Cr2O3, 

CuO, HgO, MgO, MoO3, metallic Pb wire, PbO, Pb3O4, PbO2, Pb(OH)2, Pb(NO3)2, PbS, 

SbO, SnO, and Sr(OH)2. 

 

4.1.3. Results 

4.1.3.1.  Reactions  

All of the tested oxides of Pb (Aldrich), Pb(OH)2 (made from oxide), metallic Pb wire 

(Alfa-Aesar), HgO (Fisher), Ba(OH)2, and BaO (Barium and Chemicals, Inc.) formed 

stable, insoluble thiolates of several alkanethiols. Based on these results, we assume that 

Hg(OH)2 would also form a stable 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 calorimery was not performed, a melting point analysis 

was conducted. The thiolates of the tested alkanethiols were solid at room temperature, 

but melted at temperatures above about 50°C when mixed with a hydrocarbon solvent. 

The melting point was lower for lower molecular weight thiolates. In the presence of 

cyclohexane, a miscible solution of the dioctylthiolate, Pb(SC8H17)2, was formed at 54-

55°C. The melting temperature of the dried dialkylthiolates increased with molecular 
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weight and was 70-80°C for the dioctylthiolate. The observed melting point was lower 

than reported elsewhere77, probably due to impurities or incomplete removal of the 

hydrocarbon solvent. The melting range was also wide, further suggesting the presence of 

unremoved solvent. Vacuum drying may be necessary to completely dry the thiolates. 

The thiolates were insoluble in cyclohexane, toluene, acetone, and water at room 

temperature. The thiolate melts were miscible with cyclohexane and toluene, but 

immiscible with water. The thiolates recrystallize when a melt, either 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 analysis (TGA) revealed that this material, when dried, 

decomposes slowly between 100-140°C, followed by a rapid decomposition between 

140-220°C. After decomposition, the mass of the remaining material corresponds 

reasonably well to PbS, a known decomposition product. The difference probably results 

from some formation of PbO at 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-C8H17S)2 prepared from solid 

PbO by this reaction. The thiolate was recrystallized once from hot toluene. The WAXD 

pattern shows two similar crystal morphologies, as indicated by the double peaks. The 

average d-spacing, calculated from Bragg’s Law, is 26.2 Å, in close agreement with the 

reported value of 25.8 Å.77 The high order peaks result from dense layers of Pb atoms 

separated at regular spacing by a bilayer of hydrocarbon chains. The measured d-spacing 
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represents the distance between two layers of Pb atoms and increases with increasing 

alkyl chain length.77 A sketch of this structure is given as Figure 4.3. This crystal 

structure is most likely responsible for two physical properties of these materials. The 

strong adhesion of the PbS cores prevents dissolution at low temperatures and the 

lamellar structure with loosely bound sheets provides the greasy smearing behavior of the 

compound when not completely free of organic solvents. 



Chapter 4  Removal and Recovery of Alkanethiols  

72 

 

 

 

Decomposition of Lead Dioctylthiolate

20%

30%

40%

50%

60%

70%

80%

90%

100%

20 40 60 80 100 120 140 160 180 200 220 240 260

Temperature (oC)

S
am

pl
e 

M
as

s 
(w

t%
 o

f o
rig

in
al

)

Decomposition Onset

Predicted mass PbS assuming perfect sample

 

Figure 4.1: TGA results showing decomposition of Pb(SC8H17)2. 
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Figure 4.2: WAXD pattern of recrystallized Pb(SC8H17)2. Calculated average d-spacing is 26.2 Å. 
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Figure 4.3: Sketch of likely structure of a Pb(SC8H17)2 crystal. 
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PbO, Pb3O4, Pb(OH)2, and PbO2 reacted quickly yielding an insoluble, yellow thiolate. 

No other reaction products were detected. Reactions were typically complete in about 1 

hour without agitation or heat. The thiolate does not appear to foul the surface of the 

oxide, allowing the reaction to go to completion without agitation. Yields of Pb(SC8H17)2 

were typically 80-90%, including transfer losses. Heating the product above the melting 

temperature of the thiolate revealed no remaining solid oxide, indicating that some 

amounts of sub-thiolate, such as Pb(SC8H17)(OH), may have been formed, reducing the 

yield. Pb4+ compounds only reacted with two thiols per Pb, probably resulting in the 

formation of PbO(SC8H17)2 or Pb(OH)2(SC8H17)2. 

 

In the presence of a 48% stoichiometric excess of PbO, a final thiol concentration of 13 

µmol/mL, or 527 ppm S by weight, was achieved. This reaction was performed without 

optimization of reaction conditions and was carried out in a glass vial with mild agitation. 

 

Metallic Pb wire was also active in forming thiolates. The thiol reacted with the Pb, or 

more likely the natural coating of oxides present on a Pb surface when exposed to air, to 

form an insoluble yellow thiolate. The extent of reaction on a Pb wire was very low when 

carried out in an inert nitrogen atmosphere. The reaction occurred at the surface of the 

wire, forming plates of thiolate that were pushed outwards as new thiolate was formed. 

Mechanical agitation to remove the thiolate layer is usually sufficient to maintain an 

active surface if oxygen is available. 
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Hg(II)O reacted exothermically 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 releases sufficient heat to vaporize some of the 

generated thiolate on contact. Diluting the thiol with an inert solvent is sufficient to 

prevent a potentially dangerous heat release. The yield of Hg(SC8H17)2  was 99%.  

 

The initial reaction proceeded more quickly with HgO than PbO, 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 recrystallizing around the oxide 

after melting in the initial heat release. Again, diluting the thiol should alleviate this 

problem. The reaction went to completion with mild agitation. 

 

BaO and Ba(OH)2 also reacted with alkanethiols 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 again most likely due to the formation of 

sub-thiolate, Ba(SC8H17)(OH). This reaction is interesting, however, because of the lower 

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

 

Bi2O3 reacted more slowly to yield an orange-yellow thiolate that was soluble in 

cyclohexane. The thiolate was recoverable by evaporating the cyclohexane. Since we are 

interested in using 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 MoO3 and CoO both reacted very slowly to generate grey-white 

thiolates. The reactions were incomplete, leaving some unreacted metal oxide even after 

several weeks. Other metals were excluded from the study. Some transition metals such 

as Pt, Au, Ru, Rh, Os, and Ir and the lanthanide series are too expensive to be practical in 

desulfurization reactions. 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 original mixture. The separation requires that the thiolates be solid and must be 

performed at a temperature below the miscibility point of the thiolates, approximately 

55ºC for the compounds in this study. Once the thiolates have been filtered from the 

original hydrocarbon stream, the metal can be recovered by extraction with dilute 

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

 

Reactive liquid-liquid extraction can be performed by heating the thiolates to melting, 

either with or without the addition of a hydrocarbon solvent. Agitating the thiolates with 

a dilute solution (0.1-0.3 M typically) of an oxidizing acid, such as nitric, allows the 

reaction to reach completion in about 2 hours. Improved contacting between the liquid 

phases and using more concentrated acids can reduce the time required. The result is an 

aqueous phase containing the metal salt and a hydrocarbon phase containing the original 

thiols and any added solvent.  
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The choice of acid depends on the desired metal salt. If the resulting salt is soluble in 

the acid phase, as in the above example, the metal can be recovered by evaporation of the 

water. An insoluble metal salt can be filtered. A mixture of nitric and sulfuric acid will 

decompose Pb thiolates and precipitate the metal as PbSO4. A reusable oxide can be 

obtained by roasting most metal salts in air. 

 

Using this technique, thiolates made from reaction with PbO were extracted with 0.21 

M HNO3. The yellow diluted melt of Pb(SC8H17)2 changed to colorless as the reaction 

proceeded. The recovery of Pb as Pb(NO3)2 was 102%, or essentially all of the lead, 

within experimental error. A second trial with thiolates made from PbO2 and 0.31 M 

HNO3 yielded 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 metal thiolates is thermodynamically driven by the 

concurrent production of water. For example, 

2 22 ( )MO RSH M SR H O+ → +        (4.3) 

2 22 ( )M RSH M SR H+ → +        (4.4) 

 

Equation (4.3) is more favorable than equation (4.4) for any metal that forms an oxide 

reducible by hydrogen, as shown in equation (4.5). 

3 4 2( ) ( )Rxn Rxn f fH H H H O H MO∆ − ∆ = ∆ − ∆       (4.5) 
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Metals in the 2+ oxidation state have the simplest stoichiometry, requiring interaction 

between two thiol molecules and only one metal atom per water molecule formed. Metals 

in other oxidation states require the coupling of the reduction reaction at two metal atoms 

to generate the stable products. This coupling will likely slow down the reaction. PbO2 

reacted with only two thiols per Pb atom rather than forming Pb(SC8H17)4. This reaction 

retains the simple stoichiometry observed with Pb2+ compounds. 

 

The search for reactive oxides can be narrowed by calculating the heat of formation of 

the thiolates from the metal oxides. Reactions with small negative or positive values for 

∆Grxn are not thermodynamically favorable and will not react spontaneously, as desired in 

this process. Only those oxides with large negative values of ∆Grxn need be studied. 

 

Unfortunately, very little information regarding the enthalpy and entropy of formation 

of specific metal thiolates is available. Most available information pertains to thiol 

adsorption on gold surfaces.90 Calculations of metal-sulfur bond energies from studies of 

dialkyldithiocarbamates91-93 were not successful. A method for estimating ∆Grxn from 

readily available data is required. 

 

The free energy of reaction for each metal oxide can be estimated from the heat of 

formation of the metal oxide and sulfide. For a bivalent metal, the ∆Hf of the metal oxide, 

MO, is assumed to equal twice the M-O bond energy. Similarly, ∆Hf of the sulfide, MS, 

is assumed equal to twice the M-S bond energy. Water and H2S are used in the same 
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manner to estimate the O-H and S-H bond energies. The complete equation for a bivalent 

metal is 

  rxn f f 2 f f 2H  = H (MS) + H (H O) - H (MO) - H (H S)∆ ∆ ∆ ∆ ∆ .     (4.6) 

 

Equation (4.6) can be corrected for stoichiometry for use with metals of other 

oxidation states. The entopic effects are neglected since ∆Sf data is not available, but the 

entropic contribution should be small when the products and reactants each consist of one 

solid and one liquid phase. 

 

The data required for this estimate are widely available for many metals.94,95 The heats 

of reaction calculated by this method range from -378 kJ/mol for Ru(IV) to +159 kJ/mol 

for B(III). A graphical representation of the results is shown in Figure 4.4. 

 

The most active metals are those with small exothermic heats of formation, 

surrounding the noble metal Au, whose oxide is unstable. The heavier group 1 and 2 

metals are also highly favorable. Figure 4.5 shows the experimental results. All four of 

the highly reactive metal oxides, (Ba, Hg, Pb, Bi) are predicted to be highly favorable. 

The estimated values of ∆Hrxn are shown in Table 4.1. 
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Figure 4.4: Graphical representation of predicted heats of formation of metal thiolates from the 

oxide. 
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Figure 4.5: Graphical representation of observed metal oxide activity. 
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∆Hrxn

[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

ObservedMetal

 

Table 4.1: Predicted heats of reaction of metal oxides with observed reactivity. 
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Thermodynamics only indicates whether a reaction can proceed without an energy 

input, but are of limited value in predicting reaction rates. Large activation energy 

barriers slow the kinetics of a reaction, preventing it from happening on a useful time 

scale. For example, Cu has a larger predicted value of ∆Hrxn than Pb, but the reaction 

proceeds much more slowly. Metals such as Cd and Sr do not react, despite having 

favorable values of ∆Hrxn. As expected, however, none of the metals with small or 

positive value of ∆Hrxn were observed to be reactive. 

 

If we require both favorable thermodynamics and an M2+ oxide or hydroxide for 

favorable stoichiometry, the resulting prediction of metals is an excellent match to the 

group of metals 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(II), and Ba. The thiolates formed are insoluble in both 

aqueous and hydrocarbon solvents, allowing them to be filtered from the remaining 

stream. Once the thiolates are separated from the original feed stream, the metal and the 

thiols can be separated again using liquid-liquid extraction with a dilute acid. The metal 

is recovered as a salt from the aqueous phase and the thiol remains in the hydrocarbon 

phase. This process uses inexpensive materials and requires very little energy. Reactive 

metal oxides can be easily predicted from the heats of formation of the metal oxide and 

sulfide after accounting for the favorable M2+ oxidation state. 
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The process is limited to thiols, since sulfides and disulfides lack the hydrogen 

required to make water by equation (4.1). The formation of water as a byproduct of the 

reaction makes the reaction thermodynamically favorable.  

 

Considerable work to measure properties such as solubility and the effects of other 

reactive compounds found in petroleum is still required for any process optimization. 

However, some applications of this process are readily apparent. Replaceable filter 

cartridges filled with one of the active oxides for sweetening could be added to delivery 

lines or storage 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 system would require no additional energy inputs aside from existing pumps. 

The process also recovers thiols which are a valuable feedstock to the food and fragrance 

industries as well as the pharmaceutical industry.73-75 
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4.2. Process Demonstration 

4.2.1. Introduction 

Hydrodesulfurization (HDS) is effective for removing sulfur from certain petroleum 

feedstocks by converting organo-sulfur compounds into hydrocarbons and H2S14. The 

removal of sulfur from gasoline fractions is necessary to prevent the poisoning of Pt 

reforming catalysts71 as well as reducing the emission of SO2 with the combustion 

products from engines. 

 

Thiols constitute a considerable amount of the sulfur found in light streams. Table 4.2 

indicates the prevalence of thiols in various streams used for gasoline production. Thiols 

can also be created by selectively hydrotreating other sulfur containing species. HDS 

reactors operate most efficiently under mild reaction conditions. At higher temperature 

and pressures, olefins are also hydrogenated, leading to a loss of octane and unnecessary 

consumption of hydrogen. Under mild conditions, however, H2S in the reactor reacts with 

olefins to form recombinant mercaptans, high molecular weight straight and branched 

chain thiols that are not caustic extractable.96  

 

ExxonMobil Research and Engineering Co. and Merichem Chemicals and Refinery 

Services LLC have recently introduced a process called the Exomer process to remove 

thiol species formed during selective hydrotreating by caustic extraction with a 

proprietary liquid extractant.96,97 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.68,98-100 Unfortunately, regeneration of the adsorbent is 

usually difficult. The adsorbed sulfur compounds decompose, forming metal sulfides at 

elevated temperatures.85,101 Calcining these adsorbents in air requires additional process 

steps to remove SO2 generated during the oxidation. 

 

A simple, low cost process that reduces the mercaptan sulfur content of petroleum 

distillates, especially recombinant mercaptans, could provide the environmental benefits 

of desulfurization without significantly increasing the cost of the fuels. The economics of 

such a process would be improved if the sulfur compounds removed could be recovered 

rather than converted to H2S, since many of these compounds have commercial value.73,75  

 

 The heterogeneous reaction of thiols with metal oxides enables a process that meets 

these criteria. Section 4.1 demonstrated that liquid alkanethiols can be removed from 

hydrocarbon mixtures by heterogeneous reaction with certain metal oxides at room 

temperature. Here we present an entire process by which this reaction can be used to 

achieve the separation of thiols from hydrocarbons using lead oxide. The process is 

selective for thiols. No reaction is observed between PbO and disulfide, sulfide, or 

thiophenic species.102 
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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% 

 

Table 4.2: Thiol content of several light streams used in gasoline production. Data from 103. 
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Figure 4.6: The Exomer process, designed by ExxonMobil and Merichem, Inc. to remove high 

molecular weight recombinant mercaptans. Adapted from 97 
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 The Doctor Sweetening process is a technique developed in the 1860’s that also uses 

PbO to eliminate thiols from petroleum.104 The Doctor process combines PbO with 

NaOH to form an aqueous solution of lead plumbites, as given in equation (4.7). The 

plumbites react with thiols in a petroleum stream to form lead thiolates (also called 

mercaptides) according to equation (4.8). At the standard operating temperature of this 

reaction (circa 100-150ºC), the thiolates were miscible with the petroleum and were 

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

(4.9). 

 2 2 2PbO + 2 NaOH   Na PbO  + H O→        (4.7) 
 
 2 2 22 RSH + Na PbO    Pb(SR)  + 2 NaOH→       (4.8) 
 
 2Pb(SR)  + S   RSSR + PbS→         (4.9) 

 

The proposed process is distinct from the Doctor process in several ways. First, 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 salts, eliminating an extraction operation. 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 PbO and the 

recovery of both the PbO and the thiols is diagrammed in Figure 4.7. The hydrocarbon 

stream is contacted with powdered PbO or any other metal oxide identified as active in 

section 4.1.3.1 in a reactor. The PbO reacts with the thiols to form lead thiolates 
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according to equation (4.10). The lead thiolates formed are yellow solids and insoluble in 

water, acetone, cyclohexane, or toluene at temperatures below about 50ºC. The 

temperature at which the thiolates become miscible increases with increasing molecular 

weight of the alkyl thiolates.102  

 2 2PbO + 2 RSH   Pb(SR)  + H O→      (4.10) 
 

 

This reaction occurs readily at room temperature. While the reaction can also be 

performed at an elevated temperature, heating to above 60-80ºC 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 separation to ensure 

that the thiolates have completely recrystallized. The solid thiolates can either 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 original thiols and a Pb salt by reactive extraction with a dilute oxidizing acid, 

such as nitric, as shown in reaction (4.11). The Pb(NO3)2 remains in the aqueous solution 

while the thiols separate into an organic phase. The reaction can be carried out at room 

temperature with solid lead thiolates, but the interfacial contacting can be improved by 

melting the thiolates and forming a miscible solution with an organic solvent.  

Pb(SR)2 (solid or melt) + 2 HNO3 (aq) → 2 RSH (org) + Pb(NO3)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(SC8H17)2 was found to form a miscible solution with the residual 

cyclohexane at 54-55ºC,102 so the required operating temperature of the extractor is 

approximately 60-80ºC, depending on the composition of the feed stream. The 

temperature at which the thiolates become miscible with hydrocarbon solvents is below 

the melting point of the purified thiolates,77 reducing the heat load required in the 

extractor.  

 

 The two liquid phases, now consisting of an aqueous lead salt solution (or an acid and 

a precipitated lead salt such as PbSO4) and a hydrophobic thiol layer, are allowed to settle 

and are separated. These two stages could be combined in a single unit operation such as 

a Karr column.40 The aqueous layer is separated and filtered, leaving solid PbSO4. The 

acid can be recycled to the extractor. Active PbO can be regenerated by roasting PbSO4 

in air, liberating nitrogen and oxygen. The roasting of PbS, also called galena, is the 

source of most PbO.41 

 

An alternative method for desulfurizing stocks of petroleum fuels is to use this reaction 

with metallic Pb as the PbO source. Metallic Pb oxidizes rapidly when exposed to humid 

air. The natural oxide coating on a piece of metallic Pb is also active for this reaction, 

provided that a supply of oxygen, such as air, is available to regenerate the surface oxide 

layer.102 The reactor and separator in Figure 4.7 could be replaced by rods of Pb placed 

into storage tanks of thiol-containing petroleum fractions. 
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4.2.3. Experimental  

The heterogeneous reaction and the reactive 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 vial. 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 identically with toluene as the solvent. All reactions were 

performed at room temperature. 

  

The reaction was also studied using metallic 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 

towel, revealing fresh Pb. The wire was coiled and placed into a glass vial containing the 

same diluted thiol solution as was used in the PbO trials. The jar was not sealed airtight, 

providing an oxygen-containing atmosphere.  

 

The reactive extraction was performed using 0.21 M HNO3 and thiolates produced 

from the reaction of n-octanethiol and PbO. The thiolates were filtered from the original 

thiol-cyclohexane mixture, rinsed with water, cyclohexane, and pentane, and then dried 

before use. Cyclohexane was added to the hydrophobic phase to allow for easier 

measurement of the thiol recovery. The extraction was performed in a glass jar, heated to 

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

The reaction of PbO with excess n-octanethiol produced thiolates at room temperature 

with or without mild agitation. The yield of thiolates, as determined by the change in 

mass of the solids divided by the theoretical change in mass to convert all PbO into 

Pb(SR)2, corrected for water loss, is shown in Figure 4.8. The yield is above 80% on most 

runs, even at low thiol to PbO molar ratios.  The low yield for the 179.5 molar ratio is 

most likely due to transfer and filtering losses, since this trial used the smallest mass of 

PbO.  This result suggests that the conversion of PbO to thiolate proceeds to completion, 

although not all Pb atoms have two thiolate groups. A single thiolate and a hydroxide 

group is also possible on a small percentage of the metal atoms. 
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Figure 4.8: The yield of thiolates, indicating the degree to which PbO was converted into Pb(SR)2 in 

excess thiol. 
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The thermodynamic limit for the removal of thiols by this reaction can be determined 

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

    lnrxnG RT K−∆ =        (4.12) 

where, from equation (4.10), 

    
2 2( )

2
Pb SR H O

HSR PbO

a a
K

a a
=        (4.13) 

 

The solids PbO and Pb(SR)2 both have unit activity. Assuming an ideal solution, the 

activity of the water and thiol are equal to their mole fraction in the hydrocarbon solvent. 

The value of ∆Grxn estimated in section 4.1.3.3 is -121 kJ/mol. The equilibrium constant 

for this reaction, assuming unit water activity (saturated), is approximately 1.9 × 1021, 

permitting the removal of thiols to 23 parts per trillion. The thermodynamic limit of this 

reaction permits desulfurization to extremely low levels, although kinetic and mass 

transfer limitations prevent this limit from being practically achieved. 

 

Figure 4.8 presents a series of photographs demonstrating the reaction of 3 mL n-

octanethiol diluted with 4 mL cyclohexane with 0.75g PbO2 at room temperature, without 

agitation. PbO2 was used in the photographs for color contrast purposes, since the 

massicot form of PbO and the thiolate product are both yellow. PbO2 is black but reacts 

to form the same yellow thiolate product. Both compounds react in the same way. The 

reaction is marked by a rapid growth in apparent solids volume as the liquid thiol is 

converted into solid thiolate. The color change from the black PbO2 to the yellow 
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PbO(SR)2 is also evident. The reaction front is also visible as the thiol, which was 

injected from the top of the jar, mixes with the oxide. The reaction shown occurred over 

an elapsed time of 23 min. 

 

The reaction of n-octanethiol with metallic Pb wire was also successful. An example of 

this reaction is shown in Figure 4.8 in which a piece of Pb wire is placed into a liquid 

consisting of 2 mL cyclohexane and 4 mL of n-octanethiol. The reaction is much slower 

than the reaction with powdered PbO due to the time required diffusing 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 similar reaction conditions after 14 days. The growing thiolate plates uncoiled the 

wire, pushing it upwards. The structure was able to fill the vial because the thiolates are 

wetted by the organic mixture in bottom of the jar, acting like a sponge and drawing the 

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

 

In the extraction studies, the Pb thiolates were successfully decomposed back to the 

original thiols and Pb(NO3)2 under the experimental conditions. The thiol recovery in the 

organic phase, as determined by GC, was 78.4%, assuming Pb(SR)2 as the starting 

stoichiometry. The recovery of Pb as Pb(NO3)2, as determined by weighing the crystals 

produced after evaporation of the aqueous phase, was 102%. The slight excess mass is 
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considered experimental error. A second trial using thiolates produced from PbO2 and 

using 0.3 M nitric acid yielded a thiol recovery of 90.1% and a Pb recovery of 94.6%. 
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Figure 4.8: Photographs of the reaction of PbO2 with n-octanethiol. Photographs are 

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

0.75 g PbO2, 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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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 

mixture was 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 reaction conditions were 

identical to those previously described.  

 

The reaction proceeded much faster in the presence of water. The reaction rate was 

constant 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 

reached completion in less than 30 minutes with a final sulfur concentration of 

approximately 12 ppm S. Additionally, the reaction rate appeared to be zero order with 

respect to thiol even to very low thiol concentrations, perhaps owing to the strong 

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 proportional to 

water concentration. The line shown in Figure 4.10 is the rate law fit to the data using the 

kinetic rate constant and the initial water concentration as fitting parameters. The initial 

and final 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 

transfer agent, aiding the movement of the proton from the thiol to the metal oxide. In 

this reaction, the thiols are slightly acidic and the oxygen in the metal oxide acts as a base 

(proton acceptor). The water will solvate the proton, facilitating the transfer. 
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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 a two parameter fit, with parameter values given in the figure. 
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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 stream. Experimental results suggest that a simple 

process consisting of reaction, filtration, and extraction is all that is required to separate 

and recover the thiols. The PbO can be recovered by additional evaporation and roasting 

steps. Most of the required unit operations have low energy requirements and low reagent 

material costs.  

 

The use of metallic Pb rods placed into storage tanks also shows promise for the 

reduction of the sulfur content of certain fuels without significant capital requirements. 

Pb rods placed into storage tanks could be removed periodically for cleaning, and the 

thiolates could be collected for regeneration at another facility. 

 

The reaction is autocatalytic; 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, 

facilitating the transfer of the thiol proton to the oxide oxygen. The reaction rate follows a 

rate law that is zero order in thiol concentration and proportional to water concentration. 

The observed reaction rate is ideal for removal of thiols to very low levels since the 

reaction does not slow down appreciably until thiol concentrations reach levels on the 

order of 20 ppm S. Thiol removal down to 12 ppm S have been observed. 
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This relatively simple process was not previously recognized, most likely, due to the 

requirement of keeping the operating temperatures sufficiently low. At temperatures 

above about 50ºC, the thiolates become miscible in hydrocarbons and a simple physical 

separation is no longer possible. Additionally, previous processes, such as Doctor 

Sweetening, relied on the thermal decomposition of lead thiolates to remove Pb as PbS 

while converting thiols into disulfides.104 During the development of the Doctor 

Sweetening process, the removal of sulfur compounds was less important than the 

elimination of the odor and acidity caused by thiols. By the time sulfur removal became 

relevant, HDS technology was available to remove thiols as well as other organo-sulfur 

compounds. 

 

This process can reduce the sulfur content of fuels for environmental benefits. It could 

also reduce the load on a conventional HDS unit when sour feedstocks are used by 

removing the thiols before the feed is introduced to the HDS unit, saving costs in 

hydrogen and catalyst life. This process can also 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 Sulfides Using 

Sulfuric Acid 

5.1. Introduction to Oxidative Desulfurization 

Advances in refining technology ultimately lead to large-scale desulfurization of 

petroleum fuels in the 1960s. Platinum catalysts used during reforming of gasoline, which 

converts low octane linear hydrocarbons into high octane branched paraffins, are 

poisoned by sulfur compounds.71 Desulfurization of naphtha streams became necessary in 

order to produce high quality gasoline.  

 

Desulfurization has only been performed for environmental reasons recently. The 

advent of “three-way” catalytic converters in automobiles required the elimination of 

tetraethyl lead from gasoline in the early 1970s due to lead poisoning of the Pt-Rh 

catalyst. Sulfur was already being removed from gasoline, so no other changes were 

made to refining practices at that time. Diesel fuel, along with other heavier fuels such as 

gas oil and fuel oil, continued not to be treated and thus catalytic converters were not 

useable on diesel powered vehicles. 

 

Environmental pressures have only recently forced the legislation of low-sulfur diesel 

to permit the use of emission control technologies on diesel engines. A new US law limits 

the level of sulfur permitted in diesel fuel to 15 ppm by 2006.105 Sulfur levels as low a 5 

ppm in diesel are also suggested as a future regulatory limit in the same law. 
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Existing hydrodesulfurization (HDS) technology, based on the catalytic hydrogenation 

of sulfur compounds over cobalt promoted molybdenum sulfide catalysts,14 is highly 

effective for reactive compounds having accessible sulfur atoms, such as thiols, 

disulfides, and some sulfides. Lower boiling streams, such as straight-run gasoline, 

contain mostly thiols and some small sulfides which are successfully removed by HDS.14  

 

Diesel fuel, gas oil, and other heavier streams, however, contain primarily heavy 

polynuclear aromatics that include a thiophene structure. These larger compounds, 

particularly those with sterically hindered sulfur atoms, are not easily hydrogenated.106,107 

The usual example of this class of compounds is 4,6-dimethyldibenzothiophene, shown 

below. The sulfur is relatively inaccessible when adsorbed onto a heterogeneous catalyst, 

limiting the reactivity. 

S

 

4,6-dimethyldibenzothiophene 

 

While operating an HDS reactor at high pressure and temperature can remove some 

sulfur in this form, the harsh conditions required (800-2500 psig, up to 370ºC)106 

typically result in high hydrogen consumption and lowered octane rating due to 

hydrogenation of olefins.108 

 

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

from diesel and other heavy streams. Oxidative 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 1967.109 ODS relies on the ability of bivalent sulfur in 

organic compounds to expand its valence shell and add oxygen without needing to break 

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

S S

O

S
OO

Thiophene Sulfoxide Sulfone  

 

The oxidized sulfur atom becomes highly polar and enhances the subsequent extraction 

or adsorption37,110 of the sulfoxide or sulfone to effect the removal of the sulfur from the 

feed stream. 

 

The oxidizer used in ODS must be very selective 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 also increases 

the loss of feed material by extracting oxidized hydrocarbon compounds in addition to 

sulfur compounds.  

 

The oxidant system of choice is hydrogen peroxide combined with acetic or formic 

acid.37,106,110 When combined, a peroxoacid, having a C-O-O-H peroxide bond, is formed. 

The peroxoacid oxidizes the sulfur compounds and is reduced back to the original 

carboxylic acid. The exact mechanism of this reaction is not known. Other oxidizing 

systems including oxygen and aldehydes111, nitrogen dioxide,112 and ultrasound and 
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water110 have also been explored. Reaction conditions are typically atmospheric pressure 

and less than 120ºC. 

 

The oxidized sulfur compounds are subsequently extracted, adsorbed, or both.37 

Methanol,37 acetonitrile,113 butyrolactone,112 and other solvents are used for solvent 

extraction and alumina is the primary adsorbent. 

 

Three commercial versions of ODS have been reported.37,110 The first 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 similar 

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

 

The ASR-2 process37, developed by UniPure Corp. and ChevronTexaco, is based on a 

two liquid phase reactive extraction using a hydrogen peroxide – organic acid mixture. 

The organic acid is unspecified, although formic and acetic acids are typical. The 

resulting sulfones are extracted by methanol and separated by flash distillation of the 

methanol-sulfone mixture. The treated diesel stream is neutralized and any remaining 

sulfones are adsorbed over alumina. The simplified process flowsheet is shown as Figure 

5.1.  
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Figure 5.1: ASR-2 oxidative desulfurization process developed by UniPure. Adapted from 37. 
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SulphCo, Inc. licenses a technology based on in situ generation of hydroxyl radicals by 

ultrasonication of a water-oil emulsion in the presence of proprietary hydrogen peroxide 

generating catalyst.110,114 The hydroxyl and atomic hydrogen radicals react 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 is likely to be low. 

 

ODS has one significant advantage over HDS that makes it the ideal complement to 

existing HDS units. The least reactive compounds in HDS, such as substituted 

dibenzothiophenes, are highly reactive in ODS due to the high electron density on the 

sulfur atom. Although the order of reactivity seems to vary with the oxidant and 

catalyst,115 no major category of sulfur compound found in petroleum is unreactive 

towards ODS. This process has been shown to effectively remove virtually all of the 

sulfur from a diesel fuel stream37 and is effective on the polynuclear aromatic family of 

sulfur compounds including substituted dibenzothiophene.113,116 

 

Limitations of ODS are primarily economic. UniPure has acknowledged that the cost 

of the hydrogen peroxide oxidant is the limiting economic factor for their process.37 

Difficulties inherent in manufacturing, concentrating, transporting, and storing oxidizers 

should also be considered, particularly as more refineries are built in the Middle East and 

in developing countries where safe and reliable access to a broad range of chemicals may 

be limited. 
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5.2. The Use of Sulfuric Acid in ODS 

The traditional method of removing sulfur, hydrodesulfurization (HDS), has limited 

effectiveness at removing thiophene derivatives, such as dibenzothiophene, from heavier 

diesel fuel.107 Given the economic limitations of peroxide-based ODS and the need for an 

alternate technology for refineries where a supply of hydrogen peroxide is not readily 

available, oxidation methods besides H2O2 are needed.111  

 

We report here the oxidation and extraction of organo-sulfur compounds, including 

thiophene and alkyl sulfides with concentrated sulfuric acid. Sulfuric acid is not typically 

regarded as an oxidizing acid due to the stability of the sulfate ion. However, in the 

presence of sulfur atoms with a lower oxidation state, such as those in sulfides, sulfate 

can be reduced.117 The reaction between H2S and concentrated sulfuric acid is known to 

be fast and yield elemental sulfur, water, and SO2 as reaction products.118 Here we 

describe the oxidation of thiophene and alkyl sulfides with sulfuric acid. The oxidized 

organosulfur compounds separated into the aqueous phase, demonstrating that these 

sulfide compounds can be reduced to low levels in hydrocarbon solutions.  This new 

approach employing sulfuric acid to oxidize organosulfur compounds and extract the 

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

 

5.3. Experimental 

Solutions of several sulfides in hydrocarbon solvents were desulfurized in a glass 

reaction vessel. 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 

sulfur (~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, 

99.5%) and (4) dibutyl sulfide (Aldrich, 96%) in toluene. A small 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 vessel, forming two liquid phases. The reaction 

temperature was 22ºC. The two phase mixture was vigorously stirred for 1 hour (unless 

otherwise indicated).  After reaction, the phases were allowed 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 silicone capillary column, flame ionization detector). The 

concentration of unreacted sulfide species was determined by normalizing all results 

using the internal standard (decane). We were unable to accurately analyze the 

composition of the aqueous layer by GC due to the high acid content. Compositions of 

organic species in the aqueous phases are only semiquantitative.  To analyze the aqueous 

phase by GC the solutions were diluted to reduce the acid concentration.  However, the 

acid either adsorbed or reacted with the GC column packing and results were only 

semiquantitative. Quantitative analysis was limited to the organic phase.  
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Tetrahydrothiophene also was reacted in a homogeneous solution of tetrahydrofuran 

and sulfuric acid. The reaction products obtained by this technique were analyzed by 

mass spectrometry.  

 

5.4. Results 

 

All three sulfide compounds were successfully removed from the hydrocarbon solvent 

by oxidation and extraction into the aqueous (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 aqueous phase. Colloidal elemental sulfur was formed in 

the aqueous phase, evidenced by the classic Tyndall “sunset” effect, shown in Figure 5.2. 

The aqueous phase became yellow upon mixing with the organic phase. As the reaction 

proceeds, the aqueous phase color changed first to orange, then brownish-red. If high 

concentrations of sulfide were used, the colloid concentration became large enough to 

eventually turn dark red and finally black, as no light was transmitted. The aqueous phase 

containing the colloidal sulfur was recovered by gravity separation.  This colloidal 

solution became milky white if the acid was diluted sufficiently with water, forming 

“milk of sulfur”. The colloidal sulfur could be slowly dissolved with CS2, yielding an 

optically clear aqueous phase. 

 

Gas chromatography analysis of the aqueous phases revealed three primary oxidized 

sulfide products for the tetrahydrothiophene reaction. All three oxidized products were 

extracted completely into the aqueous phase, there was no evidence for any of these 



Chapter 5  Oxidation of Aliphatic and Aromatic Sulfides Using Sulfuric Acid 

117 

products in the organic phase.  The same three products were detected by GC for the 

reaction of tetrahydrothiophene in THF as in the diluted aqueous phase. The products 

were analyzed by mass spectrometry, shown in Figure 5.3.  The mass fragmentation 

patterns were compared to those in the NIST database (http://webbook.nist.gov). The 

spectrum of product B matches tetrahydrothiophene sulfoxide. Product A was not able to 

be positively identified, but based on the parent peak and fragmentation the compound is 

likely a ketosulfoxide species or the dehydrogenated sulfone. Product C yielded 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 

H2SO4 (18 M sulfuric acid is fully concentrated (96 wt% H2SO4)).  The stirring was 

stopped for several seconds after various time intervals and the phases allowed to 

separate. Samples were drawn from the organic phase and the concentration of unreacted 

sulfide 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) at 20 minutes. Tetrahydrothiophene 

was reduced to 120 ppm in 5 minutes, and reached 66 ppm S after 65 minutes. Thiophene 

reacted more slowly, being reduced to 283 ppm S at 20 minutes and 113 ppm S after 65 

minutes. Values below about 150 ppm S are near the limit of reliable quantification for 

the analysis 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 rate of the 

tetrahydrothiophene solution over 1 hour for various acid concentrations. Figure 5.6 

shows the extent of reaction over time for the same system using 9M acid. The reaction 

rate shown in Figure 5.6 is constant over time, suggesting that the reaction is now zero 

order in sulfide concentration. Considering Figure 5.5 and Figure 5.6, the lower acid 

concentration appears to shift the reaction from being first order in sulfide concentration 

to first order in sulfuric acid concentration. A reaction scheme consistent with these 

results is presented in the following section.  



Chapter 5  Oxidation of Aliphatic and Aromatic Sulfides Using Sulfuric Acid 

120 

A

B

C

S

O

-200 0 200 400 600 800 1000 1200 1400 1600
0.0

0.1

0.2

0.3

0.4

0.5

S
ig

na
l (

V
)

Time (sec)

Solvent

THT

A

B

C

S

O

O
S

OO

or

S

O
S

O

O

O (H+)

A

B

C

S

O

-200 0 200 400 600 800 1000 1200 1400 1600
0.0

0.1

0.2

0.3

0.4

0.5

S
ig

na
l (

V
)

Time (sec)

Solvent

THT

A

B

C

S

O

O
S

OO

or

S

O
S

O

O

O (H+)

 

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 1-oxide. The spectrum of product 

A suggests a species with two oxygen atoms, such as the sulfone or ketosulfoxide. Mass spectrum C 

could be the adduct of sulfuric acid and tetrahydrothiophene. 
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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 is given in units of ppm S. 
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Figure 5.5: Consumption of tetrahydrothiophene from a 2000 ppm S solution after 1 hour reaction 

with various concentrations of sulfuric acid. Data is fit by a rate law first order in acid concentration 

shown. [H2SO4
*] is acid concentration above the threshold value shown by the intercept (2.4 M). 
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Figure 5.6: Reaction rate of tetrahydrothiophene from a 2000 ppm S solution reacting with 9M 

H2SO4. Rate is constant at 0.0055 min-1. 
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5.5. Discussion 

A reaction scheme developed for the reaction of H2S with sulfuric acid can be easily 

adapted to explain the observed results. Chuang, et al118,119 have shown that a two step 

reaction, consisting first of reaction between H2S and H2SO4, produces SO2, which is 

then consumed by further reduction to elemental sulfur. If a similar scheme is assumed 

for sulfides, the resulting reactions are: 

 
(5.1) 
 
 
(5.2) 
 
 

 

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

 

Using dimethyl sulfide as an example in the above reactions, the Gibbs energy of 

reaction (5.1) is +25.5 kJ mol-1, using each material in its standard state.120 However, in 

concentrated acid solutions, the heat of mixing of water and sulfuric acid is considerable. 

The partial molar enthalpy of formation of water in a 96 wt% solution of sulfuric acid is 

higher by about 30 kJ/mol than the standard state121, making the overall ∆Grxn ˜  -5 

kJ/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 SO2 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 

solubility of SO2 in the concentrated acid. The solubility of SO2 in sulfuric acid ranges 

∆Grxn ˜  -5 kJ mol-1 

 
∆Grxn = -45.5 kJ mol-1 

S S

O

S S
OOO

+ H2SO4
+  H2O + SO2

+ SO22 2 + S
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from 10-100+ g SO2/kg H2SO4, depending on concentration and temperature. At the 

experimental conditions, the solubility is about 30 g SO2/kg H2SO4. SO2 is also soluble in 

most organic liquids.122 

 

Several other reactions are also possible, though most are not thermodynamically 

favorable. 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 at either of the two possible 

positions with about the same energy. The formation of the ketosulfoxide would occur 

from electrophilic attack on the ring, with the second oxygen adding at the alpha carbon, 

rather than the sulfur. 

 

(5.3) 

 

These proposed reactions are thermodynamically favorable, account for the observed 

products and also agree with the observed reaction rate laws. Figure 5.4 shows that at 

high acid concentrations, the rate of oxidation is first order in sulfide concentration, in 

agreement with reactions (5.1) and (5.3). The initial reaction between the sulfide and 

H2SO4 appears to be rate limiting. This result agrees with the rate law determined for H2S 

reacting with sulfuric acid.119 

 

The active acid species has been proposed to be H2SO4, rather than HSO4
-.119 At high 

acid concentrations, the H2SO4 species is abundant and reaction 1 is the rate limiting step. 

S S
O O

+ H2SO4
+ 2 H2O + S ∆Hrxn = -85.1 kJ mol-1 
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At lower acid concentrations, however, the dissociated species is more prevalent. The 

reaction rate may then become limited by the rate of association of H2SO4 from the ions, 

H+ + HSO4
- → H2SO4, 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 

sulfide 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 H2SO4 is 

constant (since the concentration of H2SO4 is not appreciably changed by the reaction 

with small amounts of sulfide), and Figure 5.5 confirms the reaction is first order in acid 

concentration. Below the threshold acid concentration shown in Figure 5.5, the rate of 

association is likely too small to permit the oxidation reaction and the thermodynamics of 

the reaction become unfavorable. 

 

The reaction of sulfide species with concentrated sulfuric acid was previously reported 

by Meadow, et al123,124, who attributed the desulfurization effect to NO2 additives in 

small quantities of H2SO4. However, their analysis 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.  

 

Early work of Wood et al suggested that sulfides were removed by dissolution into 

sulfuric acid.125 In the present work, all of the oxidized sulfur compounds were extracted 

into the aqueous phase, while the unreacted sulfides remained in the organic phase.  The 

octanol-water partition coefficients126 for the three sulfides studied here are summarized 

in Table 5.1. All three sulfides show a strong preference for the organic phase. 
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Furthermore, very little of the original 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 reveal that the observed “solubility” only occurs after the sulfides are 

converted to the more polar oxidized species. 

 

Table 5.1: Partition coefficients for the sulfides studied. Data fromYaws.126 

Species 
Log of Octanol-Water 

Partition Coefficient (25°C) 

Thiophene 1.81 

Tetrahydrothiophene 1.79 

Dibutyl sulfide 3.87 

 

This simple extraction method reported here may not work with higher molecular 

weight sulfides.  The higher molecular weight sulfoxides and sulfones may not be 

sufficiently polar to be fully extracted into the aqueous phase.   These higher molecular 

weight species may require the sulfoxides and sulfones to be extracted with methanol or 

adsorbed onto alumina to effect their removal, as is done in conventional peroxide-based 

ODS.37 

 

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-treatment with sulfuric acid could remove much of the original 

sulfur content before the stream is sent to the ODS reactor. A sulfuric acid wash could 

also 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 essentially the same as for 

sulfuric acid-based alkylation reactors. Only low olefin feeds could be used since the acid 

will catalyze polymerization reactions. 

 

5.6. Conclusions 

Oxidative extraction of thiophene, tetrahydrothiophene, and dibutyl sulfide was 

demonstrated 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 elemental sulfur, which remains 

in a colloidal state in the aqueous phase.  The reaction rates are first order in sulfide 

concentration when performed in concentrated (16M+) sulfuric acid, and first order in 

sulfuric 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 extensive research into desulfurization by the petrochemical industry over the 

last thirty years, few viable alternatives to hydrodesulfurization have been developed. 

The lack of progress is likely due to a combination of factors including the effectiveness 

of HDS, the cost associated with installing new processes, and resistance to change in the 

established community of refineries. 

 

Regulatory limitations on sulfur levels in automotive fuels, particularly diesel, have led 

to a renewed interest in alternative desulfurization technologies, as demonstrated by the 

commercial development of several oxidative desulfurization technologies. The scope of 

new technologies under development is still limited, however. For example, virtually all 

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

 

The need exists for a wider variety of desulfurization techniques; particularly as 

refineries are built in many parts of the world and a wider variety of crude sources are 

used. The increasing variety of crude compositions, including the use of high-sulfur 

“sour” crude from Russia and Canada, poses a particular challenge to refiners. The 

existence of multiple desulfurization techniques would allow the efficient removal of 

sulfur from these petroleum sources. 

 

Despite the effectiveness of other catalytic processes such as HDS in sulfur removal, 

PEMHRs were not successful. The reactions occurring in PEMHRs are catalytic and 

follow the same rate laws as those occurring in conventional hydrogenation reactors. 
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Except perhaps at very low current densities, the reaction step (addition of first hydrogen) 

becomes rate limiting. Despite the similarities to HDS, the temperature, pressure, and 

choice of catalysts available in PEMHRs are insufficient to effectively remove sulfur 

from petroleum. 

 

The removal of thiols from petroleum using metal oxides is very promising. PbO is 

able to scavenge alkanethiols from a hydrocarbon solution to very low (~10 ppm S) 

levels. The reaction is catalyzed by water, which likely functions as a proton transfer 

agent during the reaction. The reaction is zero order in thiol concentration and 

proportional to water concentration, permitting the fast removal of small amounts of 

thiols. This process could complement HDS by performing a post-treating function to 

remove recombinant thiols formed in the HDS reactor, minimizing the amount of metal 

oxide used and thiolate formed. The product thiolates can also be easily decomposed to 

regenerate the original thiols and metal oxide. 

 

The primary limitations of this process are its specificity to thiols and the use of heavy 

metals. The specificity of the reaction prevents this process from being applied 

independently from an HDS unit unless the feed stream contains almost exclusively thiol 

sulfur. The use of heavy metals, such as Pb, is also undesirable due to the risk of 

contamination of the refinery site or the environment. The use of Bi instead of Pb can 

mitigate this problem somewhat, although containment will remain an issue. 
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The effectiveness of this process on actual crude or gasoline streams needs to be 

investigated. These streams contain a wide variety of thiols and other organic compounds 

that may complicate the removal of the thiols. Retail gasoline is not suited for this type of 

analysis because it has already been hydrotreated to remove all of the thiols. 

 

The use of sulfuric acid as a selective oxidizing agent for desulfurization of sulfides 

and thiophene derivatives is also promising. This process relies on the thermodynamic 

equilibrium between sulfur in the +6 oxidation state (sulfate) and sulfur in the -2 

oxidation state (organic sulfide). Despite the stability of the sulfate ion, a mixture of these 

two oxidation states will try to move towards equilibrium, generating the 0 (elemental) 

and +4 (dioxide) oxidation states of sulfur. At sufficiently high concentrations of sulfuric 

acid, sulfides and thiophene are oxidized to sulfoxides and other oxidized species in a 

reaction that is first order in sulfide concentration until an equilibrium concentration is 

reached. 

 

The oxidation of the sulfides permits selective extraction or adsorption of the sulfur 

compounds, identical 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 

expensive hydrogen peroxide with inexpensive sulfuric acid, without significant changes 

to the remaining ODS flowsheet. 
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The oxidation of sulfur compounds with sulfuric acid has two limitations. First, the 

reaction reaches equilibrium for some compounds at sulfur levels that are above the legal 

limits, requiring removal of the products and long reaction times. This limitation can be 

overcome by combining the most desirable features of sulfuric acid-based ODS and 

hydrogen peroxide-based ODS. A pretreatment with sulfuric acid can cheaply remove 

most of the sulfur 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 limitation is the use of a liquid sulfuric acid. Extensive efforts are being 

made to eliminate the use of sulfuric acid as a catalyst for alkylation due, in part, to the 

need to dispose of large quantities of petroleum-contaminated acid. The introduction of 

the same material into a new process is somewhat counterproductive, although the 

technology for safely using and disposing of such acid already exists. Also, this process 

could only be used on streams that do not contain significant amounts of olefins, since 

sulfuric acid will catalyze alkylation and oligomerization reactions. 

 

The effect of this treatment technique on actual diesel streams should be evaluated. 

Specifically, the sulfur levels obtained and any side reactions occurring are of particular 

importance. Methods to regenerate the sulfuric acid and remove the colloidal sulfur are 

also needed before commercialization. 
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Two new desulfurization techniques have been demonstrated here, each applicable to 

different aspects of refining. Each permits the more efficient use of other desulfurization 

technologies by the pre- or post-treatment of streams desulfurized by ODS or HDS. 

Application of these technologies could permit the efficient production of ultra-low sulfur 

fuels from lower quality, high-sulfur crude. 
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