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Introduction

1 Introduction

In our modern and industrialised world, every country and society is totally dependant on the
various forms of energy. Nuclear energy, coal and gas are used to generate electricity,
petroleum and related products are used for heating and as transportation fuels

With the ongoing emergence of countries with populations over one billion like India and China,
the consumption and the demand for these kind of energy sources is unlikely to decrease or to
come to a halt. It is rather going to increase drastically.

One of the major tasks of all countries, societies and in particular, industry is to meet these
future demands for energy. With respect to fossil energy sources, that would be the petroleum
industry and related sectors. It is and will be one of the key industries for years to come, since
regenerative or “green” energy sources (i. e. solar energy, wind energy, biomass and
geothermal energy) are only beginning to gain a foothold in the modern energy mix.

Nowadays, fossil fuels cover up to 60% of the total amount of energy needed. Although there is
an ongoing and even intensified effort to shift the focus to renewable sources of energy like
wind, biomass and solar energy, a significant change in the composition of the energy mix is
not to be expected in the next few decades (Figure 1.1). With nuclear energy also being in
recession in countries like Germany, there is a substantial demand for large-scale supply of
“green” energy, for example wind- and solar-based. Even the most optimistic projections into
the next 25 to 30 years show that a complete shift to renewable forms of energy is totally
illusionary. Only a gradual change of the energy mix seems possible without dealing a great
blow to the societies and economies throughout the world.

With this increasing demand for energy, the continuing exploitation of fossil fuels, i. e.
petroleum, gas and coal, seems inevitable. Even the nowadays unused crude oils with a higher
content of heteroatoms and also those forms of petroleum which are expensive to process like

oil sands will become commercially more relevant to cover the demand.
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Figure 1.1 Projected energy mix from 1980 until
2030 broken down by source (given in million
barrels per day of oil equivalent, MBDOE; average
growth per year given in percentage) [1].

Due to the increasing consumption throughout the world and the unstable political situations in
some of the countries in the Middle East (like Iraq, Iran), Russia and Africa as well as South
America, the supply of crude oil has undergone massive turmoils for the last few years. Wars in
the Middle East, the use of fossil fuels as a strategic weapon in the relations between Russia
and the neighboring countries like Ukraine, as well as the increased stockpiling of strategic
reserves in the United States are factors that can have a huge influence on the prices
throughout the world. During the first half of 2008, several important blends of petroleum
distillates reached record prices in fast succession. As an example, the development of the
price for the so-called OPEC reference basket (ORB) is shown in Figure 1.2 [2].

As can be seen, the price for the ORB' is increasing drastically, especially during the last five
years. A price of more than 100 US-$ per barrel is likely to be a permanent dimension in the
months and years ahead.

' Since June 16th 2005, the OPEC reference basket comprises Saharan Blend (Algeria), Girassol (Angola), Oriente
(Ecuador), Minas (Indonesia), Iran Heavy (Islamic Republic of Iran), Basra Light (Irag), Kuwait Export (Kuwait), Es
Sider (Libya), Bonny Light (Nigeria), Qatar Marine (Qatar), Arab Light (Saudi Arabia), Murban (UAE) and BCF 17
(Venezuela)

-2 -
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Figure 1.2 Development of the price for the OPEC reference
basket for the last 13 years [2].

Each crude oil undergoes multiple steps of treatment called the refining process. Removal of
solid components, metals, insoluble fractions, distillation into the different boiling ranges and
chemical changes are all part of this process. The removal of sulfur is one important step since
the combustion products of sulfur compounds is the main reason for acid rain. In addition to
that problem, sulfur is also a catalyst poison. All kinds of catalysts based on noble metals suffer
from this inhibitory effect. Large scale industrial catalysts but also automobile catalytic
converters are affected by it. Those problems are the reasons for an ongoing effort to lower the
legal limits of sulfur in all kinds of petroleum products. In 2003, the content for sulfur in
transportation fuels was limited to 50 ppm in the European Union. In Germany transportation
fuels with a residual sulfur content of more than 10 ppm are taxed additionally.

The commercially most frequently used method for sulfur removal is the catalytic
hydrodesulfurization (HDS), which deals well with thiols, open chain sulfides and small
aromatic sulfur compounds. To reach the future demands of sulfur removal, the HDS process
has to be improved since it is reaching its limits already.
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2 The chemical composition of crude oil
Within this chapter, the chemical composition of crude oil, its origin and parts of the industrial

refining process are described. Methods for the analytical investigation in general and, in more
detail, with respect to the content of this work will be presented".

Crude oil is one of the worlds most complex mixtures. It consists of a series of elements,
mainly carbon, hydrogen as well as sulfur, nitrogen and oxygen. Also metals like iron and
nickel can be found.

The hydrocarbons can be grouped into the aliphatic and the aromatic fraction, the aliphatic
being further divided into the linear and the branched, the aromatic being divided into the
mono- and polycyclic aromatic hydrocarbons (PAHs) and aromatic compounds containing
heteratoms, i. e. polycyclic aromatic oxygen heterocycles (PAOHs) and polycyclic aromatic
nitrogen heterocycles (PANHs). Exemplary structures for the aliphatic compounds and the
PAHSs are given in Figure 2.1.

~ Y O CD Y

n-hexane benzene 9-H-fluorene

2-methylbutane naphthalene

Figure 2.1 Exemplary structures for aliphatic and aromatic hydrocarbons.

Sulfur contributes to crude oil in the form of thiols, sulfides, disulfides and aromatic sulfur
compounds, i. e. thiophenes. Aromatic sulfur compounds are called polycyclic aromatic sulfur
heterocycles (PASHs). Exemplary structures are given in Figure 2.2.

OO

diethyl sulfide thiophene dibenzo[ b,d]thiophene

thiophenol benzo[b]thiophene

Figure 2.2 Exemplary structures for sulfides, thiols and aromatic sulfur compounds.

I Most information presented in this paragraph is taken from
3. Guthrie, V. B. (ed): Petroleum Products Handbook. New York, McGraw-Hill Book Company, Inc., 1960
4 Killops, S., Killops, V.: Introduction to Organic Geochemistry Second Edition. Malden, Blackwell Publishing,
2005. and will not be annotated in each case.

-4 -



Crude oil as a matrix for analytical chemistry

2.1 The origin of crude oil

Crude oil originates from the decomposition of organic material which undergoes
sedimentation and is then degraded under the influence of heat, pressure, bacteria and
catalysts during millions of years. The main sources of the deposited matter are unicellular
organisms, bacteria and phytoplankton. Under oxic conditions the bacterial breakdown of
organic matter is highly efficient, returning the material into the carbon cycle in form of carbon
dioxide. Organic material stored under anoxic conditions, for example in a marine environment,
is removed from this cycle and can undergo chemical transformations into fossil material. Part
of it can be used by certain bacteria like Desulfovibrio, for the reduction of sulfate ions to low-
valent sulfur species. Different bacteria (Chromatium) use those to generate elemental sulfur
which also can be incorporated into different structures. With time, the material moves into
deeper regions and is subjected to higher temperatures and higher pressure along the way.
During the formation of fossil material, three stages of transformation can be assigned:

e diagenesis
e catagenesis
e metagenesis

The main product of the first step, diagenesis, is called kerogen (in case of marine and
lacustrine sediments; humin in case of soils and brown coal in coal mires) and is widely
considered to exhibit the elemental composition of Cioo0Hs00-1800025-300N10-3555.30- It is formed
through polycondensation reactions of the products of biological degradation and is formed
relatively early during diagenesis. It is often called a geopolymer. The fairly high amount of
oxygen still present in the kerogen is found in different functional groups, like esters, carbonyls,
hydroxyl groups, amides and ethers. With the loss of those functional groups during the
maturation of the kerogen and the increasing size of the polymer, the solubility in common

organic solvents is also lost. Kerogen by definition is insoluble in common organic solvents.

With respect to sulfur, kerogens (Figure 2.3) can be classified as either high-sulfur or low-sulfur
kerogens. During the early stages of formation, the low-valent sulfur species (i. e. H.S and
polysulfides like HS,, HSs, S,*, Ss) are produced by sulfate-reducing bacteria and
incorporated into the organic material in the sediment. The main competitive reaction to this
incorporation into the organic matter is the formation of iron(ll) sulfides in the presence of
higher amounts of iron minerals. Since this reaction is the faster one, the iron(ll) reacts first and
suppresses the formation of organic sulfur species. After the depletion of iron, sulfur can be
incorporated into organic material. Depending on the amount of minerals in the sediment, high-
or low-sulfur kerogen can be formed and later be thermally degraded to ultimately yield low-

-5-
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sulfur or high-sulfur crude oils. A second factor of importance is the availability of sulfate for the
sulfate-reducing bacteria. It is known that in freshwater environments only a small amount of
sulfate is present, leading to low-sulfur kerogens [5,6]. An overview of the possible
mechanisms of sulfur incorporation is shown by KILLOPS [4].

The second step, catagenesis, involves mainly the thermal decomposition of the kerogen into
bitumen, which is subsequently cracked into oil. The burial depth of the kerogen increases
continuously, resulting in increasing temperature and pressure. Water is expelled and
permeability reduced with increased overburden. During this process, a lot of heteratoms are
lost and the matrix gains a higher degree of structural order. Cleavage of side chains and
stacking of aromatic systems are key processes during this stage. A release of methane and
hydrogen sulfide can be observed, which is induced by high temperatures. High pressure, as
expected in lower parts of the earth crust, inhibits the formation of liquid fuels to a certain
extent. The principle of Le Chatelier states that a system at equilibrium tries to evade a change
of conditions by counteracting the change. This principle can be applied here to explain the
observed behavior, but temperature is widely considered to be the dominating factor.

Figure 2.3 Proposed structure for a kerogen at the end of diagenesis;
taken from [4].

The whole process of catagenesis can be divided into two parts, the oil window and the wet
gas zone. During the early catagenesis, temperature and pressure conditions favor the
formation of hydrocarbons showing low to medium molecular masses, leading to the formation

of liquid oil. This stage can be characterized by temperatures of around 100-150 °C and a

-6 -
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depth of 2.5-4.5 km. Increasing depth and higher temperatures of over 230 °C, which is the
limit of hydrocarbon generation, lead to formation of wet gases containing a certain amount of

condensates".

During metagenesis, the final stage in the evolution of fossil material, the degree of aromaticity
increases. When the fossil material has reached its final state, the hydrogen-to-carbon ratio is
approximately 0.25". No direct release of hydrocarbons except for methane as dry gas’ is
observed. The metagenesis and the wet gas zone of catagenesis are also sometimes called
the cracking zone, since the cleavage or cracking of alkyl side chains lead to the formation of
the gaseous phase.

A typical crude oil has a compositional range as depicted in Table 2.1. It is comprised of
hydrocarbons (aliphatics and aromatics), resins and asphaltenes. The main percentage of the
heteroatoms are incorporated into the resins and asphaltenes, forming a group usually named
the polar NSO compounds. The average composition of crude oil is approximately 57%
aliphatic and 29% aromatic hydrocarbons plus 14% resins and asphaltenes. Within each
group, there are distinct subgroups, as already indicated. The saturated fraction is divided into
linear, branched and cyclic aliphatics, the aromatic group further divided into alkylbenzenes
and higher condensed systems.

One more class of compounds has to be mentioned due Table 2.1 Typical
to its importance in petroleum analytical chemistry: the composition of a crude oil.
biomarkers. Although most of the biological starting
material is broken down during the above mentioned element abundance % (wt)
steps of formation and looses the linkage to the

o C 82.2-87.1
biological precursors, a small amount of compounds
does not: the biomarkers. They usually make up less H 11.8-14.7
than 1% (wt) of the petroleum and are of liquid origin, but S 0.1-5.5
they can be used to gain information about the origin and 0 01-45
the development of the crude oil. The most widely known

: : , N 0.1-15

representatives are pristane and phytane, since they are
the most abundant biomarkers. Pristane and phytane are other <0.1

both derived from chlorophyll.

. Hydrocarbons that dissolve in the gaseous phase but condense during commercial recovery are called

condensates

V' The hydrogen-to-carbon ratio is an indicator for the aromaticity of a system, for example n-hexane shows a ratio of
2.33 and benzene of 1 (it will be mentioned again in paragraph 3.3 along with the oxygen-to-carbon ratio)

¥ Since no condensates are observed, this zone is called the dry gas zone

-7 -
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2.2 Formation of sulfur compounds

For compounds containing sulfur, different ways of formation are possible. One may be the
incorporation of elemental sulfur into unsaturated alkyl chains, leading to the formation of
aromatic compounds, the so-called PASHs (polycyclic aromatic sulfur heterocycles). During
the different stages of formation, sulfate ions are degraded by bacteria to the more reactive
low-valent sulfur species (hydrogen sulfide, polysulfides), which in turn are oxidized to
elemental sulfur. This elemental sulfur can be incorporated into different organic compounds,
for example lipids or kerogen in general. Simulation experiments verify the pathway of heat-
induced incorporation into hydrocarbons (n-alkanes). A scheme illustrating the possible
formation can be seen in Figure 2.4.

2

. ™~

RN~ VR

S
R' R K2
Gt —

Figure 2.4 Proposed pathway for the formation of
aromatic sulfur compounds, exemplarily shown
for 1,9-dialkyldibenzothiophenes.

Not all compounds contain an aromatic sulfur ring like thiophenes, benzothiophenes or
dibenzothiophenes. A class of partially saturated dibenzothiophenes, also called
hexahydrodibenzothiophenes (HsDBTs), was reported for the first time in 2003 to be present in
desulfurized diesel fuels by CHARRIE-DUHAUT et al. [7]. For compounds like 1,1,4a,6-
tetramethyl-1,2,3,4,4a,9b-

hexahydrodibenzo[b,d]thiophene (Me4HsDBT, the
chemical structure is shown in Figure 2.5 with R = H) or
its derivatives (R = CHj, C,Hs, C3H;), the pathway shown
above is not likely, since the first ring formation leads to

the thiolane ring, which cannot be aromatized because

Figure 2.5 Chemical structure
and numbering of hexa-

further conversion induced by the presence of a double hydrodibenzothiophenes

of the methyl group adjacent to the sulfur atom. Any

-8 -
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1
R%
©

S
sulfur ~’
incorporation
1 / lizati 1
R cyclization R
= aromatization
N > /
S S

Figure 2.6 Mechanism proposed by
CHARRIE-DUHAUT et al. [7] for the
terpenoid-based formation of H¢DBTs
from biological precursors, e. g.
carotenoids.

bond is therefore not promoted. A carbon atom carrying two methyl groups (as it is the case for
position 1 of Me,HsDBT) cannot be the result of a partial saturation of a dibenzothiophene
molecule. Further chemical transformations, like transalkylations, would be necessary.
CHARRIE-DUHAUT et al. [7] proposed a formation based on the incorporation of sulfur into a
terpenoid structure, as shown in Figure 2.6. With subsequent cyclization and aromatization of
the third ring, it leads to partially saturated dibenzothiophenes while keeping the alkylation
pattern of the precursor. These terpenoid structures"' are found in living organisms in the form
of, for example, diterpenoids and tetraterpenoids. Diterpenes themselves (CxoHsp) are
unsaturated hydrocarbons built from four pyrophosphate isoprene units (Figure 2.7), while
carotenoids (member of the class of tetraterpenes (C4Hes)) are partially unsaturated
hydrocarbons with eight double bonds, formed through combination of eight pyrophosphate
isoprene molecules. Several hundred of the terpenoids have been identified already. Within
plants, the diterpenes are found in the

form of retinoids, the maybe most widely /K/\O/pzoss- )\/\ _P,0s*
known one being retinol. They are known 0o

to possess antimicrobial properties. . . ‘ .
Figure 2.7 Different active forms of isoprene

Tetraterpenes like carotenoids can act as used to build terpenes in biological systems; left

o . structure dimethylallyl pyrophosphate
antioxidants, preventing the (DMAPP), right structure isopentenyl
photooxidation of chlorophyll. pyrophosphate (IPP).

v Terpenoid structures (the range is from hemiterpenes (one isoprene unit) to polyterpenes (multiple isoprene units)
are biologically built from isopentenyl pyrophosphate (IPP) or dimethylallyl pyrophosphate (DMAPP)), the active
forms of isoprene.

-9-
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2.3 Classification figures for the characterization of fossil material

Apart from the biomarkers, which are mostly difficult to analyze because of their low
abundance, there are certain key factors that can be measured directly, i. e. the hydrogen
index (HI) or the oxygen index (Ol). Those indices are usually used to gain information about
the maturity of the crude oil. This maturity is a term used to express the overall state of the
development with respect to the above mentioned stages and transformations. During the
formation of crude oil, the crude oil undergoes a continuous dehydrogenation. In its early
stages, a high percentage of hydrogen is still present, resulting in a high hydrogen to carbon
ratio. This hydrogen is found for example in alkyl chains or saturated rings and is subsequently
removed by cleavage of alkyl groups or ongoing aromatization. With time, the
hydrogen-to-carbon ratio changes towards a lower ratio of hydrogen, ultimately leading to

elemental carbon.

Another common factor is the so-called API Gravity index (API stands for American Petroleum
Institute; this index was first used in 1921). It is being used to express the relative density
compared to water on a system based on the old Baumé scale (invented in 1916), with values
above 10 °API indicating a lower density compared to that of water and a value lower than 10
°API indicating the contrary. Although it is a unit-less figure by mathematical definition, it is
often referred to as being in “degrees” (°API). There are different ways to measure the API
gravity which are presented in the standard method ASTM D287-92 (2006) by the American
Society for Testing and Materials. Crude oils or liquid fractions thereof can be grouped
according to their API gravity:

e light crude ol API gravity > 31.1 °API
e medium crude oil 22.3 - 31.1 °API

e heavy ol 10 - 22.3 °API

e extra heavy oil / bitumen <10 °API

Other ways of classification can also be based on chemical properties, for example the terms
“sour” or “sweet” crude, referring to the relative amount of sulfur in the crude oil. With sulfur
compounds being a problem to be dealt with during the work-up of crude oils, the so-called
“sour crudes” usually are considered to be of lower quality.

Apart from the figures mentioned above, many so-called biomarkers have been devised for all
kinds of biochemical and analytical questions. With respect to petroleum, biomarkers are very
often used to fingerprint samples to gain information about the source of a sample, i. e. in case
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of oil spills found in the ocean. They can also be used to provide insight into the maturity of the
sample or to draw connections as to the common origin of crude oils pumped from different
wells [8]. They can even be used to draw conclusions about the source material deposited
millions of years ago which has been transformed into fossil material.

More information about crude oils or fractions thereof can be drawn from ratios of compounds.
For example, a ratio of two compounds can give information about the extent of weathering,
that means the extent to which the sample was compositionally changed due to the influence
of sunlight, air, heat, water and so on. For this special case, one compound known to be
affected very easily and one known not to be affected at all are compared. The larger the
difference between the original ratio and the ratio analyzed at a given time, the bigger the
influence of weathering. When comparing biomarkers to gain information about a common
source, one would compare the ratio of two compounds being equally affected by weathering.
If both compounds are indeed affected in a similar fashion, their original ratio should not
change over time, thus preserving the information of the origin.

2.4 Refinery processes for transportation fuels

Crude oil itself is a mixture not suitable for direct use. It has to be broken down into smaller
fractions in different stages of treatment, called the refining process (Figure 2.8). The first stage
of industrial refining is the atmospheric distillation into light and middle distillates. Those include
the so-called straight-run light and heavy gasolines and the straight-run jet and diesel fuels.
These groups are also called gas oils. The remaining fractions after atmospheric distillation are
subsequently distilled under reduced pressure to yield the straight-run heavy gas oil, the light
vacuum gas oil and the heavy vacuum gas oil. The vacuum distillation residue is further treated

Table 2.2 Names and associated boiling ranges along with carbon numbers
for the most common fractions of a crude oil [9].

Product Boiling range Number of carbon atoms
gas and liquid gas up to 25 °C C-C
gasoline (Naphta) approx. 20 - 200 °C C,-Cpy
petroleum approx. 175 - 275 °C Cy-Cye
gas oil, diesel fuel approx. 200 - 400 °C Ci5-Cys
lubricant Cyo- Cro
heating oil >Co
bitumen, coke large molecules
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in the so-called coker, where it is cracked to smaller molecules. A list of common distillative
fractions is given in Table 2.2.

The composition of the starting material and thus the yield of each distillate varies widely from
crude oil to crude oil. A typical crude oil contains 15-20% of straight-run gasoline, which shows
a low octane number (ROZ)"" of around 20-30. In order to increase it, the distillate has to be
blended. The process of cracking (applied to higher boiling fractions) can be used either to
increase the yield of those straight-run gasolines as well as to increase the octane number by
isomerization. Two different methods of cracking are used: thermal cracking, applying
temperatures of around 800-900 °C, and catalytic cracking, applying catalysts based on

aluminum-, molybdenum- and magnesium silicates as well as temperatures of around 700 °C.
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Figure 2.8 Schematic overview of the industrial refining process [10].

Both thermal cracking and fluid catalytic cracking (FCC) mainly yield crack gases through
radical reactions as well as gasoline with an octane-number of 60-80. FCC is the more gentle
cracking method. The catalysts have to be regenerated from time to time by burning off the

' The octane number is a parameter used to express the anti-knock properties of a transportation fuel. By definition,
2,2,4-trimethylpentane gives an octane number of 100, while n-heptane has an octane number of zero. If the
number is too low, the fuel-air-mixture ignites itself too early during the compression process within the engine.

-12 -



Crude oil as a matrix for analytical chemistry

elemental carbon deposited on the surface. A process comparable with the commercially
applied removal of sulfur (catalytic hydrodesulfurization, explained in 3.1) is sometimes used
as well. It applies lower temperatures (270-450 °C) and hydrogen pressures between 80 and
200 bar. The gasolines from cracking contribute the biggest part of the sulfur in gasolines [11].

When cracking the high-boiling residues of vacuum distillates (also called coking of vacuum
residues), very harsh conditions have to be used. As a by-product solid petrol coke is
generated which can be used as heating material or material for electrodes.

After blending, the gasoline fraction has to be further treated to meet the demands for anti-
knock properties as well as for a low sulfur content. The process for sulfur removal, the
desulfurization, will be discussed in Chapter 3.1 in detail. The process of reforming is done by
using noble metal catalysts (for example platinum) and consists of isomerization of n-alkanes
to iso-alkanes, polymerization of small alkanes and fusing of alkanes with alkenes. As a side
effect, the degrees of cyclization and aromatization are also increased. The final step is the
addition of alcohols and ethers to increase the oxygen content for better combustion
properties.

Diesel fuels usually consist of middle distillates from atmospheric distillation, blended with light
cycle oil from FCC, hydrocracker diesel and coker diesel, as well as additives [11]. The
straight-run diesels usually meet the demands for sulfur content, PAH content, density and

cetane number'"

, While the coker and FCC diesels have to be treated. They have cetane
numbers of approximately 20, sulfur contents of around 2.5% as well as high densities and

PAH contents (80-90%) [11].

2.5 Analytical methods for the analysis of petroleum products

2.5.1 Distillative matrix simplification

No modern analytical instrument or technique is powerful enough to allow a complete analysis
of petroleum. With the immense complexity of crude oil, a simplification of the matrix is the first
step in almost every analytical method. Depending on the analytical challenge, different
methodologies can be used. Throughout the history of petroleum chemistry, different
approaches to divide petroleum into classes have been established. The most common
scheme is the distillation into different boiling ranges, mainly used for the refining process. With
this grouping, the most widely known fraction names were introduced decades ago, i. e.
gasoline, diesel and heating oil, already stating their designated use in certain cases. With
boiling range being the dominating factor, there is already a certain amount of information

V' The cetane number is a parameter for the combustion quality of diesel fuels. Cetane (n-hexadecane), by
definition, has a cetane number of 100, while 1-methylnaphthalene has a number of zero. A higher cetane number
leads to improved ignition and burning characteristics. Modern diesel fuels have cetane numbers of 50-65.
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within these fractions. The size of the molecules and their geometry play a significant role, but
the size of the molecules is the dominating factor for the boiling point. Since this distillative
fractionation shows almost no selectivity of any analytical interest, it is not being directly used
for analytical purposes, but in almost every case part of the treatment of the matrix.

2.5.2 Open tubular column chromatography using silica

A different approach of fractionation is known as the SARA scheme. It is used to separate
crude oils into four classes: saturates, aromatics, resins and asphaltenes, and SARA is the
acronym for the four classes. In a first step, the starting material (also called feedstock) is being
dissolved in a non-polar n-alkane (i. e. n-heptane) to separate the saturates, aromatics and the
resins (which are soluble in n-alkanes, also called the maltenes) from the insoluble
asphaltenes [12,13]. The deasphaltened oil is then fractionated into the three classes using
open tubular chromatography with silica or alumina as stationary phase and solvents of
different polarity. In a recent publication the SARA scheme is used to ascertain the influence of
extremely complex mixtures on Fourier Transform-ion cyclotron resonance mass spectrometry
(FT-ICR MS) experiments. South American crude oils were measured directly using ultra-high
resolution FT-ICR MS without any fractionation. After SARA fractionation of those crude oils,
the resulting classes were also analyzed to compare the mass spectra [14]. In this study, the
influence of sample complexity during high-resolution measurements is investigated.

Within our working group, the work-up of crude oil samples usually starts with an open tubular
column to remove the resins and the asphaltenes from the saturates and aromatics. This is in
principle the first half of the classic SARA scheme.

Based on simple silica calcined at 200 °C for 24 h, MIKI et al. [15] separated straight-run
naphtha into several fractions using hexane, benzene and a benzene-methanol mixture as
solvents. Each solvent was 1.5 mL in volume. The authors succeeded in separating the
hydrocarbons from the sulfur species, collecting more than 80 samples and identifying the
sulfur compounds using GC/MS. Several thiols, disulfides, sulfides, thiophenes and saturated
sulfur rings were discovered at the expense of multiple measurements and no real grouping of
compound classes.

2.5.3 Separation according to size of aromatic system

In addition to open tubular column chromatography there is also the chromatography based on
organic electron-deficient ligands like 3-(2,4-dinitroanilinopropyl)silica (DNAP). Because of the
low electron density of the aromatic ligand, it can interact with 1-systems of various kinds and
therefore exhibit a certain selectivity for number of -electrons. Other stationary phases like the
well-known aminopropyl! silica or the more sophisticated B-cyclodextrin can be used in the
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same manner with different degrees of selectivity because of the influence of substituents. A
brief comparison of separation sensitivity towards alkylation can be found in the PhD-thesis of
PANDA [16], who investigated the suitability of some of those stationary phases (aminopropyl,
B-cyclodextrin and tetrachlorophthalimide) for the separation of high-boiling fractions of vacuum
gas oils based on the size of the aromatic systems and the degree of alkylation. He showed a
very high sensitivity of tetrachlorophthalimide towards the degree of alkylation and distribution
of substituents, while aminopropyl silica did not separate the fractions sufficiently. B-
Cyclodextrin proved to be the best compromise and was therefore chosen for the work at
hand.

2.5.4 Ligand exchange chromatography for isolation of sulfur compounds

With the decrease in total amount of sulfur during the last two or three decades, due to the
lowering of legal limits and the implementation of noble-metal catalytic systems throughout the
industry, the problem of sulfur in petroleum distillates from the analytical point of view shifted.
In high-sulfur distillates thiols, sulfides, disulfides and simple aromatic sulfur species make up a
high percentage of the total sulfur content, while in low-sulfur distillates the residual sulfur
content is comprised of the highly alkylated and condensed aromatic benzothiophenes (BT),
dibenzothiophenes (DBT), benzonaphthothiophenes (BNT) and so on. With this shift in total
residual sulfur from percentage to the ppm and ppb range, the need for more sophisticated
analytical methods arose. Nowadays the information about the total amount of sulfur is not
sufficient. The speciation of the compounds surviving the modern methods of desulfurization is
a key challenge of analytical chemistry. These compounds are also called recalcitrant.

A chromatographic approach more directly aiming at heteroatomic analytes (in many cases
sulfur) is ligand exchange chromatography (LEC). LEC is based on the reversible interactions
of molecules with an electron-deficient metal cation. This interaction is strongly dependant on
the nature of each compound, like steric demand and electronic properties. Heteroatoms
contribute to the electronic properties to a very large extent, enabling a donor-acceptor
interaction between cation and heteroatom in the case of sulfur and nitrogen. Those atoms can
donate their lone electron pairs to the electron deficient cation, for example palladium(ll) or
silver(l). With this interaction being the main mechanism, LEC is a very powerful tool in
speciation analysis because heteroatomic compounds can be separated quantitatively from the
hydrocarbon mixture.

Different substituents, or the electron density in general, define the strength of the interaction
between donor and acceptor. This facilitates group separations between polycyclic aromatic
hydrocarbons and polycyclic aromatic sulfur heterocycles or even non-aromatic sulfur. To

achieve a more uniform and a more dense deposition of the metal ions on the stationary
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phase, organic ligands with certain functional groups are very often chemically bonded onto the
surface. Amino or thiol groups are among the most common functionalities used for this
purpose. In addition to the effects mentioned, the organic ligand also reduces the risk of metal
leaching, an effect often observed when using metal ions on bare silica in combination with
polar solvents. With instrumental analysis usually following the chromatography, any kind of
metal present within the fractions is unfavorable.

A search of the more recent literature results in a wide variety of methods to isolate mainly the
different aromatic sulfur compounds, namely thiophenes, dibenzothiophenes and higher
condensed and alkylated structures. In addition to those, thioethers of the R;-S-R, type were
analyzed using mainly ligand exchange chromatography (LEC) on various supports or the
more exotic liquid-liquid chromatography. Some of those publications will be presented briefly
in the following paragraphs.

Early publications, for example by ORR [17,18], present liquid-liquid-chromatography
containing either mercuric acetate or zinc chloride in the aqueous stationary phase. It is stated
that zinc chloride is better suited for small sulfides of up to 6 carbon atoms, while mercuric
acetate gives better results for sulfides containing between 12 and 18 carbon atoms. In
addition to these limitations, the leaching of metal ions into the mobile phase is one of the
major drawbacks of liquid-liquid-chromatography, along with the fact that for example in case
of Pd(ll) and sulfur atoms, the formed complexes are stable in solution and have to be broken
up before analyses. Therefore this technique is hardly used anymore when analyzing sulfur
compounds in petroleum products. Applying mercuric acetate on a phenylsilica stationary
phase in normal-phase liquid chromatography, ANDERSSON [19] reported the selectivity of
that phase for halogenated aromatics to be comparable to normal silica and the improved
selectivity for alkylated aromatic compounds. No direct selectivity towards sulfur was observed.

SNYDER and co-workers [20] published a separation scheme based on Hg(ll) immobilized on
acidic cation exchange resin. The authors succeeded in collecting the bulk of the aromatic
sulfur compounds in a simple silica fraction and, in addition to that, they separated oxygen- and
nitrogen containing compounds from sulfides using Hg(ll)-impregnated ion exchange resin.
Since they focused on oxygen and nitrogen compounds only, the stationary phase was only
used for the removal of sulfides. A recovery of those was not successful. Mixed thia-ethers
were the only compounds reported to be lost, with no significant impact on the work described.

ALl et. al. [21] used a solution of mercuric acetate for precipitating sulfur compounds from
Saudi Arabian crude oils, thereby doing a total sulfur analysis using UV spectrophotometry,
infrared spectroscopy and GC-MS analysis. Liquid-solid adsorption chromatography with
gradient elution was said to be an effective method to separate an “Arab Heavy” distillate into
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compound types. They pointed out that aliphatic and aromatic sulfides constitute the higher
percentage of sulfur compound types, with aromatic being higher than aliphatic. In addition to
that, they identified 24 organosulfur compounds (mainly thiophenes, dibenzothiophenes and
naphthothiophenes) from sulfur concentrates using GC-MS.

Publications by VOGH [22] present the use of a carboxylic cation exchange resin loaded with
copper(ll) to isolate organic sulfides from organic concentrates. Different support materials
were chosen by TAKAYANAGI [23] when they modified a silica surface with different organic
ligands, namely 2-amino-1-cyclopentene-1-dithiocarboxylate (ACDA), 8-quinolinol or
8-quinolinethiol, 3-mercaptopropanol, and loaded them with copper(ll) or silver(l). Alumina can
be used instead of silica as well, but because of lower capacity and less chemical versatility it
is not widely used in LEC. Numerous cations have been tested so far for their ability to form
stronger or weaker complexes with sulfur in its different forms. Cu®, Ni**, Co*, Fe**, Fe**, Zn**,
Cd*, Hg*, UO,*" and VO,** were investigated in 1977 by DAVANKOV for their general use in
ligand exchange chromatography [24]. Cu®* and Pd** received more detailed attention for the
analysis of sulfur by NISHIOKA [25,26].

For the simple removal of aromatic organosulfur compounds, MCKINLEY [27] utilized a
solution containing Ru(NH;)s(H20)?* in DMF/H,0 to extract dibenzothiophene (400 ppm) to the
extent of 94% from a simulated hydrotreated petroleum feedstock of toluene/hexane.
Oxidation/reduction steps or simple addition of water were used to regenerate the used Ru-

complexes.

Tin tetrachloride was used by SERGUN et. al. [28] to isolate sulfur compounds from West
Siberia sweet and sulfurous oils. A high extent of sulfur removal (between 72-95% of total
sulfur and 68-95% of sulfidic sulfur compounds) was achieved. Oils with a total sulfur mass
fraction of 0.22-0.68% were dominated by alkyl-substituted thiacycloalkanes among sulfides
and alkyl-substituted dibenzothiophenes among thiophenic compounds. For oils containing
0.94-1.14% (wt), the alkylbenzothiacycloalkanes were the most prominent compounds.

GERASIMOVA et. al. [29] separated low-molecular weight sulfur compounds from deasphalted
West Siberian crude oils on silica modified with 5% nickel chloride. Hexane, benzene and
methanol/chloroform as eluents allowed the separation of the oil into more developed alkyl
substitution patterns (hexane fraction) and less developed patterns (benzene fraction). Among
the identified sulfur compounds were thiophenes, benzo- and dibenzothiophenes and sulfides.

From the above mentioned methods of sample preparation, LEC using Cu(ll) and Hg(ll) were
tested for the isolation of hexahydrodibenzothiophenes during this work. Liquid-liquid
chromatography is not applicable because of the observed metal leaching. The precipitation of
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sulfur compounds using for example mercuric acetate prevents an instrumental analysis of the
isolated sulfur species without further treatment, rendering the isolation useless. The results by
VOGH, DAVANKOV and NISHIOKA show copper and mercury as well as silver to be the most
promising cations to be used for LEC, since the results clearly indicate the applicability for the
isolation of sulfidic compounds.

2.6 Hyphenated instruments for the analysis of samples

Apart from the different chromatographic methods for sample preparation prior to analysis,
instrumental analytical chemistry offers a lot of tools for the direct analysis of petroleum
products. Hyphenated techniques like gas and liquid chromatography coupled with various
detectors are nowadays frequently used for routine analysis. While gas chromatography is the
method of choice for middle distillates like gasolines, diesels and heating oils, liquid
chromatography can be applied for the higher boiling distillates like vacuum gas oils or
residues. The commonly used detectors are the flame ionization detector (FID) for GC, the
UV/vis detector for LC as well as mass spectrometric detectors for both types of
chromatography, varying mainly in the method of ionization. A more exotic method is the
element selective spectroscopic detection for GC and LC (atomic emission detection, AED;
inductively coupled plasma-mass spectrometry, ICP-MS).

In the last years, the comprehensive two-dimensional gas chromatography (GCxGC)
instruments gained importance for the analysis of GC-amenable samples like diesels. The
basic principle of those instruments is the combination of two orthogonal chromatographic
stationary phases. The first one is based on a separation according to boiling point (the
capillary column installed usually consists of a long, non-polar column, i. e. DB-5 with 5% of
phenyl groups incorporated into the film). The second dimension separates according to
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polarity (the second column has to be very short, allowing a very fast separation of small
increments of effluent eluting from the first column; usually polar stationary phases like DB-17
with 50% phenyl groups incorporated are used). Modern instruments usually differ in the
technical realization of the trapping and transferring of the effluent between the columns.

An important technical aspect is the suitability of the used detector. It has to offer a fast
response to detect the analytes in rapid succession. As an example, the effluents from
column 1 are introduced onto the second column in intervals of 10 seconds or less and then
separated on the second, very short column and detected. For most purposes, a traditional
flame ionization detector (FID) is used [31,32]. Using this approach, group assignment can be
easily achieved, showing the paraffins, naphthenes and the different aromatic parent structures
resolved in one chromatogram (Figure 2.9) [30]. WANG et al. utilized the mass spectrometer of
a GC-MS instrument as a mass separator, thus simulating a second dimension comparable to
a second chromatographic dimension. The instrument used included a soft field ionization unit
generating only parent ions which is essential to receive a simple set of data for analysis. After
data transformation, a diagram giving information about masses and relative retention times
(shown as arbitrary units) is created, allowing the group assignment as seen before (Figure
2.10). These diagrams are comparable to those of comprehensive GC, but without the need of
a GCxGC instrument.
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Figure 2.10 GC x MS chromatogram of a refinery stream
boiling in the diesel range generated after data
transformation by WANG et al. using GC/MS [30].

Comprehensive gas chromatography can also be applied for resolving the (in the first
dimension) unresolved complex mixtures in petroleum-contaminated sediments, after
extraction, as shown by FRYSINGER et al. [33] in 2003. After pressurized fluid extraction with
dichloromethane, several chromatographic separations yielded fractions from saturates to
three-ring aromatics which were then analysed using GCxGC. The authors were able to trace
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the contamination of a certain sediment to used motor oil, since motor oils consist mainly of
saturated petroleum compounds. In addition, the authors showed steranes and hopanes to be
present as biomarkers.

When dealing with the higher boiling fractions of petroleum, gas chromatography is not
possible any more because of the temperature limitations, but liquid chromatography does not
offer the resolution needed for analysis of thousands of compounds. KUNNEMEYER [34] and
NOLTE [35] evaluated the applicability of capillary electrophoresis for the separation of PASHs
using different buffer systems and instrument parameters. Electrophoresis offers a resolution
nearly comparable to gas chromatography in a liquid phase, avoiding the necessity of
GC-amenability of the samples. A general suitability was proven and the aromatic sulfur
fraction of a diesel sample was tested with good results. A linear dependence between
migration time and the calculated molecule volumes was observed as well as an additive effect

of certain substitution patterns on the migration time.

During this work, gas chromatography coupled with mass spectrometric detection as well as
flame ionization and atomic emission detection were used, since diesels and heating oils are
amenable to GC. Liquid chromatography was used only for chromatographic prefractionation
(ligand-exchange chromatography, separation on electron-deficient stationary phases) in
combination with a UV/vis detector for control purposes. Inspite of the complexity of the
fractions even after prefractionation, the high resolution of capillary column gas
chromatography allowed a direct identification of the hexahydrodibenzothiophenes using a
combination of the above mentioned atomic emission and mass spectrometric detection.

Flame ionization detection was only used for control purposes.

The atomic emission detector is an element selective spectroscopic detector utilizing a
microwave-induced helium plasma. After the separation within the capillary GC column, the
analytes are transferred into the plasma and atomized. Collisions with helium atoms excite the
atoms, which, upon relaxation, emit energy of an element selective wavelength. This can be
detected using a diode array detector. With the AED it is possible to analyze multiple
wavelengths at the same time within a certain wavelength window. A favorable characteristic is
its almost structure independent response, making it especially powerful for quantification
purposes. During this work, it was used for the simultaneous detection of carbon, sulfur and

nitrogen.

Mass spectrometry was used during this work to identify compounds in different fractions of
work-up schemes (PAHs and nitrogen-compounds in different fractions) as well as for the
identification of synthesis products. In addition to those purposes, it was used for the
identification of different derivatives of the hexahydrodibenzothiophenes. Since only

-20 -




Crude oil as a matrix for analytical chemistry

1,1,4a,6-tetramethyl-1,2,3,4,4a,6,9b-hexahydrodibenzo[b,dlthiophene was available as a
reference compound, the identification of higher homologues of that class had to be done using
mass spectrometry. With an ion-trap mass analyzer available, the different techniques of full
scan measurement, selected ion measurement (SIM) and MS" experiments were conducted to
find the technique most suitable for the analysis. During SIM measurements, the mass
analyzer only detects selected masses out of a more complex matrix. In principle, this
technique is used to enhance sensitivity and lower the limit of detection by increasing the
detection time window for each mass selected. During a full scan, the available scan time has
to be equally divided for each mass within the range. This results in a small time window for
each mass (low signal-to-noise ratio) if a large mass range is measured. For quadrupole
instruments, this technique offers enhanced sensitivity, for ion-trap instruments (without a
quadrupole installed before the trap) it does not offer significant improvements without
extensive adjustments of the parameters involved. The problem responsible for this is the
general trapping of all ions within the trap prior to selectively transferring the desired masses to
the detector (sequential selection and detection). Quadrupole instruments are designed to
conduct the separation and detection simultaneously. MS" experiments can be used to follow
fragmentation patterns as well as distinguish between different molecules sharing the same
nominal mass. Triple quad or ion trap mass analyzers are capable of isolating selected ions
and subsequently colliding them with inert gas molecules to induce fragmentation. In a second
step, the resulting fragments can either be detected (in case of a triple quad analyzer) or
repeatedly collected and further fragmented (ion trap instrument). As can be seen in later
chapters, this technique can be very useful to distinguish between different alkylation patterns
in the case of hexahydrodibenzothiophenes.

For the last few years, ultra-high resolution FT-ICR MS in combination with different liquid
chromatographic techniques was used for the structural elucidation of the composition of crude
oils and vacuum distillates. The immense complexity of those fractions and the high boiling
ranges make the use of these high resolution techniques inevitable. In contrast to conventional
mass spectrometric detection methods, the FT-ICR MS is based on the measurement of
frequencies (frequencies can be measured technically with a very high accuracy), thus
showing a much higher resolution [36-38].

The immense amount of data resulting from the complexity of the samples makes a statistical
evaluation inevitable and the results are not immediately suited to identify discrete compounds
out of mixtures but rather show trends [16,39-41].
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3 Modern methods for desulfurization of crude oils

The removal of sulfur is one of the most challenging tasks when dealing with petroleum-based
products. Since sulfur plays an important role in the formation of acid rain, the formation of
particulate matter and the poisoning of catalysts of all kind, sulfur is a prime target for research
ventures all over the world. The selective, easy and cheap removal is the main goal.

There is an ongoing effort to lower the legal limits of sulfur in all kinds of petroleum-related
products throughout the world. In addition to that fact, the reserves of low-sulfur crude oils are
going to be depleted in the near future and the reserves of high-sulfur crudes are going to
increase in importance for the petroleum industry. For those reasons a high pressure to
improve the already employed methods of desulfurization arises. Within this chapter, a brief
overview of some methods of desulfurization and the implications with respect to the
compound class of hexahydrodibenzothiophenes will be presented.

3.1 Catalytic hydrodesulfurization (HDS)

The most common commercially used method for sulfur removal is the catalytic
hydrodesulfurization. It is a hydrogenation process that employs hydrogen over
Ni/Co-Mo sulfides deposited on alumina (acting as a catalyst) and it operates at a hydrogen-
pressure of up to 100 atm and temperatures between 300-360 °C. The sulfur-species are
adsorbed onto the surface of the catalysts and undergo a series of reactions during
desulfurization:

e hydrogenation of unsaturated carbon bonds

e cleavage of the sulfur-carbon bonds

¢ hydrogenation of carbon and sulfur atoms

e release of H,S and sulfur-free hydrocarbon from the surface of the catalyst

Within this list, a change in sequence of the steps is possible. There are several factors that
can influence the effectiveness of this process, some of which will be discussed in this chapter.
HOUALLA et al. gave reaction rates for the different pathways possible (Figure 3.1) [42]. In the
case of dibenzothiophene, the direct hydrogenation of the sulfur atom and the subsequent
release of hydrogen sulfide during the first stage of desulfurization shows a reaction rate
approximately 500 times higher than the partial hydrogenation of the aromatic system prior to
release of hydrogen sulfide.
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During the second stage the partial saturation of biphenyl to yield cyclohexylbenzene
progresses slower than the release of hydrogen sulfide from
tetrahydrodibenzothiophene/hexahydrodibenzothiophene. The reaction rates strongly depend
on the substitution pattern of the molecule, resulting in different preferences either for direct
desulfurization (first stage release of H,S, DDS) or hydrogenation (first stage hydrogenation of
the aromatic system, HYD) followed by desulfurization. A change of the substitution pattern in
different positions can change the reaction rates into different directions for the first stage.
While substituents in positions 4 or 4 and 6 lead to a decrease in reaction rate by a factor of 10,
a substitution in the positions 2 and 8 (2,8-dimethyldibenzothiophene) even increases the
reaction rate [43]. The interactions of the molecules with the active sites on the catalyst surface
is explained in more detail in the paragraphs 3.1.1 and 3.1.2.
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Figure 3.1 Proposed pathways by HOUALLA et al. [42] for the
hydrodesulfurization over a CoO-MoOj;-Al,O;-catalyst; the temperature is
200 °C and pressure 100 atm; all reactions are first order with respect to the
organic reactant; all constants are given in [cm3/(kgcata1yst*s)]. Small figures
next to the DBT molecule indicate the numbering for the alkyl substituents.




Desulfurization

The desulfurization of hexahydrodibenzothiophenes is indeed a problem if the stated results
are similar in case of HgDBTS. Only the second stage reactions are possible for those
compounds, with two reasons for a high steric demand present in the molecules. If one
assumes that the same decrease in reaction rate for the direct desulfurization of DBT
compared to 4-MeDBT is valid for the HsDBT, this would result in a reaction rate of only
approximately 10°  cm®(KQeaayst™s) in  contrast to the 1.1*10* cm®(kQeaayst™s) Of
dibenzothiophene. An additional decrease has to be added due to the methyl substituent in 4a-
position and the chair-like form of the saturated ring. The alternative pathway, the
hydrogenation of the single aromatic system, seems to be a negligible pathway, since it is not
even considered in the figures for the second stage direct desulfurization. The saturation of a
non-conjugated aromatic system with substituents in general is a comparably slow pathway, as
seen in the reaction rate for the hydrogenation of biphenyl (10° cm®/(Kgeatays™s) of phenyl
cyclohexane. The substituents can rotate around the shared bond, thus increasing the steric
demand and inhibiting the coordination to the active sites on the catalyst surface.

3.1.1 Availability of active sites

Since the applied sulfided Ni/Co-Mo catalysts do not exclusively interact with sulfur atoms, not
only sulfur compounds can be coordinated by the active sites. The nitrogen- and oxygen-
containing species found in petroleum and also the released H,S compete with the targeted
sulfur compounds for the available sites. Recent studies additionally show the inhibiting effect
of aromatics during the desulfurization of heavy oils [44]. It has been shown that the residual
sulfur content of heavy oils does not only depend on the amount of refractory compounds
present, but more strongly on the three+ rings present in the feedstock. In diesel fractions, the
nature and content of refractory compounds defines the desulfurization rate. For example a
high amount of sterically hindered 4-alkyl and 4,6-dialkyl substituted dibenzothiophenes makes
a deep desulfurization difficult. When dealing with heavier fractions, the percentage of three+
rings increases. In comparison to one- or two-ring aromatics, those compounds show a much
higher propensity to adsorb on the active sites on the catalyst surface, resulting in a much
higher inhibition of desulfurization.

Varying catalyst formulations deal with the overall structure of the catalyst surface, making
different active sites available to the molecules to be desulfurized. Several kinds of supports
have been known for decades, showing different properties for the task. Most catalysts involve
molybdenum sulfide which is promoted by cobalt or nickel, supported on porous alumina.
Some of those catalysts also include promoters like boron or phosphorus. It is known that Ni-
Mo catalysts show a higher efficiency for the hydrogenation of aromatic systems, while Co-Mo
catalysts show a higher selectivity towards C-S bond cleavage. Nowadays, a combination of
both types is usually employed, trying to use the advantages of both concepts. DAAGE [45]
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reports that different active sites on the surface of the catalyst promote different reactions
during hydrotreating. His investigations point out that there are stacks of MoS, with their top
and bottom layers (rims) being more active and the surface of the intermediate layers (edges)
being less active for hydrogenation of DBT, while the cleavage or hydrogenolysis of the C-S
bond is promoted equally on all sides and layers. The vertical interaction (the p-orbital of the
sulfur atom protruding in plane of the molecule) of the sulfur atom of the target compound
leads to C-S bond hydrogenolysis and occurs on the surface rims and edges. A flat -
adsorption on the surface of the catalyst leads to hydrogenation of the aromatic system, but
preferably takes place on rim sites.

3.1.2 Steric and electronic properties of molecules

Within classes of compounds, electronic and steric properties can have a big influence on the
coordination strength at the active sites, resulting in different reaction rates for every single
compound. Previous studies deal with the influence of degree and pattern of alkylation on the
removal of sulfur. To faciltate the understanding of these effects, the example of
dibenzothiophene, 4,6-dimethyldibenzothiophene and 1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzothiophene will be used to illustrate the problem (Figure 3.2).

O e T2 e B
_

Figure 3.2 Illustration of the steric hindrance on the catalyst surface of different model compounds;
DBT left, 4,6-Me,DBT middle and Me,;H¢DBT right pair of molecules.

The first step of the process is the coordination of the molecule onto the active site on the
surface. In case of dibenzothiophene, the molecule can be coordinated either via the 1-system
covering both sides of the molecule, therefore offering a lot of space for interaction. On the
other hand, a coordination via the p-orbital sticking out of the molecule (but lying in plane with
the T-system) is also possible. For 4,6-dimethyldibenzothiophene, the methyl groups
protruding in-plane from the molecule inhibit the coordination via the p-orbital. The coordination
via the mr-system is favored. When dealing with coordination via the p-orbital, the coordination
step itself determines the reaction rate, while the bond cleavage within the molecule becomes
the rate-determining step when coordinated through the -system [46,47]. In case of
Me4HsDBT, the coordination via the two p-orbitals is significantly hindered by the methyl
groups in 4a- and 6-position as well as the saturated ring, while the coordination through the
m-system is reduced due to the only benzene-sized aromatic system and the lack in planarity
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caused by the chair-like saturated ring. Figure 3.2 shows a graphical illustration of the steric
hindrances of three model compounds DBT, 4,6-Me,DBT and Me,HsDBT.

In direct contrast to the steric demand of the partially saturated hydrodibenzothiophenes, the
electronic state of the sulfur atom should give rise to an even higher degree of desulfurization
when compared to aromatic sulfur species, since the electron density of the heteroatom is
higher for the sulfidic moiety. In case of open chain sulfides, HDS is efficient enough to almost
completely remove those from any distillate fractions. Even the possible compounds of
dihydrobenzothiophenes should be removed with a certain efficiency, since they share the
same electronic state, but lack the steric hindrance of the chair-like saturated ring.

3.1.3 Improved desulfurization using HDS with tailored parameters

Conventional HDS must be used with even harsher conditions to meet the legislative demands
concerning sulfur in petroleum-related products. In case of a diesel fuel, the conventional HDS
uses a sulfided Ni/Co-Mo catalyst, a hydrogen pressure of 3.45-10.30 MPa, a liquid hourly
space velocity™ (LHSV) of 0.5-3 h' and a temperature range from 315-400 °C [48]. When
trying to lower the residual sulfur from 500 ppmw to 15 ppmw using HDS, the catalyst bed size
of the fixed-bed reactor would have to be increased threefold. Reaching 0.1 ppmw for fuel cell
applications would mean increasing it sevenfold [49]. Different approaches of improving the
effectiveness and efficiency of HDS are currently being investigated, such as improved catalyst

formulations, reactor designs and parameters.

Improved catalyst formulations might offer more active sites or sites more suitable for the
interaction with the compound classes to be treated. This includes improvements in
hydrogenation efficiency of the aromatic system of refractory compounds, incorporation of
acidic components enabling transalkylation of refractory species (from 4,6-dialkylated to
3,6-dialkylated compounds) and decreasing influence of inhibiting substances like H.S and
NH; (ammonia is the product generated from the hydrogenation of nitrogen-containing
compounds).

Hydrogen pressure, temperature, the contact time within the reactor as well as the contact
conditions between the hydrogen and the sulfur species are additional parameters to be
changed. Unfortunately almost every parameter change results in disadvantageous side
effects. An increased hydrogen pressure leads to an increased partial pressure of emerging
H.S, thus increasing the inhibiting effect of H,S on the catalyst surface. A removal of H,S from
the gaseous phase would lead to an increased efficiency of desulfurization, since modern

X Liquid-hourly-space-velocity is an operating figure indicating the amount of substrate that is being moved through a
volume of catalyst per unit of time, [h]
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reactors always include recycling of the gaseous phase (the purity of the hydrogen gas is
around 50%). This improvement is preferable over a simple increase in hydrogen pressure.
Increasing the temperature within the reactor results in more reactions taking place but also in
a higher degree of hydrogenation of aromatic compounds, thus changing the overall
composition of the product. Besides, the lifetime of the catalyst is reduced by higher
temperatures. The contact-time between the liquid and the vapor phase can also be increased,
done so by improving the designs for the hydrogen distributors installed in reactors.

A change from one-stage to two-stage reactor designs offers several adavantages. In case of
the conventional one-stage design reactors, the hydrogen is introduced along with the
petroleum fraction at the bottom of the catalyst bed (so-called co-current design). Although it is
easy to handle with respect to gas-liquid mixing and catalyst contact, it shows a significant
disadvantage. At the opposite end of the catalyst bed, the amount of hydrogen is lowest, while
H,S-concentration is highest, leading to a high inhibitory effect on the catalyst, and only
refractory sulfur compounds remain. This results in a low desulfurization efficiency where it is
needed the most. The so-called counter-current design solves this problem by introducing the
hydrogen at the opposite site of the catalyst bed compared to the petroleum fraction, ensuring
highest hydrogen concentration along with refractory sulfur compound concentration being the
highest. Unfortunately, this technique displays other problems like hot-spots within the reactor
and difficult vapour-liquid contact processing. New designs combine those two techniques,
resulting in two-stage reactors with both concepts applied. The first stage is a co-current bed
removing the bulk sulfur components, while the second stage is counter-current in design and
removes the refractory compounds.

3.2 Adsorptive desulfurization

A different technique for the removal of sulfur compounds from petroleum distillates is the
adsorptive removal. Special materials like mixed metal oxides, zeolites, active carbon or
supported transition metals have been tested already for their use in adsorptive removal. The
Oel-Waerme Institute in Aachen, Germany, currently investigates a metal oxide based method
for the removal of refractory sulfur compounds [50]. They report the suitability of their
investigated Ni/NiO sorbent for the ultra-deep desulfurization of diesels to a residual amount of
sulfur of less than 1 ppm, suitable even for fuel cell applications. This method can be operated
without expensive hydrogen. At an elevated temperature of around 200 °C, the ultra-deep
desulfurization of already low-sulfur fractions (pre-treated diesels and gasolines that show
predominantly refractory S-species) and at a lower temperature of 100 °C for fractions
comprised mainly of monoalkylated dibenzothiophenes is possible [50]. It is also pointed out
that even the refractory sulfur species 4,6-dimethyldibenzothiophene, one of the least affected
species during HDS, is removed to at least 95%. With optimal conditions, some more species
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Figure 3.3 Picture along with schematic design of the adsorptive reactor used at the
OWI, Aachen (left) and a graph illustrating the dependance of the sulfur removal on the
process parameters during desulfurization of the heating oil EL-series [51] (right).

were removed to yield a final value of below 200 ppb for the total residual sulfur, which was the
detection limit for the analytical methods employed during the investigation.

SANO et al. studied the effectiveness of activated carbon materials for the pre-treatment of gas
oil distillates with respect to the nitrogen- and sulfur-compound adsorption to enhance the
desulfurization through minimizing inhibitory effects [52-54]. The removal of nitrogen- and
sulfur-species is said to be a key factor in achieving ultra-deep desulfurization. CO-releasing
functional groups on the surface of the carbon material along with the large surface-area are
the most important issues discussed. CO.-releasing groups and diminishing surface-area
during pre-treatment of the carbon material are the main problems during preparation of the
absorbent.

Adsorptive removal of sulfur species is also carried out after oxidation to the sulfones by
ALl et al. [55]. Direct extraction of sulfur compounds from diesels using acetonitrile resulted in
45% removal, while after oxidative extraction 92% of the sulfur was removed. For oxidation, a
mixture of 30% hydrogen peroxide and 98% formic acid was used. It was pointed out that a
high olefinic content inhibits the oxidation of the sulfur species in FCC gasoline, indicating a
competitive reaction of olefinic compounds, maybe the formation of epoxides. For hydrotreated
diesels, the oxidation reaches high yields.

Different solid adsorbents were tested by ETEMADI [56] to complete the ultrasound-enhanced
oxidative removal of sulfur from fossil fuels. Among the sorbents were acidic, basic and neutral
alumina, zinc oxide and activated carbon. Alumina was identified as being the superior
adsorbent, with amorphous alumina offering more active sites for adsorption of oxidized sulfur
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species than the crystalline phase. Alumina offers a high capacity even after calcination for
regeneration, whereas active carbon looses 43% of its capacity.

Transition metals immobilized on different materials are used for the adsorptive removal of
sulfur compounds in ligand exchange chromatography. Palladium(ll) can be coordinated on 3-
mercaptopropy! silica to selectively form complexes with sulfur aromatics, for example
benzothiophenes and dibenzothiophenes. Competitive ligands like isopropanol can be used to
replace the PASHs at the active sites of the palladium and elute the sulfur compounds for
further analysis [9,50,57-62].

HERNANDEZ-MALDONADO et al. investigated a wide variety of cations for their suitability of
sulfur removal via adsorption over different forms of zeolites [63-72]. Among the tested cations
are Ag(l), Zn(ll), Ni(ll) and the Cu(l) which is rather difficult to handle. Zeolites offer a good way
to immobilize cations in a framework with different active sites and pore sizes. Investigations
show an energetic preference for the adsorbtion of thiophenic compounds over aromatic
hydrocarbons and a favorable selectivity with respect to substitution. The regeneration of the
tested materials was also possible, although especially Cu(l) needed additional treatment due
to the sensitive electronic state of the ion. In contrast to that difficulty it also showed the highest
capacity for the tested thiophenic compounds.

3.3 Biodesulfurization

A completely different way of desulfurization utilizes the capability of some bacteria to
biodegrade sulfur compounds. While some bacteria can chemically change polyaromatic sulfur
compounds via dioxygenase oxidation, leading to dihydroxy-PASHs (which in turn can further
undergo another step of dioxygenase ultimately leading to hydroxyl-formyl-PASHSs, the whole
process is called the KODAMA pathway [73]), several bacteria like Rhodococcus erythropolis
are known to be capable of removing the sulfur atoms directly from polycyclic aromatic sulfur
compounds (i. e. DBT), resulting in the formation of 2-hydroxybiphenyls [74,75]. The former
mechanism is an oxidative C-C-cleavage, the latter an oxidative C-S-cleavage. The third
mechanism possible is a reductive C-S-cleavage.

In case of the oxidative C-S-cleavage, the bacteria can oxidize for example dibenzothiophene
to the corresponding sulfoxide and consecutively to the sulfone before cleaving the S-C bond
by monooxygenase, releasing SO, and 2-hydroxybiphenyl on the way [73]. This process is
widely known as the 4S-pathway. Some of the main advantages are the selectivity towards the
sulfur atom itself, along with the resulting unchanged carbon skeleton and the fact that no
additional hydrogen is needed.
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The reductive C-S-cleavage only works in the presence of a reducing agent, i. e. molecular
hydrogen. Hydrogen sulfide is released, along with an equivalent of bipheny! [76]. Desulfovibrio
is capable of anaerobically degrading dibenzylsulfide, while D. longreachii and
Desulfomicrobium escambium can degrade dibenzothiophene, if only to a low relative amount,
in the presence of 10% (v/v) kerosene [77]. Until today, there is no commercial method that
makes use of the reductive C-S-cleavage due to the costs of adding a reducing agent to the
system, for example hydrogen gas.

Early publications showed the biodegradation of PASHs to be limited to simple structures
without extensive alkylation, but NODA et al report the degradation of
4,6-dipropyldibenzothiophene using Rhodococcus erythropolis in a microchannel reactor. This
reactor design improves the contact time between the sulfur species in a distillate fraction and
the bacteria in an aqueous potassium phosphate buffer [78].

3.4 Removal of sulfur species using ionic liquids

A more experimental method for the removal of sulfur compounds is the use of the so-called
room temperature ionic liquids (RTIL). With those liquids being non-flammable, immiscible with
water as well as thermally stable and stable towards fuels, they are considered easy to use.
Because of their proven ease of recyclability they are often called “green solvents”. In some
cases imidazolium type cations and anions like alkyl-substituted sulfates [79] or
hexafluorophosphates [80] are used, but newest research results also show the potential of
Fe(lll)-containing ionic liquids for the removal of benzo- and dibenzothiophenes [81]. The
interaction of the Lewis-acidic Fe(lll) species with the Lewis-basic DBT is said to be
responsible for the removal of the sulfur species from the sample in case of the Fe(lll)-
containing ionic liquid. Typical results vary from 94.2% sulfur reduction for a gasoline and
74.6% sulfur removal for a partially desulfurized diesel [82].

In some cases the sulfur compounds are oxidized using photo oxidants like H,O, prior to
extraction using ionic liquids, with or without ultrasound-assistance [79,80], improving the
efficiency of the extraction due to the increased polarity of the sulfones produced. The more
polar sulfones are better soluble in the ionic liquid compared to their non-oxidized form. Since
this is a relatively new field of research, a lot of research still has to be done.
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4 Objectives

Until now only a tedious and unselective sample preparation including oxidation to the
corresponding sulfones and several chromatographic dimensions (LC) was suitable for
analysis of hexahydrodibenzothiophenes. Their routine analysis in crude oil distillates (i. e.
diesels, heating oils) is not possible yet. The lack of reference compounds needed to devise a
suited and highly selective method is one important reason for this.

The synthesis of analytical standards for the unambiguous identification of analytes in different
matrices is an integral part of this work, since they are not commercially available. Devising a
synthesis scheme that is applicable to higher homologues of hexahydrodibenzothiophenes is
preferable.

Several already known chromatographic methods and stationary phases for the analysis of
sulfur compounds in petroleum will be investigated with a focus on the applicability to the
analysis of the analytes discussed. Those methods include simple open tubular columns as
well as HPLC methods and different combinations®. A convenient and fast method for the
analysis of partially hydrogenated dibenzothiophenes in petroleum products utilizing silver
impregnated silica gel may be one possibility.

Various samples will be investigated to gain an insight into the distribution pattern of
hexahydrodibenzothiophenes as well as to draw conclusions concerning the impact of two
different methods of desulfurization, hydrotreatment and adsorptive desulfurization.

X A more detailed overview of the tested methods and quotations will be given in chapter 6
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5 Synthesis

Dfferent synthesis schemes were already tested in this project for their applicability with
respect to MesHsDBT [83]. One of the common strategies for the synthesis of
dibenzothiophenes with different alkylation patterns starts with commercially available
thiophenols. Those thiophenols can be coupled with bromocyclohexanones to yield, after acid-
promoted cyclization, tetrahydrodibenzothiophenes.

AT
S

Figure 5.1 The synthesis scheme usually applied for the
synthesis of substituted dibenzothiophenes, in this case used to
try to synthesize Me,;H¢DBT. Two possible products are shown.
Experimental details can be found in [83].

5

According to this scheme, 2-methylthiophenol (1) and
2-bromo-2,6,6-trimethylcyclohexanone (3) as starting compounds would lead to the formation
of Me4H¢DBT. When applying this scheme to those compounds (as shown in Figure 5.1), the
ring-closure reaction results in a mixture of several products. Some of the products showed a
mass of 246 amu, which is the molecular mass of Me;H¢DBT, while some other products
showed a mass of only 244 amu.

It was interpreted that the acid-promoted cyclization leads to a positive charge at the carbonyl
group (3) which triggers a methyl shift from one of the methyl groups close by. Two possible
products after the methyl shift and cyclization are shown as structures 4 and 5. This methyl
shift changes the alkylation pattern of the product, ultimately not leading to
1,1,4a,6-tetramethylhexahydrodibenzothiophene. It is important to stress that the proposed
structure 5 has not been verified and that it cannot be compared to the results showed in
chapter 6 where a new structure is presented that was found in real samples.

For the products with a mass of only 244 amu, an additional double bond is likely be be formed
during the cyclization. It was not possible to isolate each product to verify those interpretations
due to their structural similarities and the complexity of the product mixture.
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Figure 5.2 Synthesis scheme that leads to Me;H¢DBT prior to
the introduction of a fourth methyl group using butyl lithium
and methyl iodide. Only two possible products of the
methylation are explicitly shown. Experimental details can be
found in [83].

A second synthesis scheme already investigated (the pathway is shown in Figure 5.2, but only
two possible products are explicitly shown) starts with 2-methylthiophenol (1) and
5,5-dimethyl-7-oxabicyclo[4.1.0]heptan-2-one (2, which can be generated from commercial
4,4-dimethylcyclohex-2-en-1-one). Both compounds are linked together under alkaline
conditions and the cyclization is photochemically initiated. After the carbonyl group is reduced,
the thiophenic double bond is hydrogenated to yield 1,1,6-trimethylhexahydrodibenzothiophen
(3, Me3HDBT). This compound was used as a standard for some chromatographic tests and
will be mentioned again in chapter 6. The introduction of the fourth methyl group using butyl
lithium resulted in several products, since not only the proton in position 4a of the molecule is
acidic enough to be removed. The two methyl groups in position 1 are chemically equivalent so
that there is a total of two different groups of methyl substitutents. The members of the two
methyl groups can be methylated as well [83].

5.1 1,1,4a,6-Tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene

Both schemes described so far are based on the formation of a S-C-bond in the first step. The
subsequent ring-closure in the first scheme and the methylation in the second scheme show
that both pathways are not applicable for the synthesis of Me,H¢DBT. The following scheme is
based on the formation of the C-C-bond between both rings prior to the formation of the S-C-
bond.

The synthesis (Figure 5.3) starts with the commercially available 2-methylthiophenol (1) which
on direct ortho-lithiation gives lithium 2-lithio-6-methylbenzenethiolate (2). After addition of
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2,2,6-trimethylcyclohexanone (3), 2,2,6-trimethyl-1-(3-methyl-2-sulfanylphenyl)cyclohexanol (4)
is formed and eliminates water to give 2-methy-6-(2,2,6-trimethylcyclohex-1-en-yl-)-
benzenethiol (5) and subsequently undergoes cyclization, both steps acid-promoted, to yield
the desired product 6.

The dilithiation is not clean since the methyl group is acidic enough to be lithiated [84,85].
According to KATRITZKY et al, the ortho-lithiation only contributes 25% to the total
conversion. This results in the formation of 75% of lithium (2-sulfidobenzyl)lithium (7) which can
also couple with 3 to yield compound 8. The acid-promoted elimination of water can result in
two products (9 + 11), only differing in the orientation of the double bonds. Each of those can
now undergo ring-closure reactions in two directions. In each case, both carbon atoms of the
double bonds can be attacked by the sulfur atom.

R cyclohexane R
nBulLi i R
TMEDA
0°C/rt +
SH SLi
2

Figure 5.3 General synthesis scheme for poly-methylated hexahydrodibenzothiophenes,
shown explicitly for Me,H¢DBT with R = H, therefore starting with 2-methylthiophenol.
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The protonation of the double bond compound 5 would either lead to a four-membered ring or
the desired Me,HsDBT 6. The formation of a four-membered ring is highly unlikely because of
the ring strain, resulting only in the formation of Me,H;DBT.

The acid-promoted cyclization of compound 9 also would lead to a four-membered ring and a
spiro compound 10 (2',2',6-trimethyl-3H-spiro[1-benzothiophene-2,1'-cyclohexane]). Again, the
four-membered ring is highly unlikely. Compound 11 yields the spiro-compound 10 and the six-
membered ring 12 (1,1,4a-trimethyl-2,3,4,4a,9,9a-hexahydro-1H-thioxanthene), both products

are likely to be formed. Figure 5.4 shows an analytical gas chromatogram of the product

mixture.
S
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Figure 5.4 GC-FID chromatogram showing the synthesis mixture as discussed in Figure 5.3,
including MesH¢DBT (6).
Isolation of the desired product is very difficult since all the products formed show the same
elemental composition and therefore the same mass and a similar polarity. Normal
chromatography based on silica or alumina using an open tubular column does not succeed.
Groups 10.1/10.2 and 12.1 / 12.2 are diastereomers with the corresponding enantiomers not
being separated in the chromatogram.

A direct and simple comparison of the peak areas based on the GC-FID signal (Table 5.1)
shows the desired Me;sHsDBT to be present at an approximately amount of 8% of the total
products. Since all the formed substances contain the same number of carbon atoms, a direct
comparison is possible since the FID responds to the number of carbon atoms. Any deviation
in response factor should be negligible.
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Table 5.1 Integrated peak areas and percentages of the synthesis mixture
including Me,H¢DBT.

compound 6 10.1 10.2 12.1 12.2
peak area 20634 59859 45862 48660 81298
percentage 8% 23% 18% 19% 32%

In order to verify the pathway shown above, a lithiation was done at room temperature to yield
only product 8. It was worked up according to the literature but no acid was added to promote
the elimination of water. '>*C-NMR-experiments verified the presence of a hydroxy-substituted
carbon atom in position 6 of the molecule. The *C-NMR-spectrum is shown in Figure 5.5 with
the aromatic and aliphatic signals only marked as groups, since a complete identification of the

compound was not the goal of this experiment.

saturated carbon signals

aromatic carbon signals
\

carbon carrying a hydroxy group

Figure 5.5 ""C-NMR spectrum of the intermediate product 8 with the characteristic signal at
78.4 ppm indicating a hydroxy-substituted carbon atom.

The acid-promoted elimination of water from this sample containing only compound 8
unexpectedly resulted in the same two GC signals as did the synthesis mixture prepared at
lower temperature . GC measurements of the intermediates after the first reaction stage (after
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coupling with the ketone but before acid-promoted cyclization) do in fact not show the
compounds 4 and 8 themselves, as it would be expected from the synthesis scheme. GC-MS
measurements show two signals with masses of 246 amu in each case instead of the expected
262 amu. These observed masses correspond to the compounds 5 and 9 or 11. The high
temperature in the GC injector triggers the elimination of water from each intermediate. Both
resulting signals (from compound 8) were isolated using a Preparative Fraction Collector (PFC)
that is specially designed for gas chromatography®'. The isolated compounds were used for
ring-closure experiments under acidic conditions. Those results (GC-FID chromatograms of the
ring-closure experiments are shown in Figure 5.6) revealed that the two observed signals are
in fact not the products of 4 and 8 after elimination of water but the compounds 9 and 11 only.
The signal of compound 5 is not visible in any GC chromatogram. This leads to the conclusion
that it coelutes with one of the signals for compounds 9 and 11.
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Figure 5.6 GC-FID chromatogram of the isolated compounds 9 and 11 and the ring-closure
products after isolation using the Preparative Fraction Collector for capillary GC.

X! With this instrument it is possible to use the very high resolution of capillary gas chromatography to isolate
compounds from mixtures that are very complex and difficult to separate. When equipped with a high-capacity
capillary column, the PFC (Gerstel GmbH & Co.KG, Milheim, Germany) is capable of isolating nanogram
amounts of compounds in each run. The used instrument was equipped with a 0.53 mm inner diameter capillary
column that has a capacity approximately ten times as high as the usual 0.25 mm inner diameter columns used for
analytical purposes. It is still necessary to fractionate the sample several hundred times to isolate enough material
for NMR experiments which require milligram amounts of sample.
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This makes it extremely difficult to verify the successful synthesis until the final reaction step
yielding Me,HsDBT. When working at room temperature, the lithiation only yields product 8,
which also prevented the successful synthesis of MesHsDBT until now.

5.1.1 Directed ortho metalation of 2-methylphenol

The synthesis described in the previous paragraph shows a considerable weakness in the
lithiation step. A more controlled lithiation ortho to the functional group could be achieved by
directed ortho metalation (DoM). Many examples for directed ortho metalation can be found in
the literature[86-89]. The publication by BEAULIEU [86] explicitly shows the metalation of 2-
methylphenol (1), which would be the starting compound for the synthesis aimed at Me,HsDBT.

Li
S S
@OH — @Okr — @o%/
1 2 3

Figure 5.7 Synthesis  of  the
O-tolyl-thiocarbamat ) from
2-methylthiophenol (1).

After the formation of the thiocarbamate (2), the lithiation is directed at the ortho position due to
the stabilizing effect of the six-membered cyclic transition state. The lithiation of the
O-tolyl-thiocarbamate (2) using butyl lithium at -78 °C in THF and the subsequent coupling with
2,2,6-trimethylcyclohexanone did not succeed. The steric demand of the ketone might be a
reason for this result. Only unreacted thiocarbamate was detected after the lithiation step.
BEAULIEU mainly added electrophiles like methyl iodide, trimethylchlorosilane and
benzaldehyde to the lithiated thiocarbamate and achieved good results of approximately 80%
yield.

Further research into a more efficient synthesis of Me,HsDBT was abandoned in favor of the
development of sample preparation scheme for HsDBTs.
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5.1.2 Isolation and identification of Me,HsDBT

Figure 5.8 Chemical structure and numbering
of hexahydrodibenzothiophenes

Using a preparative fraction collector (PFC, Gerstel GmbH, Milheim, Germany) and a capillary
column with a higher capacity (30 m x 0.53 mm x 0.25 pm), enough material was collected
from each product to enable NMR identification. Products 10.1 and 10.2 were collected
together due to the lack of resolution of the used capillary column. When identifying Me,H;DBT
from the mixture explained above, the most important signal is the one originating from the
proton at position 9b. Figure 5.10 shows the chemical shift between zero and 2.6 ppm of the
'H-NMR-spectrum. This region is of particular interest since it shows this characteristic signal
at 2.53 ppm. A singlet indicates a sulfur-containing five-membered ring, while a six-membered
ring would result in a triplet signal due to the coupling with the adjacent protons in the
positions 9 and 9a. Several large singlets and a complex pattern of overlapping multiplets can
be seen as well. A clear and unambiguous assignment of those multiplets of the saturated ring
is not possible in this spectrum due to the overlapping regions of the signals. A combination of

“I'and a two-dimensional 'H,"H-COSY-spectrum™" (DEPT135-spectrum

DEPT-measurements
shown in Figure 5.9, 'H,"H-COSY-spectrum shown in Figure 5.11) helps to assign the groups
of signals. The DEPT135-spectra show the presence of four CHs- and three CHo-groups, as

expected. In direct contrast, each of the by-products would show signals for four CH,-groups.

The signal group at 2.06 ppm couples with both signal groups at 1.85 and 1.56 ppm, resulting
in a ddd multiplicity, therefore it resembles the protons at position 3. Since both groups, at 1.85
and 1.56 ppm, couple with one adjacent group of protons, it is difficult to resolve the positions.

Figure 5.12 shows the corresponding 'H,"*C-HSQC-spectrum*" of Me,H;DBT. For matters of
clarity, a part of the range of the chemical shift has been cut out on both axes.

X DEPT-measurements is a '>C-NMR technique that is used to distinguish between CHs-, CH,- and CH-groups in

3C-NMR-measurements.

XA 'H,"H-COSY-measurement is a technique used to show the coupling of different groups of protons in a
molecule in a two-dimensional visualization.

XV A 'H,"®C-HSQC-measurement is a technique to show the coupling of protons with adjacent carbon atoms in a
two-dimensional visualization.
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Figure 5.9 DEPT135-spectrum of Me,H¢DBT showing the distinctive four signals for the CHj3-
and the three signals for the CH,-groups.
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Figure 5.10 'H-NMR-spectrum of Me,H,DBT in the range between 0 and 2.6 ppm (300 MHz
instrument, sample dissolved in CDCl;).
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Figure 5.11 Two-dimensional 'H,"H-COSY-spectrum of MesH¢sDBT correlating the different
signal groups.

|lt.l " |
&
T
2

f1 (oom)

120

13

[~ 15C

2t
12 (ppr)

Figure 5.12 'H, C-HSQC spectrum of Me,H¢DBT illustrating the correlations between carbon
and hydrogen.
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5.1.3 Oxidation of Me4HsDBT to the corresponding sulfone

CHARRIE-DUHAUT et al. [7] published the mass spectrum of Me,HsDBTO, that was isolated
from a diesel sample. To further backup our successful synthesis of Me,HsDBT, we first
oxidized it to the corresponding sulfone Me4sH¢sDBTO, using meta-chloroperbenzoic acid
(mCPBA) in dichloromethane and then compared the resulting mass spectrumt to the data of
[7]. Shown in Table 5.2 are the relative abundances of the detected fragments of
Me,;HsDBTO,, compared with the figures by CHARRIE-DUHAUT et al..

Table 5.2 Comparison of the signal intensities of Me,HsDBTO, from this work and
CHARRIE-DUHAUT.

m/z 278 261 178 157 143 109
this work 70% 100% 37% 77% 47% 59%
Charrie-Duhaut 79% 8% 10% 25% 19% 100%

The figures for the detected fragments after oxidation of Me,HsDBT differ partially from the
published values. The most obvious discrepancy can be seen for the fragment of m/z = 261.
The observed difference is a factor of more or less ten. The other fragments differ between
factors two and three. From these results, a verification of the identity cannot be accomplished.

It is noteworthy that the oxidized form Me,HsDBTO, and all the other reported derivatives show
a completely different fragmentation pattern when compared to Me,H¢DBT itself. Logically, the
loss of 16 amu is due to the oxygen present in the sulfone. Following this, two C-C-bonds are
broken and a fragment of CgH;, is lost which leads to m/z = 178. The signals 157 and 143 are
difficult to assign, but 109 (present in all the sulfones detected) is formed out of the SO,-group
and part of the aromatic ring (CgHsS) according to ANDERSSON [90].
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Figure 5.13 Mass spectrum of Me,H¢DBT.
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MesHsDBT (mass spectrum shown in Figure 5.13) mainly shows the M*-peak, a low (M-CHj)
and the strong signal of m/z = 163.

5.1.4 NMR-based characterization of side-products

All other fractions from the synthesis mixture were also characterized using NMR-techniques.
With the products 12.1 and 12.2 being separated, identification of the compounds proves to be
easy. The mass spectra show molecular masses of 246 amu with the most abundant
fragments of 162 amu. This already indicates the presence of CHy-groups bridging the
aromatic and the saturated rings instead of CH3-groups connected to the benzene rings next to
the sulfur atoms. The lack of the singlet signals at a chemical shift of 2.53 ppm also backs up
this assumption.

With compounds 10.1 and 10.2 collected together, identification of the different signals is
difficult. Table 5.3 and Table 5.4 give all the chemical shifts and coupling constants with Figure
5.15 illustrating the numbering of the carbon atoms for the compounds.

For the compound labelled 12.1, the chemical shifts are given in Table 5.5 with Figure 5.16
illustrating the numbering of the carbon atoms for the compounds 12.1 and 12.2.. The proton in
the 10a-position is axially oriented (with a chemical shift of 2.08 ppm) since it exhibits a small
coupling constant of 4.3 Hz with the equatorially oriented proton at carbon number 10, whilst it
couples with the axially oriented proton with 13.0 Hz. The chair form of the six-membered ring
results in the stereocenter in position 4a to be (R)-configured.

For compound 12.2, the chemical shifts are given in Table 5.6. In contrast to compound 12.1,
the proton in 10a-position is oriented equatorially, since it exhibits a small coupling constant of
< 2 Hz with the equatorial proton at position 10. The coupling with the axial proton shows a
constant of 7.1 Hz. Therefore, the stereocenter is (S)-configured.

e

H —
\_// \

Figure 5.14 [Illustration of the most important NOEs observed in NMR experiments; a)
Me H¢DBT, b) 2',2',6 trimethyl-3H-spiro[ 1-benzothiophene-2,1'-cyclohexane], ¢) 1,1,4a-trimethyl-
2,3,4,4a,9,9a-hexahydro-1H-thioxanthene. All three compounds share the mass of 246 amu and the
elemental composition C;sH,,S.
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Figure 5.15

Numbering the carbons in

compounds 10.1 and 10.2.

Table 5.3 Chemical shifts [ppm] and coupling constants of compound 10.1.

C d (13C) d ('H) C d(13C) d ('H)

1 38.8 8 123.5 7.04

2 39.1 1.37; 0 9 129.7 6.93

3 21.4 1.58;1.49 10 131.8 7.03

4 31.5 1.45;0 10a 140.6

5 38.7 1.98 ax 11 42.5 3.49;2.95

6 74.5 12 22.2 1.08 ax

6a 126.4 13 28.8 1.12

7 125.7 7.08 14 17.4 0.82
Table 5.4 Chemical shifts [ppm] and coupling constants of compound 10.2.

C d(130) d ('H) C d (130) d ('H)

1 393 8 126.8 7.04

2 39.7 1.48;1.39 9 123.3 6.93

3 21.3 1.58;1.49 10 123.7 7.05

4 31.4 1.60; 1.27 10a 140.8

5 37.6 2.15 ax 11 36.4 3.25;2.18;2J,,=17.0 Hz

6 72.9 12 27.7 1.00 eq

6a 141.8 13 24 1.14 ax

7 120.5 7.07 14 18.5 0.95 eq
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Figure 5.16 Numbering the carbons in
compounds 12.1 and 12.2.

Table 5.5 Chemical shifts [ppm] and coupling constants of compound 12.1.

C 5 (PO 3 ('H) C 5 (P0) 5 ('H)

1 33.7 9 130.1 7.08

2 42.3 1.53 (m, a, eq) - 1.38 (m, B, ax) 9a 133

3 18.8 1.56 (m, 0, eq) -1.63 (m, B, ax) 2.92 eq; Tyu=17.1 Hz; *Jy=4.3 Hz
10 275

4 40.1 1.89 (m, o, eq) - 1.73 (m, B, ax) 2.79 ax; Jy=17.1 Hz; *Jyp=13 Hz

4a 46.5 2.08 ax; “Jyu=13.0 Hz;
10a 49.6

4b 133 3Ju=4.3 Hz

6 126.4 7.04 11 329 0.94

7 126.2 7.02 12 21 0.99

8 123.7 6.98 13 235 1.47

Table 5.6 Chemical shifts [ppm] and coupling constants of compound 12.2.

C 5 (0) 3 ('H) c |50 3 ('H)
1 34.7 9 129.7 7.08
2 42.6 1.46 (m, a, eq )- 1.27 (m, B, ax) 9a 131.8
3.01 eq; “Jyuu=18.1 Hz; *Tyyy< 2 Hz
3 19.4 1.45 (m, a, eq) -1.95 (m, B, ax) 10 27.5
3.16 ax; Jyp=18.1 Hz; *Jyu=7.1 Hz
4 40.6 1.84 (m, a, eq) - 1.53 (m, B, ax) 10a 47.7 1.48 eq
4a 45.4 11 20.6 0.94 ax
4b 134.1 12 33.5 0.98 eq
6 126.4 7.01 13 34.6 1.43 ax
7 125.7 7.01
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5.2 1,1,4a,6,9-Pentamethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene

The synthesis of the pentamethyl-derivative (chemical structure shown in Figure 5.17) was
attempted. Analysis of the resulting intermediate product after coupling with
2,2,6-trimethylcyclohexanone showed the characteristic two signals in the GC-FID
chromatogram. An isolation of the two single compounds using the PFC enabled ring-closure
experiments, yielding similar results as shown before. A comparison between the isolated
intermediate products (compounds 9 and 11 of the synthesis scheme shown in Figure 5.3,
chapter 5.1) of the Me,- and Mes-syntheses is shown in Figure 5.18.

Figure 5.17 Chemical

structure of MesH¢sDBT.
Inducing the formation of the sulfur-ring using trifluoromethanesulfonic acid resulted in
approximately the same product distribution already observed during the synthesis of
Me,HsDBT, except for the expected signal for MesH¢DBT itself. Only the products resulting
from the lithiation of the benzylic position were found (Figure 5.19). The reason for this is the
reaction temperature (room temperature) which favors the selective deprotonation and lithiation
of the methyl group close to the sulfur. With a temperature of 0 °C, an approximate conversion

| Me,H,DBT intermediate 1

intensity

Me,H,DBT intermediate 1

/ intermediate 2
\
|

/ intermediate 2
M

T
9 10 11 12 13 min

retention time

Figure 5.18 GC-FID chromatograms comparing the isolated intermediate products of Me,- and
MesH¢DBT-synthesis.
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into the ortho-lithiated species of 8% can be expected, as observed in the case of Me,HsDBT.
A reaction temperature below 0 °C might favor the formation of the desired ortho-lithiated

species.
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Figure 5.19 GC-FID chromatograms showing the differences in product distribution from

intermediate 1 and 2 after acid-promoted cyclization.
Several attempts to carry out the lithiation reaction at temperatures below 0 °C only yielded
2-butyl-1,3,3-trimethylcyclohexene after the addition of 2,2,6-trimethylcyclohexanone
(simplified synthesis scheme is shown in Figure 5.20). The lithiation of the ortho position or the
methyl group of the benzylic position seems to be extremely slow at temperatures below 0 °C
and the only product that could be found was formed through addition of butyl lithium to the
keto group in the cyclohexanone, followed by elimination of water to yield a cyclohexane.

0  HeCy
~N nBuLi
—_—

Figure 5.20  Simplified synthesis scheme
showing the addition of butyl lithium to
cyclohexanone and the product cyclohexene.

It has been shown in this chapter that the devised synthesis scheme was successfully applied
to synthesize Me4H6DBT in low a low yield. An unambiguous identification of the product to
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verify the identity using NMR techniques was done and the reaction pathway was analyzed
after isolation of several intermediates using the PFC for gas chromatography followed by
selective cyclization of those. It has been shown that the lithiation in ortho-position to the thiol
group is the key challenge in this scheme. A lithiation at room temperature yields only the side
products 9 and 11, while a lithiation at 0 °C yields the desired product Me,HsDBT, albeit in very
low amounts. Several attempts to synthesize MesHsDBT under similar conditions were not

successful.
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6 Analysis of hexahydrodibenzothiophenes

The only report so far on the analysis of hexahydrodibenzothiophenes in diesel samples relies
on a time-consuming and tedious sample preparation. CHARRIE-DUHAUT et al. isolated
aromatic fractions of diesels using conventional silica column chromatography and oxidized the
obtained fraction. A mixture of oxone (Aldrich) in water and the aromatic fraction, dissolved in
acetone, yielded the sulfones after refluxing which were subsequently isolated on a second
silica column. The hexahydrodibenzothiophene sulfones were isolated after a series of
chromatographic steps involving liquid chromatography on silica gel and reversed phase
HPLC [7].

This work-up procedure has some serious disadvantages: it is very tedious, involves chemical
derivatization and is comprised of several time-consuming chromatographic steps. In addition
to that, it does not offer a high selectivity towards the H¢DBT sulfones, but for sulfones in
general. This lack of selectivity can be deduced from the presence of DBT sulfone still present
in the chromatograms shown in the publication of CHARRIE-DUHAUT et al.. During this work,
several of the analytical procedures described above were investigated with respect to the
analysis of hexahydrodibenzothiophenes in a chemically underivatized form. An easy and fast
method for the qualitative analysis was the primary goal, combined with applicability to a wide
range of samples and the possibility for quantification. Detection of the analytes using atomic

emission and mass spectrometric detection was desired.

To achieve this, five different approaches to prefractionation using chromatography based on
different mechanisms and techniques, i. e. open tubular columns and HPLC, were studied.

e acombination of silica- and alumina-based open tubular columns

e 3-(2,4-dinitroanilinopropyl)silica-based HPLC fractionation of an aromatic fraction
e Hg(ll)-HPLC-column of an aromatic fraction after DNAP-fractionation

e Cu(Il)-open tubular column of an aliphatic alumina fraction

e Ag-mercaptopropyl silica (Ag-MPSG) open tubular column

The 3-(2,4-dinitroanilinopropyl)silica- (DNAP-), Hg(ll)- and Cu(ll)-schemes follow on a simple
separation of aliphatics and aromatics on silica or alumina. This two-stage process was
necessary since it was shown that no single chromatographic dimension possessed the
selectivity needed. Each chromatographic dimension was either tested with a single standard
of Me,H¢DBT (after the successful synthesis) and / or a spiked sample which consisted of a
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commercially available diesel fuel or a heating oil obtained from the Oel-Waerme-Institut,
Aachen, Germany. Chromatograms of the single standards will not be shown, spiked sample
chromatograms will be shown in comparison to the non-spiked samples. Since there are no
reliable data on the total amount of partially hydrogenated dibenzothiophenes in petroleum
samples, the amount of substance added to the samples was chosen arbitrarily. On the one
hand a high amount of standard added made it possible to verify the presence in an
investigated fraction using only FID. On the other hand, a high amount in real world samples is
unrealistic and does not immediately mean a work-up scheme can be successfully applied to a

sample of different composition with a lower analyte concentration.

Since the AED offers a much higher selectivity for sulfur than GC-MS analysis with our ion trap
in the selective ion mode (SIM) or tandem mass spectrometry mode (MS") could compensate
for, basic analyses were done using the AED. GC-MS experiments were conducted only in
cases of a simple matrix to verify the results by comparison with the reference fragmentation
pattern. In addition to that, mass spectra were used to identify possible
hexahydrodibenzothiophenes for which no reference compounds were available. At the end of
each sample preparation method, a diagram will be shown to summarize the applied work-up
scheme to help keep an overview of the methods used.

6.1 Combination of open tubular columns using silica and alumina

MesHsDBT was used as a standard for elution tests on silica and alumina columns. It showed a
differing chromatographic behavior A typical setup of these tests consisted of 5 g of stationary
phase and 20 mL of mobile phases: cyclohexane and cyclohexane:dichloromethane (3:1 v/v)
or n-pentane and n-pentane:dichloromethane (3:1 v/v). Cyclohexane and n-pentane elute the
saturated compounds while the dichloromethane mixtures elute the aromatic compounds. With
alumina as stationary phase, the analyte eluted exclusively within the non-polar first fraction,
contradicting experiments for 2-methyl-2,3-dihydrobenzothiophene mentioned later in this work
(paragraph Hg(Il)-LEC). In contrast to this, a combination of silica and cyclohexane-based
solvent mixtures resulted in an elution in the second, more polar fraction. Table 6.1 shows the
results from these tests.
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Table 6.1 Elution results with different stationary phases and
different solvents.

-~ h bile oh fraction containing
stationary phase mobile phase Me,H,DBT
silica n -pentane 1
cyclohexane 2
alumina n -pentane 1
cyclohexane 1

From these results, two different schemes can be created: the first one consists of two

consecutive silica columns:
¢ silica column one eluted with n-pentane and n-pentane:dichloromethane
¢ silica column two with cyclohexane and cyclohexane:dichloromethane.
The second scheme consists of
e alumina column eluted with cyclohexane and cyclohexane:dichloromethane
e silica column with cyclohexane and cyclohexane:dichloromethane.

Since a change of solvents between two columns is not desirable, the first combination of
columns was discarded and only the alumina / silica combination was tested with a real world
sample. In this case, a diesel with a sulfur content of 550 ppm was chosen. It was spiked with
Me,HsDBT.

The chromatograms in Figure 6.1 show that the separation into saturated and unsaturated
compounds does not succeed very well using alumina as a first stationary phase under the
given conditions. This may be due to the lower capacity of alumina compared to silica that
leads to a breakthrough of the n-alkanes into the second fraction. It can be seen that there are
remaining aliphatic compounds in the aromatic fraction, although there are some minor
changes in the relative intensities of the n-alkane intensities compared to the chromatogram
obtained from the first fraction, and one can also observe some peaks for aromatic
compounds.

Applying the second dimension, a silica column, results in an alkane-free second fraction
containing the spiked MesHsDBT visible in the GC-FID chromatogram (Figure 6.2).
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When the order of the stationary phase is changed, a much improved separation can be seen
(compare Figure 6.1and Figure 6.2). With the complete sample, aliphatics and aromatics

altogether, the higher capacity of the silica is an important factor in the separation.
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Figure 6.1 GC-FID chromatograms showing the incomplete separation into aliphatic and
aromatic fractions on alumina.
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Figure 6.2 GC-FID chromatograms showing the separation into aliphatic and aromatic
compounds using silica.
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Alumina seems to be not suited for the first separation into saturated and aromatic compounds,
so only the aromatic fraction of a silica column was further separated on an alumina column.

The resulting chromatograms are shown in Figure 6.3.
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Figure 6.3 GC-FID chromatograms of a spiked diesel sample fractionated first on a silica column
and the aromatic fraction further separated on an alumina column.

The signal for Me4H¢DBT in fraction silica 2 is clearly visible but is missing in both alumina
fractions. It is possible that the isolation of Me,HsDBT into one of the alumina fractions was not
quantitative and that there is Me4sHsDBT present now in both fractions.

The retention mechanism applied in this setup (the complete setup is displayed again in
Figure 6.4) is based purely on polarity and therefore does not offer a useful selectivity towards
different analytes of interest. Even though this separation simplifies the matrix to a great extent,
it still does not remove certain groups selectively enough to gain information on the remaining
compounds in the mixture. It can, however, be used to fractionate a matrix (diesel, heating oil,
vacuum gas oil or crude oil) so that a sulfur-selective analysis of the polycyclic aromatic sulfur
compounds (PASHSs) with an element-selective detection is possible. To achieve that goal, an
analytical scheme can also incorporate a Pd(ll)-ACDA-HPLC-column [61], and thus achieve a
much higher selectivity. This procedure yields a fraction containing only the polycyclic aromatic
sulfur compounds. Until now this Pd(ll)-based separation has only been used for the
separation of PASHSs, so it is a scheme limited to this one class of analytes.
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sample, e. g. diesel sample, e. g. diesel
or heating oil or heating oil
alumina column silica column
aliphatic compounds aromatic compounds aliphatic compounds aromatic compounds
Al A2 S1 S2
silica column alumina column
non-polar fraction polar fraction non-polar fraction polar fraction
A1S2 A1S2 S2A1 S2A2

Figure 6.4 Diagrams illustrating the used stationary phases and names of fractions for the
combination of open tubular columns.

6.2 Fractionation of an aromatic fraction according size of r-system

A separation method based on the aromaticity of the hexahydrodibenzothiophenes is the
separation using electron-deficient stationary phases like 3-(2,4-dinitroanilinopropyl)silica
(DNAP). There are numerous publications proving the successful separation of matrices of
different complexities [91-93]. The mechanism presented is based on the T-m-interactions of
aromatic systems of analyte and stationary phase, with, in this case, the dinitroanilino-system
being electron-deficient enough to retard aromatic m-systems without electron-withdrawing
groups. It is possible to separate matrices containing compounds with up to four rings with
differing resolution, even distinguishing between different degrees of alkylation. Since every
substituent of the aromatic system changes its electronic properties, every stationary phase
separating according to this mechanism is somehow affected by the degree and pattern of
alkylation. Other stationary phases capable of this sort of separation are aminopropy! silica,
tetrachlorophthalimide and B-cyclodextrin. Each phase shows a different characteristic
selectivity with respect to degree of alkylation, alkylation pattern and size of separated
systems. A brief comparison of those stationary phases has been done by PANDA [41].

The concept is to separate a sample into an aliphatic and an aromatic fraction using the above
mentioned silica column with the hexahydrodibenzothiophenes in the aromatic fraction. This
aromatic fraction can be separated into subfractions according to the number of aromatic rings.
If alumina was used instead of silica in the first chromatographic dimension, the analytes of
interest would elute together with the aliphatic compounds. These saturated compounds do not
show any considerable interaction with the stationary phase and elute shortly after the dead
time. Monoaromatic compounds are the first aromatic compounds to elute from the column
after the saturates, with alkylated ones like tetramethylhexahydrodibenzothiophenes eluting
even earlier. The reason for this earlier elution is the increased interaction of the saturated part
of the molecules with the nonpolar mobile phase. This makes it difficult to achieve a sufficient
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separation based on the explained mechanism. Another reason why hydrodibenzothiophenes
are preferred in the aromatic fraction is related to the applied instrumental setup. When doing
semi-preparative or even analytical scale separation, one often uses a common
non-destructive UV/vis-detector. Set to a wavelength of 254 nm, which is the commonly used
wavelength for aromatic hydrocarbons, it does not give any signal for saturated and only a
comparative weak signal for the monoaromatic compounds. Therefore it would be difficult to
cut precise fractions, regardless of the chromatographic resolution of the stationary phase.
Figure 6.5 shows a HPLC-UV/vis-chromatogram of a diesel which has been separated into
aliphatic and aromatic fractions, with the latter being fractionated on a DNAP column using
cyclohexane as the mobile phase.

The amount of sample fractionated in each run was limited due to the analytical scale HPLC
column used and that made it necessary to conduct several fractionations. Since the UV
absorption is different for each fraction, there is no way to exactly tell how much of each
fraction of the original sample was collected altogether without the use of an internal standard.
A graphical illustration of the UV/vis-HPLC-chromatograms of three similar diesel fuels (all
diesels are derived from the same source material but are of different stages of
hydrodesufurization; the residual sulfur content s lies between 550 and 24 ppm) is shown in
Figure 6.5. The common origin of these three diesels is clearly visible with only minor
differences in relative intensities, mainly in the later fractions. Indicated by the vertical lines are

2500 ——997-6A

2000

1500

1000

intensity [mVolt]

500

retention time [min]

Figure 6.5 DNAP-HPLC chromatograms of three diesels
(997-series obtained from Repsol Petrdleo refinery, Spain);
highlighted are fractions for (I) aliphatics and
monoaromatics (II) two-ring aromatics and (III) three-ring
aromatics. The sample was fractionated using cyclohexane
as a mobile phase.
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the fractions with the corresponding number of condensed rings. They are normalized to the
intensity of the first peak and show a slight change in the overall composition of the diesels.
Depending on the origin and the treatment of the sample prior to fractionation, these kind of
chromatograms can differ quite a lot. With increasing hydrodesulfurization, the percentage of
aromatic compounds also decreases along with the sulfur content.

Within the three-ring-fraction (lll), it is possible to distinguish even between the different
degrees of alkylation. The DNAP-HPLC-chromatogram of a commercially obtained diesel fuel
and the cut fractions Illa, lllb and llic are given in Figure 6.6. Since the resolution is insufficient
to achieve a clean baseline-separation, a certain overlap occurs. Figure 6.7 shows the
sulfur-selective GC-chromatograms of those highlighted three fractions with the distinctive
pattern of the PASHs visible. In Figure 6.8 the carbon and the sulfur compounds of a
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Figure 6.6 DNAP-HPLC chromatogram of an aromatic
fraction of a BP diesel; highlighted are the cut fractions
shown as AED chromatograms in Figure 6.7.

monoaromatic fraction are compared, which is the fraction in which the HsDBT is expected to
elute. Depending on the nature of the sample, the separation between the first and second
fraction differs to a great extent, making a successful separation very difficult. In certain cases,
the obtained monoaromatic fraction has to be fractionated again to remove early eluting
condensed aromatic compounds. The high carbon load still present in the isolated
monoaromatic fraction is tremendous and makes a direct analysis using the GC-AED or the
GC-MS extremely difficult. DNAP itself still lacks any selectivity towards non-aromatic sulfur
compounds. The higher homologues of the HsDBTs have a stronger affinity for the nonpolar
mobile phase due to their additional alkyl substituents which would result in an earlier elution
from the column. This means no risk of missing any analyte from his class of substances
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Figure 6.7 Sulfur-selective AED chromatograms of BP diesel fractions Illa to Illc ; the
retention ranges for C,-, C3- and C4,-DBTs are boxed.
because of sample work up, i. e. 1,1,4a,6,9-pentamethyl-1,2,3,4,4a,9b-hexa-

hydrodibenzothiophene or the 9-ethyl-derivative mentioned in [7]. And it can also be
considered to be useful for additional matrix simplification in different schemes, if there is a
high abundance of different aromatic systems.

The comparison of the carbon- and sulfur-selective chromatograms of fraction one (S2D1)
shows the enormous complexity present after several chromatographic dimensions. In addition
to the large number of compounds still visible in the carbon trace, there also seems to be a
considerable number of low-boiling sulfur compounds still present. It is not possible to correlate
the signals from the sulfur trace with distinct signals in the carbon trace, which eliminates the
chance to identify any compounds using mass spectrometry.

Since this fraction is supposed to consist mainly of aliphatic and monoaromatic compounds, it
can be assumed that those signals derive from dialkyl sulfides and maybe disulfides.

A direct identification of MesHgDBT in this fraction is not successful, although some signals in
the relevant retention time windows can be seen. These signals cannot be analyzed further
using mass spectrometric detection, but a more detailed analysis and comparison of these
fractions with the fractions obtained using different chromatographic phases will be shown in
6.4.10.

An overview of this chromatographic fractionation scheme is shown in Figure 6.9.
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Figure 6.8 AED chromatograms of the monoaromatic fraction 1 (S2D1) of the BP diesel.

sample, e. g. diesel
or heating oil

silica column

aliphatic compounds aromatic compounds
S1 S2
DNAP HPLC column
monoaromatic polyaromatic
S2D1 S2D2

Figure 6.9 Overview of the used
stationary phases and fractions for DNAP
of silica fractions.

6.2.1 Ligand exchange chromatography of a DNAP 1-fraction using Hg(ll)-HPLC

Mercury is already known to separate aromatic compounds according to the number of alkyl
substituents present, but in older publications no direct interaction with an aromatic sulfur atom
was observed [19]. Since this work deals with non-aromatic sulfur, some tests were conducted

nonetheless to evaluate the usability in the present context. TLC experiments with Hg(ll)-
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impregnated silica plates showed mercury to exhibit some favourable chromatographic
properties towards sulfides of the dihydrobenzothiophenic and hexahydrodibenzothiophenic
type. A dry-packed analytical scale HPLC column filed with HgCl.-impregnated
mercaptopropyl silica was used to test model compounds and evaluate the chromatographic
behavior of monoaromatic, polyaromatic and sulfidic substances.

The following substances were investigated: butylbenzene, nonylbenzene, tetraline,
2-phenylthiophene, 3-phenylthiophene, 2,4-dibutylthiophene, 2-methyl-2,3-dihydro-
benzothiophene (MeH.BT) and 1,1,6-trimethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene
(Me3sH¢DBT, only available compound of that class at that time). The chemical structures for
those substances are shown in Figure 6.10. The aim was to separate the sulfides from a
mainly monoaromatic fraction. This monoaromatic fraction was prepared using the DNAP
stationary phase. The hexahydrodibenzothiophenes also elute in this monoaromatic fraction.
Therefore, the range of model compounds mainly included monoaromatic PAHs and some
PASHs with non-condensed rings. In case of a successful isolation, application to a more

7\
S 7\
CyHg CgHig S

butyl- nonyl- tetraline 2-phenyl- 3-phenyl-
benzene  benzene thiophene thiophene
0., Co Q@
HoC3 g C4Hg
2,5-dibutyl- 2-methyl-2,3-dihydro- 1,6-trimethyl-
thiophene benzothiophene hexahydro-
dibenzothiophene

Figure 6.10 Chemical structures of the standards tested on Hg(II).

complex sample would have been tested (i. e. a complete aromatic silica fraction of a diesel,
an aliphatic alumina fraction containing Me,H¢DBT or a whole diesel).

Only the non-aromatic sulfur compounds showed a significant retention on the Hg(ll) stationary
phase with cyclohexane as mobile phase. The non-aromatic sulfur atom has two p-orbitals
which are not in plane with the benzene ring. In direct comparison to Me;H¢DBT, the MeH,BT
showed a longer retention time. The dihydrobenzothiophene molecule is almost planar,
hexahydrodibenzothiophene is sterically more demanding because the saturated ring is not
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planar. This saturated ring shields the heteroatom to a certain extent. Therefore, the interaction
between the mercury ion and the p-orbitals of the sulfur atom is sterically more hindered in
case of H¢DBT. This leads to the conclusion that molecules like the 4a-substituted
hexahydrodibenzothiophenes should show an even weaker interaction with mercuric ions, due
to the additional shielding effect provided by the methyl group. Figure 6.11 shows a volume-
indicating illustration of MeH.BT and hexahydrodibenzothiophene. The saturated ring with its
protons reaching into the upper and lower side of the molecule disturbs the planarity of the
molecule to a great extent. Each additional methyl group should increase that influence. If one
takes a look at the molecule (perpendicular to the aromatic plane, looking along the
z-dimension), the steric demand along the x- and y-dimension is visible.

Figure 6.11 Graphical illustration emphasizing the difference in planarity of the
molecules and the accessibility of the sulfur atoms (2-methyl-2,3-
dihydrodibenzothiophene left molecules, hexahydrodibenzothiophenes right).

Some early tests also showed that MeH,BT elutes from an alumina column in the second
fraction (n-pentane and n-pentane/dichloromethane as mobile phases), in contradistinction to
the results for Me,H¢DBT. Since at that time no Me,HsDBT was available and Me;HsDBT was
only accessible in small quantities, the following results utilizing Hg(11)-MPSG are only valid for
H.BT.

Taking a polar alumina fraction (A2, containing MeH.BT), the DNAP column described above
was used to isolate the monoaromatic fraction (which also contains the biphenyls). This
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Figure 6.12 Carbon-selective AED chromatograms showing the DNAP 1- and the
Hg-fractions 1 to 3.

fraction was subjected to further separation on a Hg-MPSG HPLC column using cyclohexane
as the mobile phase. An unresolved hump (UV/vis detection, 254 nm) was collected and, after
the return of the detector output signal to the zero value, a second fraction was collected which
did not show any discrete UV signals. After that, a third mobile phase containing isopropanol
was introduced into the system to remove any remaining substances. All fractions were
concentrated and AED chromatograms were recorded. The C-selective chromatograms
(Figure 6.12) showed signals that looked similar to an aliphatic pattern in all the fractions, with
the expected aromatic compounds present in the first (only minor changes in relative
concentrations). The sulfur signals (Figure 6.13) did not exactly match the signals from the
untreated DNAP 1-fraction, but a certain degree of separation was achieved. The
disappearance of the early eluting sulfur compounds in the DNAP fraction indicates that there
has to be a strong interaction between a certain class of sulfur compounds and the mercury.

Since PASHs were already said to show no interaction with mercuric ions (according to
ANDERSSON [19]), and aliphatic sulfides were eluted with cyclohexane in the standard tests,
these retained compounds are probably disulfides. Since the subjected diesel sample was a
commercially available one obtained in 2001, it still contains a lot of sulfur. It did not necessarily
undergo an extensive hydrodesulfurization eliminating all the thiols and disulfides. The
occurrence of a significant number of unknown signals in the chromatograms did not
encourage a more detailed study of this stationary phase. Any further research was
abandoned in favor of Cu(ll)-impregnated silica, since the isolation of HGDBTs using Hg(ll)-
HPLC even after three chromatographic dimensions was not achieved.
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Figure 6.13 Sulfur-selective AED chromatograms showing the fractions DNAP 1 and the
fractions Hgl to Hg3. H¢DBTs should show signals in the time window between 9 and 12
minutes.

6.3 Ligand exchange chromatography using Cu(ll)

Ligand exchange chromatography is already known to be a useful tool in matrix simplification
since it makes it possible to introduce high selectivity towards the heteroatom present in the
analyte of interest, in our case a non-aromatic sulfur atom. Neither aliphatic nor aromatic
hydrocarbons should be affected in the ideal case of sulfur-selective LEC. Some examples of
this concept applied to the sulfur atom will be presented briefly in the next paragraph.

NISHIOKA et al. reported the isolation of non-aromatic sulfur compounds from crude oils using
either a PdCl,- [25] or a copper(ll)-impregnated silica stationary phase [26]. In case of
copper(ll) they were able to separate several non-cyclic, cyclic, mono-sulfur and di-sulfur
compounds from an aliphatic mixture. Using n-hexane as the first and a mixture of chloroform /
diethyl ether (9:1 v/v) as the second mobile phase, recoveries of the tested standard
compounds were between 1 and 60%. While aromatic compounds and non-aromatic di-
sulfides can already be eluted in a first fraction using n-hexane / chloroform (1:1 v/v),
compounds like 1,4-dithiane (which contains two sulfur atoms non-adjacent to one another)
were almost not recovered at all. The authors applied this procedure to a crude oil sample
containing 5.1% (wt) of sulfur, which is quite a lot compared to the samples dealt with during
this work. The hydrodibenzothiophenes are of any concern when dealing with samples which
have a sulfur content in the percent range, since they contribute to the total content only in the
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ppm or ppb range. During the process of catalytic hydrodesulfurization, most dialkylsulfides,
thiols and the lower-boiling aromatic compounds like thiophenes, benzothiophenes and some
dibenzothiophenes are removed very efficiently. Mainly sterically hindered or unreactive
species (i. e. 4,6-dimethyldibenzothiophene) remain.

The chromatograms shown in [25] and [26] indicate a high selectivity towards non-aromatic
sulfur species, but there are also some signals in the FID-trace without a corresponding peak
in the sulfur-selective trace.

The sample preparation included the separation of a crude oil into an aliphatic and an aromatic
fraction using neutral alumina and n-hexane as a mobile phase. The obtained aliphatic fraction
still contains a considerable amount of alkylated aromatic compounds according to the results
presented in paragraph 6.1. Those aromatic compounds can also elute into the second fraction
of the copper(ll)-column and interfere to a great extent with the detection of the analytes of
interest. Although the sample preparation scheme does, to a certain extent, enable the sulfur
selective detection using the AED, the amount of carbon present is still not sufficiently reduced
to apply mass spectrometry.
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Figure 6.14 AED chromatograms of a diesel worked up according to NISHIOKA; upper trace
shows the carbon signal of the original diesel, middle and lower traces show the carbon (blue) and
sulfur (black) signals.
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This copper(Il)-impregnated stationary phase was used to fractionate two diesel samples, one
spiked with 1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzo[b,d]thiophene, according to
the conditions described. Although the analyte of interest eluted in the desired fraction, there
was also an extensive carbon load still present in the fractions which made it impossible to
identify the desired compounds in the non-spiked diesel. For traces of sulfur containing
analytes like hydrodibenzothiophenes, this method alone does not seem to be the method of
choice. In addition to that, the necessity of two chromatographic dimensions seriously limits the
usability of the method. A comparative illustration of the spiked and the original diesel sample
worked up according to the given conditions is shown in Figure 6.14 (fractions A1C2). To
demonstrate the complexity of the fraction, the carbon chromatograms and the signal of the
authentic reference in the sulfur trace are shown. It clearly illustrates the difficulty to spot the
spike, which is present in an unrealistically high concentration, in the sample. The upper
chromatogram shows the non-spiked diesel with a similar complexity. It also shows that the
chromatographic separation using alumina and copper(ll)-impregnated silica is not completely
reproducible. Some of the PAHs appear at different intensities in both carbon traces, especially
visible in the time region between seven and eight minutes, where several signals are missing

in the middle trace.

Within the sulfur trace, the signal for Me,;HsDBT dwarfs all the other signals by far. A clear
indication that the amount of spiked substance is unrealistically high is gained, if this
chromatogram is compared to the chromatograms shown before, i. e. after simple DNAP-
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Figure 6.15 AED chromatograms of the same diesel, upper traces showing the Cu(II)-fraction,
lower traces DNAP 1 fraction of Cu(II).
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fractionation (Figure 6.8).

Nonetheless, the method was used and extended to fit the problem at hand. To further reduce
the complexity of the fraction that contains the Me,HsDBT, it was fractionated according to the
number of 1r-electrons using the above mentioned DNAP column for HPLC. After this third
chromatographic dimension, gas chromatography with sulfur-selective detection showed the
spike of Me4HgDBT to be present and well distinguishable, but still not prominent or remarkably
noticeable in the carbon trace (Figure 6.15). What can be noticed is the increased intensity of
the low-boiling compounds in the first half of the time range, mainly the monoaromatic

compounds.

In order to verify the monoaromatic character of the obtained fraction, we analyzed it by
GC-MS. The mass traces of polyalkylated monoaromatic and biphenylic compounds are
shown in Figure 6.16 in comparison the complete GC-MS chromatogram (total ion current
TIC). The upper and middle chromatograms are almost identical in the first half of the time
range, indicating that the phenyl compounds, substituted with up to six carbon atoms, sum up
to give the image of the complete mass range detection (TIC). The second half of the
chromatogram in the TIC trace is a combination of biphenylic compounds with up to ten carbon

atoms, as shown in the lower mass trace.

The DNAP column shows a selectivity depending mainly on the size of the condensed
aromatic system, which is why biphenyls are present in the first fraction. A second aromatic
system not condensed with the first does not lead to an increased retention on the stationary
phase.

There are two possible explanations:

e the second aromatic system is not necessarily in plane with the first one, since it can
rotate around the connecting C-C-bond. Although the area of the aromatic system
doubles, the area of interaction does not do so to the same extent;

e non-condensed aromatic systems do not influence the first aromatic system to the
same degree as condensed rings would do, since there is no delocalization of the
additional 1r-electrons into the first ring.

This lack of selectivity is a major drawback of the DNAP phase, since it introduces a whole new
group of compounds into the obtained fraction. With ten available positions for substitution in
case of biphenyl, the number of possible PAHs in the separated fraction increases
dramatically. Some of the higher alkylated biphenyls might coelute from the capillary GC
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column along with the hexahydrodibenzothiophenes, making an identification more difficult.
The complete scheme is shown in Figure 6.17
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Figure 6.16 GC-MS chromatograms of the monoaromatic DNAP fraction; red mass trace
polysubstituted benzenes, green mass trace polysubstituted biphenyls.
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Figure 6.17 Overview of the used stationary phases and fractions
for copper(Il) and DNAP of aliphatic alumina fractions.
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6.4 Ag-mercaptopropyl silica (hAg-MPSG) open tubular column
All the previous results indicate that a separation scheme with a higher selectivity towards
hexahydrodibenzothiophenic sulfur is necessary. Every single method and the different
combinations of methods proved to be not applicable to the problem at hand.

The fact that hexahydrodibenzothiophenes are believed to be present in very low amounts (low
ppm or even ppb range) leads to the idea of returning to open tubular chromatography. This
makes it possible to process a larger amount of sample in one step, avoiding the need to
repeat runs multiple times. In addition to that, chromatography in an open tube can be done in
almost every laboratory without special instrumentation like HPLC systems.

A stationary phase based on silver ions, impregnated onto mercaptopropyl silica, was
evaluated for the task. Silver(l) is already known to separate unsaturated and also aromatic
compounds (PAHs, PASHSs) according to the number of 1-electrons present in the molecule
[61]. It has been shown that Ag(l) forms complexes with T-electrons via a &-bond with the
occupied 2t-orbital of the double bonds and the unoccupied 5s- and 5p-orbitals of the ionic
silver with an additional, but probably weak, backbonding of the 1-acceptor type between the
occupied 4d-orbital of the silver and the free antibonding 2pt*-orbital of the unsaturated
organic compound [94].

Some more details on the retention of different structural features can be observed:

e the position of alkyl substituents is important for retention (for dibenzothiophene, alkyl
substituents in position 2 increase the retention time)

e the length of an alkyl chain does not influence the retention factor (octyl-substituted
compounds elute together with methyl-substituted; in contrast to the expected behavior
in normal-phase chromatography, where long alkyl chains lead to lower retention
factors)

e non-aromatic sulfur atoms lead to larger retention factors due to their higher Lewis
basicity.

Although this stationary phase can be applied to separate a PASH fraction into smaller groups
according to the number of 1r-electrons [61], it does not offer the desired selectivity towards
sulfur. A high-temperature dried version of this silica gel was (hAg-MPSG) serendipitously
prepared and then tested. The applied standard procedure for preparation of Ag-MPSG [62,95]
did not include high-temperature drying after impregnation with the silver salt, namely silver

nitrate.

-67 -



Analysis of hexahydrodibenzothiophenes

R

s
v

Figure 6.18 Three different stages of drying of hAg-MPSG; left silica without
drying; orange after 1 h at 140 °C; brown after 12 h at 140 °C.

This drying step turned out to change the chromatographic behavior of this stationary phase to
our advantage. Starting at a clean white, the silica gel turned yellow after a few minutes when
put into a drying oven at 140 °C. This color change continued, turning the gel orange, red and
dark-red, almost brown after several hours. The different stages of coloring are shown in
Figure 6.18. A comparable color change could not be observed with silver nitrate on bare silica
alone. A more detailed look at the reasons for this will be presented in chapter 6.4.3.

This darkened silica gel was investigated for its chromatographic properties. An artificial diesel
including PAHs, PASHs and Me,HsDBT, a real diesel (or heating oil) and different mobile
phases were tested. It turned out that with cyclohexane, diethyl ether and methanol as the
mobile phases, a separation into the three classes aliphatic, aromatic (polycyclic aromatic
hydrocarbons and sulfur aromatics) and non-aromatic sulfur compounds (together with
aromatic nitrogen compounds) is possible. The synthetic diesel consisted of

¢ two n-alkanes (hexadecane, eicosane),

e three mono- and polycyclic aromatic hydrocarbons (tetraline, naphthalene,
phenanthrene),

e two polycyclic aromatic sulfur heterocycles (benzothiophene and dibenzothiophene)
e and Me4H6DBT.

The GC-FID-chromatogram obtained is shown in Figure 6.19. The separation into aliphatic
compounds, PAHs and PASHs as well as sulfidic compounds is achieved. Impurities depicted
in the chromatogram originate from the solvents which were used without any distillation prior
to sample work-up.

In addition to the synthetic diesel, a standard containing different oxygen and nitrogen
compounds was fractionated. It consisted of:
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e O-fluorenone, dibenzofuran, 2,2,6-trimethylcyclohexanone

e carbazole and quinoline
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Figure 6.19 GC-FID chromatogram of synthetic diesel fractionated using hAg-MPSG.
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Figure 6.20 GC-FID chromatograms of the oxygen/nitrogen standard fractionated using hAg-
MPSG.
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As can be seen in Figure 6.20, no analyte eluted in fraction one, the oxygen compounds eluted
in fraction two and only carbazole was found in fraction three. This is in consistency with the
observations made with real samples like diesels and heating oils. Quinoline could not be
detected in any of those fractions and seems to be irreversibly retained on the column. This
leads to the conclusion that five-membered nitrogen-aromatics are eluted, while six-membered
rings are retained. The marked stabilizer is 2,4-di-tertoutyl-4-methylphenol which is added to
the diethyl ether by the manufacturer.
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Figure 6.21 GC-AED chromatograms of fractions 1 and 2 of a 50 ppm heating oil separated

using hAg-MPSG.
Subjecting a heating oil to the fractionation gave a clean separation as shown in Figure 6.21
and Figure 6.22. Fractions 1 and 2 are only shown in the carbon- and sulfur-selective mode,
since the AED is not capable of measuring C, S and N at the same time in these
concentrations. The wavelength of 174 nm chosen for nitrogen is sensitive towards
interferences from high signal intensities on the carbon wavelength. The first fraction contains
all the aliphatic hydrocarbons and only very low amounts of sulfur, while fraction 2 contains all
the PAHs and, clearly visible, the PASHSs. Since this is a heating oil with a residual sulfur
amount of 50 ppm even benzothiophenes are still present. Fraction 3 shows sulfides and

nitrogen compounds in the nitrogen- and carbon-selective mode.

Further tests showed that for a diesel sample of 100 pL with low sulfur content, 1.5 g of
hAg-MPSG along with solvent volumes of 10, 20 and 20 mL (cyclohexane, diethyl ether and
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methanol) is sufficient, while for high-sulfur samples 5 g of hAg-MPSG should be used as
stationary phase when using an open tubular column with an inner diameter of 10 mm. Solvent
volumes are in this case 15 mL for the first, 30 mL for the second and 100 mL for the third
fraction.

For storage convenience, the first two fractions were concentrated to a volume of 1 mL each,
while fraction 3 was concentrated to a total volume of ~150 pL. For subsequent GC analysis,
the first two fractions, concentrated to a volume of 1 mL, have to be diluted again: fraction 1
1:20 (v/v), fraction 2 1:4 (v/v).

\}‘ heating oil
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N C (179 nm)
| I | |
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|
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2 |
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Figure 6.22 GC-AED chromatogram of hAg-MPSG fraction 3 of a heating oil with 50 ppm of
residual sulfur; nitrogen trace is shown in black.

The carbazoles in fraction 3 (Figure 6.23 shows a GC-MS chromatogram of fraction 3 and the
extracted mass traces for substituted indoles and carbazoles emphasizing the presence of
those two compound classes) make up the bulk of the carbon load with only a low amount of
residual large PAHs still being present. To analyze H¢DBTs directly within this fraction by
GC-MS, those carbazoles and the very few indoles encountered during the testing have to be
removed. The easiest and fastest way is to use alkaline alumina with a non-polar solvent like
cyclohexane.
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Figure 6.23 GC-MS chromatogram showing the total ion current and the mass traces for

the indoles and carbazoles in a third fraction of a heating oil.
The NH-group is acidic enough to interact with this stationary phase. For a typical sample of
100 or 200 pL, the fraction is concentrated to a solvent volume of ~200 uL and applied onto
0.5 g of alkaline alumina. This is dried in an oven for at 100 °C a few minutes to remove the
methanol before being added to an SPE cartridge equipped with a PTFE frit (10 um pore size)
filled with 1 g of alkaline alumina. 5 mL of cyclohexane is used to elute the nitrogen-free

sample, e. g. diesel
or heating oil

hAg-MPSG column

5g
aliphatic compounds aromatic compounds aliphatic S- and aromatic
Agl Ag2 N-compounds
Ag3
alkaline alumina
05g+1g
aliphatic S-compounds indoles + carbazoles
Ag3Al Ag3A2

Figure 6.24 Overview of the stationary phase and fractions used
for the hAg-MPSG work-up scheme with 5 g of hAg-MPSG.
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compounds. After concentration of the fraction to ~ 100 uL, GC-MS analysis or GC-AED
analysis can be done with good results. AED chromatograms show the presence of the sulfur-
compounds but no nitrogen-containing species. If the carbazoles are of interest as well, they
can be eluted with 5 mL of dichloromethane.

The complete overview of the used stationary phases and fractions is shown in Figure 6.24.

6.4.1 Activation of the hAg-MPSG

The drying process at 140 °C in an oven for more than 12 hours might be the weak point in the
preparation of this stationary phase. Typically it takes more than 12 h to activate the
hAg-MPSG to a point were its chromatographic properties change from 1-electron selectivity
towards stronger interactions between non-aromatic sulfur atoms and the silver moiety. The
preparation of this phase, taking days, is somewhat inflexible, since it constrains the usability.
Large batches of hAg-MPSG have to be kept in the dark. Keeping it in the drying oven is not an
option because it cannot be kept at 140 °C for a long time, since after several days and weeks
in the oven, its properties change to that the recovery of the MesHsDBT within the methanol
fraction diminishes. Probably the HsDBTs are not retained anymore and are eluted in the first
two fractions, where they cannot be detected due to the large amount of coeluting substances.

fraction 1
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>
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|
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N~ —_— .
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Figure 6.25 Sulfur-selective AED chromatogram of a Me,;H¢cDBT-standard fractionated on

microwave-activated hAg-MPSG.
Activation of the silver using a microwave oven was tested as an alternative for the time
consuming drying at 140 °C. The freshly impregnated MPSG-phase can be washed either with
water or acetone. Excitation in a microwave oven for 10 minutes normally is enough to activate
the phase to a point where it can be used immediately. To verify the suitability of microwave
activation, a standard solution of Me,H¢DBT was subjected to the preparation scheme on this
stationary phase and the sulfur-selective chromatograms can be seen in Figure 6.25.
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The most challenging task during this activation is to prevent local heat-maxima which cause
the degradation of the ligand and the impregnated silver nitrate. The used household
microwave oven does not offer a homogeneous field in the microwave chamber. This causes
local heat maxima scattered throughout the oven, making a uniform activation of the silica gel
difficult. The amount of energy transferred through the microwaves at those maxima can be
enough to result in black spots on the silica. Therefore a thorough mixing is necessary. Since
only a normal household microwave oven without a turning table was used, in-between-mixing
after each minute prevented the local decomposition of the stationary phase due to excess
energy transfer. This must be prevented, since blackening produces a phase that is
inhomogeneous and of a very low capacity.

The drying process in the oven at 140 °C is considerably slower, but it offers a much better
control over the resulting stationary phase. With this a higher degree of reproducibility is
achieved. If necessary, the microwave activation can be used with considerable caretaking.

6.4.2 Leaching of silver into the mobile phase

During initial tests, a colored third fraction was observed quite often and a silica precipitate
formed during the removal of the solvent to a volume of ~150 pL. This resulted in unnecessary
clogging of auto sampler syringes and deposition of dirt within the injector of the gas
chromatographs.

Several steps were added to the procedure to reduce this leaching to a minimum. During the
preparation of the hAg-MPSG, the modified MPSG is decanted with methanol. This is
necessary to remove most of the finer silica particles. Commercially available Silica 60 from
Merck was used for the preparation of the phase and has a certain size distribution of silica
particles (between 60 and 230 um). This size distribution can be narrowed down to the larger
particles by decanting the MPSG several times with methanol.

The next step is to use dried solvents during the filtration of the freshly prepared MPSG. With
the 3-mercaptopropano trimethoxysilane still in the solution, water dissolved in the toluene or
the methanol would lead to hydrolysis of the silane and that would result in extremely fine silica
particles.

Last but not least, some unheated Ag-MPSG (~ 1 g) as a first stationary phase in the open
tubular column reduces the leaching of colored particles in the fractions.
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6.4.3 Characterization of the hAg-MPSG
The change of color during the drying process is a clear indication of a chemical change of the
silver moiety. There are numerous publications dealing with the chemical transformation of

silver(l) ions during heating processes under specific conditions.

JANG et al. reported the formation of silver sulfide nanocrystals out of a silver nitrate solution
also containing elemental sulfur applying temperatures of around 170 °C [96]. They describe a
color change from a pale yellow to a red solution. Experiments with silver nitrate solutions
treated with reducing agents like sodium borohydride and hydroquinone, also resulting in a
color change from yellow to red, were conducted. The authors used different analytical
techniques like transmission electron microscopy (TEM), high-resolution TEM (HR-TEM) and
energy dispersive X-ray spectroscopy to characterize the cause of their observed
transformation of ionic silver spheres to zero valent silver nanorods with a high crystallinity and
a silver to sulfur ratio of 1:2.

JIN et al. published a photoinduced conversion of silver nanospheres to nanoprisms by
irradiating a solution containing silver nitrate, sodium borohydride and particle stabilizing
agents with a 40-W fluorescent light. According to their observations, triangular silver prisms at
around 100 nm appear red, in contrast to a pale yellow solution before the irradiation [97].

CARPENTER et al. described the formation of crystalline nanoclusters of different metals,
including silver, in a silica xerogel matrix [98]. They incorporated silver chloride into a matrix
containing (mercaptomethyl)methyldiethoxysilane and used the sol-gel process with
tetramethyl ortho-silicate to create a xerogel from these precursors. This was subsequentially
subjected to a reducing atmosphere (first step normal air at 600 °C, then hydrogen at 600 °C)
to create the nanocomposites. They also describe a pale yellow solution at the beginning of the
process and red-brown metal/silica xerogel nanocomposite at the end of the process. Analysis
using TEM and X-ray diffraction measurements prove the presence of nanometer sized areas

of elemental silver with a diameter of approximately 5 nm.

Finally, HE et al. reported the preparation of polychrome silver nanoparticles in different
solvents using microwave irradiation [99]. They dissolved silver nitrate along with poly(N-vinyl-
2-pyrrolidone in different solvents (ethanol, pyridine, N,N-dimethylformamide and N-methyl-2-
pyrrolidone) and irradiated these compounds with a domestic microwave oven (1000 W, 2450
MHz). The remarkable feature of this approach is the lack of any reducing agent (in contrast to
the publications mentioned above). Silver spheres of a size distribution of around 30-35 nm in
ethanol were observed with an UV/vis absorption band at ca. 420 nm (characteristic band for
spherical silver nanoparticles). During the irradiation, the color of the solution turned from
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yellow to light brown. The color changed from colorless to transparent yellow to light brown
with DMF as the solvent.

Since this change of color was triggered first by heating, the absence of water was first thought
to be a factor. Therefore, washing the impregnated Ag-MPSG with acetone was tested, but
with no obvious effect. However, acetone does influence the activation process in the

microwave oven, as mentioned earlier in this chapter.

Second, the role of the nitrate ion moved to the center of interest, as well as the role of the
organic ligand fixed on the silica surface, and the silica itself.

With AgNOs-impregnated alumina as the stationary phase (which has been dried for 12 h at
140 °C), Me4HsDBT elutes in fractions 2 and 3. This might be due to the fact that unheated
silver itself already exhibits stronger interaction with non-aromatic sulfur compounds compared
to PASHs. Those interactions are not strong enough to prevent elution within the diethyl ether

fraction.

SPENNATO et al. pointed out the importance of nitrate as the counter anion, since it is able to
coordinate as a monodentate or bidentate ligand towards metals [100]. The difficulty of proving
its coordinating role in complexes is also mentioned, since they were only able to pinpoint a
very weak but broad FT-IR vs; band [(v.s(NOs)] at 1384 cm™ that indicated a Ag-ONO,
interaction. Similar weak interactions (Ag-O and Ag-F for different O- and F-containing
complexes) were also oberserved by DARTIGUENAVE et al. [101].

6.4.4 XPS experiments for the characterization of hAg-MPSG

To ascertain the identity of the silver moiety after the drying or activation process, some X-ray
photoelectron spectroscopy experiments (XPS) with the hAg-MPSG were conducted. XPS is a
spectroscopic technique that uses X-rays to remove electrons from the inner orbitals of an
atom. The resulting kinetic energy of those electrons is in approximation the difference
between the x-ray energy and the binding energy of the electron in the orbital. This binding
energy is characteristic for the orbital and, in conclusion, for the electronic state of the atom.
The following samples of hAg-MPSG were investigated:

e ahAg-MPSG sample dried at 140 °C in the oven (1),

e an untreated sample of white Ag-MPSG (2),
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e asample consisting of the both these samples (3)*"

e a microwave-activated hAg-MPSG sample (only yellow in color due to the lack of
residual wetness or acetone during the activation process, 4)

Figure 6.26 shows a graphical illustration of the measured Ag 3ds, values of all those samples.

According to the literature, elemental silver [102] as well as silver nanoparticles [103,104] are
known to show binding energies for the 3ds, of 368.24 eV (highlighted with the vertical red
line). A very small shift in the maxima between the first and the second sample towards a
slightly higher binding energy (highlighted with the black vertical line) of 368.55 eV can be
seen, indicating a change in electronic state from +1 to 0. In addition to that, the traces for
samples 3 and 4 seem to be combinations of both lower signals. This is plausible since 3 is a
mixture of 1 and 2 and 4 is a microwave-activated sample of yellow color, indicating an
incomplete transformation of Ag(l) to Ag(0). The same results can be seen on the second set
for the 3ds,, signals (Figure 6.27).

Ag3d,,

N\
@

3%0 ' 3é8 366
Binding energy / eV

Figure 6.26 XPS measurements of four different
samples of Ag-MPSG; highlighted are the changes in
binding energies between samples 1 and 2.

The color of the stationary phase turned metallic silver after treatment of an hAg-MPSG sample
(dried at 140 °C) with a solution of ascorbic acid and subsequent drying. XPS measurements
of such a sample showed no shift in binding energy. It may be assumed that the water only

XV A 1:1 mixture was prepared by weighing equal amounts of stationary phase and thorough mixing

-77 -



Analysis of hexahydrodibenzothiophenes

washed off the elemental silver nanoparticles which then formed larger aggregates and thus
created this metallic appearance. This behavior is known for metals.

Ag3d,, Ag3d,,

I T T T 1
378 376 374 372 370 368 366 364
Binding energy / eV

Figure 6.27 Graphical illustration showing both sets
of signals (3d;, and 3dsp) for the four Ag-MPSG
samples.

6.4.5 AgBF, as a silver salt for MPSG

A batch of Ag-MPSG impregnated with AgBF, was treated in the same way as was the AgNO;-
impregnated silica. The heating process at 140 °C resulted in a yellowish silica. Unfortunately,
the separation as shown above for silver nitrate-impregnated MPSG was not successful.

The chromatogram for the second fraction is dominated by a large signal at approximately
6.7 minutes, dwarfing all other signals. The stationary phase discriminates the small and early
eluting aromatics and mainly isolates the heavier and bigger ones. A comparison of the sulfur
traces of fractions 1 and 2 shows the PASHs beginning to elute already in the first fraction,
rendering this very basic separation incomplete under the applied conditions (Figure 6.28). The
sulfur-selective chromatograms of two third fractions are shown together in Figure 6.29, the
upper having been separated on AgBF,-MPSG and the lower one on AQNOs;-MPSG. The lack
of signals for any hexahydrodibenzothiophenes is another proof of the inability of the
tetrafluoroborate salt to form the suited silver environment. Any further investigation into AgBF,
was abandoned.
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Figure 6.28 GC-AED chromatograms of heat-treated AgBF,-fractions 1 and 2 in the sulfur-

selective mode showing PASHs in both fractions, proving the incomplete separation of the
fractions.

intensity

h‘exahydrodibenzothiophenes AgBF,

fraction 3
S (181 nm)

fraction 3

T T T T T T 1
8 9 10 1 12 13

min
retention time

Figure 6.29 GC-AED chromatograms of a diesel sample comparing the third fractions of an
AgBF,;- and AgNO; MPSG sample.
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6.4.6 Aminopropyl silica as a carrier for silver

Next it was desirable to investigate whether the thiol ligand is essential for the synthesis of the
red nanoparticles of silver. Instead of a thiol, an amine was chosen since it is also known to
form stable complexes with silver and palladium ions. Commercially available 3-aminopropy!
silica gel was impregnated using AQNO; and activated in the microwave oven for ten minutes.
The obtained stationary phase is named Ag-APSG. The first and most obvious difference is the
change of color of the phase from white to light grey. A fractionated diesel showed a slightly
different pattern in the aromatic fractions (Figure 6.30) with some of the early eluting
compounds showing less intensity and a completely changed PASH pattern. The carbon trace
shows a much higher intensity compared to the hAg-MPSG sample, therefore the sulfur
signals should also be more intensive. But there are no late eluting PASH signals visible in the
Ag-APSG sample, although they are present in the hAg-MPSG sample. Instead of those
expected dibenzothiophene signals, we get some early eluting signals of unknown identity.
Judging from the retention time, those signals might originate in the benzothiophenes. Since
the APSG seems to favor the early eluting aromatic compounds (as visible in the carbon trace),
the benzothiophenes might also elute within this fraction. Until this work-up, no
benzothiophenes were detected in any of the analyzed diesels. This might be related to the
fact that benzothiophenes are mostly removed during extensive desulfurization.

The comparison of the third fractions (Figure 6.31) shows the expected carbazole signals in the
hAg-MPSG sample (C-selective chromatogram; separate nitrogen trace not shown) and the
sulfides in the S-selective chromatogram. In contrast to that, the Ag-APSG shows a much
weaker signal intensity and a slightly changed pattern for all carbazoles and a completely
changed sulfur pattern, with all the expected signals missing and some unknown compounds
being present at retention times around 11 to 11.5 minutes. To further verify the fate of the
sulfides, the first two fractions were combined again and fractionated on a second hAg-MPSG
column to show that they had eluted with either cyclohexane or diethyl ether and thus had
been considerably more weakly retained than on the hAg-MPSG material. The chromatograms
clearly show the typical pattern of the sulfidic hydrodibenzothiophenes in the second dimension
hAg-MPSG fraction 3 (Figure 6.32).
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Figure 6.30 GC-AED chromatograms of a diesel sample (C- and S-selective) for fractions 2 of
hAg-MPSG (top) and Ag-APSG (bottom).

Any further investigations into APSG as a carrier material for the silver was abandoned in favor
of MPSG.
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Figure 6.31
hAg-MPSG (top) and Ag-APSG (bottom).

GC-AED chromatograms of a diesel sample (C- and S-selective) for fractions 3 of
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Figure 6.32 Sulfur-selective chromatograms of the Ag-APSG fraction 3 and the subsequent
hAg-MPSG fraction 3 of the first two APSG fractions; highlighted in the red box are the
hydrodibenzothiophenes isolated on the second dimension hAg-MPSG.

6.4.7 Loading of MPSG with silver(l)

To verify earlier results from SRIPADA [61] dealing with the loading of Ag-MPSG, the filtrate
from the impregnation of MPSG with a solution of AgQNO; was collected. For 10 g of MPSG,
2.54 g (~ 15 mmol) of AQNO; was dissolved in 80 mL of water and the MPSG was added. After
vigorous stirring for one hour, the silica was filtered off and washed with 30 mL of water. The
combined filtrates were filled up to 200 mL and measured for silver content using flame atomic
absorption spectroscopy (AAS). Quantification using standard addition resulted in a
concentration of 1.64 mg/mL (1.52* 10° mmol/mL). In total, the MPSG was loaded with
0.214 g of AgNOs/g (MPSG) (equivalent to 1.2 mmol/g). This is almost twice as much as the
0.71 mmol/g reported by SRIPADA [61] and even more than reported by SPENNATO et al.
[100]. According to the synthesis details by SRIPADA, the MPSG can contain up to 18 mmol of
thiol groups per gram of silica, if all of the hydroxyl functions on the silica surface reacted with
the the silane. It is obvious that a large percentage of the thiol groups are not occupied by the

silver species.

The yellow color mentioned in some literature work upon loading of the MPSG with the silver
salt cannot be reproduced. The Ag-MPSG remained white until drying or activation using

microwaves.
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Figure 6.33 Sulfur-selective AED chromatogram of desulfurized heating oil worked up on fresh

and used hAg-MPSG.
In addition to the determination of the loading capacity of mercaptopropyl silica with silver salts
as an estimate for the capacity of the hAg-MPSG, another important aspect has to be taken
into account. When dealing with elemental silver in form of nanoparticles, the approximate
number of active sites as a mean of capacity has to be discussed. Elemental silver should
exhibit a lower capacity than the oxidized form of silver, since spheres or particles of nanoscale
silver on the surface of mercaptopropyl silica do not necessarily offer the same number of
active sites. With a nanoparticle of 5 nm in diameter, approximately 100 atoms are grouped
together. Whether those 100 atoms also act as 100 accessible active sites remains to be seen
but is unlikely.

6.4.8 Regeneration of the hAg-MPSG for reuse

To find out whether hAg-MPSG could be reused, a used hAg-MPSG column was
reconditioned. 100 mL of methanol, diethyl ether and cyclohexane were employed to
recondition the stationary phase to cyclohexane again. It was then used again for the work-up
of a new sample, namely an intensively desulfurized heating oil with only 0.9 ppm of residual
sulfur. The 100 mL cleaning fraction of methanol, after concentration, showed virtually no sulfur
or nitrogen compounds and only minor carbon signals. The collected fractions were compared
to the same sample having been worked-up under the same conditions using fresh
hAg-MPSG. The C- and N-traces illustrated in Figure 6.33 show similar patterns with
differences mainly in intensity.
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heating oil on hAg-MPSG
first use

fraction 3 |
S (181 nm) ‘

socond use |
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Figure 6.34 Sulfur-selective AED chromatogram of desulfurized heating oil worked up on fresh
and used hAg MPSG.

The sulfur compounds are still nicely collected in the third fraction with only minor changes in
the relative intensity of the signals and, unfortunately, even some more signals unaccounted
for (marked with arrows, Figure 6.34). With a thorough reconditioning of the stationary phase, a
reuse of hAg-MPSG should thus be possible.

6.4.9 Recovery of MesHsDBT from hAg-MPSG
A reference solution of Me4HsDBT in cyclohexane was used to estimate the recovery of

hydrodibenzothiophenes from the stationary phase during sample preparation. Since no

black trace: hAg-MPSG fraction 3
red trace: Me,H,DBT standard

intensity

S I S — —— R

retention time

Figure 6.35 Sulfur-selective comparison of Me,H¢DBT-signals for the recovery from the
hAg-MPSG stationary phase; red trace reference measurement, black trace hAg-MPSG fraction 3.
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quantitative solution is available, a qualitative solution of Me,HsDBT was used for the following
preparation: 100 pL of the solution was fractionated according to the devised scheme and the
resulting third fraction was concentrated to approximately 100 pL. This fraction and the
standard solution were analyzed using the GC-AED and the resulting chromatograms showed
a good correlation. As seen also in the tests with the synthetic diesel, no Me;H¢DBT was
detected in fraction 2. The peak height of Me,HsDBT for fraction 3 is 83% of the standard, but
the peak area is only 65% (chromatograms Figure 6.35). Although this is not a valid
quantification, the recovery implies that there is no substantial loss during fractionation and
sample concentration in case of Me,H¢DBT.

6.4.10 Comparison of different schemes for the analysis of hydrodibenzothiophenes
A more thorough analysis of some of the described fractionation schemes and the resulting
fractions is now possible, since a simple procedure for the analysis of
hexahydrodibenzothiophenes using open tubular column chromatography and gas
chromatography coupled to mass spectrometry and atomic emission detection is available.
The comparison of some early results based on Cu(ll) phases and DNAP-HPLC reveals that
those early separations already were partly successful.

Because we now know the qualitative pattern of the hexahydrodibenzothiophenes as well as
their chromatographic properties, a new analysis of the old chromatograms reveals their
presence in some of the samples analyzed previously. A comparison of samples being worked

up using
¢ DNAP-HPLC of an aromatic silica fraction,
e alumina + Cu(ll)-SiO, along with DNAP-HPLC,
e hAg-MPSG

can be seen in Figure 6.36. It is clear that the HgDBT-peaks, especially the
9Et114a6Me,HsDBT, which in most cases is the most prominent HsDBT, are visible in all three
chromatograms. Depending on the selectivity of the chromatographic stationary phase used,
the amount of compounds detected in the AED’s sulfur-selective mode varies, along with the
intensities for the signals observed. In case of SiO,+DNAP as well as
alumina+Cu(ll)-SiO.+DNAP, the amount of residual PAHs determine the maximal

concentration of the measured samples.

The GC-AED system should not be overloaded with excessive amounts of carbon. In case of
hAg-MPSG, the amount of the PAHs as well as the remaining carbazoles (prior to removal
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using alkaline alumina) do not limit the concentration of the measured samples. Only for mass
spectrometric detection, those compounds might become a problem. For the analysis of the
higher homologues of HsDBTs, only hAg-MPSG offers the selectivity necessary to pre-

concentrate the sample so that mass spectrometric detection can be usefully applied.
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Figure 6.36 Sulfur-selective GC-AED chromatograms of two diesels (upper and middle
chromatogram) and a heating oil samples (lower chromatogram) worked up using different
procedures. Highlighted in the red boxes are the hexahydrodibenzothiophenes with Me,H¢DBT
being marked separately. Retention times differ due to different GC columns.
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7 Instrumental analysis of fractions containing

hexahydrodibenzothiophenes

Since we now have an easy and applicable method for the sample preparation at our disposal,
the instrumental analysis of the hexahydrodibenzothiophenes is the next important challenge to
be dealt with. Different approaches for the identification of higher homologues like 1,1,4a,6,9-
pentamethyl-  (MesHsDBT) and  9-ethyl-1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-hexahydro-
dibenzothiophene (EtMe,HsDBT) were investigated because there are no standards available
for those analytes in real samples.

7.1 Using increments to predict retention times

A basic method that can be used is an increment-based model to predict the difference in
retention time for higher homologues in relation to a known reference compound. With a wide
variety of alkylated dibenzothiophenes available in our laboratory, these increments were
calculated for the case of MesH¢DBT. As model compounds, 4-methyldibenzothiophene and
1,4-dimethyldibenzothiophene were chosen, since the alkylation pattern resembles the change
of pattern between Me,HsDBT and MesHsDBT (Figure 7.1). With a standard temperature
program used for the analysis (60 °C starting temperature for 1 minute, 20 °C per minute up to
300 °C, isothermal for 5 minutes), the difference in retention time is 0.50 minutes.

N N
3 O

S S S

1,1,4a,6-tetramethyl- to
1,1,4a,6,9-pentamethyl-
hexahydrodibenzothiophene

4-methyl- to
1,4-dimethyldibenzothiophene

Figure 7.1 Chemical structures of DBTs and H¢DBTs illustrating the similarities between
the model compounds and the analytes.

The resulting difference in retention time between those two standards can be used to predict
the approximate retention time of MesHsDBT under the same conditions, based on the
retention time of Me4sHsDBT. The retention time of EtMe,HsDBT might be predicted once
1-ethyl-4-methyldibenzothiophene becomes available.

The calculated retention times can be compared to the measured fractions resulting from the
hAg-MPSG work-up. Given that Me,HsDBT elutes after 9.43 min in the chromatogram shown
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(Figure 7.2), one of the signals at 9.89 to 10.04 min could be MesH¢DBT with a high probability.
MS experiments confirm the peak at 9.890 min to be MesH¢DBT. The measured difference in
retention time between Me,;HsDBT and MesH¢DBT is only 0.46 min and the small difference
between calculated and measured retention time of only 0.04 min shows the potential of this
approach. The signal at 10.036 min is a different compound showing the mass-to-charge ratio
of 246 which has been determined using GC-MS. Since this mass is the same as for
Me4H6DBT, it was investigated and the results are shown in paragraph 7.2.4.

[ heating oil
fraction 3
S (181 nm)
Me,H,DBT
=
@ Me,H,DBT
o 2
B .
21 BlE:|
I TN, "
S WY WAV AV A O O
8 8‘.5 é 9‘.5 1‘0 . , 16.5 1‘1 11‘,5 m\n‘
retention time

Figure 7.2 Sulfur-selective GC AED chromatogram of fraction 3 of a heating oil indicating in the
red box the most likely signals to be MesH¢sDBT. The marked signal of MesH¢DBT was
confirmed by GC-MS analysis.

7.2 GC-MS measurements for the analysis of HiDBTs

In addition to the identification of possible higher homologues using an increment-based
system, the systematic search for fragmentation patterns is possible. Since the fragmentation
pattern of Me4HgDBT is known, the most likely patterns for MesHsDBT and EtMe,H¢DBT can
be predicted and sought for in samples.

Me,HsDBT shows only a comparably weak M*-signal of m/z = 246 (55%) with an even weaker
[M - CH;]" = 231 (15%) and a prominent [M - C¢H;4]" = 163 (100%). The complete mass
spectrum is shown in Figure 5.13. Based upon this, MesHsDBT should show a pattern of

H ®
- CeH H
6' 111
7
s S
m/z = 246 amu m/z = 163 amu
Figure 7.3 Fragmentation of

MeHDBT leading to the main
fragment of m/z = 163 amu.
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M* = 260, [M - CHa]* = 245 and [M - C¢Hy,]* = 177 and EtMe,H¢DBT M* = 274, [M - CHy]* =
259 and [M - CgH44]" = 191. Those figures are summarized in Table 7.1.

Table 7.1 Expected fragments for HoDBTs based on the fragmentation pattern of MesH¢DBT;
values in amu with measured relative intensities in parentheses.

compound M* [M - CH5]" [M-C¢H, 1
Me,HsDBT 246 (55%) 231 (15%) 163 (100%)
MesH,DBT 260 (25%) 245 (< 5%) 177 (100%)
EtMe,H,DBT 274 (20%) 259 (< 5%) 191 (100%)

With this information, measurements using the available ion trap MS are possible. lon trap
mass spectrometers offer different measurement modes which can be used. Despite the
already good selectivity using hAg-MPSG, some residual heavy PAHs might still be present in
the fractions collected. Additional impurities from solvents or alumina used to remove the
carbazoles also can be suppressed by monitoring discrete ions.

During this  work, different methods for the selective measurement of
hexahydrodibenzothiophenes using the ion trap MS were tested to find the most suitable way
of identifying HsDBTSs. It is known that the relevant substances have a mass range of 246 to
approximately 300 amu, therefore a reduced mass range during measurements helps in
eliminating unwanted signals. To compare this detection with other instrumental possibilities,
single ion monitoring (SIM) and tandem mass spectrometry (MS") measurements were
conducted. All measurements shown in this chapter using the various modes were done on a
third fraction of a heating oil with a residual sulfur content of 16 ppm (wt), unless stated

otherwise.

7.2.1 Single ion measurements (SIM)

Single ion measurements are often used with quadrupole mass spectrometers since this kind
of measurement offers an increased sensitivity compared to mass range measurements. The
quadrupole is programmed to let pass through the mass filter only ions of a selected mass-to-
charge (m/z) ratio. Without the need to scan through a mass range, the detection time for the
desired ions is increased, resulting in an improved signal-to-noise ratio (S/N). With an ion trap
mass spectrometer, the SIM mode does not offer an improved sensitivity using standard
conditions, since all ions are transferred into the ion trap and then selectively eliminated until
only the desired ions remain. Those are transferred into the detection unit after each cycle.
Nonetheless, the ion trap was programmed to selectively isolate the ions for the HDBTs and
by this, eliminate all other signals. The measurements were done collecting either the M*-ion or
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the sum of all fragments (Figure 7.4). In Figure 7.5, the different SIM measurements for the M*-
ions are shown. By comparison of the fragmentation patterns, the marked signals are
concluded to be MesHsDBT and EtMe,HDBT.

Two additional signals are visible (10.57 min and 10.60 min) in the mass trace for Me,;HsDBT,
both of them more intense than Me,H¢DBT itself. The comparison with the sulfur-selective AED
chromatogram shows that the first of those compounds signals also contains a sulfur atom.
The complete mass spectrum of this compound shows a new pattern, different from that of
MesHsDBT or the higher homologues. It shows a parent ion of m/z = 246 amu (80%), a
comparative weak signal for 230 amu (22%) and two close and intense signals showing
masses of 177 and 175 amu. The spectrum is shown in Figure 7.12 along with a more detailed
analysis of these results.

Changing the SIM parameters for Me,HsDBT to collect not only the parent ion but also the
fragments of 231 and 163 amu does not result in an obvious improvement: the signal for
Me,HsDBT improves with respect to signal-to-noise ratio compared to the new compounds at a
retention time of about 10.57 min; on the other hand, the complexity of the chromatogram
increases also, since more molecules exhibit signals of 231 or 163 amu, therefore trading
intensity for selectivity.

A qualitative comparison of the additional signals reveals that those originate from residual
three-ring PAHs along with their alkylated derivatives still present in this fraction in low

black trace: SIM collecting only m/z = 246
red trace: SIM collecting m/z = 246, 231 and 163

2

£ ‘ |

c [
2o

£

Me,H,DBT | in

10,
Time (min)

Figure 7.4 GC-MS SIM chromatograms comparing the different methods for measuring
MC4H6DBT.
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amounts. The more residual PAHs and PANHs are present in a fraction, the more difficult it
becomes to spot HsDBTs using SIM methods.

A SIM method collecting all three fragments of a HsDBT does not offer better results (Figure
7.4). These measurements show that collecting several fragments per analyte does not
improve the result at all. In contrast to that, SIM runs collecting the molecular masses of all the
HeDBTs show several signals for each mass which makes it difficult to unambiguously spot
each H¢DBT (Figure 7.5).

Me,H.DBT ﬂ\ SIM m/z = 246 amu

m/z = 260 amu

» A gAY
Nt At M A A e A VA

Relative Abundance

ﬁ
EtMe4H6DBT§>H m/z = 274 amu

|
\ A \
VA A A N

N WAL AW

A N A e e

o m/z = 246 + 260 + 274 amu

Figure 7.5 GC-MS SIM-measurements for the different H{DBTs and a combined measurement.

A screening method comprised of only the most intense fragments from each analyte (m/z =
163, 177, 191 and 205 for H,DBTs) seems to be the most promising and useful way. It offers a
good compromise between fast analysis and selectivity, but with a considerable influence of
sample complexity. Several measurements were conducted with those settings and are shown
in Figure 7.6.
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Me,H,DBT SIMm/z = 163+177+191+205

Me,H.DBT unknown compound m/z =177
T = With m/z = 246

Relative Abundance
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Figure 7.6 GC-MS SIM measurements showing the sulfidic fraction of an EL SC-9 heating oil

(Stes = 16 ppm); HiDBTs measured using SIM set to collect the most intense fragments along

with a collective measurement of the hexahydrodibenzothiophene group.
7.2.2 Tandem mass spectrometric (MS") measurements
MS" experiments can only be done by ion trap mass spectrometers or triple quadrupole
instruments, since they require sequential collecting of ions. lon trap instruments collect ions
sequentially in the same place, so they are also called “tandem-in-time” instruments. Triple
quadrupole instruments collect ions in different mass selectors, resulting in the name

“tandem-in-space” instruments.

The collected ions with a defined mass-to-charge ratio are collided with gas molecules to
induce fragmentation. The fragments can be directly measured or even be collected again for
further fragmentation (only in case of an ion trap MS). The number of sequential steps of
collecting is annotated as “n” in the experiment and in theory only limited by the sensitivity of
the instrument, since the signal intensity decreases from step to step. This technique can be
used to follow a molecule’s fragmentation pattern, providing useful information about the
structural properties of molecules. In our case, it can be used to uniquely measure a sample
without most of the disturbing signals still present in the fractions. A comparison of the
measurements in the SIM and the MS? mode for the parent ion 246 amu (in case of MS? a
daughter ion of m/z = 163 amu was collected after the fragmentation) clearly shows the higher
selectivity for Me,HsDBT in case of MS? (Figure 7.7). There is almost no additional signal at
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10.57 min, in contrast to the SIM run. In direct comparison, SIM measurements offer a higher
sensitivity than MS", which in turn offers a higher selectivity for rather complex mixtures.

This technique can be adjusted to selectively measure different groups of
hexahydrodibenzothiophenes. With the difference in fragmentation shown for the unknown
class of analytes found in the SIM measurements (signals at 10.57 min), an MS method highly
selective for the analysis of this group of compounds is possible by collecting the parent ion
first, colliding it afterwards and collecting the fragment m/z = 177 or 175.

By this, a distinction between the different fragmenation patterns can be done. The two
chromatograms resulting from different parameters in MS" measurements (collecting 246,
fragmenting it and then collecting either m/z = 163 or 177) are shown in Figure 7.8.

Depending on the task at hand different measurements can be applied to yield the desired
information. For a qualitative overview on the presence of hydrodibenzothiophenes in a
prepared sample, a simple SIM measurement set to detect the fragments m/z = 163, 177, 191
and possibly 205 for the known hexahydrodibenzothiophenes [7] should be sufficient. For the
identification of single or unknown signals, MS" measurements, set to collect selected
fragments depending on the class of analytes, can be used. The major drawback of the
experiments using the MS" technique is the limitation to few ions per measurement, making

several runs for a complete analysis inevitable.
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Figure 7.7 GC-MS chromatograms comparing SIM and MS2 measurements of Me,H¢DBT.
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Figure 7.8 GC-MS chromatogram of different MS® measurements.
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7.2.3 Comparison of SIM and MS" measurements

A direct comparison of different measurements of the same sample using the different SIM and
MS" measurement shows different results (Figure 7.9). In all measurements, the most intense
ions (m/z 177, 191, 205) for the compounds Mes-, EtMe,- and PrMe,HsDBT were collected and
in case of tandem mass spectrometry, a mass range of fragments as shown in Table 7.2
Detection details for the tandem mass spectrometry measurements shown in Figure 7.9. was
collected for detection. In the SIM mode, only the collected ions were detected. The
chromatograms are always grouped for the same mass, SIM on the left side and MS" on the

right.
*y SIM only m/z =177 MS" m/z =177
i + daughter ions
uf; | L ALL
> ] only m/z = 191 m/z = 191
D ] + daughter ions
(O
S 20;
uﬁé \ J ML\
e only m/z = 205 m/z = 205
3 + daughter ions
RN TSU W — LAH
retention time [min] retention time [min]

Figure 7.9 Comparison of SIM and MS" runs of the same sample for the most intense
fragments of Mes-, EtMe,- and PrMe,H¢DBT with the same scale for each pair of
chromatograms. The indicated daughter ion ranges are shown in Table 7.2.

They are set to the same scale in each case, normalized to the most intense signal. This
allows a direct comparison of the obtained signals. It is noticable that in the case of MesHsDBT,
the SIM signal exceeds the MS" by a factor of two, approximately, while in the case of
EtMe4HsDBT the relative intensities are reversed. For PrMe4HsDBT, the MS" measurements

Table 7.2 Detection details for the tandem mass
spectrometry measurements shown in Figure 7.9.

Me;H,DBT EtMe,H,DBT PrMe,H,DBT
m/z =260 m/z =274 m/z =288

Precursor [amu] 177 191 205
Mass range [amu] 81-176 88-190 102-204
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clearly outperform the SIM runs by a factor of five.

7.2.4 Analysis of 9b-substituted hexahydrodibenzothiophenes

As already mentioned in paragraph 5.3, a compound with a mass of 246 amu and a different
fragmentation pattern than that of Me,HsDBT was discovered during this work. Since it was
found in the third fraction of hAg-MPSG (the compound had a retention time of 10.57 min and
can be seen in Figure 7.7 and Figure 7.8), a sulfidic nature of the molecule is highly probable.
By comparison of the observed fragmentation pattern with the know pattern of Me,HsDBT, a
shift of one methyl group from position 1 to position 9b seems to be the logical explanation for
this new pattern. This shift of a methyl group facilitates the aromatization of the main fragment
of the compound by forming an additional double bond and insertion of the CH,-group into the
sulfur ring.

m/z = 246

i J L 70 eV 70 eV\ " J

ions 246 + 175

ions 246 + 177

ions 177+ 175 /
7,

Y

m/z=177 m/z=175

Figure 7.10 Illustration of the proposed fragmentation pattern of 9b-substituted MeH¢DBT
(1,4a,6-9b-tetramethylhexahydrodibenzothiophene, 14a69bMeH¢DBT) along with GC-MS
chromatograms in the MS* mode showing the observed signal intensities for each experiment. The
collected precursor ions and the daughter ions are shown below the corresponding chromatograms.

MS?-experiments were done to verify this proposed fragmentation pattern and thus the
structure. It was verified that each of the detected fragments (m/z = 175 and 177) originate
directly from the parent structure 14a69bMe,HsDBT and that the fragment with m/z = 177 does
not transform into the structure with m/z = 175. This can be deduced from the fact that the
experiment with a collected precursor of m/z = 177 and a daughter ion of m/z = 175 does not
show any signal.
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Figure 7.11 Mass spectrum of  5-methyl-1,3-
cyclopentadiene taken from [105].

The same rearrangement along with the loss of a mass fragment of 2 amu is known for
compounds like 5-methyl-1,3-cyclopentadiene and 5,5-dimethyl-1,3-cyclopentadiene. The
fragmentation pattern of 5-methyl-1,3-cyclopenadiene taken from [105] is shown in Figure 7.11.
First a proton is lost to generate the fragment of 79 amu from the M*-signal with m/z = 80. The
insertion of the methyl group into the ring follows and the fragment with a mass of 2 amu is
lost, resulting in the fragment of 77 amu. The rearrangement of the CH,-group into the ring is

also observed for benzylic ions, forming tropylium ions.
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m/z = 246 177,10

80 246,10

10

60

40 230,06

191,12

m/z = 260 i

Relative Abundance
o

260,11

L ‘\MHHM MM‘
1P 1 1 P
60 80 100 120 140 160 180 200 220 240 260 280
m/z

o o

Figure 7.12 Observed mass spectra for Me,- and MesH¢DBT with substituents in the
9b-position found in the heating oil EL SC-9. The signal with a mass of 230 amu in
the upper spectrum does not belong to 9b-substituted Me,H¢sDBT.
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A similar fragmentation pattern with masses of 260,191 and 189 amu was discovered in a
heating oil (EL SC-9 from the Ol-Warme Institut, Aachen). This pattern can be assigned to
14a699bMesHsDBT, but it was only present in very low amounts. Both observed fragmentation
patterns can be seen in Figure 7.12.

The presence of two 9b-substituted hexahydrodibenzothiophenes is a clear indication for the
presence of more compounds of that kind, although none could unambiguously be detected in
the heating oil EL SC-9 sample (16 ppm of residual sulfur) using mass spectrometric detection.
A second sample, a heating oil of the EL-series (EL SC-24 with 60 ppm of residual sulfur), was
also measured using SIM-settings set to collect the most intense fragments m/z = 163, 177,
191 and 205. Apart from the signals for the 1,1-disubstituted hexahydrodibenzothiophenes,
14a69bMe,HsDBT could be detected and some signals that might very well be the
9b-substituted analogues of Mes-, EtMe4- and PrMe,HDBT (Figure 7.13).

The potential retention times of higher homologues of this class were calculated based on the
retention times measured with the AED as well as the MS SIM-measurements. The necessary
increment was the retention time difference between MesHsDBT and 9b-substituted
Me,HsDBT. The AED instrument shows a much higher sensitivity towards sulfur and thus
enables the detection of lower amounts of sulfidic compounds. The calculated retention times
are summed up in Table 7.3 and the chromatogram of the worked up EL-series sample with
the calculated retention times marked is shown in Figure 7.13 (MS chromatogram) and Figure
7.14 (AED chromatogram).

Table 7.3 Measured AED and MS retention times (non-bold figures) for HsDBTs and
calculated retention times (bold figures) for 9b-substituted HDBTs.

retention time for 1,1- retention time for 9b-
disubstituted [min] substituted [min]
AED MS AED MS
Me,H¢DBT 9.32 9.96 9.86 10.44
MesHsDBT 9.78 10.35 10.32 10.83
EtMe,HsDBT 10.10 10.81 10.64 11.29
PrMe,HsDBT 10.26 10.97 10.80 11.45

A comparison of the calculated retention times for the MS measurement with the
chromatogram obtained shows that there are signals present that might originate from the
compounds of interest. In case of 14a699bMesH;DBT a coelution with EtMe,HsDBT might
prevent the direct peak assignment of it, or it might be the signal visible in the mass trace
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m/z =191 at 11.1 min. Without a complete mass spectrum of that signal a final conclusion
cannot be made. With the low signal intensity observed during the measurement, an
identification of this signal from a mass range measurement might be extremely difficult.

\ SIM m/z = 163+177+191+205
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Figure 7.13 GC-MS SIM-measurement of the EL SC-24 sample with identified H{DBTs and
potential 9b-substituted derivatives

From both chromatograms it can be concluded that there is a certain possibility for more
members of the 9b-substituted class being present in at least this sample. In case of the
MesHsDBT, no single compound could be identified from it due to the fact that two partially
separated signals within the highlighted time-window of the AED chromatogram are visible. In
case of EtMe,HsDBT, which is by far the most abundant HsDBT present, there is a single
signal present, maybe indicating a relationship between the occurrences of both analytes.
PrMe4HsDBT, in contrast, shows no prominent signal within the expected retention time

window.

To gain further information about the presence of those compounds, a SIM measurement
measuring the fragments m/z = 175, 189 and 203 could be useful but was not conducted due
to the unavailability of a suited MS instrument.

It remains to be seen how the formation of these 9b-substituted members of the HsDBT class
can be explained. Since there is no verified knowledge about the exact mechanism of sulfur
incorporation into the biological precursors (i. e. carotenoids), it is a matter of speculation
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whether there is a precursor bearing a different alkylation pattern or if there is an intermediate
formed that allows the shift of a single methyl group, maybe heat-induced or triggered by the
presence of any kind of promoter. It might even be possible that the shift happens after the
formation of the 1,1-disubstituted hexahydrodibenzothiophenes, since there are several steps
involved within the pre-treatment of crude oils and lower-boiling fractions before they are
analyzed. A potential chemical alteration of 1,1-disubstituted hydrodibenzothiophenes cannot

be ruled out.
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Figure 7.14 GC-AED chromatogram of an EL-series heating oil showing the identified H{DBTs
with two methyl groups in position 1 and the calculated retention windows for the 9b-substituted
members of the HiDBT class.
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8 Analysis of real world samples

During this work, several samples have been investigated using the analytical schemes
described in the previous chapters. They were different kinds of diesel fuels and heating oils,
obtained either commercially or for research purposes from locations throughout Europe. Table
8.1 lists all the samples that are going to be discussed in the following chapter. Although
hexahydrodibenzothiophenes are present as predominant sulfur compunds only in extensively
desulfurized petroleum products, samples of varying sulfur content (between 18600 and
16 ppm) were investigated. To gain some insight into the effects of desulfurization based on
different concepts (hydrotreatment, adsorptive desulfurization) onto this analyte class, series of
samples consisting of different stages of treatment were included. In principle, all kinds of
samples can be analyzed with attention to the amount of residual sulfur and the capacity of the
stationary phase. Since this is the first time that heat-activated hAg-MPSG is used as a
stationary phase, there are no reliable figures available for the ratio of sample to stationary
phase. One has to consider the change in capacity possibly related to the formation of
nanoparticles which may easily consist of several hundred atoms per particle. When changing
to samples containing up to thousand ppm of sulfur, the amount of hAg-MPSG might have to
be increased as well.

Table 8.1 List of all analyzed samples along with source and year, sorted by type and source.

sample name year country / location source
diesel
diesel 2006 2006 Germany gas station, Lippramsdorf
diesel 2007 2007 Germany gas station, Miinster
B-328/99 1997 Spain Repsol Petréleo refinery

997-6G 1997 Spain Repsol Petréleo refinery
997-6D 1997 Spain Repsol Petréleo refinery
997-6A 1997 Spain Repsol Petréleo refinery

heating oil

EL SC-0 2007 Germany Ol-Wirme Institut, Aachen
EL SC-6 2007 Germany Ol-Wirme Institut, Aachen
EL SC-24 2007 Germany O1-Wirme Institut, Aachen
EL SC-9 2007 Germany O1-Wirme Institut, Aachen
P7 50 ppm 2007 Germany Ol-Wirme Institut, Aachen
P7 0.9 ppm 2007 Germany Ol-Wirme Institut, Aachen
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For modern diesel fuels commercially available at gas stations, an additional problem occurs
due to the additives found. The blending of fuels with FAMEs (fatty acid methyl esters) makes it
more difficult to work up a sample, since those additives can elute in all the fractions and
appear in high concentrations. The diesel bought in 2006 at a gas station in Lippramsdorf,
Germany, is a typical example. It shows an extremely high signal at around eleven minutes,
which was identified as oleic acid methyl ester (Ci9H360,). Alkaline alumina, used to remove
the nitrogen compounds from fraction 3, also removes this additive. If the first and the second
fraction are to be analyzed as well, this oleic acid ester has to be removed. Considering the
non-polar nature of the first fraction, using alkaline alumina should solve the problem there as
well. Separating the aromatics from this additive in the second fraction might be a problem with
the higher polarity of the aromatic compounds. Since the analytes of interest in this work are
only found in the third fraction, no further time was invested in this problem.

A detailed look into the prepared samples will show the pattern of
hexahydrodibenzothiophenes found in several of our diesels and heating oils. Since the exact
origin of the crude oil or the resulting fractions is not known, no information about the
dependence on the origin can be given. A high dependency is likely, since this class of
compounds cannot be formed by hydrogenation of dibenzothiophenes but instead is believed
to originate from specific biological sources.

During this discussion of several samples, only the sulfur-selective AED measurements are
shown. Since no reliable quantification has been done, only estimates about the absolute
content and relative amounts are given. The work-up scheme applied allows a quantification
using two internal standards, if a suitable sulfide can be found. Early experiments were
conducted using cyclohexyl phenyl sulfide, but the lack of standards prevented further studies.
During the preparation of the heating oil P7 50 ppm, cyclohexyl phenyl sulfide was found as a
sample compound using mass spectrometry, making it unsuitable as internal standard. Until
the typical composition of a third hAg-MPSG fraction is completely unravelled, arbitrarily
choosing a sulfide always poses the risk of wrong quantifications due to coeluting internal
standard and constituents of the fraction. A second internal standard, for example a Cs;- or C;-
substituted benzo- or dibenzothiophene, should be available. In some cases, a preliminary
quantification was done using 2,3,7-trimethylbenzothiophene (237Mes;BT) as an internal
standard. It was added to the resulting third fraction prior to the AED measurement and only
allows the quantification of the amount of sulfides found in this fraction during the
measurement. No information is available about the recovery of the sulfides from the
hAg-MPSG column. As some of the results show, the recovery of the analytes from the
stationary phase is a factor that needs to be further investigated.
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It is important to state that the calculated peak area ratios have to be interpreted with care. The
peak area ratios are calculated relative to the sum of the 1,1-disubstituted H¢DBTs. The
graphical illustration always normalizes the relative peak area ratios to sum up to 100%. The
distribution of the different derivatives of the HiDBTs can be analyzed using these illustrations,
even when comparing different samples. More general conclusions like the impact of different
desulfurization methods of the amount and distribution of the H¢DBTs have to be taken with
considerable care.

If not stated otherwise, the typical preparation of the samples was done using an SPE cartridge
with a PTFE frit (pore size 10 um) filled with 1.5 g of activated hAg-MPSG. 100 pL of sample
was introduced onto the stationary phase and the first fraction was eluted with 10 mL of
cyclohexane, followed by 20 mL of diethyl ether for the second and 20 mL of methanol for the
third fraction. The third fraction was concentrated to a volume of approximately 200 pL and
applied onto 0.5 g of alkaline alumina, where the solvent was then removed using a drying
oven for 5 minutes 100 °C. The alumina was filled again into an SPE cartridge already
containing 1 g of alkaline alumina and then eluted with 5 mL of cyclohexane. The obtained
fraction was concentrated to approximately 100 uL and analyzed using GC-AED or GC-MS.

In cases of high-sulfur samples, 5 g of stationary phase hAg-MPSG was used, with mobile
phases of 15, 30 and 50 mL for the three fractions cyclohexane, diethyl ether and methanol.
The concentrations were set as described. Since this amount of stationary phase does not fit
into a typical SPE cartridge, a conventional glass column with an inner diameter of 10 mm was
used. These columns are equipped with glass frits having bigger pores, thus allowing fine
hAg-MPSG particles to rinse through the frit when methanol is used as a mobile phase.
Decanting the MPSG prior to silver nitrate impregnation as well as a first part of the stationary
phase consisting of 1 g of MPSG prevented most of the fine and colored particles from entering
the collected third fraction, preventing also the clogging of syringes or GC instrumentation.

The previously mentioned indoles/carbazoles can easily be removed using alkaline alumina
with cyclohexane as a solvent. This can be done by impregnating the third fraction onto the
alumina and rinsing this with cyclohexane, thus eluting the sulfides. Changing the solvent to
dichloromethane or 1,2-dichloroethane elutes the nitrogen compounds selectively. Another
possible way to separate the sulfides from the coeluting indoles and carbazoles is the
separation using the DNAP column mentioned in the earlier chapters. In case of very complex
third fractions and possible polyaromatic compounds with non-aromatic sulfur present, this
HPLC separation can always be employed after a change to cyclohexane as solvent. In the
cases discussed during this work, the use of alkaline alumina solves all occurring problems

with ease and minimal amount of time.
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8.1 Heating oil EL-series

The heating oils (supplied by the Ol-W&rme Institut located in Aachen, Germany) were
desulfurized using a new adsorptive desulfurization method that is based on a Ni/NiO alloy
used in a fixed bed reactor and operated at elevated temperatures between 150-220 °C
without the need for hydrogen. The source oil for those desulfurization reactions was analyzed
to have a residual sulfur of 850 ppm. This new method of desulfurization was shown to be very
(4-methyl-,
4,6-dimethyldibenzothiophene and higher alkylated derivatives thereof) that usually withstand

effective even against the most refractory substances
the typical hydrodesulfurization done at high temperatures and high pressures of hydrogen. It
is possible to deplete the fuels down to a residual sulfur level of approximately 0.2 ppm,
depending on the temperature and the so-called residence time (time the fuel is in contact with
the sorbent) [50]. Table 8.2 gives an overview on the analyzed samples from the Ol-Warme

Institut.

Table 8.2 Overview samples from the O1-Wirme Institut, Aachen, Germany
along with the amount of used stationary phase hAg-MPSG for work-up.

sample S [ppm] hAgMPSG [g] comment
EL SC-0 850 1.5 untreated
EL SC-6 605 1.5 adorptive desulfurization
EL SC-24 60 1.5and 5 adsorptive desulfurization
EL SC-9 16 1.5 adsorptive desulfurization

The samples EL SC-0 as well as EL SC-6 were prepared using 100 uL of sample on 1.5 g of
hAg-MPSG. GC-AED measurements show unresolved complex mixtures which are difficult to
integrate and therefore were only analyzed qualitatively. The measurement EL SC-6 (605 ppm
of residual sulfur) already shows some signals that might originate from the H,DBTSs, while the
source material SC-0 (residual sulfur 850 ppm) only show an unresolved “hump” (Figure 8.1).

Sample EL SC-24 (1) was prepared using 5 g of hAg-MPSG with 200 pL sample volume, while
SC-24 (2) and SC-9 were fractionated on SPE cartridges containing 1.5 g of activated
hAg-MPSG and 100 pL of sample. The sulfur-selective GC-AED chromatograms of SC-24 (2)
and SC-9 are shown in Figure 8.2 with both traces on the same scale to show relative
intensities.
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Figure 8.1 GC-AED chromatograms in the sulfur-selective mode for the samples EL. SC-0 and
SC-6.

It is difficult to visualize small differences in signal intensities in a chromatogram of a complex
mixture, so not only the absolute peak areas were shown but also the relative peak areas were
calculated for the analytes of interest. The peak area of each compound is calculated in
relation to the total peak area of all 1,1-disubstituted HsDBT. The calculated ratios are
graphically illustrated in column diagrams and thus normalized.

The integrated peak areas for three runs of two samples (EL SC-24 twice, EL SC-9 once;
SC-24 (2) and SC-9 done at the same time, hAg-MPSG taken from the same batch of material)
are displayed in Figure 8.3. The samples SC-24 (1) and (2) were analyzed with 200 pL sample
volume on 5 g of hAg-MPSG and 100 uL on 1.5 g hAg-MPSG, respectively. Unexpectedly,
SC-24 (2) shows higher absolute peak areas than (1). There is a clear indication that the
preparation of the hAg-MPSG is still a difficult factor to handle. For all the samples of the
series, the qualitative pattern of prominent peaks does not change in relative intensity for the
prominent peaks, so there is no obvious indication that certain hydrodibenzothiophenes are
removed more efficiently from the sample by adsorptive desulfurization. Since the differences
in alkylation between those highlighted compounds are located on the side of the molecule
furthest away from the sulfur atom, a strong influence is not to be expected.
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Figure 8.2 GC-AED chromatograms (hAg-MPSG fractions 3) of samples EL SC-24 (2) and SC-9

in the sulfur-selective mode with identified substances marked.
These three analyses show EtMe, to be the most abundant H,DBT, followed by Me,H;DBT.
Mes- and PrMe,H¢DBT are the least abundant, with 14a69bMe,H¢DBT in between those two
groups. Table 8.3 shows the absolute peak area and the relative intensities of all compounds,
with Me4H¢DBT set to 100%. The samples SC-24 (2) and SC-9 were done at the same time
and worked up using hAg-MPSG from the same batch of stationary phase and the same

solvents, making a more detailed comparison possible.

The signal intensities in relation to Me,HsDBT were calculated additionally for the samples SC-
24 (2) and SC-9, since they are from the same source material. These figures show a high

Table 8.3 Integrated peak areas for the HiDBTs for SC 24 (2) and SC-9 and the calculated

factor.
SC-24 (2) SC-9 factor
relative to relative to
Compound peak area Me,H,DBT peak area Me,H,DBT SC-24/SC-9
Me,HDBT 30.1 100% 6.9 100% 4.4
MesHcDBT 17.1 57% 4.3 62% 4.0
14a69bMe,HDBT 24.8 82% 5.9 86% 42
EtMe,H,DBT 49.9 166% 12.8 186% 39
PrMe,H,DBT 15.4 51% 2.6 38% 5.9
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degree of congruence in case of 14a69bMe,HDBT (difference only 5 rel.% between SC-24
and SC-9), but also a very high difference between the values for PrMe,HsDBT (~25 relative
%). Although no valid quantification was done using internal standards, the areas of the
prominent signals differ by a factor of approximately 4 between the samples (except for
PrMe,HsDBT) which corresponds to the factor of total residual sulfur in both heating oils
compared with one another (60 ppm for SC-24 and 16 ppm for SC-9) (Table 8.3). The absolute
peak areas for all three samples are shown in Figure 8.3.
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2 2001 CEtMe4H6DBT
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Figure 8.3 Absolute peak areas from three runs of the EL series.

For matters of better comparability with samples containing only minor amounts of Me,HsDBT,
the relative peak areas were also calculated in relation to the sum of the 1,1-disubstituted
HesDBTSs (Figure 8.4).

All three samples show a uniform distribution of ratios with only minor deviations. The values
for EtMe4 show the highest increase and Mes the highest decrease.
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Figure 8.4 Calculated relative peak areas for the samples of the
EL-series.
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8.2 Diesel 997-series

Three desulfurized diesels*”' from Repsol Petréleo Refinery (Spain) were investigated, along
with the untreated source (Table 8.4). The hydrotreated diesels had a residual sulfur content
from 26 to 560 ppm and the source diesel 18600 pm.

Table 8.4 Overview samples from Repsol Petréleo refinery, Spain, along
with the amount of used stationary phase hAg-MPSG for work-up.

sample S [ppm] N[ppm] |hAgMPSG [g] comment
B-328/99 18600 820 5 untreated
997-6G 550 508 5 hydrotreated
997-6D 145 117 1.5 hydrotreated
997-6A 26 47 1.5 hydrotreated

For the sample B-328/99, the amount of sulfur in the third fraction seems to be very high,
indicated by the “hump” visible in the chromatogram. The low amounts of MesH¢DBT and
14a69bMe,Hs;DBT are difficult to identify due to the rising baseline from the unresolved
complex mixture. Only Me,HsDBT, EtMe,HsDBT and PrMe,HsDBT are clearly visible (Figure
8.5).

In case of the 6G sample, the EtMe,HsDBT is by far the most abundant H¢DBT, with
Me4HsDBT, MesH,DBT and 14a69bMe,HsDBT present in approximately equal amounts. With
the 6D and the 6A sample, only MesHsDBT, 14a69bMe,H;DBT and EtMe,HsDBT remain
clearly visible, with EtMe,HsDBT being the most prominent in sample 6D and
14a69bMe,HsDBT in 6A. The most important observation is the missing Me,HsDBT for the
samples 6A and 6D. Me,HsDBT is only present in very low amounts, not visible on the given
scale. Those samples were worked up with a sample volume of 100 uL on 1.5 g of hAg-MPSG,
while the samples 6G and B-328/99 were 100 pL on 5 g of hAg-MPSG, due to the higher

amount of residual sulfur present.

For Me,HsDBT,EtMe,HsDBT and PrMe,H¢DBT, there is a clearly visible decrease in intensity
from the samples B-328/99 down to 997-6A, 14a69bMe,HsDBT seems to be fairly constant
and moderate changes in the amounts of MesH¢DBT and PrMe,H;DBT are recognizable.

X127 wt% Light atmospheric gas oil, 18 wt% Heavy atmospheric gas oil, 30 wit% Light cycle oil and 25 wt% Light
coker gas oil
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Figure 8.5 Sulfur-selective GC-AED (hAg-MPSG fractions 3) chromatograms for each sample
obtained from Repsol Petréleo Refinery, Spain. Zoom area is set to maximize the signals of the
H¢DBTs.

The results imply that hydrodesulfurization affects the different HsDBTs differently. Me,;H¢DBT

seems to be fairly easy to remove, while 14a69bMe,HsDBT seems to be unaffected.

The integrated peak areas from nine samples are presented in Figure 8.6. It is noteworthy that
the results from the source diesel B-328/99 differs from all the other samples to a great extent.
In most runs, EtMe,HsDBT is the most abundant HsDBT, the rest usually following the trend
EtMe, > 14a69bMe, > Mes > PrMe, > Me,. For B-328/99, Me,HsDBT is the most abundant
compound, then EtMe, > PrMe, > 14a69bMe, > Mes. It is not clear whether the high-sulfur
diesel contains different amounts of HsDBTs or whether these discrepancies from rest of the
series can be explained by a difficult-to-integrate chromatogram. With the composition of the
third fraction not completely unravelled yet, even coelutions with unknown compounds might

be possible.

8.2.1 Reproducibility of results

During the analysis of the 997-series, the total amount of HsDBTs found in the third fractions
did not meet the expectations. For the source diesel with 18600 ppm of residual sulfur, peak
areas from 16.4 to 65.6 were found, for the 550 ppm sample 997-6G only 1.0 to 5.7 (Figure
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Figure 8.6 Absolute peak areas from the B-328/99 and diesel 997-series.

8.6). The relative intensities also changed, with the ratios (calculated in relation to the sum of
all 1,1-disubstituted H¢DBTs) of EtMe, and Mes increasing and Me, decreasing (Figure 8.7).
The absolute peak areas increase from sample 6G to 6D despite the fact that the residual
sulfur is being lowered from 550 to 145 ppm. Relative peak areas only change slightly towards
lower values. Since those samples also were analyzed over a longer period of time with
different batches of hAg-MPSG, it can be assumed that this problem with total recovery is the
same problem already observed for the heating oil EL-series.

OMe4 B Me5

OEtMe4 PrMe4

relative peak area

Figure 8.7 Relative peak areas for all samples from B-328/99 and the 997-series.
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With MesHsDBT being present in only very low amounts in the 997-series, the relative error
due to integration is exceptionally high. The areas of Me4,HsDBT, MesHsDBT, EtMe,HsDBT and
PrMe;HsDBT were calculated relative to the sum of all 1,1-disubstituted HsDBTs. For the
samples B-328/99 and 997-6G, the ratio of Me, is very high and decreasing (~37% and ~18%),
but the Mes ratio is much lower and changes from ~5 %to ~20%, the same trend for EtMe,
(~35% to ~50%). For the different 6A-samples, all the relative values stay almost the same
throughout the series. In general, the ratio of EtMe, is highest for all samples but also
remarkably high for the desulfurized samples. PrMe, does not change a lot, while Me,
decreases.

8.3 Heating oil P7 series and gas station diesel 2006 & 2007

Four more samples of different origins have been analyzed during this work. Two of those
were heating oils also obtained from the institute located in Aachen, one with 50 ppm of
residual sulfur and the further desulfurized stage with only 0.9 ppm. These samples have been
pretreated with commercial hydrodesulfurization. The third and fourth sample were
commercially available diesel fuels bought in 2006 (Aral gas station, Lippramsdorf) and 2007
(free gas station, Minster, Weseler StraB3e) at gas stations. All samples are shown in Table
8.5.

Table 8.5 Overview samples from gas stations and the Ol-Wirme-Institut;
Aachen, Germany, along with the amount of used stationary phase hAg-MPSG

for work-up.
sample S [ppm] |[hAgMPSG [g] comment
diesel 2006 ~ 10 1.5 hydrotreated
diesel 2007 ~ 10 1.5 hydrotreated
heating oil P7 50 ppm 50 1.5 mixed desulfurization
heating oil P7 0.9 ppm 0.9 1.5 mixed desulfurization

Again, the samples P7 50 ppm and the 2007 diesel showed the typical pattern of PASHs within
the third fraction. Especially in case of P7 50 ppm, this leads to coelution of EtMe,;H¢DBT and
PrMesHsDBT with unknown peaks, making the integration difficult and unreliable (Figure 8.8)
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As can be seen in the diagram in Figure 8.8 and Figure 8.9, all four samples contain only very
low amounts of Me,HsDBT. 14a69bMe, is the most abundant, followed by either PrMe,
(heating oil P7 with 50 ppm S) or EtMe,H¢DBT. PrMe, is the least abundant HsDBT in heating
oil P7 0.9 ppm and the commercial diesels from 2006 and 2007. Taking the results so far into
account as well, the total peak area of PrMe,HsDBT in the P7 oil with 50 ppm seems to be
questionable (Figure 8.9). During this work-up, PASHs eluted also in the third fraction. A
coelution with a compound of that class is likely to be responsible for the high amount.
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Figure 8.8 Sulfur-selective GC-AED chromatograms of the third hAg-MPSG fractions of the
heating oils from the P7-series and the commercially obtained diesels from 2006 and 2007.

Calculating the peak area ratios (Figure 8.10) gives, with exception of the values for the P7
50 ppm sample, the same trend already observed for the 997-series. There is a relatively

uniform distribution of Me,4, Mes and EtMe,
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Figure 8.10 Calculated relative peak areas for the samples of the P7-series and the commercially
obtained fuels of 2006 and 2007.

8.4 Comparison of relative peak areas for all samples

With ten different samples worked up (several samples multiple times), a general trend can be
observed. For matters of clarity, the relative peak areas for the samples already mentioned are
displayed again in Figure 8.11, sorted by type of sample and prior treatment. The three
samples on the right side of the diagram are not hydrotreated and show a somewhat higher
relative peak area of Me, compared to the sum of all 1,1-disubstituted HsDBTs. For all the
hydrotreated samples, especially this ratio of Me, is significantly lower, depending on the
extent of hydrodesulfurization. For the sample 6G, which still has 550 ppm of residual sulfur,
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the value for Me, is somewhere between the values for the low-sulfur HDS samples and the
nonhydrotreated ones.
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Figure 8.11 Comparison of the relative peak areas calculated for all the samples worked up during
this work; the three samples to the right are nonhydrotreated and show a higher ratio of Me,.

8.5 AQuantification of several samples using 2,3,7-trimethylbenzothiophene
During this work, several of the above mentioned samples were worked up including
2,3,7-trimethylbenzothiophene as an internal standard. It was added as a 10™ molar solution to
the third fraction prior to the AED sulfur selective measurement and can only be used to
calculate the total amounts of HsDBTs within the fraction. No information about the recovery
from the hAg-MPSG can be derived from it. 10 pL of the solution were added, resulting in a
total amount of 100 pmol of 2,3,7-trimethylbenzothiophene. The calculated amounts, based on
the internal standard are displayed in Figure 8.12.

As already mentioned the value for the PrMe, in sample P7 50 ppm is flawed because of
coelution with a compound from the PASH fraction. In addition to that, the fact that the total
amount of HgDBTs in case of sample P7 50 ppm is approximately the same as for the diesel of
2007 and the sample 997-6A contradicts the expectations arising from the total residual sulfur.
The sample 997-6A is analyzed to have 26 ppm of residual sulfur, while the gas station diesel
of 2007 should have less than 10 ppm. All the samples underwent hydrodesulfurization to a
given point, but the exact conditions are not known. So there is no way to judge the reason for
the results.
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Figure 8.12 Calculated total content of H{DBTs in four prepared samples based
on 100 pmol of 2,3,7-trimethylbenzothiophene.

When comparing only samples 6A and 6D, one observes a decrease in absolute amounts from
D to A, which is consistent with the fact that both samples are from the same source and the
same process, but different stages. The single hydrodibenzothiophenes change with different
relative values, as illustrated in Figure 8.13. The decrease in total H{DBTs from 6D to 6A does
not, however, parallel the decrease in total sulfur. Sample 6D is stated to have 145 ppm and
6A 26 ppm, which equals a decrease of ~82%. The calculated total amounts of HsDBTs show
a decrease from 180 to 116 ppb (-34%). SCHADE quantified the PASH content for those
diesels using 2-fluorodibenzothiophene as an internal standard to be 76.2 pg/g of sulfur
compounds for the sample 6D and 13.4 ug/g for the sample 6A, which equals a decrease by
roughly 82% [9]. As can be seen in Figure 8.13, the changes in the single
hydrodibenzothiophenes varies between almost zero and 55%. It is reasonable to assume that
the value of almost zero for the change of Me,HsDBT can be explained by the total amount
found in the sample. Total peak areas are very small and therefore difficult to integrate
correctly. A more detailed study on this observation, augmented by a more reliable
quantification using a sulfide kind internal standard would be advisable.
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Figure 8.13 Detailed comparison of H{DBT-decrease from sample 6D to 6A in total amounts and
relative values. The relative change is calculated as the ratio of 996-6D/997-6A for each H¢DBT.
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9 Summary

Within  this work, a suitable general synthesis for the chemical class of
hexahydrodibenzothiophenes with alkyl substituents in fixed positions was successfully applied
to vyield the first of its class of compounds, 1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophene. This synthesis starts with commercially available thiophenols
and can, in principle, be used for all derivatives of this compound class, depending on the
availability of the substituted thiophenols. Apart from the successful synthesis of Me,HsDBT, a
first attempt of synthesizing MesH¢,DBT was shown and the reasons for the resulting

compounds were shown.

Now that Me,HsDBT is finally available as a reference compound, the selectivity of already
known chromatographic methods for the analysis of sulfur compounds and aromatic
compounds in petroleum distillates was tested. It has been shown that the lack in selectivity
towards the H¢DBTs in general is the main reason for the unsuccessful analysis of crude oils or
lower-boiling fractions. Tests to simplify those fractions based on size of the aromatic system
using the DNAP stationary phase, ligand exchange chromatography utilizing Cu(ll) silica gel for
the isolation of sulfides, combinations of simple open tubular columns (silica and alumina) and
combinations of the above mentioned phases were all unsatisfying, but not completely without
success. It has been pointed out that a very basic analysis can be done using those
techniques, but only the newly developed heat-activated Ag-MPSG was selective enough to
yield a fraction suited for mass spectrometric and atomic emission detection.

Mass spectrometric detection was wused to identify the higher homologues of
hydrodibenzothiophenes based on the available fractionation pattern of Me,HsDBT.
MesHDBT, EtMe,HsDBT and PrMe,HsDBT were detected using MS and verified using the
sulfur-selective atomic emission detector. By deduction the identity of a new derivative of
hydrodibenzothiophenes, the class of 9b-substituted hexahydrodibenzo[b,d]thiophenes was
identified for the first time. 1,4a,6,9b-Tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene

seems to be one of the more prominent members of this class.

Based on the observations made with the heat-activated hAg-MPSG, the influence of different
factors was investigated. It has been shown that silver nitrate is essential for the chemical
changes observed during the heat-induced activation process, since silver tetrafluoroborate did
not yield comparable results. The resulting stationary phase was not even suited for the
separation of the aromatic and aliphatic compounds. In addition, a direct comparison of a
mercaptopropyl- and aminopropyl-ligand as a carrier for the silver moiety revealed the
chromatographic superiority of mercaptopropyl-ligands over the amino-type. Using
aminopropyl-ligands leads to unretained elution of the sulfides into the first two fractions. To
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further simplify the preparation of the activated hAg-MPSG, a microwave-based activation
procedure was also tested, but the activation at 140 °C is more reliable since it prevents
thermal decomposition of the stationary phase.

The different derivatives of the hexahydrodibenzothiophenes were analyzed for the first time in
several samples without any chemical derivatization prior to fractionation. A simple open
tubular column or a small SPE cartridge is suitable for the fast and easy sample preparation
prior to instrumental measurement. This new stationary phase shows a good selectivity
towards hexahydrodibenzothiophenes as well as aromatic nitrogen compounds eluting
together and with aromatic hydrocarbons, aromatic sulfur heterocycles and oxygen compounds
eluting together in one fraction. When done on a routine basis with the stationary phase
prepared, the complete work-up takes two to three hours, in comparison to a preparation time
of several hours or days if done using for example the analytical scale DNAP_HPLC column.
Ten samples were worked up according to the devised scheme, showing problems with the
total recovery of the hexahydrodibenzothiophenes from the column or cartridge and coelution
with the PASHs in some cases, but with a good reproducibility with respect to relative recovery.
The calculated relative peak areas within the HsDBTs show that there is no discrimination likely
to occur on the hAg-MPSG. Upon comparison of the different sample series, it is important to
point out that the samples pretreated with hydrodesulfurization show a relatively low ratio of
Me,/14a69Me,, depending on the degree of treatment. Untreated distillates like the source
material for the 997-series diesel (B-328/99) show a higher ratio, comparable to the ratio
calculated for the EL-series heating oil pretreated with adsorptive desulfurization over
Ni/NiO-alloys. While extensive hydrotreatment seems to lead to a relative peak area of below
10%, higher amounts of residual sulfur or alternative ways of removal can lead to relative peak
areas of up to 43% (B-328/99). For the EL-series, the value centers around 40%, showing no
big difference between residual sulfur of 60 or 16 ppm. A comparison of the 50 ppm of the
heating oil P7 and the 60 ppm of the EL SC-24 sample reveals the potential difference
between the different desulfurization methods. For commercially available diesel fuels bought
in 2006 and 2007, the ratio is well below 10%. The ratio of Mes/14a69Me;, is lower in cases of
untreated or adsorptive treated samples and higher for the hydrodesulfurized.

A simple quantification using 2,3,7-trimethylbenzo[b]thiophene was done to estimate the total
amounts of hydrodibenzothiophenes in the fractionated samples. The calculated values ranged
from approximately 110 to 190 ppb for the total of HsDBTs. This contradicts previous results
from CHARRIE-DUHAUT et al. stating that HsDBTs can easily become the most prominent
recalcitrant sulfur species in extensively desulfurized diesel fuels. Judging from those values
and by comparison with the results of SCHADE concerning the PASH content in the samples
997-6D and 997-6A, the HsDBTs only make up approximately 1% of the total sulfur of the
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PASHs (13 ppm PASHSs) quantified for 997-6A and < 1% only of the PASH sulfur of 997-6D.
This has to be taken with considerable caution since there is no reliable data on the recovery of
the hydrodibenzothiophenes from the stationary phase. Only a preliminary analysis of the
recovery was done with Me4H¢DBT. This experiment showed, based on a semi-quantitative
comparison of peak heights and areas in the sulfur-selective mode of the AED that there is in
general a good recovery of Me;H¢DBT from the stationary phase. Further practical aspects like
analyte loss during concentration steps (rotary evaporator, nitrogen stream) and changing
response factors during measurements can also contribute to a certain extent to the recovery

of the analyte.

There are still some questions about the recovery of the analytes from the hAg-MPSG
stationary phase that need to be answered in the future. Analysis of more samples of known
origin and pre-treatment has to be done to gain a more detailed understanding of the impact of
hydrotreatment or adsorptive desulfurization on the amounts and distribution pattern of
hydrodibenzothiophenes. Larger amounts of samples worked up using hAg-MPSG can be
used to to verify the presence of additional 9b-substituted hexahydrodibenzothiophenes and to
answer the question whether these 9b-substituted compounds are formed by methyl group
shifts (maybe heat-induced) or by formation of hydrodibenzothiophenes from different
precursors. This might be done by comparing the amounts of of each compound found in
samples to the amounts of 1,1-disubstituted HsDBTs.
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10 Zusammenfassung

Im Verlaufe dieser Arbeit wurde eine einfache, allgemein anwendbare Synthesemethode fir
die Klasse der Hexahydrodibenzothiophene mit definiertem Substitutionsmuster erfolgreich
angewendet, um als ersten Vertreter dieser Klasse 1,1,4a,6-Tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophen herzustellen. Die Synthese geht von kommerziell erhaltlichen
Thiophenolen aus und kann prinzipiell auch fur alle weiteren Derivate dieser
Verbindungsklasse angewendet werden, abhangig von der VerfUgbarkeit der substituierten
Thiophenole. Neben der erfolgreichen Synthese von Me,HsDBT wurde ein erster Versuch der
Synthese von MesH,DBT aufgezeigt und die Grinde fir die resultierenden Verbindungen

genannt.

Unter Ausnutzung des nun verfligbaren Referenzstandards Me,HsDBT wurden die
Selektiviaten der bereits bekannten chromatographischen Methoden flr die Analytik von
Schwefelverbindungen und Aromaten in Petroleumdestillaten getestet. Es wurde gezeigt, das
die mangelnde Selektivitat fir HeDBTs der Hauptgrund fiir die erfolglosen Analysen von
Rohdlen oder niedrig siedenden Fraktionen ist. Tests, diese Fraktionen auf Basis der GroBe
des aromatischen Systems unter Verwendung der DNAP-Phase,
Ligandenaustauschchromatographie mit Cu(ll)-Kieselgel fir die Isolierung von Sulfiden,
Kombinationen von einfachen Schwerkraftsdulen (Kieselgel und Alox) sowie Kombinationen
der oben genannten Phasen waren nicht zufriedenstellend, obwohl nicht ganz erfolglos. Es
wurde herausgestellt, das eine sehr rudimentare Analyse mit diesen Techniken gemacht
werden kann, aber nur die neu entwickelte, durch hitzeaktivierte hAg-MPSG-Phase wies eine
ausreichende  Selektivitdt auf, um eine fir die massenspetrometrische und

atomemissionsspektroskopische Detektion geeignete Fraktion zu erhalten.

Unter Verwendung von massenspetrometrischer Detektion konnten die héheren Homologe der
Hydrodibenzothiophene durch das vom Me4HgDBT bekannte Fragmentierungsmuster
nachgewiesen werden. MesHsDBT, EtMe,HsDBT und PrMe,HsDBt konnten per MS
nachgewiesen werden und wurden mittels schwefelselektiver Detektion verifiziert. Durch
Analogieschluss  konnte eine  neue  Verbindungsklasse, die  9b-substituierten
1,2,3,4,4a,9b-hexahydrodibenzo[b,d]thiophene, zum ersten Mal identifiziert werden.
1,4a,6,9b-Tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophen scheint eine der hdéher

konzentrierten Verbindungen dieser Klasse zu sein.

Ausgehend von den Beobachtungen mit hitzeaktiviertem hAg-MPSG wurden verschiedene
Einflussfaktoren untersucht. Es konnte gezeigt werden, das Silbernitrat essentiell fir die
chemischen Veranderungen durch den hitzeinduzierten Aktivierungsprozess ist, da
Silbertetrafluoroborat keine vergleichbaren Ergebnisse lieferte. Die daraus resultierende Phase

- 120 -



Zusammenfassung

war nicht einmal fur die Trennung von Aliphaten und Aromaten geeignet. Zusatzlich ergab ein
direkter Vergleich von Mercaptopropyl- und Aminopropyl-Liganden als Trager fur die
Silberspezies die Uberlegenheit des Mercaptopropyl-Liganden. Bei der Verwendung von
Aminoproyl-Liganden eluieren die Sulfide unretardiert in die ersten beiden Fraktionen. Um die
Herstellung des aktivierten hAg-MPSG zu vereinfachen, wurde eine Mikrowellenaktivierung
getestet, jedoch ist die Aktivierung bei 140 °C verlasslicher, da sie eine thermische Zersetzung
der stationdren Phase vermeidet.

Die verschiedenen Derivate der Hexahydrodibenzothiophene konnten zum ersten Mal in
verschiedenen Proben ohne chemische Derivatisierung vor der Fraktionierung untersucht
werden. Eine einfache Chromatographiesdule oder eine kleine SPE-Kartusche sind flr die
einfache und schnelle Probenvorbereitung vor der instrumentellen Messung geeignet. Diese
neue stationdre Phase zeigt eine gute Selektivitdt fir Hexahydrodibenzothiophene sowie
aromatische Stickstoffverbindungen, welche gemeinsam in einer Fraktion eluieren, sowie
aromatische Kohlenwasserstoffe, aromatische Schwefelheterocyclen und
Sauerstoffverbindungen, welche in einer Fraktion eluieren. Bei routinemassiger Aufarbeitung
mit vorbereiteter stationarer Phase dauert die komplette Vorbereitung zwei bis drei Stunden,
wohingegen die Vorbereitungszeit fir z. B. die Aufarbeitung auf der analytischen DNAP-HPLC
Saule Stunden oder gar Tage dauern kann. Zehn Proben wurden entsprechend der
ausgearbeiteten Vorschrift aufgearbeitet, wobei bei einigen noch mdégliche Probleme mit der
Wiederfindung der Hexahydrodibenzothiophene sowie Koelutionen mit den PASHs auftraten,
aber mit guter Reproduzierbarkeit bezlglich der relativen Intensitaten. Die berechneten
relativen Peakflachen innerhalb der H,DBTs zeigen, das keine nennenswerte Diskrimierung
auf der stationdren Phase stattfindet. Bei Vergleich der verschiedenen Probenserien zeigt sich,
das die mit Hydroentschwefelungsverfahren vorbehandelten Proben ein relativ kleines
Verhaltnis Me,/14a69bMe, aufweisen, abhangig vom Grad der Vorbehandlung. Unbehandelte
Destillate wie das Ausgangsmaterial der 997-Serie (B-328/99) zeigen ein héheres Verhaltnis,
vergleichbar zum Verhaltnis der EL-Serien Heizdle, welche nach dem adsorptiven
Entschefelungsverfahren Gber Ni/NiO-Legierungen behandelt wurden. Wahrend ausgiebige
Hydroentschwefelung scheinbar zu einem Verhéltnis unter 10% fahrt, ergeben hdhere
Schwefelgehalte oder alternative Verfahren zur Entschwefelung ein Verhaltnis von bis zu 43%
(B-328/99). Fir die Proben der EL-Serie pendeln die Werte so um 40%, ohne nennenswerten
Unterschied zwischen Restschwefelgehalten von 60 und 16 ppm. Vergleicht man die 50 ppm
des Heizdls P7 mit den 60 ppm der Probe EL SC-24, zeigen sich die Unterschiede der
verschiedenen Entschwefelungsmethoden. Flr die kommerziell erhaltlichen Diesel der Jahre
2006 und 2007 liegt das Verhaltnis weit unter 10%. Das Verhéltnis von Mes/14a69bMe, ist bei
unbehandelten oder adsorptiv entschwefelten Proben niedriger und hdher bei
hydroentschwefelten Proben.
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Eine einfache Quantifizierung mittels 2,3,7-Trimethylbenzo[b]thiophen wurde durchgefiihrt, um
den absoluten Gehalt der Hydrobenzothiophene in den fraktionierten Proben zu bestimmen.
Die errechneten Werte liegen zwischen 110 und 190 ppb fir die Gesamtmenge an H¢DBTs.
Dies widerspricht friheren Ergebnissen von CHARRIE-DUHAUT, wonach HgDBTs sehr
schnell zu den prominentesten entschwefelungsresistenten Verbindungen in tiefentschwefelten
Dieselproben werden kénnen. Ausgehend von diesen Ergebnissen und im Vergleich zu den
Ergebnissen von SCHADE beziglich der PASHs in den Proben 997-6A und 997-6D, betragen
die H¢DBTs in der 997-6A Probe nur ungefédhr 1% des mit 2-Fluordibenzothiophen
quantifizierten PASH-Gehaltes (13 ppm PASHS), und nur < 1% des PASH-Schwefels der
997-6D Probe. Diese Werte mussen als vorlaufig angesehen werden, da es keine
verlasslichen Daten Uber die Wiederfindung der Hydrodibenzothiophene auf der stationaren
Phase gibt. Es wurde nur eine vorlaufige Untersuchung zur Wiederfindung von MesHsDBT
durchgefihrt. Dieses Experiment zeigt, basierend auf einem halbquantitativen Vergleich der
Peakhéhen- und flachen im schwefelselektiven Modus des AED, eine gute Wiederfindung von
Me,HsDBT auf der stationdren Phase. Weitere praktische Aspekte wie zum Beispiel
Analytverluste bei der Aufkonzentration (Rotationsverdampfer, Einblasen im Stickstoffstrom)
und schwankende Responsefaktoren bei den Messungen kénnen zu einem gewissen Teil die
Wiederfindung der Analyten beeinflussen.

Es gibt noch offene Fragen bezuglich der Wiederfindung der Analyten auf von der stationaren
Phase hAg-MPSG, welche in der Zukunft beantwortet werden missen. Es missen mehr
Proben analysiert werden, deren Herkunft und Vorbehandlung bekannt sind, um ein genaueres
Versténdnis des Einflusses von Hydroentschwefelung und adsorptiver Entschwefelung auf die
Gehalte und Verteilung von Hydrodibenzothiophenen zu erlangen. GréBere Mengen mit
hAg-MPSG aufgearbeiteter Proben kdnnen dazu verwendet werden, das Vorhandensein
weiterer 9b-substituierter Verbindungen zu bestétigen und die Frage zu beantworten, ob diese
Verbindungen durch Methylgruppenwanderung (vielleicht hitzeinduziert) oder durch Bildung
von Hydrodibenzothiophenen aus verschiedenen Vorlduferverbindungen entstehen. Dies
kdnnte durch Vergleich der Gehalte jeder Verbindung mit dem Gehalt des entsprechenden
1,1-disubstituierten H6DBTs geschehen.
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11 Experimental details
11.1 1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene

S To a solution of 5.1 mL N,N,N’,N-tetramethylethylenediamine (TMEDA,

33 mmol, 2.2 equiv.) in 25 mL CH and 20.5 mL 1.6 M n-butyllithium (33 mol, 2.2 equiv.) in
silica-dried cyclohexane, 1.86 g (15 mmol, 1 equiv.) 2-methylthiophenol in 5 mL of CH are
added at 0 °C and under an argon atmosphere during a period of 30 minutes under stirring.
The clear solution turns yellow and after complete addition of the thiophenol, the lithiated
species precipitates after some time as a yellow slurry. Stirring is continued for 12 h at 0 °C.
2.2 g (15mol, 1 equiv.) of 2,2,6-trimethylcyclohexanone in 5 mL of dried cyclohexane are
added over a period of 30 minutes and the mixture is stirred for another 12 hours. During the
ketone addition, the slurry clears up and the intensive color vanishes to give a pale yellow

solution.

The resulting pale yellow solution is quenched by addition of 50 mL of diluted 2 M hydrochloric
acid. An initial precipitate dissolves shortly after addition of the acid. The product is extracted
using 3 times 30 mL of cyclohexane. Drying over sodium sulfate and removal of the solvents

results in a yellow oil.

A sample of the oil is dissolved in 5 mL of cyclohexane and two drops of
trifluoromethanesulfonic acid are added under vigorous stirring. After 6 hours, the solution is
filtered through a small column filled with alkaline alumina and the solvent removed in vacuo.

GC-FID measurement shows a mixture of five products (Figure 8.2), relative amounts given in
Table 5.1 (calculated based upon the relative peak areas). The products are isolated using the
preparative fraction collector and NMR measurements in CDClI; are done.

On (400 MHz, CDCls; Me,Si) 7.03 (3 H, m, Ph), 2.50 (1 H, s, 9b-H), 2.23 (3 H, s, 6-Me), 2.15-
2.05 (2 H, m, 4-H), 1.95-1.75 (2 H, m, 2-H), 1.60-1.45 (2 H, m, 3-H), 1.38 (3 H, s, 4a-Me),
1.01 (3H, s, 1-Me) and 0.61 (3 H, s, 1-Me).

8¢ (50 MHz, CDCls; Me,Si) 142.3 (9a-C), 133.0 (6-C), 132.3 (4b-C), 130.1 (8-C), 127.7 (7-C),
123.6 (9-C), 77 (CDCly), 63.0 (9b-C), 58.6 (4a-C), 39.9 (2-C), 35.8 (4-C), 35.0 (10-C),
34.9 (1-C), 32.2 (12-C), 21.9 (11-C), 20.8 (13-C) and 19.1 (3-C).

MS: m/z (EI, 70 eV) 246 (M*, 57%), 231 (15, M* - CHs), 163 (100, [C1oH1:S").
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11.2 1,1,4a-trimethyl-2,3,4,4a,9,9a-hexahydro-1H-thioxanthene

12.1 8 (400 MHz, CDCl;; Me,Si) 6.98-7.08 (4 H, m, Ph), 2.92 (1 H, m, eq, 2J 17.1, °J 4.3, 10-
H), 2.79 (1 H, m, ax, 2J 17.1, %J 13, 10-H), 2.08 (1 H, m, ax, 3J 13.0, ®J 4.3, 10a-H), 1.89-1.73
(1 H, m), 1.63-1.56 (1 H, m, ax), 1.53-1.38 (1 H, m).

8¢ (50 MHz, CDCls; Me,Si) 133.0 (4b-C), 133.0 (9a-C), 130.1 (9-C), 126.4 (6-C), 126.2 (7-C),
123.7 (8-C), 77 (CDCly), 49.6 (10a-C), 46.5 (4a-C), 42.3 (2-C), 40.1 (4-C), 33.7 (1-C),
33.5 (12-C), 32.9 (11-C), 27.5 (10-C) and 21.0 (3-C).

MS: m/z (El, 70 eV) 246 (M*, 100%), 231 (14, M* - CH,), 175 (34) 161 (78).

12.2 5y (400 MHz, CDCl;; Me,Si) 6.95-7.08 (4 H, m, Ph), 3.16 (1 H, m, eq, 2J 18.1,3J 7.1, 10-
H), 3.01 (1 H, m, ax, 2J 18.1, 3J <2, 10-H), 1.95-1.45 (1 H, m, eq), 1.84-1.53 (1 H, m, ax),
1.48 (3 H, s, 10a-H), 1.46-1.27 (1 H, m, ax), 0.98 (3 H, s, 12-H), 0.94 (3 H, s, ax, 11-H).

8¢ (50 MHz, CDCls; Me,Si) 134.1 (4b-C), 131.8 (9a-C), 129.7 (9-C), 126.4 (6-C), 125.7 (7-C),
123.5 (8-C), 77 (CDCly), 47.7 (10a-C), 45.4 (4a-C), 42.6 (2-C), 40.6 (4-C), 34.7 (1-C),
33.5 (12-C), 27.5 (10-C), 20.6 (11-C) and 19.4 (3-C).

MS: m/z (El, 70 eV) 246 (M*, 100%), 175 (46), 162 (100), 147 (46), 135 (72)

11.3 2',2',6-trimethyl-3H-spiro[1-benzothiophene-2,1'-cyclohexane]

10.1 5y (50 MHz, CDCl3; Me,Si) 6.93-7.08 (4 H, m, Ph), 3.49 (1 H, d, 2J 16.8, 11-H), 2.95 (1 H,
d, 11-H), 1.98 (1 H, m, 5-H), 1.58-1.49 (1 H, m, 3-H), 1.45 (1 H, m, 4-H), 1.37 (1 H, m, 2-H),
1.12 (3 H, s, 1-Me), 1.08 (3 H, s, 1-Me) and 0.82 (3 H, s, 5-Me).

8¢ (50 MHz, CDCly; Me,Si) 142.3 (6a-C), 140.6 (10a-C), 126.84 (8-C), 123.6 (10-C), 123.3 (9-
C), 120.7 (7-C), 77 (CDCly), 74.5 (6-C), 39.1 (2-C), 38.8 (1-C), 38.7 (5-C), 31.5 (4-C), 28.8 (13-
C), 22.2 (12-C), 17.4 (14-C).

MS: m/z (El, 70 eV) 246 (M, 84%), 175 (54) 162 (100), 147 (31).

10.2 &, (50 MHz, CDCl3; Me,Si) 6.93-7.07 (4 H, m, Ph), 3.25 (1 H, d, 2J 17.0, 11-H), 3.18 (1 H,
d, 11-H), 2.15 (1 H, ax, 5-H), 1.60 (1 H, m, 6-H), 1.58 (1 H, m, 3-H), 1.49 (1 H, m, 3-H), 1.48
(1H, m, 2-H), 1.39 (1 H, m, 2-H), 1.27 (1 H, m, 4-H), 1.14 (3 H, s, ax, 1-Me), 1.00 (3 H, s, eq,
1-Me) and 0.95 (3 H, s, 5-Me).

8¢ (50 MHz, CDCly; Me,Si) 141.8 (6a-C), 140.8 (10a-C), 126.8 (8-C), 123.7 (10-C), 123.3 (9-C),
120.5 (7-C), 77 (CDCly), 72.9 (6-C), 39.3 (1-C), 37.6 (5-C), 36.7 (2-C), 31.4 (4-C), 27.7 (13-C),
24.0 (12-C), 18.5 (14-C).
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MS: m/z (El, 70 eV) 246 (M*, 82%), 175 (63), 162 (100), 147 (37).

11.4 1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-hexahydrodibenzothiophene-5,5-dioxide
To a sample of MesHsDBT in dichloromethane, an excess of meta-chloroperbenzoic acid is
added and the solution is refluxed for four hours. The excess of acid is removed via filtration
through an SPE cartridge containing alkaline alumina and the resulting solution is injected into
the GC-MS.

MS: m/z (El, 70 eV) 278 (M, 70%), 261 (100), 179 (37), 157 (77), 143 (47), 109 (59).

11.5 Ag-mercaptopropyl silica gel (hAg-MPSG)

35 g of silica (Silica 60, Merck, Darmstadt), dried at 140 °C for at least 12 h, was added to
250 mL of silica-dried toluene. 100 mL of (3-mercaptopropyl)trimethoxysilane were added and
the suspension was stirred for 5 h under reflux conditions. The silica was filtered of and
washed consecutively with 150 mL of dried toluene and methanol, then dried at 50 °C to yield
the (3-mercaptopropyl)silica (MPSG).

To a suspension of 5 g MPSG in 30 mL of water were added 1.25 g of AgNO; in 10 mL of
water. It was stirred for at least 15 minutes and then filtered off. 30 mL of water were used for
washing. The resulting Ag-MPSG was dried at 140 °C for at least 12 h before use. During this
time, it turned from white or slightly yellow to an orange and dark red color.

11.6 Cu(ll) silica gel (Cu(ll)-SG)

Approximately 100 g of silica 60 was mixed with 5 g of CuCl, and in 100 mL of water. After 15
minutes of stirring, the water was removed on a rotary evaporator and the resulting Cu(ll)-SiO,
dried in an oven at 160 °C before use. The Cu(ll)-SiO, turned green upon drying.

11.7 Chromatographic details for open tubular columns

11.7.1 SiO> (open tubular column)

200 pL of sample is introduced onto 5 g of silica (which is preconditioned with cyclohexane in
an open tubular column with an inner diameter of 2 cm) and the aliphatic fraction is eluted with
20 mL of cyclohexane. Fraction 2, containing the aromatic compounds, is eluted with 30 mL of
cyclohexane:dichloromethane 3:1 (v/v).

11.7.2 Alumina (open tubular column, 5 g of stationary phase)

200 pL of sample is introduced onto 5 g of alumina (which is preconditioned with cyclohexane
in an open tubular column with an inner diameter of 2 cm) and the aliphatic fraction is eluted
with 20 mL of cyclohexane. Fraction 2, containing the aromatic compounds, is eluted with
30 mL of cyclohexane:dichloromethane 3:1 (v/v).
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11.7.3 Alumina (open tubular column, 10 g of stationary phase)

Either 200 or 400 pL of sample is introduced onto 10 g of alumina (which is preconditioned with
cyclohexane in an open tubular column with an inner diameter of 2 cm) and the aliphatic
fraction is eluted with 40 mL of cyclohexane. Fraction 2, containing the aromatic compounds, is
eluted with 50 mL of cyclohexane:dichloromethane 3:1 (v/v).

11.7.4 Cu(ll)-SiO,

5 g of Cu(ll)-SiO2 is rinsed into an open tubular column with 1 cm inner diameter, filled with
cyclohexane. The aliphatic fraction of 400 uL of sample is fractionated into two fractions with
aliphatics eluting in 50 mL of cyclohexane and the more polar compounds eluting with 100 mL
of a mixture of diethyl ether:chloroform (9:1 v/v). The resulting fractions are concentrated to a

volume of 1 mL.

11.7.5 hAg-MPSG (open tubular column)

5 g of activated hAg-MPSG is rinsed into an open tubular column with an inner diameter of
1 cm, filled with cyclohexane. 100 pL of a sample is introduced and the three fractions
(aliphatics, aromatics and polar compounds) are eluted with 15 mL of cylcohexane, 30 mL of
diethyl ether and 50 mL of methanol. Fractions 1 and 2 are concentrated to 1 mL for storage
convenience. In case of GC analysis, they have to be diluted 1:20 and 1:4. Fraction 3 is
concentrated to approximately 200 uL and then impregnated onto dried alkaline alumina. The
sulfur compounds are eluted with 5 mL of cyclohexane which is concentrated to 100 uL. If
necessary, 10 uL of internal standard 2,3,7-trimethylbenzothiophene can be added.

11.7.6 hAg-MPSG (SPE cartridge)

1.5 g of activated hAg-MPSG is rinsed into a SPE cartridge (3 mL volume) and conditioned
with 3 mL of cyclohexane. 100 pL of sample is introduced and the three fractions (aliphatics,
aromatics and polar compounds) are eluted with 10 mL of cylcohexane, 20 mL of diethyl ether
and 20 mL of methanol. Fractions 1 and 2 are concentrated to 1 mL for storage convenience.
In case of GC analysis, they have to be diluted 1:20 and 1:4. Fraction 3 is concentrated to
approximately 200 pyL and then impregnated onto dried alkaline alumina. The sulfur
compounds are eluted with 5 mL of cyclohexane which is concentrated to 100 uL. If necessary,
10 pL of internal standard 2,3,7-trimethylbenzothiophene can be added.

11.8 Instrumental details for DNAP-HPLC fractionation

The aromatic fractions obtained from open tubular column chromatography are changed to
cyclohexane as solvent are are fractionated on the DNAP stationary phase at a flow rate of
1 mL/min. The concentration is set to maximize usage of the columns capacity based on the
quality of the separation. The detection wavelength is set to 254 nm, resulting in only very
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weak signals for the monoaromatic compounds. After several runs, the column is washed with

a mobile phase of cyclohexane:dichloromethane (7:3 v/v) and reconditioned with cyclohexane.
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12 Appendix

12.1 Gas chromatographs

GC-AED

Gaschromatograph: Agilent 6890N
Atomic emission detektor: Agilent G2350A
Autosampler: Gerstel MPS2

Injector: Gerstel KAS, splitless

Injector temperature: 275 °C

Temperature program: initial temperature 60 °C for 1 min, 20 °C/min up until 300 °C,
isothermal for 5 min

Capillary column: Supelco SLB-5ms, 30 m x 0,25 mm x 0,25 ym
(Along with similar columns of different vendors)

Carrier gas: Helium 6.0 (BIP), 40 cm/s (constant flow)

Transfer line temperature: 300 °C

Cavity temperature: 300 °C

Helium Make Up gas: 240 mL/min

Hydrogen reagent gas: 15 psi

Oxygen reagent gas: 20 psi

Solvent Vent: 0 — 5 min

Injektionsvolumen: 1 pL

GC-MS

Gaschromatograph: Finnigan MAT GCQ

Mass spectrometer: Finnigan MAT GCQ MS

Autosampler: CTC A200S Liquid Sampler

Injector: split / splitless (splitless), 275 °C

Capillary column: Supelco SLB-5ms, 30 m x 0,25 mm x 0,25 ym

(Along with similar columns of different vendors)
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Carrier gas: Helium 6.0 (BIP), 40 cm/s (constant flow)

Transfer line: 275 °C

lonisation conditions: El, 70 eV, lon source 200 °C

Modus: Full Scan (100-400 amu), Filament-Delay: 4 min
Different SIM measurements set to collecting the ions
mentioned in the paragraph or a combination of
several ions
Different MSn measurements set to detect ions
depending on the analyte investigated; typical set up:
collecting ion m/z 246 amu
(first stage) and 163 amu (second stage)

GC-FID with PFC

Gas chromatograph: Agilent 5890 Series I

Autosampler: Agilent 7673

Injector: split/splitless (splitless)

Injector temperature: 275 °C

Capillary column: SGE HT-5 30 m x 0.53 mm x 0.5 pm

Temperature program: initial temperature 60 °C for 1 min, 30 °C/min up until 210 °C,
isothermal for 5 mn, 30 °C/min up until 300 °C, isothermal for 2 min

Carrier gas: Hydrogen 4.8
Transfer line temperature 250 °C

PFC temperature: 250 °C
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HPLC system
Pumps:

Injector:

Mixing chamber:

Flow rate:
UV-Detector:

Wavelength:

2x KNAUER HPLC Pump 64

4-Way manual injection valve

dynamic mixing chamber

1 mL/min

KNAUER Variable Wavelength Detector

254 nm
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12.2 Abbreviations
AED

amu
BT
CH
DBT
DDS
DNAP
i. e.

El
EPA

EtMe,HsDBT

Et,O
eV
FCC
FID

FT-ICR MS

GC

H.BT / MeH,BT
HsDBT

HDS

HPLC

LHSV
2,8-Me,DBT

4-MeDBT

atomic emission detector

atomic mass unit
benzo[b]thiophene

cyclohexane
dibenzo[b,d]thiophenes

direct desulfurization
3-(2,4-dinitroanilinopropyl)silica
for example

electron impact ionization
environmental protection agency
9-ethyl-1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophene
diethyl ether

electron Volt

fluid catalytic cracking

flame ionization detector

Fourier transform-ion cyclotron resonance mass

spectrometry

gas chromatography
2-methyl-2,3-dihydrobenzo[ b]thiophene
hexahydrodibenzothiophenes
hydrodesulfurization

high pressure liquid chromatography
liquid hourly space velocity [h™]
2,8-dimethyldibenzo[b,d]thiophene

4-methyldibenzo[b,d]thiophene
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4,6-Me,DBT

Me3H6DBT

Me4H6DBT

Me5H6DBT

MeOH

mL

MPSG
MS
MSn
PAH
PASH
ppb

ppm

PrMe,H:DBT

SIM
TMEDA
nBuLi
UV/vis

v/v

4,6-dimethyldibenzo[b,d]thiophene
1,1,6-trimethyl-1,2,3,4,4a,9b-hexahydro-
dibenzo[b,d]thiophene
1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophene
1,1,4a,6,9-pentamethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophene
methanol

milliliter

microliter

mercaptopropyl silica

mass spectrometry

tandem mass spectrometry

polycyclic aromatic hydrocarbons
polycyclic aromatic sulfur heterocycles
parts per billion (ng/Q)

parts per million (ug/g)
9-propyl-1,1,4a,6-tetramethyl-1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]thiophene
single ion measurement
tetramethylethylenediamine
n-butyllithium

ultra-violet/visible light range

volume per volume
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12.3 Chemicals
Benzo[b]thiophene

Carbazole

CuCl,

Cyclohexane
Dibenzofuran
Dibenzo[b,d]thiophene
Diethyl ether
2,5-Dimethylthiophenol
Eicosane
9-Fluorenone
Hexadecane
3-Mercaptopropyltrimethoxysilane
Methanol
2-Methylthiophenol
Naphthalene
n-Butyllithium
Phenanthrene
Quinoline

Silica 60

Silver(l) nitrate
Sodium sulfate
Tetralin
Tetramethylethylenediamine
Toluene

2,2,6-Trimethylcyclohexanone

95 %

99 %

p.a.

p.a.

99 %

99 %

p.a.

98 %

99 %

99+ %

99 %

95 %

p.a.

99 %

1.6 M/ hexane

98+ %

> 97 %

99 %

98 %

99 %

99 %

p.a.

95%

Aldrich
Riedel-de Haen
in house

Acros Organics
Aldrich

Acros Organics
VWR

ABCR

Sigma

Acros Organics
Aldrich

ABCR

Acros Organics
ABCR

in house

Acros Organics
Aldrich

Fluka

Merck
Grissing
Grissing

Fluka

Acros Organics
Acros Organics

ABCR
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