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Abstract
Supercritical Water (SCW) desulfurization was investigated for both model sulfur compounds and Arab
Heavy crude. In part 1, the reactions of alkyl sulfides in SCW were studied. During hexyl sulfide
decomposition in SCW, pentane and CO+CO 2 were detected in addition to the expected six-carbon
products. A multi-step reaction sequence for hexyl sulfide reacting with SCW is proposed which explains
the surprising products. Intermediate studies were performed to confirm that the key intermediate hexanal
forms and rapidly decomposes to pentane and CO. In part 2, Arab Heavy crude was treated with SCW
and analyzed with comprehensive gas chromatography (GCxGC) coupled with two detectors, sulfur
chemiluminescence detector (SCD) and a flame ionization detector (FID). SCD is a sulfur specific
detector that allowed detailed analysis of the reactions that occur during SCW treatment of real fuel
mixtures. It was shown that SCW treatment had two effects on sulfur compounds: cracking of heavy
sulfur compounds into smaller compounds, mainly benzothiophenes (BT) and dibenziophenes (DBT), and
cracking of long alkyl chains on these BTs and DBTs causing a shift to lower molecular weight BTs and
DBTs. SCW was found to be ineffective in breaking the stable aromatic rings of these thiophenic

.

compounds. Work in this thesis shed light into molecular level reactions during SCW treatment rather
than changes in bulk properties which are often reported in work in the field of SCW desulfurization.
Thesis Supervisor: William H. Green
Professor of Chemical Engineering
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Chapter 1 Introduction and Background

Recently, petroleum companies are looking to use more low value heavy crude oils to meet the ever
increasing demand for petroleum products'. The light crude oil reservoirs are becoming depleted and
newly found wells contain higher amounts of heavy fraction and impurities (Figure 1). Unfortunately,
these low grade heavy oils are much more difficult to convert to clean transportation fuels 2 . These heavy
oils need to be refined extensively for conversion into lighter products and to remove the impurities to
meet environmental regulations which become increasingly strict 3 (Figure 2). Therefore, petroleum
companies are seeking methods to treat these heavy crude oils prior to refining.

Figure 1 Total World Oil Reserve (9-13 trillion bbl)4

3 1994

1996 1997 2000 2003

USA

Japan
EU
Figure 2 Sulfur Content of Highway Diesel in PPM5
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There have been many attempts to treat oil using supercritical water (SCW) in the past, but the extent of
sulfur removal and the mechanism by which sulfur is removed by SCW is yet unknown. A large range of
experiments have been performed with different sulfur compounds, hydrocarbon matrices, various
additives such as acid/base and metal ions, and also different temperatures and pressures have been used.
Some attempts were successful while others weren't, but it is unknown why some things work while
others don't. In order to see the feasibility of this process and to optimize the process for commercial use,
we need to understand what happens to crude oil when treated with water above its critical point.
Addition to sulfur removal, it has been observed that the upgraded crude oil is significantly cracked with
little coking. This is a great bonus to the process and the mechanism by which this happens is also of
interest to us.
The main objective of this thesis is to obtain a fundamental understanding of what happens to sulfur
compounds and hydrocarbons when treated with supercritical water. The reaction of various sulfur
compounds in SCW is investigated first. It was found that alkyl sulfides react in SCW but via different
pathways with and without water. With water, it was shown that water reacts during sulfide
decomposition showing that it is not just a diluent/solvent as was often speculated. In this thesis,
thiophenic rings (aromatic sulfur compounds) were not found to decompose, consistent with prior work.
However, alkyl chains are observed to cleave off the rings. The second part of the thesis is on SCW
treatment of crude oil. The reactions are found to take place mostly in the heavy fractions and thiophenic
rings are found to not react even at 450*C.
In this first chapter, some background information is presented in the field of supercritical water and on
SCW desulfurization. There has been much work done in SCW desulfurization. This review is
comprehensive, not restricted to studies that were done in similar conditions to work presented in this
thesis. Many studies have additives such as acids/bases and CO. These studies are reviewed to obtain
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insight into what may be influencing reactions that occur in SCW desulfurization of crude oil. First, prior
work on with model compounds is reviewed. Then, work on real fuels (e.g. crude oil, bitumen, etc) is
reviewed.

1.1 Properties of Supercritical Water
Water near its critical point has many unique properties that makes it an attractive medium for chemical
reactions. The most relevant feature of water near and above its critical point for this project is its
solubility properties due to the low dielectric constant (Figure 3). Near its critical point (374'C, 22.1
MPa), hydrogen bonding of water is almost entirely disrupted making it more like a non-polar 'organic'
solvent

6. Hence,

SCW has a high solubility for organics and decreased solubility for inorganic ionic

compounds. SCW can be mixed with oxygen, hydrogen, and most hydrocarbons in any proportion. Crude
oil and water are immiscible at ambient conditions but it has been suggested (though to our knowledge
not conclusively proved) that the mixture of the two becomes a single phase above the critical point of
water. Therefore, total miscibility can be expected in our process, at least for the low MW organic
compounds. Additionally, diffusivity of species is increased in SCW relative to in liquid phase. Therefore,
transport limitations of reactions are drastically reduced in SCW due to the enhanced miscibility and
increased diffusivity of species in it.
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Figure 3 Static Dielectric Constant of SCW as a Function of Temperature

Another interesting feature of SCW is its self-ionization properties near and above the critical point. The
ion product, or dissociation constant (K,) for water slightly below the critical point is about 3 orders of
magnitude higher than that of ambient liquid water, making it an effective medium for acid- and basecatalyzed reactions8 . The concentration of Hi/OH can be high near the critical point such that some
acid/base-catalyzed organic reactions may occur without added acid/base. Although the dissociation
constant of water increases by a few orders of magnitude below Tc, the dissociation constant decreases
greatly above T., making SCW a poor medium for ionic chemistry 9. For instance, the Kw is about 9
orders of magnitude lower at 600'C and 25MPa than around the critical point. However, the decrease in
Kw is not as significant at 50 MPa above T, (Figure 4). Therefore, we can create environments that favor
radical reactions or ionic reactions by tuning the temperature and pressure. Since the reaction in our
system is speculated to involve both radical and ionic reactions, the effect of Kw, which can be
manipulated by tuning the temperature and pressure, is of great interest to us.
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Figure 4 Kw of Water at 25 MPa and 50 MPal'

Also, SCW properties such as those that have been mentioned above vary with density, which is a strong
function of temperature and pressure near the critical point (Figure 5). Therefore, the reaction
environment can be engineered by manipulating the temperature and pressure. The temperature and
pressure dependence of the reaction shall give us a lot of insight into the mechanism of our process.
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Figure 5 Density vs Temperature at 25MPa

In summary, water near its critical point has many features that make it an attractive medium for our
process. Water becomes a non-polar 'organic' solvent near and above the critical point due to its low
dielectric constant. Many properties vary dramatically but continuously near the critical point making
fine-tuning of the environment of chemical reactions possible. One major difference between sub-critical
and super-critical water is that water has a high ionic product (high Kw) below the critical point but the
ionic product drops rapidly above the critical point (Figure 6). Subcritical water can serve as a selfneutralising acid-base catalyst 6 but this feature quickly diminishes for supercritical water.
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Figure 6 Temperature dependence of the dielectric consant (1), density (2),
and ionic product of water (3) at a pressure of 24 MPa
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1.2 Sulfur content of Heavy Crude Oil
There are various sulfur containing compounds in crude oil. The four most important types of compounds
in oil are: mercaptans (thiols), sulfides, disulfides, and thiophenes '(Figure 7). Of these, the aliphatic
sulfur compounds (thiols, sulfides, and disulfides) are very reactive in hydrodesulfurization (HDS), the
conventional desulfurization process, and can easily be completely removed from fuel . However, higher
boiling crude oil fractions contain significant amounts of aromatic sulfur compounds such as thiophenes,
benzothiophenes (BT) and dibenzothiophenes (DBT) and their alkyl derivities which are much more
difficult to desulfurize 3 . There is an increasing necessity to utilize low grade heavy oils

14

which contain

a significant amount of these aromatic sulfur compounds. In HDS, the reaction H 2+organic-S =
H 2S+organic, catalyzed over molybdenum disulfide, takes place in the presence of high pressure H 2. In
order to remove sulfur from these compounds in HDS for the production of ultra low sulfur fuels, severe
conditions and special catalysts must be used to remove some of these aromatic sulfur species. Therefore,
much research on novel desulfurization methods target aromatic sulfur compounds.
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Figure 7 Sulfur Compound Types in Crude Oil

The heavy crude oil that we will be dealing with is predicted to contain a large amount of both aliphatic
and aromatic sulfur compounds. If we are dealing with Arab heavy crude ~3% sulfur) most of the
molecules with more than 30 carbon atoms are expected to contain at least one sulfur atom. Asphaltenes,
the heaviest component of crude oil, contains a high concentration of sulfur and other impurities. The
exact structures of molecules in the asphaltene fraction is unknown but X-ray methods (XANES = Xray
absorption near edge structure spectroscopy) have shown that the amount of sulfide and thiophenic
linkages may be present in similar amounts (Figure 8).
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Figure 8 Relative Abundances of Sulfur Forms in Asphaltenes, resins, and oil fractions of Two Different Crude Oils'5
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1.3 Previous Work Done on SCW Desulfurization - Model Compounds
There has been much work done in an attempt to desulfurize S-compounds, mainly aromatic Scompounds, from oil using SCW. Studies were done under different conditions and a lot of them have
additives such as catalysts, acids, and bases. The presence of hydrocarbon matrix is important because
initial results from our sponsor show that sulfur compounds are not desulfurized without the matrix. The
purpose of this literature review is to gain insight into the mechanism of desulfurization of heavy crude
oil with SCW.
SCW+Aromatic S-compound: No desulfurization
Katritzky et al conducted a series of experiments treating various organic compounds in superheated and
supercritical aqueous media 16.

1.

In one of these experiments, they found that thiophenes and

benzothiophenes remain unreacted in SCW at 460'C after 1 hour. Unfortunately, the pressure was not
measured in the reacting system. Similarly, Clark et al treated thiophene with water at 300'C and 8.6 MPa
(subcritical) and found only 0.75% conversion after 28 days 8 .
Superheated Water + S-compound + acid: Some desulfurization
Katritzky et al also treated these aromatic sulfur compounds in 15% aqueous formic acid and 15%
aqueous sodium formate solutions, but none were desulfurized to a significant amount at 460'C after 1
hour' 6. However, Clark et al performed experiments where tetrahydrothiophene and thiophene were
treated with tenth molar equivalent of sulfuric acid with respect to the S-compounds at 240'C and 3.35
18

MPa and observed 14% and 10% desulfurization respectively after 14 days . Protonation is likely an
important initiation step for the desulfurization (experiments with sodium sulphate solutions were
performed to show that it was not the sulphate anion that acted as an oxidizing agent that led to the
reaction). H2S and CO 2 were detected in the product, and because H 20 is the only source of oxygen atom

16

in the system, this leads to the speculation that water attacks the protonated sulfur compound causing ring
opening. They proposed the mechanisms shown in Figure 9 and Figure 10.

CHSCH2C- CH2CHPOH
-)

S
(1)

H (12)
Thermolyss

CH 2 =CHCH 2CH2OH

H2S + Hydrocarbons

~
IH-~

Toutomenesm
Rearrangement
CHCH2C"2CHO

Poymenaabon

(13)

H*
Hydrocarbons
H20
+CO ;=

CO2 + H2

Figure 9 Hypothesized reaction pathway for the acidic hydrolysis of tetrahydrothophene by Clark et al

(2)

(6)
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(7)

AjH.

H/
H

H

HCH-CH-CH

-CHOH

1(10)
HSCH.CH -CH -CHO
1 (11)
H..4 HydrixarOons

0
S

+H

-c
S

Co

CO" +H2

Figure 10 Hypothesized reaction pathway for the acidic

hydrolysis of thiophene proposed by Clark et al 18

SCW+S-compound+matrix+base: Some Desulfurization
Kishita et al conducted experiments where bitumen was treated with supercritical KOH solution at 430'C
and 30MPa

20.

They were able to obtain a reduction of total sulfur of about 60% with a 5 mol/dm3 KOH
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solution in 60 minutes. They believe that the removed sulfur is dissolved in the alkali solution as S2- and
the desulfurization occurs via a pathway different from that of HDS because of the difference in the
observed product. Also, they concluded that the OH~ is being consumed in the reaction (as opposed to
being catalytic) from the fact that the pH decreases as the reaction progresses and the reaction ceases to
proceed after a certain time. The reaction is believed to be ionic due to the observed acceleration of
desulfurization with increased water to oil ratio and increased pressure. The reactor used was made of
Inconel 600, which means that there is the possibility that the reaction is catalyzed by the reactor wall. No
mechanism was proposed by the authors. Similarly, Yoshida et al treated thiophene in basic SCW and in
20 minutes at 400'C, observed decomposition yield of 6.0, 33, 50, 58, and 57% at NaOH concentrations
of 1.0, 2.0, 3.0, 4.0, and 5.0 mol/dm3 respectively

21.

The product contains S2-, carboxylic acids (formic ,

acetic, and succinic acids) , and C0 2(gas). Hastelloy "C-276" is used as the reactor material so the
reaction may be catalyzed by the reactor wall.

SCW+S-compound+Matrix: Some Desulfurization of aliphatic S-compound,

No desulfurization of aromatic S-compound
The study done by Vogelaar et al

12

is closest to the SCW desulfurization process discussed in work done

in this thesis. Hydrotreated gasoil was spiked with different sulfur-, nickel- and vanadium- containing
model compounds (Figure 11) and treated with water at 400'C and 25MPa. The effect of nickel and
vanadium containing compounds is of interest because they may serve as catalysts for the desulfurization.
Both non-aromatic sulfur compounds (octadecanethiol and diphenyldisulfide) and aromatic sulfur
compounds (BT and DBT) are used. Metal-poryphyrinic complexes were added to the gasoil to see if
demetalization (i.e. release of metal ions) occur in SCW and if they are capable of catalyzing the
desulfurization reaction. Metal ion-catalyzed desulfurization will be discussed in section 2.3.v. The
experiments performed are summarized in Table 1. In all the experiments that were performed in
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conventional HDS conditions (H2+HDS catalyst CoMo/y-A120 3) high rates of desulfurization and
demetallization were observed for all compounds (experiments 2,4,6). However without the HDS catalyst
and added H2 , only the non-aromatic sulfur compounds were desulfurized and the total sulfur was
decreased by about 14% (experiment 1, Figure 12). Demetallization was marginal without HDS catalysts
and added H2 (experiment 3), which means metal ions cannot be released from the metal-containing
compounds to catalyze the desulfurization reaction just with SCW. The addition of metal compounds to
the sulfur compounds did not affect the result in the absence of HDS catalyst and added H 2 (experiment 5).

benzothiophene

dibenzothiophene

diphenyidisulde

Q

+

CHr(CH)irSH
octadecanethiol

+
nickel-tetrapheryl-porphyrin

vanadyl-letraphenyl-porphyrin

Figure 11 Sulfur and metal containing organics used as additives in Vogelaar's Experiments

Table

1 The desulfurization/demetallisation

experiments performed by Vogelaar et al 22

Experiment

Sulfur (wt.%)

Metals (ppmw)

Hydrogen (MPa)

HDS catalyst

1

0.8

-

-

2
3
4
5
6

0.8

30
30
30
30

25

no
yes
no
yes
no
yes

-

-

0.8
0.8

-

25
-

25

22

19

M1H2S
* product X
Mproduct Y

N Octadecanethiol
0 Diphenyldisulfide
E Benzothiophene
0 Dibenzothiophene
0

E

Sulfur spiked
gasoil feed

Organic product
SCW only

Organic product
SCW, H2, catalyst

Figure 12 Desulfurization of gasoil with sulfur additives 22
(673K, 25 MPa, 30 minutes, experiments

1 and 2)

Superheated water + S-compound + Metal Ions: Desulfurization
Clark et al conducted a series of experiments treating thiophenes with superheated water (below the
critical point) and various metal ions at 200'C - 240*C and 3.4 MPa

2-21.

They tested sulfates of

aluminum ion (A,3+), first-row transition metal cations (Sc 3 *, VO2 +, Cr 3 +, Mn 2 +, Fe2+, Co 2+, Ni 2 +, Cu 2 +,
Zn2+), and sulphates or chlorides of Group VIIIB metal cations (Fe2+, Co 2 +, Ni 2 +, Ru3 +, Rh3+, Pd2+, Os+,
Ir3+, Pt2+, Pt4

).

These were loaded at 1/10 of the loaded thiophene amount. Similar experiments were

done on benzothiophenes (BT) which are more difficult to desulfurize. Many of these metal ions were
capable of desulfurizing the aromatic sulfur compounds to a significant degree, with Pt4" being the most
effective. They propose that as the metal ion bonds to the sulfur compound, the C-S bond is weakened
allowing the fragmentation of the molecule (Figure 13):
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Figure 13 Mechanism of Desulfurization catalyzed by metal ions proposed by Clark et al

Also, the metal ions may increase the acidity of the aqueous medium by the dissociation

[M(H 2 O),]"l+ -

[M(H2O)X1 ]("-])+(OH)]

+

25

26:

H+

Acid catalyzed desulfurization was discussed previously.
Supercritical water + S-compound + Metal Ions: Desulfurization
A patent titled "Simultaneous Metal, Sulfur and Nitrogen Removal Using Supercritical Water" was
obtained by Chevron Corporation 2 7. The claim is that addition to upgrading of hydrocarbons in SCW,
metal compounds are demetalized and the resulting metal ions catalyze the desulfurization reaction. A
CSTR is used to maintain a high concentration of metal ions in the reactor and use of a recycle stream of
the "dreg stream" containing the metal ions to the mixer is proposed to keep a high "effective" ion
concentration. In one example, the total sulfur was reduced from 3.54 wt% to 0.54wt% at 400'C in 30
minutes in a batch reactor.

21

SCW+S-compound+Matrix+HDS catalyst + various gases (H 2 , CO, C0 2 ): Desulfurization
Adschiri et al conducted a number of experiments treating hydrocarbons and DBT with SCW (4001C,
30MPa), HDS catalysts (NiMo/A120 3), and various gases with the hypothesis that an intermediate of the
WGS reaction (CO+H 2 O<-+CO 2 +H 2 ), hydrogenates the S-compound

28-30

First, they showed that WGS

reaction takes place in dense CO+SCW+HDS catalyst system. Then, they showed that DBT can be
desulfurized in H 2+SCW, CO+SCW, C0 2+H2+SCW, and HCOOH+SCW in the presence of HDS
catalysts. HCOOH was used because it is speculated to be an intermediate of the WGS reaction

31

that

attacks the sulfur-compound. Furthermore, they treated a mixture of DBT+hexylbenzene with
0 2+SCW+HDS catalyst and showed that desulfurization occurred, probably due to the partial oxidation
of hexylbenzene that leads to the WGS reaction, and an intermediate of the WGS reaction, speculated to
be HCOOH, causes the desulfurization. In another set of experiments, they showed that:

*

DBT is desulfurized in CO+SCW, H2 +SCW, and C0 2 +H 2 +SCW in the presence of HDS
catalysts, with H 2 +SCW being the least reactive

*

CO and CO 2 can be generated via partial oxidation of hexylbenzene and n-hexadecane in SCW in
the presence of HDS catalysts, with selectivity of CO generation increasing with increasing
density

With the combination of these two points, Adschiri et al showed that DBT can be desulfurized in
SCW+hexylbenzene+0

2

in the presence of HDS catalysts.

To summarize, Adschiri et al showed that 1) introduction of CO is more effective in desulfurizing DBT
than H 2 is in the presence of HDS catalysts 2) CO can be generated by partial oxidation of hydrocarbons
in SCW in the presence of HDS catalysts (the higher the density the more CO that is generated).
Furthermore, more recently Yuan et al succeeded in the catalytic desulfurization of vacuum residuum up
to 67% with

02

and SCW12 . Based on Adschiri's work, they created Figure 14 below to explain the

process by which desulfurization occurs.
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In-situ H 2 generation

HDS
H2
(SCW/hydrocarbon phase)

I
iydrocarbon+Cj-

CO
~--CO+H0 c
Oxygenated compounds
H 20

C

+

KH2
-

BT +

H
surface

* EB+F-S

surface_____surface__

Figure 14 Desulfurization Pathway of BT proposed by Adschiri et al
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H2 Generation in SCW
Besides desulfurization, SCW has been used for the production of H2, hypothesized to be via
hydrocarbon-reforming followed by WGS reaction. Picou et al observed that when jet fuel is treated in
SCW (24.1MPa, 767*C) with no added gas, about 14% of theoretical yield of H2 was obtained, assuming
jet fuel is approximately I -dodecene

13.

Although catalysts were not added to the system, the reactor walls

may have catalyzed the reaction. It has been shown that Ni/Cr superalloys such as Inconel or Hastelloy
that are often used as materials for high-pressure high-temperature processes have catalytic properties in
hydrocarbon-reforming systems 34. It is unknown whether the walls are actually acting as catalysts or if the
reformation will proceed non-catalytically in SCW.
An important point to note about Picou et al's experiment is that unlike Adshiri's experiments, no gas was
added to the system as in the process we will be investigating. These hydrocarbon-reformation reaction
experiments are of relevance to us since it has been observed that desulfurization depends on the
hydrocarbon matrix35 . Pure thiophenes do not react in SCW as measured by several groups. It is possible
that H 2 formed by the catalytic reformation of hydrocarbons is attacking the sulfur compounds and also
promoting the cracking process.
Furthermore, the conventional thermal conversion processes such as visbreaking, delayed coking, fluid
coking, and flexicoking are carried out without any catalyst or added gas 36. These are simple processes
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where hydrocarbons are heated at a high temperature in order to crack hydrocarbons to produce lighter
hydrocarbons and hydrogen gas. Similarly, thermal cracking may be occurring to hydrocarbons in our
process to generate H 2 that goes on to remove sulfur from the S-compounds. However, the question of
whether this sulfur removal occurs without a catalyst remains.
37
Moriya et al conducted experiments to crack polyethylene (PE) to produce oil in supercritical water . By

using supercritical D2 0 and H2 0, it was shown that one of the cracked products (decane) contains
hydrogen donated from water. Since the direct donation of hydrogen from water to radicals via the
38
homolytic cleavage of the water H-O bond is not likely , it was proposed that H2 formation is involved in

the mechanism. It was proposed that I -alkenes produced by cracking of PE (pyrolysis) is hydrated to
make secondary alcohols , which is then dehydrogenated to produce ketones and H 2's. The H 2 (or H-D or
D 2 in the isotope experiment) becomes the hydrogen donor for the cracking of hydrocarbons. However, it
should be noted that it is not necessary to explain the isotopic scrambling. H 2 formation sequences such as
R-CH=CH 2 + D 20

+

R-CHD-CH 2OD 4 R-CD=CH 24 HOO are expected to efficiently scramble the H-

isotopes on alkenes, and multiple routes could connect these into observed partially deuterated alkenes.
It is important to note that most of the H 2 generation mechanisms in SCW have not been proven. The
mechanisms are all hypothesized and experiments and quantum calculations must be performed to
determine if H 2 formation is kinetically significant in the systems.
Thermal Cracking of Sulfur Compounds - Free Radical Mechanisms
A number of experiments and quantum calculations have been done on the thermal cracking of sulfur
compounds. Xia et al studied the thermal cracking of tetrahydrothiophene at 450*C, 475 C, and 500'C at
1 atm

3.

After 2-3 seconds, they observed desulfurization of about 5%, 12%, and 20% respectively in

benzene. Based on the product distribution, apparent activation energy, and quantum mechanical
calculations (B3LYP), the following mechanism was proposed:
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The energies are given in kcal/mol relative to that of tetrahydrothiophene 39

In Xia et al's mechanism, all the steps are unimolecular reactions. It is unlikely that the decomposition of
tetrahydrothiophene occurs via Schemes I and 2 (Figure 15 and Figure 16). Rather, once the weakest
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bond is homolytically cleaved, this would initiate a chain of free radical bimolecular reactions
(propagation steps) which run much faster than the proposed unimolecular reactions. Dartiguelongue et al,
on the other hand, proposed a mechanism involving initiation steps, propogation steps, and termination
steps, making the mechanism more plausible.
Dartiguelongue et al examined the thermal stability of DBT in closed system pyrolysis. DBT was heated
at 375 0 C - 500 0 C at 100 bar for lhr to 2 months40 . At low conversion of DBT (< 3%), H2 S is one of the
main products and the reaction is believed to be initiated by the homolytic cleavage of the C-S bond
which leads to the formation of biphenyl thiol which is unstable enough to thermally degrade to form
biphenyl and H2 S. At higher conversion, the product contains large amounts of heavy sulfur containing
compounds. A simplified primary mechanism of DBT thermal degradation was proposed (Figure 17). The
stoichiometries derived from this kinetic model is consistent with the experimental stoichiometries.
However, the kinetic parameters (apparent activation energy Ea and pre-exponential factor AO) are not
calculated for the elementary steps due to the lack of experimental data on elementary reactions for sulfur
aromatic compounds.
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Figure 17 Simplified primary mechanism for DBT thermal degradation. Abbreviations are in Error! Reference source not

ound..

4

Table 2 Molecules and radicals involved in the
primary mechanism for DBT thermal cracking 40
Name
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The thermal cracking mechanisms of sulfur compounds discussed above do not involve SCW. The effect
of SCW on these reactions would be interesting, since the temperature and pressure of SCW can be
adjusted such that either ionic reactions or radicals reactions are favored. It is believed that reaction
chemistry of simple organic molecules can be described by heterolytic (ionic) mechanism when K, >10-14
and by homolytic (free radical) mechanism when K<<1'

4

41.

As discussed in section 2.1, the transition

from Kw >10-14 to K<<1 0'4 occurs continuously at the critical point.
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Cracking and Coking Suppression Mechanism
There are many reports of reduction of coking by use of SCW in hydrocarbon processing 2 . It has been
suggested that the decrease in coking occurs through solvation or caging effects but the exact mechanism
is unknown.
It has been postulated by Wiehe that coke formation during the thermolysis of petroleum is initiated by a
liquid-liquid phase separation of reacted asphaltenes to form a phase that is lean in abstractable
hydrogen 4 3 . As residua, which consists of "heptanes-solubles" and asphaltenes, are thermally cracked,
coke is initially not formed because asphaltenes, which are precursors to coke, are dissolved in "heptanes
solubles" until the solubility limit of asphaltene in heptanes-solubles is reached. At this point, the
asphaltenes separate into a hydrogen deficient phase where the asphaltenes form coke. If this cokeformation mechanism is accurate, the decrease in coke formation in SCW can be explained by its
enhanced solubility of organics. According to Wiehe, coke only starts forming after phase separation of
the asphaltenes. In SCW where all species are presumably dissolved in a single phase, the asphaltenes
would not separate to start the coking process and instead the radical ends will abstract hydrogen from the
hexane-solubles or water.
The possible formation of H2 in the reaction condition has been discussed previously. If enough H 2 is
generated, then cracking may also be suppressed due to the abundant hydrogen donor to the cracked ends
of the hydrocarbon.

1.4 SCW Treatment of Real Fuels
46
45
SCW treatment of real fuels such as crude oil', oil sand bitumen 44 , asphaltenes , and vacuum residuum

have been studied by many institutions in recent years. They all report reduction in total sulfur in the
recovered oil fraction and shift of oil content to lighter fractions (e.g. reduction of resins, asphaltenes, and
aromatics and increase in saturates in vacuum residuum 46). Although these reports show differences in
bulk properties that makes SCW treatment a viable upgrading method, there is no report on the actual
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reactions that take place during the treatment. This is due to the limitation on analytical capability. It is
generally difficult to resolve compounds that are present in these real fuels. A new analytical method
using two columns in series in gas chromatography called GCxGC allows detection of molecules in these
complex mixtures. We have a sulfur specific detector (sulfur chemiluminescence detector) and an FID in
series that allows quantification of individual molecules in SCW treatment of crude oil. This study will be
the topic of chapter 5 of this thesis.

1.5 Conclusions
SCW has many properties that make it an interesting medium for organic chemistry. Desulfurization in
SCW has been investigated by a number of institutions but the details of the chemical reactions are
unclear. A number of reaction pathways were suggested but are yet to be confirmed.
In this thesis, alkyl sulfide decomposition in SCW is investigated in detail. This work shows conclusively
that water reacts in the sulfide decomposition. A mechanism involving reaction between thioaldehyde and
water is suggested that explains the observed formation of pentane, CO, and CO 2 as products from hexyl
sulfide decomposition in SCW in addition to the expected products hexane and hexene. Thiophenic rings
were shown to be unreactive in SCW which is consistent with all the other work discussed in this chapter.
Another PhD student is dedicated to the modeling component of project, making a stronger case for our
proposed mechanism. The second half of this thesis is on SCW treatment of crude oil. Much work has
been done on real fuels as discussed in section 1.4 but with limited understanding due to the complexity
of real fuel mixtures. The analysis of SCW treated crude oil with GCxGC-FID/SCD sheds light onto the
reactions that take place in SCW upgrading of crude oil.
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Chapter 2 Batch Reactor Experiment: Equipment, Procedure, and Setup

The batch reactor was constructed for testing reactivity of various sulfur compounds without the complex
operation and massive amount of reactant required for CSTR's. The batch reactor only requires about a
gram of reactant (limited by the minimal amount of product that can be poured out from the reactor
without significant losses during the transfer) making it a cost effective method to test various chemicals
and reaction conditions. The small scale also allows us to work with high concentrations of toxic
chemicals and gases. The high concentration of H 2 S we collect in some of the batch experiments would
be very dangerous in a CSTR experiment where the gas gets continuously generated. Another advantage
of the batch reactor system is that the gas phase product can be collected easily by simply depressurizing
the reactor into a gas sampling bag. The disadvantages of the batch reactor experiments are that the heat
up can take about 5-10 minutes, there is no controlled mixing, and a fraction of the product always remain
on the reactor wall as residuals. For kinetic studies and for reaction systems where mass transport is
important, CSTR should be used.

2.1 Reactor Construction
The reactor body is constructed from parts obtained from Sitek Engineering. This reactor is an upgrade
from the first generation reactor that was constructed of High Pressure (HIP) parts. The HIP reactor
leaked constantly and the walls were very thick. The Sitek reactor, though more expensive, leaked less
frequently and had much thinner walls, making heat transfer faster.
The Sitek reactor consists of high pressure fittings and tubings made of SS316. A 20mm length 11/16"
nipple (730.1003) is used as the reactor body with a plug (725.2117) on the bottom and a cross
(725.1324) at top. The cross has a safety head (720.5013) with an Inconel 625 rupture disk (rated for 1400
bar at 20'C) on the top opening, one arm leading to a pressure transducer (Omega Model
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MMA5.OKV5P4BOT4A6) and the other to a gas inlet/outlet valve. The outlet of the safety head is
connected to a long 1/16" tubing with the outlet immersed in the water bath (surge tank). The voltage of
the pressure transducer is read in a National Instruments data acquisition box (NI USB-62 10) and the
signal collected on Signal Express software. The detailed diagram of the reactor and the individual part
numbers are in the appendix.

He Tank
V1

Pressure
Transducer

V2

Vent
Safety
Head

/3

Surge
Tank

latch

(4

REactor
Heat

Lun

Vacuum
Pump

Figure 18 Reactor Experimental Setup

2.2 Experimental Procedure
Sample Preparation: For all sulfide experiments, naphthalene is used as an internal standard. This is
particularly important since the density changes drastically after treatment. Initially, benzene was used as
an internal standard but this compound turned out to be volatile and a portion of the mass was found to
remain in the gas phase after quenching. We were observing an "increase" in mass balance (>100%
relative to benzene) after 5 minutes of heat treatment. Therefore, we switched to naphthalene which has
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been found to be sufficiently stable and nonvolatile and therefore a good internal standard for these
experiments.

Step by step instructions for the batch reactor setup operation is in the standard operating procedure
(SOP). This was created for any learning to use the batch reactor. Since the details of the procedure can
be found in the SOP (found in the appendix), I will only go over the general procedure here.
The first step in the batch reactor is loading the reactor body (parts below the cross, the nipple and the
plug). When loading the reactant, one must measure the mass of the vial containing the reactant before
and after loading. The reactor is too heavy to directly measure the mass that is loaded into the reactor.
After loading the reactor, the reactor head (the cross and the peripheral attached to it) is connected. The
key here is after tightening the nut into the cross, you must tighten the reactor body (nipple) clockwise
until the inner collar inside the nut is fit tightly against the seal. The reactor is prone to leaks if you miss
this step. After the two step tightening procedure, the nut and cross is sealed tight with a long adjustable
wrench with the nut secured on a vice. I find extending the wrench with a unistrut to give extra torque for
tightening helps prevent leaks.
After the reactor is sealed, the reactor is hung onto the hook in the enclosure. The hook is designed so that
the reactor can be pulled in and out of the sand bath. The winch itself is designed such that it can be slid
horizontally to above the water bath for quenching.
There are three connections that need to be made. The 1/16" HIP valve is connected to the gas transfer
line, the other arm is connected to the Omega pressure transducer, and the safety head is connected to the
1/16" tubing with its outlet to the water bath.
Prior to dropping the reactor into the sand bath, air in the head space must be cleared out. This is done by
loading the headspace with helium at least 10 times. Make sure to allow ample time between pressurizing
and venting. This can be made easy by monitoring the pressure.
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An important step here is to make sure the reactor is leak free. This is done by sealing the reactor (close
the reactor at the HIP valve) and monitoring the pressure for a few minutes. If the reactor is leak free, the
pressure should stay constant (or slightly going up if the sand bath is hot). If the reactor pressure is
decreasing, use SNOOP to find where the leak is.
After leak testing, load 300 psi of helium in the head space. This helium in the headspace is critical in
order to prevent reactants from condensing in the cold spots of the reactor. Prior to this method, the
maximum conversion of hexyl sulfide stopped at around 60% in 30 minutes but was found to be due to
the reactant distilling from the hot part of the reactor and condensing in cold spots (the tubes to the
pressure gauge and valve). After I started leaving 300 psi helium in the head space, the conversion has
gone to 100%, confirming that all the reactant is exposed to the high temperature in the reactor body.
The reactor is now ready to be dropped into the fluidized sand bath. This part is fairly simple -just lower
the reactor into the sand bath using the winch. You must be careful the arms are not touching any of the
hot walls of the sand bath. Also make sure the electronic wire of the pressure transducer does not get hot
or is not strained. The transducer has been broken in these ways multiple times.
The reactor can be pulled out of the sand bath with the winch at the end of the reaction time. The winch
itself is slid horizontally such that the reactor is positioned above the water bath. Crank the winch to
lower the reactor into the bath. Once the reactor is cooled, the head space is depressurized into a gas
sampling bag (supel-inert multi layer foil). The tubings between the HIP valve and the gas sampling bag
must be vacuumed down to prevent any air from mixing with the product gas. When collecting the gas,
make sure the third valve is open towards the gas sampling bag and not the vent. The product gas has
been lost in this way many times.
After the gas product has been collected, the head space needs to be cleared out with helium multiple
times in the same procedure as when air was cleared out. This prevents toxic gas (H2S and CO) from
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entering the room when opening. Once the fittings are disassembled, make sure all the openings are
closed with Swagelok caps. Without these caps, you can smell the odor while transferring the reactor
through the lab. Open the reactor on the vise with the dropdown vent close to the opening. Once the
reactor is loose, close the reactor again (hand tight) before transferring the reactor to a hood. Once inside
the hood, drain the product into a labeled pre-weighed centrifuge vial. Centrifuge the mixture for phase
separation. A typical centrifuge time is 10 minutes at 2000 rpm. The centrifuge must be in a ventilated
space (hood) since toxic gases can get released into the atmosphere during the process. The aqueous
phase (bottom) can be pipette out into a tared vial.

2.3 Analytical Procedure
GC-FID (liquid phase)
There are two GC-FID's that were used. They are both Agilent 7890's but one is equipped with a MS
(Agilent 5975) and the other with a LECO GCxGC-modulator system with an FID/SCD adapter. The MS
was only used for compound identification and the GCxGC and the SCD was only used for crude oil
analysis. For batch reactor experiments on model compounds, the GC-FID is used. The column is a RXi5HT column, 30 m length 250 ptm ID, 0.25 ptm film thickness. The method starts at a 0.2 minute hold at
45*C followed by a 5*C/min ramp to 80*C, 15*C/min ramp to 280*C, and a 20*C/min ramp to 350*C.

Quantification of compounds on GC-FID is done by generating internal standard (naphthalene) based
calibration curves, i. e. "mol compound/mol naphthalene" vs "area compound/area naphthalene". For the
product oils, the usual dilution is 1:10000 by mass so the calibration solutions are generated such that the
amount of naphthalene in each solution is the same as that in the product analysis. Calibration curves of
all the compounds that were analyzed in my work are in the appendix.
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De Jaye Analyzer
The De Jaye 5 Gas analyzer is supposedly capable of analyzing CO, C0 2 , H 2, H2 S, and

02.

However, the

device does not give the right response to the last three compounds. Also, the analyzer overheats after a
few minutes of use unless the cover is opened. The device was intended to be used on a continuous stream
of samples (it is typically used for engine exhausts). The use of the device was modified such that it can
measure concentrations of CO and CO 2 in a batch style. The pump on the equipment is turned off. At the
beginning of each measurement, the device zeros itself with whatever gas is in its cell. Therefore, prior to
each measurement, the cell is filled with helium. There is no flow in the cell and everything is static
during a measurement. Once the zeroing is finished, gas sample is injected into the port (a septum is fit
into the inlet) and measurement is taken for at least 5 minutes. Calibration curves were made with
standard gas mixtures in lecture bottles purchased from Supelco via Sigma Aldrich. The calibration
curves for CO and CO 2 are shown in Figure 19 and Figure 20.For gases with high CO and CO 2
concentrations beyond 1% such as the gas phase products from the sulfide decomposition in SCW, the
gas product is diluted in helium and this mixture is analyzed on the De Jaye analyzer. The absolute
concentration of CO 2 can be measured on the GC-TCD discussed later and the CO concentration is
calculated from the CO/CO 2 ratio measured from the dilute sample.
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Figure 19 De Jaye Analyzer C02 Calibration Curve

De Jaye CO Measurement Calibration
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Figure 20 De Jaye Analyzer CO Calibration Curve

Shimadzu GC-FID (Gas Phase)
The Shimadzu GC (GC-2014) is used for the gas phase hydrocarbon analysis. There is a 5 pL sample
loop for sample injection. A one point calibration is done with the gas mixture purchased from AIRGAS.
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The column is a RT-Q bond column, 30 m length 530 pm ID, 20 [Lm film thickness. The method starts at
a 40*C hold for 1 minute followed by a 25 0C/min ramp up to 280 0C with a 5 minute final hold.

GC-TCD
GC-TCD in the Roman Group is used to detect the inert gases (C02 and H2S). Unfortunately, CO
overlaps with N 2 and 02. The CO is quantified by the CO/CO 2 ratio measured on the De Jaye gas analyzer.
The calibration curve for CO 2 , CH 4 and H2S are shown below. The gas is injected through a 0.1 OOmL
loop. The column is a Rt-S-bond 30 m length with a 0.25 mm ID. The method starts at a 50*C hold for 3
minutes followed by a I 0*C/min ramp to 200*C and held at that temperature at 3 minutes.

GC-TCD CO 2 Calibration (0-100%)

GC-TCD CO 2 Calibration 0-5%

S-bond Column

S-bond Column
100,0%

5.0% 4.0%

...
...
.-..
....
-

-

80.0%

3.0%

600%

2.0%

40.0%

1.0%

20.0%
0.0%

0.0%
0

10

20

30

40

50

60

70

0

80

200

400

600

1000

1200

GC-TCD CH 4 Calibration

GC-TCD H2S Calibration

S-bond Column

S-bond Column

1400

1600

100.0%

5.0%
4.0%

y=

1.11E-03x+ 1.20E-03

= 9.96E-01

3.0%

7.40E-04x
-. .... ....

V=

-

60.0%

....-

400%

20%
1.0%

800
Area

Area

20.0%

-

0.0% F
0

0.0%
5

10

15

20

25

30

35

40

0

200

400

600

800
Area

Area

Figure 21 Calibration Curve for GC-TCD

1000

1200

1400

1600

40

2.4 Safety Consideration
The most important consideration for this project is safety against toxic gases, specifically H2S and CO.
H 2S is a toxic gas at a very low concentration (ppm level) and is produced in high concentrations in our
desulfurization experiments. At 100 ppm, the gas causes respiratory paralysis in 30-45 minutes and will
become unconscious quickly. At 700 ppm, breathing will stop and death will result if not rescued
promptly. H2S has a distinct odor that can be detected at a 0.03 ppm (though it will kill smell in 15
minutes at 1 Oppm). However, CO, which was an unpredicted product, cannot be detected. CO causes
headaches and dizziness at 100's of ppm level. At 1600 ppm death will result in less than 2 hours and at
12,800 ppm death will result in less than three minutes.
It is crucial that no one is exposed to the gases produced from the experiments. All procedure must be
done inside a vented enclosure with a toxic gas detector for both H2S and CO. While transferring products
(both liquid and gas) and injection of samples into analytical equipment, make sure that all containers are
sealed (if transferring vials or gas sampling bags, they should be in ziploc bags). All gas injection ports
for the analytical equipment have dropdown vents.
A number of incidents have occurred during handling of liquid product and gas analysis. One of the
major incidents was during centrifugation of the liquid phase product. Although the head space of the
reactor was cleared out with helium after the reaction, there is significant amount of H2S and CO
dissolved in the liquid phase that may diffuse out during centrifugation. This caused a number of people
to feel nausea and headaches. The centrifuge has since then been moved to inside a vented hood. The
exhaust from the GC's may also contain SO, as combustion products. SO, is as toxic as H2 S. In a
laboratory space with bad ventilation (as in the first lab in building 66), this gas may build up if the
effluent from the detectors vented into the room. It is important that the space above the GC is vented or
the effluent outlet on the GC's (found on top of the GC's) are connected to ventilation.
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Chapter 3 Decomposition of Alkyl Sulfides in SCW

Sulfur linkages are ubiquitous and important in biological systems47 , geochemistry 48 ' 49, and fuel
chemistry5". Of particular interest is the chemistry of organosulfur compounds in the presence of water at
high temperatures and pressures. Petroleum formation is thought to be accelerated by the presence of
sulfur compounds with weak C-S bonds because they initiate free radical reactions

51,52

Hydrous

pyrolysis is a common method to simulate geochemical maturation of rocks containing organic material
such as kerogen

53,

and some data suggests that the water is acting as a reactant

54-56.

However, the

specific chemical reactions that occur in these conditions remain unclear.
Petroleum that formed over millions of years by this process retains its sulfur content. These sulfur atoms
now have to be removed to form fuel and petroleum products. Sulfur in fuel damages the environment
and human health directly (e.g. forming particulates and acid rain), and also indirectly by poisoning
emission control catalysts 57-60 . A new method for removing sulfur is supercritical water (SCW)
desulfurization. SCW treatment of various oils has been shown to reduce its sulfur content, making it a
potential alternative desulfurization method to the conventional hydrodesulfurization process that uses
large quantities of H2 and expensive catalysts61 ~64. However, despite much recent work in this field, the
chemical mechanisms of sulfur compounds in SCW and the role of water is controversia

65 67

- .

Organic reactions in high temperature aqueous media have been studied by many researchers, not just for
sulfur compounds but for a wide range of compounds for applications such as biomass gasification and
polymer recycling6 8. The interest stems from the interesting properties of water near its critical point at
374'C and 221 bar. Several recent reviews have been published on the topic of organic reactivity in near
and supercritical water 9 -73 . In the subcritical region, ionic reactions dominate, in part because the water
dissociation constant Kw is three orders of magnitude higher than that of ambient liquid water. Water

42

interacts strongly with ionic intermediates and transition states, and is often involved as a reagent e.g. in
hydrolysis reactions. Many reactions that are acid-/base-catalyzed under ambient conditions have been
shown to occur in this region without any added catalysts.
Water undergoes a drastic change in its properties as it passes through the critical point. The density and
dielectric constant drops significantly and the ion product decreases by over 10 orders of magnitude.
Generally, free-radical reactions are favored in supercritical water 4 . When free radical reactions dominate,
water is rather inert compared to most organics since the O-H bond strength in water is about 20
kcal/mole stronger than typical C-H bonds. However, there are a number of studies that show that organic
compounds containing heteroatoms can undergo both hydrolysis and radical reactions depending on the
density. At low densities, SCW is more "gas-like" where radical reactions are dominant, and at high
densities, SCW is more "liquid-like" where ionic or hydrolysis reactions dominate. For example, Taylor
et al. showed that methyl tert-butyl ether undergoes acid-catalyzed hydrolysis up to 550'C at 250 bar 5 .
Klein et al. showed selectivity towards hydrolysis compared to pyrolysis increases with increasing water
density under isothermal conditions for guiacol, dibenzylether, and phenethyl phenyl ether decomposition
in SCW and suggested a SN2 mechanism with H 2 0 as the most likely nucleophile76 . While several studies
of organics in SCW have reported a range of products that suggest a mix of free radical and hydrolysis
chemistry, often additional unexpected products have been observed as well, indicating gaps in our
understanding of the chemistry.
The energy crisis of the 1970's and 1980's motivated research to convert coal and other heavy
hydrocarbons into useful fuels using SCW and recently interest in the process is rising again for
upgrading heavy oil fractions and bitumen. These heavy hydrocarbons contain high amounts of sulfur and
the ability to remove this impurity is a key feature of SCW upgrading processes. There has been much
work done to evaluate the reactivities of various organosulfur compounds contained in these
hydrocarbons 70'77. Thiophenic rings have been consistently found to be unreactive in SCW in the absence
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of catalysts/additives78. On the other hand, aliphatic sulfur compounds such as thiols and sulfides have
been found to react in SCW to varying degrees. However, the mechanism of the decomposition of these
sulfur compounds is unclear. Katrizky et al postulated radical mechanisms (not involving water) to
79
explain the observation of octene and heptene formation from octyl sulfide . Abraham and Klein

investigated reactions of benzylphenylsulfide (BPS) in SCW and observed benzaldehyde as a major
product, indicating that water was involved as a reactant, similarly to their work on ethers discussed
earlier80 . Their work show parallel pyrolysis and hydrolysis. For the hydrolysis reaction, they proposed
initial formation of benzyl alcohol through a substitution reaction followed by alcohol conversion to the
aldehyde.
At the time those experimental studies were performed, accurate quantum chemical calculations on such
complex systems were impractical, and most of the experiments were not designed to measure rate
coefficients, so most of the proposed mechanistic hypotheses in the literature have not been
comprehensively tested. At present it is difficult-to-impossible to make theoretical quantitative
predictions about how supercritical water will affect the chemistry of even simple organics, and even less
is known about its effects on organosulfur chemistry. However, recent advances in computers, quantum
chemistrys -8', automated mechanism generation14-16 suggest it is time to readdress these longstanding
questions.
In this chapter, we take an experimental and theoretical approach to elucidate the reaction mechanism of
the decomposition of alkyl sulfides (thioethers). In our prior work we demonstrated that the overall
kinetics of alkyl sulfide deomposition in SCW are consistent with a simple free radical mechanism that
does not include any reactions of water 7. However, here we show that the true chemistry is more
complicated than that simple picture suggests, and that water is intimately involved. A mechanism that
involves a pericyclic hydrolysis in a radical reaction propogation step explains the odd observation of
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pentane and CO from octyl sulfide decomposition in SCW. The proposed elementary steps are validated
by thermochemistry and transition state (TS) calculations which will be covered in Caleb Class's thesis.

3.1 Experimental Method
For experiment 1, 0.92g of hexyl sulfide (C6 H13 SC 6H1 3 ) spiked with naphthalene as an internal standard
(10:1 mole ratio) was loaded with 3.5g water in a 24 mL 316-stainless steel batch reactor made of Sitek
parts. Naphthalene is chosen as an intert standard due to its stability in SCW within the reaction time and
temperature range of our experiments . Air in the head space is cleared out with helium. 20 bar helium is
left in the headspace of the reactor upon sealing in order to prevent water condensation in the cold spots
(the tubings leading to the pressure transducer and to the valve) and for ease of gas phase product
collection. The sealed reactor was dropped in a 400'C fluidized sand bath (Techne FB-05) where after 5
minutes, the pressure reaches 275 bar. After reaction time, the reactor is quenched in a water bath. The
gas phase product is released into a gas sampling bag (Supel-inert multi-layer foil). Air in the system
downstream of valve I was pumped out with a vacuum pump prior to depressurizing to prevent air
mixing in with the product gas. The liquid product is centrifuged at 1000 rpm for a minimum of 5 minutes
for phase separation of the oil and aqueous phase product. This experiment was repeated without water
(400'C, 55 - 66 bar) for the control experiments, and both experiments were also performed with pentyl
sulfide, octyl sulfide, and dodecyl sulfide instead of hexyl sulfide.
The oil phase product was analyzed with a 7890A Agilent GC-FID equipped with a HP-5MS column
(30m x 250pm x 0.25pm) and the gas phase product was analyzed with a Shimadzu GC-FID for light
hydrocarbon products (GC-2014 with RT-Q bond column), 6890N Agilent GC-TCD for CO and H S
2
2
quantification (HP-I column, 30.Om x 250pm x 0.25pim), and De Jaye 5Gas analyzer (NDIR) to measure
the CO/CO 2 ratio. Since CO could not be detected directly in GC-TCD due to its retention time overlap
with trace N 2 and

02,

the amount of CO is calculated from the NDIR CO/CO 2 ratio measurement and the

GC-TCD CO 2 concentration measurement. In all cases, most of the sulfur in the product is in the form of
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H2 S in the gas phase and six carbon sulfur species (hexanethiol, ethyltetrahydrothiophene and
dimethyl/ethyl-thiophene) in the oil phase. Unfortunately, quantitative sulfur balance could not be
obtained due to the high solubility of H2 S in the oil and aqueous product.
A control experiment where the stainless steel surface area is increased by adding a SS 316L wool gave
the same results, indicating that the rate-controlling steps for both sulfide conversion and the major
product branching do not involve heterogeneous catalysis.
For experiment 2, intermediate studies, small amounts of proposed intermediates were spiked into hexyl
sulfide (1:10 mole ratio) and treated with SCW under the same conditions as experiment

1, and the

resulting products measured by GC-FID.
For experiment 3, the water concentration dependence experiments, the same procedure is followed as
experiment I for 30 minutes except the water amount is varied by 120%, 100%, 80%, 50%, 30%, 20%,
and 10% of the SCW 30 minute product in experiment 1. The amount of sulfide loaded is the same,
therefore the pressure is dependent on the amount of water that was loaded.

3.2 Hexyl Sulfide Decomposition
In experiment 1, the decomposition products of hexyl sulfides with and without SCW are dramatically
different. The product distribution of the SCW-treated hexyl sulfide and the non-SCW treated hexyl
sulfide both contained hexane, isomers of hexene, and hexanethiol as major products. However, the
SCW-treated product also contained a large amount of pentane and CO+CO 2 while the non-SCW treated
product contained none of these species (Figure 22). NDIR measurement of the gas phase showed
CO:CO2 ratio in the SCW treatment product gas to be 1.9 ± 0.5 while the non-SCW treated product had
no CO or CO 2. Since water is the only oxygen containing species in the system, the observation of
CO+CO 2 shows conclusively that water is reacting rather than merely acting as a solvent. Also, since the
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unexpected transformation of a Cm alkyl chain to a Cm-i species only occurs in the presence of water, it
appears there is a reaction that involves water that results in breaking a C-C bond of the alkyl chain.
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Figure 22 GC-FID Chromatogram of major oil phase products a) with SCW and b) without SCW, and GC-TCD chromatogram of
major gas phase products c) with SCW and b) without SCW. A separate measurement of CO:CO 2 by an NDIR showed there is
significant CO that overlaps with air (N2+0 2 ) that leaked into the gas sampling bag in c) while there is no CO in d).

In the present experiments, combined carbon balance for the oil and gas product of hexyl sulfide
experiments show that >90% of the carbon in SCW experiments is accounted for by species detectable in
both oil and gas phase by our analytical methods (Figure 23). For the non-SCW experiments, on the other
hand, only 60% carbon balance is achieved with our analytical method for the 30 minute oil product. We
suggest that this is due to formation of heavy compounds that cannot be analyzed via GC due to their low
volatilities. These heavy compounds are presumably responsible for a visible difference between the
SCW-treated and non-SCW treated products: the SCW treated oil is a lightly yellow clear liquid whereas
the non-SCW treated oil has a dark brownish black color (Figure 24). Note that all the major species in
Figure 23 are colorless.

47

a)

I

SCW Experiment

non-SCW ExperIment

b)

100%

100%

80%

a0%

60%
40%

g 60%
.3
40%

20%

20%

CO+CO2

Epentane
* carbon In gas phase

hydrocarbon
E cyclic 6 carbon sulfur

species
* hexanethiol
a hexene
* hexane

0%
0

5

10

Reaction Time (mmn)

20
--

30

>

0

5

10

Reaction lime (min)

20

30

-- >

* hexyl Sulfide

Figure 23 Carbon Distribution of hexyl sulfide decomposition products after a) supercritical water (SCW) and b) nonSCW treatment. When hexyl sulfide is treated with SCW, pentane and COICO2 are formed. These species are not
produced without water. Carbon balance is maintained in the SCW experiment while in the non-SCW experiment, only
70% carbon balance is achieved in 30 minutes of thermal treatment, indicating formation of species which cannot pass
through a GC.

Figure 24 Oil phase product of hexyl sulphide with SCW (left) and without SCW (right). The color difference indicate that there are heavy
compounds (coke or its precursor) not detected in GC-FID in normal pyrolysis of hexyl sulphide, showing that SCW treatment has the advantage
of coke suppression in sulphide pyrolysis

Having shown experimentally that water reacts in the SCW hexyl sulfide reaction, we sought to
understand its role from a mechanistic point of view. Note that while water is clearly reacting, the alkyl
sulfide is consumed at least as fast in the absence of water; consistent with this, our prior work on kinetics
strongly suggested that the hexyl sulfide is consumed by reaction with a free radical.

Although the

major decomposition products of hexyl sulfide are the six carbon compounds (hexane, hexene, and
hexanethiol), these are the expected normal pyrolysis products and are not of interest in this study. The

48

formation of pentane and CO+CO 2 as major side products is counterintuitive from a mechanistic point of
view. Since the reactant contains two six carbon chains, we hypothesize a functionalized six carbon
intermediate of hexyl sulfide decomposition that reacts with water to break a terminal C-C bond to yield
CO and pentane. The (CO+CO 2)/pentane molar ratio is 0.8±0.3, i. e. 1:1 within our measurement error.
Our hypothesis is that CO is the primary product and it undergoes water gas shift reaction to make CO
2
and H 2. The water gas shift reaction in SCW has been studied by a number of groups''

and while

there is some uncertainty regarding the rate constant, the reported reaction time scales are consistent with
our CO/CO 2 measurements. We hypothesize that when hexyl sulfide is treated with SCW, water reacts
with an intermediate of hexyl sulfide decomposition to generate pentane and CO. In order to
experimentally determine this intermediate, experiment 2 was performed.

3.3 Di-n-alkyl Sulfide Decomposition
The results using other di-n-alkyl sulfides rather than hexyl sulfide are completely analogous. When
reacted with SCW, octyl sulfide forms heptane+CO+CO 2 in addition to the normal pyrolysis products noctane and octene. Similar results were obtained with di-n-pentyl sulfides and di-n-dodecyl sulfides: di-nCm sulfides reacted with water to form n-Cm-i alkane + CO+CO 2 in addition to the normal pyrolysis
products (n-Cm alkane and Cm alkenes).
Similarly, Katritzky et al. reported that octyl sulfide decomposed into I -heptene, I -octene, and some
octanethiol in water at 460,C 79. They reported the same products were observed after replacing water
with cyclohexane. This is a major contradiction to our results. We attempted to replicate Katritzky's octyl
sulfide experiments in SCW and cyclohexane in our reactor, but found only I -heptane (not the reported Iheptene) and a mixture of octane and octene in the presence of water. We did not observe any C 7 products
when the water was replaced by cyclohexane. We suspect an error in the earlier report, but note that our
apparatus does not achieve exactly the same conditions as the experiments of Katritzky et al. so we cannot
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be definitive. In their experiments, the pressure in the reactor was not measured but from the amount of
water they reported using, their pressure was higher than in our conditions. 1.0 g of octyl sulfide and
0
7.OmL of water or cyclohexane was loaded in a 12.5 mL reactor in their experiments" while we loaded

our 24mL reactor with 2.0 g of octyl sulfide and 3.5g of water or 3.0 g of cyclohexane. We are
constrained to lower pressure due to safety considerations.

3.4 Product Distribution Dependence on Water Concentration
Pentane formation was shown to vary with water concentration, showing further that water is involved in
the formation of pentane as a reactant (Figure 25). There is a clear transition in the appearance of the
product oil, indicating decrease in "heavy compounds" as the amount of water is increased (Figure 27).
Note that the point with 46.7 water/hexyl sulfide mol ratio is the same point as the SCW 30 minute
treated case. However, interpretation of this plot is not straightforward from a kinetics point of view since
the pressure in the reactor is below the critical pressure of water at points with water/hexyl sulfide mol
ratio below 23.3(Figure 26). Above the critical point of water as in the standard SCW experiment
discussed in section 3.2, the system is 97% by mol water so we assume the mixture is homogeneous.
However, a more rigorous thermodynamic calculation must be performed to theoretically verify the phase
behavior, or a phase equilibrium experiment needs to be performed. A quick Aspen calculation computes
the saturation vapor pressure of hexyl sulfide at 400*C to be 8.58 bar. If we assume this to be the partial
vapor pressure of hexyl sulfide in the vapor phase in the reactor (and assuming ideal gas law), 94% of the
hexyl sulfide should be in the gas phase. However, the problem is more complicated by the fact that the
hexyl sulfide decomposes into C6/C5 carbon species (either in the form of intermediate or final product)
and the reactor condition is above these species critical points. Sulfide in the liquid phase is much denser
than in the gas phase. Therefore, the first hydrogen abstraction from the sulfide (will be discussed in
section 3.6) which is a bimolecular reaction may proceed much faster in the liquid phase than in the gas
phase. However, the following 1-scission, which is a unimolecular decomposition, breaks the sulfide in
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half. These lighter molecules should quickly go into the vapor phase or react with each other to form coke.
Note that the product oil has darker color as the water amount is decreased (Figure 27). When using these
data points for modeling, both transport and kinetics must be considered in the "reaction rate" reported
here. To minimize the effect of transport on interpretation of the product formation rate, the sulfide load
should be repeated with the sulfide load reduced. An even better experiment would be to vary the water to
oil ratio in a continuous reactor system where there is instantaneous heating.
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Figure 27 Oil Phase Product of Hexyl Sulfide Decomposition with Varying Water Load.
No water load at left and water load increases to the right.

3.5 Intermediate Study
In experiment 2, intermediate studies were performed to determine which compounds decompose to lose
one carbon from its carbon chain in SCW. One way to test this is to simply treat these compounds (e. g.
hexanal) in SCW and see if we detect products with one less carbon (e.g. pentane) and CO+CO 2.
However, placing these compounds in SCW would not simulate the actual environment the intermediates
are exposed to during the sulfide decomposition. To replicate the reaction environment experienced
during hexyl sulfide decomposition, we doped a small amount of the test compounds into the hexyl
sulfide/SCW mixture. In particular, our aim was that the test compounds interact with the same radical
pool experienced by hexyl sulfide decomposition intermediates, since the composition of the radical pool
might influence decomposition rates and mechanisms.
To distinguish the hexyl sulfide decomposition products from the products resulting from decomposition
of the trial intermediates, we use the eight carbon equivalent of the potential intermediates with the same
functional groups (e.g. octanal) so that these will decompose into 8 and 7 carbon species which can be
distinguished from the hexyl sulfide decomposition species with 6 and 5 carbon chains. The goal is to
find whether any eight carbon species that would decompose rapidly to produce heptane and CO+CO 2 to
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get an insight into the route that di-Cm sulfide decomposition takes to make Cm-i alkanes and
CO+CO 2 . The compounds tested were aldehydes, thiols, carboxylic acids, and thiocarboxylic acids. The
experimental results are summarized in Table 3.
Table 3 Compounds with various functional groups spiked into hexyl sulfide were treated in SCW to determine its
conversion rate and selectivity towards C..1 vs C. products. The fast decomposition rate of octanal and its selectivity
towards heptane as the product make aldehydes the most likely intermediates leading to the C..i alkane product.
Matrix

Octanal

Hexyl Sulfide

-

87%

Octanethiol

Hexyl Sulfide

-

-

Octanol

Hexyl Sulfide

-

-

Octanoic Acid

Hexyl Sulfide

-

-

Thioacetic Acid

None

100%

100%

1 min

30 min

Heptane

Selectivity
Octene

Octane

100%

100%

100%

0%

0%

-

68%

16%

37%

48%

33%

30%

-

-

-

0%

-

-

-

100%

100%

Conversion
10 min 20 min

Compound

100% Acetic Acid

First, a mixture of octanal and hexyl sulfide was treated with SCW using the same procedure as the
original SCW experiment. The octanal in hexyl sulfide experiment resulted in rapid decomposition of
octanal into heptane (87% of octanal decomposed in 10 minutes, which includes a 5 min heat up time).
The fast decomposition rate combined with its selectivity towards Cm- alkane makes aldehyde a potential
fast reacting intermediate to produce the correct products. This is also supported by the our detection of
hexanal in 5 and 10 minute oil products.
Octanethiol spiked into hexyl sulfide treated with SCW showed similar trends as sulfide decomposition octanethiol decomposed into octane/octenes and heptane with SCW treatment, while without SCW it
makes only octane and octenes. A separate experiment treating pure octanethiol (with no sulfides) in
SCW resulted in octane/octenes and heptane in the liquid product and CO+CO 2 in the gas phase product,
indicating that octanethiol itself can react with water to produce heptane and CO+CO .
2
Octanol in hexyl sulfide only converted by 33% in 30 minutes. 30% of the octanol converted to heptanes
but the rest of the products were not found due to the low conversion. The slow decomposition rate of
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octanol and the lack of octanol in any of the product oil in the transient experiment show that alcohols can
be ruled out as an intermediate for the Cm- alkane formation. Therefore, hexyl sulfide reacts in a pathway
that is different from that suggested by Abraham and Klein for BPS". Although both BPS and hexyl
sulfides have the same sulfide linkage as the reaction center, the reactions that occur are expected to be
different due to the aromatic rings in BPS.
Octanoic acid in hexyl sulfide did not react in SCW in 30 minutes. Thioacetic acid was used as a model
compound with a thiocarboxylic acid functional group since thiocarboxylic acids with longer carbon
chains are not commercially available. Also, the compound was tested without any sulfide since its peak
would overlap with the sulfide pyrolysis product peaks in our GC. Thoiacetic acid rapidly converted into
acetic acid and H2 S in SCW and the resulting carboxylic acid was shown to be stable under these
conditions. Since neither the carboxylic acid nor the thiocarboxylic acid is detected as products from alkyl
sulfide decomposition in SCW, these intermediates are ruled out.
The decomposition of octanal and octanethiol both yield CO+CO 2 and Cm-1 alkane in SCW treatment.
Hexanethiol (the 6 carbon equivalent) is one of the alkyl sulfide decomposition products detected after
SCW treatment. However, the CmI alkane is only a minor (~10%) product from thiol decomposition,
-90% of the thiol decomposes to Cm species instead, so pathways via thiol while undoubtedly
contributing, are not nearly sufficient to explain the high (-40%) observed yield of Cm- alkane from alkyl
sulfides (Figure 28).
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Figure 28 Product Distribution of Octanethiol Decomposition

From all these studies, the only viable major decomposition pathway leading to pentane + CO from hexyl
sulfide is via a hexanal intermediate, which rapidly breaks down to pentane and CO. A secondary
pathway involves sulfide conversion to hexanethiol, which in turn slowly converts to pentane and CO.
For both the hexanal and hexanethiol routes, the decomposition involves water as a reactant to form CO.
We propose that even when the mechanism involves a thiol intermediate, the actual species reacting with
H 20 is a thioaldeyde which will be discussed in the following section.

3.6 Proposed Mechanism
We propose a radical mechanism for hexyl sulfide decomposition followed by a series of pericyclic
reactions. As discussed in our previous work87 , a free radical is expected to attack the a hydrogen on the
hexyl sulfide. The following @ scission forms the key intermediate thioaldehyde. We propose the
thioaldehyde reacts with water to form the geminal mercaptoalcohol RCH(SH)OH. This mercaptoalcohol
loses H 2 S to form the corresponding aldehyde via a water-catalyzed reaction with a six-membered-ring
transition-state. The aldehyde then decomposes into carbon monoxide and an alkane via well-known
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radical-catalyzed reactions. The net reaction explains the unexpected formation of CO and pentane from
hexyl sulfides (Figure 29). This mechanism is supported by transition state calculations, Fig. 4.
0

CO

CHH12
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C5H

CsH 1 <O
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Figure 29 Chain reaction that produces the major products pentane, CO, hexane, and H2S from hexyl sulfide and water. Water
plays two key roles in these steps: 1) in step c, water adds to a thioaldehyde to make a geminal mercaptoalcohol, and 2) in step d,
water catalyzes the fragmentation of this geminal mercaptoalcohol into an aldehyde plus H 2S.

The first step (a) is hydrogen abstraction from the carbon adjacent to the sulfur atom, i.e., the a-hydrogen.
Abstraction of the a-hydrogen has been shown to be favored due to the relative stability of the resulting
radical species on the carbon adjacent to sulfur 9l.

P-scission of 1 makes a hexyl radical (2) which can

form hexane or hexene, and hexanethioaldehyde (3). C=S bonds are known to be unstable and react
rapidly, and on their own C=S bearing species will react rapidly with each other and polymerize92
However, in the presence of excess water as in the SCW-treated experiments (the system is 97% by mole
water), 3 reacts with water to form 4, a geminal mercaptoalcohol, which decomposes into H2S and
hexanal via a water-catalyzed mechanism (6). Reaction c [4 ;± thioaldehyde (3) + H20] and reaction d [4
9 aldehyde (6) + H2S] are sulfur homologs to the well known equilibrium between geminal diols and
aldehyde + H 20. Interestingly, only reaction d is water catalyzed (according to our quantum chemistry
calculations, water catalysis has neglible effect on reaction c). The decomposition of hexanal to pentane
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and carbon monoxide is predicted to be very fast under these radical-rich conditions, as seen in the low
barrier of TS e and TS f. Because of the entropy gain due to forming several product molecules from a
single large molecule reactant, and the large concentration of water, this partially equilibrated
endothermic reaction sequence proceeds to the right. The computed rates of the reactions are fast enough
to explain the pentane yield observed in the experiments (will be part of Caleb A. Class's thesis) and also
the overall timescale of hexyl sulfide destruction measured by Patwardhan et a187 .

3.7 Conclusions
In conclusion, Cm alkyl sulfides have been shown to react with water to form Cm-i alkanes and CO+CO .
2
Experiments with several potential intermediates suggest that the reaction proceeds via the Cm aldehyde
that breaks down into the Cm-1 alkane plus CO. Quantum calculations support this reaction path, indicating
that the Cm thioaldehyde is a key intermediate and that this species hydrolyzes via a pericyclic reaction
similar to the well-known geminal-diol to aldehyde conversion. Interestingly, the conversion of the
geminal mercaptoalcohol into aldehyde is catalyzed by water, and the hydrogen atoms needed to carry
away the sulfur as H 2S in a desulfurization process are provided by the water, rather than from H 2 gas.
Water plays two important roles in the SCW decomposition of alkyl sulfides: one as a reactant in a
hydrolysis reaction, and another as a hydrogen transfer catalyst. These two roles may also be important in
understanding reactions of other organics in SCW.
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Chapter 4 SCW Treatment of Crude Oil

The second part of my thesis is on SCW treatment of Arab Heavy crude oil. The same reactor system is
used as in the model compound study. This reactor does not have any external mixing and the phase
behavior of the mixture is not known above the critical point of water so it is not known if the system is
homogeneous. The major contribution of this part of my thesis is that it is the first application of GCxGCFID/SCD to SCW desulfurization of crude oil. Assessing reactivity of individual compounds in crude oil
is difficult due to the number of compounds that are in the mixture. GC-FID's that are typically used for
hydrocarbon analysis are insufficient to quantify individual compounds in crude oil due to peak overlap.
Two dimensional gas chromatography (GCxGC) is a powerful tool that can separate compounds by both
volatility and polarity. In addition to this two dimensional separation, we also have two detectors, FID
and SCD, in series. SCD is a sulfur specific detector which is an essential tool for understanding sulfur
chemistry in crude oil. Quantification of both the FID and SCD peaks are done by software specifically
designed for two dimensional chromatography called GC Image.
Treating crude oil in a batch reactor with no mixing is far from ideal. The experiments reported here are
preliminary to future CSTR and PFR studies that are under development in the Green Group. Due to
difficulties associated with crude oil (loading, cleaning, separating phases, and analysis), a batch reactor is
a good place to start to establish these methods.
First, Arabiain heavy crude oil was treated with SCW at three temperatures, 400*C, 450*C, and 500*C.
400"C treatment did not have much of an effect on crude oil. 500*C treatment pyrolyzed much of the oil
into small molecules (a lot of this ended up in the gas phase) while simultaneously generating coke. The
liquid oil yield was low and this fraction contained a higher sulfur content than the original crude oil. This
is similar to what happens in a coker unit which yields liquid oil/gas fractions with high H/C ratio by
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sacrificing a large fraction of carbon as coke which has a low H/C ratio. 450*C SCW treatment
successfully generated liquid oil that had a lower sulfur content without visible coke sediment as in the
500*C treatment. Interesting shifts in the sulfur species were observed in GCxGC-SCD analysis of the
450*C treated product oil: a shift of sulfur compounds from heavy molecular weight to lower molecular
weight. This motivated treatment of heavy and light fractions of crude oil separately to see the shift in
sulfur compounds more clearly. This fractionation was done by vacuum distillation. The distillate (light
fraction) and bottoms (heavy fraction) were treated in SCW at 450*C. SCW treatment of the distillate
fraction resulted in negligible reduction in total sulfur but there was a shift in the alkylthiophenic
compound distribution. The lack of overall desulfurization was anticipated since this fraction contains
mostly short-alkyl thiophenic compounds (mostly benzothiophenes) and SCW is not effective in breaking
thiophenic rings. SCW treatment of the bottoms fraction had a significant effect. There was 17%
reduction in total sulfur measured by XRF. However, the total sulfur detected in GCxGC-SCD doubled
after treatment, indicating cracking of sulfur containing compounds from the heaviest component of crude
that is beyond the volatility range of the GC's, forming lighter sulfur compounds by GC. Also, there was
a shift in the distribution of the alkyl chain length of alkylbenzothiophenes and alkyldibenzothiophenes.
There was cracking of the alkyl chains on the BT's and DBT's. These effects of SCW treatment becomes
clearer with group type quantification of individual BT and DBT compounds. The extent of cracking of
alkyl chains on aromatic rings and the effect of SCW on this cracking was tested in the next series of
experiments.
Alkylated thiophenes and benzenes were treated with and without SCW in the last series of experiments.
The compounds tested were hexylbenzene and 3-hexylthiophene. The major products were methyl- and
ethyl- aromatics. These are the predicted products of alkylaromatic pyrolysis. There was no significant
difference between SCW treated and neat pyrolysis (non SCW) products in the products measured using
GC. However, the products clearly had different color for hexylbenzene and 3-hexylthiophene with and
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without SCW. This is similar to the results of hexyl sulfide experiments discussed in the previous chapter
and suggests coke suppression effects by the presence of SCW during pyrolysis.

4.1 GCxGC-FID/SCD Setup and Analysis
Two dimensional GC's (GCxGC) is capable of separating compounds in complex mixtures by both
volatility (as in typical GC's) and by polarity. Two columns with differen t stationary phases are
connected in series in a GCxGC. The key component of the two dimensional GC is the modulator (Figure
30). This component uses two air jets (one cooled by liquid nitrogen and other heated) that work in
tandem to trap segments of effluent from the first column which separates compounds by volatility and
shoot it instantaneously into the secondary column which can separate compounds by polarity. The
GCxGC system is purchased from Leco. The GC itself is an Agilent 7890. The primary column is a RXi5HT column, 30 m length.250 ptm ID, 0.25 pm film thickness. The secondary column is a RXi-17SIL MS
0.15mmID, 0.15pum. About 2m of this column is in the secondary oven. A typical modulation time is 5
seconds. An Agilent FID adapter is installed so that the effluent from the GC is analyzed by FID and SCD
in series.

Diagram of a GCxGC instrument
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Agilent 355 sulfur chemiluminescence detector (SCD) is used for sulfur specific detection. The system
consists of three main parts: a dual plasma (DP) burner, a dual plasma (DP) controller, and the detector.
The detected signal is the chemiluminescence (light-producing reaction) from the reaction of ozone with
sulfur monoxide (SO) produced from combustion of sulfur compounds in the effluent.
Sulfur Compound (analyte)

SO + 0 3

--

_>SO2 + 02

SO + H2 0 + other products

+ hv (<300-400 nm)

Typically, the first reaction occurs mainly in the DP burner. However, since the SCD takes effluent from
the FID, the sulfur compounds are already oxidized in when entering the DP burner. Therefore no air is
fed into the DP burner (the air inlet is plugged). The second reaction occurs in the detector which contains
the ozone generator. The flow of H2 and air is controlled by the DP controller. One thing to note that is
not in any manual is that the flow rate of H2 and air must be adjusted to 40 sccm and 5-10 sccm on this
controller to produce sufficient signal. This is because there is already sufficient air (oxidant) supplied via
the FID. Also, it is very important that you do not have just hydrogen flowing in the DP burner. The
ceramic tubes in the burner get damaged by hydrogen poisoning without air (which happens often since
air is consumed much more rapidly than H2 ). Replacing the ceramic tubing is expensive and time
consuming so keep an eye on the air cylinder pressure at all times.
The quantification of both FID and SCD signals are done by the software GC Image developed by Zoex
corp. This software typically takes raw data as "peg" files, but if collecting both FID and SCD, the Leco
data acquisition software is incapable of exporting both signal I (SI) and signal 2 (FID) as independent
files. The raw data (time vs signal) can be exported separately as csv files from the Leco software (right
click on reconstructed 2D plot and export) and these files can be imported into GC Image. The GC Image
license must be renewed every year on October 30 for $1000. An activation code will be sent and the
same wibu key can still be used.
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The analysis of SCD is made easy by the fact that the signal per sulfur atom is independent of the identity
of the compound. A plot of mass sulfur versus signal volume of known calibration mixtures with various
sulfur compounds is fairly linear (Figure 31). The mixture contains sulfides, thiophenes, disulfides, and 3chlorothiophene, covering a range of sulfur containing compounds. For all the sulfur quantification with
GCxGC-SCD reported here, the volume of the sulfur peak relative to the volume of the peak of 3chlorothiophene which is spiked into each GC sample is assumed to be the ratio of the amount of sulfur.
The two dimensional retention time of 3-chlorothiophene does not overlap with most other compounds
typically in fuel so it is a convenient internal standard.

SCD Calibration
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Figure 31 SCD Calibration Curve

4.2 GCxGC-FID/SCD Analysis of Crude Oil
Arabian heavy crude oil shipped from Saudi Aramco in Dhahran was analyzed by GCxGC-FID/SCD. The
GCxGC-FID chromatogram is shown in Figure 32. Each streak is a different compound group. The
second dimension retention time (RT) is a measure of aromaticity: the longer the RT, the more aromatic
rings the compounds contain. GCxGC-FID chromatogram shows the major component of crude oil is
paraffins (Figure 32). Of the paraffins, n-alkanes are the major peaks (pink blobs on the paraffin streak).

68

Figure 32 GCxGC-FID of Crude Oil

The GCxGC-SCD of crude oil shows that most of the sulfur compounds are aromatic and the contribution
of nonaromatic sulfur compounds (and monoaromatics, i. e. thiophenes) are minor (Figure 33).
Approximately 43% of the sulfur seen in this GCxGC-SCD is contained in benzothiophenes and 31% in
dibenzothiophenes. The amount of sulfur in 4+ ring thiophenes and non-aromatic + thiophene rings are
approximately 12% and 8% respectively. Now, when the total sulfur is added up for the GCxGC-SCD
plot, only 1 wt% sulfur is detected in the chromatogram. This is because only volatile compounds are
detected by GC. The heaviest eluting compound is C32H66 which has a boiling point of 467*C (Figure 34).
Presumably the compounds with higher boiling points remain in the GC inlet as liquids. Indeed, when the
GC inlet liner is taken out, there are spots of crude oil that remained without ever volatilizing and entering
the GC column (Figure 35). Since the total sulfur content of the crude oil is 3.0 wt% (measured by XRF
with mineral oil as a solvent), only 1/3 of the sulfur is seen by GCxGC-SCD.

Figure 33 GCxGC-SCD of Crude Oil
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Figure 35 Inlet liner after multiple crude injection

4.3 SCW Treatment of Crude Oil at 400*C, 450*C, and 500*C
Crude oil was treated in the batch reactor at three different temperatures: 400*C, 450*C, and 500*C. 1 g of
crude oil was loaded into the reactor with 3.5 g of water. Most of the procedure is described in chapter 3.
The product usually comes out as an emulsion of oil and water and so the mixture is demulsified by
ASTM method (D 1796-04). The demulsifier and the procedure can be found in the lab. Crude oil
obviously needs a more rigorous cleaning method than that of the model compound study. After
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collecting the product from the reactor, the reactor is cleaned vigorously with a brush until the cleaning
solvent comes out close to clear. The reactor is then cleaned with a mixture of toluene and water in
supercritical conditions (by loading this mixture and heating at 400*C) multiple times until the solution
comes out clear. Typically, it takes 2-3 cleaning cycles (dumping the mixture every time) for the reactor
to become "clean".
SCW Treatment of Crude Oil at 4000 C
First, crude oil was treated in SCW at 400*C for 30 minutes. Both GCxGC-FID and GCxGC-SCD
chromatogram looks identical to those of the original crude oil (Figure 36 and Figure 37). The sulfur
content measured by XRF showed negligible difference after SCW treatment. Therefore, a higher
temperature was used for SCW treatment of crude oil.

Figure 36 GCxGC-FID of Crude Oil Treated with SCW at 400*C

Figure 37 GCxGC-SCD of Crude Oil Treated with SCW 400'C
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SCW Treatment of Crude Oil at 450*C
SCW treatment of crude oil at 450*C for 30 minutes was effective in cracking hydrocarbons and reducing
the amount of sulfur in crude oil. GCxGC-FID of the product shows that there is significant amount of
increase in the light hydrocarbons and loss of high molecular weight species (Figure 38). GCxGC-SCD of
the product similarly shows that the amount of lower molecular weight sulfur compounds has increased
(Figure 39). The total sulfur (measured by XRF) of the product organic liquid phase is now 2.3 wt%, a
23% reduction in total sulfur from the original 3.0 wt% in the crude. However, the total sulfur that is
detected in GCxGC-SCD is now I.5wt%. This is a 50% increase from the 1.0 wt%S that was seen in the
GCxGC-SCD of the original crude oil. This shows that there is some amount of sulfur (1.5 - 1.0 = 0.5
wt%) that transferred from the non-volatile portion of the crude (the portion that was not going through
the column) to the volatile portion of crude that can now be seen in GCxGC-SCD. Simultaneously, there
is some cracking of the alkyl chains of the thiophenic compounds contributing to the decrease in higher
molecular weight thiophenic compounds and an increase in the lower molecular weight alkyl BT's and
alkyl DBT's in the GCxGC-SCD. SCW treatment does not seem to be effective in breaking thiophenic
ring which would result in sulfur content reduction from oil.

Figure 38 GCxGC-FID of Crude Oil Treated with SCW at 450*C
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Figure 39 GCxGC-SCD of Crude Oil Treated with SCW at 450*C

SCW Treatment of Crude Oil at 500*C
SCW treatment of crude oil at 500*C showed a lot of cracking (the head space pressure increased
significantly) and coke formation. The amount of coke could not be quantified, but coke sediment was
observed upon centrifugation of the product mixture (Figure 42). There was a small amount of oil that
was collected and analyzed. The chromatograms of the oil product also show that there was significant
cracking. GCxGC-FID and SCD show that we are left with lower molecular weight alkanes and aromatics
and sulfur compounds. The total sulfur in the liquid phase organic product is approximately 4.9 wt%
(approximate since this measurement was done prior to XRF calibration and with toluene as solvent).
There was significant gas production. The gas phase product is approximately 17% methane, 11% ethane,
5% propane, 4% butane/butene in helium. The amount of gas produced is about an order of magnitude
larger for the 500*C treatment compared to the 450*C treatment (Figure 43).

Figure 40 GCxGC-FID of Crude Oil Treated with SCW at 500*C
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Figure 41 GCxGC-SCD of Crude Oil Treated with SCW at 500*C

Figure 42 Product of Crude Oil Treated with SCW at 500*C (Post Centrifuge)
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Conclusions from SCW Treatment of Crude Oil
The results from section 4.3 showed that SCW treatment is effective in decreasing the total sulfur content
in the liquid phase at 450*C. 400*C treatment had negligible effect. 500*C treatment for 30 minutes
generated heavily pyrolyzed products (gas and smaller molecular weight compounds) and coke. The
liquid oil yield was low and the sulfur content of this oil was higher than the original crude oil. Therefore,
only the 450*C case is considered in the rest of this chapter.
The results of the 450*C experiment showed that the amount of sulfur in the volatility range of the GC
increased after SCW treatment, i. e. some of the very heavy sulfur containing species are cracking,
yielding lighter sulfur containing species. Also, distribution of the amount of alkylaromatics with long
chains decreased, indicating cracking of these side chains. This motivated distillation of crude oil to treat
the fractions separately.
The three hypotheses of reactions that occur during SCW treatment are:
1)

Alkyl chains on aromatic rings pyrolyze, forming shorter chain aromatics.

2)

Thiophenic rings themselves are not broken (desulfurized) in the treatment.

3)

Thiophenic compounds are cleaving off from the "heavy fraction" (the fraction that is beyond the
volatility range of the GC's) and forming smaller thiophenic compounds that fall in the volatility
range of the GC

To observe these effects more clearly, distillation of crude oil is performed so that the "light fraction" and
the "heavy fraction" can be treated separately. The prediction is that not much reaction happens in the
light fraction except for alkyl chain cleavage since SCW treatment probably does not break aromatic rings
themselves. With the heavy fraction, the prediction is that first of all, most of the sulfur would not be
observed in the GCxGC-SCD volatility range. In fact, few species of any kind should be observable.
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After SCW treatment, the amount of sulfur observed in GCxGC-SCD should increase similar to the
450*C treated crude.

4.4 Crude Oil Distillation
The vacuum distillation setup is shown in Figure 44. The round bottom flask on the left initially contains
the crude oil. The bottle is on a heating mantle and covered with glass wool for insulation. Helium is
blown into the crude oil at a very low pressure in order to prevent sudden bubbling of the crude oil (this
happened a few times). The entire system is under vacuum. Unfortunately the pressure was not measured
during the distillation. The distillate is initially collected in the erlenmeyer flask immersed in an ice water
bath. The most volatile fraction is collected in the cold trap which is cooled in liquid nitrogen. The cold
trap is more to protect the pump than for fraction collection. Once the temperature in the round bottom
flask reaches 320*C, the heating mantle is turned off and the entire system is cooled down.
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Figure 44 Vacuum Distillation Setup for Crude Oil

The bottoms (what is left in the round bottom flask after distillation process) is a thick viscous wax. 65%
of the original crude oil mass is left in this fraction (Figure 45 Fractions Collected from Crude Oil
Vacuum Distillation). The total sulfur of this fraction was 4.6 wt% measured by XRF. 31 wt% of the
original crude oil mass ended up in the distillate fraction and its sulfur content was 0.6 wt%. This fraction
is a clear brownish yellow liquid. 2 wt% of the original crude oil mass was collected in the cold trap.
This
fraction has no sulfur to our detection limit. 98% of the total mass was collected in the system, and the
total sulfur adds up to 3.1 wt%, within our 0.1% error bar of the 3.0 wt% sulfur of the original crude oil
so both mass balance and sulfur balance is satisfactorily achieved.
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Figure 45 Fractions Collected from Crude Oil Vacuum Distillation

The GCxGC-FID/SCD chromatograms of the distillate fraction are shown in Figure 46 and Figure 47.
The total sulfur detected in GCxGC-SCD is 0.54 wt% which is within error of the total sulfur content of
this fraction measured by XRF (0.6 wt%S). Comparing Figure 46 and Figure 47 with the original crude
(Figure 32 and Figure 33), one can see the distillation partially cut out species with x-axis RT >55 min,
and no species with RT > 65 min are detectable.

Figure 46 GCxGC-FID of Crude Oil Distillate Fraction

Figure 47 GCxGC-SCD of Crude Oil Distillate Fraction
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The GCxGC-FID/SCD chromatograms of the crude oil bottoms fraction is shown in Figure 48 and Figure
49. Note that the there is some overlap between the distillate fraction and the bottoms fraction for x-axis
RT from 30-65 min. With a one stage vacuum distillation, a clear cut could not be obtained. The total
sulfur detected by GCxGC-SCD in this fraction was 1.3 wt%. The total sulfur of this fraction measured
by XRF is 4.6 wt% so most of the sulfur in this fraction is in molecules too heavy o pass through the
GCxGC.

Figure 48 GCxGC-FID of Crude Oil Bottoms Fraction

Figure 49 GCxGC-SCD of Crude Oil Bottoms Fraction

4.5 SCW Treatment of Distillation Fractions
450*C treatment of the distillate fraction in SCW had only a small effect. The total sulfur detected by
GCxGC-SCD after treatment is 0.52 wt%, i.e. the same as the untreated distillate to within our
measurement uncertainty. There is a slight shift towards the left (higher volatility) on the non-aromatic
sulfur compound + thiophenic compound streak but otherwise, the chromatograms look identical to the
original distillate fraction (Figure 50 and Figure 51). However, careful analysis and quantification of the
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peak volumes of BT and DBT's show that there is a slight shift in the molecular weights within these
streaks. This will be discussed in section 4.6.

Figure 50 GCxGC-FID of Distillate Fraction treated in SCW at 450*C

Figure 51GCxGC-SCD of Distillate Fraction Treated in SCW at 450*C

450*C treatment of the bottoms fraction gave very interesting results. In the GCxGC-FID chromatogram,
many light compounds were observed that did not exist in the original bottoms fraction (Figure 52). There
is clearly significant cracking and generation of light hydrocarbons occurring during the SCW treatment.
GCxGC-SCD also shows emergence of light compounds that were not observed in the original bottoms
fraction (Figure 53). The BT's and DBT's are concentrated in the short alkyl range and there is an
emergence of light non-aromatic and thiophenic compounds. The total sulfur that is detected by GCxGCSCD is 2.6 wt%, which is double that measured by GCxGC-SCD of the original bottoms fraction. The
total sulfur measured by XRF, on the other hand, decreased from 4.6 wt% to 3.8 wt%. A more detailed
analysis is done in the next section.
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Figure 52 GCxGC-FID of Bottoms Fraction treated in SCW at 450*C

Figure 53 GCxGC-SCD of Bottoms Fraction Treated in SCW at 450*C

4.6 Group Type Quantification of GCxGC-SCD Peaks
The benzothiophene (BT) and dibenzothiophene (DBT) peaks of GCxGC-SCD chromatograms are
grouped by molecular weight (number of carbons in the alkyl substituents on the rings) and quantified.
Comparison of the quantities of each groups for crude, distillate, and bottoms before and after SCW
treatment clarifies the effects of the treatment.
Crude Oil Group Type Quantification before and after SCW Treatment at 450*C
The BT and DBT peaks can be grouped by molecular weight by drawing a polygon around segregated
groups of peaks within the BT and DBT streaks as shown in Figure 54. Grouping these compounds are
relatively easy for CO-C4 BT's and CO-C2 DBT's (the numbers indicate the number of carbons on the
substituents) but as these aromatic rings become more heavily alkylated, the number of isomers increase
and the grouping becomes more difficult. The BT's are grouped up to 7 carbon alkyl groups and the
DBT's up to 4 carbon alkyl groups. Compounds more heavily alkylated are grouped together as C8+ BT's
and C5+ DBT's.
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Figure 54 Group Type Separation of BT and DBT Peaks for Crude and SCW Treated Crude Oil

The quantities of each group in Figure 55 show that there is a significant decrease in C8+ BT's but
increase in CO-C7 BTs after SCW treatment. This suggests that there is a shift in BT's from heavy to light
due to reaction in the alkyl chains of the C8+ BT's. However, this does not explain the increase in total
amount of BT (Table 4). This again is due to cracking of alkylated BT's from the heavy non-volatile
compounds contained in crude oil.
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Figure 55 Sulfur Content of Each BT and DBT Groups of Crude Oil before and after SCW Treatment
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Table 4 Sulfur Content in Different Sulfur Groups and Total Sulfur Measured by XRF
for Crude Oil Before and After SCW Treatment

Group
Thiophene + Sulfides
BT's
DBT's
4+ Thiophenes
Total

Crude
0.08%
0.42%
0.31%
0.12%
0.99%

Crude SCW30
0.15%
0.63%
0.47%
0.27%
1.54%

XRF Total Sulfur

3.0%

2.3 wt%

Crude Oil Distillate Group Type Quantification before and after SCW Treatment at 450*C
BT and DBT peaks are grouped in a similar manner for distillates. The DBT's are only grouped to up to
C4 DBT due to the rapidly fading peaks after C3-DBT's. The GCxGC-SCD chromatograms in Figure 56
does not show much apparent difference (except for in the thiophene + non-aromatic sulfur compound
streaks). However, quantification of these groups shows a clear shift in the molecular weight of these
thiophenic compounds.

Figure 56 Group Type Separation of BT and DBT Peaks for Crude Distillate and SCW Treated Crude Oil Distillate
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In Figure 57, there is a decrease in C6+ BT's and increase in CO-C5 BT's. The total amount of BT's
remain constant (Table 5) unlike the whole crude oil SCW treatment. This indicates that there is cracking
in the alkyl chains of C6+ benzothiophenes, shifting BT peaks to lower molecular weight BT's but no
increase in the total amount of BT's due to the lack of the heavy fractions that are present in whole crude.
The amount of DBT increased slightly for all molecular weights, meaning there was generation of DBT's.
In section 4.7, it is shown that BT's and DBT's can be generated from long chain thiophenes. Generation
of DBT's from alkylthiophenes and possibly sulfides (thiophenes were generated in small quantities in
hexyl sulfide experiments from chapter 3) is a possible explanation for the increase in DBT's.
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5 Sulfur Content in Different Sulfur Groups and Total Sulfur Measured by XRF
for Crude Oil Distillate Before and After SCW Treatment
Group
Thiophene +Sulfides
BT's
DBT's
4+ Thiophenes
Total

Distillate
0.16%
0.33%
0.06%
0.00%
0.55%

Distillate SCW30
0.09%
0.35%
0.08%
0.00%
0.52%

XRF Total Sulfur

0.60 wt%

0.51 wt%
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Crude Oil Bottoms Group Type Quantification before and after SCW Treatment at 4500 C
BT and DBT peaks in GCxGC-SCD of the crude bottoms and its SCW treated product are grouped
similarly to that of whole crude (Figure 58). The change in the sulfur compound distribution is more
dramatic for the bottoms fraction than for whole crude. There is a dramatic decrease in C8+ BT's while
there is an increase in C2-C7 BT's. At glance, similar trend seems to be observed in the DBT's - a shift
from C5+ DBT's to CO-C4 DBT. However, quantification of the peaks shows that this is not actually the
case.

Figure 58 Group Type Separation of BT and DBT Peaks for Crude Bottoms and SCW Treated Crude Oil Bottoms

Group type quantification shows that indeed there is a decrease in the amount of C8+ BT's and a dramatic
increase in CI-C7 BT's. The increase in these compounds is much larger than the decrease in C8+ BT's
and the total amount of BT's increased by 70% confirming the fact that there are BT's appearing in the
volatile range (volatile enough to elute in GC's) from cracking of heavy fractions in the bottoms mixture.
For DBT, although there is a net increase in total DBT, there is also a slight increase in C5+ DBT's. This
is not consistent with the shift in DBT peaks in whole crude after SCW treatment. A possible explanation
for the lack of decrease of C5+ DBT's is that because the distillate range compounds that contain some
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sulfides (and other possible radical reaction initiators) are absent in the bottoms fraction, the alkyl DBT's
are not as reactive as they are in whole crude.
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Table 6 Sulfur Content

in Different Sulfur Groups and Total Sulfur Measured by XRF

for Crude Oil Bottoms Before and After SCW Treatment
Group
Thiophene + Sulfides
BT's
DBT's
4+ Thiophenes
Total

Bottoms

Bottoms SCW30

0.08%

0.21%

0.48%

0.82%

0.43%
0.25%

0.70%
0.77%

1.28%

2.53%

XRF Total Sulfur

4.6%

3.8 wt%

4.7 SCW treatment of Hexylarenes
So far, all the crude oil experiments have been done in SCW. A control experiment with no water

(pyrolysis of crude oil) would make sense, but this would most likely lead to coking. In order to test the
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reactivity of alkyl chains on aromatic rings and the effect of SCW on it, a few model compound
experiments are performed. One of the hypotheses of the effect of SCW on crude oil is that it assists in
the reactions of the alkyl chains on aromatic rings. The disappearance of the long chain aromatics was
observed in the SCW treatment of crude and the crude bottoms fraction. The following experiments test if
the reactivity of some model alkylarenes is different between SCW treatment versus neat pyrolysis. The
compounds tested are 3-hexylthiophene and hexylbenzene. To assist in the decomposition and to simulate
similar conditions to crude oil experiments where sulfides are decomposing, ethyl sulfides are added to
the alkylarene. The mixure is 10:1:1 by mol of alkylarene, ethyl sulfide, and naphthalene. I g of this
mixture is loaded with 3.5 grams of water. The amount of the mixture is varied slightly in order to keep
the number of mols in the reactor constant rather than the total mass. The reaction was run at 450*C for 30
min.
There was not much difference in the major products observed in GC-FID analysis between the SCW
treatment and neat pyrolysis. Both compounds had the methyl-arene and ethyl-arene as major products.
There is some vinyl-arene. These are the predicted products from a series of Savage's studies in the 90's
on alkylarene pyrolysis. The identified peaks are quantified (Table 7). The vinylthiophene could not be
quantified since a pure standard cannot be obtained. The columns with "-" are peaks that are below the
detection limit of the GC-FID. The number of rings add up to 70-80% of the original number of the
aromatic rings. The rest of the rings likely ended up in heavy compounds that are not detectable in the GC.
The presence of these heavy compounds is evident from the color of the product oil. There are trace
amounts of alkylated benzothiophenes and dibenzothiophenes formed in the hexylthiophene experiment
products. Since each peak is small due to the number of isomers on the alkyl chains, these compounds
could not be quantified. Ethyl sulfides that were spiked into the reactant mixture reacted completely in all
the experiments.
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Although not much difference is observed in the GC-FID, the neat pyrolysis products have a darker color
than the SCW treated product for both hexylbenzene and 3-hexylbenzene. This suggests coke suppression
effect by the presence of SCW. Vinylarenes are known to polymerize and the missing 20-30% of the rings
could be ending up as polymers (coke) as observed in the color of the products. There is also the potential
of forming polythiophenes. Polythiophenes are polymerized thiophenes that are electrically conductive
due to the conjugated n-orbitals. The formation of polymers or oligomers from these thiophenic
compounds is beyond the scope of this study. However, the effect that water has on the size of these polythiophenic compounds may be key to the coke-suppression effect of SCW.

Figure 60 Hexylbenzene Treated with (left) and without (right) SCW

Figure 61 3-Hexylthiophene Treated with (left) and without (right) SCW
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Table 7 Product Yield (Mol Compound/ Initial Mol of Hexylarene)

Species
Toluene
Ethylbenzene
Styrene
Isopropylbenzene
Propylbenzene
Butylbenzene
Hexylbenzene
Sum

Hexylbenzene
Na
SW
SCW
0.44
0.17
0.02
0.03
0.12
0.79

Neat
0.38
0.13
0.02
0.03
0.15
0.71

.i

Species
3-Methylthiophene
3-Ethylthiophene
3-Vinylthiophene
3-isopropylthiophene
3-Propylthiophene
3-Butylthiophene
3-Hexylthiophene
Sum

3-Hexylthiophene
Na
SW
Neat
SCW
0.30
0.29
0.14
0.10
0.00
0.01
0.02
-

-

0.26
0.68

0.25
0.69

4.8 Conclusions
GCxGC-FID/SCD provided a lot of information on the product distribution of SCW treated crude oil.
450*C seems to be a good temperature to investigate SCW treatment of crude oil at. SCW treatment at
this temperature has two effects: 1) it cracks alkyl chains on aromatic rings (BT's, DBT's) and turns them
into lighter alkylarenes 2) it cracks off thiophenic compounds from the heaviest fractions of crude (that is
beyond the volatility range of the GC's) and increases the fraction of lower molecular weight thiophenic
compounds.
Unfortunately, these experiments did not directly elucidate what SCW is doing. Pyrolysis observed in all
the experiments occurs in heat treatment of crude oil. However, as in delayed cokers, treating crude oil at
these high temperatures will certainly form a significant amount of coke. This was somewhat observed in
the 500*C experiment. The advantage of using SCW for this high temperature treatment is that it
pyrolyzes heavy compounds without rejecting carbon as coke. The mechanism by which this happens is
still not clear. The difference in color of the model compound studies between SCW treatment and neat
pyroysis is an indication of the effect of SCW. Analysis of the really heavy fraction that cannot be
analyzed by the GC's would add a lot of information to the effect of SCW on crude oil thermal treatment.
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This combined with modeling work to capture the effect of SCW in coke suppression will be a good
contribution to the SCW desulfurization community.
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Chapter 5 Summary and Conclusions

As light crude oil with low sulfur content become depleted, heavier high-sulfur oils need to be utilized to
keep up with the ever increasing energy demand. Supercritical water (SCW) desulfurization is a novel
desulfurization method that has been investigated worldwide for the last few decades. There were
numerous model compound studies that showed thiophenic compounds to be unreactive without catalysts
or additives (such as CO and H2 ). Reactions of a variety of other compounds in SCW were investigated
but with limited understanding of the reaction mechanism. Specifically, the role of water in reactions of
sulfur compounds was unclear. At the same time, work on real fuel mixtures such as crude oil, bitumen,
and asphaltenes showed changes in bulk properties (sulfur reduction, decrease in density and viscosity)
that resulted in upgrading. However, the specific reactions that take place in these complex hydrocarbon
mixtures were unclear.
In the model compound study, alkyl sulfide decomposition was investigated with detailed analysis of the
products in both the oil and gas phase. This effort resulted in finding the unexpected reaction of hexyl
sulfide decomposing into pentane and CO+CO 2. This conclusively showed that water is a reactant during
the decomposition of this sulfur compound. Intermediate studies showed that a possible pathway is
through hexanal which can form and rapidly decompose into pentane and CO. The mechanism involves
radical reactions and pericyclic reactions that were not previously proposed. The key reaction step is the
reaction of a thioaldehyde (which can be formed through 0 scission of the sulfide radical with a radical on
the carbon adjacent to sulfur) with water to form a geminal mercaptoalcohol. This converts into an
aldehyde losing H2S along the way. This reaction not only has important implications to sulfur compound
reactions in SCW desulfurization, but it can also be applied to other fields that involve sulfur chemistry.
In the field of geochemistry, water and the presence of sulfur compounds seem to have an important role
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in petroleum formation - the understanding of chemical reactions obtained through this work may be
helpful in these and other related fields.
In the second half of the thesis, SCW treatment of crude oil was studied. Crude oil was treated in SCW at
three different temperatures for 30 minutes. 400*C treatment did not have much of an effect, and 500"C
treatment resulted in significant cracking with little liquid oil yield and a lot of gas. 450*C was found to
be the best temperature among the three for SCW treatment of oil with reduction in total sulfur of crude
oil and no visible coke formation. Analysis with GCxGC-FID/SCD showed that there are two effects of
SCW treatment: 1) cracking of alkyl chains on benzothiophenes (BTs) and dibenzothiophenes (DBTs)
resulting in a shift of the molecular weights of these thiophenic compounds from heavy to light, and 2)
significant cracking in the heavy fractions of crude oil (compounds too heavy to be analyzed by GCs) into
smaller sulfur compounds, resulting in an increase in BTs and DBTs. SCW treatment was shown to be
ineffective at breaking thiophenic rings that would result in total desulfurization. These effects were made
clearer by distilling the crude oil and treating the distillate and bottom fractions individually with SCW.
Analysis with GCxGC-SCD gave insight into the effect of SCW treatment at a molecular level.
The work presented in this thesis contributed to a better understanding of sulfur chemistry in SCW
desulfurization. Water was shown to react during alkyl sulfide decomposition with a detailed proposed
mechanism involving radical and pericyclic reactions that are supported by intermediate studies and
quantum chemical calculations that were performed by another PhD student. Use of GCxGC-FID/SCD
shed light into the reactions that take place in the SCW treatment of Arabian Heavy crude. This thesis
elucidated molecular level reactions that take place during SCW treatment.
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Chapter 6 Recommendations

All the experiments in my thesis were done in batch reactors. Although this was sufficient for product
identification and carbon balance in the hexyl sulfide studies and to generate some preliminary results for
SCW treatment of crude oil, it is not a good setup to obtain kinetic data. The heat up time is of the same
time scale as the reaction time and the lack of mixing can lead to transport effects on the observed rate of
reaction. Since kinetic modeling is a large part of the project, continuous methods (CSTR or PFR) should
be established to provide accurate experimental kinetic data.
Some work on crude oil was presented in chapter 5. Analysis with GCxGC-FID/SCD was established
through this work and some preliminary work was presented using the batch reactor. However, the extent
of desulfurization of the crude oil is different from that reported in the literature. There are wide
variations in the reaction conditions between work presented here and those employed in the literature,
but the two key variables are: 1) continuous flow reactors (PFR and CSTR) have good mixing between
water and hydrocarbons (assuming flow in PFR is turbulent) compared to batch reactors 2) some
literature heated water above critical point prior to mixing which may enhance the mixing between water
and hydrocarbons. The effect of these two factors cannot be investigated in a batch reactor. For future
work on both model compounds and crude oil, establishing continuous reactor methods is crucial.
There is much work that needs to be done in the alkylarene work that was started. SCW did not seem to
have much of an effect on the product distribution and pyrolysis rate of the model compounds. However,
the appearance of the products were different between the SCW treated and neat pyrolysis products. This
is worthy of further investigation but may require some effort since heavy hydrocarbons are difficult to
analyze. There are a few different directions this work can take that are independent of the main focus of
the project. This is discussed in section 6.3.
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6.1 Reactors
The batch reactor experiments have three major limitations:
1)

No external mixing

2) Significant heat up time.
3) Loss of product on reactor walls
For the model compound studies with relatively volatile compounds, the reactants are in one single phase
if above the upper critical solution temperature (UCST) or are mostly in vapor phase. Under these
conditions, we can assume the reactants are well mixed. However, for heavier more complex mixtures
such as in the crude oil experiments, the lack of external mixing can be a major problem. In the batch
reactor, you start with water in the bottom of the reactor and the oil on top of it. If you shake the reactor
(or shake the mixture before loading the reactor), the crude oil and water forms a tight emulsion. However,
once the reactor is immersed in the sand bath, the transport behavior of the various compounds with
different volatilities is unclear. From the pressure profile in the reactor, the heat up is not instantaneous. It
takes about 5-8 minutes for the reactor pressure to reach a semi-plateau (usually not a flat plateau since
the pressure increases throughout the reaction due to the pyrolysis reactions). With vigorous mixing such
as in a stirred tank reactor where the crude oil becomes dispersed in to small droplets or in a tubular
reactor in turbulent regime, molecules that are volatile or soluble enough in water can be assumed to be
completely mixed with water. In such case, transport can be disregarded in understanding reaction rates.
This is where the collaboration between the Green Group and Ghoniem Group becomes important. If
transport plays an important role in the observed reaction rates, the modeling work done in the Green
Group which does not take into consideration transport, can lead to wrong conclusions.
The loss of product on reactor walls is a major problem in establishing mass balance. In a typical batch
reactor run, about 0.3-0.5 gram of mass is lost on reactor walls. This is a significant amount for the I
gram of organic reactant + 3.5 gram of water used in our reactions. In order to establish mass balance,

95

naphthalene was used as an internal standard for model compound studies. However, this method
becomes difficult when dealing with crude oil since naphthalene is one of the components in the oil.
Therefore, accurate measurements of the flow rates into a continuous reactor (PRF or CSTR) with steady
state product collection are crucial when an internal standard method cannot be used. A CSTR method
has already been established for model compounds in Dr. Patwardhan's work. Kinetic data obtained in
this CSTR or PFR being developed by Dr. Carr should be used for the modeling work rather than data
obtained from batch reactor experiments.

6.2 Analytical
For the model compound studies, the inert compounds in gas phase products were analyzed in a GC-TCD
in the Roman Group. The compounds of interest were CO, CO 2, and H2 S. The detection of these
compounds in the TCD was only possible because of the high concentration of these compounds that
were generated in the sulfide experiments. These high concentrations are extremely dangerous and should
be avoided if possible. In the continuous reactor where the concentration of the product gas is likely going
to be small, an alternative detection method must be used. The only detector in lab that can quantify these
inert species is the MS. Currently the MS is used for liquid phase product identification. Moving forward,
the MS should be dedicated to gas phase product quantification. For gas injection into a GC for
quantification purposes, a sampling loop should be installed for gas injection. Perhaps, one of the sample
loops in the Shimadzu (that was used for SCD) can be moved to the Agilent GC with the MS installed.
For crude oil analysis, SARA fractionation with HPLC should be re-explored. A method was established
by Dr. Al-Somali a few years ago but was never utilized. This method starts with asphaltene removal
(extracting maltenes with heptane). The maltenes can be separated in the HPLC by using varying
concentrations of hexane and dichloromethane. The HPLC method is already established. This is a very
valuable tool and should be utilized for future crude oil experiments. The shift in amounts of asphaltene,
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resins, and aromatics between crude oil treatment with and without water can be investigated since SCW
seems to have an effect in reduction of these heavy fractions.

6.3 Model Compound Experiments
For kinetic measurements, model compound studies should be repeated with a CSTR or PFR. The rate of
hexyl sulfide decomposition was measured in the CSTR but the product formation was not measured due
to overlap of these compounds with hexadecane pyrolysis products. Since these continuous methods use
large quantities of product, the model compounds need to be dissolved in a solvent at low concentration.
This is better from a safety stand point since we want to avoid continuous generation of high
concentrations of H2S and CO. Finding suitable solvent may take a bit of work. If using hexyl sulfide,
toluene cannot be used since the pentane and hexane/hexene peaks would overlap with toluene. Also,
toluene is known to be a free radical trap due to the stability of benzyl radicals. Cumene may be a good
solvent since it has a later retention time than other common solvents that usually elute together with
hexane, and it is still a liquid. Anything heavier (e.g. naphthalene) that are stable are solid at room
temperature.
The alkylarene work in chapter 4 can take a few different directions. One that would be relevant to SCW
desulfurization work is the analysis of the "heavy" fraction to determine the coke suppression mechanism
of SCW. The only apparent difference between the SCW treatment and neat pyrolysis products of model
compounds is the color of the oil. Further investigation of the origin of difference in color (most likely
due to different H/C ratio or extent of polymerization) can shed some light into the effect of SCW. Apart
from SCW desulfurization application, cracking of the alkyl chains of thiophenic compounds can be
considered an extension of Savage's work on alkylarenes. Much work was done on the reactivity of alkyl
chains on various alkylarenes but none were on thiophenic compounds. A correlation was found between
Dewar number and the reactivity of the side chains of the aromatic rings. Adding thiophenic compounds
to this correlation may be interesting. Another direction this work can take is in determining the effect of

97

sulfides on pyrolysis. All of the experiments done in chapter 4 contained ethyl sulfide. Control
experiments where the sulfide is omitted should be performed to see if the sulfide is actually assisting in
the pyrolysis.

6.4 Crude Oil Experiments
The major effect of SCW treatment of crude oil is cracking heavy compounds (most likely in the
asphaltene fraction) without forming coke. Coking (delayed coking) is part of a refinery process that is
used to produce valuable liquid oil by sacrificing some carbon as coke which is practically valueless. Use
of SCW has the potential of increasing this liquid oil yield and decreasing the amount of coke formation.
Moving forward with the SCW upgrading work, the emphasis should be on how coking is prevented by
the presence of SCW. Experimentally, this can be done by working both with model compounds and
crude oil but with an established coke quantification method. This quantification requires some thought.
Batch reactor experiment is not a good method since the solid fraction may remain on the reactor walls.
Continuous methods should be used but with great caution for plugging from the coke. Perhaps with
SCW there would not be any coke formation. This should be verified by one of the continuous methods
and establishing mass balance. The mass flow in and out is measured in the continuous method so if there
is accumulation of coke products in the reactor system (possibly in the filter if not in the reactor), then this
should be apparent in the difference of the flows. If most coke becomes trapped in the filter, then a new
and pre-weighed filter should be installed before every run in order to measure the amount of coke by
post-weighing the filter with coke. Since coke is often defined as the toluene-insoluble fraction in oil,
cleaning the reactor by flowing hot toluene should not affect the amount of coke trapped in the filter. If
the amount of coke is small enough to be suspended in the product mixture without being trapped in the
filter or the inside walls of the reactor system, the amount of coke in this mixture can be measured by
filtration methods. The advantage of the continuous method is the large amount of product that can be
collected. The amount of coke can be determined by dissolving the product oil in toluene and measuring
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the insoluble fraction (coke) by filtration. The remaining oil can be analyzed by the SARA fractionation
method mentioned earlier to see if there is a shift in the SARA proportions.
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7.2 Standard Operating Procedure for Batch Reactor Experiment
Overview
This experiment involves toxic gas (H2S and CO) generation and high pressure/temperature. Extreme
caution must be taken during the procedure. The most important point to keep in mind is to always have
chemicals under ventilation. There are three ventilated spaces in the lab: the enclosure, hood 1, and hood
2. When moving from one ventilated space to another, make sure the chemicals are in a closed container.
In case of a toxic gas leak, there are two toxic detectors (H 2S and for CO) that will go off above a set
concentration. The inlets to these detectors are located in the hood but the actual detectors are near the
office door. In case the alarm goes off, stop any experiment and exit the lab immediately.
Since the reaction takes place under high pressure, there is a safety head installed at the top of the reactor.
The rupture disk inside, constructed of Inconel 625, is rated up to 1400 bar at 25'C. At a typical operating
temperature of 400'C, the burst pressure will become 90% of that at room temperature. If the rupture disk
burst, the reactor content will vent into a tubing leading to the water bath.
A method to check what the final pressure would be at the reaction temperature is to calculate the total
mols of substance that is loaded into the reactor and look up in the NIST webbook what the pressure of
water would be for the calculate density (total number of mols /

Vreaor).

Since most experiments will have

mostly water (by mol) in them, this should give you the approximate final pressure for a given
temperature.
All chemicals should be stored in the chemical cabinet or in the storage area under the two hoods.
Chemical bottles and product vials should only be open inside the two hoods (solution preparation should
be done in the analytical balance in the hood).
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All solutions and products must be labeled with a date, chemical name, and initial of the producer of the
content. These containers should be kept under ventilation.
Besides the chemical hygiene/safety training, a researcher operating the XRF must take the x-ray safety
course offered by the EHS office.

Pressure
Transducer
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He Tank

V1
V2
Vent
Satiety
Head

V3

Surge

lank
Batch
Reactor

Hea

Qunch

V4
Vacuum
Pump

Figure 66 Batch Reactor Experimental Setup

Procedure
1.

2.

Starting the fluidized sand bath
i) Start the fluidized sand bath by turning the main power switch on.
ii) Turn on the dust extraction system switch.
iii) Adjust the air flow rate to 23 by turning the knob below the flow meter.
Reactant preparation and loading
i) Make reactant solution using the analytical balance in the hood. Keep track of how much of
each reagent you put in the solution.
ii) Pre-weigh the vial+reactant, wet the pipet for accurate measurement of loaded mass, transfer
reactant into reactor body with a pipet, post-weigh vial+residual reactant
iii) Do the same for water phase if performing a SCW run. Use water from the Millipore system.
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Reactor
Body

Reactor
Head

Figure 67 Sitec Reactor Body and Head

3.

Closing the reactor
i) Assemble reactor head onto reactor body - if using HIP, use anti-seize on thread but wipe
excess anti-seize so as to not contaminate the reactor. Once the reactor section and head
section is hand-tightened, turn the reactor section relative to the head section in the clockwise
direction until it is tight.
ii) Load the reactor on the vice and tighten the reactor as hard as you can with a large wrench.
iii) Hang the reactor from the hook above the sand bath. Connect the gas inlet/outlet line to the
HIP needle valve, the pressure transducer to the other 1/8" line, and the surge tank line to the
safety head.
iv) Start the Labview Signal Express pressure signal acquisition program on the PC.
v) Make sure the valves on are at the correct position: VI is open, V2 towards helium tank, V3
towards vent.
vi) Put 300 psi helium into reactor by adjusting the He tank pressure with pressure regulator.
Close VI and switch V2 towards the vent system.
vii) See if pressure in the reactor drops at this condition by plotting the pressure trace on the pc if the pressure is dropping, use snoop to look for leaks. Continue leak checking and tightening
the Swagelok connections on the reactor until the reactor pressure is slightly increasing due to
the heat from the sand bath.
viii)
Once the reactor is leak-free, open VI and purge the head space with He a few times to
remove air. This can easily be done by switching the V2 from right to left a few times. Make
sure you allow sufficient time for the reactor head space to fill with helium.
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4.

5.

6.

7.

Fill head space of reactor with 300 psi He
i) Put the appropriate amount of He in the reactor for the starting pressure. Adjust the He
pressure by using the pressure regulator on the He cylinder and opening /closing V2. Once
the target pressure is reached, close V I and open V2 to the vent position.
Drop reactor in sand bath
i) Using the winch to your left, lower the reactor into the sand bath such that the only part that
is above the sand is the top of the safety head. Make sure the pressure transducer is not
touching the edge of the sand bath.
Quench reactor
i) After the reaction time is over, take the reactor out of the sand bath and drop in the water bath
for quenching. Move the reactor vertically by using winch on the left and horizontally by
using winch on the right.
Collect gas
i) Once the pressure in the reactor stabilizes, take the reactor out of the water bath and bring it
to the position above the sand.
ii) Stick one side of the double-needled syringe (Figure 68) into the septum of the three way
valve and the other into the septum of the gas sampling bag. Be sure to lable the bag.
iii) Remove all gas from VI up to the gas collection valve using the vacuum pump. V2 should be
switched towards V3, V3 towards V4 and switch the vacuum pump on. Close V4 before
stopping the vacuum pump.
iv) Collect gas into gas sampling bag. Open VI slowly while looking at the pressure gauge on
the gas collection valve. Be careful not to over pressurize the system since this may lead to
loss of gas.
Gas Sampling
Bag Septum

Gas Collection
Bulb Septum

Figure 68 Double Needled Syringe

8.

9.

Remove reactor from enclosure
i) Purge the head space of the reactor with helium multiple times to remove toxic gas
ii) Untighten all connections on the reactor through the arm hole on the enclosure. Cap the two
open ends as to not expose the product to the atmosphere. Pull the reactor out of the enclosure
from one of the arm holes. Carefully loosen the reactor head on the vice but move the reactor
to hood 2 as soon as it is loosened.
Liquid product collection and separation
i) Pre-weigh vial, transfer product into vial, and post-weigh the vial+product for mass recovery
calculation
ii) If the oil and water phase are not well separated, use the centrifuge to separate the two phases.
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iii) Pipet the bottom aqueous phase out (use the long pipet) into a vial. Make sure to keep track of
the mass of the aqueous phase in order to calculate the oil and aqueous phase mass recovery
separately.
iv) Pipet the remaining oil into a vial and weigh its mass.
10. Product Analysis
i) Leco GC -make a 100 to 1 solution of the oil product in carbon disulfide (CS 2) in a GC vial.
Click "Data Acquisition" and program the GC analysis runs. Use I pLL injection and the
standard GC-FID method. Make sure to have at least one blank after each run.

Figure 69 LECO GC-FID

11. Cleaning the reactor
i) Clean the reactor body using a brush with toluene at least three times. Dump the dirty toluene
into a waste bottle using a funnel.
ii) Clean the reactor body similarly but with acetone.
iii) Rinse the reactor body and brush with water a few times
iv) Clean the reactor body using a brush with 3% Alkonox solution at the sink using tap water.
Rinse thoroughly and rinse with milliQ water in the end.
v) Rinse the reactor body with acetone.
vi) To clean the reactor head, flip it upside down on a clamp and let acetone flow through the
two 1/8" lines to clean the interior. If acetone does not flow through these lines, use house air
to remove any air lock or clogging in these lines. Repeat at least 3 times.
vii) After the reactor head is cleaned with acetone, use the house air to force any acetone in the
1/8" line out.
viii)
Dry reactor in the oven. The HIP valve does not withstand the high temperature so make
sure not to put this in the oven.

105

7.3 GC-FID Calibration Curve of Major Compounds
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