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Preface

The project is a master thesis that concerns the issue of fouling formation during the
re ning of oil at Shell in Fredericia, Denmark, and how the fouling relates to Maersk
Oil's use of the H,S scavenger 1,3,5-tri-(2-hydroxyethyl)-hexahydro-s-triazine. It has
been an intriguing subject to work with, and the problem has been a real challenge.
Still, no matter how exciting this project has been, | am quit sure that | will not miss
the foul smell of H,S and triazine.

At the end of the report a nomenclature list is found. Words included in the nomencla-
ture list will be marked with a star (*) the rst time they appear in the report.

Sources are referred to with a number in square brackets, [X], indicating their place-
ment in the bibliography. In the bibliography, the sources are listed alphabetically by
the surname of the author. For books author, title, volume, editor and year of publi-
cation are given. For articles author, title, journal, and year of publication are given.
For web pages author, url and the date for when the information was retrieved from
the web page are given.

After the conclusion, a number of appendixes are found. These cover background
theory for the experimental methods used in the project, raw eperimental data and
experiments deemed non-essential to the main report.

On the attached CD an Excel le with the mass balance and a M- le with the script
for the kinetic model are found.

| would like to thank Flemming Egebjerg from Dansk Shell A/S for valuable in-
formation about the fouling problem at Shell, as well as for providing physical and
chemical data for the re ning process. The laboratory personal at Esbjerg Institute of
Technology also deserves great thanks for their help with the experimental analyses.
Special thanks to Dorthe Spangsmark, Linda Madsen and Heidi Thomsen. Last but
not least, many thanks to Kenneth Andersen from Maersk Oil for supply of triazine,
spent scavenger, and oil samples, for being most helpful with supplying process data,
and for good discussions.

| hope you will nd the subject as intriguing as | have.

Henrik T kker Madsen
Esbjerg, June 2011






Abstract

During the re ning of oil, Shell in Fredericia, Denmark, has encountered a fouling
rich in carbon and sulphur, which clogs up their water treatment system. The fouling
is suspected to be linked to the HS scavenger 1,3,5-tri-(2-hydroxyethyl)-hexahydro-s-
triazine used by Maersk Oil. Here the nal product, s-trithiane, could explain the high
content of sulphur and carbon. The scavenging reaction and the structure of the fouling
are investigated in this project, which aims at documenting whether two processes are
connected, as well as understanding how the fouling is formed, to nd a way of either
avoiding or removing it.

With information supplied by Maersk a mass balance was made, and with data from
litterature a kinetic model for the reaction system was constructed. The scavening reac-
tion was investigated by measuring the composition of the reaction mixture at di erent
times with ESI-MS. This was done for three reactions: HS /triazine, H ,S/triazine and
H,S/spent scavenger, to investigate if experiments with HS are representative for the
real reaction between the spent scavenger and J$. Also, the e ect of heating and the
reaction between MEA and H,S were investigated. The fouling was analysed with IR
and XRD, and compared to pure trithiane. Furthermore, a TS/VS analysis and a HSP
analysis was made.

The mass balance indicated strongly that the bulk of the spent scavenger is dis-
charged with the produced water, but that during maintenance the amount of spent
scavenger in the oil may increase with factor of 43. The kinetic model showed the scav-
ening reaction to be much faster than the hydrolysis of the triazine, which should ensure
only low amounts of formaldehyde in the reactiom mixture. The experiments with the
scavenging reaction demonstrated that the triazine is rst converted to thiadiazine, and
then to dithiazine where the reaction terminates. Trithane was not detected. Also, the
experiments demonstrated that by overspending the scavenger with k5 a precipitate
identical to the Shell fouling is formed. The fouling was found to be semicrystalline,
and the IR analysis showed it to contain di erent C-S bonds, and also indicated a ring
opening. The fouling was found to be very di cult to dissolve, although being a ected
most by solvents with HSP values of H = 0-9 and P = 5-11. In a reaction between
MEA and H,S, a small amount of disulphide was detected with GC-MS.

The fouling at Shell has been proven to be a direct result of the use of 56 scavenger
by Maersk. The reaction terminates at dithiazine, which then most likely reacts in a
polymerisation reaction, where a polymer consisting of dithiazine molecules connected
by chains of carbon and sulphur is formed.
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Introduction

During the production of natural gas it is sometimes necessary to clean the gas for
impurities to reach existing standards. One such impurity is hydrogen sulphide, HS;
an undesireable compound in the nal product because of its toxicity and foul smell.
Also, H,S causes problems with wear and tear on the equipment because it is a corrosive
chemical.

In the e ort of removing H ,S, the Danish oil and gas company Maersk Oil has used
1,3,5-(2-hydroxyethyl)-hexahydro-s-triazine, which is a known H,S scavenger. However,
this has apparently led to problems further downstream during the re ning of the oil.
Here Shell, who purchases crude oil from Maersk, has experienced severe fouling at
several locations in their re nery. The fouling is found in the water treatment system,
where it clogs up the system, making it necessary to shut down the re nery to remove
the fouling.

Via elemental analyses, the fouling has been found to consist heavily of carbon
and sulphur, and Shell therefore suspects the fouling to be related to the presence of
reaction products from the scavenging process in the crude oil they receive from Maersk.
Especially the nal reaction product from the scavenging reaction, s-trithiane C3HgS;,
has received much attention since the chemical structure could explain the high content
of carbon and sulphur in the fouling.

To avoid fouling, it is necessary to understand the processes leading to its formation,
and these processes might very well be the scavenging reaction. The literature on the
scavenging with triazines is scares, but a Norwegian study indicates that trithiane is not
formed during the scavenging of HS with 1,3,5-(2-hydroxyethyl)-hexahydro-s-triazine.
This might therefore question whether the fouling really is trithiane; if not, the fouling
might possibly originate from another process than the scavenging reaction. As a result,
the initiating problem for this project is:

How does the HS scavenger system with 1,3,5-(2-hydroxyethyl)-hexahydro-
s-triazine function, what is the nature of the fouling, and why is it created?

To answer these questions, a theoretical study of the scavenger system will be made
alongside with experiments. The theoretical study will focus on understanding the
concept of H,S scavenging as well as the speci ¢ scavenger system. Also, models will be
created to investigate the plausibility of the scavenger being the source for the fouling.
The experiments will focus on investigating the reaction mechanism of the scavenging
process and the nature of the fouling, to see if these may be linked.

iX






Chapter

H,S in natural gas

Natural gas is primarily made up of methane, CH,, together with smaller amounts of
the other short chained alkanes, but also contains a variable amount of impurities. Table
1.1 gives an overview of the composition of natural gas, which may vary signi cantly
depending on where in the world the gas is produced.

To comply with existing quality demands, the H,S level must not exceed certain
threshold limits. For natural gas in Denmark, a maximum of 5 79 H,S and a maximum
total sulphur of 150 7% is allowed, and should the average values exceed 33 H,S
and 50 %% total S for longer periods of time, then it must be reported to the DGP
(Danmarks Gasmateriel Pr vning) [24].

Table 1.1: Constituents of natural gas [27]

Name Formula Vol.%
Methane CH, >85
Ethane C,Hg 3-8
Propane CsHg 1-5
Butane C,Hqg 1-2
Pentane CcHy,’ 1-5
Carbon dioxide CO, 1-2
Hydrogen sulphide H,S 1-2
Nitrogen N, 1-5
Helium He <0.5

* Pentane and higher aliphatic hy-
drocarbons including benzene and
toluene
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1.1 Formation of natural gas in the underground

Underground hydrocarbon deposits are associated with sedimentary rocksindicating
that the hydrocarbons originate from microscopic plant and animal life that have been
entrained by sediment during the history of the Earth. In time, the organic material
and the clastic rock , among which it was entrained, turned into a sedimentary source
rock, where hydrocarbons were formed.

If the life forms became covered with sediment rapidly after dying, aerobic decay
processes were avoided, and instead a reducing environment was created. As the layer of
rock above the organic material increased, so did the pressure and temperature, allowing
liquifaction and gasifaction processes to occur. During these processes, the organic
material in the reservoir was transformed into hydrocarbons. For signi cant amounts
of hydrocarbons to be present at a speci c location, the amount of organic material
originally deposited there has to be high, and so does the sediment input. Therefore,
many deposits are found at sea on the continental shelves, where life ourished early
and where rivers could bring large amount of sediment to the basins [20].

A source rock is the rock from where the hydrocarbons originate; however, because
of gravitational di usion, the hydrocarbons does not remain here. Since pressure is
increasing with depth, the hydrocarbons have a natural tendency of moving towards the
surface. The rate of di usion depends on the rock type through which the uids move.
Very porous rock types, like limestone and sandstone, gives high di usion, whereas
layers with low porosity, such as shale, limits the di usion. In certain situations, this
di erence in porosity between the types of rock creates pockets where the hydrocarbons
may become trapped, creating a reservoir. An example of such a hydrocarbon trap is
shown in gure 1.1.

STRUCTURE

Figure 1.1: Anticlinal hydrocarbon accumulation [20]



The reservoir consists of a reservoir rock and a cap rock. The reservoir rock have a
high permeability, while the cap rock is an impermeable rock that encloses the reservoir
rock, and in this way inhibits the hydrocarbons from further di usion. Because of the
di erence in density between the gas, oil and water, a multiphase solution will form in
the pocket with gas on top followed by oil saturated by gas and nally water.

Part of the H,S found with the hydrocarbons originates from the sulphur containing
parts of the organic material, such as the two amino acids cysteine and methionine,
while minerals like anhydrite (CaSO,) also contribute to the total amount of sulphur.
There exist several natural processes from which k6 may be formed, and these include
thermal cracking, indigenous sulphate-reducing bacteria (SRB's), and thermochemical
sulphate reduction [16].

Through thermal cracking, the larger organic molecules containing sulphur may be
broken down into smaller compounds, which eventually may convert into HS. Sulphate
ions present in the reservoir may be converted either biologically, through specialised
bacteria who obtain their energy via oxidation of organic compounds while reducing
sulphate to H,S, or via thermal processes. If the temperature is su ciently high, above
140! [16], hydrocarbons may be thermally oxidised while sulphate is reduced with
H,S as a by-product.

Because sulphate is a contributor to HS formation, reservoirs where seawater has
been injected may show high concentrations of KS. This is because seawater naturally
contains around 2,800 ppm sulphate [16], which after injection may be converted to k5
as described above. The reason for injecting seawater into a reservoir is to maintain
a high pressure. When gas and oil are retrieved from a reservoir, the pressure in the
reservoir drops, and it will be increasingly di cult to extract the remaining gas and oil.
Therefore, by injecting water into the reservoir the pressure may be maintained, but as
mentioned earlier this will add sulphate to the reservoir when seawater is used [20].

There are several reasons for removing 6 from natural gas. First of all, it is a very
toxic compound as seen in table 1.2. Because of the toxicity of 85, the human sensory

Table 1.2: H,S toxicity data [21]

Concentration (ppm) E ects

0.003-0.02 Clearly detectable by smell

3-10 Very unpleasant smell

20-100 Distinct smell of rotten eggs

50-100 Stinging pain in eyes and irritation of respiratory organs

100-200 Sedation of olfactory sense

250-500 Fluids in lungs, cyanosis, bloodstained cough,
pneumonia

500- Headache, vertigo, paralysis of respiratory muscles,
unconsciousness

500-1000 Stop for respiration, immediately collapse, death

organ has evolved in such a way that even concentrations down to 0.003 ppm can be
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detected, and the gas is associated with an obnoxious smell. i3 and other sulphur
compounds may also give problems further downstream the processing of the oil/gas if
not removed. Many of the catalysts used in the re ning process are poisoned by sulphur,
making it necessary to remove sulphur prior to the catalytic processes. Furthermore,
H,S will be very harsh for the equipment. In an anhydrous environment the corrosive
ability is very low, but in a wet gas, H,S becomes a very corrosive agent. In natural
gas both CQ, and H,S will give rise to an acidic environment. To distinguish between
di erent types of natural gas, where the acidic environment is either caused by CQ or
H,S, natural gas with only CO, is called "sweet gas" and natural gas with H,S is called
"sour gas" [16]. The di erentiation is made because HS is more corrosive than CQ.
In an acidic environment the cathodic and anodic reactions will be:

2H* +2€  H, cathode (1.1)
Fe Fe?" +2¢ anode (1.2)

When H,S is present, the hydrogen atoms may be inhibited from forming diatomic
hydrogen, and will instead enter the metal matrix, making the metal increasingly brittle
and eventually leading to what is known as sulphide stress cracking [16].

The complete deprotonation of H,S will yield sulphide ions, S, which may give
further problems since they willingly react with metal ions like Fe?* to form sulphide
scales, which are only sparingly solubility in water.

2 2!
Fe2" +S FeS,, (1.3)

The scales will attach to the surface of the equipment and the well, and may in this
way end up blocking the ow through the well. At the same time, corrosion may occur
beneath or around the scale deposition due to formation of oxygen gradients [16].

In total, there are plenty of reasons for removing sulphur, especially HS, and for
that purpose di erent techniques have been developed.



Chapter 2

H,S scavenging - gas sweetening

The process of removing HS from the natural gas is also called gas sweetening, and
which method to use depends on both the amount of natural gas that has to be treated,
as well as the concentration of HS in the natural gas. Further factors that can in uence
the choice of method are whether the scavenger is to be speci cally directed at 48,
and if the sulphur is to be used after separation. In general there are two categories of
scavenging methods:

1. Regenerative

2. Non-regenerative

2.1 Regenerative scavengers

In the regenerative methods the absorption of HS is reversible, and the absorbent may
therefore be reused after having been re-separated from the J3. By choosing this
type of scavenging method HS may be reused; often via a Claus process where, 8 is
converted into elemental sulphur. The absorbent is often alkanolamines mixed with an
activator. Some of the most commonly used alkanolamines are shown in table 2.1.
Alkanolamines are very suitable for acid gas absorption because of their two func-
tional groups; the hydroxy and amino group. The hydroxy group enables the alka-
nolamines to make hydrogen bonds between the molecules, hereby lowering the vapour
pressure. A low vapour pressure is desirable because the separation process usually de-
pends on heating the HS/amine mixture, whereby the solubility of the gas in the liquid
is lowered. The hydroxy group may also form hydrogen bonds with water molecules,
which increases the water solubility of the alkanolamine. The lone pair on the amino
group allows the alkanolamine to function as a base, and this way increase the pH
of the solution, which will allow acid gasses to be dissolved in the solution. Primary
amines, like MEA, are the most alkaline while tertiary amines, like MDEA, are the
least alkaline. Furthermore, primary and secondary amines can react with CQ to form
carbamate [18]. In equation 2.1 the reaction for a primary amine is shown.

RNH,+CO, RNHCOO' +H* (2.1)



Table 2.1: Alkanolamines [18]

Name Abbreviation Formula
MH-
, HO™ ™~ 2
Monoethanolamine MEA
MH
_ _ HO™ ™ on
Diethanolamine DEA
e
M
Methyldiethanolamine MDEA HO™ " " op
0
Hoh™ " o

2-(2-aminoethoxy)ethanol DGA

Tertiary amines do not participate in this reaction, which makes them less good at
absorbing CG,. The other reaction with CO,, is carbonate formation, but this reaction
path is slow compared to the carbamate formation, and it requires a pH high enough
to form COS?{ . For selective H,S absorption, a molecular structure that suppresses
carbamate formation should be chosen since it lowers the COabsorption rate without
a ecting the rate of H ,S absorption [18].

Of the alkanolamines, MEA was for many years used almost exclusively as absorbent
for H,S and CQ, removal. Since then, it has been replaced by other more e cient
solutions, but is still widely used because it gives a high pH, and relatively easily can be
regenerated. However, it does form irreversible products with carbonyl sulphide, COS,
and carbon disulphide, CS. In cases with COS and C§ in the gas stream, DEA may
be used instead. Secondary amines are much less reactive towards these compounds,
but on the other hand, DEA may form irreversible and corrosive products with CO,,
and it may be necessary to apply vacuum distillation for reclaiming the DEA. DGA is a
compound which in many ways resemble MEA, but because of its increased molecular
weight and an extra oxygen atom, it has a lower vapour pressure and may therefore
be used in more concentrated solutions (up to 40-60 %). MDEA is a tertiary amine,
which makes it relatively selective towards H,S. Furthermore, it is highly resistant to
thermal and chemical degradation, it is noncorrosive, has a low speci ¢ heat and heat
of reaction with CO,, and H,S, and it is only sparingly miscible with hydrocarbons [18].
In gure 2.1, a general regeneration plant is shown.

As seen from gure 2.1, the use of a regenerative absorbent will demand the con-
struction of absorption and stripping towers alongside with the additional equipment.
Furthermore, the separated H,S cannot just be released to the atmosphere and will
therefore require extra facilities capable of handling the gas. If the concentration of
H,S in the natural gas is su ciently low, a few hundred ppm [16], it is more economic
to use a non-regenerative HS scavenger.
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Figure 2.1: Alkanolamine plant for acid gas removal. The natural gas is fed into the absorber,
which removes the acid gasses. The spent solution is then pumped over to the stripper tower
where the gasses are released via heating of the solution, which then can be pumped back to
the absorber tower [18].

2.2 Non-regenerative scavengers

Non-regenerative scavengers may be divided into the following categories:
(a) Solid basic metallic compounds

(b) Oxidising chemicals

(c) Aldehydes and aldehyde-related products

(d) Metal caboxylates and chelates (may be regenerative)

(e) Amine based products

(f) Triazines

One of the oldest methods of removing sulphur from natural gas involves the use of
metal oxides such as ferrous oxide or zinc oxide. The metal oxide absorbs the hydrogen
sulphide forming metal sulphide compounds.

2Fe,05+6H,S  2Fe,S; + 6H,0 (2.2)

If the process takes places in an aerated environment, the iron sulphide may be re-
generated under the formation of elemental sulphur; however, this will interfere with
bed porosity. Because of its porosity and absorbing capabilities, this method is also
commonly known as the iron sponge. Today the iron sponge is almost exclusively used
when the amount of gas that needs treatment is very small [18, 16].
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Another way of removing H,S is by oxidation, where the sulphur atom in H,S is
converted into a higher oxidation state, from where it is more easily removed. Two
oxidising agents that are often used are KMnQ and K,Cr,0,, used in concentrations
of 5-10 % in bu ered solutions.

8MnO, +5H,S+14H" 8Mn?* +5S07 +12H,0 (2.3)

Via this method, it is possible to achieve a complete removal of KS, either as elemental
sulphur, SO, and/or SO2{, but due to the high cost of the oxidising chemicals, the
method is only used when very small amounts of HS are present in the gas, and when
the gas must be absolutely free of BS [18]. Other oxidising compounds may be chlorites,
bromates/iodates, nitrites and persalts [16].

H,S and aldehydes react in rapid reactions, which can be used to remove,H from
natural gas. Typical aldehydes includes formaldehyde, gluteraldehyde, acrolein, and gly-
oxal, with formaldehyde being the most used [16]. The chemistry of formaldehyde/HS
reactions are quite complex, and will lead to the formation of cyclic carbon-sulphur
compounds, such as trithiane, and also to a lesser extent mercaptans. The reaction
system may be represented by equation 2.4.

3HCHO +3H,S  CzHS; +3H,0 (2.4)

Although formaldehyde systems have been reported to remove 100 % of the,8 from
natural gas [18], they are only used to a lesser extent. This is due to the toxicity of
formaldehyde, and problems with the reaction products. They retain the foul smell of
sulphur compounds, are often poorly soluble in water, and have a tendency to polymerise
and occulate, which may give problems with clogging of the equipment [18].

There exists numerous methods which use suspensions of metal ions with chelating
groups to keep the metal ions suspended in the solution, to scavenge,H. Examples
of commercial products that use this method are the Wheelabrator Clean Air System,
LO-CAT, SulFerox, Cataban, and Sulnt processes. The metal ions used are most
often either iron(Ill) or zinc(ll), while examples of the chelating agents are EDTA,
polyaminodisuccinic acid, and gluconate. In these processes, the metal ion is reduced,
while H,S is oxidised to elemental sulphur.

2Fe® +H,S 2Fe** +S+2H" (2.5)
4Fe** +0,+2H,0  4Fe® +40H' (2.6)

As seen from reaction 2.6, the metal ions may be regenerated via oxidation by oxygen.
However, because of the low solubility of oxygen in water, good contact between the
solution and air is required for this to be a viable possibility [18, 16].

Besides the regenerative alkanolamines that have already been mentioned, sev-
eral other classes of amines may be used to scavengg3d Examples are amidines
(RC( NH)NH,), which can be modi ed to be both water and oil soluble, piperazinone,
and mixtures of amine oxides with speci c enzymes. These systems are reported to be
more selective towards HS, but little eld knowledge is reported and the use of these
solutions are not widespread [16].



The most commonly used HS scavenger today is triazines. Triazines have the ad-
vantage that they can be modi ed to become more or less hydrophilic by using di erent
side groups on the nitrogen atoms. Often a hydroxylethyl-side group will be used, but
triazines with purely non-polar alkyl side groups have also been investigated. The rea-
sons why triazine based scavengers are so widely used are that they arg$iselective
because of their tertiary nitrogen atoms, the reaction products are water soluble (de-
pending on the original triazine), the reaction products are corrosion inhibitors, and
the spent material has a low toxicity making disposal easier [18, 16]. Furthermore, the
reaction between triazines and HS is faster than the rapid aldehyde/H,S reaction, and
triazines remove H,S down to a concentration of 5 ppm, which is the threshold limit
for natural gas in Denmark [24]. It is also a triazine based scavenger that is being used
by Maersk for H,S scavenging.

R R
|
Ra

Figure 2.2: s-Triazine






Chapter 3

Actual scavenging - problems

Maersk has chosen to use a triazine system, with 1,3,5-tri-(2-hydroxyethyl)-hexahydro-
s-triazine as the main component, for removal of HS. They apply the scavenger at
their production platforms o shore, but it is rst when the crude oil reaches Shell's
re ning plant in Fredericia that the problems with fouling arise. Here speci c parts

of the system become clogged, requiring a complete stop in the production from time
to time. This chapter describes how the actual scavenging process is carried out by
Maersk, and the problems experienced at the Shell re ning plant.

3.1 Maersk scavenging process

Maersk has several operating platforms in the North Sea, see gure 3.1 for an overview,
but it is not on all of these platforms that H ,S removal is necessary. The Tyra platforms
only produce gas, which contains no signi cant amounts of HS, while Dan, Gorm and
Halfdan produce both oil and gas, and here removal of K5 is necessary. An interesting
observation is that the H,S in the elds seems to originate from bacterial activity in the
oil rather than thermal conversion processes. At present the sour gas from Halfdan is
being exported for treatment at Gorm, meaning that the scavenging process only takes
place at Dan and Gorm.

At Dan the scavenging process takes place on three platforms, Dan FF, Dan FC and
Dan FG. The systems are connected across the platforms, and each scavenging system
cannot be considered completely independent. In gure 3.2 a general process diagram
for the part of the Maersk facility that handles the scavenging process at Dan is shown.
First the raw oil from the well is led into a high pressure three phase separator where
oil, gas and water are separated. The gas is taken out in the top, where additional liquid
is knocked out, after which the gas is compressed. At this point the concentration of
H,S is high, and it is here the triazine is injected into the gas stream. The triazine will
react with the H,S forming water soluble products. The gas/scavenger mixture is then
cooled down and sent into a gas/liquid separator. In some of the coolers Maersk has
experienced deposition of a black solid, which possibly could be related to the fouling
problem at Shell. In the gas/liquid separator, the treated gas has a low HS content, and
it is sent for further treatment, while the liquid containing the spent scavenger is sent to
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oil

a spent scavenger separator. Dan FF does not have a spent scavenger separator, and the
liquid from the gas/liquid separator at Dan FF is therefore sent to the spent scavenger
separator at Dan FC. It is also possible to re-route the spent scavenger solution back
into the raw oil, prior to entering the HP separator. This may be done at Dan FF
and Dan FC, while at Dan FG, the spent scavenger may be re-routed to the oil phase
coming from the HP separator. The re-routing is not the primary way of handling
the spent scavenger solution, but may be used when the spent scavenger separator
needs inspection or is otherwise unavailable. In the spent scavenger separator the liquid
separates into an oil and an aqueous phase, with the spent scavenger being primarily in
the aqueous phase. The oil phase is sent back to the oil from the HP separator, while
the aqueous phase is discharged with produced water. Prior to discharging, the aqueous
phase is sent through another separator in which gas is bubbled through the solution
to create a Im of oil particles on top of the water phase, which may then be skimmed
away. This is done to comply with the threshold limit for oil in the discharged water.
Going into the separator, the water has an approximate oil concentration of 15-40 ppm,
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and after the separator the concentration has been lowered to around 5 ppm. The
skimmed oil is led back to the oil phase coming from the spent scavenger separator,
and because of di culties with separating oil and water completely in the skimming
process, some water will also be led back into the oil stream this way. However, the
oil ow coming from the skimming separator is very low compared to the oil ow from
the spent scavenger separator. At times it is necessary to close the water outlet from
the spent scavenger separator, in which case the entire spent scavenger solution is led
back into the oil phase prior to entering the LP separator [2]. In table 3.1 the average
content of the crude oil sent to Shell is given.

Table 3.1: DUC crude oil content [2]

Content Properties

Water < 0.025 vol% Density at 15! 0.8573 kg/L
Sulphur 0.261 mass% Viscosity at 20 9.163 mnt/s
Nitrogen 1368 mg/kg Viscosity at 40! 5.138 mnt/s
Asphaltenes < 0.05 mass% Viscosity at 50 4.177 mnt/s
Benzene 0.11 mass% Pourpoint (max) -51 !

Salt 6-9 mg/kg Pourpoint (min) < -60 !
Sediment by extraction 0.03 mass%

Hydrogen sul de <1 mglkg

Mercury < 0.01 mg/kg

Wax content at -30 ! 4.2 mass%

3.2 Problems at Shell's re ning facility

In gure 3.3 a sketch of the process diagram of the re ning process at Shell in Fredericia
is shown. The data for temperature, pressure and pH are measured the 23/2-2011. The
facility has a maximum capacity of 10,000 tons raw oil per day, which roughly contains
25 tons of water. To desalt the oil, it is mixed with additional 400 t/day water and
fed to a desalter. Before entering the desalter, the mixture is heated to around 138
with a number of heat exchangers. After the desalter, the mixture is further heated to
around 169! ; at this point the pressure is 9.2 bar. The mixture is then ashed down
to 5.4 bar, and fed to a distillation column. The distillate taken out in the top is cooled
down to 63! by passing a heat exchanger and an air cooler. The air cooler is the rst
place where fouling occurs at the re nery. An interesting observation is that the fouling
has only recently started to occur in the air cooler; whereas, it has been occurring for
a longer period of time in the rest of the water treatment system. The cooled distillate
ends up in a water trap, where water, gasoline and gas are separated, and from here on
problems are associated with the treatment of the water. The water has a pH around
8.78 after the water trap, but at optimal conditions the pH should be considerably more
acidic, close to 6 [9]. The reason for the higher pH could be amine residues from the
scavenger. From the water trap, the water is transferred to a three phase separator that
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separates oil, gas and water. Also in this separator does fouling occur. At this point,
the solution has become concentrated with 4,000 ppm k5 and 500 ppm NH,. It is
possible that these high concentrations in uence the formation of fouling. The agueous
solution is then heated from 48! to 86! , and fed to a sour water stripper. The top
out take from the stripper contains H,S, and is transferred to a Claus plant, where
H,S is converted to elemental sulphur. During the transfer to the Claus plant, the uid
passes a heat exchanger where fouling is also found. In the top of the stripper, fouling
occurs, and also in the bottom of the stripper, where water is recirculated through a
reboiler that removes H,S and NH;. The clean water from the bottom of the boiler
is cooled down, and part of this water, is the water initially mixed with the crude oil
before the desalter. In this way the circuit is closed, but the recirculation could also be
speculated to be part of the fouling problem since it could possibly send fouling residues
or initiators back into the system. However, if this was problematic, then fouling might
also be expected to occur in the rst part of the re nery.

136 °C
A

/4‘\ \ M Jezc
L
168 °C 168 °C *
Flash
 —
—*
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Destillation 63°C

9.2 bar
( ; } tﬂ column
Water trap
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Figure 3.3: Process diagram from Shell re ning facility [9]

Sour water
stripper

125°C

The black "splashes" in gure 3.3 are the places in the system where fouling is a
problem. What strikes one immediately is that the fouling problem does not occur in
the entire process, but only at selected unit operations. Before the raw oil enters the
desalter, it passes through a number of heat exchangers, where there is no problem with
fouling. It is rst after the distillation that the problems begin to occur, and especially
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the part of the plant where the treatment of water takes place is badly a ected. This
could indicate that it is rst at the re nery that the problem arises. |If the fouling
precursor was already present in the crude oil, one would expect problems to occur
from the beginning of the re ning process. However, it is also possible that if the
fouling precursor is non-polar, then in the rst part of the process, it will be dissolved
in the oil and therefore not deposited in the system. Still, if the problems were related to
a non-polar compound, then it is to be expected that this compound would be dissolved
in the gasoline in the water trap, and the problems should therefore not be associated
with the water phase.

That fouling rst occurs after the distillation column could also indicate that the
distillation process is involved in the formation of fouling. E ects could be increased
temperature and H,S concentration. Indeed it is seen that after the water trap, the
concentration of H,S is very high (4,000 ppm), creating a large driving gradient, which
could cause the fouling. It is not only at the distillation column that the temperature
is changing. The temperature varies from the inlet temperature (in this case 8 ) to
169! . The pressure also varies; some places in the process it reaches values up to 25
bar, and at other points there is almost no gauge pressure. Together, the changing
temperature and pressure inuence the phase of uid, and might create conditions
suitable for formation of fouling. Fouling may also be a ected by changing chemical
conditions, like pH. The pH for this re nery is relatively high, and this heightened pH
might also in uence the formation of fouling, especially if the reactions are either acid
or base catalysed.
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Chapter 4

Reaction system

This chapter concerns the molecules involved in the scavenging process, and the chemical
theory behind the reactions. Furthermore, a model for the reaction mechanism is put
forward, and is used as a basis for the construction of a kinetic model for the system.

In gure 4.1 the chemical reactions involved in the scavenging process, as presented
by Buhaug and Bakke [5], are shown. General for all three reactions is that 55 will
react with a nitrogen atom in the ring structure in a substitution reaction in which

MEA is the leaving group.

HD\‘MNM’*‘MN,—-”
L]
|
Y

Hal PN
2 _\_ S S
OH + LS)

Figure 4.1:

HS

Reaction system [5]
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41 H,S

Hydrogen sulphide consists of one sulphur atom bonded to two hydrogen atoms. The
molecule has a total of eight valence electrons; four are used in sigma bonds between the
sulphur atom and the hydrogen atoms, and the remaining four form two lone pairs on
the sulphur atom. Because of the four electron pairs situated around the sulphur atom,
VSEPR theory can be used to predict the shape of the molecule to be a tetrahedral.
H,S will not be a pure tetrahedral, but a V-shape since the two lone pairs will be
situated closer to the sulphur atom, and therefore decrease the bond angle between
the two hydrogen atoms. Molecules with four electron pairs are often described as
being sp® hybridised ; however, H,S has a bond angle of 92.5 degrees, and the degree
of hybridisation of the s- and p-orbitals may therefore be discussed [23]. With a V-
shape structure, H,S may form a dipole with a negative charge at the sulphur atom
and a positive charge at the hydrogen atoms; however, the strength of this dipole
will depend on the di erence in electronegativity between sulphur and hydrogen, and
because sulphur is only marginally more electronegative than hydrogen, the molecule
will only be a weak dipole. H,S has a dipole moment of 0.98 deby¢33]. This, together
with the fact that the sulphur atom will not form hydrogen bonds, explains why H ,S is

a gas at SATP conditions. The intermediate dipole moment also means that HS is only
scarcely soluble in both water and nonpolar solvents. A higher solubility is achieved in
polar solvents such as aldehydes, ketons, and ethers [32].

The solubility parameters of H,S a ects the distribution between the gas, oil and
water phase during the extraction process. In gure 4.2 the simulated distribution
between the three phases for an oil well in the Campos Basin of Brazil is shown. The
simulation made by Rajagopal et al, has been made to model the removal of 4$
from petroleum production lines with chemical scavengers, including triazine. The HS
distribution was obtained with available and measured data for the system used with
the Sour Peng Robinson equation. The simulation shows that in the reservoir the oil is
above bubble point pressure, and no gas phase is present. Therefore,$lis distributed
between the oil and water phase, with the largest fraction being in the oil phase. In the
three phase separator, the pressure has dropped below the bubble point pressure, and
the gas phase will contain most of the HS [19].

Because of its slight polarisation and lone pairs, HS will be attracted to positively
charged sites, making it possible for it to participate in S§y1 and S 2 reactions as a
nucleophile. Sulphur's size and polarisability make sulphur containing compounds, like
HZS/HS{ stronger nucleophiles compared to smaller and less polarisable compounds,
like H,O/OH { [26]. If the reaction takes place in a protic environment, the larger
sulphur atom is less e ciently dissolved because of its inability to form strong hydrogen
bonds, and it will therefore be more willingly to react, and because the sulphur atom
is more polarisable, it will be better at donating electrons to the electrophilic centre,
hereby forming the new bond. Examples of nucleophile substitution reactions with
H,S include formation of thiols and reactions with ethers where the oxygen atom is
substituted with a sulphur atom [33].

H,S+ROH RSH+H,0 (4.1)
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In the presence of a proper catalyst, HS may also participate in addition reactions, and
may react with aldehydes and ketones to form dithiols or cyclic products like trithiane
[33].

H,S is a weak acid with two dissociation constants [13].

H,S+H,0 HzO" +HS' PKa =6:9 (4.2)
HS +H,0 H,0" +s? pKa =13:9 (4.3)

In gure 4.3 the Bjerrum diagram for H ,S can be seen. This shows that above pH 9, }$
is completely converted to HS . It is the acidic ability that is utilised in regenerative
amine systems, where HS dissolved in the aqueous amine solution quickly will transfer
a proton to an amine. Aqueous amine solutions typically have a pH value between 10
and 12 depending on the concentration and type of amine, and HS will dominate.
HS{ is a very weak acid with a pKa value of 13.9, and the ${ ions are therefore only
present at very high pH values. Upon heating, the HS dissolved as gas in the solution
will be driven from the solution, and the equilibrium will then shift to replace the lost
H,S, ultimately regenerating the amine solution.

4.2 Triazines and reaction products

Triazines are six membered heterocyclic compounds consisting of three carbon and three
nitrogen atoms. The triazines used in scavenging of k5 are most often hexahydro-1,3,5-
s-triazines, where the structure is symmetrical with alternating nitrogen and carbon
atoms, and with the six hydrogen atoms bonded to the carbon atoms. The side group
attached to the nitrogen atoms can then be chosen to in uence the physical and chemical
properties such as the solubility of the triazine. The triazine currently used by Maersk
is 1,3,5-tri-(2-hydroxyethyl)-hexahydro-s-triazine (hydroxyethyl-triazine), see gure 4.1.
Triazines can be formed in a condensation reaction between a carbonyl and an amine
compound, where the alkyl groups on the carbonyl and nitrogen atom will end up as
side groups on the nal triazine. Hydroxyethyl-triazine is formed from formaldehyde
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and MEA in the reaction shown in gure 4.4. The reverse hydrolysis reaction is found

\L /'“\N/"‘\,/OH

3He=0 4 amn” 0 L + 3K

HO

=}

H

Figure 4.4: Formation of hydroxyethyl-triazine

to dependent on pH, with the reaction rate increasing with increasing oxonium concen-
tration [6]. Therefore, this reaction should be considered in the evaluation of the total
reaction scheme.

Both the nitrogen atoms and the carbon atoms are sp hybridised; however, where
the carbon atoms have tetrahedral structure, the nitrogen atoms have a trigonal pyrami-
dal structure. This is due to a lone pair on the nitrogen atoms, which also makes them
Lewis bases. The nitrogen atoms in triazines are tertiary, meaning that they can only
function as hydrogen bond acceptors, not donors. It is also the tertiary structure that
makes triazines selective towards HS. The water solubility is increased by the presence
of the hydroxy groups, which can form active hydrogen bonds to water molecules. No
pKa value is reported for hydroxyethyl-triazine [5], but an approximate value can be
estimated.

A tertiary structure makes the triazine better at dispersing a positive charge com-
pared to ammonia because the side groups can release electrons, which will help stabilise
the protonated triazine. However, because its hydrogen bonding is less e ective than
primary and secondary amines, a tertiary amine will be a weaker base than these in an
aqueous solution, where the solvation shell of water molecules can stabilise the primary
and secondary amines to a greater extent. Finally, non-aromatic heterocyclic amines
have basicities that are approximately the same as those of acyclic amines. The hy-
droxy group might withdraw electrons from the nitrogen atom, reducing its basicity. In
equation 4.4, the acid equilibrium is shown along with the acid constant.

TH*  T+H* ; Ko= W
[TH™]

(4.4)

Although hydroxyethyl-triazine has three nitrogen atoms, it seems likely that only
one nitrogen atom will be protonated at a time, since several positive charges could
destabilise the molecule. With this assumption, a reasonable approximation might
be di-methyl-ethanol-amine (DMEA) (pK 5 = 8.88 [15]). The acid/base properties of
hydroxyethyl-triazine are important because it has been found that it is the protonated
species that participate in the reaction with H,S [6].

The two rst reaction products, thiadiazine and dithiazine, may be expected to show
similar properties as the triazine because they still contain two and one hydroxy/amino
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group(s) respectively. However, the presence of sulphur atoms in the molecular struc-
ture, and the loss of the MEA group(s) will alter the properties. Especially the solubility
parameters can be expected to change, since an electronegative atom, nitrogen, is re-
placed with a less electronegative atom, sulphur, and because hydroxy group(s) will be
lost during the reaction. In practice it is found though that thiadiazine and dithiazine

will show an increasing solubility in water. Table 4.1 shows experimentally found val-
ues from an investigation made by Maersk, where radioactive**C isotopes were used
to measure the distribution of hydroxyethyl-triazine and its reaction products in an oil
mixture with 50 vol% water. The investigation did not distinguish between thiadiazine
and dithiazine, and they are simply referred to as reaction products.

Table 4.1: Oil/water distribution for hydroxyethyl-triazine and reactionproducts [2].

Distribution
Component Ko=w Oil phase (%) Water phase (%)
Hydroxyethyl-triazine  0.022 2.15 97.85
Reaction products 0.010 0.99 99.01

The reason for this high solubility in water, in spite of the loss of MEA, could be that
sulphur atoms are more easily polarised and that the remaining nitrogen and hydroxy
group will be su cient to polarise the entire molecule, making it a dipole.

4.3 Trithiane

1,3,5-trithiane, s-trithiane, is the compound suspected for causing the fouling. Com-
pared to triazine, all three nitrogen atoms have been substituted with sulphur atoms,
and the ring consists of single sigma bonds between the sulphur and carbon atoms,
leaving the sulphur atoms sp hybridised with two lone pairs. At SATP s-trithiane is

a stable crystalline solid compound with white colour, and its melting point is 216!

[8]. The s-trithiane itself is odourless; however, odours are often reported to be present
after formation, due to the presence of impurities or an equilibrium with a trace of
monomeric thioketone [8].

Sulphur atoms do not have the same ability to attract electrons as the nitrogen
atoms, and s-trithiane is therefore considerably less polarised and is insoluble in water
[8].

Although s-trithiane is a stable compound, it may participate in numerous reactions.
Certain heavy metals are known to form crystalline complexes with s-trithiane, some
of which are found in table 4.2. If the fouling is indeed s-trithiane, then an explanation
of why a deposition occurs must be found, and the presence of these heavy metals
in the system could be a possibility. Another possibility is that the fouling is linked
to the varying temperature and pressure conditions during the re ning process. The
stability of trithianes towards thermal decomposition varies with the compounds the
trithiane was derived from. Trithianes derived from aliphatic aldehydes are reported
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Table 4.2: Complexes with heavy metal salts [8]

Formula of complex Crystal form

C;HgS; AgNO; H,O Leaets

C3HgS; 2AgNOg4 Needles

C5HgS; HgCl, Needles

2C3HgS; PtCl, Golden yellow needles
3C;HgS; 2PtCl, Golden yellow needles

to be very stable, and distillation at temperatures up to 245! is possible without
decomposition. Trithianes derived from aromatic aldehydes and ketones are less stable
[8]. The thermal stability of s-trithiane derived from hydroxyethyl-triazine is unknown,
but since hydroxyethyl-triazine is derived from formaldehyde reactions, similar stability
as aliphatic aldehydes may be expected. If this is the case, s-trithiane would be expected
to be a thermal stable compound.

When exposed to oxidising compounds, such as 0, or KMnO ,, s-trithiane is ox-
idised rst to a sulphoxide, and then further on to a sulphone. This may be important
because the oxygen atoms alter the reactivity of s-trithiane. It has been found that
s-trithiane trisulphone will react with formaldehyde in the presence of a base. Under
heating the reaction product sets to an insoluble Im, which is reported to be tough,
exible and alkali resistant [8]. When hydroxyethyl-triazine is present, it is possible that
it will decompose to formaldehyde and MEA, and with heating the reaction conditions
for the formation of such a Im could be present. Whether the environment in the re n-
ing process is su ciently oxidising is however doubtful. Trithianes can also participate
in halogenation and alkylation reactions, which may make it di cult to identify the
fouling as pure crystalline s-trithiane [8].

4.4 Reaction system

4.4.1 Hydrolysis of triazine

As mentioned earlier during the discussion of hydroxyethyl-triazine, the hydrolysis to
MEA and formaldehyde is strongly dependent on pH. To avoid destruction of the triazine
before it has had time to react in the scavenging process, it is necessary to be able to
control this reaction.

Experiments which investigated the rate of reaction as a function of pH and tem-
perature have been made, see table 4.3 for results [6]. For constant pH a rst order
dependency of the triazine concentration has been found.

O = Keps [T] (4.5)
Here T is an abbreviation of hydroxyethyl-triazine.

The observed rate constants clearly show a dependency on pH, and this indicates

that the rate constant for the hydrolysis is not a simple rst order rate constant, but

22



Table 4.3: Observed rst order rate constants for
the hydrolysis of hydroxyethyl-triazine [6]

I’<obs (S! 1)
pH 221! 60!

109 (5.6 0.2) 10° (3.7 0.1) 103
95 (7.2 05) 104 0.11 0.01
80 (22 0.2) 10°7? {

rather made up of two rate constants, where one is dependent on pH. The following
rate law has been found as a best t to the experimental data [6].

dT
i ki [T1+ kz [TIH"] (4.6)
Where Kgps = k1 + ko[H +]

Using the data from table 4.3 and the rate law from equation 4.6, k and k, can be
determined for 22! and 60! .

ki =2:6 10°'* k& =22 10°s' 'M' ! (4.7)
k§ =4:8 10 %'t Kk§» =35 10°%s' ‘M’ ! (4.8)

Even though k; and k» have di erent units and therefore cannot be compared directly,

it is obvious that the size of ko, makes the pH very important for the observed rate of

hydrolysis. To visualise the in uence of pH equation 4.6 can be used to estimate half
lives at various pH values, see gure 4.5.
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Figure 4.5: Half life of hydroxyethyl-triazine as a function of pH and temperature [6]
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It is clear that if the scavenging process is not a ected to the same extent by lowering
the pH, an e ective scavenging must take place at elevated pH values to ensure that the
triazine is not decomposed. A fact that may be very important if the gas from which
H,S is to be removed contains high concentrations of CQas well. At the same time, it
also shows that hydroxyethyl-triazine is very susceptible to acid catalysed reactions [6].

Experiments have also demonstrated that the hydrolysis of hydroxyethyl-triazine
is faster than the hydrolysis of thiadiazine, where the sulphur atom seems to have a
stabilising e ect on the molecule. The second reaction product, dithiazine, has not
been found to hydrolysis even at pH 2 [6]

4.4.2 Reaction mechanisme

According to Bakke and Buhaug [5], it is the protonated triazine that participates
in the reaction. Based on their results it seems that the reaction between the tri-
azine/thiadiazine/dithiazine and H ,S can be described with the following reaction mech-
anism, see gure 4.6.
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Figure 4.6: Potential reaction mechanism
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In the rst step, H ,S and the triazine react in an acid/base reaction, where the
triazine becomes protonated. The positive charge on the nitrogen atom makes the
molecule more electrophilic and the two neighbouring carbon atoms will as such become
slightly positively charged making them vulnerable for an attack from the HS{ ion.

This is the next step in the mechanism. The HS reacts with one of the carbon
atoms in a § 2 reaction where the nitrogen atom acts as a leaving group. In this
reaction the ring structure opens, and a neutral molecule is produced.

Then a proton shift may take place. The lone pair on the nitrogen atom forms a
bond to the hydrogen atom from the thiol group, giving the sulphur atom a negative
charge. Again the positive charge on the nitrogen atom attracts electrons from the
neighbouring carbon atoms, which becomes positively charged.

In the nal step, the sulphur atom may form a bond to the third carbon atom
through a Sy 2 reaction. MEA will be the leaving group, and a closed ring structure is
obtained again. The formation of a six-membered ring is energetically favourable, since
a ring structure with six members is especially stable. These rings have the lowest strain
because of the angles between the bonds, and in a ring the atoms will furthermore be
able to share their electrons more e ciently. A sulphur atom with two lone pairs have
more electrons to contribute to the ring than a nitrogen atom, and it may do so more
easily since the electrons are situated further from the nucleus, making the substitution
favourable since it gives a more stable molecule.

4.4.3 Kinetics

Because the reaction is a substitution reaction, where the probable rate limiting step is
an Sy 2 reaction, it seems reasonable to assume that the rate law will be second order.
At the same time, the in uence of pH on the rate indicates that it is the concentration of
the protonated triazine, which must be used in the rate law. In an aqueous environment
the scavenging process may therefore be assumed to be described with the following rate
law [5].

dri K[TH*]HS' ] (4.9)

dt

To estimate the concentration of the protonated species, the acid/base equilibrium from
equation 4.4 can be used.

[TH*]= Kg '[TIH"] (4.10)
This can then be inserted into the rate law, so that it only contains known properties'.

I = gmm s 1 K=k K, (@.12)
The rate law is simpli ed with k 3' in the case that the acid constant is unknown, since

ks' then will be the observed rate constant.

YHere it is assumed that the pK 5 value for the protonated species is known
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If the kinetic experiments are performed in a bu ered solution, where the pH can
be kept constant, the concentration of protons will be constant and become part of the
rate constant.

= wgmims' 1 k2= KkgH*) (4.12)
A nal simpli cation can be made if the experiments are run at high HS { concentration.
Then the HS{ concentration will be practically constant, and the reaction may be
considered pseudo rst order.
T m k= KgHs'] (4.13)
Experiments have been made to study the reaction kinetics, with 10[T] = [HS ] and pH
10.5, which con rmed the rst order dependency on the hydroxyethyl-triazine concen-
tration. However, the acid constant for hydroxyethyl-triazine was unknown, and only
ks' could be determined. This was found to be 5.6 10’ M' ?min'  at room temperature
[5].

Additional experiments are necessary to con rm the assumption that the reaction
is rst order in [HS {], and also to determine the acid constant to allow the nal rate
constant, k, to be found.

A further comment on these experiments is that they have only considered the
rate constant for the conversion of triazine to thiadaizine. It is reasonable to assume
that this will be the fastest of the three steps, since the stability of the scavenging
molecules increases from hydroxyethyl-triazine to trithiane. To optimise and understand
the reaction system, the remaining rate constants must also be determined. They could
be especially useful since the fouling problem is suspected to be related to terminal
reactions products and not thiadiazine. Knowledge about the total kinetics may then
be used to optimise the use of the scavenging chemicals, and possibly achieve a kinetic
inhibition of the fouling precursor. By applying reasonable assumptions, a kinetic model
may be constructed, which for now may be used to investigate the e ect of di erent
rate constants and to compare the hydrolysis with the scavenging reaction.

Kinetic model for scavenging

The model concerns the three nucleo le substitution reactions leading to trithiane, and
also includes the hydrolysis of triazine, since this will a ect the overall e ectiveness of
the scavenging. First a number of assumptions are made.

HS{ is in excess, and the concentration may be considered constant
- The reactions all follow pseudo rst order kinetics
- The reactions are considered irreversible
- The pH is constant

- Only triazine is subject to hydrolysis

26



- The pipeline where scavenging takes place is viewed as a plug ow reactor (PFR)

Since the order of reaction for HS is unknown, the concentration of HS' in the model is
considered to be so high that any change is insigni cant; therefore, the reactions can be
thought to be pseudo rst order. No values for the equilibrium constants are known, and
as a result the reversible reactions have been neglected, and the equilibrium is assumed
to be found far to the right with the products. Because pH in uences the reaction rate,
both of the scavenging reaction and the hydrolysis, the model is constructed to describe
environments with constant pH since this simpli es the equations. The assumption,
that only triazine is subject to the acid catalysed hydrolysis, is made since no value is
reported for the hydrolysis of thiadazine, other than it is slower than the hydrolyis of
triazine. To simplify the model, it is set to zero. The addition of sulphur atoms to the
molecular structure alters the reactivity and stability of the molecule, and this forms
the basis of the assumption. When Maersk injects the scavenger into the natural gas,
it is done in a pipeline, and the pipes may be viewed as a PFR if plug ow is assumed
[11]. In gure 4.7 the reactions are illustrated.

Hydrolysed triazine

Triazine .

; k. k
Thiadiazine —— = Dithiazine —*= Trithiane

Figure 4.7: Kinetic model

To simplify the notation from here on, we rewrite the reactions as seen in gure 4.8.

B

[

-

k_ k
C —wp —2= E

Figure 4.8: Kinetic model simpli ed notation

As seen, the system consists of a series reaction from triazine to trithiane and the
hydrolysis reaction parallel to this system.
Looking rst at A where the mole balance is:

dF
T\? = 1A (4.14)

Where Fp is the molar ow of A.
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(a) Rate law

ra = kiCa + koCa m (4.15)
ra = ( kl + kz)CA (416)

(b) Stoichiometry (v = vp (volumetric ow))

Fa = Cavo (4.17)
(c) Combining
dC
vod—\f = (ky+ kp)Ca (4.18)
dC
7d A = (k1 + k2)Ca (4.19)
Here we have used that space time, = \\//T)
(d) Integrating we get
Zc, 1 VA
C—dCA = (ky+ ko) d m (4.20)
Cao A 0
Ca
In Cao = (kp+ k) m (4.21)
Ca = Cao€' (Kitk) (4.22)

A similar procedure may be used to construct an expression for B.

cﬂi? =rg (4.23)
1. Rate law
rgs = KkiCa (4.24)
2. Stoichiometry (v = vg)
Fs = CgVo (4.25)
3. Combining
vodd% = kiCa m (4.26)

Again substituting vp and V with , and inserting Ca we get

dCg

q - kiCage (Kitk2) (4.27)
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4. Integrating, where it is used that Cgg = 0, we get

Zc, Z
dCB = k]_CAO e! (kitkz) d m (4.28)
0 0
1
Cg = kiC H(kitke) 4.29
B 1CA0 Ky + k1e . ( )
Co= L _Cpp 1 & itk (4.30)
k1+ kz

For thiadiazine there will both a producing and consuming reaction that needs to be
taken into account.

O;% =rc (4.31)
1. Rate law
rc = ksCc  kaCa (4.32)
2. Stoichiometry (v = vg)
Fc = Ccwo (4.33)
3. Combining
vodd% = koCa  ksCcm (4.34)

We perform the same substitution as with the hydrolysed triazine, substitute vg
and V with , and insert Cp. However, because & is also a function of , the
equation is an inhomogeneous ODE, and to solve it the integrating factor method
is used.

dd& + ksCc = kaCpge' (K1+2) (4.35)

The integrating factor becomes
R
iif: = e Ked = g (4.36)

When using the integrating factor method, Cc can be found in the following way:

Z
Cc = e ks kchoe! (katka) ek3 d m (4.37)
Z
= CAokze! ks e(k3! ka! k1) d m (4-38)
1
= Cank | k3 = Alks! k2! ka) + K 4.39
aokz€ o ke KC (4.39)
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To determine K, we use the boundary conditionCc =0at =0

1
—_ 4
ks ko ki
1

ok K e

0= C/.\ok2 K (4.40)

Inserting K, we get an expression for the thiadiazine concentration

ko

= 2 Cp €l ¢ (utk) 4.42
(ot k) keho € © (4.42)

Cc

As with thiadiazine, there are two reactions a ecting the concentration of dithiazine.

VAL (4.43)
1. Rate law
ro = ksCp  k3Cc (4.44)
2. Stoichiometry (v = v g)
Fo = CpoVvo (4.45)
3. Combining
vOOL% = ksCc  kaCp m (4.46)

We perform the same substitution as in the previous calculations, and again we
use the integrating factor method to nd an expression for Gy .

dCD kZ

—2 + k4Cp = kz————=———Cppo € ¢ ¢ (urka) 4.47
q 4Cp 3(k2+k1) ks A0 € € ( )
The integrating factor becomes
R
iif: = e Kl = g . (4.48)
ksk
— I kg 3K2 | k3 | (k1+k2) K4
Cp=-¢€ —(k2+ kD) k3CAZO e e e“d m (4.49)
ksk
sek o k) ) g @s0)
!
kak e(k4! k3) e(k4! (k1+k2))
=k 52 ¢ + K 4.51
et k) kM K ke ke (k) M (45D
1 1
K = (4.52)

kg (kit+ k) ki ks
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Inserting K, we get an expression for the dithiazine concentration.

kak e! ks e! ka e! (k1+k2) e! Ka
372 Cao + (4.53)

Cob= ——o
°7 (et k1) ks ke ks (ko + k1) Ka

For the trithiane, the concentration can be calculated by subtracting the other concen-
trations from the total.

CE = CAO CA CB CC CD (454)

With these ve equations the concentrations of each species as a function of time may
be found.

To investigate the in uence of the secondary rate constants, the model has been
used to produce a kinetic scenario. If we assume that the Kvalue for triazine might
be approximated with the pK, value for DMEA, the rate constant for the conversion of
triazine to thiadiazine at pH 10.5, ky, can be calculated from the data of Buhaug and
Bakke.

ko = kgg 10 PKaome (4.55)
=5:6 10’ 10 &88 (4.56)
=7:4 10 2m'1s'? (4.57)

The rate constant for the hydrolysis at pH 10.5 may be estimated by making linear
regression on the natural logarithmic values of the hydrolysis rate constants from table
4.3 as function of pH. The best linear tis:

With this tk ;1 =1.1 10 %< ! at pH 10.5.

Since k is a second order rate constant, and the model is build on the assumption of
pseudo rst order kinetics, it is necessary to choose a HS concentration. In alignment
with the experiments of Buhaug and Bakke, a concentration of 10[T] = [HS ] is choosen,
which results ina k; =6.9 10 ' s ! for [T] = 1 M. By comparing the two rst order
rate constants, it is seen that k is 6500 times larger than k.

There does not exist information about the size of k and k4 relative to k», therefore
it is necessary to choose some approximate values. Because thiadiazine is much like
triazine, it seems reasonable to assume that the reaction rate for the conversion of
thiadiazine to dithiazine will be comparable to the reaction rate of the conversion of
triazine to thiadiazine. Still, thiadiazine is a more stable compound than triazine, so
the rate constant will be expected to be somewhat lower. With these considerations in
mind, the value for k3 in this model is set to a tenth of ko. Because dithiazine is even
more stable than thiadiazine, and because trithiane was not detected in the experiments
by Buhaug and Bakke, k; is given a value one thousandth of k. In reality these rate
constants may be very di erent though.

The scenario shows that at pH 10.5, 22 and [HS{ ] = 10[T], the hydrolysis reaction
is not in uential on the scavenging process. However, in very diluted solutions, collisions
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e ——triazine
P —— hydrolysed triazine
S thiadiazine
. -----dithiazine
K —trithiane

Conc

Time

Figure 4.9: Kinetic scenario

between triazine and HS will be less likely to occur and the hydrolysis may become
important for the total e ectiveness of the scavenger. It is also seen that at the chosen
rate constants, the triazine is spent relatively fast, giving rise to a rapid build-up of
thiadiazine. The thiadiazine concentration peaks when the concentration of triazine is
depleted, after which it decreases slowly following an approximated rst order reaction.
This is due to the relative size of k, ks and ky. Initially, k » and ks ensures that the two
exponential terms in the parenthesis in equation 4.42 will be of the same magnitude.
As time goes on, the second exponential term, where okis present, becomes much
smaller than the rst because ky is ten times larger than ks, and the degradation term
(e' ks ) dominates. Because the conversion from dithiazine to trithiane is much slower
compared to the reaction from thiadiazine to dithiazine, the thiadiazine concentration
end up decreasing according to the approximate rst order degradation. Because the
nal conversion from dithiazine to trithiane is very slow, dithiazine tends to build-up in
the system, but given enough time, appreciable amounts of trithiane could be formed,
depending on the size of k. This highlights the importance of the transport time for the
crude oil from after scavenging until it arrives at the re nery. Prolonged holding times
may lead to trithiane being formed in the crude oil if H,S and dithiazine is present.
Because of dierence in size between the rate constants, it is reasonable to as-
sume that the activation energy will be increasing from triazine/thiadiazine to dithi-
azine/trithiane, and the rate constants therefore most likely will not be a ected pro-
portionally by temperature changes. It is therefore possible that by controlling the
temperature, a scavenging process that kinetically inhibits the formation of fouling
compounds may be carried out. However, in reality it may prove di cult to change to
temperature much without signi cant costs. Another possibility could be to introduce
another reaction that removes the precursor for the fouling compound. If it is assumed
that the fouling compound is trithiane, then a way of avoiding trithiane formation could
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be to let dithiazine react in a parallel reaction. Since the reaction rate for trithiane for-
mation is slow compared to the other steps in the scavenging process, there is not much
scavenging potential in dithiazine, and a removal of it would not decrease the overall
e ectiveness of the scavenging process.

In general this discussion highlights the importance of controlling the kinetics of the
system, for which reason it is important to know which factors in uence the rate of
reaction.

Factors in uencing rate of reaction

Besides pH, temperature and HS concentration there are other factors, which may
in uence the rate of reaction.

A factor, which will be important for the reaction rate, is the type of triazine.
As mentioned during the discussion of triazines, they can have dierent side groups
attached to the nitrogen atoms. In our case the most interesting triazine is hydroxyethyl-
triazine, because this is the one currently being used by Maersk, but if another treatment
procedure was sought other triazines could become interesting. One of the e ects of
di ering side groups, is a change in solubility parameters. The hydroxy-group makes the
triazine water soluble, which is preferable to avoid mixing with the oil. However, if it is
decided to remove HS at an earlier state in the process, where most k5 is dissolved in
the oil, then a more non-polar triazine could be chosen. Two other triazines have been
investigated: ethyl-triazine and methyl-triazine. They were tested in similar manners
as the hydroxyethyl-triazine, and were found to have k' values of 3.0 and 0.17 [5],
which are lower than hydroxyethyl-triazine. However, this is not too surprising since
the reactions were carried out in aqueous solutions. It shows that the type of triazine
in uences the reaction rate, and it is also worth noticing that there is a large di erence
between the two alternative triazines, although they have comparable miscibility with
water.

Another factor that may in uence therate of reaction, is the use of a catalyst. For
triazines it has been found that quaternary ammonium compounds, see gure 4.10, may
act as catalysts in the scavenging process [29, 16]. Just as the triazines, quaternary
ammonium compounds can be tailored to be either water or oil soluble, by varying
the side groups. Referring to gure 4.10, R and R, will be independent alkyl groups

Figure 4.10: Quaternary ammonium

or hydroxyalkyl groups having from 1 to 8 carbon atoms. R will be an alkyl or aryl
group having from 1 to 20 carbon atoms, and R will be an alkyl or aryl group having
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from 7 to 20 carbon atoms. X is an anion, which most often will be either chloride
or methylsulphate [29]. If an water soluble ammonium compound is desired, then
hydroxyalkyl groups and short chained alkyl/aryl groups should be chosen. However,
the ammonium compound should be chosen so that it is su ciently lipophilic, because
the enhancement of the reaction rate is achieved through phase transfer catalysis. Often
the nucleo le will be an anion, as in our case where we assumed the.l3 to react as the
anion HS{ . lonic species will be present in the aqueous phase, but often the substrate
to take part in the substitution reaction will be in an organic phase. A quaternary
ammonium compound can then bring the nucleo le over into the non-polar phase by
forming an ion pair; the quaternary compound will be soluble in the non-polar phase
because of its alkyl and aryl side groups. In this way, quaternary ammonium compound
might catalyse the reaction; furthermore, nucleophiles react faster in polar aproticand
non-polar aprotic environments, because they are not stabilised here [26].

When triazine reactions are intentionally catalysed with quaternary ammonium,
the weight ratio between triazine and quaternary ammonium will commonly vary from
10:0.05 to 10:1. By using benzyl-cocoalkyl-dimethyl-quaternary ammonium chloride
together with a mixture of 1,3,5-tri-methoxypropyl-hexahydro-1,3,5-triazine it has been
found that the rate of removal of H,S from a solution of kerosene saturated with HS
could be signi cantly improved compared to the use of pure triazine [29]; however no
results with the use of hydroxyethyl-triazine was given. It is also questionable how much
Maersk's scavenging process will be a ected since this is carried out in a gas mixture.

4.4.4 Reversing trithiane formation

A method of preventing and/or remediating trithiane deposition from H ,S scavenging
has been reported by Horton et al. [14]. They state that in cases with very high
concentrations of H,S compared to the amount of triazine scavenger, trithiane may
be formed. The reactions leading to dithiazine are fast compared to the substitution
of the nal nitrogen atom, but where the reaction to form thiadiazine and dithiazine
can be considered almost complete with the equilibrium being situated far towards
the products, this may not be the case for trithiane formation. This reaction may be
reversed.

When using hydroxyethyl-triazine, MEA is one of the reaction products for each
reaction step. By adding extra MEA or another primary amine or ammonia [14], the
reactions may be removed from equilibrium and for the nal reaction to return to
equilibrium, trithiane will react with MEA to form dithiazine as seen in gure 4.11.
Thiadiazine and dithiazine will not be converted to the same degree as trithiane if the
equilibrium for these reactions is positioned much farther towards the products. The
addition of extra MEA will also help to keep the pH su ciently high to avoid hydrolysis
of triazine.

4.4.5 Alternative reaction products

Bakke and Buhaug did not nd trithiane to be formed [5], which might question the idea
that the fouling is caused by trithiane deposition. Instead they found that the reaction
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J 5 s HoN
+OHS —— + 0 N\
F|*J \\S) 1 OH

Figure 4.11: Reversal of trithiane formation

terminated with the formation of dithiazine; even when the solution was saturated
with H,S bubbling through the triazine solution, only dithiazine was found, and this
was with the triazine and thiadiazine being completely spent. Another possibility is
therefore that the fouling is caused by dithiazine.

In a recent study by Taylor and Matherly [30], an attempt has been made to eluci-
date the structure of the solid by-product from the use of hydroxyethyl-triazine in H,S
scavenging. In their experiments, a solution of 30 w% hydroxyethyl-triazine was put in
a glass gas tower, and spent with pure HS. This resulted in two phases with the lower
being identi ed as dithiazine. After one hour, very heavy white solids were deposited
in the uid, and the lower phase solidi ed into a ne white powder [30]. It was these
solids that were investigated, with the initial assumption that they were amorphous
dithiazine. The crystals were investigated with X-ray di raction, elemental analysis,
NMR and IR.

In gure 4.12 two X-ray diraction spectra of the "amorphous dithiazine" crystals
are shown; one sample obtained by Taylor and Matherly in the laboratory, and one eld
sample obtained from an unspeci ed oil eld production plant. It is seen that these two
samples are very similar, but very dierent from the X-ray spectrum of crystalline
dithiazine crystals seen in gure 4.13. An elemental analysis was performed on all
three types of crystals. If the two amorphous dithiazine samples were indeed a physical
form of crystalline dithiazine, then similar empirical formulas should be found. In
table 4.4 the found empirical formulas are shown. What is immediately clear is that

Table 4.4: Empirical formulas for three dithiazine crystals [30]

Element  Crystalline Laboratory Field

Carbon 5.0 9.8 7.2
Hydrogen 11.0 21.5 15.1
Nitrogen 1.0 1.0 1.0
Sulphur 2.0 7.8 4.6
Oxygen 1.0 1.0 1.2

both samples of what was thought to be amorphous dithiazine contain signi cantly
more carbon, hydrogen and sulphur than the crystalline dithiazine, with the laboratory
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Figure 4.13: X-ray di raction of crystalline dithiazine crystals [30]
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sample representing the most extreme deviation. The NMR analysis did also show
multiple resonances in the region 3.8 to 4.4 ppm, which is where methylene adjacent to
sulphur is expected to resonate, and was taken as evidence for additional G5 groups.
The IR scans performed showed similar spectra for the laboratory and eld samples,
both of which were very di erent from the crystalline spectrum, indicating that these
represented two di erent materials [30].

The hypothesis put forward by Taylor and Matherly to explain this di erence is
that the dithiazine molecules polymerise with long chains of CH-S between each dithi-
azine molecule. By using dierent triazines it was shown that a terminal hydroxy
group was necessary for the formation of the precipitate. When 1,3,5-tris(methyl)-
hexahydro-s-triazine and 1,3,5-tris(methoxypropyl)-hexahydro-s-triazine was used in-
stead of hydroxyethyl-triazine, pure dithiazines crystals were obtained. The proposed
mechanism is that the triazine is hydrolysed back to MEA and formaldehyde. Formalde-
hyde then reacts with H,S to form thioformaldehyde, which may react with the hydroxyl
group on a dithiazine molecule and initiate the polymerisation. The proposed scheme
is illustrated in gure 4.14. It is therefore possible that the fouling encountered at Shell

g

5 S

0 S S ) |
/// e T \S/\S/\S'/\“S/\S -

- S

H

) —

S\\_/

l Thioformaldehvde

(0] 5 S -
M

T
S( S| OVS\/SRS/&S/’\S/\S
e

Figure 4.14: Proposed polymerisation scheme [30]

is in fact polymerised dithiazine, and not trithiane. In Shell's own elemental analy-
sis traces of nitrogen were detected, which could indicate that the fouling is indeed
polymerised dithiazine.
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Chapter 5

Mass balance for scavenging process

To estimate the amount of scavenger products being exported to Shell, a mass balance
is made on the system. In this mass balance it is assumed that only the oil phase from
the spent scavenger separator is recirculated back. Possible over ow of the aqueous
phase back into the raw oil is therefore not considered, and the oil stream from the
skimmer separator is neglected. For determination of the amount of scavenger products
being fed back into the raw oll, it is necessary to consider the equilibrium distribution
of the scavenger products between the aqueous and the oil phase. To calculate the
concentration in the aqueous phase, ¢, and in the oil phase, G, an equilibrium
equation is set up. Here it is assumed that all of T is present in the aqueous phase at
the beginning. T; is a random component.

Th,0 Toi
Start Ni-total 0
Equilibrium = N jota - X X

From this the equilibrium concentrations become:

Nitotal X
Cwi= ——— 5.1
Wii VW ( )
X
Coi = 5.2
O;i Vo ( )
The equilibrium constant for component "i* is de ned as, K; = g% and we may

therefore insert the equilibrium concentrations in this expression, and use the equation
for isolation. Here it may be noticed that since no T was present in the oil phase at the
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beginning, X = ng;.
No;i
Ki = ni;totaIVO! No;i (5-3)
Vw
_ No;i Vw
Vo(Nitotal ~ Noji)
Ki Vo Niotal

m (5.4)

Noi = 55
o Vw + KiVo (53)
Ni:total
Coi=Kij——— 5.6
o1 T W+ KiVo 60
Similarly for Cw where ny; is inserted

Ni:total KiVoniotal

= — ' 7

Cw Vv (Mw + KiVo)Vy ®-1

Ni:total
= - 58
Vw + KiVo ( )

To determine how much of each component is transferred to Shell, it is also nec-
essary to know the relative distribution of reaction products and triazine in the spent
scavenger solution. Here we may refer to an analysis made by Maersk, where the aver-
age composition of the spent scavenger from all scavenging processes was determined to
be 44.6 % triazine, 28.4 % thiadiazine and 27.0 % dithiazine [2]. The numbers are taken
from a 10 year old report, and the up to date validity may therefore be questioned,
but they may still be used to give an overview of the amount of exported scavenging
products.

It is also necessary to know the ow of the di erent mass streams. Accurate numbers
are not available, but approximate values exist for the Dan eld, which is also the largest
consumer of scavenger. The ow values for the di erent streams used in the calculations
are given in table 5.1.

Table 5.1: Data for ows for use in mass balance [2]

Unit Dan FF Dan FC Dan FG

Injected scavenger I/hr 250 250 150
Water from g/l *sep. mé/day 12 12 7.2
Oil from g/l sep. m?3/day 12 12 7.2
Water from spent scav. sep. ni/day O 24 7.2
Oil from spent scav. sep. ni/day O 24 7.2
Water from LP sep. m3/hr 150 13 0
QOil from LP sep. m3/hr 250 57 0

* The gas liquid separator after scavenger injection.

The calculations are performed for each of the three platforms (DFF, DFC and
DFG), but in gure 5.1, which gives an overview of the mass balance, only the sum of
the individual streams is shown.
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To nd the molar amount of scavenger it is used that the concentration of triazine in
the scavenging product is 51 wt/wt %, and that the density is 1.1072 kg/L, see appendix
E. Below the calculation for the total molar amount of injected scavenger on Dan is
shown.

h
I:inj:scav: scav: Cscav: 24%

Ntriazine = 5.9
triazine M triazine ( )
| . . h
_ 6505 1:1072¢ 051 240
2192859
— .1 7kmol
= 40:17Xp0

Triazine: 40.17 kmolday
Water 31.2 m’/day
Ol 31.2 m'/day

Triazine: 0,022 kmol'day
Thidiazine: 0.004 kmolfday
Dithiazine: 0.004 kmaol'day
0il: 307 m'/h

LP separator | Qil to shore

Triazine: 0.36 kmoliday

Trigzine: 0.39 kmoliday
Thidiazine: 0.11 kmol'day
Dithiazine: 0.11 kmoliday

Triazine: 17.92 kmol/day Oil: 31.2 m/da Thidiazine: 0.11 kmoliday
Thidiazine: 11.41 kmol/day : by Dlthla;lnef 0-130 kmolfday
Dithiazine: 10,85 kmol/day Water: 163 m/h

Water: 31.2 m'/day
Oil: 31.2 m/day

K? Hydrocyclone

Spent scavenger
separator

Triazine: 17.563 kmoliday

Thidiazine: 11.30 kmol'day

Dithiazine: 10.74 kmoliday
; )

Water: 31.2 m'/day Triazine: 17.89 kmolfday

Thidiazine: 11.41 kmol'day

Dithiazine: 10.84 kmol/day

Water: 164.3 m’/h

Oil skimmer » Water overboard

ar re-injection

in water injection

well

Figure 5.1: Mass balance

To calculate the concentration in each oil and water outlet of the separators, it is
assumed that the equilibrium distribution will have time to be established, and that
the streams are pure oil and pure water. In reality some water will be present in the oil
phase and some oil will be present in the water phase. Especially the amount of water
dissolved in oil may in uence the mass balance because of the high aqueous solubility
of the scavenger compounds. Concentration values for water in oil and oil in water does
not exist, and therefore the concentrations are assumed to be zero. When calculating
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the concentration of scavenger products in the streams after a separator, equation 5.8
is rst applied for each species to nd the concentration in the aqueous phase, and the
result is then inserted into equation 5.6 to nd the concentration in the oil phase. For the
total amount of mole for each species in the spent scavenger solution, the distribution
values are multiplied with the result of equation 5.9.

Shell reports that the fouling occurs very fast at times, and seems to be linked to
speci ¢ batches of crude oil. A possibility is that this is due to the water from the
spent scavenger separator being sent back with the oil to the LP separator because
of necessary maintenance of the scavenger system. To investigate the e ect of such a
procedure, a new mass balance is made, in which the water ow from the spent scavenger
is redirected directly to the LP separator. The mass balance is shown in gure 5.2

Triazine: 40.17 kmoliday
Water 31.2 m'/day
Gl 31.2 m'/day

Triazine: 0,58 kmol/'day
Thidiazine: 0.17 kinol/day
Dithiazine: 0.17 kmoliday

Qil: 307 m'/h
LP separator Qil to shore

Triazine: 17.92 kmol'day

Thidiazine: 11.41 kmoliday

Dithiazine: 10.85 kmol/day Trigzine; 17.33 kmoliday
Triazine: 17.92 kmol'day 'n"\[s!ter: Ell 23 mfday Thidiazine: 11.23 kmol/day
Thidiazine: 11.41 kmoliday Oil: 31.2 m'/day Dlthla;lne: 10.B!B kmoliday
Dithiazine: 10.85 kmoliday Belerotdm/h

Watar: 31.2 m'/day
Oil: 31.2 m/day

Spent scavenger
separator

K? Hydrocyclone

Oil skimmer » Water overboard
ar re-injection

in water injection
well

Figure 5.2: Mass balance without spent scavenger separator

In table 5.2 the estimated daily amounts of exported scavenger from the Dan eld
are shown.

The mass balances show that at standard operation conditions, a relative small
amount of scavenger is exported to Shell. Whether this is su cient to cause fouling
is not known, but over a long period of time, a signi cant amount of fouling could
be produced if the scavenger products somehow accumulate at the re nery. It is also
clear that batches of oil produced during maintenance of the spent scavenger separator
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Table 5.2: Exported amounts of scavenger from Dan

Compound  Standard operation During maintenance Factor

(kg/day) (kg/day)
Triazine 6.41 129.7 20.2
Thiadiazine 0.78 33.52 43.0
Dithiazine 0.64 27.40 42.8

may contain a signi cant amount of scavenger, which could explain why the fouling
problem seemingly is linked to speci ¢ batches of oil. Itis plausible that during standard
operation, the fouling will only build-up slowly or not at all, and when at batch rich in
scavenger arrives, it may accelerated the fouling process, leading to a fast clogging of
the system.

It is also worth noticing how the setup of the process a ects the nal amount of
spent scavenger in the exported crude oil. In the LP separator at Dan FC, the oil to
water ratio is relatively high, 4.38, compared to the LP separator at Dan FF, 1.67.
This means that the spent scavenger products are extracted less e ciently to the water
phase, and results in an increased amount of spent scavenger in the crude oil. This is
further worsened by the fact that it is the separator at Dan FC that handles the largest
amount of spent scavenger; Dan FF handles the spent scavenger from Dan FG. Because
of these two e ects, the oil from Dan FC will contain 89.5 % of the exported spent
scavenger. If the whole Dan eld is considered as one, the oil to water ratio in this
hypothetical LP separator would be 1.88, resulting in only 3.36 kg/day triazine, 0.40
kg/day thiadiazine and 0.33 kg/day dithiazine being exported. In this way the amount
of exported spent scavenger can be halved by having a more optimal oil to water ratio
in the LP separator.
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Chapter 6

Evaluation of problem analysis

In the previous chapters, the fouling problems experienced by Maersk and Shell, and
the scavenging process have been analysed.

1,3,5-tri-(2-hydroxyethyl)-hexahydro-s-triazine and its reactions products are all only
sparingly soluble in oil, and most will therefore be discharged with the produced wa-
ter. However, because of the signi cant production ow, even small amounts of spent
scavenger in the oil may result in a considerable amount if allowed to build-up at Shell.
Furthermore, several sources report that HS scavenging with triazines may lead to
precipitation, making the scavenging process a likely source for the fouling found at
Shell.

Based on the the problem analysis three hypotheses capable of explaining the nature
of fouling problem is put forward.

Hypothesis A The fouling is created by trithiane formation
Hypothesis B The fouling is created by polymerisation of dithiazine
Hypothesis C The fouling is created by a third unknown process

Hypothesis A is the one currently believed to be correct since mass analyses made by
Shell, have indicated a composition of the fouling, which could match the empirical
formula of trithiane. Some sources do also talk about trithiane formation, but the
results of Buhaug and Bakke seems to contradict this. They indicate that the scavenging
process terminates with the formation of dithiazine. Hypothesis B, which explains the
fouling with the formation of a polymeric material made up by dithiazine molecules
linked by long -C-S- chains, could then o er an alternative explanation for the fouling
since it would allow for a suitable empirical formula. Should neither A or B be true, a
third process has to be responsible for the fouling.

With these considerations in mind, the primary goal of the experiments is to inves-
tigate if the fouling can be linked to the H,S scavenging process, as well as investigate
the true nature of the fouling. The speci ¢ cause for the fouling and solutions to the
problem will also be considered.
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Chapter 7

Experiments - The scavenging
process

This chapter contains experiments performed to investigate if controlled scavenging
experiments from the laboratory will be representative to the actual process. This is
done by rst making experiments with HS{ ions as described in literature by Buhaug
and Bakke [5], and then with H,S gas as described by Taylor and Matherly [30]. Finally,
the spent scavenger solution produced by Maersk, and which is suspected of being the
source for the fouling, is used in an experiment, which will investigate the e ect of a
large H,S concentration gradient on this speci ¢ spent scavenger solution. The reactions
are monitored with ESI-MS, which makes it possible to investigate the composition of
the reaction mixture during the course of the reaction, by identi cation of peaks and
their relative intensity in the mass spectra. Since no chromatograph is available in
connection with the ESI-MS, only qualitative statements can be made. In appendix C
a description of the ESI-MS technique is found.

Prior to the investigation of the reaction system, mass spectra of some of the basis
chemicals used the experiments were recorded to be used as a reference for identi cation
of peaks in the mass spectra recorded during the investigation of the reaction system.

7.1 MS spectra of basis chemicals

To analyse the hydroxyethyl-triazine and the spent scavenger solution, a mass spectrum
was recorded for each. The MS was set to positive ion mode during all experiments, and
therefore only positive ions were detected. With most experiments being carried out in
alkaline environments due to the presence of amines, the degree of protonation in the
solution prior to entering the MS was low. Therefore other positive ions might compete
with H* protonation, which would in uence the m/z value of the peaks in the mass
spectra. To investigate the e ect of Na* ions, a spent scavenger solution was spiked
with 1 M NaCl and analysed. Also pure MEA and MEA with 1 M NaCl was analysed.
Before analysis on the MS, the samples had to be diluted. This was done by extract-
ing 1 ml sample and diluting it 1:100 with demineralised water in a 100 ml volumetric
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ask. A further dilution to 1:10000 was made, and then a sample was collected with a
syringe that was placed in the syringe pump attached to the MS, after which the sample
was analysed. Between measurements the MS was cleaned by lling the syringe with a
1:1:1 mixture of demineralised water, iso-propanol, and methanol.

7.1.1 Results

The mass spectra for hydroxyethyl-triazine and the spent scavenger are shown in gure
7.1. In appendix F the respective mass lists are found.

x 10% Hydroxyethyl-triazine . x 10° Spentscavenger
1184 1932
35¢ 3L
120.4
3 166.2
251
25¢
2 86.6
= 2
5 62.8 =
c 2 2
@« [0]
IS I=
- =~ 151
15}
1 3173
1 2183
244 3
05t 05|
0 I 0 5”\ NN
0 100 200 300 400 500 0 100 200 300 400 500
m/z m/z

Figure 7.1: Mass spectra of triazine and spent scavenger solution

To indentify the peaks, the nominal mass of compounds expected to be present in
the mixture is calculated; the nominal masses is found in table 7.1. Because the MS set

Table 7.1: Mass list for spent scavenger

Compound Nominal mass
MEA 61
Hydroxyethyl-triazine 219
Thiadiazine 192
Dithiazine 165
Trithiane 138
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to positive ion mode, we expect the neutral compounds to be protonated, giving them a
m/z ratio in the spectra equal to their nominal mass +1. Bearing this in mind, the 193
and 166 peaks in the mass spectrum for the spent scavenger are identi ed as thiadiazine
and dithiazine. The M+1 and M+2 peaks may be used to inspect the correctness of the
guess. In appendix C a table showing the percentage of the heavier isotopes for each
element can be found. For thiadiazine the expected percentage of the M+1 and M+2
peaks compared to the molecular ion peak of are:

lyp =7 1:.08% +17 0.012% +2 0:038% +2 0:369% +1 0:76% (7.2)
=9:34%

lip =2 0:205% +1 4:29% (7.2)
=4:7%

Because thiadiazine is the base peak in the spectrum, we can directly see what percent-
age the intensity of the 194 and 195 peaks are of the 193 peak (9.4 % and 5.1 %). Both
measured values are within 10 % of theoretical value, which con rms the theory of 193
being thiadiazine. For dithiazine the expected percentage compared to the molecular
ion peak of the M+1 and M+2 peaks are:

ly1 =5 1:.08% +12 0:012% +1 0:038% +1 0:369% +2 0:76% (7.3)
=7:47%

lip =1 0:205% +2 4:29% (7.4)
=8:79%

By using the data in table F.1 we nd the measured percentages to be 7.42 % and 9.37
%. Again both measured values are within 10 % of the theoretical values, and it seems
very plausible that 166 indeed is protonated dithiazine.

The triazine is expected to be found at a m/z ratio of 220, but no peak is seen here
in either spectrum. This is especially surprising for the triazine solution since it should
consist of almost pure hydroxyethyl-triazine (51 wt/wt %) and a small amount of MEA
(1 wt/wt %). Inspecting the mass spectrum for the triazine, it is seen that the amount
of noise is signi cantly higher compared to the spectrum of the spent scavenger, which
indicates that the degree of ionisation of the triazine solution is low. If the triazine is
not ionised in the ESI-MS, then it would explain why it does not show up in any of
the spectra. Also interesting, there is no peak at 139 in the spectrum for the spent
scavenger, where mono-protonated trithiane is expected to be. Furthermore, MEA (62)
is not detected either, although it is formed 1:1 with thiadiazine and 2:1 with dithiazine.

In gure 7.2, the mass spectrum for the spent scavenger spiked with 1 M NaCl can
be seen.

The spectrum of the spiked spent scavenger solution shows that 215 has become the
base peak, and that 188 has gone from having an intensity of 3.8 % of the base peak
in the pure spent scavenger, to 33.6 % in the spiked solution. We also see that 242 has
appeared in the spectrum. The peaks 188, 215 and 242, all correspond to a di erence
of one N& ion from the nominal mass of dithiazine, thiadiazine and triazine. The fact
that addition of Na* ions enhances the signals of the 188, 215 and 242 peaks, relative
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Figure 7.2: Mass spectrum spent scavenger spiked with 1 M NacCl

to the 166, 193 and 219 peaks, con rms the theory. Therefore, 188 is a dithiazine/Na
complex, 215 is a thiadiazine/Na® complex and 242 is a triazine/Na" complex. An
interesting observation from this is that by adding Na* ions, triazine appears in the
mass spectrum. This supports the theory that triazine is not easily protonated by the
ESI-MS. A possibility is that the protonation leads to a rapid hydrolysis of the molecule,
which therefore does not show up in the spectrum. Also, even with the addition of N&
ions, no signal for trithiane (peak at 161) is observed. The spent scavenger solution
does therefore not seem to contain any trithiane.

To investigate whether MEA could be responsible for some of the peaks in the
spectra, MS spectra for pure MEA and for MEA in a solution spiked with 1 M NacCl
are made, see gure 7.3. To the left in gure 7.3 the spectrum for pure MEA is seen.
The only peak present here, which is also present in the spectra for the spent scavenger
is 62.8. This is also present in the triazine solution. Protonated MEA is expected to
be found at 62, which therefore does not match with a peak at 62.8. However, in none
of the previous spectra is a peak at 62 found. Both solutions solution should contain a
relative signi cant amount of MEA, and the peak at 62.8 might therefore be associated
with MEA. The remaining peaks in the spectrum are not multiples of the mole weight
of MEA, and in general it seems that the background noise is quite signi cant.

The solution spiked with 1 M NaCl is displayed to the right in gure 7.3. Here the
spectrum is very ordered, with the peaks lying at equal intervals. This is because NaCl
completely dominates the spectrum, since the peaks can be described as being multiples
multiple of NaCl molecules associated with a Na ion, m/z = (NaCl) ,+Na™.

This leaves the two peaks at 86.6 and 120.4, and some other peaks, unidenti ed
although they have a relative high intensity in the spectrum for the spent scavenger. A
possibility is that they are impurities from the natural gas. Water soluble compounds
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Figure 7.3: Mass spectra for pure MEA and MEA spiked with 1 M NacCl

from the gas phase might become dissolved and transferred to the spent scavenger
separator.
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7.2 MS analysis of reaction system, HS { ions

A major part of the literature on the subject of H ,S scavenging with triazines is based
on a reaction between HS ions and the triazine, which is also a convenient method to
use since it allows for easy control of the amount of reactants as well as physical and
chemical parameters such as temperature and pH; requirements necessary for kinetic
investigations. The purpose of this experiment is to identify the reaction pathway(s)
and the terminal reaction product(s) for this reaction system, by analysing how the
composition of the reaction mixture changes during the reaction.

7.2.1 Chemicals and apparatus

Chemicals: 0.100 M / 0.100 M Na,HPO, / Na3PO, bu er, NaHS (), hydroxyethyl-
triazine (51 wt/wt%).

Apparatus: Water bath (25 ! ), 100 ml round bottom ask, magnet, magnet stirrer,
thermometer, para Im, scale, pH meter.

7.2.2 Method

The experiment was based on the experiments performed by Buhaug and Bakke, where
an aqueous solution of H$ and triazine was prepared and analysed at di erent times
during the reaction. 4.2140 g NaHS was weighed out, and dissolved in 40 ml phosphate
bu er, while 10.7855 g hydroxyethyl-triazine solution was weighed out in an 100 ml
round bottom ask. Prior to the experiment, the density of the triazine solution had
been determined to 1.1072 g/ml, see appendix E, giving a volume of 9.74 ml triazine.
The pH was adjusted to 10 with 4 M HCI. A magnet was added to the round bottom
ask, and while stirring, the HS { solution was poured in. The nal concentrations were
0.5 M triazine and 1.5 M HS{, which ensured that a theoretical complete use of the
scavenger was possible. The solution was placed in a temperature controlled water bath
set to 25! , and the top of the round bottom ask was closed with a plug to avoid
evaporation. The temperature was measured with a thermometer during the course of
the reaction, but with the current setup it was possible to keep a constant temperature.
In gure 7.4, the setup for the experiment can be seen.

The reaction was studied by extracting samples and measuring them on an ESI-MS.
The samples were extracted at the following times: 0, 1, 2, 3, 4 and 5 hours. There
was only little change from 4 to 5 hours, and after this the reaction rate had decreased
to a level where only one sample per day was deemed necessary. Further samples were
collected at the following times: 24, 48, 72, 96, 168, and 192 hours.

As seen in gures 7.4 and 7.5 the solution had a yellow colour, which it attained
from the HS! ion. As the reaction progressed, and HS was consumed, the intensity
of the colour diminished, and at the end of the experiment, the colour was only very
weak, and the solution only had a faint odour of H,S. Together this indicated an almost
complete scavenging of the HS ion.

After three days a white precipitate was seen. At the end of the experiment, it
was isolated via ltration through a Buchner funnel, dried in a desiccator, and an IR
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Figure 7.4: Setup for scavenging reaction Figure 7.5: Close up of scavenging reaction

spectrum was recorded with a FTIR-ATR spectrometer. See appendix B for theory
about IR spectroscopy and the FTIR-ATR method.

7.2.3 Results

In gures 7.6 and 7.7 the mass spectra for start, 1, 2, 3, 4, 24, 72, and 192 hours are
shown. In appendix F tables F.4 and F.5 give the mass lists, where the intensity of the
most signi cant peaks can be found.

To a start, the reaction mixture is dominated by the triazine, which is also to be
expected. The presence of the 215 peak shows that some scavenging has already taken
place. After 1 hour, the mixture is mainly composed of thiadiazine, with only very
little dithiazine and no triazine detected. After 2 hours, dithiazine has become the base
peak, and it continues to be this for the remainder of the reaction. In general, this
means that the reaction proceeds as expected, with triazine forming thiadiazine, and
then dithiazine. Most interestingly we see no peak at 139 or 161, which is where we
would expect to see trithiane. Not even after 192 hours. This indicates that during an
experiment conducted according to the conditions of Bakke and Buhaug, trithiane is
not formed.

Also interesting are the peaks, which have not yet been identi ed: 86.6, 120.4 and
204.1. The peaks at 86.6 and 120.4 were also seen in the spectrum for the spent scavenger
and are therefore products of the scavenging reaction. Of the three peaks, 86.6 and 120.4
are formed rst, seemingly in connection with the rst step in the scavenging process
from triazine to thiadiazine. 204.1 seems to be related to the dithiazine formation,
and is rst present in appreciable amounts after two hours. But where dithiazine is
persistent in all spectra when rst formed, 204.1 is consumed more easily and has after
72 hours almost disappeared from the mixture. To try to identify the peaks, we look at
the molecular ion peaks, and their isotope peaks.

If we assume that the three compounds are mono-protonated with M, and round
up, the nominal masses for the unprotonated molecules become 86, 119, and 203. This
shows that 86 has no or an even number of N-atoms, and 119 and 203 an odd number
of N-atoms according to the N-rule, see appendix C. Looking at the mass lists in tables
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Figure 7.6: Mass spectra for rst three hours of the scavenging reaction

F.4 and F.5, we see that for all three peaks, there are smaller peaks at m/z values
+1 and +2 relative to the molecular ion peaks, and that the M+2 peaks are larger
than the +1 peaks. For 86.6 there is actually not detected a M+1 peak. Of the atoms
present in our mixture, only O and S have isotopes that give M+2 peaks. However, the
abundance of*20 is very low compared to 13C, which means that for the M+2 peak to
be larger than the M+1 peak, the compound has to consist of much more oxygen than
carbon. Instead, the relative size of the peaks indicates that the structure of 86.6, 120.4
and 204.1 contains one or more sulphur atoms. If we calculate the relative intensity of
the M+2 peaks compared to the molecular ion peak, we may estimate the number of
sulphur atoms. In table 7.2 the calculated values are shown. The large variation of the
relative intensity of the 86.6 and 88.6 peaks indicates that the 88.6 is in fact not the
M+2 peak of 86.6. For the 120.4 and 204.1 peaks, the values for the relative intensity
between the peaks and their M+2 peaks are more consistent, and it seems reasonable
to assume that 122.4 is the M+2 peak of 120.4 and 206.1 the M+2 peak of 204.1. Since
the only signi cant contributor to a M+2 peak in our mixture is sulphur, we make a

rst guess based on sulphur as the sole contributor in the molecule to the M+2 peak.

10:03%
1204 : Number of S atoms = 229% 2:34 (7.5)
10:83%
2041: N f = =2:52 7.
0 umber of S atoms 229% 5 (7.6)
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Table 7.2: Relative intensity for M+2 peaks for 86.6, 120.4 and 204.

Time (hours) 86.6/88.6 (%) 120.4/122.4 (%) 204.4/206.6 (%)

1 27.06 10.33 -

2 15.24 10.83 11.15

3 17.34 9.97 11.37

4 12.76 9.21 12.04

5 14.07 9.82 10.09

24 9.83 - 9.48

48 8.04 - 10.84
Average 1491 10.03 10.83
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These values indicate that two sulphur atoms might be present in the molecules; how-
ever, if this is so, then there must be other M+2 contributors present as well to bring
the theoretical intensity within 10 % of the measured intensities. As mentioned before,
the only other signi cant M+2 contributor we can expect to nd in the mixture is 20,
but with a contribution of 0.205 per atom, many more oxygen atoms would be necessary
than what seems reasonable. These values therefore indicate that 122.4 and 206.1 are
in fact not M+2 isotope peaks for 120.4 and 204.1.

We do know that 86.6, 120.4 and 204.1 somehow take part in the reaction as inter-
mediate compounds, since they are all created and consumed during the reaction. 120.4
has almost completely disappeared after 24 hours, while 86.6 is more persistent, and is
present even after 192 hours. One possible explanation could be that the compounds
are not protonated, but instead associated with N& ions. If we assume that more than
one Na" ion can associate with a molecule at a time, then we can come very close to
the m/z ratios seen in the spectra. 86.6 and 120.4 seem to be created alongside with
thiadiazine. The m/z ratio for a thiadiazine with two and three Na * ions are:

192 + 23+ 23

M=Ziadiazine+2Na * = 2 =119 (7'7)
192 +23+23+23

M=Ziadiazine+3Na * ~ 3 =87 (7'8)

204.1 cannot be linked to a dithiazine and two sodium ions, but if we nd the m/z ratio
for a protonated thiadiazine and a non-protonated thiadiazine associated with a Na
ion we get:

_ 192+193+23

=204 7.9
- (7.9)

In this way we may imagine compounds that explain the peaks. Because these peaks
are expected to have multiple charges (+2 and +3), their M+1 isotope peaks would not
be situated at their m/z value +1 along the x-axis, but rather 1/2 and 1/3 along the
x-axis. The MS does not pick up peaks at 120.9 and 86.9, but this may be due to the
resolution of the MS. For the compounds with a +2 charge, the M+2 isotope should be
found at an m/z ratio one higher. No peak is found at 121, but for a single thiadiazine
molecule the M+2 isotope peak might be too weak to show up in the spectra. We do
see a peak at 205 though, and if we assume this to consist of two thiadiazine molecules,
then the expected percentage becomes:

| =2 (2 0:205% + 4:29%) = 9:4% (7.10)

The average measured intensity of the 205 peak relative to the 204 peak is 9.66 %, which
ts well within 10 % of the expected value. On the other hand, none of the three peaks
seems to respond to the addition of NaCl, which would be expected if they caused by
Na" association. This therefore counts against the theory.

For a nal comment on the spectra, we may look at the last four spectra in gure
7.7. Here it is seen that the 188 peak becomes increasingly dominating over time. The
other peaks either decrease in size relative to the 188 peak or disappear completely.
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Even the 166 peak decreases relative to the 188 peak, although they represent the
same compound. The only compound, which seems to increase relative to the 188
peak, is the 236 peak. If we consider the 236 peak as part of a constant background
signal, then this would indicate that the concentration of dithiazine in the solution
is decreasing. If we further assume that the N& ions bind to a speci ¢ number of
dithiazine molecules, this would explain why the 166 peak decrease relative to the 188
peak. That the concentration of dithiazine should be decreasing ts well with the
observation of precipitate in the solution. This might be either crystalline dithiazine or
another compound formed from dithiazine. Somehow, this precipitate must also include
the other peaks that have disappeared from the spectrum, including 86, 120 and 204.
In gure 7.8 the IR spectrum for the precipitate is shown. The precipitate absorbes
at: 3400, 2954, 2922, 2852, 1655, 1459, 1365, 1174, 1022, 871, 754, 734 and 70%.cm
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Figure 7.8: IR spectrum of precipitate from reaction
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7.3 Actual scavenging - triazine and H  ,S

The purpose of the experiment is to investigate if the process investigated by Buhaug
and Bakke is representative for the actual scavenging system. Therefore,}$ is bubbled
through a non-bu ered triazine solution where no extra ions have been added, and
samples are taken out and analysed on ESI-MS during the experiment.

7.3.1 Chemicals and apparatus

Chemicals: NaHS, hydroxyethyl-triazine (51 wt/wt%), 37 % HCI.

Apparatus: 250 ml ask with tubes for leading bubbles through liquid, magnet and
magnet stirrer, seven 50 ml boiling ask with double neck, plastic tube, adaptor for
rubber tube, 25 ml dripping funnel.

7.3.2 Method

Six batches of 1.8048 g NaHS (0.0322 mole) and one extra of 3.6096 g (0.0644 mole)
were weighed o and transferred to the boiling asks, which were then closed with
plugs. The rst boiling ask was attached to the dripping funnel, which was lled

with concentrated HCI. An adaptor was attached to the boiling ask, which was used

to connect the boiling ask to the 250 ml ask with a rubber tube. Finally, the 250

ml ask was lled with 25 ml hydroxyethyl-triazine (0.0644 mole), and a magnet was
added. HCI was slowly dripped down on the NaHS, where the two chemicals reacted to
form gaseous HS.

aHS + aq ! NaClg + .
NaHSs) + HCl (5 ! NaCl() +H ,S ) (7.11)

The H,S then bubbled through the triazine solution, from where a sample of 0.1 ml was
taken out after each batch of H,S. In gure 7.9 the setup for the experiment is shown.

|

Figure 7.9: Experimental setup for experi- Figure 7.10: Precipitate from reaction
ment

A complete use of the HS was not achieved, which was visible from the fact the
grease used to lubricate the glassware became yellow when unreactegd$iwas dissolved
in it.
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Figure 7.11: Scavenging solution: start, 4:1 (1 day) and 4:1 (2 days)

After H,S had been bubbled through in a ratio of 4:1, the solution became blurred,
and after standing the night over, a second phase was seen. By stirring the two phases,
they could be completely mixed and would only separate very slowly. After another
24 hours, the solution had become completely opaque, with the second phase having
a white colour. The lower phase was very viscous, and made mixing with the magnet
dicult. In gure 7.11, pictures of the solution prior to reaction, one day after the
nal batch of H ,S and two days after the nal are shown. These clearly show how the
solution changes during the reaction. To investigate the nature of the second phase, the
solution was ltrated with a Bachner funnel, and the retentate was dried in a desiccator.
The precipitate can be seen in gure 7.10.

7.3.3 Results

In gure 7.12, mass spectra of the solution after reaction with the rst four batches of
H,S can be seen. The rst spectrum shows the composition of the scavenger solution
prior to reaction with H ,S. The 242 peak is identied as a triazine/Na" complex.
This is even though no sodium has been added to the mixture. It must therefore
either originate from the triazine solution, which could happen if the triazine was not
dissolved in demineralised water, or be present because of a contamination somewhere
in the reaction/sampling process, e.g. insu cient cleaning of the glassware. The base
peak in the spectrum is 461, which is a positive di erence of 219 relative to the 242
peak; exactly the nominal mass of a hydroxyethyl-triazine molecule. This peak therefore
seems to be the result of two triazine molecules associated with a single Naon. We
verify this by calculating the theoretical intensity of the M+1 isotope peak in percent

of the molecular ion peak. In the experiment it is measured to be 22.62 %.

I =2 (9 1:08%+3 0:368% +3 0:038% +21 0:012) = 22:38% (7.12)

The measured value is thus within 10 % of the expected value, and our theory seems to
be correct.

In the spectrum in the top right corner of gure 7.12, an amount of H,S equal to
half the number of moles of triazine has been bubbled through the scavenger solution.
Theoretically, half the triazine should therefore be converted to thiadiazine. It is also
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Figure 7.12: Mass spectra for scavenger solution after reaction with HS in the ratios H,S to
scavenger: start, 1:2, 1:1 and 3:2

evident from the spectrum that a signi cant amount of thiadiazine (193) has been
formed. Furthermore, we see the 86.6 and 120.4 peaks.

In the third spectrum equal amounts of H,S and triazine has been used. The triazine
should therefore be completely converted to thiadiazine at this point in the reaction. It
is seen that the amounts of triazine has decreased from the second spectrum relative to
the amount of thiadiazine, but there is still signi cant amounts left. Also, no dithiazine
is seen at this point.

After using an amount of H,S 1.5 times the amount of triazine dithiazine is expected
to have been formed to some extent. However, when inspecting the fourth spectrum,
no peak is seen at 166. The triazine peaks have almost disappeared though.

In gure 7.13 spectra for the nal batches of H,S can be seen. At a HS:triazine
ratio of 2:1, dithiazine is detected, but only in small amounts relative to the thiadiazine.
However, at a ratio of 3:1 dithiazine has become the base peak in the spectrum, and at a
ratio of 4:1 the solution is almost exclusively consisting of dithiazine. The spectrum for
the ratio 5:2 is dominated by the 215 peak; also, the 242 peak is very intense together
with the 188 peak. This indicates that the spectrum is heavily in uenced by Na" ions,
and its use in the comparison with the remaining spectra is therefore limited.

The peak at 204.1 is not detected when using gaseous,H, and since it was not
found in the spent scavenger solution either, it may be a by-product from the use of
HS{ ions. Also very interesting, no trithiane is detected indicating that the reaction
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Figure 7.13: Mass spectra for scavenger solution after reaction with HS in the ratios H,S to
scavenger: 2:1, 5:2, 3:1 and 4:1

stops at dithiazine.

In gure 7.14, the IR spectrum of the precipitate from the reaction can be seen.
As seen in the gure, the peak at 3400 crh! completely dominates the spectrum.
A possibility is that the amount of MEA in the precipitate is high, since the amine
and hydroxy group would signi cantly contribute to absorption around 3400 cm'®.
Because the precipitate is dried in a desiccator, MEA might not evaporate. To clean
the precipitate, a small amount is dissolved in 100 ml demineralised water and then
re- Itrated with a Bachner funnel. The new spectrum for the cleaned precipitate is
shown in gure 7.15.

It is clear that the water has decreased the intensity of the peak at 3400 ci! relative
to the rest of the peaks. The precipitate absorbs at the following peaks: 3405, 2957,
1638, 1367, 1282, 1174, 1051, 879, 746, 733 and 708 émComparing these absorption
bands with the precipitate from the reaction between HS and the triazine, a very high
degree of overlap is seen. The two precipitates absorb at the same wavelengths, with
the only di erence being that the precipitate from the previous experiment absorbs at
2852 and 1459 ch®. However, we also see that the peak at 3400 cnt is more intense
in the spectrum for the precipitate from this experiment, which may indicate that some
MEA is still left even after being washed with water. The presence of MEA might lower
the intensity of some of the weaker peak, and upon inspection 2852 and 1459 is found
to be very weak peaks. The comparison therefore indicates that the two precipitates
are the same compound.
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Figure 7.15: IR spectrum of cleaned precipitate
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7.4 Spent scavenger reaction with H ,S

The purpose of this experiment is to investigate if the same precipitate that was pro-
duced in the two previous experiments may be formed from a reaction between the
spent scavenger solution and HS. Since the exact mechanism leading to the precipi-
tation is unknown, the di erence in matrix between the previous experiments and the
spent scavenger solution might have an in uence on the precipitation reaction.

7.4.1 Chemicals and apparatus

Chemicals: NaHS), agqueous spent scavenger, 37 % HCI.

Apparatus: 250 ml ask with tubes for leading bubbles through liquid, magnet and
magnet stirrer, 50 ml boiling ask with double neck, plastic tube, adaptor for rubber
tube, 25 ml dripping funnel.

7.4.2 Method

The experiment was setup in the same way as the previous experiment where,B was
bubbled through triazine, with the only di erence being that the triazine is replaced by
spent scavenger solution. In gure 7.16 a picture of the setup is shown. 50 ml spent

. "

Figure 7.16: Setup for experiment Figure 7.17: Two phases after reaction

scavenger solution was measured out, and transferred to the 250 ml ask. 11.2146 g of
NaHS (0.200 mole) was weighed out and transferred to the 50 ml round bottom ask,
to which a dripping funnel with concentrated HCI was attached. The round bottomed
ask and the 250 ml ask was connected with a plastic tube, and H,S from the reaction
between NaHS and HCI was bubbled through the solution. After the experiment no
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visual change could be seen, and the solution was therefore left over night. The extra
reaction time allowed for a precipitate to be formed. The precipitate did not settle
completely, but was oating in the bottom of the spent scavenger solution. A picture
of the precipitate in the solution can be seen in gure 7.17. To investigate it, the
solution was lItrated with a Bachner funnel, and the retentate was dried in a desiccator.
Apparently two substances were present on the lter paper; a solid powder and a very
viscous liquid. An IR spectrum was recorded of each, and the ltrate was analysed with
ESI-MS.

7.4.3 Results

In gure 7.18 the mass spectrum for the spent scavenger solution after reaction with
H,S can be seen. Table F.8 in appendix F gives the mass list for the spectrum. From the
spectrum it can be seen that the solution consists almost purely of dithiazine, which
is in accordance with the result from the two previous experiments. In gure 7.19,
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Figure 7.18: Mass spectrum for spent scavenger solution after reaction with KS

the IR spectrum of the powder from the retentate is shown. The spectrum has the
following signi cant peaks: 3388, 2959, 2911, 1675, 1367, 1282, 1175, 1058, 881, 745,
734 and 708 crh !, which makes it almost identical to the spectra from the two previous
experiments. In gure 7.20, the IR spectrum of the viscous liquid from the retentate

is shown. The spectrum has the following signi cant peaks: 3393, 2915, 1659, 1429,
1391, 1367, 1336, 1283, 1195, 1176, 1104, 1055, 967, 941, 873, 807, 771, 729, 690 and
668 cnl 1. It is therefore very di erent from the powder, and is probably a completely

di erent compound.
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7.5 E ects of heating on spent scavenger

Since the rst place where the fouling occurs at Shell, is in the air cooler immediately
after the distillation column, the distillation process might be related to the formation

of the fouling. The purpose of this experiment is therefore to investigate the e ect of
heating and condensing on the spent scavenger solution, and on the reaction between
the spent scavenger and HS.

7.5.1 Chemicals and apparatus

Chemicals: Aqueous spent scavenger, NaHS, 37 % HCI.

Apparatus: 250 ml ask with tubes for leading bubbles through liquid, magnet and
magnet stirrer, 50 ml boiling ask with double neck, plastic tube, adaptor for rubber
tube, 25 ml dripping funnel, oil bath, condenser tube with water cooling, 250 ml boiling
ask.

7.5.2 Method

50 ml of aqueous spent scavenger was saturated with #$ by bubbling 0.200 mole HS
through the solution. The saturated solution was transferred to a 250 ml boiling ask
and brought to the boiling point with an oil bath. A condenser tube with water cooling
was attached to the boiling ask to simulate the condensation and to avoid evaporation.
After one hour the heating was ended.

Parallel to the experiment with the solution saturated with H ,S, a blind experiment
with heating of pure spent scavenger solution was made. The procedure for this exper-
iment was the same as described above. The setup for the experiments can be seen in
gure 7.21.

Figure 7.21: Experimental setup for exper- Figure 7.22: Precipitate from reaction
iment

Already after ve minutes the solution saturated with H ,S changed from clear to
blurry. After heating, the solution had become light brown and still blurred, but after
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settling, a small clear top phase appeared, while the lower phase was lled with a beige
precipitate. To investigate the nature of this precipitate, 2 ml of the lower phase was
taken out with a Pasteur pipette, dissolved in 50 ml demineralised water, Itrated on

a Bachner funnel and then an IR spectrum was recorded. In gure 7.23 pictures of the
saturated solution during the process can be seen, and in gure 7.22 a picture of the
precipitate is shown. To the right in gure 7.23, a picture of the pure spent scavenger
solution after heating is shown. Here it is visible that the solution changed to a more
deep red colour as a result of the heating. To investigate if the scavenging compounds
were degraded during the heating, a MS spectrum was recorded for this solution.

Figure 7.23: From left to right: Heated solution saturated with H ,S after 5 minutes, after one
hour, and after settling. Pure spent scavenger after heating.

7.5.3 Results

In gure 7.24 the mass spectrum of the heated spent scavenger solution is shown.
Comparing this mass spectrum with the one for the unheated spent scavenger, it is
seen that the relative size of the peaks 86.6, 120.4, 166.2 and 193.2 has not been al-
tered, while the peaks with higher m/z values have increased in intensity. From the
previous experiments, the rst four signi cant peaks are known to be part of the scav-
enging system; whereas, the peaks at higher m/z values have not been connected to the
scavenging system. No new peaks at m/z values lower than the thiadiazine and dithi-
azine peaks are seen, which otherwise could have indicated that a degradation took
place. The colour change to deep red, seems to be linked to the increase in the intensity
of the higher molar mass compounds. These are most likely water soluble components
from the natural gas, which are also removed with the liquid phase after the injection
of the scavenger.

Figure 7.25 contains the IR spectrum of the precipitate, and in gure 7.26, it is
compared to the IR spectrum of the precipitate from the reaction between the pure
triazine and H,S. It is very clear that the two spectra are completely identical, and
that the precipitate must have the same chemical structure in both cases.
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7.6 Evaluation of experimental series

These experiments have demonstrated that the reaction pathway is the same for HS
ions and gaseous KiS, which indicates that gaseous HS is rst dissolved in the scavenger
solution via an acid/base reaction, in which it is converted into the HS{ ion. This means
that controlled experiments with HS{ ions may be used to study the reaction.

The MS analysis have shown that the reaction follows the expected pathway with
triazine being converted to thiadiazine and then to dithiazine. However, in none of
the experiments was the reaction found to proceed to trithiane formation. During the
reaction, compounds that are not yet accounted for were detected (peaks at 86.6, 120.4
and 204.1). A possibility is that they are thiadiazine/Na™® complexes, but they may
also be intermediate compounds that are important for the nal reaction. The 204.1
peak was only found when using H$ ions, and may be an artefact of this experiment,
but both 86.6 and 120.4 were detected in all experiments. In all experiments, the nal
reaction mixture consisted almost exclusively of dithiazine, and from this solution a
precipitate, which was identical for all the experiments, was formed. This shows that
a large concentration gradient of H,S may indeed overspend the scavenger, leading to
a precipitation from dithiazine. Besides dithiazine, the nal reaction mixture was also
found to contain the unidentied compound (86.6). This might be involved in the
precipitation reaction. In the reaction between the spent scavenger and kS, a second
substance was found in the retentate, which might indicate that two types of precipitate
may be formed. It is possible to form signi cant amounts of precipitate from the spent
scavenger solution, and this makes it a suitable source for the fouling at Shell.

By applying heat, the rate of reaction was signi cantly increased, giving a precipitate
within minutes. If the precipitates from these reactions are identical to the fouling found
at Shell, this may be the key to explain how the fouling is formed. At 20! , the fouling is
rst formed after one day in a solution saturated with H ,S, which would not be su cient
time for fouling to occur in the re nery system, but with a reaction time of minutes
instead of days, fouling may occur quickly in places subjected to high S gradients
and heat. Such conditions are found after the distillation column, where fouling is also
found to occur for the rst time.

The MS analyses did not detect trithiane, which might question if the fouling is
indeed trithiane. On the other hand, it is also possible that the MS is not sensitive
towards trithiane. It was found di cult to detect MEA and triazine, and it is possible
that the same is true for trithiane. Still, the fact that the nal reaction mixture seems to
consist of dithiazine, is more in line with the hypothesis B, the polymerisation reaction.
However, no peaks at higher m/z values were detected, which would otherwise have been
a strong indication of a polymerisation. The MS analysis is therefore not conclusive as
to which hypothesis about the fouling formation is correct.
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Chapter 8

Experiments - Structural elucidation
of fouling

This chapter contains the experiments performed to investigate the fouling encountered
at Shell and Maersk. The main purpose of these experiments was to test which of
the three hypotheses put forward earlier is correct, and also to see if the precipitate
formed in the previous experimental series may be linked to the fouling. It is possible
that the fouling is a complex material, which is a combination of several components,
of which the precipitate seen in our experiments only is one. The black fouling found
at Maersk post scavenger injection was investigated to see if it had any connection to
Shell's fouling. The fouling was analysed with a TS/VS analysis, infrared spectroscopy
and X-ray di raction.

8.1 TS/VS analysis of fouling

To determine the amount of organic and inorganic matter, ash, in the fouling, a TS/VS
analysis is performed. Both the fouling from Shell, also the fouling from Maersk are
analysed. To determine the composition of the inorganic part of the fouling, an ICP
AES analysis is performed. Knowledge of the composition may be valuable for the
understanding of how the fouling is formed, since it is possible that certain deposition
areas are necessary for the fouling to start building up.

8.1.1 Method
TS/VS analysis

The TS/VS analysis was performed with basis in Danish Standard DS 204 [28]. Because
the two types of fouling were very heterogeneous, ve increment samples were taken,
which could then be used to calculate an average. Five crucibles were marked, inciner-
ated for one hour at 550! to remove any organic residues. and left to cool down in
an desiccator. The crucibles were weighed (gcinie ) before ve grams of fouling were
added, after which the crucibles were weighed again (Bcible + sample)- TO determine
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the amount of dry matter, the crucibles were dried at 90! for 48 hours, put back
in the desiccator to cool down, and then weighed (Ngucible+Ts). The dried samples
were incinerated at 550! in a mu e oven for one hour, and left to cool down in the
oven over night. Finally, the crucibles were weighed again to determine the amount of
non-volatile solids (Mgrycible + ash)-

ICP AES

Three samples of each type of fouling were prepared by weighing the fouling into 100
ml autoclave bottles, giving a total of six samples. To check if the results follow the
pre-calibrated curve, 0.5 g, 1.0 g and 1.5 g were weighed o . The second sample should
then give twice the concentration measured in the rst sample, and the third sample
should give a concentration three times as high. In this way, the validity of the results
could be evaluated. In table 8.1 the amounts of fouling weiged o for the ICP-AES
analysis can be seen.

Table 8.1: Weighed o amounts of fouling for ICP analysis

Nr  m(fouling) (g) (Shell) m(fouling) (g) (Maersk)

1 0:5020 05020
2 1:.0022 10125
3 1:5025 15021

To open the structure of the fouling, each sample was mixed with 10 ml of dem-
ineralised water and 10 ml concentrated HNQ to reach a concentration of 7 M HNG,.
The autoclave bottles were sealed, marked with autoclave tape, and put in an autoclave
where they were treated at 200 kPa and 120 for 30 minutes. They were left to cool
down in the autoclave over night. Upon opening the autoclave it was discovered that
the bottle with 1 g Shell fouling had exploded, and no further work was done with this
sample. The remaining samples were ltrated into 50 ml volumetric asks, where the
ltrate was diluted with demineralised water.

To determine the content of metal atoms, an existing Multi method was used. In
this method, the ICP is calibrated to measure As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb,
Zn, Mg, Be, Se, Mo, V, Ti, Tl and Ca. The calibration curve of this method was tested
before the actual measurements by using a standard solution with a concentration of 10
mg/L for all the metals, and was found to be well calibrated for all metals. After this,

a sample list was made in the computer software and the samples measured.

8.1.2 Results
Shell fouling

In table 8.2 the weighed results from the TS/VS analysis can be seen. The amount of
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Table 8.2: Weighed amounts in TS/VS analysis of Shell fouling

Crucible  Mcrycible (9)  Merucible + sample (9)  Merucible + Ts () Merucible + ash (9)

120 18.2447 23.3161 22.2093 18.2665
28 17.1797 22.3027 20.8437 17.2289
F9 21.5235 26.7566 25.3559 21.5644
E 22.8960 27.8539 26.5585 22.9154
13 17.6067 23.1150 21.7492 17.6287

dry matter, or total solids (TS), is calculated with formula 8.1.

TS= Mcrucible+ TS Mecrucible 103& 8.1)
Mcrucible + sample ~ Mecrucible kg
The amount of ash is calculated with formula 8.2.
Ash = Mcrucible +ash ~ Mecrucible 103& 8.2)
Mecrucible + sample  Mecrucible kg

The amount of volatile solids, VS, is calculated with formula 8.3.

v S = Merucible + sample  Merucible + TS 103kgg (8.3)

Merucible + sample  Mecrucible

In table 8.3 the nal calculated results are shown. The mean values are shown with 95
% con dence intervals.

Table 8.3: TS/VS analysis for Shell fouling

Crucible TS (g/kg) Ash (g/kg) VS (g/kg)

120 746.263 4.2986 253.737
28 715.206 9.6037 284.794
F9 732.338 7.8156 267.662
E 738.720 3.9129 261.280
13 752.047 3.9940 247.953

Average 736.915 17.6866 5.9250 3.2569 263.085 17.6866

Table 8.4 shows the concentration of metal ions as determined with the ICP-AES.
Only the metals that were detected are shown. The nal column is the average of the
two samples.

We see that for Cu, Fe and Ti the amounts detected in sample two is close to three
times that of sample one, which ts well with the amounts of fouling weighed o. For
Mg and Ca the correlation breaks down, indicating some problems in measuring these in
this speci ¢ matrix. As a result, the content of these two metal atoms will be regarded

with some uncertainty.
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Table 8.4: ICP-AES analysis for Shell fouling

X
XXXXX Sample

Metal XX x Xx 1 (mg/l) 2 (mg/l) Content (mg/kg)
Cu 0.179 0.682 20.26
Fe 4.882 12.92 458.1
Mg 0.820 0.670 51.98
Ti 0.213 0.809 24.07
Ca 2.371 2.501 159.7

Maersk fouling

In table 8.5 the readings from the balance for the TS/VS analysis can be seen.

Table 8.5: Weighed amounts in TS/VS analysis of Maersk fouling

Crucible  Mcrycible (9)  Merucible + sample (9)  Merucible + Ts () Merucible + ash (9)

17 13.6215 18.6732 18.3563 14.0426
7 15.1161 20.1600 19.8595 15.7322
30A 17.1690 22.3781 22.0636 17.8323
3/1 16.1304 21.3160 20.9907 16.6440
22 17.3181 22.2427 21.9429 18.0088

In table 8.6 the nal calculated results are shown.

Table 8.6: TS/VS analysis for Maersk fouling

Crucible TS (g/kg) Ash (g/kg) VS (g/kg)

17 937.269 83.358 62.731
7 940.423 122.148 59.577
30A 939.625 127.335 60.375
3/1 937.269 99.044 62.731
22 939.122 140.255 60.878

Average 938.741 1.766 114.428 28.413 61.29 1.766

Table 8.7 shows the concentration of metal ions as determined with the ICP-AES.
Only the metals that were detected are shown. The nal column is the average of the
three samples.
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Table 8.7: ICP analysis for Maersk fouling

X
XXXXX Sample

Metal XX x Xx 1 (mg/l) 2 (mg/l) 3 (mg/l) Content mg/kg
Cu 0.052 0.297 0.392 10.96
Fe 12.84 42.00 49.71 1669
Mn 0.102 0.736 0.827 24.68
Zn 3.113 13.08 11.38 444.9
Mg 5.184 15.16 14.22 579.4
Mo 0.113 0.380 0.410 14.56
Ca 36.31 112.9 123.7 4436

8.1.3 Evaluation

The TS/VS analysis shows that only a small part of the fouling from Shell is ash, making
it a mostly organic compound. We also see that the fouling consists of a large portion of
volatile matter, which upon evaporation changes the colour of the fouling signi cantly.
These results are a clear indication that the fouling is a heterogeneous compound, which
do not solely consist of one molecule. The presence of compounds that evaporate at
90! is interesting when considering that the fouling often occurs when the material
stream encounters a cooling operation. It may be that rst when the temperature is
su ciently low, will the smaller molecular weight compounds condense to take part
in the formation of the fouling. It could also be that the volatile compounds become
absorbed by the fouling, without having a signi cant role in the formation of the fouling.
Another possibility is that the fouling decomposes at elevated temperatures, and that
it is this weight loss, which gives the volatile matter.

The fouling from Maersk has a lower content of volatile solids and a higher amount
of ash. This is an indication that the two types of fouling are not the same material.

In both cases the inorganic part of the fouling mainly consists of iron and calcium,
which could be an indication of iron corrosion and calcium carbonate. These are rela-
tively common compounds, so it is not surprising that they are found. The presence of
iron corrosion products could indicate that the fouling is connected to places in the pip-
ing vulnerable to corrosion. Such places will have an increased surface roughness where
it might be easier for the fouling to deposit or start formation. The calcium could
originate from the chalk layers from which the oil is extracted. This would also explain
why the concentration is higher in the Maersk fouling. The presence of calcium in the
fouling could indicate that the corrosion is taking place around calcium deposits under
which the oxygen could rapidly become depleted creating a corroding environment. It
could also be that calcium simply deposits on the fouling as this grows. Especially for
the Shell fouling do the inorganic compounds seem to be relative insigni cant, since
only a very small amount is found in the TS/VS analysis.
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8.2 IR and X-ray analysis of fouling

The purpose of this experiment was to investigate the nature of the fouling found
at Shell. To test hypothesis A that the fouling is s-trithiane, spectra obtained for
the fouling were compared with spectra for pure trithiane. This was done because
although IR and X-ray di raction are qualitative techniques, it is di cult to give certain
conclusions without comparison with a spectrum of the pure compound.

The three samples (s-trithiane, Shell fouling and Maersk fouling) can be seen in
gure 8.1.

Figure 8.1: From left to right: Trithiane, Shell fouling, Maersk fouling

There is an obvious di erence in colour between the samples. The pure trithiane is
white, the Shell fouling is yellowish and the Maersk fouling is black. This could indicate
a di erence in composition; however, for the Maersk fouling it may be that the black
colour is a result of mixing with oil. Another di erence is the smell. The pure trithiane
has an acidic smell, while the Shell fouling has a much more pervasive and putrid smell,
which necessitates that work with it is carried out in fume hood. The black Maersk
fouling is odourless.

As a preparation for both analyses, the samples were grinded to a smaller particle
size with a mortar. Especially for the black fouling from Maersk, this was di cult due
to the texture of the sample.

8.2.1 Method
IR

For the IR analyses an ATR (attenuated total re ectance) cell was used, see appendix
B for background theory of the method. During a measurement, the sample was placed
on the crystal, and a tower was lowered onto the sample, and tightened to give a good
contact between the sample and crystal. A spectrum was recorded, after which the
sample was removed from the crystal, which was cleaned with 70 wt% ethanol.

Because the IR radiation with lower wavenumbers penetrate the sample more e -
ciently than higher wavenumbers, radiation with lower wavenumbers will spend more
time in the sample, and as such an imbalance develops in the absorption of the radi-
ation. To compensate for this, the recorded spectrum is subjected to ATR correction.
Finally, transmittance is chosen as the y-variable.
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