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Corrosion risks in co-processing of rapeseed oil
A study on degradation of rapeseed oil and its relation to risk of corrosion
AMANDA MÅRTENSSON
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
With an increased knowledge about greenhouse gas emissions and climate change, the
interest in renewable energy sources are increasing remarkably. At Preem’s refinery in
Lysekil an ongoing project is the refining of a more renewable diesel by initially adding 2 -
10 wt% of rapeseed oil into the already present Synergetic Saturation (SynSat) unit. The
added rapeseed oil is blended in with fossil oil in a so called co-processing technique.

Rapeseed oil consists of triglycerides, which in turns consists of different types of fatty
acids which can cause fatty acid corrosion. This occurs when triglycerides decompose
into free fatty acids. This master thesis investigated the decomposition of triglycerides at
temperatures of 290, 310 and 330 °C together with a mixture of 5, 10, 15 and 100 wt%
of rapeseed oil for each temperature. The pressure was set to 59 bar and LHSV to 1.5
h−1 in hydrogen atmosphere. TAN values concluded that none of the samples caused a
risk of corrosion. By comparing the TAN values with a theoretical chemical kinetic model
over degradation of vegetable oil in a hydrogen free environment it was concluded that
the presence of hydrogen gas is of great importance. All samples tested in a hydrogen
environment showed a TAN value of < 3 mg KOH/g whereas all theoretical samples in a
hydrogen free environment gave a TAN value of > 39 mg KOH/g.

With time an increase in added amount of rapeseed oil into the SynSat unit is planned to
20 wt% or more. Since vegetable oils contains much more chlorides than fossil oil there is
a risk of deposition of NH4Cl in the upstream system of the revamped SynSat unit, which
can cause fouling or corrosion in pipes of heat exchanger or air coolers. Calculations in
combination with published diagrams showed that there in fact is a risk of NH4Cl salt
deposition in the upstream system of the SynSat unit. Therefore an water injection point
is necessary at this stream to avoid such deposition.

The degradation of rapeseed oil forms unwanted by-products like CO2, which in contact
with water is corrosive. Other products such as H2S and NH3 are formed as well in the
process. The addition of an water injection point to avoid salt deposition of NH4Cl, can
therefore cause sweet or sour corrosion in the amine recovery system. When investigating
the system it showed to be of sour corrosion dominating type, where a risk of corrosion
was found to be possible in some streams. It was however not possible to predict the type
of corrosion or corrosion rate of such a system due to the complicated reaction mechanisms
of sour corrosion.

Keywords: rapeseed oil, free fatty acids, co-processing, sweet corrosion, sour corrosion,
ammonium salt, oil refinery, TAN
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1 Introduction

Due to the increased knowledge about climate change, its influence by greenhouse gas
(GHG) emissions together with diminished oil sources, renewable fuels are of great interest
on the market today. [1] Combustion of fossil transportation fuels causes a momentous
part of the overall CO2 emissions, which can be directly related to greenhouse gas emissions
and hence increased global warming. Therefore, research for carbon neutral technologies
are being developed and improved. [2] One potential green energy source providing less
environmental impact in comparison to fossil fuel is renewable diesel fuel derived from
vegetable oils.

1.1 Background
When producing renewable diesel fuel, vegetable oil can be used either by solely adding it
or by blending the vegetable oil with petroleum oil in a present hydroprocessing unit, so
called co-processing. [3, 4] In 2011 Preem’s Evolution Diesel was released on the market
where tall oil is co-processed with light atmospheric gasoil (LAGO). Now a new expansion
in Preem’s refinery located Lysekil is planned, where LAGO will be co-processed together
with rapeseed oil. Initially 2 - 10 wt% will be co-processed but within a future of a few
years, this will be increased to 20 wt% or more. The production of this partially renewable
diesel will be produced in a revamped synergetic saturation (SynSat) unit which today
produces diesel.

The new revamped design will have rapeseed oil mixed together with LAGO before en-
tering the first unit reactor. However, while designing the new renewable feed system
into the current design, several aspects have to be further investigated. Some of these
aspects are the high oxygen content, immiscibility with fossil fuel and high viscosity of
vegetable oil. Therefore, the rapeseed oil has to be processed before being used as diesel
fuel. [1, 5] These reactions are performed in the unit reactors where hydrogen gas and
catalyst will hydrotreat the compounds in the vegetable oil, forming hydrocarbons similar
to the ones in fossil diesel. These reactions are known as hydrodeoxygenation (HDO) and
hydrodecarboxylation (HDC). [6]

Another aspect is that all vegetable oils consist of triglycerides which in turn consists of
different fatty acids. [6] Due to the free fatty acids and high concentrations of organic
oxygenates in vegetable oil, corrosion issues in storage tanks and feed lines will be increased
in comparison to petroleum oils. [6, 7, 8] The risk of corrosion can be measured by the
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1. Introduction

Total Acid Number (TAN) which represents the degree of oxidation and hydrolysis in
a feedstock which can be related to its corrosion. [3] No previous studies regarding a
summary of TAN for rapeseed oil at different temperatures and wt% of renewable feed
have been found in literature.

According to Preems internal calculations, a larger portion of chlorides is to be expected
when adding rapeseed oil into the SynSat unit. With an increased amount of chlorides,
a possible deposition of NH4Cl at heat exchangers or air coolers can occur at normal
operating temperatures where there previously was no salt deposition. [9] The risk of
ammonium corrosion must therefore be investigated further.

One common way to reduce the risk of salt deposition is to add a water injection point
into the feed systems where deposition of salt can occur. [10] This addition of water may
however cause sour or sweet corrosion when coming in contact with H2S and/or CO2.
[11] Carbon dioxide is a by-product of hydrocarboxylation when co-processing rapeseed
oil with fossil fuel and was not present before the revamp of the SynSat unit. [4, 12]
Therefore such risk of corrosion must be investigated in the project of the SynSat unit
revamp.

1.2 Aim
This master thesis aims to investigate three possible causes of corrosion when co-processing
rapeseed oil in a hydrotreating unit at Preems refinery in Lysekil. Free fatty acid corrosion,
ammonium salt corrosion and sour and sweet corrosion will be investigated with focus
being laid on the risk of corrosion and material durability. The master thesis will also
cover the degradation of triglycerides into free fatty acids at different temperatures and
mixtures. This by finding possible correlations between the decomposition of triglycerides
and risk of corrosion of the material in the processing unit. For corrosion investigations on
the amine recovery system of the SynSat unit this master thesis aims to find a reliable and
well applicable prediction model of corrosion together with analyzing the risk of deposition
of ammonium salts due to water injections.

1.3 Limitations
In such a complex system as a refinery several possible corrosion aspects has to be taken
in consideration as a whole. However in this master thesis the focus has been laid on
fatty acid, aqueous and ammonium salt corrosion since these are some the most probable
corrosion after co-processing the current feed of LAGO with rapeseed oil.

Different crude oils do have a significant difference in corrosivity. But since that would
cause too high of a workload to investigate all possible crude oils running through the
refinery, only one will be covered in this master thesis. There are several methods mea-
suring the corrosivity of a crude oil. Analyzing Total Acid Number (TAN) is one of the
most common methods, which will be used in this thesis. [13]

When using corrosion prediction models there are many variables that has to be taken

2



1. Introduction

into consideration. Therefore one have to decide which of these variables that are of most
importance to the system of interest.

One last limitation in this master thesis is that it does not account for wall shear stress,
velocity or other flow impacts of the feed inside the pipes when measuring the corrosivity.

3
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2 Theory

2.1 Rapeseed oil
Rapeseed oil originates from the Brassica plant and is the third largest produced vegetable
oil globally after palm- and soybean oil. [14] Rapeseed can germinate at low temperatures,
making it accessible also in the northern parts of the globe. [15] Due to its accessibility and
preferable characteristics, rapeseed oil is a popular choice when co-processing renewable
feed. Because of the reasons described above, rapeseed oil is also the choice for the
revamped SynSat unit of Preems’ refinery in Lysekil.

Rapeseed oil is high in content of monounsaturated fatty acids (58%), but it also contains
polyunsaturated fatty acids (33%) and saturates (9%). [16] In general, vegetable oils
as fuel components yield less CO and CO2 emissions. [15] Vegetable oil, as all biomass
materials, consist of high amounts of chlorides whereas the amount of sulfur is low. [17]

2.1.1 Triglycerides in rapeseed oil
The main components in rapeseed oil, as in all vegetable oils, are made up of carbon,
oxygen and hydrogen. Through various combinations, these atoms form different variants
of triglycerides (TAGs) which represent 96 - 98% of the oil composition. [18] TAGs are
composed of three fatty acids (FAs) esterified to a glycerol molecule. [6, 18] An example
of a triglyceride structure is given in Figure 2.1. It is the fatty acids, and the chemical
structure of its glycerol molecule that determine the properties and characteristics of the
triglyceride. [19] The fatty acids can vary in both carbon chain length and saturation
levels, and the number of double bonds determines the heat stability of the oil product.
[14] At lower temperatures, fatty acids can be seen as rather harmless oils. However, at
higher temperatures, as in the SynSat unit, fatty acids may cause severe corrosion of steel.
[20]

In rapeseed oil, the fatty acid molecules mainly consist of chains with 18 to 22 carbon
atoms. [6] All fatty acids present in the rapeseed oil are given in Table 2.1. The number
behind the fatty acid represents the number of carbons in the hydrocarbon chain and the
second number represents the amount of double bonds in the fatty acid.

5



2. Theory

Figure 2.1: An example of a triglyceride structure.

Oleic acid, which represent more than 61% of the fatty acids in rapeseed oil, is an unsatu-
rated fatty acid with a backbone of 18 carbons. Oleic acid occurs naturally in both animal
fats as well as in vegetable oils. [21] An example of an oleic acid can be seen in Figure 2.1.
The second largest contribution to the rapeseed oil composition is linoleic acid. Linoleic
acid is a polyunsaturated fatty acid with doulbe bonds on the 9th and 12th carbon and
can be seen in Figure 2.1. [22] Linolenic acid is also a polyunsaturated fatty acid and
is the third largest component in terms of weight percent and consists of three double
bonds. [23] All of the three dominating fatty acids are thus of unsaturated type. From
Table 2.1 an absence of free fatty acids (FFA) can be observed. [2] Free fatty acids are
fatty acids which have been separated from the triglyceride molecule. [18] To transform a
double bonded carbon chain of a free fatty acid into a linear carbon-carbon chain, a higher
hydrogen gas consumption is required, causing higher operating costs. [2]

Table 2.1: Composition of fatty acids in commercial rapeseed oil. [24]

Total C H O
Fatty acid content Molecular Formula (wt%) (wt%) (wt%) (wt%)

Stearic (18:0) C18H36O2 7 5.4 0.9 0.8
Oleic (18:1) C18H34O2 61.1 46.9 7.4 7.0

Linoleic (18:2) C18H32O2 20.9 16.1 2.2 2.4
Linolenic (18:3) C18H30O2 9.1 7.0 0.9 1.0
Gadoleic (20:1) C20H30O2 1.4 1.2 0.1 0.2
Erucic (22:1) C22H32O2 0.5 0.5 0.1 0.1

Calculated (wt%) 100 77.0 11.6 11.4
Analyzed (wt%) Error = max. ±0.5% 77.1 11.8 11.1

6



2. Theory

2.2 SynSat Unit
The SynSat unit is a process plant which removes sulfur - and aromatic compounds from
hydrocarbons with hydrogen gas and a reactor mass. The feed running through the unit is
either kerosene (KERO) or light atmospheric gasoil (LAGO). It is characterized by its two
in-series-reactors called HDS and HDA reactors. The unit can operate in two modes; hy-
drodesulfurization (HDS) where removal of sulfur occur, and hydroaromatization (HDA)
which removes both sulfur- and aromatic compounds. Between the two reactors is an inter-
stage stripper which separates light hydrocarbons and H2S since the HDA reactor cannot
handle sulphur. The unit also includes an amine recovery system, which separates the
formed NH3 from the gas. Together with a stripping system, performing after-treatment
of the reactor liquid products in order to obtain desirable properties of the product feed.
A simplified scheme of the SynSat unit is shown in Figure 2.2.

Figure 2.2: Simplified scheme of the present SynSat unit.

Hydrotreating is a catalytic chemical process where unstable molecules, for example com-
ponents of oxygen, nitrogen and sulfur, are refined. These components will react with the
added hydrogen gas inside the reactor forming H2O and the corrosive compounds of H2S
and NH3. [25] By these reactions sulfur is removed by 95 - 99%+. Some of the purposes of
hydrotreating petroleum oil are to reduce the sulfur content and enhance the cetane num-
ber. Even in low concentrations sulfur can poison the catalyst in the HDA reactor which
is one reason for desired removal. In addition to this, saturation of chemical compounds,
such as aromatics or naphthenes preferably occurs. [26]
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The current feedstock of either KERO or LAGO flows from tanks into the SynSat unit
where it passes a feed vessel and thereafter a heater, where hydrogen gas is introduced.
The stream temperature of the outgoing oven equals the inlet temperature into the HDS
reactor. The reactor consists of two beds filled with catalysts of nickel, molybdenum and
phosphorous oxides reacting with the passing feed transforming it to linear hydrocarbons.
Between the first and second bed, hydrogen gas is added via quenching in order to replenish
the hydrogen used for reactions in the first bed, making further hydrodesulfurization
possible. When running both the HDS- and the HDA reactor, the reactor gas product
is flowing towards the amine absorber system. Here the gas is condensed and H2S-rich
gas is separated from the liquid. The gas then flows into the amine absorber tower,
where an amine flow absorbs the H2S and then goes to the amine recovery. The reactor
liquid product proceeds towards the stripper section in order to obtain the desired product
properties.

2.2.1 Revamped SynSat Unit
In the revamped SynSat unit, an additional mode will be added where initially 2 - 10
wt% of rapeseed oil, added via a quill, will be co-processed with LAGO. A quill is a pipe
consisting of slots or holes, mixing the renewable feed more easily with the LAGO stream.
[27] Current material to the feed pipes is stainless steel alloy 321, which can be read about
further in section 2.7.1. In the new revamped feed system, the rapeseed oil will be injected
just before the inlet of the HDS reactor. This is to avoid corrosion risks earlier in the feed
line due to free fatty acid formation from the heated rapeseed oil. [20] A simplified scheme
of the planned additional feed of rapeseed oil is shown in Figure 2.3.

Figure 2.3: Design prototype of renewable feed added to the petroleum feed stock.
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In Figure 2.4, the quill planned to be used for injection of rapeseed oil into the SynSat
system is shown.

Figure 2.4: The installed quill and inlet point of the SynSat unit. Photography by Preem.

In the amine absorber system some rebuilding will be done as well, to prepare for the case
where 20 wt% or more of rapeseed oil is planned to be co-processed with LAGO. The main
difference in comparison with the unit before the revamp is the addition of another wash
water injection point before the hot high pressure separator (HHPS), shown in Figure
2.5. This due to avoid fouling of ammonium chloride (NH4Cl) and ammonium bisulfide
(NH4HS) on the pipes in heat exchangers and/or air coolers. [10]

Figure 2.5: Design scheme of initial parts of the amine recovery system.
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2.2.2 Light gas oil
Distillation products from the crude unit at Preems’ refinery in Lysekil can be separated
into six main fractions; fuel gas (< C2), liquefied petroleum gas (LPG, C3 and C4),
naphtha, KERO, light and heavy atmospheric gasoil and atmospheric residue. Fuel, being
the lightest fraction, comes out via the top whereas atmospheric residue, being the heaviest
fraction, comes out via the bottom the crude distillation tower. In the current SynSat unit
the feedstock varies between KERO and LAGO. It is however only LAGO that will be
used as fossil feed when co-processing rapeseed oil after the revamp.

LAGO consists of hydrocarbons with 75% being saturated molecules of alkenes (n-paraffins),
alkanes (iso-paraffins) and cyclo-alkanes (naphthenes), seen in Figure 2.6. [28] The remain-
ing 25% composition represent aromatic hydrocarbons, such as toluene. Depending on the
different chemical structures of the hydrocarbons, the flow properties of the final product
can vary. [28, 29]

Figure 2.6: A.Normal paraffin B. Branched (ISO) paraffin C. Cyclohexyl paraffin, also
named naphthene.

2.3 Co-processing rapeseed oil
One major advantage with the co-processing technology is the opportunity to use already
existing units and technologies, reducing the capital costs. [30, 31] The reaction between
the co-processed feed will occur in the already present reactors together with catalyst
mass and an addition of hydrogen gas environment. Hydrotreating co-processed feed in
the unit has the purpose of producing linear hydrocarbons compatible with the ones in
diesel and to fulfill all specifications required in the finished diesel product. [6] This is
done by transforming the double bonds in the fatty acids into saturated single carbon-
carbon bonds by hydrogenation. The esters linkage is then separated, yielding one propane
molecule and three molecules of saturated fatty acids. The final hydrocarbons are then
formed by deoxidizing the fatty acid molecules. [32]

Co-processing vegetable oil with petroleum oil does come with several challenges. Firstly,
biomass based diesel contains a noticeable amount of oxygen and other contaminants

10



2. Theory

which can cause rapid pressure drop build-up or deactivation of catalyst. Secondly, very
exothermic reactions will occur and a larger amount of circulated, cleaned hydrogen gas,
so called make-up gas is required for quenching. Therefore, the hydrogen balance in
the refinery must be controlled, which might give a smaller unit capacity then during
processing of petroleum. Due to the above described challenges, co-processing renewable
feedstock with petroleum oil usually limits around 5 vol-%. In addition, co-processing
vegetable oil containing a high amount of free fatty acids increases risk of severe corrosion
in pipes and upstream equipment of the reactor. [6]

The main theory for occurrence of corrosion after the revamp are around two parts of the
unit. Firstly, the quill, where the rapeseed oil is injected to mix with LAGO. This theory
is primarily based on the high concentration of fatty acid in rapeseed oil which is known
to cause corrosion. [6] The second part is in the pipes between the air cooler and the cold
high pressure separator (CHPS) in the amine absorber system, due to the addition of wash
water. In this part of the unit, acid components as H2S and CO2 may cause corrosion on
the pipe steel material.

Initially the amount of co-processed rapeseed oil is set to 2 - 10 wt% but within some years
the share of rapeseed oil is planned to be increased to 20 wt% or more. Therefore with an
increased amount of rapeseed oil, higher free fatty acids concentrations and formation of
CO2 can be present in the feed causing corrosion.

In a study made by Walendziewski et al. 10 wt% and 20 wt% rapeseed oil where mixed
with a balance of diesel under hydrogen gas with an operating pressure of 5 MPa and a
temperature of 320 °C. LHSV was set to 2 h−1. Used catalyst was NiMo/Al2O3. The
study presented a hypothesis that the hydrogenolysis of ester bonds and hydrogenation
of olefinic bonds in vegetable oils is the main reaction when co-processing. [33] Most
interesting in this study with respect to the aim of this master thesis is the given acid
number (mg KOH/g) which can be seen in Table 2.2. Here one can observe a rather
large increase in acid number between the different mixtures of rapeseed oil. It is however
important to remember that different crude oils can give different values of TAN.

Table 2.2: Hydroprocessed mixture of 10 wt% and 20 wt% rapeseed oil at 320 °C. [33]

Feedstock 10 wt% 20 wt%
Acid number [mg KOH/g] 0.6 1.74

Another study made by Zeuthen and Rasmussen describe how triglycerides in rapeseed
oil reacts under hydroprocessing conditions with a 25 vol-% of renewable feed stock. The
results showed that four different kinds of paraffin were formed with carbon backbones of
17, 18, 21 and 22 respectively. [6]

2.3.1 Degradation of rapeseed oil
The reaction pathway for degradation of triglycerides occurs by hydrogenation over a
metal catalyst in two main steps, HDO and HDC, see Figure 2.7. The final products from
both reactions are hydrocarbons together with by-products of linear n-alkenes, H2O, CO
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and CO2. [4, 12] In the HDO step, hydrogen gas is added, forming linear n-alkanes. The
main by-products are oxygen-containing groups, such as H2O. HDO is a very hydrogen-
consuming process with the amount of hydrogen required depending on type of vegetable
oil and reaction pathway. [4]

Figure 2.7: Hydrogenation reactions of triglycerides.

There are several similarities between HDO and the current HDS reaction at the SynSat
unit. Comparing the two processes, both use hydrogen gas in order to eliminate oxygen
and sulfur. One organic and one aqueous phase will be formed as products. The two
processes also use similar catalyst and have the same process conditions with a high
operating pressure. [34]

The formed hydrocarbon chain in HDC have one less carbon atom than in the fatty acid
chain and main by-products are CO, CO2 and propane. [4] Commonly the product consists
of linear hydrocarbons although it can differ depending on the saturation level of the fatty
acid in the original feedstock. A saturated feed will experience transformation to alkenes
described in the sections of HDO and HDC above. Unsaturated feedstocks, however, will
transform to only a smaller amount of shorter-chained alkenes. [4] The desirable reaction
out of the two is HDO since HDC loses one carbon in order to form CO2 and CO.

2.4 Cold flow properties
One of the main disadvantages of co-processing vegetable oil is its poor cold properties
including low-temperature flow properties and high cloud point (CLP). CLP depends on
the saturation level of fatty acids. A higher degree of unsaturated fatty acids gives a
higher CLP than for saturates. CLP is the temperature where the liquid sample becomes
cloudy due to formation of crystals. The crystals, occurring from solidification of saturates
in vegetable oil, rapidly grow and causes filter plugging. [35] Because of the poor cold
properties of vegetable oils, their blend in volume is restricted. [1, 33]

A possible solution hindering filter plugging is to decrease the content of paraffin which
cause the poor cold properties. This could potentially be done by installing a dewaxing
catalyst in the HDA reactor for selective isomerization of branched paraffin. [1, 6] However,
this opportunity will not be covered in this master thesis.
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2.5 Chemical kinetics
Chemical kinetics is often used in order to better understand at what rate chemical re-
actions and processes occur. The rate changes with time and represent how long it takes
for a reactant to transform into new products. It can be measured on several different
systems, including the decomposition of triglycerides. [36] By using Arrhenius equation,
see Equation 2.1, the rate constant (ki) is given, depending on a pre-exponential factor
(A), the activation energy (Ea), temperature (T ) and the universal gas constant (R).

ki = Ae( −Ea
RT

) (2.1)

In a study made by Meier et al. a thermal cracking model of waste cooking oil is formed
where four different pathways are defined based on the number of carbon atoms on the
molecule chain. The study was performed without any addition of hydrogen gas. Meier
et al. have divided the four groups into the starting product, waste cooking oil (WCO,
> C18), followed by heavy bio-oil (HBO, C12 - C18), light bio-oil (LBO, C4 - C11) and
bio-gas (BGO, < C4). [37] An overview of the groups and their rate constant pathways
are shown in Figure 2.8.

Figure 2.8: Thermal cracking model. [37].

The obtained rate constant from Arrhenius equation can be used in Equation 2.2 - 2.5 to
determine the concentration of the different formed products and thereby determine the
degradation of triglycerides at different times. [37]

CW CO(t) = (CW CO)0e
−(k1+k2)t (2.2)

CHBO(t) = α(CW CO)0e
−(k1+k2)t + [(CHBO)0 − α(CW CO)0]e−k3t (2.3)
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CLBO(t) = β(CW CO)0e
−(k1+k2)t + χ[(CHBO)0 − α(CW CO)0]e−k3t

+[(CLBO)0 + (αχ− β)(CW CO)0 − χ(CHBO)0]e−k4t
(2.4)

CBG(t) = (CBG)0 + k4
(k1 + k2)β(CW CO)0[1− e−(k1+k2)t]

+ε[(CHBO)0 − α(CW CO)0](1− e−k3t)
[(CLBO)0 + (αχ− β)(CW CO)0 − χ(CHBO)0](1− e−k4t)

(2.5)

Where α, β, χ and ε are variables derived from Equation 2.6 - 2.9. [37]

α = k1
k3 − k1 − k2

(2.6)

β = 1
k4 − k1 − k2

[k2 + k1k2
k3 − k1 − k2

] (2.7)

χ = k3
k4 − k3

(2.8)

ε = k4
k1 − k3

(2.9)

2.6 Corrosion
Corrosion is an electrochemical process occurring due to an oxidation-reduction reaction
between a metal and its surrounding environment. In the reaction the metal acts as an
anode being oxidized and releasing electrons to its surroundings. [38] For corrosion to
occur a cell must be initiated. A cell is a circuit where electrons and ions are transported
from one charged electrode to another. [39] Corrosion can generally be divided into two
sections; internal- and external corrosion with internal corrosion being in focus in this
master thesis. Internal corrosion, occurring in refinery pipelines, storage tanks etc., are
driven by contaminants in the petroleum feed such as sulfur and oxygen. [38]

The rate of corrosion for various types of materials can vary considerably in different
environments. The reason for this is due to the energy levels of the materials and its
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surroundings. A material strives to have as low energy level as possible. For produced
materials such as steel, the energy level in the material will be high in comparison to the
energy levels in nature. To decrease the energy levels of the material a process will start
reacting and decomposing the produced steel back to its origins, i.e. corrosion occurs. A
rule of thumb says, the more energy required to produce a material or alloy, the higher
rate of corrosion the material will be exposed to. [39]

In this master thesis the main corrosion investigations will be laid on fatty acid corrosion,
aqueous corrosion and ammonium salt corrosion.

2.6.1 Passivity
A protective thin film can be formed on the metal surface in corrosive environments. This
film will reduce the corrosion rate of the metal providing a corrosion resistance even though
it is not visible to the naked eye. The film is formed under oxidizing conditions together
with a high anodic polarization. [40] To understand the formation of such a protective
film, a polarization curve which represents the active-passive behavior of corrosion can be
used. A general example of such a curve is shown in Figure 2.9.

Figure 2.9: An example of a polarization curve.

The active zone has a low potential where the anodic current is high and increases within
the zone. Above the passive potential (Epp) the passive zone begins. In this zone the
formed passive film becomes stable which reduces the corrosion rate significantly. It is
therefore desirable for materials to stay in the passive zone. In the transpassive zone the
passive film starts to break down, increasing the corrosion rate. [40]

In Figure 2.10 Pourbaix diagrams for iron and chromium are shown. [41] These figures
present the possible types of stable protective films at varying potential and pH. As can
be seen in the figures, the formed protective films on iron are usually of oxides, Fe2+ and
Fe3+ whereas for chromium the film consists of oxides, Cr2+ and Cr3+.
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Figure 2.10: Pourbaix diagram for iron and chromium. [41]

When comparing the oxide formation between iron and chromium one can observe that a
stable formation of Cr2O3 is formed at significantly lower potential then for Fe3O4. This
makes the element of chromium desirable when designing feed pipes and other equipment
in corrosive environments such as the oil and gas industry. However, the thin protective
films can break down causing localized corrosion due to its fragility. [40]

2.6.2 Fatty acid corrosion

With fatty acids being the main component in triglycerides, exposing the steel of the inlet
pipe to the HDS reactor, this is one of the main interests in this master thesis. They
are complicated from a corrosive point of view since organic acids often is included in a
process mixture together with other organic acids, salts or inorganic acids. [20]

In a comparison between tall oil, which is used as a renewable source of feed in Preems
refinery in Gothenburg, and vegetable oils, the later show less risk of corrosion. This is due
to the characterization of steric and palmitic acids in vegetable oils. Previous published
investigations have showed that alloy 316L have had a fulfilling corrosion resistance in this
type of feed. [20]

2.6.3 Ammonium salt corrosion
The gaseous stream from the interstage stripper and HDA reactor, including components
of H2S, NH3 and HCl, can react into acid salts. Two common types are ammonium chloride
(NH4Cl) and ammonium bisulfide (NH4HS). The formation of these salts is presented in
Equation 2.10 - 2.11. [42] Before the revamp of the SynSat unit, chlorides was estimated
to < 1 ppm, whereas the rapeseed oil contains > 12 ppm chlorides. This can cause a
salt deposition of NH4Cl to occur at temperatures where no deposition of NH4Cl occurred

16



2. Theory

before the revamp according to diagrams. [9] This new increased amount of chlorides
makes the ammonium salt corrosion of interest when investigating the effects of adding
rapeseed oil into a revamped SynSat unit.

NH3 +HCl→ NH4Cl (2.10)

NH3 +H2S → NH4HS (2.11)

As shown in Equation 2.10, ammonium chloride is the product of ammonia and hydrogen
chloride and is corrosive in both gas, solid or in solution and comes in the form of both
general and local corrosion. [43] The deposition of ammonium chloride occurs from the
vapor phase where ammonia and hydrogen chloride are present. This occurs when the
stability constant of ammonium chloride is smaller than the molar partial pressures of
ammonia and hydrogen chloride. The deposition of the salt firstly comes in the forms
of small molecules in vapor phase which with time increases into larger particles. [44]
The absence or limited amount of water in a system where ammonium chloride is present
causes the propagation of pitting corrosion, which can be read about in Section 2.6.4.1.
[43]

Ammonium bisulfide, the product of ammonia and hydrogen sulfide presented in Equation
2.11, can also be found in the upstream of the interstage stripper and HDA reactor in the
revamped SynSat unit. As for ammonium chloride, the propagation for deposition of
ammonium bisulfide can occur when smaller amounts of water is present. The deposition
of the salt can cause fouling in heat exchangers or/and air cooler pipes. [45]

2.6.4 Aqueous phase corrosion
Carbon dioxide and hydrogen sulfide are the two acid gases which have the greatest impact
on the corrosion rate of a system. [46] After the revamp of the SynSat unit, some of
the triglycerides in rapeseed oil will react in unwanted HDC reactions giving products
of carbon dioxide and carbon monoxide as seen in Section 2.3.1. It is the increased
amount of these substances that will be investigated further together with the already
present hydrogen sulfide. Noticeable is the decreased amount of hydrogen sulfide when
co-processing rapeseed oil with fossil feed due to less amount of sulfur in the total feed.

Different phases, such as gas, liquid hydrocarbons, gas condensate and liquid water phase,
can be present in the SynSat unit, singly or in a combination with other phases. The
phases changes depending on its location in the unit, for example being liquid hydrocar-
bons into the HDS reactor and then gaseous in the amine absorber. These changes of
phases can affect the rate of corrosion in the system. [46] In the upstream system of the
interstage stripper and HDA reactor, there are streams with phases of mixed liquid/vapor
and streams with only vapor phase.

The gas phase from the interstage stripper and the HDA reactor is a combination of
mainly hydrocarbons and acid gases where the acid gases are of main interest with respect
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to corrosion. The liquid water phase formed can be produced water, injected and/or
condensed water. This occurs when the temperature and pressure changes and entails
in acid gases of carbon dioxide and hydrogen sulfide in the water. The liquid water is
of great importance when it comes to corrosion in pipes since the liquid stays in contact
with the pipe material. [47] In the SynSat unit before the revamp, a water injection point
is set between the HHPS and the HHPS vapor effluent cooler in the upstream feed of
the interstage stripper and HDA reactor. This is done to avoid fouling and corrosion of
tubes due to build-up of salts crystals like ammonium chloride and ammonium bisulfide.
The addition of water can initiate reactions between the acid gases of carbon dioxide and
hydrogen sulfide and the pipe steel material which may cause internal corrosion. The
chemical corrosion reactions of this can be seen in Section 2.6.5.

Corrosion occurring from carbon dioxide in a hydrogen sulfide free environment is usually
named sweet corrosion and is defined by the dissolved carbon dioxide gas in water phase.
Environments containing hydrogen sulfide is called sour corrosion. Unlike sweet corrosion,
sour corrosion can contain both hydrogen sulfide and carbon dioxide. [46] In order to
predict whether sweet or sour corrosion is formed, the type of corrosion product must be
identified, see Table 2.3. Studies indicate that for carbon steel, a CO2/H2S ratio < 20
gives sour corrosion, a CO2/H2S ratio between 20 - 500 gives a mixed regime of sour and
sweet corrosion product whereas sweet corrosion is formed at a CO2/H2S ratio > 500. [48]

Table 2.3: Dominating corrosion forms in carbon steel at different partial pressure ratios
of CO2 and H2S. [48]

ppCO2/ppH2S ratio Dominating corrosion form
< 20 H2S corrosion

20 - 500 Mixed CO2/H2S corrosion
> 500 CO2 corrosion

Calculations of a CO2/H2S ratio is a commonly used method by the gas and oil industry
in order to determine whether a system is of sour, mixed or sweet dominance. Originally
the influence of temperature on the ratio was not investigated but set to 25 °C. [49] This
temperature is far below the temperatures which can be used in the gas and oil industry
including the SynSat unit. Later on the temperature acceptance has been increased to a
range between 25 - 100 °C since the impact the thermodynamic data was still minor at
this point. At higher temperatures > 100 °C changes of protective films starts to arise.
[49]

In Figure 2.11 the relationship between different possible corrosion product on carbon
steel is shown. When calculating the ratio of sour or sweet corrosion some assumptions
are taken which will be presented below. The first assumption is the presence of both
mackinawite, one type of iron sulfide, and iron carbide. Therefore the line between these
corrosion products is the valid line for the ratio calculations. At temperatures below this
line the the equilibrium is instead between iron ions (Fe2+) and mackinawite which are not
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valid for the ratio calculations. At temperatures above the equilibrium of iron carbide and
mackinawite the equilibrium instead lies between iron carbide and pyrrhotite or troilite.
This is not a valid line for the ratio calculations either since these assume mackinawite
to be the produced iron sulfide corrosion product. Pyrrhotite and troilite are both more
stable compounds then mackinawite and the ratio for sweet corrosion should therefore be
converted from 500 to at least 2500. [49]

Figure 2.11: Relationships of corrosion products on carbon steel. [47]

2.6.4.1 Sweet corrosion
Corrosion occurring due to carbon dioxide has been a recognized problem in the oil and
gas industry for many years. Carbon dioxide itself does not cause corrosion but with the
presence of water, corrosion products of iron carbonate (FeCO3) is formed according to
Equation 2.12. [11, 50]

Fe+ CO2 +H2O → FeCO3 +H2 (2.12)

Iron carbonate normally forms a protective film layer on the metal surface which can
reduce the reaction rate. The reduction of reaction rate is due to that the reactants have
to diffuse through the protective FeCO3 layer. At higher temperatures (>100 °C) iron
oxide (Fe3O4), also called magnetite, can be formed as a corrosion product. [51] It is
however possible for the protective film layer to break down due to different stresses or
high feed velocity. If this occurs areas where the protective film has broken down may be
exposed to local corrosion. [50]

During sweet corrosion, several different types of corrosion can occur on the steel surface,
for example uniform and pitting corrosion. [11] Uniform corrosion is characterized by
corroded areas over most or all of the material. The depth of corrosion can vary, but
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does not include any small local peaks of corrosion. [52] In uniform corrosion the water
present in the feed can condense and adsorb on the pipe walls, creating a film of water.
This occurs when the carbon dioxide being present in the system dissolves in water. [11]
Uniform corrosion is the most common type of corrosion and the least dangerous. [53]

Another characteristic type of corrosion in sweet environments is pitting corrosion. [11]
In the opposite to uniform corrosion, pitting corrosion is characterized by taking place in
local zones. The rates of corrosion are often high, with several orders greater than for
uniform corrosion. [52] Pitting corrosion occurs due to failed or uneven protective films of
iron carbide or iron oxide in local areas, causing small peaks. [11]

2.6.4.2 Sour corrosion
The definition of sour corrosion can be determined by the presence of hydrogen sulfide,
forming protective corrosion layers of iron sulfides. [47] As for carbon dioxide, hydrogen
sulfide itself is rather harmless from a corrosive point of view. However, in contact with
water it easily dissolves and may form the corrosion product of iron sulfide according to
Equation 2.13. [11]

Fe+H2S → FeS + 2H (2.13)

At temperatures below 100 °C, mackinawite is the main formed hydrogen sulfide corrosion
product. This is due to the fact that mackinawite has a faster kinetics then other hydrogen
sulfide corrosion products such as pyrrhotite at the elevated temperatures. [47, 51] The
formation of mackinawite occurs on the steel surface when iron sulfide is still soluble in
the bulk. This occurs when the concentrations of Fe2+ and hydrogen sulfide lays below
the saturation level. At temperatures above 100 °C the concentration of iron sulfide
meets or exceed the saturation levels, pyrrhotite is the main formed product. [47] It is
however believed that mackinawite is initially formed product, which later decomposes to
pyrrhotite. [54]

In sour corrosion environments many types of corrosion can occur, with two of the most
common of them being hydrogen-induced cracking (HIC) and stress corrosion cracking
(SSC). [11, 50] In HIC the presence of hydrogen atoms in the metal causes the material
to gain a tensile stress. This occurs when the hydrogen atoms diffuse through the metal,
reacting into hydrogen molecules which are insoluble in steel. The effect of the gained
tensile stress initiates HIC. SCC occurs due to the breakdown of the protective oxide
film on the metal surface. Without any film, sulfide particles can more easily react with
the steel surface, allowing it to corrode. The cracking occurs due to localized hydrogen
embrittlement in the steel. [55]

2.6.5 Corrosion reactions
The chemical reactions due to the presence of naphthenic acids is presented in Equation
2.14 - 2.15. In the first reaction iron atoms on the metal surface is attacked by naph-
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thenic acids forming a product of iron naphthenates and hydrogen gas. In the second
reaction hydrogen sulfide corrosion can occur when the formed iron naphthenates reacts
with hydrogen sulfide, forming more naphthenic acids and hydrogen gas while also in-
hibiting soluble iron to be produced. Depending on the amount of sulfide compounds
present in the reactions the production of iron sulfide and corrosion varies. Formed iron
naphthenates is a product of corrosion whereas iron sulfide forms a protective film on the
metal surface. [53]

Fe+ 2RCOOH → Fe(RCOO)2 +H2 (2.14)

Fe(RCOO)2 +H2S → FeS + 2RCOOH (2.15)

The corrosion mechanism of the steel material for both sweet and sour corrosion is an
anode reaction where the solid iron reacts into an iron (Fe2+) ion according to Equation
2.16. [11]

Fe→ Fe2+ + 2e− (2.16)

The main reactions of sweet corrosion and the formation of a protective oxide layer is
presented in Equation 2.17 - 2.20. In the initial reaction carbon dioxide reacts with the
injected water forming carbonic acid (H2CO3) which later reacts into the more corrosive
substance of bicarbonate (HCO –

3 ) ions. The bicarbonate then, together with an electron,
forms carbonate (CO 2–

3 ) ions which in the final reaction creates the protective oxide layer
of FeCO3. [11, 51]

CO2 +H2O → H2CO3 (2.17)

H2CO3 + e− → HCO−
3 + 0.5H2 (2.18)

HCO−
3 + e− → CO2−

3 + 0.5H2 (2.19)

Fe2+ + CO2−
3 → FeCO3 (2.20)

The corresponding reaction mechanisms for sour corrosion is presented in Equation 2.21
- 2.23. Initially hydrogen sulfide dissolves in water rather easily depending on the partial
pressure and temperature of the system. The H2S being dissolved may then quickly be
ionized giving sulfur (S2–) ions and hydrogen ions. Due to a strong depolarization of the
hydrogen ion, electrons from the steel forms hydrogen ions into hydrogen atoms. The iron
in the steel then reacts with the formed S2– ions producing a protective film of FeS. [11]
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H2S → HS− +H+ (2.21)

HS− → S2− +H+ (2.22)

Fe2+ + S2− → FeS (2.23)

2.6.6 Corrosion prediction of H2S and CO2

Published studies indicates that the formed layers of corrosion products can be of great
importance when it comes to reducing the corrosion rates. [56] For example, the type of
formed iron sulfide in a sour corrosive environment will affect the hydrogen absorption to a
material and hence affect its risk of hydrogen induced damage. [57] The formed corrosion
product could force sulfide or carbide particles to diffuse through the film layer before
reacting with the steel material. [56]

Several corrosion prediction models for carbon dioxide environments have been established
during the years. However, for hydrogen sulfide or mixed carbon dioxide/hydrogen sulfide
corrosion it has been found to be more difficult to predict since the corrosion mechanisms
are more uncertain. [56, 58] Studies have indicated that with hydrogen sulfide present in
the system many different types of iron sulfides can form on the steel material. Macki-
nawite is the first film layer formed as a product of the mixed carbon dioxide/hydrogen
sulfide or hydrogen sulfide environment. The initial formation occurs quickly on the steel
forming a solid inner mackinawite layer by a solid-state reaction (see Equation 2.13). This
layer (� 1 µm) is a tight film layer which act as a barrier, forcing the sulfide particles to
diffuse through the layer before reaching and reacting with the steel. Outside of the inner
layer a larger porous film (� 1 µm) is formed also working as a diffusion layer for the
sulfide particles. It is believed that the corrosion process for hydrogen sulfide also is valid
for a mixed carbon dioxide/hydrogen sulfide corrosion, along with smaller adjustments.
[56]

2.6.7 Total acid number
To measure the corrosivity of the types of corrosion described in this section one can
use the Total Acid Number (TAN). TAN is a measurement of acidity in a liquid and is
determined by the amount of KOH needed in order to neutralize 1 gram of sample [3, 59].
The measurements represent a value for the overall acidic components in the crude oil.
[53] TAN also measures the degree of oxidation and hydrolysis in the sample of renewable
diesel. With a high degree of either oxidation or hydrolysis, formation of free fatty acids
can occur. It is the free fatty acids that can cause the main corrosion problems in pipe or
equipment. [3]
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Figure 2.12: Correlation between corrosion rate and TAN for several crude oils. [13]

Crude oils refined today usually have a TAN value between 0.05 - 6.0 mg KOH/g and can
be divided into high acid crude and acid crude. [60] High acid crudes are represented by
naphthenic acids and have a TAN value > 1.0 mg KOH/g whereas acid crudes are acids
which have a TAN value > 0.5 mg KOH/g. [61] Crude oils with < 0.5 mg KOH/g are seen
as rather harmless from a corrosion point of view at Preem. It is however important to
know that there are several aspects deciding the corrosivity of a feed, such as the process
temperature, feed rate, amount of sulfur, acid structure etc. [53, 50] Measuring TAN only
yields a rough estimate of the corrosiveness of the sample since crude oils with similar
TAN values can differ in corrosivity as shown in Figure 2.12. [53]

The current TAN value in the SynSat unit varies with which type of crude oil being refined.
High sulfur (HS) and low sulfur (LS) provides different characteristics to the LAGO which
is important to take in consideration when evaluating the measured TAN results.

Many studies have been made, trying to identify the acid compounds in different crude
oils, including using nuclear magnetic resonance (NMR), gas chromatography (GC), high
performance liquid chromatography (HPLC) etc. No technique has however, been fully
successful. The difficulty of identifying crude oil corrosiveness is that the position of the
carboxylic acid group on the molecule does have a great impact on the reactivity of the
acid. [13]

2.7 Steel materials
There are many types of materials used in Preem’s refinery plant i Lysekil. One of them
being stainless steel which will be further explained in the following section. Stainless
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steel material of alloy 321 is the current material at the inlet of the HDS reactor whereas
the materials used at the upstream feed of the interstage stripper and HDA reactor varies.
Which type of material is however confidential and will therefore not be further discussed.

The material and its alloy composition has a vital effect for corrosion resistance of a system.
Molybdenum, for example, enhances the formation of the protective corrosion film layer.
It can also capture diffused hydrogen by formation of carbides. Capturing hydrogen can
in turn reduce the risk of hydrogen induced corrosion. [57]

2.7.1 Stainless steel
The inlet pipe to the HDS reactor is today made of alloy 321, a titanium stabilized
austenitic stainless steel. [62] Alloy 321 is planned to be the material used in the inlet
pipeline as well after the revamp of the SynSat unit. It is however unknown how this
material will resist fatty acid corrosion attacks during co-processing of rapeseed oil in the
revamped SynSat unit.

Materials of stainless steel are used favorably in sulfur environments above 290 °C, due
to its added element of molybdenum. [25] With an increase in operating temperature in
the process unit, an increase of molybdenum content is required. [20] There are over 100
different grades of stainless steel materials available on the market today and they all are
defined by a composition with iron > 50% and chromium of at least 10 - 12%. [63, 64]
Often other elements are included, like a low content of carbon, but it is not needed for the
requirement to be named stainless steel. The material can be classified into five different
subgroups with austenitic stainless steel (ASS) being of specific interest in this master
thesis. [63]

Austenitic stainless steel is usually recognized by its high amount of chromium and nickel
content, whereas the carbon is usually held at low content since it is considered an un-
wanted impurity. [65] The addition of nickel stabilizes the face center cubic phase and
improves the resistance of corrosion on the material. [40] This group does show excel-
lent mechanical properties, including toughness and strength. [66] ASS has the highest
corrosion resistance of all subgroups and is commonly used for several applications. [64]

In general, chromium together with a low carbon content will yield stainless steel material
with great resistance to both corrosive environments and heat. [64, 67] Chromium is also
the most important element for formation of thin protective films on the metal surface.
[40] It is however the addition of nickel that makes the stainless steel a functional and
adaptable material. In comparison with other non-nickel stainless steel, nickel containing
alloys is non-magnetic and will remain ductile at low temperatures but still being able
to use for applications at high temperatures. These features make the nickel content in
stainless steel of great importance since it enables usage of many different applications.
[67] Elements as titanium or columbium are commonly added to the stainless steel in
order to reduce the corrosion by converting the carbon content into stable carbide. The
carbon content in the alloy can alternatively be < 0.03% and thereby avoid intergranular
corrosion. [20] Other elements such as molybdenum could be added in order to increase the
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corrosion resistance further in variable environments. [64] In specific, molybdenum gives
an increased resistance to naphthenic acid corrosion in crude units since molybdenum
stabilizes the protective passive film from different types of organic attacks commonly in
refinery units. [68]

When designing and choosing materials for the inlet pipe at the revamped SynSat unit the
main objective is corrosion resistance. Austenitic alloys with a combination of chromium,
molybdenum, nickel and nitrogen are commonly chosen for this type of application. This
classification of austenitic alloys includes 316 and 317L, which will be described further in
the Section 2.7.1.1. [65]

2.7.1.1 Comparison of austenitic stainless steel materials
The titanium stabilized alloy 321 is of austenitic stainless steel classification with an ex-
cellent corrosion resistance up to about 820 °C. [62] Alloy 321 does have a high chromium
(18%) and nickel (11.5%) content together with a smaller content of other elements such
as manganese and carbon. [62] As seen in Table 2.4, only alloy 321 does have a content
of titanium. The titanium avoids precipitation of the material by converting carbon into
stable carbide. [20]

Stainless steel alloy 316 is based on a chromium, nickel and molybdenum content and is
commonly used in chemical and petrochemical processes as vessels, tanks and pipe lines.
[69] The last alloy of comparison is alloy 317L, an austenitic stainless steel of chromium,
nickel and molybdenum as the main elements. The combination and high level of these
main elements provides the alloy with a better corrosion resistance in comparison to the
more traditional alloys of types 304 and 316. [70]

Table 2.4: Chemical analysis of ASS alloy 321, 316 and 317L in wt%. [62, 69, 70]

Element alloy 321 alloy 316 alloy 317L
Cr 17.00 - 19.00 16.00 - 18.00 18.00 – 20.00
Ni 9.00 - 12.00 10.00 - 14.00 11.00 – 15.00
C 0.08 0.08 0.03
Mn 2.00 2.00 2.00
P 0.045 0.045 0.045
S 0.030 0.03 0.030
Si 0.75 0.75 0.75
Ti 0.70 - -
N 0.10 0.1 0.10
Mo - 2.00 - 3.00 3.00 – 4.00
Fe Balance Balance Balance
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3 Methodology

In this section literature methods, apparatus and analytical methods used during the
project are described. A literature study was performed on several topics, focusing on the
current and revamped SynSat process and what the changes will result in from a process
and material point of view. Chemical structure of triglycerides and compounds such as
hydrogen sulfide and carbon dioxide were also investigated. In addition to published
articles, different types of corrosion and of corrosion prediction models were included
in the literature studies. The methodology also included literature studies of different
types of stainless steels and what a difference in content can make between different type
of materials. The main source of information during this project have been read through
published studies found mainly from publications of Fuel Processing Technology, Materials
Science and Engineering, Fuel etc. and published books of material science.

3.1 Heat treatment of co-processed feed
To investigate the potential risks of corrosion when rapeseed oil and LAGO are being
co-processed before entering the HDS-reactor, such a simulation must be created. In this
master thesis this simulation was performed in a co-operation with Research Institutes of
Sweden (RISE). RISE is a Swedish state owed company which collaborate on behalf of
private and public sectors together with Swedish universities. [71]

At one of RISE laboratories in Södertälje, Sweden, four different mixtures of rapeseed oil
(5, 10, 15 and 100 wt%) were mixed with a balanced amount of LAGO. All four samples
was then heated to temperatures of 290, 310 and 330 °C in a hydrogen gas environment
in order to simulate the process before the HDS reactor, seen in Figure 2.3. In Table 3.1
the different samples tested at RISE are lined up.

3.1.1 Heat treatment execution
To simulate the continuous plug flow reactor, a 1⁄2" column made out of stainless steel
316L material was prepared with glass wool in its bottom end in order to avoid larger
particles to be able to flow further after the column. The column had a wall thickness
of 0.89 mm and the length of 827 mm, giving a reactor volume of 77.5 ml. Thereafter
the whole column was filled with 125.6 g of silicon carbide (coarse, 46 grit) with purpose
to give an even heat transfer of the flow. The column was then mounted and installed
by adding a thick protective steel layer outside of the column in order to have an even
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Table 3.1: Samples tested for simulation of co-processing feed at RISE.

Sample Temperature [°C] Rapeseed oil [wt%] LAGO [wt%]
1 290 5 95
2 290 10 90
3 290 15 85
4 290 100 0
5 310 5 95
6 310 10 90
7 310 15 85
8 310 100 0
9 330 5 95
10 330 10 90
11 330 15 85
12 330 100 0

temperature of the outside column. Outside of the protective layer, an oven was placed,
see Figure 3.1 The suppliers of LAGO and hydrogen gas were installed into a joint pipe
that was connected to the head of the column whereas the pipe supplying rapeseed oil was
added in another injection point to the head of the column. The two liquids were assumed
to be completely mixed after this point.

Thereafter the whole apparatus was cleaned thoroughly part by part with acetone in order
to ensure that all residues of old samples was cleaned out of the system. With old samples
still left in the system the later measurements of TAN can be greatly affected. After
cleaning the apparatus system with acetone, it was run with rapeseed oil in order to dilute
any traces of the acetone. A pressure test was then performed on the system with nitrogen
gas at 48 bar in order to ensure that there was no leak in the system.

With a total column volume of 77.5 ml and a LHSV set to 1.5 a total flow of 1.94 ml/min
was run through the reactor. In Table 3.2 the different volumes of LAGO and rapeseed
oil for the different samples are presented.

Table 3.2: Flow of rapeseed oil and light gasoil for the different samples.

Rapeseed oil Light gasoil
[ml/min] [ml/min]

Sample 1, 5 and 9 0.0975 1.8425
Sample 2, 6 and 10 0.1950 1.745
Sample 3, 7 and 11 0.2925 1.6475
Sample 4, 8 and 12 1.940 -

The tests were performed with constant temperatures, while only the wt% of rapeseed
oil was changed. After the three different blends (5, 10 and 15 wt%) were tested isother-
mally, the temperature was increased, and the experiments repeated. Samples with 100
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wt% was performed lastly as to avoid possible coke on the silicon carbide in the column.
Performance of each test took three hours. Two hours was set to ensure steady state and
thereafter 90 ml of sample was collected. For further explanation of steady state and time
schedule during the test see Figure A.1 in Appendix 1. All 12 samples were performed
with the same approach.

3.1.2 Equipment
In Figure 3.1 a simplified image of the laboratory set-up at RISE is shown. Green lines
represent liquid in the form of rapeseed oil or LAGO whereas red lines represent nitrogen
and hydrogen gas. The black lines post the fixed bed column represent the two completely
mixed components.

Figure 3.1: The equipment set-up for heat treating of LAGO together with hydrogen gas
and rapeseed oil. Provided and approved by Research Institutes of Sweden.

A high pressure LC pump is pumping the LAGO towards a check valve and further on
towards the oven where it will mix with the hydrogen gas. In the high pressure pump for
rapeseed oil, a moving piston will compress the liquid. Two check valves with opposing
directions will result in a vacuum which forces the rapeseed oil to enter the cylinder. At
the other check valve, the liquid will be pumped towards the process. Rapeseed oil will
then flow through small pipes to the head of the column where the feed will meet with the
hydrogen gas mixed light gasoil. The blended feed will then pass through the fixed bed
column, fully filled with silicon carbide. Around the column a thicker shell is attached
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to give an even temperature for the whole column. Outside of the shell an oven will
heat the column to desired temperatures of 290, 310 and 330 °C. At three different points
small temperature measurements are attached. These measurements verify a homogeneous
temperature over the whole column.

When the heated feed has passed through the column, a cooler will reduce the temperature
of the feed before it enters a gas/liquid separator. In the gas/liquid separator the liquid is
settled on the bottom of the cylinder whereas gas stays at the top of the cylinder and can
be removed from the separator via a back pressure regulator. The intermediate sample
container receives 30 ml liquid from the liquid/gas separator every 15 minutes. This in
order to avoid the gas/liquid separator to be over filled with feed from the column. From
the intermediate sample container, the liquid flows towards an aerosol trap, where it will
come out as a mixture of liquid and foam due to the high pressure in the system. The liquid
is then pumped towards a waste container before steady state is reached and thereafter
to the sample container.

3.2 Analysis of acid number
Measurements of total acid number performed in this master thesis is based on standard
ASTM D664 [72] with some modifications. In the original method KOH of 0.1 M is
used whereas Preem’s laboratory in Gothenburg uses 0.01 M KOH. By using weaker
concentrations of KOH, less amounts of sample are needed than in the original method
and the sample will more easily dissolve in the titration solution.

Measurements were performed on all samples listed in Table 3.1 above together with an
addition of three samples shown in Table 3.3. The three samples were not heat treated,
but are reference samples for mixtures of 5, 10 and 15 wt% rapeseed oil.

Table 3.3: Reference samples tested.

Sample Rapeseed oil [wt%] LAGO [wt%]
13 5 95
14 10 90
15 15 85

3.2.1 Analysis principle
The sample is dissolved in a titration solution and is titrated potentiometrically with
alcoholic KOH (0.01 M) together with a combination electrode. The titration curve is
continuously recorded, and the inflections are used as the end point for the titration.
From the obtained curve, the voltage in relation to the added volume of KOH is seen
and translated into mg KOH/g. Equivalence points are the part of the curve where the
tangent line has the steepest slope and is where the acids react.

A specified endpoint, called the fixed point, is used as a reference point when measuring
the total acid number. This point represents the amount of alkali (mg KOH/g) needed to
neutralize the sample to a specific endpoint which corresponds to pH 10. Depending on
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the electrode different values are obtained; during these tests the electrode is calibrated
to -134.3 mV.

3.2.2 Analysis execution
Firstly, a solution of KOH (0.01 M) was prepared by pipetting 50 ml of 0.1 M KOH in
isopropanol (IPA) into a 500 ml volumetric flask. The solution was then diluted by IPA
to a total of 500 ml. The solution was then added to a flask and installed to the TAN
measurement system. Lastly 40 ml of the newly mixed KOH (0.01 M) was run through
the system.

For TAN analysis, 5 - 10 g of sample was weighed and mixed together with 120 ml of
titration solution (0.6 ml distilled water, 59.4 ml IPA and 60 ml toluene). The beaker was
put on a magnet stirrer and an electrode together with a plastic pipe for addition of KOH
(0.01 M) was submerged into the solution. After being stirred for 90 seconds in order to
get a well-mixed solution, the test started.

Figure 3.2: Example of graph formed from TAN analysis.

During the test KOH will be added continuously while the electrode will notice any re-
actions of acids. Meanwhile a graph of voltage (mV) plotted against added KOH volume
(ml) is created. This graph is shown in Figure 3.2 where the two endpoints (EP) and the
fixed point (FP) can be seen. When observing the two endpoints, it is desirable that it
lies ± 25 mV from the fixed point. In the example showed in Figure 3.2 one can observe
that EP2 is such a point whereas EP1 lies far away from the FP. Therefore, in this case,
EP1 is what is called a ghost point and should not be taken in consideration. Another
aspect is the desire to get the endpoints between the range of 2 - 8 ml of added KOH in
order to get the highest resolution of TAN.
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A Tiamo software then calculated the measured voltage and added volume of KOH into
TAN (mg KOH/g) by Equation 3.1.

TAN = (A−B) ∗M ∗ 56.11
W

(3.1)

where A equals ml KOH-solution added to the sample and B ml of KOH solution added
to the blank. M stands for molarity of the KOH solution and W represent the weight (g)
of the sample.

3.3 Chemical kinetics
The chemical kinetics of triglycerides are of great importance in order to better understand
the risk of corrosion when co-processing rapeseed oil into the revamped SynSat unit. It
was therefore investigated how much and at what rate the triglycerides are degrading and
what effect the hydrogen gas has on this system.

To determine degradation of triglycerides in rapeseed oil at various times, Arrhenius equa-
tion (Equation 2.1) was used to calculate the reaction rates. A total of four reaction rates
were calculated with help of known activation parameters (Ea) and pre-exponential factors
(A) according to the study performed by Meier et al. The three investigated temperatures
of 290, 310 and 330 °C was used in order to achieve three different rate constants for each
product depending on the processing temperature. The calculated reaction rates (k1 -
k4) for each temperature was then used in Equation 2.2 - 2.5 in order to determine the
concentration of the four products at selected times. All calculations were based on the
kinetic model presented by Meier et al. [37]

3.4 Ammonium salt corrosion
Ammonium chloride and ammonium bisulfide both easily dissolve in water. [73] Therefore
an injection point of wash water dissolving the salts is a common solution to avoid corrosion
and fouling due to ammonium salts. It is however important to understand where this
injection point of wash water should be installed to reduce the risk of ammonium salt
corrosion. In order to do this it is of great importance to know if deposition of salt occurs
in the the feed pipes and where.

Calculations were performed on the different streams of A, B, C, E and F, seen in Figure
2.5 in Section 2.2.1, in order to predict where the wash water streams are necessary to avoid
ammonium salt deposition. The calculations were based on the stream temperature for
each stream and salt stability constant of the two ammonium salts, KNH4Cl and KNH4HS

where the stability constant for ammonium chloride is the partial pressure of ammonia
and hydrogen chloride according to Equation 3.2. [43]
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KNH4Cl = pNH3 ∗ pHCl (3.2)

The stability constant for hydrogen bisulfide is the partial pressure of ammonia and hy-
drogen sulfide according to Equation 3.3. [43]

KNH4HS = pNH3 ∗ pH2S . (3.3)

The salt stability constant for ammonium chloride and ammonium bisulfide is, as seen
above, based on the partial pressures for HCl, NH3 and H2S. These partial pressure values
were calculated from Equation 3.4 - 3.6.

pHCl = (P + 1.013) ∗ 14.5 ∗NHCl (3.4)

pNH3 = (P + 1.013) ∗ 14.5 ∗NNH3 (3.5)

pH2S = (P + 1.013) ∗ 14.5 ∗NH2S (3.6)

Where P represent the total stream pressure in bar and N represent the mole fraction for
each compound. The addition of 1 atm in the equations can be related to the pressures
being stated in over pressure (bar) whereas the diagram presented in Appendix II as Figure
A.2 and A.3 uses absolute pressure (psia). Therefore a uniform pressure unit is desirable
for the later calculations.

By calculating the stability constants values in Equation 3.2 and 3.3 and knowing the
accurate temperature of each stream the occurrence of deposition of ammonium salts
could be decided from diagrams presented in Figure A.2 - A.3 in Appendix II. [9, 74]

3.5 Corrosion prediction of H2S and CO2
In order to determine whether or not there is a significant risk of sour or sweet corrosion
in the upstream system of the interstage stripper and the HDA reactor the phase for each
stream A, B, E and F has to be calculated. The partial pressure for water can be calculated
by an extension of Dalton’s law according to Equation 3.7. Where ptot and ntot represent
the pressure and substance amount for the total stream and x represent the investigated
compound.
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px = ptot ∗ ( nx

ntot
) (3.7)

Calculating the water partial pressure for the amine recovery system of the SynSat unit
one assumption had to be done. The data for ptot and ntot had to be assumed to be all
in vapor phase which is not completely true. The actual vapor fractions will be presented
in Section 4.6 together with the calculated partial pressure results. From the calculated
partial pressure values of water a steam pressure curve by Mörtstedt and Hellsten was
used to predict at which temperature the water evaporates. [75]

After deciding the phase of the water present in all streams, the partial pressure CO2/H2S
ratio was calculated. By calculating this ratio it could be concluded whether the corrosion
is of sour, mixed or sweet dominant type. To do so the partial pressure of carbon dioxide
and hydrogen sulfide was calculated in the same way as for water, according to Equation
3.7.

All values for temperature, pressure and composition of HCl, NH3, H2S, CO2 and H2O,
used in the calculations presented in Sections 3.4 and 3.5, was simulated by Haldor Topsoe
as a request by Preem when co-processing 20 wt% or more of rapeseed oil together with
a balanced amount of LAGO.
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The results presented in this section are divided into free fatty acid, aqueous and am-
monium salt corrosion. For free fatty acid corrosion the TAN results of the twelve heat
treated samples and the three reference samples are presented. The given results shows
how the TAN values differs between temperatures and mixtures of rapeseed oil and how
these results relate to the LAGO run through the SynSat unit before the revamp. The
given values are also presented as corrosion rates of ASS alloys 321, 316 and 317L.

This section also gives a summary of theoretical kinetic calculations in a hydrogen-free
environment. Correlations and comparison between the laboratory values for corrosion
rates and theoretical corrosion rates is then given. The section also presents the results
from the aqueous corrosion and ammonium salt corrosion studies in the amine recovery
system. With further explanation and discussions on the importance of the presence of
water.

4.1 Analysis of acid number
Depending on the expected TAN values for the samples, the sample weight had to be
adjusted. The higher TAN value expected, the less amount of sample is required. Therefore
the sample weight between the different samples can differ. This is done to obtain as
representative and reproducible results as possible, reducing any sources of error when
excessive or small amount of KOH is needed. Such a desirable interval of added KOH
lies between 2 - 8 ml. The values presented in this section only covers values from ± 2
5mV from the fixed point which were set to -134.3 mV. Therefore the first endpoint of all
samples is not shown in any table. Other values outside of this interval does not have any
value of interest for the measurements and is not shown.

4.1.1 Analysis at 290°C

From Table 4.1 the voltage and added volume of KOH for Samples 1 - 4 is shown. The
values were taken from the results obtained in Figures 4.1 - 4.4. Notice that the samples
was added by different sample volumes, varying from 5 - 7 g, depending on its expected
TAN value. Endpoints and fixed point are taken from the graphs and are translated
according to Equation 3.1 with the total acid number values being shown in Table 4.2.
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Table 4.1: TAN analysis for Sample 1 - 4 (at 290 °C).

EP2 EP2 FP FP
Sample [mV] [ml] [mV] [ml]

1 -115.1 2.543 -134.3 2.703
2 - - -134.3 2.652
3 - - -134.3 2.602
4 -139.0 1.950 -134.3 1.919

In Figure 4.1 Sample 1 is presented. From the graph two endpoints and one fixed point
can be observed. Since the voltage value of the first endpoint (EP1) lies significantly more
than ± 25 mV from the fixed point, it can be seen as a ghost point and should not be
taken in consideration when determining the TAN value. Endpoint number two (EP2)
lays -19.2 mV from the fixed point and therefore represent the TAN value of Sample 1.
From the calculations of the second endpoint from Table 4.1 a TAN value of 0.10 mg
KOH/g is given.

Figure 4.1: TAN analysis of Sample 1.

The graph for TAN analysis of Sample 2 is presented in Figure 4.2. From this graph two
endpoints together with one fixed point can be observed. Both of the two endpoints have
a voltage value of more than ± 25 mV from 134.3 mV. In this case where both endpoints
lie more than ± 25 mV from -134.3 mV, the value of the fixed point (0.13 mg KOH/g) is
the TAN value for Sample 2.
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Figure 4.2: TAN analysis of Sample 2.

In Figure 4.3, the graph for Sample 3 is presented. The result of the graph shows to be
similar to the two previous curves for 290 °C. Here the first endpoint also is a ghost point
whereas the second end point lies -33.7 mV from the fixed point. Therefore, the fixed
point is chosen as the accurate TAN value, giving a value of 0.15 mg KOH/g.

Figure 4.3: TAN analysis of Sample 3.
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Figure 4.4: TAN analysis of Sample 4.

The last sample heated to 290 °C is Sample 4 containing 100 wt% of rapeseed oil, seen
in Figure 4.4. Here a total of four endpoints has been measured. Only one of them lies
within the interval of ± 25 mV from the fixed point. This is the second endpoint (EP2)
with a measured voltage of -139.0 mV. This value is given as 0.56 mg KOH/g in Table 4.2.

When comparing the results of the four different mixtures of LAGO and rapeseed oil at
290 °C (Samples 1 - 4) one can see, as expected, that a higher wt% of rapeseed oil provides
a higher value of TAN. In Table 4.2 a summary of the TAN values for all the accurate
points (EP2 and FP) has been compiled. Bold marked values are the values accurate
for the different samples whereas the other acid number gives the value for the points not
chosen. One can clearly see from this table that TAN does increase with increased addition
of rapeseed oil, but rather insignificantly for 5, 10 and 15 wt%. The value standing out
is, unsurprisingly, Sample 4 with a significantly higher TAN value.

Table 4.2: Acid Number for Sample 1 - 4 (at 290 °C). Bold marked values are the TAN
value chosen.

Sample EP2 [mg KOH/g] FP [mg KOH/g]
1 0.10 0.11
2 0.11 0.13
3 0.12 0.15
4 0.56 0.54
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4.1.2 Analysis at 310°C
Samples heated to 310 °C includes Samples 5 - 8. The measured result of these samples
are presented in Table 4.3 and the TAN values in Table 4.4. Comparing Table 4.1 with
Table 4.3 it can be seen that at the same amount of wt% rapeseed oil and sample weight
for each wt%, the added volume of KOH is significantly larger at 310 °C. When comparing
5 wt% of rapeseed oil between the two temperatures of 290 and 310 °C there is a voltage
difference of 18.4 mV and for 100 wt% of rapeseed oil a difference of 9.2 mV. This indicates
that for Samples 5 - 8 a higher TAN should be expected than for Samples 1 - 4, according
to Equation 3.1.

Table 4.3: TAN analysis for Sample 5 - 8 (at 310 °C).

EP2 EP2 FP FP
Sample [mV] [ml] [mV] [ml]

5 -149.1 4.257 -134.3 4.155
6 -133.6 4.237 -134.3 4.242
7 -129.9 4.018 -134.3 4.047
8 -148.2 2.862 -134.3 2.741

The values of Table 4.3 are taken from Figure 4.5 - 4.8. The graph of the TAN analysis
for Sample 5 is presented in Figure 4.5. What is clear to see in this graph is that the first
endpoint is a ghost point, according to the reasons described in section 4.1.1, whereas the
second endpoint and the fixed point are staying close to each other with a difference of
only 14.8 mV. Since the difference is less than ± 25 mV, the second endpoint provides
TAN value to be 0.23 mg KOH/g for Sample 5.

Figure 4.5: TAN analysis of Sample 5.
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For Sample 6, see Figure 4.6, the second endpoint lies very close to the fixed point (-133.6
mV and -134.3 mV respectively). With these two points in close proximity of each other
the same TAN result is to be expected. Reading from Table 4.4 one can see that this is
the case with a TAN value of 0.27 mg KOH/g.

Figure 4.6: TAN analysis of Sample 6.

Figure 4.7: TAN analysis of Sample 7.

For Sample 7 the endpoints and fixed point can be seen in Figure 4.7. As in Figure 4.6
and the other presented graphs the first endpoint stands as a ghost point. However, the
second endpoint of 129.9 mV stays very close to the fixed point of 134.3 mV. Therefore the
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value of the second endpoint is chosen as TAN value for Sample 7, being 0.29 mg KOH/g.

The last sample heat treated at 310 °C is Sample 8. During the TAN measurement of
this sample a numerous amount of endpoints has been found, see Figure 4.8. It is however
only the second endpoint laying in the interval of ± 25 mV. From EP2 a TAN value of
0.75 mg KOH/g is given.

Figure 4.8: TAN analysis of Sample 8.

Comparing Table 4.4 with Table 4.2 one can observe a clear increase in the TAN. The
TAN analysis for a mixture of 5 wt% rapeseed oil varied from 0.10 mg KOH/g to 0.23
mg KOH/g by only an increase of 20 °C. It can be concluded from these results that an
increase in temperature has a larger impact than the wt% of rapeseed oil for these two
temperatures. The difference from 5 wt% to 15 wt% of rapeseed oil for 290 °C is 0.05
mg KOH/g whereas for 310 °C it is 0.06 mg KOH/g which are small differences when
discussing risk of corrosion. Comparing 100 wt% rapeseed oil (Sample 4 and 8) at 290 °C
and 310 °C a difference of 0.19 mg KOH/g is shown.

Table 4.4: Acid Number for Sample 5 - 8 (at 310 °C). Bold marked values are the TAN
value chosen.

Sample EP2 [mg KOH/g] FP [mg KOH/g]
5 0.23 0.22
6 0.27 0.27
7 0.29 0.29
8 0.75 0.69
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4.1.3 Analysis at 330°C
The highest temperature investigated when heat treating the samples was 330 °C which
results will be presented in this section. All endpoint values seen in Table 4.5 lies inside
the ± 25 mV interval from the fixed point and is presented both as voltage and added
KOH in order to neutralize the sample. Therefore some values for different endpoints for
Samples 10 and 11 are missing due to values outside of this ± 25 mV interval. Having
values outside of the interval makes values of the fixed point the accurate TAN value. All
such values are presented later in this section in Table 4.6.

Table 4.5: TAN analysis for Sample 9 - 12 (at 330 °C).

EP1 EP1 EP2 EP2 FP FP
Sample [mV] [ml] [mV] [ml] [mV] [ml]

9 - - -158.5 4.587 -134.3 4.299
10 - - - - -134.3 4.598
11 - - - - -134.3 5.102
12 -129.8 6.535 - - -134.3 6.591

Sample 9 containing 5 wt% rapeseed oil heated to 330 °C is presented in Figure 4.9. When
comparing the graphs of the 5 wt% rapeseed oil samples for the different temperatures
one can observe that the two at lower temperature (290 °C and 310 °C) only have two
endpoints whereas at 330 °C has four endpoints. It is however only the second endpoint
which lies in the ± 25 mV interval from the fixed point giving a TAN value of 0.9 mg
KOH/g.

Figure 4.9: TAN analysis of Sample 9.

Figure 4.10 represent the 10 wt% rapeseed oil sample at 330 °C. The two endpoints on
the curve lies far away from the fixed point of -134.3 mV, close to 200 mV. Therefore none
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of the endpoints can be used with Equation 3.1 to obtain an accurate TAN value for the
sample. Instead, as in previous samples where no endpoint lay in the ± 25 mV interval
from the fixed point, the value of the FP itself had to be chosen to calculate TAN. From
the calculations TAN was decided to 0.9 mg KOH/g.

Figure 4.10: TAN analysis of Sample 10.

Figure 4.11: TAN analysis of Sample 11.

The graph for Sample 11 is presented below in Figure 4.11 with three endpoints and
one fixed point. Although since all of the three endpoints lie outside of the ± 25 mV
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interval they are not of interest when deciding the TAN value for this sample. Instead
the calculated values from the fixed point should be used, giving a TAN value of 1.03 mg
KOH/g.

The last graph presented in this section is the one for Sample 12, see Figure 4.12. From
the figure is can clearly be seen that the endpoint and the fixed point lies very close to
each other (-129.8 mV and -134.3 mV respectively). Therefore the second endpoint is used
with Equation 3.1 to obtain the TAN value.

Figure 4.12: TAN analysis of Sample 12.

As in the previous measurements at 290 °C and 310 °C the impact of added rapeseed oil
between 5 - 15 wt% is rather low with a total difference of 0.13 mg KOH/g, see Table
4.6. What might come as more interesting is the step between 15 to 100 wt% rapeseed oil
where the later has a TAN value as high as 2.55 mg KOH/g. Values this high will show
risk of fatty acid corrosion in the SynSat unit.

Table 4.6: Acid Number for Sample 9 - 12 (at 330 °C). Bold marked values are the TAN
value chosen.

Sample EP1 EP2 FP
[mg KOH/g] [mg KOH/g] [mg KOH/g]

9 - 0.90 0.82
10 - - 0.90
11 - - 1.03
12 2.55 - 2.58
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4.1.4 Reference analysis
In order to analyze the given sample results from heat treatment at 290, 310 and 330 °C it
is of great importance to have reference values. Such values were presented in Section 3.2
as Sample 13 - 15. The reference analysis was taken at room temperature (25 °C) without
the samples undergoing any heat treatment. Measured values of TAN for the reference
samples are shown in Table 4.7.

Table 4.7: TAN analysis for Sample 13 - 15 (at 25 °C).

EP3 EP3 EP4 EP4 FP FP
Sample [mV] [ml] [mV] [ml] [mV] [ml]

13 -124.8 2.167 -153.8 2.386 -134.3 2.240
14 -124.4 2.235 -148.3 2.418 -134.3 2.304
15 -131.3 2.189 - - -134.3 2.210

In Figure 4.13 a closer look of the graph for Sample 13 is presented. In the graph both the
first and the second endpoint are ghost points whereas endpoints three and four lie rather
close to the fixed point of the sample. Both endpoints stay in the interval of ± 25 mV
from the fixed point value of -134.3 mV, with EP3 higher than FP and EP4 lower than
FP. Therefore, the fixed point, lying in the middle of the two endpoints best represent the
TAN value of Sample 13. The obtained value of 0.06 mg KOH/g is rather low, especially
in comparison with the TAN values of the heat treated samples with 5 wt% rapeseed oil
(Sample 1, 5 and 9).

Figure 4.13: TAN analysis of Sample 13.

Analyzing Figure 4.14, similarities with Figure 4.13 are rather clear. As for Sample 13
both the first and the second endpoints stays as ghost points whereas the third and fourth
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endpoints lies close (in the interval of ± 25 mV) to the fixed point of -134.3 mV.

Figure 4.14: TAN analysis of Sample 14.

Therefore when choosing a representative TAN value of the sample, the fixed point staying
in between the two endpoints are chosen giving a TAN value of 0.06 mg KOH/g. All the
points of EP3, EP4 and FP also stays within the desirable interval of 2 - 8 ml added KOH.

Figure 4.15: TAN analysis of Sample 15.

46



4. Results & Discussion

Sample 15 is represented by Figure 4.15 where endpoint three and the fixed point gives
an almost identical value. EP3 is therefore chosen which gives a TAN of 0.05 mg KOH/g.

In Table 4.8 a summary of the TAN values for the first, second and third endpoints together
with the fixed points are presented for the reference samples. Values marked bold are
the representative TAN values of each sample. When comparing the values between the
samples and thus the different blends of rapeseed oil one can conclude that different wt%
of rapeseed oil does not significantly effect the TAN results in room temperature.

Table 4.8: Acid Number for Sample 13 - 15 (at 25 °C). Bold marked values are the TAN
value chosen.

EP3 FP
Sample [mg KOH/g] [mg KOH/g]

13 0.05 0.06
14 0.05 0.06
15 0.05 0.05

4.2 Comparison of acid number
In this section, the TAN values presented in Section 4.1 are compared with each other in
order to study potential patterns. Both by comparing the effect of added wt% at same
temperature but also by observing different trends between the added wt% of rapeseed oil
at different temperatures.

Figure 4.16: Impact on TAN when co-processing 5, 10 and 15 wt% rapeseed oil between
290 and 310 °C.
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A comparison between the added wt% of rapeseed oil, when co-processing it with LAGO
at 290 and 310 °C is seen in Figure 4.16. Observing the curves for each wt% one can see
that they all follow the same trend with an increase of ~14 mg KOH/g from 290 to 310
°C when heated. When analyzing these values with respect to the two temperatures it
can be concluded that an increase in TAN, and hence decomposition of fatty acids into
free fatty acids, is rather small. All values, regardless of added wt% or temperatures lies
far below any value that may cause a risk of corrosion. It can thereby be concluded that
co-processing 15 wt% rapeseed oil, or less, balanced with LAGO up to a temperature of
310 °C, no concern for corrosion has to be taken. Corrosion rates for the different samples
will further explained in Section 4.3.

Figure 4.17: Impact on TAN when co-processing 5, 10 and 15 wt% rapeseed oil between
310 and 330 °C.

With the knowledge that a mixture of 5, 10 or 15 wt% of rapeseed oil balanced with
LAGO at 290 and 310 °C does not have a significant effect of corrosion on stainless steel
materials a further analysis of temperature up to 330 °C can be seen in Figure 4.17.

All three wt% increases with 0.67 (5 wt%), 0.63 (10 wt%) and 0.74 mg KOH/g (15 wt%)
respectively. Comparing the difference in TAN values between 290 to 310 °C and 310
to 330 °C a substantial larger increase can be seen in the latter. Hence, the conclusions
indicate that the amount of released unsaturated free fatty acids from triglycerides is
significantly higher above 310 °C than at lower temperatures.

The amount of rapeseed oil will continuously be increased in the coming years. Therefore,
it is also of interest to observe the values of Sample 4, 8 and 12 at 100 wt% rapeseed oil
without any fossil feed. Such data point are shown with a combination with the values
showed in Figure 4.16 and 4.17 in Figure 4.18.
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Figure 4.18: Impact of TAN when co-processing 5, 10, 15 and 100 wt% rapeseed oil over
temperature interval of 290 to 330 °C.

From this graph it can clearly be seen that 100 wt% of rapeseed oil has a higher TAN
value at 290 °C in comparison to the blended rapeseed oil samples. It does, however, follow
the trend to these blended samples up to a temperature of ~310 °C. At temperature 330
°C Sample 12 does not longer follow the trend according to Samples 3, 7 and 11 but has
increased greatly in comparison to the other samples. All trends can be seen more clearly
in Figure 4.18. It can therefore be concluded that the decomposition of triglycerides into
free fatty acids, and hence an increase of corrosion, is rapidly increasing at temperatures
around 310 - 330 °C.

4.3 Corrosion rates
The given results in Section 4.1 and 4.2 will, in this section, be correlated to the corrosion
rates of the different samples. All corrosion rates values are based on tables in API 581
with focus on high temperature sulfidic and naphthenic acid corrosion. [76] When reading
the corrosion rate from the tables some assumptions was done. These includes the wt% of
sulfur in the mixed samples, which was set to 1.5 wt%. A total sulfur content of 1.5 wt%
is higher then the expected value for the feed. Feeds run at a daily basis in the SynSat
unit rather have a sulfur content of < 0.5 wt%. The value of 1.5 wt% was chosen in order
to have a large margin in the calculations for corrosion rates.

For Samples 1 - 4, they are all estimated to have a corrosion rate of < 0.03 mm/year.
This value is estimated from a temperature of 288 °C and the piping material being of
austenitic stainless steel without Mo (eg. SS alloy 321 ) according to the API 581 table.
[76] This value is of no considerable concern with regard to corrosion

The same corrosion rate value of < 0.03 mm/year is used for all samples heated to 310
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°C (Samples 5 - 8). Conditions were identical as described above with a difference of
temperature to 315 °C read out of the API 581 table. [76]

For the samples heated to 330 °C (Sample 9 - 12) estimated corrosion rate is set to <
0.03 mm/year for Sample 9 - 10 with a table temperature value of 343 °C. Sample 11 had
a corrosion rate value of 0.03 mm/year and Sample 12, containing 100 wt% rapeseed oil
had an estimated corrosion rate of < 0.08 mm/year. [76] Neither of Samples 1 - 12 induce
any considerable risk of corrosion on stainless steel alloy 321 material, and are thereby of
little concern to Preem.

With the same sulfur content (1.5 wt%) SS 316 and SS3 17L was tested for the different
samples with the result showed in Table 4.9.

Table 4.9: Corrosion rates for different stainless steel materials. [76]

SS 321 SS 316 SS 317L
Sample [mm/year] [mm/year] [mm/year]

1 < 0.03 <0.03 <0.03
2 < 0.03 <0.03 <0.03
3 < 0.03 <0.03 <0.03
4 < 0.03 0.03 <0.03
5 < 0.03 0.03 <0.03
6 < 0.03 0.03 <0.03
7 < 0.03 0.03 <0.03
8 < 0.03 0.03 <0.03
9 < 0.03 < 0.08 <0.03
10 < 0.03 < 0.08 <0.03
11 0.03 < 0.08 <0.03
12 < 0.08 < 0.08 <0.03

From the table above one can conclude that the current material of stainless steel alloy
321 is a suitable choice when co-processing 5, 10 or 15 wt% rapeseed oil together with
a balanced amount of LAGO. None of the tested samples showed considerable risk of
corrosion. The least suitable choice of the three investigated stainless steel materials is
alloy 316 which shows in higher corrosion rate than the other two materials, mainly at 330
°C. Alloy 317L would be the best choice due to its low corrosion rate but with the planned
process parameters and added amount of rapeseed oil it is unnecessary, unwarranted and
costly to change the pipe material.

4.4 Kinetic calculations
The given results in Section 4.1 and 4.2, implied in low TAN values when co-processing
rapeseed oil. Thereby it is a low risk of corrosion on the inlet pipe before the HDS reactor.
To prove that the inlet point of rapeseed oil however is placed correctly, the importance
of hydrogen gas for degradation of triglycerides was calculated. Therefore a thermal
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degradation study on the triglycerides in a hydrogen-free environment was performed.

In Figure 4.19 the degradation of triglycerides at 290 °C without hydrogen atmosphere is
shown. The blue line represent triglycerides before degradation, whereas orange, green and
yellow lines represent different steps in the degradation process. At a process temperature
of 290 °C the calculations gave a degradation from 1.00 M to 0.85 M after 87 s, which
represent the time it takes for the feed to reach the internal distributor at the top of the
HDS reactor. A concentration of 0.85 M of triglycerides in the feed system represents a
TAN value of 39 mg KOH/g, which is significantly larger than the TAN values calculated
in Section 4.1

Figure 4.19: Degradation of triglycerides at 290 °C in a hydrogen-free atmosphere.

Figure 4.20: Degradation of triglycerides at 310 °C in a hydrogen-free atmosphere.
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The thermal degradation at 310 °C without hydrogen atmosphere is presented in Figure
4.20. Here the initial concentration of 1.00 M triglycerides have decreased to 0.78 M at 87
s. This value represent a TAN value of 39 mg KOH/g.

Figure 4.21: Degradation of triglycerides at 330 °C in a hydrogen-free atmosphere.

Thermal degradation of triglycerides at 330 °C are presented in Figure 4.21. Here it is
clear to see that the degradation is rapidly increasing when comparing with Figure 4.19
and 4.20. After 87 s the remaining concentration of triglycerides is down to 0.70 M and
a calculated TAN value of 54 mg KOH/g is given. A general trend of the diagrams is an
increasing degradation when increasing temperatures. When comparing the TAN values
from this theoretical calculations in a hydrogen-free environment with the measured TAN
values in Section 4.1, a significant difference can be seen. It can therefore be concluded
that the effect of hydrogen atmosphere is of great importance on thermal degradation of
triglycerides. Therefore the rapeseed oil has to be added after the addition of recycled
hydrogen gas in order to avoid a large risk of corrosion. After the addition of hydrogen
gas it will chemically react and saturate with the feed of LAGO, and later rapeseed oil.
With the results from Figure 4.19 - 4.21 implying that a high degradation of triglycerides
is to be expected without hydrogen atmosphere, the position of the quill adding rapeseed
oil to the unit is preferable after the addition of hydrogen gas as planned and installed by
Preem.

4.5 Ammonium salt corrosion
The increased amount of chlorides in the renewable feedstock of rapeseed oil (> 12 ppm) in
comparison with the fossil feed (< 1 ppm) makes the possibility of deposition of ammonium
salt of great interest. If precipitates of salt crystals occurs, wash water has to be injected
into the upstream system of the interstage stripper and HDA reactor.
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To decide whether or not wash water injection is needed, the occurrence of deposition of
salt crystals was calculated by deciding the salt stability constant for both ammonium
chloride and ammonium bisulfide. The partial pressure values for each compound of NH3,
HCl and H2S at stream A and E is presented in Table 4.10. Stream A represents the feed
before the heat exchanger and air cooler, entering the HHPS. Whereas stream E represents
the feed right before it enters the air cooler and then the CHPS. All streams were earlier
presented in Figure 2.5.

What can be observed in Table 4.10 is that for stream E, the partial pressure for HCl is
zero. This means that there should not be any compounds of HCl left in the feed as it
has been separated and washed away in the HHPS. Therefore precipitates of ammonium
chloride salt crystals is not be expected in streams E or F.

Table 4.10: Partial pressure [psia] of NH3, HCl and H2S for stream A and E.

Stream A Stream E
NH3 0.053 0.036
HCl 0.004 0.0000
H2S 2.311 2.393

With the absence of ammonium chloride salt crystals in stream E and F, the salt stability
constant, KNH3Cl, as can be seen in Table 4.11, is calculated to be zero. For ammonium
bisulfide, a presence of salt deposit can be observed in both stream A and E, meaning it
has not been separated and washed away completely. It can however be seen that the salt
stability constant for ammonium bisulfide has decreased when comparing stream A with
stream E.

Table 4.11: Salt stability constant [psia2] of NH3, HCl and H2S for stream A and E.

Stream A Stream E
KNH4Cl 1.89*10−4 0.00
KNH4HS 1.22*10−1 8.68*10−2

In order to predict whether or not a deposition of salt crystals of ammonium chloride and
ammonium bisulfide can occur in the streams of A - F, the stream temperatures are of
importance together with the already calculated salt stability constants for each compound
and stream. All temperatures for streams A, B, C, E and F are shown in Table 4.12, where
stream A have the highest temperature of 231 °C and stream F the lowest of 118 °C.

Table 4.12: Stream temperature [°C] for stream A, B, C, E and F.

Stream A Stream B Stream C Stream E Stream F
Temperature [°C] 231 172 153 140 118

By knowing both the salt stability constant for ammonium chloride and ammonium bisul-
fide and the temperatures, the occurrence of deposition of the two ammonium salts could
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be decided. The diagram in Figure 4.22 was created from the diagram shown in Figure A.2
in Appendix II. The dotted line at 1.89*10−4psia2 represent the operating salt stability
constant (KNH4Cl) for stream A, B and C in the case without a water wash injection point
between stream A and B. With the salt stability constant representing the partial pressure
and hence the composition of NH3 and HCl, the composition between the two compounds
stays the same without a water injection point. The only parameter changing between the
streams in this case is the temperature. Stream A with the highest temperature is repre-
sented by the blue dot in the diagram laying on the operating KNH4Cl whereas stream B
is represented by the orange dot and stream C by the green dot.

As can be observed from Figure 4.22, deposition of ammonium chloride is to be expected
for temperatures < 170 °C. That makes both stream B and C candidates for deposition
of ammonium chlorides, since they lie close or below this temperature and lack a water
injection. The formation of ammonium chloride salt crystals increase risk of later fouling
and corrosion to the pipes in heat exchangers and air coolers and is therefore undesired.

Since the salt stability constant for ammonium chloride in stream E was calculated to zero
and is not expected in stream E or F, a diagram of deposition for ammonium chloride salt
in these streams was not investigated further.

Figure 4.22: Deposition of NH4Cl salt for stream A,B and C (before the HHPS).
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With an ammonium bisulfide salt stability constant of 1.22*10−1psia2 and 8.68*10−2psia2

respectively for stream A and E both streams has to be investigated due to the possibility
of salt deposition. Firstly stream A, B and C was investigated which can be seen in Figure
4.23. The diagram for deposition of ammonium bisulfide salt was created from Figure A.3
in Appendix II. As in Figure 4.22, the dotted line is represented by the operating salt
stability constant of 1.22*10−1psia2, which lies far below the critical salt stability line for
each temperature of 231, 172 and 153 °C respectively. Therefore it can be concluded that
no deposition of ammonium bisulfide is to be expected for stream A, B or C.

For stream E and F the salt stability constant of ammonium bisulfide is lower then for
stream A, B and C. Observing the diagram for deposition of ammonium bisulfide salt it
can be seen that a decrease in the salt stability constant must result in no deposition of
ammonium bisulfide also for stream E and F. This is shown and presented more clearly
in Figure 4.24.

Figure 4.23: Deposition of NH4HS salt for stream A,B and C (before the HHPS).

With the given results for deposition of ammonium chloride and ammonium bisulfide at
the upstream system of the interstage stripper and HDA reactor it can be concluded that
the first planned wash water injection (between stream A and B) is necessary in order to
avoid the risk of formation of ammonium chloride crystals which later can cause fouling
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and corrosion on the pipe materials on heat exchanger and air cooler. The second wash
water injection point is an old, already present wash water injection point which will be
intact even though its not necessary from a salt deposition point of view, after the revamp
of the SynSat unit.

Figure 4.24: Deposition of NH4HS salt for stream E and F (before the CHPS).

4.6 Corrosion prediction of H2S and CO2
4.6.1 Water phase
The risk of sour or sweet corrosion is most significant when the compounds makes a contact
with liquid water which will be injected at two points in the amine recovery system. To
understand such risk of corrosion the phase of water in the streams were calculated. This
was done in several steps where firstly the partial pressure of water in the different streams
are presented in Table 4.13. As described in the methodology, an assumption that the
total feed stream was in completely vaporous phase was made. Instead the actual fraction
of vapor, in mass basis, was 97% for stream A, 86% for stream B, 100% for stream E and
98% for stream F. The assumption of a complete vaporization of the whole stream was
made because of the absence of data for which substances that were in vapor phase and
which were in liquid phase for the accurate streams. The partial pressure value of water
for the four streams is therefore only an estimation.
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Table 4.13: Calculated partial pressure for water in the amine recovery system.

Stream A Stream B Stream E Stream F
Partial pressure [atm] 5.9 13.0 2.1 2.9

With the calculated partial pressure data of water for the four streams, a vapor pressure
curve by Mörtstedt and Hellsten was used to find out the boiling temperature for each
stream. [75] The provided results for the four streams are presented in Table 4.14 together
with the operating temperatures.

Table 4.14: Water boiling and operating temperature for the amine recovery system.

Stream A Stream B Stream E Stream F
Boiling point temperature [°C] 160 190 125 135
Operating temperature [°C] 231 172 140 118

From Table 4.14 one can see that the boiling point temperature is less then the operating
temperature for stream A and E and thereby no significant risk of corrosion is to be found
in these streams. For stream B and F the boiling point temperature is higher than the
operating temperature. Thereby the water is in liquid phase in these streams causing
increased risk of H2S and CO2 corrosion.

With the results of water being in vapor phase in stream A and E and in liquid phase in
stream B and F one can draw some conclusions. In stream A, which had a vapor fraction of
97%, there are other compounds then water being in vaporous phase. When then injecting
water into stream B, one assumption could be that the added water represent 11% of the
liquid fraction and other compounds represent the other 3%. When comparing stream
E with stream F one can conclude that since all compounds in stream E are vaporized
the water injection is the reason for stream F to reduce the vapor fraction by 2% to 98%
vapor. Thereby these 2% are liquid water.

4.6.2 CO2/H2S ratio
From the given results in Section 4.6.1, showing in liquid water phase for stream B and F,
the composition of the two streams had to be investigated. Therefore the partial pressure
of carbon dioxide and hydrogen sulfide was calculated. In overall, the composition of
carbon dioxide did not exceed 0.17 mole% whereas the hydrogen sulfide did not exceed
0.14 mole%. Composition values for each stream are shown in Table 4.15.

Table 4.15: Partial pressure [atm] of CO2 and H2S for stream B and F.

Stream B Stream F
Partial pressureCO2 [atm] 0.17 0.17
Partial pressureH2S [atm] 0.14 0.13

From the given values a ratio between carbon dioxide and hydrogen sulfide was calculated

57



4. Results & Discussion

which gave an indication of which type of sour, mixed or sweet corrosion that is dominating
in the amine recovery system of the SynSat unit. It is known that for carbon steel material,
a CO2/H2S ratio < 20 gives a sour corrosion dominance, a ratio of 20 - 500 a mixed regime
of sweet and sour corrosion and a ratio > 500 gives a sweet corrosion dominance. In Table
4.16 calculated ratios for the both streams are presented. The calculations show a very
low ratio for both streams with all of them being < 20, resulting in a dominating sour
corrosion.

Table 4.16: CO2/H2S ratio for stream B and F.

Stream B Stream F
CO2/H2S ratio 1.22 1.31

Both ratios showed to be smaller than initially expected with a low composition of CO2
in particular. With such low values as provided for the streams, the effect of CO2 can be
seen as limited in comparison with the SynSat unit before the revamp when CO2 was not
present.

Calculating the CO2/H2S ratio some assumptions has to be done in order to use the
method as described in Section 2.6.4. What might be the most important assumption in
this case is the temperature and phase formation of FeS. The model is used at temperatures
up to 100 °C and is assuming both iron carbide and mackinawite present in the system.
This complicates matters when it comes to the amine recovery system in the SynSat
unit. Here the lowest temperature reached is 118 °C. Therefore both streams (B and F)
will probably have a formation of pyrrhotite, troilite or other forms of more stable iron
sulfide or chromium sulfide, thereby increasing the ratio for sweet corrosion to > 2500.
Our calculated CO2/H2S ratios have values < 2 which gives a clear indication of corrosion
type, but it is very important to understand that this method only gives a broad indication
of occurring type of corrosion. This due to the sensitivity of thermodynamic data put in
to the method. Therefore simulations or other calculations for formation of iron carbide
and iron sulfide is to prefer such as theoretical or practical corrosion prediction models for
sour corrosion.

During investigation of the possibilities of finding useful and adaptable prediction models
for sour corrosion, very little information has been found published in reports and articles.
Mainly due to the complicated formation of protective corrosion film layers of iron sulfide.
Therefore no corrosion prediction model has been found of interest in this project and is
therefore left open for further investigations.
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The analyzed LAGO samples with mixtures of 5, 10, 15 and 100 wt% rapeseed oil respec-
tively, at 290, 310 and 330 °C was found to yield no risk of corrosion to the current stainless
steel material alloy 321. The performed tests showed that an increase of TAN was found
to dependent more on the different temperatures analyzed than between the mixtures of
rapeseed oil. It can therefore be concluded that co-processing LAGO with rapeseed oil up
to 100 wt% of rapeseed oil at 330 °C is of no great risk of corrosion at the SynSat unit
in Preems refinery in Lysekil. This due to the low decomposition of triglycerides to free
fatty acids which is related to steel corrosion.

The effect of a hydrogen atmosphere was proven to be of great importance with respect to
decomposition of triglycerides into free fatty acids. The results of this master thesis showed
that the presence of hydrogen gas gave a significant lower TAN value at the investigated
mixtures and temperatures of 290, 310 and 330 °C.

It was found that the planned first injection point of wash water is necessary in order to
avoid deposition of ammonium chloride salt which later can cause fouling and corrosion,
mainly in the pipe materials of heat exchangers and/or air coolers. Ammonium bisul-
fide which also was investigated showed no risk of salt deposition at the current stream
parameters.

Sour corrosion was found to be dominating at the amine recovery system of the SynSat
unit. Two of the streams showed to have liquid water phase which can cause sour corrosion
to occur. The corrosion type and the rate of corrosion was however not found due to little
information in published literature with respect to the sour corrosion mechanism. It is
therefore left open for further studies and investigations.
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A Appendices

A.1 Appendix I

In Figure A.1 the work procedure when heat treating the used samples in this report i
shown. A total of 160 minutes was set to assure steady state before the first sample of
30ml was collected. A total of three samples per blend and temperature were gathered
before changing the wt% of rapeseed oil. This process was repeated until all three
samples for the desired temperature were collected and then a new cycle started,
repeating the procedure. Sample 4, 8 and 12 all with 100 wt% of rapeseed oil was heat
treated lastly in order to avoid coke on the silicone carbide inside the column.

Figure A.1: Worksheet of time over the heating treatment at RISE.
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A.2 Appendix II

Figure A.2: Diagram over deposition of NH4Cl salt. [9]
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Figure A.3: Diagram over deposition of NH4HS salt. [74]
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