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ABSTRACT

Fast pyrolysis bio-oil is a promising renewable energy source derived from biomass. However,
its high corrosivity and poor thermal stability have limited its widespread use as a drop-in fuel.
One promising method for transforming low-quality biocrudes into drop-in fuels is co-processing
with petroleum intermediates in existing fluid catalytic cracking (FCC) units. Co-processing BO
with petroleum intermediates in FCC units requires careful consideration of the corrosion
resistance from the feed injection system and the BO thermal stability, particularly since
feedstocks are usually preheated to 100-300 °C before injection. In this study, we investigated the
corrosion resistance of several structural materials commonly used in FCC units, including carbon
steel (CS), chromoly steel (P91), stainless steels (SS) 304L and 316L, and a nickel-based alloy
(HX), and the aging risk of BO at a temperature range of 80—220 °C. Our results showed that CS
performed poorly at each testing temperature, exhibiting severe corrosion. In contrast, P91 showed
a lower corrosion rate of 3.497 mm/y at 80 °C for 24 hours, but its corrosion rate increased as the
temperature increased. In the immersion experiment at 220 °C, the corrosion rate of P91 surpassed
that of CS, reaching a value of 73.32 mm/y. SS 304L and 316L exhibited an acceptable corrosion
rate of 0.29 mm/y and 0.06 mm/y at 80 °C, but their corrosion rate increased dramatically as the
temperature increased. HX was not affected at any of the studied temperatures. As to the thermal
stability, we observed the occurrence of phase separation, with BO separating into liquid and solid
phases at all three temperatures. As the temperature increased, we noticed a significant change in
the physicochemical properties of the phases. Furthermore, one critical finding from our study was
the identification of a temperature threshold of 80 °C. At this temperature, we observed both active

corrosion of steels in BO and fast aging of the BO.
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CHAPTER 1 INTRODUCTION

1. 1 BACKGROUND OF BIO-OIL PRODUCTION

Governments worldwide are focused on minimizing the environmental impact of traditional
fossil fuel combustion [1]. The industrial combustion of fossil fuels contributes to approximately
98% of the total carbon emissions across the globe. Thus, a decrease in the use of fossil fuels is
crucial to restraining greenhouse gas emissions [2], [3]. Attempts to minimize these impacts may
come from different sources but the production of green energy has emerged as a solution to this
problem. The focus has shifted toward developing emission-free fuels [4]. For example, biomass,
a renewable energy source, can be converted into bio-oil (BO) through fast/flash pyrolysis (FP)
and hydrothermal liquefaction (HTL) [5], [6]. Biomass sources include wood, forest residues,
organic waste, agricultural waste, and aquatic plants [5], [6]. BO has several advantages over
traditional fossil fuels. For instance, biofuels are the most available carbon-neutral fuel, as the CO;
generated during combustion is the same amount absorbed by the source of biomass during its
growth [7]. Additionally, BO combustion produces lower SOx and NOy emissions compared to
regular fossil fuels, and it provides a solution for the waste management of agricultural and forestry

residues [6], [8].

HTL, as a conversion process, has a few advantages over FP. HTL does not require drying of
biomass, as water serves as a solvent in the process, which allows for lower temperatures (280—370
°C) and heating rates. Furthermore, HTL provides a solution for the management of wet waste

biomass in densely populated locations [6]. However, HTL is still not a mature technology and



requires further development before its widespread use [9]. On the other hand, FP is currently the
only commercially viable thermochemical technology for producing large amounts of BO. In this
process, the biomass is rapidly heated without oxygen or with less oxygen than required for
complete combustion [5]. The following section will explore the properties and limitations of BO

or fast pyrolysis oil (FPO) produced through FP.

1.2 PYROLYSIS OIL AND ITS PROPERTIES

Biomass is composed of oxygenated organic polymers, primarily cellulose (40—60 wt.%),
hemicellulose (20—40 wt.%), and lignin (10-25 wt.%) [5], [10], [11]. These three main
components undergo thermal decomposition in a specific pattern in FP process. Moisture evolves
from room temperature (RT) to 220 °C, hemicellulose decomposes between 220—315 °C, cellulose

decomposes between 315—400 °C, and lignin decomposes at temperatures above 400 °C [11].

The decomposition of biomass results in BO with a dark brown appearance and a complex
mixture of constituents with a wide range of molecular sizes. The chemical composition of BO is
very complicated, and some compounds are not detectable. Approximately just 30 wt.% of BO can
be detected by gas chromatography/mass spectrometry (GC/MS) [12]. Hence, BO composition is
broadly described as a mixture of water (19—30 wt.%), detectable organic compounds (20—30
wt.%), and oligomers (water-soluble and water-insoluble) (43—59 wt.%). The water-insoluble
oligomers are lignin-derived products with high carbon content [12]. BO contains 45—50 wt.% of
oxygen due to the severe presence of oxygenated compounds, as its predecessor biomass, which
are approximately 300 within BO, such as hydroxyaldehydes, hydroxyketones, sugars, carboxylic

acids, and phenols [5], [12]. Also, part of the oxygen content is supplied by the high-water content



(= 25 wt.%) in BO [3], [5]. The water content in BO leads to a poor low heating value (LHV),
which is nearly 40% of the fossil fuels LHV. The LHV or net calorific value accounts for the heat

the fuel produces when goes through a complete combustion [13].

The organic compounds found in BO include acids, alcohols, aldehydes, esters, ketones,
phenols, syringols, sugars, furans, alkenes, aromatics, nitrogen compounds, and miscellaneous
oxygenates [5]. These compounds contribute to a total acid number (TAN) of nearly 70, which
explains a low pH of BO between 2 and 3 [5], [14]. Consequently, BO is steered to another
unwanted property, high corrosiveness [15]. These organic compounds within BO have reactive
functional groups such as hydroxyl, carbonyl, and carboxyl. They interact with each other through
different reactions, such as etherification, acetalization, and polymerization [3], [16].
Consequently, compounds with higher molecular weight are formed, leading to an increment in
viscosity [3]. This change in physical properties with time due to BO instability is also known as
aging [17]. Many research studies have been initiated to address the aging/instability issue of BO.
Elliott et al. [18] evaluated the BO instability in 45 mL samples heated at 80 °C for 24 hours, with
a cooling down of 1.5 hours. After aging experiments, they observed that the initial viscosity (30.4
cSt) experienced an 88% increment (57.3 cSt). Besides this, another sample with an initial
viscosity of 26.7 ¢St suffered phase separation, preventing the authors from determining the final

viscosity [18].

When phase separation occurs in BO during aging experiments, the BO instability can be
addressed through thermoanalysis technologies [16]. For example, Chaala et al. [19] conducted

aging experiments in BO at 80 °C for 168 hours. They implemented thermogravimetric analysis



(TGA) to assess the thermal susceptibility of different layers in BO. Two different fractions (upper
and bottom layers) were collected from the BO sample. By comparing the TG curves of the initial
BO and upper layer, they observed that the former curve shifted upper right, obtaining a 36 °C
increment in the weight loss. They attributed this behavior to the compounds within initial BO
polymerizing without forming lower molecular weight components [19]. In a word, BO, which
inherits its features (Table 1. 1) from biomass, poses three major challenges for traditional refining
operations: high corrosiveness, high thermal instability, and immiscibility with petroleum

intermediates.

Table 1. 1. Primary features of BO originated from biomass.

Property Value Ref (s)
Oxygen content 4550 wt.% [5], [12]
Water content 19—30 wt.% [12]
TAN ~ 70 mgKOH/g [14]
pH value 23 [5]
Heating Value 40 % of fossil fuels’ LHV [13]

1.3 GENERAL CHALLENGES IN CO-PROCESSING PYROLYSIS OIL

The use of BO as a drop-in fuel is challenged by its undesired properties, as highlighted above.
Pinho et al. [20] suggested that BO should be treated as an intermediate product in the
thermochemical biomass pathway and upgraded to produce transportation fuels [20]. Upgrades in
BO mainly involve deoxygenating the highly-oxygenated molecules, aforementioned [12]. Several
authors have proposed different routes to upgrade BO, for instance, the molecules in BO can be

deoxygenated, cracked, or hydrogenated [12].



One may believe that BO can be processed in the fluid catalytic cracking (FCC) unit like
traditional fossil fuels. However, previous authors have found that direct injection of BO in the
FCC unit is unreasonable due to the unwished amount of char and coke sub-production [20].
Alternatively, BO can be deoxygenated through hydroprocessing, which involves the presence of
hydrogen, but this process is expensive and complex due to the different factors that should be
considered, such as hydrogen source, temperature, pressure, and type of catalyst [12], [21]. Hence,
the costs of establishing and operating a bio-refinery for hydrodeoxygenated BO (HDO-BO)
processing are incredibly high [22]. Besides, HDO-BO still requires upgrading operation units
such as fractionation, cracking, and isomerization [8]. For instance, Fogassy et al. [23] saw the
potential to co-process HDO-BO with vacuum gas oil (VGO) in the FCC units, as they have a
similar hydrogen-to-carbon ratio, as shown in Figure 1. 1. They found comparable gasoline yields
when they co-processed 80 wt.% VGO and 20 wt.% HDO-BO, as compared to 100 wt.% VGO

cracking. However, the product composition was enriched in coke, olefins, and aromatics [23].
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Figure 1. 1. Van Krevelen diagram. First generation biofuels (m), second generation biofuels (e),

third generation biofuels (A ), and intermediate fossil fuels (#). Adapted from [23].



Furthermore, existing FCC units are still considered a route to upgrade BO as a co-processing
feedstock. By performing this co-processing, the capital and operational costs can be reduced up
to 20% compared to pure BO catalytic cracking. As a result, the production cost of biofuel will be
reduced, making co-processing a more feasible option compared to building a new bio-refinery
from scratch [8], [22]. BO properties will be upgraded due to the hydrogen-enriched petroleum
hydrocarbons, such as VGO, can transfer hydrogen to BO by reacting with their molecules rich in
oxygen [8]. FCC as a co-process unit is economically attractive since external hydrogen injection

is not required, and the catalysts can be regenerated in situ [21].

Yet, co-processing raises some challenges, as well. For example, BO is practically immiscible
with VGO due to its high oxygen content and, thus, polarity. In addition, BO is thermally unstable
and undergoes extensive unwanted polymerization at relatively low temperatures (50 °C) [16],
[20]. Pinho et al. [20] elegantly solved this issue by providing two separate feeding lines for VGO
and BO. In this way, they could heat up the two liquids at two different temperatures, avoiding
extensive coking. VGO was injected at a temperature range of 220—280 °C, whereas BO was
injected through a nozzle below the injection point for VGO at a temperature lower than 50 °C.
The co-processing was performed in a 10-20 % BO and 90-80 % VGO feed charge at 540—560
°C for two hours. The authors observed a yield similar to treating 100% VGO when the BO was
10% of the feed charge. The biocrude and petroleum crudes are not mixed or emulsified prior to
co-processing. Therefore, the possibility to preheat VGO at a temperature higher than 200 °C
lowers its viscosity and improves the dispersion of BO itself. Hydrocarbon feedstocks are

preheated in the traditional FCC process at 100-300 °C [20], [24].



Unfortunately, co-processing BO is limited because its instability and corrosivity at
temperatures above 50 °C are not fully addressed and understood. If the limitations are not
addressed, the following problems may arise during co-processing. An increment in BO viscosity
due to instability leads to flow conveying issues, e.g., the pipelines in refineries will present high-
pressure drops requiring more costly equipment and higher pumping costs. In addition, this
instability promotes layer generation creating extra filtration problems [5]. Besides this, the high
corrosiveness of BO is not acceptable for the metals commonly used in a crude refinery, such as
low-alloy steels (microalloyed, chromoly, and carbon steel (CS)), which represent 80% of metals

used in refining operations, along with various grades of stainless steels (SSs) [25].



1. 4 RESEARCH OBJECTIVES

The aim of this work is to investigate the corrosivity and thermal stability of BO at Fluid

Catalytic Cracking (FCC) feeding temperatures of 100—300 °C. A series of experiments have been

designed and performed to achieve the following objectives:

To study the effect of temperature and alloying elements on BO corrosivity. Immersion
experiments are performed at different temperatures and times in five structural steels
containing different alloying elements. Optical microscopy (OM) and scanning electron
microscopy (SEM) micrographs are taken after corrosion. The corrosion rates and chemical

compositions of the steels are analyzed to generate trends.

To identify the effect of temperature on BO stability. Aging experiments are performed to
assess the BO stability as temperature and storage time increases. Changes in the physical
properties of BO, such as viscosity, density, and pH, are recorded in aged samples. TGA

is carried out in aged samples to corroborate changes.

To propose the influence of BO instability on BO corrosivity and vice-versa. Correlation
of the dataset from objective 1 and objective 2 to establish any connections. Overall, this
study aims to improve our understanding of the behavior of BO in FCC units and provide
insight into its corrosivity and thermal stability. Based on the results, further work needed

will be determined.



1. 5 THESIS OUTLINE

Chapter 1 presents the research background, motivations, and objectives to be accomplished.

Chapter 2 reviews existing methodologies, progress, and knowledge gaps in the research on
corrosion challenges during BO storage and co-processing. This chapter focuses on BO, BO

blends, and model BOs.

Chapter 3 presents detailed experimental procedures for immersion experiments with 5 structural
metals (such as carbon steel, chromoly steel, stainless steels, and a nickel-based alloy) in BO, as
well as parallel aging experiments of BO at co-processing temperatures. This chapter also covers

methods for characterizing the metals and BO.

Chapter 4 focuses on the corrosivity of BO at 80, 150 and 220 °C. Long-term immersion
experiments were performed for up to 24 hours to investigate the corrosion with 5 structural metals

in BO. Post-experimental characterization was applied to explain the corrosion mechanism.

Chapter 5 examines the thermal stability of BO at 80, 150 and 220 °C. BO samples (i.e., without
metals immersed in) were aged for various time periods at each temperature, and phase separation
(liquid and solid phase) of BO was observed due to aging. BO samples were further investigated
via thermoanalysis, and changes in physical and chemical properties were recorded. This chapter

also correlates with the results of Chapters 4 and 5.

Chapter 6 summarizes experimental findings and delivers recommendations for future research.



CHAPTER 2 CORROSION CHALLENGES IN

HANDLING PYROLISIS OIL

As aforementioned, BO has a low pH (2—3) due to high acid content such as hydroxy acetaldehyde
(>10 wt.%), acetic acid (= 5 wt.%), and formic acid (= 3 wt.%) resulting in higher corrosivity
compared to fossil fuels [5], [26]. The materials of construction (MOCs) in the FCC unit, which is
the heart of crude refineries, are the same as those commonly used throughout the entire refining
operation (microalloyed, chromoly, CSs, and SSs) [25]. For instance, SS 304L and CS are widely
used in different components along the FCC flowsheet; SS 304L is used in the nozzles in the feed
injection and air distributor systems as well as the regenerator cyclone, while CS is used in the
riser, spent catalyst stripper, feeding pipes, and standpipe system [27]. The purpose of this chapter
is to review existing methodologies, progress, and knowledge gaps in research related to the

corrosion challenges associated with BO handling.

2.1 CORROSION IN PYROLYSIS OIL

There have been a few studies examining the corrosivity of BO on these structural steels
through immersion experiments, as summarized in Table 2. 1. Keiser et al. [28] carried out
immersion experiments on BOs derived from two different sources of biomass (red oak and corn
stover). They found high acidity or high total acid number (TAN) in the different fractions of BO,
due to high concentrations of formic and acetic acid [28]. They tested different grades of structural
steels and found a corrosion rate of 2.96 and 3.41 mm/y for CS in red oak-derived and corn stover-

derived BO, respectively. The 2.25Cr-1Mo steel presented a corrosion rate of 2.45 mm/y in the
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red oak-derived BO and 4.97 mm/y in the corn stover-derived BO. The authors linked the higher
corrosion rates to higher TAN in the BO. The 300 series SS (304L and 316L) showed negligible
corrosion in both BOs. However, localized attack through the grain boundaries, or intergranular
corrosion, was observed during post-characterization. The results on SS 409 varied greatly, with a
corrosion rate of 0.44 mm/y in red oak-derived BO and 3.00 mm/y in corn stover-derived BO. The
authors attributed the discrepancy in corrosion results for coupons from the same steel to the
acidity of the fraction where the coupons were immersed, with the fractions used from corn stover-

derived BO being more aggressive than those from red oak [28].

Keiser et al. [29] also conducted immersion experiments with BO derived from pine
whitewood and pine residues, which were low and high ash biomass sources, respectively. They
varied the ash and moisture content of the BOs (designated as H for high, L for low, A for ash, and
M for moisture) and performed immersion tests at 50 °C for 500 and 1000 hours. The goal was to
determine the influence of the alloying element (Cr) on corrosion resistance in a BO environment,
using plain steel (CS), low-alloy steel (chromoly steel), and high-alloy steel (SS). They determined
a corrosion rate of up to 2 mm/year for CS (1018), while chromoly steel 2.25Cr-1Mo had a
corrosion rate of approximately 3 mm/y. SS 304L and SS 316L exhibited less than 0.01 mm/year
at 50 °C for 500 and 1000 hours. After 1000 hours of immersion, SS 409 showed approximately 3
mm/y in the different BOs, with the highest corrosion susceptibility under LALM BO. On the other
hand, SS 409 exhibited less than 1 mm/y when the immersion experiment was up to 500 hours
[29]. As expected, the corrosion resistance worsened with increasing immersion time. The authors

also observed a slight dependence of high ash content on a high TAN in the different BOs.
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Wang et al. [3] conducted immersion tests on pinewood-derived BO at 50 and 80 °C for 168
hours. They determined a corrosion rate for CS (A36) of 1.5 and 7.2 mm/y at 50 and 80 °C,
respectively. No corrosion was observed at 50 °C in SS 304L and SS 316L, whereas at 80 °C, it
exhibited 0.8 and less than 0.1 mm/y for SS 304L and SS 316L, respectively [3]. They observed
that steels with higher additions of molybdenum (Mo) and nickel (Ni) are less susceptible to be
corroded under BO constituents and therefore the highest corrosion resistance was observed in SS

316L, which comprises higher Mo and Ni concentrations in its chemical composition [3].

Table 2. 1. Previous results of immersion test in a BO environment.

Temperature  Time Corrosion rate
Alloy Environment Ref (s)
(°O) (h) (mm/y)

Pine BO 50 1.5
A36 CS 168 [3]

Pine BO 80 7.2

Corn Stover BO 3.41
[28]

Red Oak BO 2.96

LALM BO 500 2.50

1018 CS HALM BO 50 1.30
HAHM BO 1.69 [29]

HAHM BO 1.57

1000

LALM BO 2.08

Corn Stover BO 4.97
[28]

Red Oak BO 2.45

LALM BO 500 3.29

2.25Cr-1Mo HALM BO 50 2.23
HAHM BO 2.83 [29]

HAHM BO 2.64

1000
LALM BO 2.92
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Pine BO 50 None

168 [3]
Pine BO &0 0.8
Corn Stover BO <0.01
[28]
Red Oak BO 500 <0.01
SS 304L HAHM BO 0 <0.01
5
LALM BO <0.01
HALM BO <0.01 [29]
1000
HAHM BO <0.01
LALM BO <0.01
Pine BO 50 None
168 [3]
Pine BO &0 <0.1
LALM BO <0.01
HALM BO <0.01
1000
SS 316L HAHM BO <0.01 [29]
LALM BO 50 <0.01
HAHM BO <0.01
Corn Stover BO 500 <0.01
Red Oak BO <0.01
[28]
Corn Stover BO 3.00
Red Oak BO 500 0.44
HAHM BO 0.94
SS 409 LALM BO 50 3.29
HALM BO 2.23 [29]
1000
HAHM BO 2.64
LALM BO 2.92

Note: H, L, A, M stand for high, low, ash, and moisture, respectively. The metal compositions can be found

in Appendix A.
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On parallel, other authors have assessed the corrosion susceptibility of structural metals by
performing electrochemical (EC) experiments. The most used EC test is electrochemical
impedance spectroscopy (EIS), which provides a quick way to determine the corrosion behavior
of alloys compared to immersion experiments. The results of EIS tests are usually represented in
Nyquist plots, which plot the real impedance (Z') against the imaginary impedance (Z") [30]. The
corrosion susceptibility of a metal can be roughly determined by calculating the difference between
the highest and lowest Z' values on a Nyquist plot [10], [26]. The corrosion resistance of the metal
against BO constituents is indicated by the fitted R» in a Randle circuit, as depicted in Figure 2. 1
[26]. This fitted R is a quantitative measurement of the global resistance against charge transfer
when a passive film is formed. Hence, a low R; is strongly related to higher corrosion susceptibility

in that environment, due to the passive film is not stable to limit the charge transfer process [10].

Constant
Phase

Element

R1 | —

Figure 2. 1. Randle circuit utilized for fitting impedance data in the majority of EIS experiments.

Adapted from [26].

Table 2. 2 delivers the results of the fitted R, for various structural metals immersed in
BOs produced from different biomass sources (pine whitewood and pine residues as low and high
ash sources, respectively), as reported by previous studies. Keiser et al. [29] found that SS 430 and

SS 430F presented higher corrosion resistance to HAHM BO than 2.25Cr-1Mo, which had lower

14



R>[29]. Similarly, Jun et al. [31] also determined, through repeated EIS tests at different times,
that SS 430 and SS 430F were more resistant to corrosion than 2.25Cr-1Mo in a HAHM BO
environment. They observed that despite SS 430F having a higher density of sulphide inclusions,
due to its high sulphur content compared to SS 430, both ferritic SSs showed similar resistance to

BO constituents [31].

Furthermore, Jun et al. [32] performed EIS experiments on chromoly steels in HAHM and
LALM BOs for up to 19.5 hours. They observed a consistent corrosion reaction of steels over time,
and reported similar R; values for both HAHM and LALM BOs [32]. The three steels tested with
different Cr content: 2.25, 5, and 9 wt.% presented a relatively low Ro, indicating that they were
susceptible to corrosion reaction under both HAHM and LALM BO. Therefore, the authors
suggested that steels with higher Cr content, such as SSs, may exhibit higher corrosion resistance

against BO constituents [32].

Table 2. 2. Previous results of EC tests in a BO environment.

Temperature Time EC Fitted R2
Alloy Environment Ref (s)
°O) (h) type (ohm.cm?)
1 *6.0x10°
18 *1.3x10° [31]
HAHM BO
2.25Cr-1Mo RT 118 EIS *3.6%10°
1 5.9x102 [29]
2 1.8x10° [32]
LALM BO
19.5 2.2x10°3
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2 #7.2%10?

HAHM BO
19.5 *1.3x10°
5Cr-1Mo
2 *1.3x10°
LALM BO
19.5 *1.7x10°
1 *4.9x10?
HAHM BO
15 *6.0x102
9Cr-1Mo
2 *7 5x1032
LALM BO
19.5 *9 0x 102
1 *2 0x10°
[31]
SS 430 HAHM BO 22 *1.5%10°
1 2.0x10°
[29]
1 2.6x10°
1 *) 8x10°
HAHM BO
SS 430F 20 *1.7x10° [31]
170 *6.0x10°

Note: H, L, A, M stand for high, low, ash, and moisture, respectively. The metal compositions can be found

in Appendix A.* Results are a close approximation from figures.

2. 2 CORROSION IN BO AND ITS BLENDS WITH PETROLEUM

FRACTIONS

As discussed in Chapter 1, upgrading BO can be achieved through co-processing with
petroleum intermediates like VGO in FCC units. Several studies have investigated the
corrosiveness of BO and petroleum fraction blends by conducting immersion experiments on
metals commonly used in refining operations. For example, Keiser et al. [29] conducted immersion
experiments for CS, 2.25Cr-1Mo and SSs (201, 304L, 316L, and 409) at 50 °C for 500 hours in

different environments to observe the effect of BO on the corrosiveness of fossil intermediates.
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The study included a control test using heavy fuel oil (HFO) as a reference and a blend of 50 wt.%
HAHM BO/50 wt.% HFO. The authors reported that metals exhibited higher corrosion
susceptibility in the blend, indicating the higher corrosivity of BO compared to traditional fossil
fuels [29]. The corrosion rate of CS less than 0.01 mm/y in 100 wt.% HFO, but it increased to 0.03
mm/y in the blend. Similarly, the corrosion rate of 2.25Cr-1Mo and SS 409 increased from <0.01
to 0.04 mm/y in HFO and in the blend, respectively. The impact of BO addition on SS 304L and
SS 316L could not be determined due to their high resistance at 50 °C, which showed less than

0.01 mm/y in both environments [29].

Brady et al. [33] conducted a study to assess the corrosivity of BO and petroleum blends on
various grades of SSs. The authors evaluated corrosion rates of metals by immersion experiments
at 525 and 550 °C for 57 and 75 hours in an FCC pilot plan, using 3—10 wt.% HDO BO/90—97
wt.% VGO. Upon analysis of the corrosion products, a multi-layered oxide rich in iron (Fe) was
observed in the SSs (201, 304L, 316L, 317L, 409L, and 410) instead of the expected chromia
(Cr203). The presence of this oxide increased with the Cr content in the metal. Interestingly, the
study found that SS 201 exhibited lower corrosion susceptibility than the more expensive SS 300
series. They also observed that the austenitic SS 304L and SS 316L were susceptible to internal
attacks through grain boundaries due to the formation of Cr-sulfides caused by the high sulfur
content in co-FCC environments. This was attributed to the selective leaching of Cr, In contrast,
SS 201, with higher Mn content, did not exhibit intergranular attack as Mn-sulfides formed over
Cr-S, leaving more Cr available for passivating the metal. The authors recommended future studies

with longer exposure times to better understand the corrosion kinetics in SSs.
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Table 2. 3. Previous results of immersion test in BO/fossil fuel intermediates blends.

Temperature Time Corrosion rate

Alloy Environment Ref (s)
°O) (h) (mm/y)
HFO <0.01
1018 CS 50 wt.% HAHM 0.03
BO/50 wt.% HFO '
50 500 [29]
HFO <0.01
2.25Cr-1Mo 50 wt.% HAHM 0.04
BO/50 wt.% HFO '
3—10 wt.% HDO Corrosion
SS 201 370 70 [33]
BO/90—97 wt.% VGO products
HFO <0.01
50 wt.% HAHM 50 500
<0.01 [29]
SS 304L BO/50 wt.% HFO
3—10 wt.% HDO Corrosion
370 70 [33]
BO/90—97 wt.% VGO products
HFO <0.01
50 wt.% HAHM 50 500 [29]
SS 316L <0.01
BO/50 wt.% HFO
3—10 wt.% HDO Corrosion
370 70 [33]
SS 317L BO/90—97 wt.% VGO products
HFO <0.01
50 wt.% HAHM 50 500 0.04 [29]
SS 409 .
BO/50 wt.% HFO
3—10 wt.% HDO Corrosion
370 70 [33]
SS 410 BO/90—97 wt.% VGO products

Note: H, L, A, M stand for high, low, ash, and moisture, respectively. The metal compositions can be found

in Appendix A.* Results are a close approximation from figures.
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2.3 CORROSION IN MODEL BOs

In addition to evaluating the corrosion resistance of structural steels in raw BO and FCC
feedstocks (VGO or HFO), it is important to identify the specific BO constituents that contribute
to it and to either remove or reduce them prior to upgrading [10]. To this end, Connatser et al. [10]
identified the most prevalent BO constituents: acetic acid, formic acid, acetol, levulinic acid,
methyl levulinate, ethyl levulinate, glyoxal, methyl glyoxal, guaiacol, glycolic acid,
dihydroxyacetone, catechol, 3-metyl-1,2-cyclopentanedione, furfural, cresol, vanillic acid,
apocynin, and lactobionic acid [10]. By using the identified BO constituents, researchers can create
model BOs with known compositions that can be used for further testing and analysis. This allows
for a better understanding of the specific constituents that contribute to corrosion and other

undesirable effects and can help in the development of more effective mitigation strategies.

Several authors have evaluated the corrosion resistance of structural steels in model BOs
through EIS. Typically, these model BOs consist of 0.1 M of the solute (BO constituent) in a base
solution containing 85 wt.% deionized water (DI) and 15 wt.% ethanol [10], [15], [26], [32]. For
example, Jun et al. [26] conducted EIS experiments on Cr-Mo steels (2.25Cr-1Mo and 9Cr-1Mo)
and ferritic SSs (410 and 430) in solutions of catechol, formic and lactobionic acid for less than 3
hours at RT. They found that 2.25Cr-1Mo had poor corrosion resistance in all organic constituents,
which is concluded due to the lower R». It obtained 1.1x103, 1.2x10?, and 1.9x10? ohm.cm? in 0.1
M catechol, 0.1 M formic and 0.1M lactobionic acid, respectively. Similar behaviour was observed
for 9Cr-1Mo presenting corrosion susceptibility in formic and lactobionic acid solutions. However,
it was resistant to 0.1 M catechol (4.0x10°> ohm.cm?). Thus, the authors hypothesized that there is
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a critical Cr content in steels between 2.25 and 9 wt.% to withstand catechol [26]. On the other
hand, the ferritic SSs 410 and 430 exhibited higher corrosion resistance than Cr-Mo steels, based
on the Ry. They showed an Rz > 1x10° ohm.cm? for all solutions tested. Based on the results
obtained, authors attributed the higher corrosion resistance of ferritic stainless steels to the
formation of a Cr-rich passive film, which provides better protection against the corrosive BO
constituents such as formic and lactobionic acid. Therefore, it is recommended to use ferritic
stainless steels with a Cr content higher than 11 wt.% instead of Cr-Mo steels for storing BOs

containing these constituents, even though they are more expensive [26].

Jun et al. [32] also conducted EIS experiments on various grades of Cr-Mo steels in a model
BO consisting of 10 wt.% catechol in the previously mentioned base solution. The experiments
took place at RT and for different immersion times, up to 19.5 hours. 2.25Cr-1Mo, the steel with
the lowest Cr content among the tested metals, one more time behaved poorly showing an Rz <
1x10° ohm.cm? at different immersion times [32]. In contrast, 5Cr-1Mo exhibited a higher R
value than 2.25Cr-1Mo, it obtained 7.0x10* ohm.cm? for 2 hours, and its corrosion resistance was
falling as much as the time increased, ending with an R> value of 1.5x10° ohm.cm? for 19.5 hours.
Although 5Cr-1Mo showed less corrosion susceptibility in the catechol solution than 2.25Cr-1Mo,
it still did not exhibit an acceptable level of resistance [32]. On the contrary, 9Cr-1Mo seemed to
have the proper Cr content to withstand the catechol environment. Throughout all immersion
times, 9Cr-1Mo displayed an R, > 1x10* ohm.cm?, and this value was decreasing as immersion
time increased; proving that the immersion time is detrimental to the steel corrosion resistance.
Thus, the authors identified a critical Cr content between 5 and 9 wt.% below which Cr-Mo steels

are not suitable for storing BOs with high catechol content [32].
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Table 2. 4. Previous results of immersion test in model BOs environments.

Temperature Time EC Fitted R
Alloy Environment Ref (s)
O (h) type  (ohm.cm?)
0.1 M catechol ** *1.1x10°
0.1 M formic acid ** *1.2x102
0.1 M lactobionic acid
*1.9x10?
kek
2.25Cr- 0.1 M catechol+0.05 M
<3 *2 7107 [26]
1Mo formic acid **
0.1 M catechol+0.1 M
*2.1x10?
formic acid **
0.05 M catechol+0.1
*2.0x10?
formic acid **
2 *7.0x10°
5Cr- 5.5 *3.0x10°
1Mo 11 *4.0%x10°
RT . EIS
19.5 *1.5x10°
10 wt.% catechol ** [32]
2 *2 8x104
5.5 *1.4x10%
11 *1.4x10%
19.5 *1.7x10%
0.1 M catechol ** *4.0%10°
9Cr- 0.1 M formic acid ** *4.5%10?
1Mo 0.1 M lactobionic acid
*7.0%x10?
kk
<3 [26]
0.1 M catechol+0.05 M
*6.5x102
formic acid **
0.1 M catechol+0.1 M
*4.5x102

formic acid **
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0.05 M catechol+0.1 M

formic acid **

0.1 M catechol **

0.1 M formic acid **

0.1 M lactobionic acid

ks

SS 201
2-15

0.1 M catechol+0.1 M

formic acid **

SS 0.1 M catechol **
316L 0.1 M formic acid **

0.1 M catechol **

0.1 M formic acid **

0.1 M lactobionic acid

kK

0.1 M catechol+0.05 M

<3
formic acid **

0.1 M catechol+0.1 M
formic acid **

0.05 M catechol+0.1 M

formic acid **
0.1 M catechol **

0.1 M formic acid **

SS 410

0.1 M lactobionic acid

kK

0.1 M catechol+0.1 M

formic acid **

0.1 M lactobionic acid

kk

21
0.1 M catechol **

0.1 M formic acid **

*5.0x10?

1.1x10°

4.3x10°

5.5%10°
[13]

2.7x10°

5.5x10°

9.9x10°

*1.0x10°

*3.0x10°

*#3.5%10°

*1.5%10° [26]

#2.3x10°

*1.1x10°

1.6x10°

4.4x10°

7.6x10* [15]

2.6x10°

*8.0x10*
[10]

*1.5%10°

*1.8%10°
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0.1 M glycolic acid ** *1.8x10°
0.1 M acetic acid ** #2.0x10°
0.1 M 3-methyl-1, 2-

#2.0x10°
cyclopentanedione **

0.1 M levulinic acid ** *2 5x10°
0.1 M dihydroxy

*3.0x10°
acetone **
0.1 M acetol ** *3.0x10°
0.1 M guaiacol ** *4,0x10°
0.1 M methyl levulinate
*6.5%10°
skk
0.1 M cresol ** *6.5%10°
0.1 M glyoxal ** *#9.5x10°
0.1 M furfural ** *1.0x107
0.1 M ethyl levulinate
*1.0x107
ke
0.1 M methyl glyoxal ** *1.1x107
0.1 M catechol ** *4.0x10°
0.1 M formic acid ** *3.6x10°
0.1 M lactobionic acid
s *4.1x10°

0.1 M catechol+0.05 M
SS 430 <3 *2 2x10° [26]
formic acid **

0.1 M catechol+0.1 M

% 5
formic acid ** 2.9x10

0.05 M catechol+0.1 M

% 5
formic acid ** 2.0x10

Note: The metal compositions can be found in Appendix A. * Results are a close approximation from

figures. ** Base solution: 85 wt.% deionized water (DI) and 15 wt.% ethanol.
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Acknowledging that SSs are more resistant to BO degradation than Cr-Mo steels, Connatser
et al. [10] carried out EIS measurements on SS 410 disks in the different types of BO constituents
they had identified earlier. They observed that some constituents such as, furfural, ethyl levulinate
and methyl glyoxal were not aggressive to the SS 410 coupons since the global resistance of the
passive film (R») was several orders of magnitude higher than those reported for SSs in passive
state (8x103 ohm.cm?), as indicated in Table 2. 4. Other constituents, except for the sugar acid,
lactobionic, were slightly aggressive to the passive film, as lower R, were reported [10]. The
resistance against charge transfer under lactobionic acid was the lowest among the BO constituents
studied. Implying that the passive film is not stable at room temperature under this large sugar acid
[10]. The authors attribute the loss of the passivating state to lactobionic acid acting as a chelating
agent, leaching iron from the alloy. Therefore, they proposed conducting further EIS assessment
with different alloys to identify a better candidate for storing BO constituents. The results of such
experiments could provide valuable information for the development/identifying of new materials

with improved resistance to BO degradation.

2.4 CORROSION IN BO AND ITS BLENDS WITH ADDITIVES

Chapter 1 looked into co-processing in FCC units as an upgrading path for BO. The
developed direct upgrading techniques reviewed include both physical methods (emulsification
and solvent addition) and chemical methods (hydrotreatment, steam reforming, catalytic cracking,
and supercritical fluid) [34]. Each method has its obvious advantage and drawbacks. For instance,
BO can be deoxygenated in the presence of hydrogen, commonly known as hydrotreating to

produce hydrodeoxygenated BO (HDO-BO), but this process is expensive and energy-intensive
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[12], [21]. In addition to chemical methods such as FCC co-processing or HDO-BO, several
studies have investigated the influence of the addition of solvents as corrosion inhibitors for BO
and other biofuels [3], [35], [36]. These solvents can either be added directly to the biofuel or used
as a blending agent. The solvents may act as corrosion inhibitors by forming a protective film on
the metal surface or by changing the physicochemical properties of the biofuel to reduce its
corrosivity. For example, one study investigated the use of alcohols and glycols as corrosion
inhibitors for biofuels [37]. The results showed that the addition of these solvents to the biofuels
significantly reduced their corrosivity towards steel and other metals. Another study investigated
the use of 2-ethylhexanol as a blending agent for diesel and biodiesel fuels. The results showed
that the addition of 2-ethylhexanol improved the lubricity and reduced the corrosivity of the

blended fuels [38].

In addition to inhibiting corrosivity, researchers also found that adding alcohols to BO can
enhance its thermal instability by forming lighter-molecular-weight compounds. Shawal et al. [36]
investigated the influence of alumina (Al>O3) on corrosivity when added to palm-derived BO.
Immersion experiments were performed at 50 °C for 3, 6 and 12 hours. Corrosion rates of 3.55,
9.03, and 23.98 g/cm?y for 3, 6, and 12 hours were reported, respectively, when alumina was added
to BO. Instead, higher corrosion rates were observed in raw BO: 4.15 g/cm?y for 3 hours, 13.67
for 6 hours, and 25.54 for 12 hours. The authors explained that the corrosivity of BO is reduced

due to alumina lowers BO acidity [36].
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A similar study was conducted by Wang et al. [3], they investigated the influence of adding
methanol not just for the BO thermal stability but also on its corrosivity. They added up to 20 wt.%
of methanol to BO and performed immersion experiments at 50 and 80 °C for 168 hours [3]. Post-
immersion, they observed that as much as methanol is added to the mixture at 80 °C, the corrosion
rate in SS 304L lowered compared to blank tests without methanol (Table 2. 1), as indicated in
Table 2. 5. The corrosion rate dropped to less than 0.1 mm/y when adding 20 wt.% of methanol,
which is a significant corrosion resistance increase, considering than this SS exhibited 0.8 mm/y
in raw BO at the same immersion temperature and time [3]. SS 316L performed very well under
raw BO at 50 and 80 °C. Hence, the addition of methanol to BO was found to be irrelevant in this
case. In Wang et al. [3]” work, an unexpected finding was observed in the immersion experiments
of CS. The addition of methanol to BO was anticipated to lower the BO corrosivity in CS, since
the authors performed a benchmark immersion experiment in a mixture of water and methanol. As
much as methanol was added to water, the corrosion rate of CS lowered. However, this behaviour
was not exhibited in mixtures of BO and methanol neither at 50 °C nor at 80 °C. Instead, the
corrosion susceptibility of CS increased when adding methanol BO at 50 °C, and it showed a
parabolic behaviour at 80 °C. Reaching a maximum when adding 10 wt.% of methanol. The
authors explained that this behaviour could be attributed to the chelation effect of some of the
oxygenated compounds within BO, mentioned above. Hence, the addition of methanol decreases
the BO viscosity allowing higher diffusivity of oxidants and chelate complexes, increasing the
corrosion rate in CS. However, as methanol concentration increases some of the chelate complexes

could be deposited on the CS surface, which apparently lowers the corrosion rate [3].
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Biomass-derived BO is not the only biofuel that needs upgrading, used cooking oil or UCO,
is a valuable biofuel that can be recycled and converted into useful products. When UCO is
collected and processed, it can be converted into biodiesel. Normally, the predecessor of UCOs
are vegetable-based oils [36]. Bruun et al. [35] studied the inhibition mechanism of different amino
acids added to UCO. After performing immersion experiments at room temperature in a CS, they
observed that low concentration (as low as 160 ppm) of L-Lycine or L-Arginine can drastically
drop the amount of Fe concentration dissolved in the UCO. Post-immersion, they found a
concentration of Fe dissolved to be higher than 390 ppm, however, when adding the amino acids,
the Fe dissolved was approximately less than 20 ppm. They explained that the inhibition
mechanism was owe to both amino acids prevent the corrosion by blocking the cathodic reaction

[35].

Table 2. 5. Previous results of immersion test in a BO with corrosion inhibitors environment.

Temperature Time Corrosion rate

Alloy Environment Ref (s)
(°C) (h) (mm/y)
Pine BO/5 wt.%
*1.65
methanol
Pine BO/10 wt.%
*1.85
methanol
50
Pine BO/15 wt.%
A36 CS 168 *1.92 [3]
methanol
Pine BO/20 wt.%
2.0
methanol
Pine BO/5 wt.%
80 *8.0
methanol
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Pine BO/10 wt.%

8.1
methanol
Pine BO/15 wt.%
*7.8
methanol
Pine BO/20 wt.%
6.8
methanol
3 3.55 g/em?y
10g Palm BO/1.5g
CS 50 6 9.03 g/cm?y [36]
AL203
12 23.98 g/cm?y
UCO/160 ppm L-
) *<20 ppm of Fe
Lycine
H44 CS RT 72 [35]
UCO/160 ppm L-
o *<20 ppm of Fe
Arginine
Pine BO/5 wt.%
*0.6
methanol
Pine BO/10 wt.%
*0.5
methanol
SS 304L
Pine BO/15 wt.% [3]
80 168 *0.3
methanol
Pine BO/20 wt.%
*<0.1
methanol
Pine BO/5, 10, 15, and
SS 316L <0.1
20 wt.% methanol

Note: The metal compositions can be found in Appendix A. * Results are a close approximation from

figures.
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2.5 SUMMARY OF CORROSION CHALLENGES

When using structural steels in a co-FCC environment, it is crucial to consider factors such as
the composition of the steel and the conditions under which it will be exposed to the BO blends.
One important factor to consider is the Cr content of the steel. Studies have shown that steels with
a Cr content greater than 9 wt.% are able to withstand exposure to BO under storage conditions.
Some authors have even suggested that a minimum Cr content of 11wt.% is necessary to ensure
durability, under those conditions. However, the Cr content is not the only alloying element to
consider, studies have reported that Ni, Mo, and Mn content also improve the corrosion resistance
of the steels. Another important factor is the duration of the exposure of steel to the BO or
BO/fossil intermediates blends, as immersion time has been shown to increase the rate of

corrosion.

Despite the importance of these factors, it is worth noting that testing the effects of BO on
steels can be challenging, especially at higher temperatures. EC tests, for example, are not the
easiest way to carry out experiments at high temperatures, such as the ones in the FCC feeding
system. Most of the corrosion results obtained by previous authors using EC tests are limited to
RTs. In contrast, some authors have carried out immersion experiments in CSs, Chromoly Steels,
and SSs up to just 80 °C in BO and BO/fossil intermediates blends. To accurately test the effects
of BO on steel, immersion experiments are preferred over EIS for high temperature conditions. In
conclusion, when choosing a steel for use in co-processing environments, it is important to
consider factors such as the Cr, Ni, Mo, and Mn content, and immersion time. Furthermore, it is

crucial to choose the right method of testing to accurately assess the effects of BO on the steel.
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While EC tests have limitations, immersion experiments are preferred for high temperature

conditions.
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CHAPTER 3 EXPERIMENTAL PROCEDURES

This section describes the experimental procedure used in this study. The study design,
materials, and methods used in the experiment are outlined in detail. The procedure includes steps
for preparing the metal coupons, conducting the experiments, and characterizing post-experiment

samples. The specific techniques and equipment used in the study are also discussed.

3.1 PREPARATION OF METAL COUPONS

The preparation of metal coupons for corrosion immersion experiments is a crucial step in
ensuring the validity of the results. In this study, corrosion samples with dimensions of 1 x 1/4 x
1/16 in® were machined from several commonly used structural metals in the oil and gas industry.
These metals include commercial grade CS (A36), chromoly steel (P91), SS 304L, SS 316L and a
nickel-based superalloy (HX), their corresponding compositions are listed in Table 3. 1. The
selection of these metals was based on their widespread use in various oil and gas processes, such
as co-processing in FCC units, which are known to be highly corrosive environments [5], [25].
After obtaining coupons with the desired dimensions, the surfaces and edges were polished to a
600-grit finish using SiC paper. This is helpful to remove any surface contaminants and
imperfections that may affect the corrosion rate. The polishing process was done with great care

to ensure that the surface of the coupons was smooth and uniform.

31



Table 3. 1. Chemical compositions (wt.%) of selected structural metals.

Alloy Fe C Cr Cu Mn Mo Ni P Si S Other

CS Bal. 02 0.05 0.04 0.74 0.01 0.01 0.01 0.01 0.01 V,0.002

PI1 Bal. 0.1 894 0.06 037 091 0.11 0.02 03 0.01 V,0.18;Nb, 0.06
SS304L Bal. 0.03 183 0.5 161 0.34 8.06 0.03 0.34 0.01 N, 0.06
SS316L Bal. 0.02 16.6 0.55 145 2.03 10.1 0.03 0.37 0.01 N,0.04;Co, 0.41

HX 19.7 0.06 21.5 0.08 0.66 838 Bal. 001 0.25 0.0l Ti0.1;Co,1.20

After polishing, the coupons were rinsed with deionized (DI) water to remove any remaining
particles or debris. The coupons were dried using compressed air to ensure that they were
completely dry before being weighed. Drying the coupons is important as any trapped DI water
can lead to inaccurate weight measurements during the immersion experiments. Once the coupons

were prepared, their weight was recorded using a microbalance.

3.2 IMMERSION EXPERIMENTS SET-UP

The immersion experiments were designed to investigate the corrosion behavior of various
metals in a pinewood-derived BO environment. The experiments were performed in accordance
with the ASTM G31 standard, which is a widely accepted method for evaluating the resistance of
metals to corrosion in aqueous environments [39]. The experiments were conducted at
temperatures of 80, 150, and 220 °C for a duration of 24 hours, with an additional immersion
experiment for two specific metals, CS and P91, for a shorter duration of 10 hours. To ensure the

validity of the results, two coupons of each metal were used at each temperature. Due to limitations
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in the amount of BO available, the immersion experiments were set up in pairs. SS samples were
immersed together, P91 and HX were immersed together, and CS samples were immersed
individually. This configuration was selected to ensure that the metals with high susceptibility to

BO corrosivity were immersed with high corrosion resistance metals (e.g., P91 and HX).

The metal strip coupons were affixed to a PTFE holder and placed inside a cylindrical PTFE
container with a capacity of 490 mL. The samples were immersed in 200 mL of BO for the duration
of the experiment. The whole setup was placed inside an autoclave, specifically an Intelligent
Magnetic Heating Stirrer, which provided precise control over the temperature and duration of the
experiments. The autoclave was sealed by securely fastening the security bolts and closing the
valves, as illustrated in Figure 3. 1. The immersion time was calculated from the moment the
desired temperature conditions were reached. The system typically took approximately 25, 35, and
50 minutes to reach temperatures of 80, 150, and 220 °C, respectively. A thermocouple was
inserted through the top of the autoclave to monitor the temperature throughout the entire
experiment, as depicted by the white cord in Figure 3. 1-a and b. Additionally, pressure gauges
were used to monitor changes in pressure. The autoclave was heated uniformly through an outer
coil jacket. Upon completion of the experiments, each sample was gently cleaned with ethanol
using Q-tips to remove surface corrosion products. The metal strip coupons were also cleaned in
an ultrasonic bath with ethanol and DI water, for a duration of 10 minutes each. The metal coupons
were dried, and their final weight was recorded. The corrosion rates (CR) were calculated using
Equation 3. 1, which considers the density of the metal (D—g/cm?), the surface area of the coupon
(Ar—cm?), the weight loss (W—g), the time of exposure (t-h), and a constant (K) of 87600 mm y!

cm' [40].
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Figure 3. 1. The apparatus used for immersion and aging experiments. (a) front view; (b) left

view; (c) right view; and (d) metal coupons anchored to PTFE holder before immersion.

The properties of the BO used in the experiments are outlined in Table 3. 2. A rotational
rheometer or viscometer (Brookfield DV-IIITM Ultra Rheometer) was used to measure its
viscosity, which is the resistance of the liquid (BO) to flow. The rheometer works by rotating a
spindle, or rotor, in the BO at a fixed temperature. In this study, all the viscosities were measured
at RT. The torque required to rotate the spindle is measured and used to calculate the viscosity of
the BO [34], [41]. The resulting viscosity value obtained for BO stock was 189.3 cP. Furthermore,
The Anton Paar DMA 35 Density Meter was utilized to determine the density of BO. The
instrument employs a precise oscillating piston immersed in the BO sample. The piston oscillates
at a constant frequency, and the density of the liquid is calculated based on the oscillation
frequency. The oscillation frequency is measured using a piezoelectric sensor, which converts the

mechanical oscillations of the piston into an electrical signal. The electrical signal is subsequently
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processed by the microcontroller of the device to calculate the density of the BO (1.21 g/mL) [42].

Three measurements were taken, and the final value was determined through averaging.

The Mettler Toledo C10SC Coulometric KF Titrator was employed to determine the water
content in BO. The method of analysis is based on the Karl Fischer titration, a volumetric method
that utilizes a reagent to react with water present in the sample. The BO sample was diluted 100
times with methanol, and then placed in the titration cell. An electric current was passed through
the cell, and the reagent was added incrementally until all water in the sample was consumed, as
indicated by a change in the electrical current. The amount of reagent consumed was found to be
directly proportional to the amount of water in the sample [34], [43]. Thus, the water content of
the BO sample, measured as 23.6 wt.%, was determined after deducting the water content found
in the methanol solvent [3]. In addition, the pH meter Thermo Scientific™ Orion Star A211 was
used to measure the acidity of BO. The apparatus makes it possible by measuring the electrical
potential difference between a pH electrode and a reference electrode. The pH electrode is a glass
electrode that is sensitive to hydrogen ions (H") in the solution, while the reference electrode is a
stable electrode that maintains a constant potential [34], [44]. Similar to the viscosity and density
measurements, the acidity of the BO was determined by averaging the results of three consecutive

measurements, yielding a final value of 2.39.

The procedure for measuring ash content in BO began by weighing a 15 mg sample, which
was then placed in a crucible. The crucible was inserted in a muffle furnace, which was preheated

to 775 °C and held at that temperature for 20 minutes. The furnace was set to have flowing air to
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maintain a controlled environment and to avoid oxidation or other reactions in the sample. After
this time and temperature, the crucible was removed from the furnace and allowed to cool to RT.
The sample was then weighed again to determine the weight of the remaining ash. The ash content
was calculated as the weight of the ash divided by the initial weight of the sample, multiplied by
100 to express the result as a percentage (0.05 wt.%) [3], [34]. Finally, an elemental analysis was
performed using the Thermo ScientificTM FLASH 2000 CHNS/O Analyzer. The BO sample was
introduced into the instrument and combusted in a controlled oxygen environment in the
combustion chamber. The weight percentage of carbon (C), hydrogen (H), sulfur (S), and nitrogen
(N) were determined, and the oxygen (O) content (43.89 wt.%) was calculated by difference as the
remainder of the weight percentages of the other elements [3], [5], [34]. Once the properties of BO
are obtained, the low heating value (LHV) can be calculated through the Dulong's formula, that

considers the C, H, S, O, N, and water content [3], [34], [45].

Table 3. 2. Properties of BO used in immersion and aging experiments.

Property Value Equipment
Viscosity 189.3 cP Brookfield DV-III'TM Ultra Rheometer
Density 1.21 g/mL Anton Paar DMA 35 Density Meter
Water content 23.6 wt.% Mettler Toledo C10SCoulometric KF Titrator
pH value 2.39 Thermo Scientific™ Orion Star A211
Ash content 0.05 wt.% Muffle Furnace
Heating Value 18.9 MJ/Kg Dulong’s formula
Elemental analysis (wt.%): Thermo ScientificTM FLASH 2000 CHNS/O
C (48.37), H (7.50), N (0.23), S (0), O (43.89) Analyzers
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3.3 IMMERSED SAMPLES POST-CHARACTERIZATION

The process of analyzing the microstructures of the metals began by preparing the samples.
Coupons were cut from the five metals studied. These coupons were then cold mounted in epoxy
and polished using SiC paper until they reached a grit of 1220. The samples were then polished
further using a diamond suspension solution until reaching a final polishing solution of 1 micron.
Once polished, the samples were cleaned and dried for further analysis. To determine the initial
microstructures of the metals, the samples were etched using a specific etchant for each metal. The
CS was etched with Nital, the SS 304L and SS 316L were etched with Adler's etchant. After that,
the microstructures were analyzed using optical micrography (OM), as illustrated in Figure 3. 2.
OM is a technique that uses visible light to capture an image of the microstructure of a material
[46]. The images captured by OM allowed for a detailed analysis of the microstructure, including
the size, shape, and distribution of the various phases present in the material. The microstructures
of the different metals were analyzed in order to understand their properties and behavior in a

specific condition.

The CS microstructure is composed of a combination of ferrite and pearlite. Ferrite is a body-
centered cubic crystal structure, which is a solid solution of iron and carbon. Pearlite, on the other
hand, is composed of alternating layers of ferrite and cementite (Fe3C), which is a hard and brittle
intermetallic compound [47]. The presence of pearlite in the microstructure of CS provides the
material with a unique combination of strength and ductility. The P91 microstructure is composed
primarily of tempered martensite, which is a hard and brittle phase of iron [48]-[51]. The tempered
martensite is formed by quenching the steel from high temperatures and then reheating it to a lower

temperature, a process known as tempering. The quenching process causes the steel to transform
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from austenite to martensite, which is a very hard and brittle phase. Tempering the martensite
causes it to become less brittle and more ductile [47]. Additionally, small amounts of carbides are
present in the P91 microstructure, which improve the high-temperature strength and creep
resistance of the alloy. The SS 304 and SS 316 microstructures are composed of ferrite clusters
within an austenite matrix. Austenite is a face-centered cubic crystal structure, which is a solid
solution of iron, nickel and chromium. The ferrite clusters, which are dispersed within the austenite
matrix, provide additional strength and improved corrosion resistance [47]. The HX microstructure
is characterized by the presence of metal pools contours generated by a laser beam during its
production. These contours are the result of the laser beam melting and solidifying certain regions
of the material, creating unique microstructural features that contribute to the high-temperature
strength and corrosion resistance of the alloy [52]. After the immersion experiments were
completed, a thorough characterization of the metal coupons was conducted to analyze the changes
in the surface caused by the immersion in the BO environment. The first step in this
characterization process was to take photographic images of the metal coupons to visually compare
the surface changes with the initial surface of the coupons. These images were also used to identify
specific areas of the coupons where corrosion was more severe, which allowed for further analysis

using more advanced techniques.
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Figure 3. 2. Optical micrographs of etched metals used in immersion experiments. (a) CS; (b) SS
304L; and (c) SS 316L. Microstructures of commonly used P91 [48] and HX [52] can be found

in the reference.

Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) were used to gain a deeper
understanding of the corrosion process. SEM is a powerful imaging technique that allows for the
analysis of the surface structure and composition of a wide range of materials. It works by scanning
a focused beam of electrons over the surface of the sample, which causes the electrons in the

sample to emit secondary electrons (SE). These SE are detected and used to create an image of the
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sample surface [53]. The corroded morphology of the immersed samples was analyzed utilizing
the SE imaging mode of SEM due to its ability to provide high-resolution images of the surface
structure, allowing for a detailed examination of the corrosion process and identification of any
specific corrosion mechanisms that may have occurred. XRD, on the other hand, is a technique
that allows for the identification of the specific chemical compounds present in the sample by
analyzing the patterns of the X-rays that are diffracted back from the sample. This technique is
particularly useful for identifying the phases present in a material and can be used to determine the
relative amounts of each phase present. Additionally, XRD can also be used to determine the
crystal structure, crystal size, and preferred orientation of the crystals in the sample [54]. In this

work, XRD was used to identify the deposited corrosion products after immersion in BO.

Furthermore, the immersed samples were cut in half with a precision saw, followed by cold
mounting and mirror polishing to analyze the cross-section through SEM and Energy Dispersive
Spectroscopy (EDS). The EDS is a detector that is integrated into the SEM, which can be used to
analyze the elemental composition of the sample by measuring the energy of X-rays that are
emitted by the sample as a result of the electron beam interacting with it [53]. This allowed for a
detailed analysis of the corrosion products formed on the surface of the metals as well as the
distribution of the corrosion products within the metal. The results of these analyses were critical
in understanding the corrosion behavior of the metals in BO environments. The microstructures of
the metals, the corroded morphology, and the chemistry of the corrosion products were important

factors in determining the corrosion rate and the durability of the metals in BO environments.
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3.4 AGING EXPERIMENTS SET-UP

The aging experiments were meticulously carried out in the same apparatus as the immersion
testing, at a temperature of 80, 150, and 220 °C for a duration of 24, 96, and 168 hours to
thoroughly investigate the influence of time and temperature on the co-FCC feeding conditions
due to BO thermal instability. Furthermore, additional aging experiments were performed at
shorter time intervals to determine the critical point at which solid content begins to increase.
Specifically, 100 mL samples of BO were carefully placed in PTFE cylindrical container, which
were then introduced into the autoclave and sealed to maintain optimal conditions. Following the
completion of the experiments, the pressure within the autoclave was recorded and the apparatus
was left to cool down for a period of 24 hours. Once cooled, the pressure was again monitored. In
addition, two aged samples of 10 mL each were taken from the top and bottom layers to evaluate

any changes in physical properties.

/ |::> Film (F)
|::> Top Layer (T)

I::> Bottom Layer (B)

Figure 3. 3. Schematic of phase separation in BO aging experiments at 150 °C.
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It was observed that during the aging process, two distinct phases were clearly visible, as
depicted in Figure 3. 3. Any extra film formed over the top layer was collected with the utmost
precision using fine tweezers. The weight fraction of the phases formed after the aging experiments
were determined by weighing them. The viscosity and density of the samples were measured at 25
°C utilizing the same equipment used to determine the properties of BO in Table 3. 2. Finally,
thermogravimetric analysis (TGA) was performed on the samples in a flowing argon atmosphere
(50 mL/min) using the advanced Thermo Cahn TherMax 300. The BO samples were heated from
30 to 750 °C at a constant rate of 10 °C /min, and the mass losses were tracked to provide a

comprehensive analysis of the samples.
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CHAPTER 4 CORROSION OF STEELS IN

PYROLYSIS OIL UP TO 220 °C

This section presents the results of comprehensive immersion experiments, which were
conducted on five structural metals commonly used in FCC units during co-processing. As co-
processing of BO and VGO in FCC units becomes increasingly prevalent, the potential corrosion
of FCC hot-end components must be thoroughly investigated due to the high acidity of BO.
Despite extensive research on the corrosion of CSs, low-alloy steels and SSs in BO environments
at temperatures below 80 °C, the corrosion of these metals at FCC feeding temperatures of 100—
300 °C has yet to be fully explored. The results presented in this section aim to evaluate the
corrosion resistance of the structural metals in the presence of BO at feeding temperatures up to
220 °C. The results of these experiments provide valuable insights into the potential use and risk
assessment of these metals in co-processing applications, and their suitability for use in FCC units.
Part of this Chapter has been published and presented as H. Pedraza, H. Wang, X. Han, Y. Zeng
and J. Liu, “Investigating the thermal stability and corrosivity of biocrude oil at FCC feeding
temperatures for co-processing applications” AMPP 2023 and H. Pedraza, H. Wang, X. Han, Y.
Zeng and J. Liu, “Corrosion and Aging Risk Assessment of the co-FCC Feed Injection System”

Biomass and Bioenergy 2023.
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4.1 CARBON STEEL (CS) A36 IN BO

The first metal chosen for the corrosion studies was CS. Despite its known susceptibility
to corrosion, CS is a commonly used structural metal in refining operations, particularly in
pipelines, as aforementioned in previous chapters. Before the beginning of the experiments, there
was a preconceived notion that at temperatures between 80 and 220 °C under BO, the CS would
exhibit poor corrosion resistance. This was assumed due to its lack of alloying elements that can
improve its corrosion resistance, as shown in Table 3. 1 [55]. However, including this metal in the
study was necessary to provide a thorough risk assessment when considering the use of CS in co-
processing applications. As a result of immersion experiments for 24 hours, it was observed that
the corroded coupons underwent a change in colour to a dark-brown hue, as shown in Figure 4. 1.
Upon comparison to the coupon prior to immersion, it was evident that the surface of the corroded
coupons became increasingly rough and dark as the temperature was raised. This suggests that
active corrosion occurred at 80 °C under BO conditions. Additionally, as the temperature
increased, it was observed that the middle section of the coupons appeared to be thicker than the
end sections. This is likely due to the fact that the middle section was attached to the PTFE holder,

while the end sections were fully immersed in BO, resulting in a greater degree of weight loss.
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Figure 4. 1. Photographic images of CS: (a) before immersion; after immersion for 24 hours in

BO (b) at 80 °C, (c) 150 °C, (d) and 220 °C.

CS exhibited high CRs at high temperatures under BO, which was not surprising. At 80 °C
for 24 hours, a CR of 11.97 mm/y was observed. This rate increased to 26.15 mm/y at 150 °C and
reached a high of 51.96 mm/y at 220 °C. The categorization of CRs in oil production systems can
come from various sources, some being more conservative than others, as illustrated in Table 4.
1. The excessive corrosion of CS has been previously reported by Wang et al. [3], who also found
that when exposed to 80 °C, the CR was 7.20 mm/y. Despite the similar corrosion rates, the use of
different equipment in the immersion experiments results in differences between them. They also

observed that the samples that were fully immersed in BO exhibited uniform corrosion [3].

45



—— CS-24h P
-
120 s
’
;
.
100 ’
7/
r
80+ ‘

2]
o
1

Corrosion rate avg (mm/y)
'
o

8]
(=]
1

80 1éD 250
Temperature (°C)

Figure 4. 2. The averaged corrosion rates of CS after 10 and 24 hours of immersion in BO at 80

to 220 °C.

Table 4. 1. Categorization of corrosion rates in oil production systems, NACE—SP(0775-2018

and Bradford et al. (2001) [56], [57].

Corrosion rate average (mm/y)

NACE—SP0775-2018 Bradford (2001)

Low <0.025 Good <0.1 mm/y
Moderate 0.025-0.12 Acceptable 0.1-1

High 0.13-0.25 Excessive >1
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Figure 4. 3. Dependence of the corrosion rate of CS on the temperature (80—220 °C) according
to the Arrhenius plot for BO, (a) logarithm of the Arrhenius equation, and (b) the Arrhenius

equation.

The relationship between CR and temperature is described by the Arrhenius law, as
expressed in Equation 4. 1. This equation states that the CR is related to temperature through the
Arrhenius constant (A), the molar activation energy (AE) in KJ/mol, the universal gas constant (R)

with a value of 8.314 J/mol K, and the temperature in K (T) [58].

—AE
CR = AxeRT @1y

The molar activation energy of a corrosion process can be determined by applying the
natural logarithm to both sides of Equation 4. 1 and plotting the /n(CR) vs 1/T [59]. The molar
activation energy can then be calculated from the slope of this plot, as shown in Figure 4. 3(a).
The molar activation energy of the corrosion of CS in BO between 80 and 220 °C has been
determined to be 15.98 KJ/mol. According to previous research, the molar activation energy of

diffusion in water is typically in the range of 10—45 KJ/mol [60]. This implies that the corrosion of
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CS within this temperature range is governed by the diffusion of species that have the ability to
form a passive film. This is because at these temperatures, the CS undergoes active corrosion as a
result of the low activation energy needed for the diffusion of potential passive species. As a result,

CS exhibited uniform corrosion with an actively corroded surface and no indication of the

formation of a protective film at the temperatures studied (as shown in Figure 4. 4).

Figure 4. 4. Morphology of CS after 24 hours of immersion in BO. (a) at 80 °C; (b) at 150 °C;

and (c) at 220 °C.

Furthermore, the corrosive nature of BO leads to the dissolution of metals, producing
positive metal ions (M"), as indicated in Equation 4. 2. These ions can form highly concentrated
areas during immersion experiments, leading to localized corrosion and a higher CR [61]. In order
to assess the effect of elevated metal ion concentrations on metal corrosion resistance, additional
immersion tests were performed for 10 hours. The tests focused on two highly susceptible metals

to BO corrosion, CS and P91. These metals have low Cr content, making them more prone to
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corrosion, as shown in Table 3. 1. In addition, research has shown that steel with high Cr content

provides strong resistance to corrosion in BO environments [33].

Figure 4. 5. Photographic images of CS: (a) before immersion; after immersion for 10 hours in

BO (b) at 80 °C, (c) 150 °C, (d) and 220 °C.

M+ 2H*=H, + M* @.2)

After the immersion experiments, a similar behaviour was observed as in the 24-hour
experiment. As the temperature increased, the coupons became darker, and their texture rougher.
The middle section of the coupons, where the PTFE holder was holding them, stood out
prominently, as shown in Figure 4. 5. Furthermore, the corroded coupons were thinner and darker
than those from the 24-hour experiment, indicating greater weight loss. The CRs for CS coupons
immersed with P91 coupons were 18.98, 124.76, and 147.28 mm/y at 80, 150, and 220 °C,
respectively, after 10 hours of immersion (Figure 4. 2). In comparison to the CRs of the 24-hour

experiment, the CRs for the 10-hour experiment were significantly higher. This discrepancy could
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be explained by the difference in pressure experienced in both experiments, as shown in Table 4.

2. The pressure for the 10-hour experiment was higher at all temperatures, reaching up to >7 MPa

at 220 °C. Meanwhile, the 24-hour experiment at 220 °C reached a maximum pressure of 2.3 MPa

when only CS was immersed. This suggests that the presence of another source of metal ions (M")

increases the CR of the immersed samples.

Table 4. 2. Pressure registered in immersion experiments with different sets of immersed metal

coupons in BO for 10 and 24 hours at 80 to 220 °C.

Temperature (°C) Immersion time (h) Metal Coupons Pressure (MPa)
10 CS + P91 0
CS 0
80
24 304L + 316L 0
P91 + HX 0.2
10 CS + P91 1.7
CS 0.2
150
24 304L + 316L 0
P91 + HX 0.4
10 CS + P91 >7
CS 2.3
220
24 304L + 316L 0.5
P91 + HX 2.5
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Additionally, two sets of experiments were conducted to confirm the source of the elevated
pressure recorded when CS and P91 were immersed together in BO. The aim was to determine
whether the high pressure was due to the thermal decomposition of some of the BO constituents
or primarily resulted from the reaction depicted in Equation 4. 2. In the first experiment, 100 mL
of BO was placed in the autoclave at 150 °C for 10 hours, and no increase in pressure was recorded
(0 MPa). Conversely, when adding 0.5 g of Fe>O3 to the same amount of BO, the pressure reached
a maximum of 0.9 MPa after the same time. In the second experiment, 100 mL of BO was also
placed in the autoclave at 220 °C for 10 hours. The pressure increased slightly, reaching 0.6 MPa.
However, when 0.5 g of FeoO3 was added, the pressure reached a maximum of 4 MPa after 10
hours. This suggests that the primary source of pressure increase is the anodic reaction (Equation
4. 2) where hydrogen (H) is formed, leading to an increase in pressure. In the following Chapter
5, TGA curves will demonstrate the type of matter formed in the blank test, with just BO, when

adding Fe-oxide and when immersing metal coupons.

Table 4. 3. Pressure registered in immersion experiments when 0.5 g of Fe>O3 were added to BO

for 10 hours at 150 and 220 °C.

Temperature Immersion Pressure

©O) time (h) (MPa)

0 0

2 0.6

4 0.7
150

6 0.8

8 0.8

10 0.9
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0 3

2 3.6

4 3.7
220

6 3.8

8 3.9

10 4.0

4.2 CHROMOLY STEEL P91 IN BO

P91 was chosen for immersion testing based on its higher Cr content (~ 9 wt.%) which has
been linked to higher corrosion resistance in BO compared to plain CS, as aforementioned [33].
This ferritic-martensitic steel has also been reported to exhibit good behaviour at high temperatures
with high creep resistance [51]. Figure 4. 6 shows the comparison between pre- and post-
immersion images of P91, revealing that after 24 hours of immersion, the coupons darkened and

roughened with a rise in temperature, similar to the results with CS.

Figure 4. 6. Photographic images of P91: (a) before immersion; after immersion for 24 hours in

BO (b) at 80 °C, (c) 150 °C, (d) and 220 °C.
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After being immersed, P91 exhibited a CR of 3.497 mm/y at 80 °C for 24 hours, which is
lower than the rate of 11.97 mm/y seen in CS. This aligns with prior research suggesting that
metals with a higher Cr content exhibit greater resistance to corrosion. However, as temperature
increased, the CR of P91 not only increased from the one presented at 80 °C but also surpassed
the CR of CS at 150 and 220 °C with values of 35.91 and 73.32 mm/y, respectively. This can be
observed in Figure 4-7 that compares the CRs of P91 and CS for 24 hours. Although these rates
are higher than those of CS, both steels still displayed CRs of an unacceptable magnitude for

refining processes, according to Table 4. 1.
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Figure 4. 7. The averaged corrosion rates of P91 after 10 and 24 hours of immersion in BO at 80

to 220 °C compared to those of CS.

The diffusion of potential passive species also controlled the corrosion of P91, as shown
by the activation energy of 31.44 KJ/mol found in Figure 4. 8. Despite having a higher Cr content
than CS, P91 still did not exhibit passivation within the temperature range of 80—220 °C. This is
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consistent with previous research, which has found P91 to be highly susceptible to corrosion under
high-temperature conditions. For instance, a study by Skobir and Spiegel [62] exposed P91
coupons to a simulated biomass combustion atmosphere and found the weight loss to be extremely
high. To understand the impact of alloying elements Al, Si, and Mo on corrosion resistance, the
authors developed different model alloys based on P91 with varying levels of these elements.
Adding Mo alone resulted in a higher weight loss, while adding Al and Si together reduced the
weight loss. The highest resistance was observed when all three elements were added together.
Hence, it is possible that the P91 used in this study suffered from poor corrosion resistance at

temperatures between 80—220 °C due to a lack of sufficient Al, Si, and Mo in its composition.
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Figure 4. 8. Dependence of the corrosion rate of P91 on the temperature (80—220 °C) according
to the Arrhenius plot for BO, (a) logarithm of the Arrhenius equation, and (b) the Arrhenius

equation.

The surface morphology of post-immersion samples was analyzed using SEM. At 80 °C,

some oxide deposits were observed on the surface, as shown in Figure 4. 9 (a). However, these
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deposits were not large enough to form a passive protective film. The slight presence of these
oxides may have contributed to the lower CR compared to CS under the same conditions. As the
temperature increased, the surface of P91 became uniformly corroded with no signs of a protective
film, similar behaviour from CS, as shown in Figure 4. 9 (b)(c). Previous studies have found that
when oxide layers are formed on P91, they are high in Fe but low in Cr, which is due to the
insufficient Cr content of P91 [62]. The oxides formed in a former study are also in the form of
nodular deposits, similar to those seen in Figure 4. 9 (a) [51]. They also observed poor adhesion
of the oxide scale to the substrate and cracks within the oxides at high temperatures, allowing
corrosive agents to penetrate and reducing the protective effect of the oxide film [51], [62]-[64].

Which explains why P91 shows uniform corrosion at the studied temperatures of 80-220 °C.

750 n>1‘
W

Figure 4. 9. Morphology of P91 after 24 hours of immersion in BO. (a) at 80 °C; (b) at 150 °C;

and (c) at 220 °C.

As aforementioned, an additional immersion experiment was conducted for 10 hours with

both CS and P91. The P91 coupons after immersion were found to be thinner, darker, and rougher
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(Figure 4. 10) compared to the 24-hour experiment, indicating higher weight loss due to the
presence of two sources of metal ions previously discussed. The observed trend was similar to the
results of the 24-hour immersion experiment, where the CR for P91 after 10 hours was 16.79
mm/y, which was lower than that of CS. However, the CRs at 150 and 220 °C were higher than
those of CS (178.83 and 209.22 mm/y, respectively) but still within the same order of magnitude
as CS. This indicates that neither steel is suitable for the co-processing feeding lines under the
studied conditions. The significant increase in pressure, as shown in Table 4. 2, and metal ion
density are the main cause of higher CRs for both CS and P91 in this experiment. Previous research
has established a connection between an increased pressure and the increased solubility and
dissociation of passive species which could form passive protection [51]. The reason for this is
that high pressure in a system exacerbates the formation of microcracks and boosts the diffusion

of oxygen, thereby destabilizing and dissolving any potential passive oxides [51].

Figure 4. 10. Photographic images of P91: (a) before immersion; after immersion for 10 hours in

BO (b) at 80 °C, (c) 150 °C, (d) and 220 °C.
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4.3 STAINLESS STEEL 304L IN BO

This work aims to evaluate the impact of Cr content and other alloying elements on
corrosion resistance under BO. Thus, the next metal selected for immersion experiments was SS
304L due to its higher content of alloying elements compared to CS and P91 (Table 3. 1). As
shown in Figure 4. 11, the SS 304L coupons did not show the brown or black coloring observed
on the CS and P91 coupons after immersion. However, they underwent darkening and lost their
original shine, and at 220 °C, the surface darkened further and became coarser, indicating ongoing
corrosion with increasing temperature. This suggests that while SS 304L coupons may not appear

as severely impacted as those of CS and P91, they are still affected by BO at 80-220 °C.

Figure 4. 11. Photographic images of SS 304L: (a) before immersion; after immersion for 24

hours in BO (b) at 80 °C, (¢) 150 °C, (d) and 220 °C.

The same method used to determine the activation energy for CS and P91 was applied to

SS 304L, yielding an activation energy of 39.30 KJ/mol, as shown in Figure 4. 12. Even though,
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this activation energy is higher than those for CS and P91. 39.30 KJ/mol still falls in the range
where the dissolution of passive scales drives the corrosion mechanism at 80—220 °C for SS 304L.
The photographic images in Figure 4. 11 and the higher activation energy support the conclusion
that SS 304L is affected by BO but to a lesser extent than CS and P91. This is confirmed by the
CR data in Figure 4. 12, with an acceptable rate of 0.29 mm/y at 80 °C, but excessive rates of 3.45
mm/y at 150 °C and 13.25 mm/y at 220 °C. Although the performance of SS 304L is not desirable

at the studied temperatures, it still exhibits better CR compared to CS and P91 under BO.
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Figure 4. 12. Dependence of the corrosion rate of SS 304L on the temperature (80—220 °C)
according to the Arrhenius plot for BO, (a) logarithm of the Arrhenius equation, and (b) the

Arrhenius equation.

The superior performance of SS 304L can be attributed to its higher content of Cr, Ni, and
Mo compared to P91 and CS. Previous research has shown that these elements enhance the
corrosion resistance of steels [55]; regardless, Mo is not a principal alloying element on SS 304L.

Former authors have proposed that Mo promotes higher Cr enrichment in the passive film due to
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the synergistic effects of Cr and Mo. Also, it is well known that the addition of Ni encourages the
formation of protective nickel oxides, which increases the resistance to strong acids. The relatively
high Cr content in SS 304L would typically result in the formation of a passive Cr-oxide film.
However, as discussed in Chapter 2, previous studies have observed multi-layered oxides rich in
Fe rather than the expected Cr-oxides under high-temperature BO [33]. Thus, SS 304L was still
affected by BO due to the higher effect of temperature on chemical dissolution in Fe-oxides

compared to Cr-oxides [51], leading to insufficient protection at elevated temperatures.

The SEM analysis in Figure 4. 13 reveals that at 80 °C, the SS 304L surface appears
opaque with visible scratches from 600-grit sandpaper. As previously noted, it is believed that Fe-
oxide forms a passive protective film on the SS 304L surface, and the opaque appearance could be
a sign of the formation of a film. The uneven distribution of scratches suggests that the surface has
been impacted by the acidity of BO. The CR of 0.29 mm/y at 80 °C also indicates that SS 304L is
susceptible to BO, despite performing better than CS and P91. As temperature increases, the
protective film begins to break down, exposing the grain, leading to localized intergranular
corrosion at 150 °C as shown in Figure 4. 13 (b). Finally, at 220 °C, the metal is actively corroded

by acids within BO, dissolving the protective film created by the alloying elements (Figure 4. 13

(c)).

Previous studies have conducted immersion tests in BO up to 80 °C and found that SS
304L may be capable of tolerating the corrosivity of BO. However, this work demonstrates that

SS 304L is not suitable for resisting the corrosion attack of raw BO at co-processing feeding
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temperatures (>80 °C). As previously mentioned, many components in existing FCC units are
constructed with SS 304L, and one solution to mitigate risks could be to deoxygenate BO before
entering the FCC unit by adding solvents (e.g., methanol) [3], [65]. However, the effect of solvents

on the corrosivity of BO at FCC feeding temperatures (100-300 °C) has not yet been evaluated.

S0 um
SRR SRR

Figure 4. 13. Morphology of SS 304L after 24 hours of immersion in BO. (a) at 80 °C; (b) at

150 °C; and (c) at 220 °C.

4.4 STAINLESS STEEL 316L IN BO

To reduce the risks involved in co-processing BO in FCC units, another suggestion is to
use a material for constructing the feeding lines, such as feeding nozzles, that has better corrosion
resistance compared to SS 304L. In this regard, SS 316L was evaluated for its suitability. After
conducting immersion experiments, the coupons remained gray in color, but the shine was lost,
and the surface became rougher and darker at 220 °C, which might indicate active corrosion (as
seen in Figure 4. 14(d)). These slight changes indicated in the photographic images are more

promising than those for SS 304L, P91 and CS, indicating good corrosion resistance, making SS

60



316L a better candidate for the construction of feeding nozzles in FCC units. To further verify the
corrosion resistance, X-ray diffraction (XRD) was performed to determine the nature of the
protective film. The results showed that no deposited corrosion products were detected at any
temperature, suggesting that the corrosion products are either too thin or amorphous, or that
chemical dissolution caused by the combined action of high temperature and the acidity of BO
prevented the deposition of such products. The XRD scans, which only show the substrate peaks,

can be found in Figure 4. 15.

Figure 4. 14. Photographic images of SS 316L: (a) before immersion; after immersion in BO (b)

at 80 °C, (c) 150 °C, (d) and 220 °C.
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Figure 4. 15. XRD patterns recorded on post-immersion SS 316L coupons.

Furthermore, Figures 4. 16 and 4. 17 display the SEM images and EDS maps of the cross-
section of SS 316L post-immersion. The EDS maps in Figure 4. 16 at temperatures of 80 °C and
150 °C clearly demonstrate the even distribution of Cr, Fe, and Ni throughout the sample,
indicating that no continuous layer was formed on the surface. In contrast, the EDS maps at 220
°C reveal the formation of deposited corrosion products, as evidenced by the presence of Fe and
Cr in these products along with an increase in O. A compositional mapping of selected points
confirms that the metal substrate, represented by spectrum 2, primarily consists of Fe, followed by
Cr and Ni, with no presence of O. Conversely, spectrums 1 and 3 exhibit a reduced amount of Fe,
allowing for an increase in O, indicating the presence of corrosion products on the surface. These
deposited corrosion products are mainly Fe-oxides over Cr-oxides, which explains the low

corrosion resistance, as Fe-oxides are more prone to chemical dissolution at elevated temperatures

[51].
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Figure 4. 16. SEM images and EDS maps from a cross-section of SS 316L. (a) at 80 °C; and (b)

at 150 °C.
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Figure 4. 17. SEM images and its corresponding compositional mapping by EDS from a cross-

section of SS 316L at 220 °C.
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The effect of temperature on the average CR of SS 316L is illustrated in Figure 4. 18. At
80 °C, the CR was recorded at 0.06 mm/y, consistent with previous findings of less than 0.1 mm/y
[3]. As the temperature increased in increments of 70 °C, the CR increased by one order of
magnitude, reaching 0.62 mm/y and 1.77 mm/y at 150 °C and 220 °C, respectively. These results
highlight the influence of temperature on the corrosion resistance of SS 316L, in agreement with
previous studies that reported a CR below 0.01 mm/y at 50 °C [3], [29]. Figure 4. 18 also compares
the corrosion resistance of SS 316L with that of SS 304L. It was reported above that SS 304L
showed acceptable corrosion resistance of 0.29 mm/y at 80 °C for 24 hours, however excessive
corrosion was observed at 150 °C (3.68 mm/y) and 220 °C (13.25 mm/y). While metals with higher
Cr content typically have higher corrosion resistance against BO [33], the comparison of Cr
content in SS 304L (18.28 wt%) and SS 316L (16.57 wt%) reveals that SS 304L exhibited higher
susceptibility to corrosion in BO environments. However, when considering other elements that
contribute to corrosion resistance in steels, such as Ni and Mo [55], it is noted that SS 316L has
higher contents of both Ni and Mo compared to SS 304L. Thus, the corrosion resistance of the
metals against BO constituents is not solely dependent on the addition of Cr, but also on the

presence of alloying elements Ni and Mo.

As aforementioned, the classification of CRs is subjective, and Table 4. 1 demonstrates
that NACE—SP0775-2018 is more restrictive than Bradford (2001) for oil production systems [56],
[57]. Hence, according to NACE—SP(0775-2018, the CRs of SS 316L were moderate at 80 °C
(0.06 mm/y) and severe at 150 °C and 220 °C (0.62 and 1.77 mm/y). Figure 4. 18 clearly indicates
that 80 °C serves as a turning point for SS 316L, transitioning from high corrosion resistance (i.e.,

low CR < 0.01 mm/y) (presented as a *) to low corrosion resistance (i.e., active CR > 0.1 mm/y)

64



in BO. This study identifies 80 °C as the critical temperature (T¢) for active corrosion in BO for
SS 316L. To further examine the activation of corrosion in SS 316L, an Arrhenius plot is presented

in Figure 4. 19.
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Figure 4. 18. Effect of temperature on the corrosion rate of SS 316L. compared to commonly

used structural SS 304L.

Similar to CS, P91, and SS 304L, the CR of SS 316L increased with temperature in an
exponential manner, as depicted in Figure 4. 19 (b). The molar activation energy for the corrosion
of SS 316L in BO, between 80 and 220 °C, was calculated to be 34.98 KJ/mol. As SS 304L, the
activation energy of SS 316L was higher than those of CS and P91. However, between 80 and 220
°C, the corrosion of SS 316L was primarily driven by the diffusion of passive species from its
protective film, causing the film to eventually deteriorate. An excellent example of a well-
preserved passivation system is the duplex SS 2205 under condensed-phase corrosion experiments
up to 150 °C, conducted by Li et al. [58]. They recorded a CR of just below 0.0020 mm/y at 150

°C, with a molar activation energy of 50.28 KJ/mol, demonstrating the ability of the oxide scales
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to withstand that environment. The higher activation energy of duplex SS 2205 can be attributed

to its composition, which contains higher Cr (22.54 wt.%) and Mo (3.03 wt.%) than SS 316L.
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Figure 4. 19. Dependence of the corrosion rate of SS 316L on the temperature (80—220 °C)
according to the Arrhenius plot for BO, (a) logarithm of the Arrhenius equation, and (b) the

Arrhenius equation.

The SEM micrographs in Figure 4. 20 present the top-view of the corroded surface of SS
316L at the studied temperatures. The grains are exposed as a sign that BO constituents mainly act
through the grain boundaries. This observation is also noted by Brady et al. [33] and Wang et al.
[3]. The intergranular corrosion in the grain boundaries of SS 316L is a result of selective leaching,
with previous reports suggesting the leaching of Cr and Ni from this type of SS [66]. As
temperature rises, the severity of localized intergranular corrosion intensifies, as evidenced in
Figure 4. 20 (c). This confirms that elevated temperatures negatively impact the corrosion
resistance of SS 316L. Brady et al. [33] found that the selective leaching of Cr was due to the

formation of Cr-sulfides in high sulfur co-FCC environments. They also found that SS with higher
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Mn content did not show intergranular attack, proposing that Mn-sulfides form over Cr-sulfides,
leaving more Cr available for metal passivation [33], [67]. It is hypothesized that Cr moves from
the bulk metal to the surface in the form of Cr-oxides, creating a passive protective barrier [68].
This barrier prevents the rapid diffusion of O from highly-oxygenated BO molecules towards the
base metal [68]. However, as temperature rises, the acidity within BO leads to more severe
selective corrosion at the grain boundaries, leading to the leaching of Cr and the destruction of the
passive protection [67]. This also explains why the oxides identified in Figure 4. 17 are Fe-oxides

instead of Cr-oxides.

Figure 4. 20. Morphology of SS 316L after 24 hours of immersion in BO. (a) at 80 °C; (b) at

150 °C; and (c) at 220 °C.

4. 5 NICKEL-BASED ALLOY HX IN BO

Finally, we studied a nickel-based alloy known as HX. Despite not being widely used as a
structural metal in petroleum refineries, it was selected for its higher content of Cr, Mo, and of

course, Ni. The HX was used as a reference to compare with the lower grade alloys CS, P91, and
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the SSs 304L and 316L. The photographic images in Figure 4. 21 reveal that the HX coupons
were not impacted by BO at the studied temperatures. This is in contrast to the images of SS 316L
in Figure 4. 14, which showed the highest resistance among the previous four metals studied. The
results indicate that the combined effect of BO corrosivity and temperature did not harm the HX

due to its high corrosion resistance.

(@)

Figure 4. 21. Photographic images of HX: (a) before immersion; after immersion in BO (b) at 80

°C, (c) 150 °C, (d) and 220 °C.

The results of the study on the effect of temperature on the CR of HX, as shown in Figure
4.22, demonstrate the superior corrosion resistance of the HX. At all temperatures studied, ranging
from 80-220 °C, the CR of HX was “moderate”, according to NACE-SP0775-2018, and "good"
per Bradford (2001) criteria, with a CR < 0.05 mm/y. Further comparisons of the corroded coupons
from the five different metals after exposure at a representative temperature of 150 °C, as depicted
in Figure 4. 23, reveal that the surface of the corroded HX sample is smoother and unaffected
compared to the rough and corroded appearance of the surfaces of CS, P91, and SS 304L samples,

which likely lack a passive protective film. The absence of deposited corrosion products at this
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temperature, as indicated by the SEM micrographs, may be due to chemical dissolution, as

discussed above.
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Figure 4. 22. The averaged corrosion rates of the five metals studied after 24 hours of immersion

in BO at 80 to 220 °C.

Figure 4. 23. SEM micrographs of the cross-sections of corroded samples at 150 °C. (a) CS; (b)

P91; (c) SS 304L; (d) SS 316L; and (e) HX.
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Using a similar process as that used to calculate the activation energy of the previously
studied metals, the activation energy of HX in BO at temperatures between 80-220 °C was
determined to be 2.31 kJ/mol (Figure 4. 24), which is outside the range of 10—45 kJ/mol discussed
earlier. Thus, the diffusion of passive species does not occur due to the high corrosion resistance
of HX. The weight loss was nearly negligible, indicating CRs of 0.037 mm/y, 0.031 mm/y, and
0.047 mm/y at 80, 150, and 220 °C, respectively. Although the differences between the two
coupons immersed at each temperature resulted in high errors, the errors are negligible in absolute
terms. As the CRs do not vary much with temperature, the activation energy is not an adequate

method to determine the corrosion behavior of HX, as the metal can be considered unaffected.
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Figure 4. 24. Dependence of the corrosion rate of HX on the temperature (80—220 °C)
according to the Arrhenius plot for BO, (a) logarithm of the Arrhenius equation, and (b) the

Arrhenius equation.
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Figure 4. 25. Morphology of HX after 24 hours of immersion in BO. (a) at 80 °C; (b) at 150 °C;

and (c) at 220 °C.

As depicted in Figure 4. 25, the SEM micrographs confirm that the BO used in the
temperature range of 80—-220 °C did not corrode the surface of HX. Notably, the scratches from
the 600-grit SiC sandpaper used during the coupon preparation for immersion experiments were
still visible on the surface. The surface of HX remained unaffected due to its high content of Cr

(21.5 wt.%), Ni (>45 wt.%), and Mo (8.38 wt.%).
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CHAPTER 5 THERMOSTABILITY OF

PYROLYSIS OIL UP TO 220 °C

This chapter discusses the outcomes of aging experiments conducted on BO to explore the
variations in its physical and chemical characteristics caused by its thermal instability. The
experiments were conducted at co-FCC feeding temperatures of 80, 150, and 220 °C for different
durations, excluding the presence of metals. The findings of the experiments showed that BO
separated into liquid and solid phases after aging. Furthermore, this section also analyzes the BO
samples used in some immersion experiments with metals to examine the impact of immersed
samples. Part of this Chapter has been published and presented as H. Pedraza, H. Wang, X. Han,
Y. Zeng and J. Liu, “Investigating the thermal stability and corrosivity of biocrude oil at FCC
feeding temperatures for co-processing applications” AMPP 2023 and H. Pedraza, H. Wang, X.
Han, Y. Zeng and J. Liu, “Corrosion and Aging Risk Assessment of the co-FCC Feed Injection

System” Biomass and Bioenergy 2023.

5.1 AGING EXPERIMENTS OF BO AT 80 °C

Table 5. 1 serves as a comprehensive summary of the results obtained from the aging
experiments carried out at 80 °C. Interestingly, no phase separation was observed when the aging
experiment was conducted at 80 °C for 24 hours. However, the viscosity and density of the entire
BO sample did exhibit a slight increase, with values of 360 cP and 1.22 g/mL, respectively,

compared to the unaged BO, with values of 189.3 cP and 1.21 g/mL, as shown in Table 3. 2. These

72



results provide crucial information regarding the thermal stability of BO at a lower aging
temperature and time. As highlighted in the introductory chapter, TGA is a powerful tool for
analyzing changes in the physical and chemical properties of BO when phase separation occurs
during aging. TG curves provide the onset and completion temperatures of thermal reactions,
weight loss during a reaction, and the rate of weight change. The resulting DTG curve is obtained
by calculating the first derivative of the TG curve, which depicts the rate of mass loss against

temperature.

Table 5. 1. Phase separation in aging experiments at 80 °C for 24, 96, and 168 hours. (a) film;

(b) top+ bottom (liquid phase).
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Figure 5. 1 provides a graphical representation of the TG and DTG curves obtained for
BO/stock. The DTG curve illustrates that the highest mass loss occurs near 100 °C, indicating the
presence of high-water content in BO, which leads to mass loss near this temperature. To confirm
the absence of phase separation at 80 °C for 24 hours, TGA was performed on samples from the
top and bottom of the BO to compare their TG profile with that of unaged BO. The TG curves for
the top and bottom samples were found to be similar to the TG curve of unaged BO, indicating

that no phase separation had occurred, as shown in Figure 5. 2. The slight changes in viscosity

and density were not necessarily an indication of phase separation in BO.
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Figure 5. 1. TG and DTG curve of BO/Stock.

In contrast, phase separation was observed at 80 °C for the rest of the time slots, as detailed
in Table 5. 1. At 80 °C, two phases were formed after 96 and 168 hours of aging, with a solid-like
cluster (film) visible on the summit of the sample and a viscous liquid present in the rest of the

sample. A schematic representation of this phenomenon is shown in Figure 5. 3. After carefully
separating the film from the rest of the BO, to make sure the liquid was a single phase; one sample was
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collected from the top of the liquid and one from the bottom. Both top and bottom samples exhibited

similar viscosity and density to the aging experiment conducted at 80 °C for 24 hours.
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Figure 5. 2. Influence of aging time in the TG curves of phase separation at 80 °C.
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Figure 5. 3. Shematic of phase separation in BO aging experiments at 80 °C.
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Consequently, TGA was performed only on the bottom sample for 96 and 168 hours, which
revealed a slightly upper right shift in the TG curve as the aging time increased. In addition, the
content of the film increased over time at the expense of the liquid content. The viscosity in the
liquid phase decreased when the film was formed at 96 and 168 hours (250 cP) compared to the
24-hour experiment, where no film was present. This decrease in viscosity is indicative of the
formation of organic compounds with longer chains in the film, which was confirmed by TGA.
The TGA profiles for both films at 96 and 168 hours exhibited a rapid weight loss between 200
and 400 °C. In contrast, the unaged BO and the liquid phase at each aging time began losing weight

at 100 °C, which is attributable to the high-water content in the BO [3], [19].

5.2 AGING EXPERIMENTS OF BO AT 150 °C

Furthermore, Table 5. 2 presents the findings of aging experiments conducted for 24, 96, and
168 hours at 150 °C. The experimental observations are also depicted in Figure 5. 4, which shows
a film on the surface of the sample, a liquid layer at the top, and a solid layer at the bottom. The
film formed at 24 and 96 hours was 0.5 and 1 wt.%, respectively; no film formation was observed
at 168 hours. Additionally, the amount of the top liquid layer also decreased from 29.5 wt.% to 25
wt.% from 24 to 96 hours, and no liquid layer was formed at 168 hours. The liquid phase that
formed at 24 hours had a density of 1.16 g/mL and a viscosity of 6 cP, while the liquid phase that
formed at 96 hours not only had a lower amount but also a lower density and viscosity of 1.13

g/mL and 4 cP. After 168 hours of aging, only a solid phase was observed.
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The bottom solid-like layer increased with time, accounting for 100 wt.% of the BO sample
after 168 hours. This suggests that over time, some components in the liquid phase reacted and
migrated to the solid phase, e.g., by polymerization. At 168 hours, the solid phase made up the
whole sample since there was enough time to convert the wide range of molecules into long-chain
compounds. Due to the solid state of the bottom layer and film, the viscosity and density

measurements were not carried out.

Table 5. 2. Phase separation in aging experiments at 150 °C for 24, 96, and 168 hours. (a) film;

(b) top layer (liquid phase); and (c) bottom layer (solid phase).

24h ~ 9%h | 168 h
=N (a)

. . =
0.5 wt.% = 1 wt.% 0 wt.%

116 g/mL P L3l | (b)

0 wt.%
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Figure 5. 4. Shematic of phase separation in BO aging experiments at 150 °C.

TGA was utilized to investigate the thermal decomposition of the samples and their respective
formed phases. The results obtained from TGA, in conjunction with the viscosity and density data,
were utilized to identify the type of organic matter present in the phases. For example, when
comparing the aforementioned TG profile, for 24 hours of the top layer and the BO/stock in Figure
5. 5, it is observed that the TG curve for the top layer shifts to the lower left, indicating that this

layer is composed of the light fractions of BO.
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Figure 5. 5. Influence of aging time in the TG curves of phase separation at 150 °C.

In contrast, the TG curves for the film and the bottom layer shift upper right, which indicates
the presence of heavier organic matter due to the reaction among the reactive functional groups,
resulting in long-chain hydrocarbons. The TG curve for the film formed at 96 hours exhibited a
similar behavior to that formed at 24 hours, indicating that the films developed at different times
consist of a similar type of heavy organic matter. The time influence of BO aging is clearly
understood when comparing the TG curve for the liquid and solid phases at 24 and 96 hours. The
TG curve for the liquid phase, at 96 hours, shifts to the lower left compared to the one at 24 hours.
As previously mentioned, a lower-left curve confirms the presence of lighter fractions. Then, the
viscosity (4 cP), density (1.13 g/mL), and TG curve validate that the top layer comprises lighter
BO fractions as aging time increases (96 hours), as indicated in Figure 5. 5. Yet, the liquid phase
disappeared once the light fractions are given enough time to transform into heavier organic matter.
The bottom layer then absorbed the heavier organic matter, increasing its content. Compared to

the TG curve of the solid phase at 24 hours, the TG curves at 96 and 168 hours shift to the upper
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right, and the TG curve at 168 hours was above all the others. Hence, longer aging times promoted

the formation of larger and heavier organic compounds.

5.3 AGING EXPERIMENTS OF BO AT 220 °C

Phase separation was also observed at 220 °C (Table 5. 3). At 24 hours three phases were
observed, similar to those observed at 80 and 150 °C: a film in the summit, a non-viscous liquid
in the top, and a char-like solid in the bottom (Figure 5. 6). The film formed at 220 °C for 24 hours
was significantly thinner than those formed at 80 and 150 °C. However, similar organic matter
was formed in this phase since TG curves are similar in Figure 5. 7. On the other hand, the liquid
phase formed at the top had a significant low viscosity (3 c¢P) and density (1.07 g /mL), which
indicates that light fractions and the water content migrate to this phase. This is supported due to
its TG curve shifts lower left in Figure 5. 7. The char-like solid phase showed an aggressive shift
to the upper right indicating that the reactive functional groups within BO interact through different

reactions, €.g., polymerization, producing heavier organic matter, as aforementioned [16], [69].

Table 5. 3. Phase separation in aging experiments at 220 °C for 24, 96, and 168 hours. (a) film;

(b) top layer (liquid phase); and (c) bottom layer (solid phase).

96 h

0 wt.%




As indicated in Table 5. 3 and Figure 5. 7 similar behavior was observed at 220 °C for 96
hours, except that the thin film was not formed at 96 hours, but instead the solid phase increased
at spend of liquid content. TG curves for the top and bottom for 96 hours shifted slightly lower-
left and upper-right, respectively, compared to those for 24 hours. The former indicates that time
promotes aging reactions, but slightly. Aging experiments were not performed at 220 °C for 168
hours due to previously it was observed 100 wt.% of solid content at 150 °C for the same time.

Thus, is predicted that the solid phase at 220 °C will also cover the whole sample.
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Figure 5. 6. Shematic of phase separation in BO aging experiments at 220 °C.
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Figure 5. 7. Influence of aging time in the TG curves of phase separation at 220 °C.

5.4 SUMMARY OF INFLUENCE OF AGING TEMPERATURE ON PHASE

SEPARATION

The highlights of the aging experiments, including all phases observed at various temperatures

and times and their corresponding properties, are summarized in Table 5. 4. As previously noted,

82



the aging reactions and phase separation are slightly promoted by aging time. By comparing
Figures 5. 2, 5. 5, and 5. 7 with Figure 5. 8, it is evident that both aging time and temperature
promote aging reactions. However, the effect of temperature is more severe than that of time, as
evidenced by the aggressive shift of the top and bottom curves at 220 °C away from the unaged
BO and those at 80 and 150 °C for 24 and 96 hours. Therefore, Figure 5. 8 clearly demonstrates
that temperature has a more negative impact on solid phase production than time. The resulting
undesired char production can lead to various issues during co-processing, such as plugging and

pressure drops [5].

(a) — Bio-oil/Stock (b) —— Bio-oil/Stock
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Figure 5. 8. Influence of temperature in phase separation. (a) TG curves in aging experiments for

24 hours, and (b) TG curves in aging experiments for 96 hours.
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Table 5. 4. Summary of phase separation from aging experiments at 80, 150 and 220 °C for 24,

96, and 168 hours.

Temperature Time Phases Viscosity Density Weight fraction

°O) (h) formed (cP) (g/mL) (wt.%)
- - - 0
24 Liquid 360 1.22 100
- - - 0
Film - - 1
80 96  Liquid 253 1.2 99
- - - 0
Film - - 1.5
168  Liquid 251 1.17 98.5
- - - 0
Film - - 0.5
24 Liquid 6 1.16 29.5
Solid - - 70
Film - - 1
150 96  Liquid 4 1.13 25
Solid - - 74
- - - 0
168 - - - 0
Solid - - 100
Film - - 0.1
24 Liquid 3 1.07 27.9
Solid - - 72
220
- - - 0
96  Liquid 2.8 1.06 24
Solid - - 76
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5.5 SOLID CONTENT IN AGING EXPRIMENTS

Figure 5. 9 depicts the solid content variation as a function of aging time at different
temperatures of 80, 150, and 220 °C. This analysis considers both the film formed on the summit
and the solid phase formed at the bottom as part of the solid content. To determine the critical time
(ter) for solid formation, additional aging experiments were conducted at each temperature,
specifically for times shorter than 24 hours. The t. is defined as the time when the solid content
begins to increase significantly. At a temperature of 80 °C, the first solids began to form after 24
hours. In contrast, at 150 °C, the t.; was found to be 14 hours, indicating a faster polymerization
process at higher temperatures. At 220 °C, the t. was close to zero hours, suggesting that at this
temperature, some energy has already been gained by the pre-heating process, and solid formation

can be expected as soon as the temperature reaches 220 °C.

In addition to the critical temperature for active corrosion, which was discussed in Chapter
4, our research has identified another crucial factor for the co-processing of BO at feeding
temperatures. This factor is the critical temperature (T.:) at which a solid phase begins to form
during the aging process, or fast aging. Previous studies have not reported any phase separation at
temperatures lower than or equal to 50 °C. We found that the T for BO fast aging is 80 °C. This
means that the solid phase starts to form rapidly above this temperature. In summary, the findings
of our research show that the aging process of BO is highly temperature-dependent, and the critical

time for solid formation decreases with increasing temperature.
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Figure 5. 9. Influence of temperature in solid content production in aging experiments.

5. 6 INFLUENCE OF METALLIC SPECIES IN BO AGING

Further characterization of the BO was conducted to investigate the correlation between
immersion and aging experiments at co-FCC feeding temperatures. The aged BO used for
comparison was obtained from the aging experiments carried out at a temperature of 150 °C for
24 hours, which allowed for the clear separation of the three distinct phases - film, top (liquid),
and bottom (solid). Also, the immersion experiments were conducted for 24 hours. The immersion-
BO used was the one previously used for the immersion of CS, described in Chapter 4. This metal
was chosen due to its high susceptibility to corrosion under BO at this temperature. The purpose
of comparing the immersion-BO with the aged BO was to investigate the effect of metal ions
produced as a result of Equation 4. 2 on BO aging and on its phase separation. The results showed
that the immersion-BO, did not exhibit clear phase separation. Instead, the entire sample aged,

resulting in a viscous and thick liquid with an even more viscous layer or sediment at the bottom.
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Figure 5. 10. Influence of immersed metal (CS) in BO aging.
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Figure 5. 11. Influence of immersed Fe-oxide in BO aging.

As illustrated in Figure 5. 10, the three layers observed in the immersion-BO were of the same
nature as all three presented the same TG curves, which shifted upper-right in comparison to
unaged BO. The TG profile of the bottom layer seen in the aging experiment was also similar to
those of the immersion-BO. This indicates that the corrosion process of the highly susceptible

metal, CS, did not promote phase separation but instead contributed to the aging of the entire BO
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sample to the levels of the layer with the highest level of aging, which was the bottom layer when

no immersed sample was present.

In Chapter 4, a set of experiments were carried out to determine the origin of the high
pressure observed in immersion experiments involving BO. The aim was to distinguish whether
the pressure increase was mainly attributed to the thermal decomposition of some of the BO
constituents or originated from the anodic reaction described in Equation 4. 2, which generates
H,. The findings of the experiments indicate that the anodic reaction is the principal source of
pressure rise. As shown in Figure 5. 11, the addition of Fe2O3 did not significantly alter the TG
curve of the aged BO sample, which was employed as a blank test at both 150 and 220 °C.
Similarly, the TG curve for the immersed-BO with CS and P91 did not vary considerably from the
TG curve used as a blank test at 220 °C. All the curves exhibited a shift to the upper-right from
the unaged BO, but did not promote phase separation. Therefore, it can be suggested that the
presence of metal ions enhances the aging process in BO, but it is not associated with phase

separation, as previously discussed.
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CHAPTER 6 CONCLUSIONS AND FUTURE

WORK

In conclusion, the aim of this study was to examine the impact of FCC feeding temperatures
on the corrosivity and thermal stability of BO. A series of experiments were designed and executed
to assess the corrosion susceptibility of structural metals commonly used in the FCC unit and to
investigate the influence of the thermal instability of BO on co-FCC feeding conditions. The
findings of this research provide crucial risk assessment insights under those conditions. The
remaining challenges outlined below can be addressed through further work, which will be

instrumental in advancing the upgrading of BO through co-processing.

6. 1 CONCLUSIONS

e The results of the study highlight the challenging conditions faced by FCC feeding lines
when exposed to temperatures ranging from 80 to 220 °C in the presence of BO. The
experiments conducted in this study demonstrate that CS, P91, and SS 304L are not suitable
materials for these lines under these conditions. The immersion experiments at different
temperatures revealed that corrosion rates of CS, P91, and SS 304L increased with
temperature, reaching peak values of 51.96, 73.32, and 13.25 mm/y respectively at 220 °C.
The addition of 9 wt.% Cr in P91 was not sufficient to resist BO at temperatures above 80
°C, nor was the higher amount of Cr, Mo, and Ni in SS 304L, which still showed significant

corrosion at high temperatures. On the other hand, SS 316L had moderate corrosion rate of
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1.77 mm/y at 220 °C. The estimated activation energy between 80 and 220 °C revealed
that the corrosion of these four metals is influenced by the diffusion of passive species from
the protective film. As a result, 80 °C was identified as the critical temperature at which
active corrosion begins. HX performed exceptionally well, showing non-affected surfaces
and near zero weight loss, although it is a more expensive alloy compared to the other four
steels. The results provide valuable insights into the impact of temperature on the
corrosivity of different structural steels in BO, providing a basis for selecting appropriate
materials for FCC feeding lines. Based on the results, it is not recommended to inject BO

into the co-FCC over 50 °C due to its high corrosivity.

Accelerated aging experiments conducted in this study demonstrated that both exposure
time and temperature contribute to aging reactions among reactive functional groups in
BO. The study observed three layers of phase in the aged samples, including a film layer,
a top liquid layer, and a bottom solid layer. The impact of temperature was found to be
more severe than that of time, as TGA results showed that the solid phase (high-molecular-
weight molecules) shifted more aggressively from unaged BO at higher temperatures than
during longer exposure times. The solid content (film and solid) was found to increase
exponentially with temperature, with values of 1 wt.%, 75 wt.%, and 76 wt.% at 80 °C,
150 °C, and 220 °C, respectively, after 24 hours of aging. These findings confirmed that
80 °C is also the critical temperature for fast aging of BO, and the solid content starts to
increase from this temperature. Reactive functional groups in BO require less aging time
for solid production (char, coke) at higher temperatures. It is not recommended to inject

BO into co-FCC above the recommended temperature of 50 °C, as it could result in intense
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phase separation and solids production, potentially leading to pipe plugging.

Results from the correlation of data from objective 1 and objective 2 showed that at
temperatures above 80 °C, the thermal instability of BO generates a non-homogeneous
fluid. As a result, metal components in the FCC feeding lines are exposed to varying
environments. The TGA results showed that the different phases obtained due to BO aging
are composed of different organic matter, causing some phases to be more or less corrosive

than the initial raw BO.

6.2 FUTURE WORK

Based on the findings mentioned above, additional research is necessary to clarify the impact

of phase separation on the corrosion of FCC construction materials, and to identify the most

economical choice (MOC) for BO feeding lines. To accomplish this, the following steps are

recommended:

Conduct accelerated aging experiments on BO to promote phase separation.

Collect a sufficient quantity of each phase from the aging experiments and perform
immersion tests with various structural metals to evaluate the corrosivity of each phase.
Develop a method to perform immersion tests with the solid phases obtained from the aging
experiments.

Conduct a cost-effectiveness analysis to determine the best approach, whether upgrading
the metals in the FCC feeding lines or improving the BO through physical methods, to

enhance its corrosivity, thermal stability, and miscibility.
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APPENDIX A — CHEMICAL COMPOSITIONS

This section includes the chemical compositions of structural steels previously tested through

immersion and EIS experiments by various authors.

A.1 CHEMICAL COMPOSITIONS OF STRUCTURAL STEELS
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A.1 CHEMICAL COMPOSITIONS OF STRUCTURAL STEELS

Table A.1. 1. Chemical compositions of commonly used structural steels in co-processing

applications testes in previous studies.

Alloy Fe C Cr Cu Mn Mo Ni P Si S Refs

CS A36 Bal. 0.20 0.05 0.04 0.74 0.01 0.01 0.01 0.01 0.01 [3]

CS1018 Bal. 015 - - 060 - - - - - [29]
CSH44 Bal. 011 - - 100 - - 003 021 002 [35]
2.25Cr-1IMo Bal. 0.10 225 - 040 100 - - 020 -  [29]
2.25Cr-1Mo Bal. 0.09 222 0.09 051 101 014 - 017 -  [31]
5Cr-IMo  Bal. - 500 - - 100 - - - - [37]
9Cr-IMo  Bal. 0.07 9.08 0.3 0.56 099 009 - 061 -  [32]
SS201  Bal. 0.08 159 071 697 027 446 - 048 -  [33]
SS304L  Bal. 0.02 183 - 170 - 900 - 050 -  [29]
SS316L  Bal. 0.02 164 - 160 210 102 - - -  [28]
SS317L  Bal. 0.02 17.7 0.11 1.69 297 142 - 056 -  [33]
SS409  Bal. 002 11.0 - 030 - - - 040 -  [29]
SS410  Bal. 0.01 121 0.2 013 003 0.5 - 049 -  [33]
SS430  Bal. 0.04 169 0.3 026 005 015 - 033 -  [31]
SS430F Bal. 0.03 17.5 0.17 043 033 030 - 032 033 [31]
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