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Abstract

Advanced biomass conversion technologies, including hot dilute acidic pre-hydrolysis and
hydrothermal liquefaction, have been developed for the generation of renewable bioenergy
products and biochemicals from existing biomass resources and biowastes. However, the
deployment of the technologies is hindered because of significant corrosion and materials
technology gaps in terms of cost-effective construction and safe operation of biorefining reactors.
This study intends to address the corrosion challenges and support the development of materials

selection guidelines for the successful commercialization of the two technologies.

Hot dilute acidic pre-hydrolysis biorefining technology is a pretreatment method used for direct
conversion of raw biomass into fermentable and enzymatic intermediates in dilute acid (such as
H>SO4 and H2S0O3) at 100 - 200 °C. Little information on corrosion is available for determining
materials performance in such environments. This study finds that Fe-based steels (SS316L and
DSS 2205) suffer active corrosion, and their corrosion rates increase with increasing temperature,
service time, and addition of corrodants (CI, S*", and organic acid), while Alloy C-276 exhibits
acceptable resistance. More importantly, it is found that increasing Cr content even up to 22.5 wt.%
cannot provide satisfactory protection since the formed Cr-enriched oxides are thermodynamically
unstable and experience chemical dissolution. Increasing Mo content in alloys, on the other hand,
could significantly improve corrosion resistance due to the formation of stable Mo-enriched oxide
layer which demonstrates the promising resistance to hot dilute acid and the corrodants released.
This novel finding is completely different from previous studies about the effect of Mo on

corrosion.



Hydrothermal liquefaction is a thermochemical technology to convert wet biomass and biowaste
to bio-oils and biochemicals in pressurized water at 250 - 370 °C and pressure up to 25 MPa. In
this study, the effects of temperature, pressure and flow rate have been well investigated using
high temperature autoclaves and environmental loops. It is found that increasing temperature up
to 365 °C remarkably enhances the corrosion of P91 steel, and there is a transition temperature
(around 310 °C) for SS310, above which its corrosion rate decreases with further increase in
temperature. Increasing pressure and flow rate leads to a noticeable increase in the corrosion rate
of P91 steel. Different from P91, the corrosion rate of SS310 only slightly increases with pressure,
and decreases with an increase in flow rate due to the formation of an inner Cr-enriched oxide

layer and suppressed nodular oxidation.

Homogenous catalysts (such as K>COs) are commonly used to achieve optimum carbon
conversion efficiency. This study finds that the addition of 0.5 M Ko>COs results in a significant
increase in the corrosion rates of P91 and SS310, and remarkably changes the microstructure of
surface scales. At 310 °C, the presence of chloride and sulfide ions does not trigger pitting, but can
cause an increase in corrosion rates due to the formation of less protective oxide layers. The
presence of acetic acid further accelerates the corrosion. The corrosion mechanism in catalytic
HTL environments has thus been proposed based on the testing results and thermodynamic

simulations.

In the non-catalytic and catalytic HTL environments, thermodynamic calculations indicate that
major alloying elements (Fe, Cr, Ni and Mo) could experience general oxidation or active
corrosion, depending on temperature and pH. Under the HTL conversion conditions, overall

ranking in terms of increasing corrosion resistance is:



P91 << SS316L < SS310 < Alloy C-276 < Alloy 625

Increasing Cr and Mo contents in alloys should improve their resistance to the environmental
attack. Increasing Ni content has a negligible effect in non-catalytic HTL environment, but can
improve the corrosion performance in the catalytic environments. Post-mortem characterizations
further reveal the roles of alloying elements in the corrosion layers and advance the mechanistic
understanding of their impact on corrosion. Stress corrosion cracking is another concern when
evaluating suitable alloys. Uniaxial constant strain and U-bending techniques were adopted to
evaluate SCC susceptibility of SS316L and SS310 in a catalytic HTL environment at 365 °C.
Preliminary results show that increasing strain deformation enhances the corrosion. However, the
SCC risk of the tested steels, even under 3.3% deformation, is much lower than expected. More
assessments are still needed to confirm the above findings and determine the SCC risk of welded

construction steels and alloys.
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Jing-Li Luo provided valuable comments, discussions and revisions. Minkang Liu designed and
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Chapter 1. Introduction

1.1 Overview of biomass resources

Due to serious concerns over the rapid growth in global population and greenhouse gas (GHG)
emissions, there is a continuously increasing interest in substituting non-renewable fossil fuels
with renewable and sustainable alternatives for energy and chemicals production [1]. Considerable
investments and efforts have been spent on transforming current energy plants to a more
environmental and ecological-friendly system. Renewable energy sources, such as forest and
agricultural biomass materials, animal manures, and engineered microalgae, are abundant in nature
and much more environmentally safe than fossil fuel resources, and hold the key potential to
partially and even completely replace fossil fuel-based energy resources for future clean energy
production [2-7]. Up to date, there are three generations of biofuels, defined on the basis of their
sources of raw biomass and harvesting procedures. The first generation of biofuels includes
ethanol and biodiesel, which are made from food sources, such as sugarcane, barley, and corn.
Their major drawback is that the application of edible biomass feedstocks inevitably introduces
negative impact on biodiversity and competition for foods. Therefore, the feasibility of first
generation biofuels is quite debatable, and intensive efforts have been applied for utilizing non-
food materials as the feedstocks. The second generation of biofuels is usually converted from wood,
organic waste, food waste and specific biomass crops, which are constantly replenished in nature.
The obvious advantages are: (1) some of the biowaste feedstocks do not need to be cultivated; and
(2) the wood and crops have shorter harvest timelines compared to the biomass used for the first
generation. However, it is still arguable as a less cost-efficient process since the second generation
of biomass requires a chain of pre-treatment processes to recover the fermentable sugar before
subsequent biorefining processes. Due to the limitations of the first and second generations, a
different source of biofuel feedstock, named microalgae, has been explored in recent years.
Microalgae biomass has high growth rates and can contribute to a considerable amount of global
CO; reduction from the atmosphere [8]. Moreover, microalgae can produce many available
biomolecules, such as vitamins, carbohydrates, lipids, and proteins. Although some studies stated
that the biofuel generated from microalgae is less stable and its conversion requires higher energy
input compared to the first and second generations, it seems that the advantages of microalgae still
surpass the drawbacks, and it thus becomes one of the most cost-efficient and environmental-

friendly biomass feedstocks. According to my comprehensive literature review, the second and
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third generation of biomass feedstocks are widely used in the biorefining industry to meet our daily

energy demands.

1.2. Biomass conversion technologies studied in this thesis

1.2.1. Overview of biomass conversion technologies

Biorefining technology involves the integrated processing of these renewable feedstocks to
marketable biofuels, biochemicals and biomaterials [9-13]. In order to achieve optimum
conversion efficiency, a number of studies have been conducted to develop different types of
conversion methods, including biochemical (such as anaerobic digestion and fermentation) and
thermochemical (including hydrothermal liquefaction, gasification, pyrolysis, torrefaction and
combustion) technologies. Among them, fermentation and anaerobic digestion are usually
employed in the environments with moisture content of 40 - 90 % and pH range of 3 - 8 at
temperature < 60 °C [14, 15]. Bioethanol is the main product generated by these biochemical
processes. Compared to the slow biochemical conversion methods, thermochemical biorefining
can convert raw biomass streams to desired bioproducts in a much quicker and more efficient way.
According to their application capacity, hydrothermal liquefaction, gasification, and pyrolysis are
seen as the most promising technologies that have attracted particular attention [16-19]. Pyrolysis
conversion is an oxygen-deprived thermochemical decomposition process at elevated
temperatures [20]. Depending on conversion conditions, pyrolysis processes can be classified into
three categories: slow pyrolysis (slow heating rates for a long time, temperatures < 300 °C),
moderate pyrolysis (temperatures between 300 to 500°C) and fast pyrolysis (temperatures >
500 °C for a short duration) [19, 21, 22]. To obtain the maximum yield of bio-oil as the desired
product, moderate temperature, short gas residence time and high heating rates are usually
recommended at industrial plants. Up to date, pyrolysis is the only industrially realized technology
for the conversion of biomass into crude bio-oils [23, 24]. Gasification is another promising
technology for the conversion of biomass to gaseous products (mostly H» and CO) using gasifying
agents of air/oxygen, steam, supercritical water, or flue gases at the temperature range of 500 -
1400 °C [25-29]. The choice of the type of gasifying agent is coherently determined by the
properties of desired product gas [30]. Similar to pyrolysis conversion, the gasification involves a

costive pretreatment process to dry the feedstock down to a moisture content of < 10 - 20% before



being fed into an air, oxygen, or steam gasifier. Compared to these, supercritical water gasification
(SCWQG) is a relatively new technology that can produce hydrogen-enriched gaseous products
directly from wet biomass [29, 31]. According to literature reviews, gasification technology has
been successfully applied at industrial scale, and more than 100 gasification plants/projects are

either operated or under development around the world.

1.2.2. Two innovative biorefining reactors investigated in this study

Based on the demands of Canadian bioenergy industry, this study focuses on the materials
performance under the following two specific biorefining conditions: hot dilute acidic pre-

hydrolysis and hydrothermal liquefaction.
1.2.2.1. Hot dilute acidic pre-hydrolysis technology

Many obstacles are involved in the hydrolysis conversion of lignocellulosic biomass to reach
optimal performance with acceptable costs, mainly due to the recalcitrance of biomass. The native
properties of lignocellulosic biomass feedstock introduce challenges to the efficiency of pre-
hydrolysis because of their rigid internal structure, high degree of polymerization and low
assessable surface area of hemicellulose/cellulose, and strong fiber strength within the biomass
structure [32-34]. It is thus required to overcome the biomass recalcitrance, i.e., to disrupt the
biomass structure and make the cellulose/hemicellulose accessible to the enzymes in the
subsequent hydrolysis processes. Pre-hydrolysis technology has thus been developed with the
application of different catalysts and solutions for the direct conversion of biomass feedstocks to
fermentable sugars and other enzymatic intermediates for further treatment [4, 34-42]. Based on
the pH value of the solution used, the pre-hydrolysis method can be classified as an acidic, neutral
or alkaline pre-hydrolysis process. Although no pretreatment method is able to achieve a 100%
conversion of biomass into fermentable sugars, the addition of hot dilute sulfuric acid has been
demonstrated to be the most efficient and economical method for attacking the lignocellulosic
structure [43-51]. Pioneer studies have shown that more than 75% of cellulose and hemicellulose
in raw lignocellulose feedstocks can be transformed into fermentable sugars at elevated
temperatures [48, 52-58]. Fig. 1-1 schematically presents the proposed hot dilute acidic pre-
hydrolysis biorefining process. The optimum acidic pre-hydrolysis operating conditions have not

yet been well defined even though considerable efforts have been devoted. However, it is generally
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accepted that dilute sulfuric acid (0.05 - 0.1 M) can serve as an effective medium to achieve a
desired conversion efficiency at the temperature range of 90 - 200 °C [43,-47, 49, 51, 59-63].
Despite the promising application potential of the hot dilute sulfuric acid biorefining, materials
technology barriers remarkably retard the deployment of this technology in the forest sector. One
of the most difficult challenges is the corrosion of reactor because of the use of dilute sulfuric acid
at elevated temperatures. Detailed background information is provided in the next section.
Moreover, the hydrolysates obtained for the hot acidic pretreatment may contain unwanted by-
products, such as acetic acid (generated from the acetyl groups linked to the hemicellulose
structure), furfural and hydroxymethylfurfural (5-HMF) [64]. These organic products are
aggressive to reactor alloys and toxic to microorganisms. Their concentrations in the hydrolysate
need to be well controlled to facilitate the fermentation process and minimize the corrosion attack
to the reactor [65]. Furthermore, other by-products (such as furfural) are known to be lethal to
human beings, i.e., only 65 mg/kg median lethal dose [66]. The toxicity and carcinogenicity of 5-
HMF is also known and have been validated through in vitro tests [67, 68].
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Fig. 1-1. Schematic of hot dilute acidic pre-hydrolysis treatment of lignocellulosic feedstocks at
mill plants.

1.2.2.2. Hydrothermal liquefaction technology

The primary chemical components of lignocellulosic biomass, agricultural residuals and forestry
wastes are cellulose, hemicellulose, and lignin, as well as considerable amounts of moisture. As

mentioned above, a costly dewatering and drying treatment is needed prior to the utilization of



these feedstocks for the pyrolysis and gasification conversion. The limitation of these
thermochemical technologies and high moisture content in biowastes and third generation
feedstocks have promoted the development of an advanced biorefining technology named as
hydrothermal liquefaction (HTL). As schematically shown in Fig. 1-2, HTL is also a
thermochemical process in which hot pressurized water is used as a reaction medium to convert
various wet biomass streams, particularly microalgae and bio-wastes streams, to valuable bio-oils
and biochemicals. Compared with other thermochemical technologies, HTL has three major
advantages: (1) it can operate without costly pre-drying and/or mechanical grinding; (2) the
process is versatile and environmentally friendly because of the use of pressurized water as the
reaction medium; and (3) the produced bio-crude oils have better quality (such as lower oxygen,
less corrosivity and higher heating value) compared to pyrolysis oils [69-72]. Note that HTL is a
quite complicated process involving a series of complicated reactions (such as hydrolysis, de-
polymerization, dehydrogenation, deoxygenation, cracking/fragmentation, water-reforming, and
gasification) to produce bio-oil along with water-soluble products (WSP), biochar, and non-

condensable gases.
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Fig. 1-2. Schematic of hydrothermal liquefaction (HTL) of wet biomass/biowaste feedstocks
using pressurized subcritical water.

Hydrothermal liquefaction of biomass has been widely investigated in batch or continuous modes.

Several operating parameters, including temperature, pressure, retention time, the addition of



catalysts, and water-to-biomass ratio are recognized as the key factors that control the yields and
characteristics of HTL products. In a typical HTL process, subcritical water is used as the primary
reactant to transform wet biomass or biowaste feedstocks into crude bio-oils in the temperature
range of 250 - 370 °C and pressure from saturated vapor pressure to 25 MPa [73-77]. Increasing
the temperature can result in enhanced conversion efficiency and bio-oil yields. However, above
a critical temperature, further increase in temperature leads to a decrease in the oil yields
accompanied by a higher yield of solid residues (i.e., biochar) due to the condensation and re-
polymerization of the reaction intermediates. A similar trend is observed for the effect of retention
time on the bio-oil yield, which can be attributed to the competitive reactions of hydrolytic
degradation and condensation/re-polymerization for an extended length of reaction time.
Increasing pressure can enhance the solubility of organic compounds in biomass feedstocks and

consequently increase the carbon conversion efficiency.

Except for temperature, pressure and residence time, the introduction of catalyst in the HTL of
biomass can significantly enhance the liquefaction efficiency and consequently improve bio-oil
yield and quality. Different types of homogeneous and heterogeneous catalysts have been
evaluated under hydrothermal liquefaction processes, and it has been found that alkali catalysts
(such as K>CO3, NaxCO3, NaOH, K>CO3, KOH and LiOH) can effectively increase the bio-oil
yields [76-89]. Among them, it is generally accepted that the addition of 0.5 - 1.0 M K>COs can
result in the highest conversion efficiency in HTL processes [90-94]. For example, previous studies
found that the yield of bio-oil after the introduction of 0.5 M K>CO3 would be increased by up to
about 3 times higher than that without the addition of catalysts [79, 93- 95].

The HTL conversion efficiency is also coherently related to the operation mode applied. Most
laboratory and pilot-scale HTL studies are performed in batch-mode reactors, while continuous
flow operations are more desirable for industrial-scale applications of HTL to promote the energy
utilization efficiency and improve the economic feasibility of the process [83, 96]. One of
challenges to use a continuous flow reactor is the limitation on biomass particles size and solid
concentration of the feedstock to enable continuous pumping and avoid possible clogging

problems for the pump and conversion reactor.

Although HTL technology is conceptually simple and economically favorable in comparison with

other existing thermochemical methods, industrial-scale HTL plants are still unavailable



worldwide because of economic concerns and technical impediments, such as relatively high
capital investment, ultra-high pressure pumps, and the lack of applicable materials technology
solutions for the cost-effective construction and long-term safe operation of HTL reactors. As
described above, the reactor alloys are exposed to hot pressurized aqueous environments with the
presence of catalysts, inorganic and organic corrodants (such as CI", S* and organic acids) released

during the conversion.

1.3. Materials knowledge gaps in the construction of two biorefining reactors

To meet urgent industrial needs, this study intends to address corrosion and materials technology
challenges under the above two specific biorefining conditions, and partially support the
development of innovative cost-effective materials technology solutions for the commercialization
of the biorefining technologies in international and Canadian forest sectors. As described above,
the conversion reactors at hot dilute acidic pre-hydrolysis and HTL plants are required to be
operated in harsh environments, thus facing the challenges of selecting suitable constructional
alloys for cost-effective construction and long-term safe operation. According to my
comprehensive literature review, very limited information is available to describe the corrosion
performance of commercial Fe-based steels and Ni-alloys in these two specific biorefining
processes. In fact, this study is the first one ever to address the corrosion challenges in the catalytic

HTL conversion processes.

1.3.1. Corrosion challenges under hot dilute sulfuric acidic pre-hydrolysis biorefining

processes

Numerous studies have been conducted to assess the corrosion performance in sulfuric acid
solutions at ambient temperatures [97-100]. Corrosion processes in these environments are
governed by electrochemical reactions, especially in dilute sulfuric acid. Depending on
temperature and its concentration, sulfuric acid can interact with steels and alloys to form
oxides/sulfates, accompanied by the cathodic reduction of protons. For example, austenitic
stainless steels (SS304, SS316, etc.) experienced passivity in HoSO4 above 93% concentration, but

will suffer active-passive transition at temperature above 40 °C [101]. A similar trend has also



been observed when decreasing the acid concentration (< 2.5 M), where it will gradually change

to a more reducing environment, making the formed surface scales much less protective to metals.

For the hot dilute acidic pre-hydrolysis biorefining in the temperature range of 100 - 200 °C,
corrosion database and knowledge of commonly used stainless steels and alloys are really scarce.
Previous studies investigated the corrosion of Fe-based steels and Ni-based alloys in dilute sulfuric
acids only at temperature < 100 °C, and found that austenitic stainless steels exhibited high
corrosion rates up to 5 mm/year [98-100, 102], while NiCrMo alloys, such as Alloy 825 and Alloy
C-276, showed much lower corrosion rates (< 0.5 mm/year). With an increase in temperature up
to 200 °C, the second dissociation constant of sulfuric acid will be remarkably increased, thus
making the acid more aggressive to these alloys [103, 104]. Unfortunately, very few efforts have
been made to investigate the corrosion performance of NiCrMo alloys in dilute sulfuric acids in
the temperature range of 100 - 200 °C. Moreover, inorganic and organic matter will be released
from biomass during the conversion, leading to a further concern in the corrosion performance of
constructional steels and alloys. Chloride and sulfide ions are the most common inorganic
corrodants present in lignocellulosic biomass with concentration between 200 and 3,000 ppm, and
between 75 and 2,500 ppm, respectively [105-107]. Mixed effects regarding the corrosivity of
dilute acids with these notorious pit-initiating anions at elevated temperatures will further
complicate the screening of construction materials [102, 108]. Furthermore, organic compounds
(such as polysaccharides, furfural, acetic acid, etc.) generated during the conversion can affect the
corrosion processes as well [109-112], where acetic acid will be up to 10-19 wt.% in liquid phase
depending on the types of biomass feedstocks used [113, 114]. Previous studies indicated that the
presence of acetic acid and CI” anions at 180 °C would remarkably damage the integrity of surface
oxide scale formed on 13Cr steels [115]. Under the pre-hydrolysis condition, the influence of
organic corrodants released from the conversion still remains as a puzzle since no study has been

conducted in this field.

Except for the impacts of environmental parameters, the roles of major alloying elements
(especially Mo and Cr) in commercial steels and alloys on corrosion in the hot dilute acidic solution
are also required to be clarified. Alloying elements Fe and Ni are unlikely to support the formation
of protective surface scales on the alloys in such aggressive environments since Fe and Ni oxides

are much less stable when comparing to Cr and Mo oxides based on thermodynamic predictions



at elevated temperatures. A recent study revealed that surface Cr oxide layers could not protect Cr-
bearing steels from condensed acidic phase (pH = 2) at temperature > 100 °C [108]. About the
effect of Mo, considerable studies have also been conducted at temperatures < 100 °C [116-120].
It has generally been concluded that increasing Mo content in an alloy would improve its resistance
to acidic solutions. However, the role of Mo in acidic corrosion is still far from clear [121, 122].
For instance, Sugimoto et al. proposed that increasing Mo content might lead to the formation of
a better protective oxide film since Mo®" cations could be dissolved in Cr oxyhydroxide network
[123], while other groups showed that the addition of Mo could facilitate the formation of

MoO(OH), or MoO4>" at some weak location to suppress localized active dissolution [124-126].

In general, little information is available to determine the corrosion modes and extents of candidate
construction alloys in hot dilute sulfuric acid pre-hydrolysis environments, making the selection

of suitable alloys of construction difficult.

1.3.2. Corrosion challenge under HTL conversion processes

As mentioned above, subcritical water at temperature close to supercritical point (373.9 °C) and
pressure up to 25 MPa is used for the HTL conversion of wet biomass and biowastes because of
its unique dissociation constant, density and dielectric constant, as indicated in Fig. 1-3. The
distinct difference in dielectric constant at 250 - 370 °C can lead to a remarkable change in the
chemical dissolution of oxide layers formed on HTL reactor alloys [127-129], causing the concern
of the effect of temperature on corrosion. Most previous studies have focused on the influence of
temperature on corrosion of stainless steels and Ni-based alloys at temperature < 315 °C or >
500 °C [130-138]. Some reported results are even controversial, and very limited research
investigated the alloy performance at the temperature range of 315-370 °C [139-141], which is the
typical temperature range for the HTL conversion. Moreover, very limited information is available
to identify the influence of pressure and flow rate on corrosion. In fact, increasing pressure can
enhance the conversion efficiency of biomass [142], but may also result in an increase in water
conductivity and dissociation constant to enhance the chemical dissolution of surface oxide scales
formed on Fe-based steels and Ni-based alloys [143-145]. Furthermore, the flow rate at continuous

pilot HTL plants is about 0.5 - 2.0 m/s to achieve the homogeneity of the feeding slurry and



mitigate clogging in high-pressure pumps and conversion reactors [91, 146-150]. This leads to
another concern of flow-accelerated corrosion (FAC) in the selection of suitable constructional
alloys, especially for low-alloyed steels (such as carbon steels and ferrite/martensite steels) [151].
According to the literature review, very few works have been performed to identify the impact of

FAC on corrosion in pressurized subcritical water in the temperature range of 250 - 370 °C.
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Fig. 1-3. (a) Comparasion of the operating temperature and pressure ranges of water used in HTL
reactors with those in nuclear reactors; (b) The properties of subcrtical water applied in a typical
HTL reactor. Note that the above figures were drawn based on the information provided in

references [127, 152-154]. Fig. 1-3 (b) was reproduced with permission from [154].

During the HTL conversion, the HTL reactor alloys also suffer the attack from the catalysts, the
inorganic and organic corrodants released from biomass feedstocks (such as CI°, S*" and organic
acids). These unique operating characteristics make previous corrosion knowledge and experience
accumulated at high temperature nuclear and chemical plants inapplicable for constructing HTL
reactors [127, 152, 153]. The application of homogenous alkali catalysts can significantly increase
the pH value of HTL conversion environments. Former studies found that increasing pH value
from 7 to 13 in aqueous solutions at temperature > 100 °C resulted in a noticeable increase in the
dissolution of surface oxide scales formed on austenitic stainless steels, since the protective metal

oxides would be transformed into the hydroxides with higher dissolubility [52, 155-158].
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Meanwhile, inorganic (particularly Cl- and S*) and organic corrodants (such as organic acids and
other by-products) shall be generated during the HTL conversion of wet feedstocks, especially
biowastes (such as black liquor), possibly accelerating the corrosion of reactor alloys and even
introducing unwanted structural damage after short-term service [159-164]. Several studies have
shown that both C1-and S are notorious agents to facilitate pitting and enhance the stress corrosion
cracking risk of Fe-based steels and Ni-based alloys in high temperature aqueous solutions [165-
170]. The presence of organic acids (such as formic, acetic and butyric acids) in hot water may
accelerate the chemical dissolution of oxide scales formed on stainless steels at temperatures > 120

°C [91, 171-174].

Except for the above operating parameters, the influence of alloying elements on corrosion is also
a critical issue in the cost-effective selection of suitable alloys for the construction and
development of novel alloys for bioenergy industry. Due to the complicated nature of HTL
environments, it is still unclear which alloying element could contribute to the formation of
protective scales on Fe-based steels and Ni-based alloys. For instance, the chemical dissolution of
Fe, Cr, Ni and Mo oxides and other compounds is coherently related to the environmental pH and
temperature [175]. Very limited studies have been conducted to identify their performance in high
temperature aqueous solutions at pH 7-13 and temperature range from 320 to 370 °C. Moreover,
as stated above, capacity investment is a key economic factor affecting the deployment of HTL
technology at industrial scale. As indicated in Table 1-1, the application of Ni-based alloys will

result in a noticeably higher cost of construction when comparing to that of stainless steels.

Table 1-1. Relative cost ratio of different types of steels and alloys obtained from suppliers.

Types Relative Cost Ratio based on the ?sgumption of the cost of SS304L =
SS310 2.75
SS316L 1.25
Alloy C-276 5.75
Alloy 625 7.40

Besides the general corrosion, stress corrosion cracking (SCC) is also a critical concern in the

selection of suitable steels and alloys of construction. As mentioned above, the HTL conversion
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can occur at pressure up to 25 MPa, which inevitably introduces high stress applied to the reactor
wall [176, 177]. The presence of aggressive catalyst, Cl", S>, and organic acids may enhance the
SCC risks. In fact, several studies have shown that the SCC of austenitic stainless steels (such as
SS304, SS310, and SS316L) could occur in aqueous solution with chloride content > 150 ppm
under the loading close to their yield strengths at temperature > 70 °C [178-183]. Moreover, in
basic solutions, the presence of sulfides possibly results in higher SCC susceptibility of austenitic
stainless steels at elevated temperatures [184, 185]. For nickel-based alloys, intergranular cracking
may occur in aqueous solutions with the presence of CI™ at temperature close to the supercritical
water point (373.9 °C) [186-189]. Unfortunately, most of the available information is insufficient
to determine whether candidate constructional alloys would experience SCC cracking under the

HTL conditions.

1.4. Candidate alloys for the construction of pre-hydrolysis and HTL reactors

To address corrosion and materials knowledge gaps on the construction of hot dilute acidic pre-
hydrolysis and HTL reactors, it is necessary to appropriately pre-select candidates for intensive
corrosion assessments based on public database. There are different types of commercial alloys
which have been successfully applied in various industries. A general overview of the alloy types,
compositions, mechanical behaviors, and corrosion performance of Fe-based, Ni-based, titanium,
and zirconium alloys has been made to provide profound background information on the pre-

selection of alloys in this study:
Stainless steels

Stainless steels are iron-based alloys that contain a minimum of 12% Cr to prevent the formation
of rust and achieve their stainless characteristics through the formation of an adherent and compact
Cr-enriched oxide film in unpolluted atmospheres. The steels have acceptable corrosion resistance
and good mechanical properties in harsh environments, as well as decent weldability for
construction of chemical, nuclear and thermal power reactors. Other alloying elements (such as Ni,
Mn, Mo, and Si) are added to achieve particular characteristics for industrial applications. For
example, the addition of Mn would increase toughness, strength and hardenability [190].

Compared with high Cr-bearing austenitic stainless steels, duplex stainless steels have improved
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corrosion resistance to localized corrosion and mechanical properties at temperature < 400 °C,
which can be attributed to their unique dual-phase austenite and ferrite matrix [191]. For instance,
duplex stainless steel type 2205 exhibited promising performance in acidic environments at oil and
refining industries, and is a more cost-effective candidate when comparing with Cr-bearing

austenitic stainless steels [192, 193].

For hot dilute acidic pre-hydrolysis biorefining, the reactor of a pilot-scale plant was constructed
with SS316 based on the literature review [194]. However, corrosion performance of the reactor
has not yet been released to the public. Moreover, austenitic stainless steels have been widely used
in paper and pulp plants in which hot acids with pH of 1.5 - 2 are applied at 125 - 145 °C [195].
Furthermore, the reported results about the corrosion performance of austenitic stainless steels in
hot acidic environments are controversial [196-199]. For instance, continuous digesters at sulfite
pulp mills are still made of SS316L even though austenitic stainless steels generally exhibit
unacceptable high corrosion rates in hot acidic conditions. In addition, duplex stainless steels have
been employed in the biorefining industry. For example, DSS2101, 2205 and 2507 are applied for

the harsh biomass conversion environments during biodiesel production [200].

For advanced HTL technology, the knowledge and experience accumulated in high temperature
aqueous systems, such as light-water nuclear reactors (LHR) at temperature < 320 °C and
supercritical water nuclear reactors at temperature > 500 °C indicate that several austenitic
stainless steels (such as SS316L, SS310 and SS347) may be suitable candidates for subsequent
study [133-138]. As described above, little information is available to identify the corrosion
performance of these steels in complicated HTL environments that contain not only hot pressurized

water, but also catalyst, inorganic and organic corrodants [52, 155-158, 165-170].
Ferritic/Martensitic Steels

Ferritic martensitic (F/M) steels have Cr content between 9 and 12 wt.% in the substrate and exhibit
suitable creep and oxidation resistance and low susceptibility to stress corrosion cracking (SCC)
in high temperature environments [201, 202]. In this family, P91 is a well-known low-alloyed steel
and widely used for the fabrication of boiler tubes at temperature up to 620 °C because of its high
resistance to stress corrosion cracking and excellent thermal properties, such as high resistance to

thermal fatigue and high thermal conductivity [203, 204]. Given its low cost and promising high
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temperature performance, P91 is therefore selected in this study to determine whether it is

applicable to the construction of HTL reactors.
Nickel-based alloys

Ni can easily alloy with most of the metal elements, such as Cr, Fe, Mo and Cu. The addition of
nickel to other metals can alter the properties of the resulting alloys with desired characteristics
such as improved corrosion or oxidation resistance, increased high-temperature creep performance,
and lower thermal expansion coefficients. Depending on heat treatment processes, a two-phase
equilibrium microstructure is usually generated in Ni-based alloys, consisting of gamma (y) and
gamma-prime (y') which is largely responsible for high temperature mechanical properties of the
alloys [205]. Besides Fe-based stainless steels, Ni-based alloys are also utilized in weak acidic
environment at temperature < 100 °C [122, 156, 199, 206-208]. Several studies have indicated that
Ni-based alloys generally exhibit better corrosion resistance than austenitic stainless steels in the
weak acid solutions [98-100, 116-120, 209, 210]. For instance, the corrosion rate of Alloy C-276
was found to be less than 0.5 mm/year in 1 M H2SO4 at temperature < 100 °C. Thus, Alloy C-276
is chosen as a representative in this study to identify the corrosion performance of Ni-based alloys
and explore the role of alloying element Mo in corrosion under hot dilute pre-hydrolysis

biorefining condition.

Under HTL conversion conditions, Ni-based alloys should also be promising candidates alloys due
to the decent performance in high temperature environments with C1- and S* [211-213]. Alloy C-
276 with 16 wt.% Mo is one of the most well-established alloys with many successful application
cases in high temperature environments [214, 215]. For example, the alloy only experienced a very
small weight change when exposed to supercritical water containing 0.5 M NaOH at 400 °C and
25 MPa for 50 hours [215]. Alloy 625 is another well-recognized high-temperature alloy used in
harsh environments [216-220]. For instance, it only exhibited minimal corrosion rate of 4.4
um/year when exposed to supercritical water at 527.5 °C up to 200 hours [220]. Therefore, the
corrosion behaviors of the two alloys were examined in this study under representative HTL

conversion conditions.
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Titanium alloys

Titanium alloys are classified into different classes, including alpha/near alpha titanium alloy,
characterized by the use of alpha stabilizers (such as aluminum or oxygen), alpha and beta titanium
alloy, and beta/near beta titanium alloy, characterized by the use of beta-stage stabilizers [221].
Titanium alloys are commonly used in extractive metallurgy environments where they are the
primary materials of choice for use in autoclave liners and internal components during high-
pressure acid leaching (HPAL) of nickel laterite ores at 250 °C and 5 MPa with sulfuric acid
concentration of 30 -100 g/L [222]. Because of their high cost, however, they are not considered

for constructing industrial-scale hot dilute pre-hydrolysis biorefining reactors in this study.
Zirconium alloys

Nuclear grade zirconium alloys are widely utilized for the fabrication of nuclear reactor core at
existing nuclear power plants due to the good mechanical properties and excellent corrosion
resistance at elevated temperatures [223]. They are also used for the construction of body implants
because of their unique biocompatible characteristic [175]. Non-reactor grade zirconium alloys
(such as Zr702 and 705) are also used for the construction of process facilities containing high
concentrations of sulfuric acid at temperatures above 100 °C [224]. From the corrosion perspective,
the non-reactor grade zirconium alloys might be pre-selected for further examination of their
application potential in the construction of hot dilute acidic pre-hydrolysis and HTL reactors. From
an economic consideration, however, they were not pre-selected as suitable candidates in this study
due to the high capital cost. Note that Zr702 is used as a reference material in the following hot
dilute acidic pre-hydrolysis testing to support the characterization of surface scales formed on

tested alloys.

In general, many Fe-based steels (SS310, SS316L, DSS 2205 and P91) and several Ni-based alloys
(Alloy C-276 and Alloy 625) are the most commonly used commercial alloys in harsh
environments due to their reasonable cost, applicable weldability, good corrosion performance and
acceptable mechanical properties at elevated temperatures. Therefore, they were pre-selected in
this study for corrosion and stress corrosion cracking assessments under hot dilute pre-hydrolysis

and HTL conditions, respectively.
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1.5. Objectives and contents of the thesis

The main objectives of this thesis are presented as follows:

. Evaluate the corrosion performance and mechanisms of candidate constructional alloys
under the hot dilute acidic pre-hydrolysis and HTL conversion conditions to fill significant
knowledge gaps on material selection and support the deployment of two biorefining
technologies at bioenergy sectors;

. Improve the fundamental understanding of how inorganic and organic corrodants released
during the biomass conversion affect corrosion to help further optimization of the two
biorefining processes from materials technology perspective;

. Advance the understanding of the roles of major alloying elements (Fe, Cr, Ni, and Mo) on
corrosion in aqueous solutions at elevated temperatures to provide an innovative direction
towards the production of novel alloys and biorefinery equipment with superior

performances but low cost.

To achieve these objectives, the following investigations were completed. Firstly, in hot dilute
acidic pre-hydrolysis biorefining, the effects of temperature, service time and biomass on the
corrosion of stainless steels (SS316L and DSS 2205) and nickel-based alloy (Alloy C-276) were
studied. The roles of alloying elements were identified, and the corresponding corrosion

mechanisms were proposed. Detailed information is presented in Chapter 3.

Secondly, for HTL conversion, the influences of operating temperature, pressure and flow rate on
the corrosion of two candidate constructional steels, Cr-bearing SS310 and low-Cr P91 steels, were
assessed using high temperature autoclaves and an environmental loop facility under typical HTL

conversion conditions. The obtained results are included in Chapter 4.

Moreover, the impacts of alkaline catalyst, inorganic corrodants (Cl” and S*), and organic acids
on corrosion in catalytic HTL biorefining processes were thoroughly evaluated and compared.

Detailed information can be found in Chapter 5.

Furthermore, to clarify the effects of alloying elements (Fe, Cr, Ni and Mo) on corrosion in non-
catalytic and catalytic HTL conversion environments, thermodynamic simulations were performed

to predict their corrosion modes. The corrosion kinetics of five alloys with different chemical
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compositions were also investigated under representative HTL conversion conditions. The results

and discussions are provided in Chapter 6.

Finally, based on corrosion testing results, two austenitic stainless steels (SS316L and SS310) were
selected for preliminary SCC susceptibility evaluation using constant-strain and U-bending
methodologies under catalytic HTL conversion conditions. Detailed information is shown in

Chapter 7.

Chapter 8 is a general summary of studies and recommendations of future work.
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Chapter 2. Methodologies

2.1. Testing sample preparation

In this work, rectangular coupons (20 mm long x 10 mm wide x 2 mm thick) were machined from
commercial P91 tube, SS310, SS316L, DSS 2205, Alloy 625, and Alloy C-276 plates. Their bulk
compositions and processing conditions are listed in each corresponding chapter, according to mill
test certificates (MTC) provided by suppliers. A small hole with 2 mm radius was drilled into each
coupon near the top to facilitate mounting on a home-made sample holder. Before each test under
pre-hydrolysis and hydrothermal conditions, four freshly prepared coupons of one alloy were used
to ensure the accuracy and precision of results reported. All the test coupons were well polished
with a series of SiC papers up to 600 grit in deionized water to completely remove potential
contaminations and defects introduced during machining, cleaned with ethanol in an ultrasonic
bath for at least 10 minutes followed by ultrapure water, and finally dried using pressurized air.
Subsequently, a sample ID was stamped on each prepared coupon near its top edge. Optical
microscopy inspection was also conducted to ensure that the surface finish of each prepared
coupon met the corrosion testing requirements. Prior to each corrosion test, the prepared coupons
were weighed using a Mettler Toledo micro-balance with the precision of 1 pg and dimensioned

using a digital caliper with the precision of 10 pm.

Before the SCC test, cylinder and U-bending samples of SS310 and SS316L were prepared. Note
that all cylinder samples were machined with the tensile axis along the rolling direction of the
plates and were threaded in both ends with a round gauge section for subsequently fitting into a
custom-made loading frame, shown in Chapter 7. The cylinder and U-bending samples were also
well polished with SiC papers up to 600 grit in deionized water to completely remove possible
contaminations, cleaned in ethanol and ultrapure water, and finally dried using pressurized air.
Note that the loading frame was made of Alloy 33 and the washers and nuts were fabricated with

Alloy C-276, to ensure adequate stiffness and strength of the loading frame during the tests.
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2.2. Testing methodology and procedure under different testing conditions

For tests performed under pre-hydrolysis conditions, a 6.7 L static autoclave made of Alloy C-276
with PTFE liner was used. The methodology described in ASTM G31 was adopted to conduct
immersion testing and the test solution was prepared through the dilution of reagent grade 98%
H>SO4 with deionized water [251]. Inorganic corrodants and softwoods were also added to
simulate the pre-hydrolysis conversion conditions. The prepared test coupons were hung on a
custom-made Zr702 holder using pre-oxidized Zr702 wires, and then accommodated inside the
PTFE linear. After that, the linear was filled with 3-liter 0.05 M H>SOg, sealed and purged with
N> for about one hour to produce a deaerated environment. For the test performed under
hydrothermal conditions, the Alloy C-276 autoclave with an Alloy 625 liner was used.
Supercritical-loop facility was also used to simulate high pressure and high flow rate conditions,
as seen in Chapter 4. The prepared coupons were hung on the Alloy 625 holder using pre-oxidized
Ni-Cr wires (80% Ni and 20% Cr, oxidized at 400 °C for 12 hours) to avoid galvanic effect
between the coupons and holder. After accommodating the testing samples/holder and testing
solution, the autoclave was also sealed and purged with N> for about an hour to produce a deaerated

environment.

After leak test, the autoclave was heated to the designated temperature with a well-controlled
heating rate to avoid overshooting. The time when temperature once reached the target was
recorded as the starting time and the tests were to proceed for 10, 14 or 42 days, respectively.
Temperature and pressure were routinely monitored and recorded to avoid any unexpected
autoclave leakage or thermal fluctuations. After reaching the planned duration, the autoclave was
powered off and cooled down in air. At room temperature, the samples were moved out, rinsed
with distilled water, dried with pressurized air, photographed, and re-weighed using the Mettler

Toledo micro-balance.

2.3. Corrosion rate assessments

Two techniques were used to evaluate the corrosion rates of the samples under pre-hydrolysis and
hydrothermal testing conditions. The first one was to directly measure the mass change of a steel

coupon before and after an exposure. This method is usually used to assess high temperature
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oxidation kinetics of an alloy based on the assumption that surface oxidation of the alloy would be
the dominant reaction during the high temperature exposure and that the formed corrosion products
would be compact without localized nodular oxidation and/or spallation. The corrosion rate

(um/year) can be estimated by [225]:

708.76x10” ® Am
dAt

(2-1)

Corr.Rate =

where Am (g) is the direct mass change of a coupon before and after an exposure; d (g/cm?) is the

steel density; 77 is the molar mass ratio of consumed alloying elements to oxygen in formed

corrosion products; A (cm?) is the average surface area of the coupon; and t (h) is the testing
duration. The average corrosion rate of an alloy after a test was obtained from the four parallel

corroded coupons based on ASTM G16 [226].

The second technique was to measure the weight loss of a coupon after each test, involving two
main steps: (a) completely removing the formed corrosion products on the coupon based on
ASTM-G1 standard [227]; and (b) weighing the mass change of the coupon before the testing and
after descaling [228, 229]. Descaling processes can be successfully achieved via immersing the
coupons in specific chemical solutions, which do not corrode the steel substrates, but can
effectively remove the formed corrosion layers through accelerated chemical dissolution reactions.
In this study, the descaling of austenitic stainless steels was done by immersing the corroded
coupons in 90 °C solution A (2 wt.% citric acid + 5 wt.% dibasic ammonium citrate + 0.5 wt.%
disodium EDTA) for 30 min and 90 °C solution B (4 wt.% potassium permanganate + 5 wt.%
caustic soda) for 30 min, followed by a 15 min of ultrasonic cleaning in ethanol. The coupons were
then immersed in 90 °C solution A again for next 30 min and weighed. The above process was
applied repeatedly until the weight of a coupon reached a constant value, as described in references
[230,231]. The descaling of P91 steel was carried out by immersing corroded coupons in a solution
of 500 ml HCI + 3.5 g hexamethylene tetraamine + 500 ml ultrapure water at room temperature for
10 min. Cotton swab and soft copper brush were used to gently remove any remaining corrosion
products after the immersion. The average corrosion rate of a coupon (um/year) was then

calculated by [232]:

.
Corr.Rate = 8.76x10" e Am (2-2)
dAt
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where Am (g) is the mass loss of a coupon by measuring the difference in mass before exposure
and after the descaling; d (g/cm?) is the steel density; A (cm?) is the surface area of the coupon;
and t (h) is the exposure duration. The average corrosion rate of an alloy after a test was obtained
from three parallel corroded and descaled coupons based on ASTM G16 [226]. Depending on the
testing conditions, different corrosion rate assessment methods were used and detailed in each

corresponding chapter.

2.4. Corrosion products characterization

In this study, the coupon with the direct mass change value closest to the average value in a given
replicate set after a test was selected for subsequent corrosion products characterization. Optical
images were taken to firstly check surface morphology of the corroded coupons. The coupons were
then examined using a FEI Nova NanoSEM 650 scanning electron microscope (SEM) system
operated at 20 keV and equipped with an Oxford energy dispersive X-ray spectroscopy (EDS)
system to identify corrosion modes (such as active corrosion, general oxidation, and/or pitting etc.)
and roughly characterize the chemical properties of formed corrosion products. For relatively thick
corrosion layers, their phase compositions were determined by X-ray diffraction (XRD) technique
with a Co Ka X-ray source operated at 40 kV and 150 mA instead. Diamond saw cutting or FEI
Helios NanoLab™ DualBeam™ Focus Ion Beam (FIB) microscope was applied for producing
cross-sectional views of the corroded samples, depending on the corrosion product layers’
thickness. Before the FIB operation, a thin platinum (Pt) layer was deposited on the coupons in
vacuum to protect the formed surface scale. After the FIB operation, the cross-sectional samples
were thinned and collected using in-situ lift-out technique for following TEM examinations. The
TEM characterizations, including Bright field (BF) imaging, High-angle annular dark-field
(HAADF) imaging and EDS element mapping were conducted using a Tecnai Osiris™ scanning
transmission electron microscope (STEM) equipped with super X-field emission gun (FEG) and
X-ray detection system operated at 200 kV. Besides that, XPS spectra were also collected on the
selected samples by PHI Quantera II Scanning XPS Microprobe operated at 15 kV with take-off
angle of 45°. Ar ion sputtering with ion beam of 1 kV voltage and 1 mA current was carried out at
a step size of 0.8 eV for depth profiling. The collected spectra were deconvoluted and analyzed

using commercial XPSPEAK 4.1 software.
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Chapter 3. Corrosion of Candidate Constructional Alloys under Hot Dilute
Acidic Pre-Hydrolysis Biorefining Conditions: Influence of Temperature,
Alloying Elements and Corrodants

In the previous chapter, I have briefly introduced the basic autoclave testing procedures, corrosion
rate assessment and post-mortem microscopic characterization methods. In this chapter, I carried
out six autoclave tests under different pre-hydrolysis conditions to examine the corrosion
performance of SS316L, DSS 2205 and Alloy C-276. It was found that austenitic stainless steels
underwent active corrosion while Alloy C-276 showed adequate performance, likely due to the
formation of oxide layers with completely different chemistry found on its surface. Moreover, the
influences of temperature, test duration, inorganic corrodants and softwoods were also studied and

the impact on corrosion rates and formed oxide layers was discussed in detail.

Abstract

Hot dilute acidic pre-hydrolysis is used to convert lignocellulosic biomass to sugar and other
intermediates in 0.05 M H,SO4 at elevated temperatures (100-200 °C). This study investigated the
corrosion of three constructional candidates (SS316L, DSS 2205, and Alloy C-276) using
autoclave methodology and advanced characterization techniques. Under simulated biorefining
conditions, SS316L and DSS 2205 experienced active corrosion while Alloy C-276 exhibited
excellent performance because of the formation of a protective Mo-enriched oxide layer.
Increasing temperature and the addition of inorganic/organic corrodants only had marginal effects

on the corrosion of Alloy C-276, but noticeably enhanced the corrosion of SS316L and DSS 2205.

Keywords: Sulfuric acid; Acid corrosion; Weight loss; SEM; TEM; Stainless steel; Alloy

3.1. Introduction

Some parts of the background information have been included in Chapter 1.

Over the past decades, intensive efforts have been devoted to developing innovative biorefining

technologies for the generation of renewable biomass-based chemicals and energy products, which
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can be used as reliable and sustainable energy alternatives to partially and even completely replace
depleting fossil fuel resources and clean our existing living environment [233, 234]. Generally,
biomass resources are organic materials originating from agricultural, forest, animal manures,
industrial wastes, and engineered microalgae [235, 236]. Among them, lignocellulosic biomass
exhibits outstanding the advantage of being low carbon footprint, environmental friendly and
sustainable [237-239]. Nevertheless, this category of biomass feedstocks is usually composed of
rigid cellulose-hemicellulose-lignin structure, which cannot be easily broken down into enzymes-
accessible cellulose compounds using conventional grinding methods [240]. Advanced pre-
treatment methods, such as biochemical, thermochemical, and/or biological pathways, are thus
needed to decompose the structure and increase the accessibility of hydrolytic enzymes for the
fermentation of glucose/sugar and the formation of bioethanol products [4, 34, 38-42]. Among the
proposed pre-treatment pathways, hot dilute acidic pre-hydrolysis, as schematically shown in Fig.
3-1, has been developed as a promising method to achieve the optimum yield of fermentable sugars
[47, 48, 50, 51]. Pioneer research has demonstrated that most cellulose and hemicellulose (>75%)
in raw lignocellulose feedstocks can be converted to fermentable sugars in dilute acidic solutions
at elevated temperatures [48, 52-56]. Although the optimum pre-hydrolysis operating conditions
have not yet been well defined by forest industry, it is generally concluded that dilute sulfuric acid
(0.05 - 0.1 M) can serve as an effective medium to achieve desired conversion efficiency at the

temperature range of 90 - 200 °C [43-46, 47, 49, 51].

Enzymatic hydrolysis
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Fig. 3-1. Schematic of hot dilute acidic pre-hydrolysis treatment of lignocellulosic feedstocks.

Despite the above promising achievements, the deployment of the pre-hydrolysis technology in

paper and pulp mill plants has been significantly hindered due to the fact that the corrosion
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knowledge of steels and alloys in hot dilute sulfuric acid is really scarce, making the cost-effective
selection of alloys for construction difficult. Most previous studies focused on the corrosion of Fe-
based steels and Ni-based alloys in dilute sulfuric acids (0.05 - 2 M) at temperature < 100 °C, and
found that NiCrMo alloys (such as Alloy 825 and Alloy C-276) exhibited much better corrosion
resistance (< 0.5 mm/year) than austenitic stainless steels (SS316 and SS304L, etc.) [98-100]. At
room temperature, Alloy C-276, instead of SS304 and SS316, has been recommended for the
service in dilute sulfuric acid (< 1 M) [97]. However, few research has been conducted to identify
the corrosion of steels and alloys in the dilute acid at temperature >100 °C. Surprisingly, the
continuous digesters at sulfite pulp mills are still made of SS316L and operated in the sulfuric acid
(pH = 1.5 - 2) at elevated temperatures (125 - 145 °C) with a tolerant corrosion rate < 1.2 mm/year
[195, 241, 242]. Moreover, a pilot-scale hot dilute acidic pre-hydrolysis biorefining reactor has
been made of SS316 [194], while the related corrosion performance of the reactor has not yet been
released to the public. Clearly, it is necessary to determine whether Fe-based stainless steels are
suitable for the construction of hot dilute acidic pre-hydrolysis reactors for long-term safe

operation.

During the pre-hydrolysis conversion processes, the roles of two major alloying elements (Mo and
Cr) in steels and alloys on corrosion are also required to be clarified. Our recent study indicated
that the formed surface Cr oxide layers could not effectively protect Cr-bearing steels from dilute
acid (a mixture of H2SO4, HNO3, HCI, and H>CO3) attack (pH = 2) at temperature > 100 °C [108].
About the effect of Mo, considerable studies have also been conducted at temperature < 100 °C
[116-120]. For example, Lloyd ef al. [209, 210] investigated the performance of Ni-Cr-Mo alloys
in 0.1 M H2SO4+ 1 M NaCl at temperature < 85 °C, and found that the accumulation of Mo in the
outer oxide regions could effectively mitigate the acid attack. Up to today, it has been generally
accepted that increasing Mo content in steel can improve the resistance to acidic solutions.
However, the role of Mo in corrosion process is still far from clear [121, 122]. For instance,
Sugimoto et al. proposed that the addition of Mo might help the formation of a protective oxide
film in which Mo®" ions would be dissolved in chromium oxyhydroxide network [123], while other
studies implied that the addition of Mo could also facilitate the formation of MoO(OH)2 or MoO4*
to suppress localized active dissolution of the formed oxide layer [124-126]. Except for

temperature and alloying elements, limited information on corrosion is available to describe the
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impacts of inorganic and organic matters released from biomass during the conversion [76]. The
most common inorganic corrodants that are present in lignocellulosic biomass include chloride
and sulfide ions, which can facilitate localized corrosion and stress corrosion cracking in hot dilute
sulfuric acid [243-246]. The concentrations of CI- and S* in most lignocellulose biomass resources
in North America are around 200 -3000 ppm and 75 -2500 ppm, respectively [105-107]. A
previous study indicated that the addition of 0.017 M CI" to 1 M sulfuric acid at 94 °C led to a
noticeable increase in the corrosion rate of SS316L [102]. However, Li et al. found that the
presence of 0.005 M CI in the mixture of dilute sulfuric acid, nitric acid, hydrochloric acid, and
carbonic acid solution (pH ~ 2) did not result in pitting at temperature < 150 °C [108]. Therefore,
it is unclear whether the presence of these trace amounts of CI” and S* can cause severe corrosion
damage (especially pitting) in the pre-hydrolysis conversion processes. Moreover, organic
compounds (such as polysaccharides, furfural, and acetic acid (HAc)) produced during the
conversion may affect corrosion as well [109-112]. For example, the content of acetic acid is about
10 - 19 wt.% in liquid phase after the hot acidic pre-hydrolysis conversion, depending on the type
of biomass feedstocks used [113, 114]. Previous studies reported that in acetic acid (0.01 and 0.065
M, respectively) with 20,000 ppm Cl1" at 180 °C, localized corrosion occurred on 13Cr, 13Cr-1Mo
and 13Cr-2Mo steels via the processes of destroying the integrity of surface oxide scale and
increasing the solubility of iron oxides [115]. On the contrary, furfural compounds and their
derivatives generated during the conversion may act as corrosion inhibitors, as indicated by
previous studies [247, 248]. These compounds have heterocyclic and aromatic cores along with
heterogeneous atoms such as oxygen, nitrogen and sulfur, which can interact with metals to
increase their surface hydrophobicity [247-250]. According to my literature review, the influence

of inorganic and organic corrodants released from conversion remains a puzzle.

Therefore, this study investigated the corrosion of three representative alloys SS316L, DSS 2205,
and Alloy C-276 in deaerated 0.05 M H2SO4 with/without the addition of inorganic corrodants and
raw biomass at elevated temperatures. SS316L was selected because of its wide application in the
paper and pulp industry, as described above [195]. Duplex stainless steel 2205 has exhibited
promising performance in acidic environments at oil and refining industries, and is a more cost-
competitive candidate compared to Cr-bearing austenitic stainless steels [192, 193]. As mentioned
above, Alloy C-276 generally shows excellent performance in weak acidic solutions [122, 156,

199, 206-208]. This study is anticipated to advance the mechanistic understanding of how steels
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and alloys corrode in hot dilute acidic pre-hydrolysis environments and support the development

of materials technology solutions for the biorefinery construction.

3.2. Experimental Procedure

3.2.1. Testing sample preparation

Rectangular coupons (20 mm long < 10 mm wide x 2 mm thick) were machined from commercial
SS316L, DSS 2205, and Alloy C-276 plates, and their bulk compositions are listed in Table 3-1
based on the associated mill test certificates (MTC) provided by suppliers. SS316L plate was made
via annealing at 1038 °C and subsequently quenching in water, while C-276 plate was produced
through solution annealing at 1148 °C for 30 minutes before subsequent water quenching. DSS
2205 was fabricated with solution annealed at 1065 °C and then quenched in water. A small hole
with 2 mm radius was drilled into each coupon near the top to facilitate mounting on a home-made
sample holder. For each test, four freshly prepared coupons of each alloy were used to ensure the
accuracy and precision of the results reported. All the test coupons were well grinding with a series
of SiC papers up to 600 grit in deionized water to completely remove potential contaminations and
defects introduced during machining, cleaned with ethanol in an ultrasonic bath for at least 10
minutes and then with ultrapure water afterwards, and finally dried using pressurized air. After
that, a specimen ID was stamped on each prepared coupon near its top edge. Optical microscopy
inspection was also conducted to ensure that the surface finish of each prepared coupon meet
corrosion testing requirements. Prior to a corrosion test, the prepared coupons were weighed using
a Mettler Toledo micro-balance with the precision of 1 ug and dimensioned using a digital caliper

with the precision of 10 um.

Table 3-1. Normalized bulk chemical composition of SS316L, DSS 2205, and Alloy C-276.

Composition (wt.%)

Cr Mo Mn Ni Fe C Si P
SS316L 16.60 2.00 1.20 10.0 balance 0.02 0.30 0.02
DSS 2205 22.50 3.03 1.17 5.61 balance 0.02 0.42 0.03
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Alloy C-276 1590 | 15.50 0.40 58.80 5.70 0.01 0.02 0.01

3.2.2. Test methodology and procedures

Table 3-2 summarizes the test matrix conducted in a 6.7 L static autoclave made of Alloy C-276
to identify the influence of temperature, duration, and inorganic/organic corrodants on corrosion.
The methodology described in ASTM G31 was adopted to conduct immersion testing in the
autoclave as shown schematically in Fig. 3-2(a) [251]. The test solution (0.05 M H2SO4) used for
tests #1-4 was prepared through the dilution of reagent grade 98% H>SO4 with deionized water. In
test #5, 700 ppm KCI and 500 ppm NaS were also added to the prepared 0.05 M H2SO4 to simulate
the pre-hydrolysis conversion conditions with the presence of inorganic corrodants. Note that
sulfide would likely being oxidized into other sulfur species during the test, given the low pH value
of solution. In test #6, 25 wt.% of softwoods that mainly composed of 55% cellulose, 11%
hemicellulose, and 26% lignin, were added into 0.05 M H>SO4 and well mixed before testing to

clarify the influence of corrosive organic compounds released during the conversion.

The prepared test coupons were hung on a custom-made Zr702 holder using pre-oxidized Zr702
wires, and then accommodated inside a PTFE linear (see Fig. 3-2(b)). After that, the linear was
filled with 3L 0.05 M H2SOy, sealed and purged with N> for about one hour to produce a deaerated
environment. After leak test, the autoclave was heated up to test temperature with a well-controlled
heating rate to avoid overshooting. The time when temperature once reached the target was
recorded and the tests were to proceed for 14 and 42 days, respectively. Once reaching the planned
duration, the autoclave was powered off and cooled down in air. At room temperature, the samples
were moved out, rinsed with distilled water, dried with pressurized air, photographed, and re-

weighed using the Mettler Toledo micro-balance.

Table 3-2. Testing conditions of static autoclave test.

Objective Test Conditions
Influence of #1 In 0.05 M H2SOy4 at 100 °C for 14 days
temperature #2 In 0.05 M H2SO4 at 150 °C for 14 days
#3 In 0.05 M H2SO4 at 200 °C for 14 days
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Effect of

. #4 In 0.05 M H2SOq4 at 200 °C for 42 days
exposure time
Impact of In 0.05 M H2SO4 + 700 ppm CI" + 500 ppm S* at 200 °C for 14
inorganic/organic 7 days
corrodants #6 In 0.05 M H2SO4 + 25 wt.% biomass at 200 °C for 14 days
Pressure
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Fig. 3-2. (a) Schematic of autoclave setup used for this study; and (b) Photographic image of
opened static autoclave with a PTFE linear, holder and testing samples.

3.2.3. Corrosion rate assessment

In this study, all the testing samples experienced negative weight change after each corrosion test.

Therefore, weight loss measurements, instead of direct weight change, were adopted as a more

accurate and consistent metric to assess and rank the corrosion rates of candidate alloys. Based on

ASTM G1 standard and previous studies [228, 252], the weight loss measurements include two

major steps: (a) completely removing formed corrosion products from a corroded coupon; (b)

weighing the mass difference of the coupon before autoclave testing and after descaling. Descaling

can be achieved by immersing the coupons in a specific chemical solution which does not corrode

the coupon substrates, but can effectively remove the formed corrosion products through enhanced

chemical dissolution reactions. In this study, the descaling of three candidate alloys was achieved

by immersing the corroded coupons in 90 °C solution A (2 wt.% citric acid + 5 wt.% dibasic

ammonium citrate + 0.5 wt.% disodium EDTA) for 30 mins and 90 °C solution B (4 wt.%
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potassium permanganate + 5 wt.% caustic soda) for 30 mins, followed by a 15 mins of ultrasonic
cleaning in ethanol. After rinsing with water and drying with pressurized air, the coupons were
then immersed in 90 °C solution A again for 30 mins and weighed. The above immersion treatment
process was applied repeatedly until the weight of the coupon reached a constant value as described

in the reference [230]. The corrosion rate of the coupon (mm/year) was then estimated by [232]:

4
Corr.Rate = 8.76x10"  Am (3-1)
dAt

where Am (g) is the mass loss of a coupon before exposure and after descaling, d (g/cm?) is the
steel density, A (cm?) is surface area of the coupon, and t (h) is the exposure duration. In this study,
the average corrosion rate of the steel after a test was obtained from three parallel corroded and

de-scaled coupons based on ASTM G16 [253].

3.2.4. Corrosion products characterization

In this study, the coupon with the direct mass change value closest to the average value in a given
replicate set after a corrosion test was selected for subsequent corrosion product characterization.
Optical images were firstly taken to check surface morphology of corroded coupons. The coupons
were then examined using a FEI Nova NanoSEM 650 scanning electron microscope (SEM) system
operated at 20 keV and equipped with an Oxford energy dispersive X-ray spectroscopy (EDS)
system including 127 eV resolution detector to identify corrosion modes (active corrosion, general
oxidation, and/or pitting) and the chemical properties of formed corrosion products. As the
corrosion products formed on SS316L and DSS 2205 were quite thick, their phase compositions
were thus determined using X-ray diffraction (XRD) technique with a Co Ka X-ray source which
operated at 40 kV and 150 mA. The cross-sectional views of stainless steels were produced by
using a low-speed diamond saw cutting machine running at the speed of 125 rpm, followed by
cold mounting. Different from them, the corrosion products formed on Alloy C-276 were relatively
thin and a FEI Helios NanoLab™ DualBeam™ FIB microscope was applied for producing cross-
sectional views of the area from the corrosion products to metal substrate. Before FIB operation,
a thin layer of Pt coating was plated on the coupons to protect the formed surface scale. After FIB

operation, the cross-sectional samples were thinned and collected using in-situ lift-out technique
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for further TEM examination. The TEM characterizations, including high-angle annular dark-field
(HAADF) imaging, element mapping and corresponding EDS analyses, were conducted by Tecnai
Osiris™ scanning/transmission electron microscope (S/TEM) equipped with super X-field

emission gun (FEG) and X-ray detection system operated at 200 kV.

3.3. Main Results

3.3.1. Influence of temperature and operating time

The photographic images of alloy coupons before and after exposure to 0.05 M H2SO4 at 100, 150,
and 200 °C are shown in Fig. 3-3, respectively. Before the tests, the freshly prepared steel coupons
exhibited neat surfaces with shining metal luster. After the exposure at 100 °C, the surface color
of SS316L, DSS 2205, and Alloy C-276 were brown, of which the darkest surface was presented
on SS316L. No pitting or other type of localized corrosion was found. With increasing temperature,
black corrosion products were grown on both SS316L and DSS 2205 while the corroded Alloy C-
276 showed greenish appearance. At 200 °C, spalling also occurred on SS316L. These
observations suggest that the stainless steels would have less resistance to the hot dilute acid attack
comparing to the Ni-alloy and corresponding corrosion damage might be remarkably enhanced
with temperature. In addition, extending exposure time at 200 °C possibly advanced corrosion of

the three alloys.

Freshly 100 °C 150 °C 200°C 200 °C

(aeramole) 14 days 14 days 14 days 22.days

" [ '
SS316L
.‘ l - - o

Fig. 3-3. Photographic images of alloy coupons taken before and after the exposure to 0.05 M
H2S0O4 at pre-hydrolysis biorefining temperatures for different exposure durations.

30



As shown in Fig. 3-4, relatively thick corrosion layers were formed on the surface of SS316L after
all the three tests since abrasion marks were barely visible. Randomly distributed large deposit
particles, which were possibly formed during the autoclave cooling-down, were observed on the
formed surface scales. Localized nodular oxidation was likely to firstly increase with temperature
but subsequently decrease at temperature > 150 °C. Moreover, a cracking line was visible within

the corrosion layer formed at 150 °C.

Fig. 3-4. Top-view SEM images of SS316L steel samples after corroding in 0.05 M H2SOg4 at
100 °C, 150 °C and 200 °C, respectively.

To further reveal the properties of the corrosion layers formed at different temperatures, the cross-
sections of the corroded samples were produced using standard diamond saw cutting method, and
the corresponding SEM/EDS results are shown in Fig. 3-5. The corrosion layer formed at 100 °C
was relatively fragile by the presence of micro-pores. At higher temperatures, micro-cracks were
formed within the surface scales and also penetrated down to the steel substrate. At the three testing
temperatures, EDS mapping results indicate that the formed corrosion layers are mainly composed
of elements Cr, O and S, implying that the layers might be composed of Cr203, Cr2(SO4)3 and/or
CrSO4. Moreover, the average thickness of the corrosion layer noticeably increased with
temperature, from approximately 35 um at 100 °C to about 120 um at 200 °C, suggesting that the
formed corrosion product could not effectively protect the steel from the hot dilute acid attack and
the micro-cracks might act as small “windows” to facilitate the diffusion of aggressive anions to
the steel substrate. This result also implied that the influence of temperature on the formation of
corrosion layers might be more noticeable than that on the chemical dissolution of the layers. In
addition, the XRD spectra were collected on the corroded SS316L samples, and the results are

shown in Fig. 3-6. Due to the weak signal and wider peaks, it can be concluded that only a small
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fraction of the corrosion products is crystalline and the majority is amorphous/nanocrystalline.
Note that the major peaks of Cr.O3 could be found near 33.6°, 36.2°, 41.8°, 54.9°, 63.4°, 65.1°;
the main peaks of NiCr.Os would be at around 46.2°, 57.6°, 74.8°, 75.5°; and the peaks of
Cr2(SO4); would be near 43.2°, 46.3°, 57.1°, 57.9°, 63.7°. It is worth noticing that peaks at certain
locations are shown as broad peaks or not shown, probably due to the limited occurrence of
crystallization in selected orientations and limited amount of them in the oxide layer. At the pre-
hydrolysis refining temperatures, the corrosion layers formed on the steels were mainly consist of
Cr205 along with small amounts of Cr2(SOa4)3. Based on the observations in Figs. 3-4 and 3-5, the
peaks of NiCr2O4 and FeSO4 on the spectra were likely from the corrosion particles deposited on
the steel during autoclave cooling-down. Note that the peak of Cr2(SO4); at 46.3 degree partially
overlapped with that of NiCr20a.
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Cross-section EDS elemental
view mapping

Fig. 3-5. Cross-sectional SEM view of SS316L steel and corresponding elemental mapping of
Cr, Fe, O, and S after the exposure to 0.05 M H>SO4 at 100 °C, 150 °C and 200 °C, respectively.
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Fig. 3-6. XRD spectrum collected on SS316L steel samples after the exposure to 0.05 M H2SO4
at different biorefining temperatures.

To determine whether the continuous corrosion layer on the steel was formed during the corrosion
exposure or from the deposition of dissolvable corrosion products during autoclave cooling-down,
Z1702 coupons were also prepared and tested with SS316L samples in the autoclave at 200 °C,
and the results are shown in Fig. 3-7. Only about 2 um thick Cr oxide layer was present on Zr702
after the test, indicating that most of the corrosion layers shown in Fig. 3-5 should be formed
during the exposure to the dilute sulfuric acid. Therefore, increasing biorefining temperature
resulted in a noticeable increase in the corrosion of the steel in 0.05 M H>SO4 since the formed

corrosion layer was non-protective with the presence of micro-pores and even cracks.
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Fig. 3-7. Top and cross-sectional SEM views and corresponding EDS results of Zr702 after the
exposure to 0.05 M H2SO4 along with three tested alloys at 200 °C.

In order to examine the long-term corrosion performance of the steels in the dilute acid, the steel
samples were also tested at 200 °C for 42 days. Following that, FIB/SEM techniques were
employed to produce cross-sectional views of the corroded samples, and the results are shown in
Fig. 3-8. Note that only part of the formed corrosion layer after the 14 days’ exposure is shown
there due to the FIB operating limitation on thick corrosion layers. Extending exposure time
advanced the formation of micro-cracks. Surprisingly, the average thickness of the corrosion layer
decreased with time, suggesting that the chemical dissolution of the formed corrosion products
might become dominant after the long-term exposure at 200 °C. XRD characterization results (see

Fig. 3-9) indicated that the corrosion products formed after long-term exposure were still mainly
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composed of Cr.03; along with some Cr2(SOs4)3. In comparison with the results in Fig. 3-6,
extending time also likely resulted in continuous deposition of NiCr>O4 particles and the complete

disappearance of FeSO4 as the peaks of FeSO4 were not detected in Fig. 3-9.
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Fig. 3-8. Cross-sectional SEM views of corroded SS316L steel after the exposure to 0.05 M
H>S04 at 200 °C for 14 and 42 days, respectively.
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Fig. 3-9. XRD spectra collected on SS316L steel sample after the exposure to 0.05 M H2SOy4 at
200 °C for 42 days.
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The variations of the average corrosion rates of SS316L with temperature and time in 0.05M
H>SOy4 are shown in Fig. 3-10. Under the pre-hydrolysis biorefining conditions, the corrosion rate
of the steel was considerably high (> 1 mm/year), and increased with temperature. A sharp increase
in the corrosion rate occurred when temperature increases from 150 °C to 200 °C. At 200 °C,
extending exposure time also led to a noticeable increase in the corrosion rate. This could be
attributed to the influence of exposure time on the chemical dissolution of corrosion layers as
implied in Fig. 3-8. The corrosion rate results further confirmed that the corrosion layers formed
on the steel could not effectively protect the steel in the hot dilute acidic solution and possibly lost

most of their resistance to the biorefining environment at temperature >150 °C.

25 200 °C 42 days

15

0.5

Corrosion rates (mm/year)

SS 316L

Fig. 3-10. Variation of the average corrosion rates (mm/y) of SS316L with temperature and
exposure time in 0.05 M H2SOq.

3.3.2. Effect of alloying elements on corrosion
3.3.2.1. Effect of alloying element Cr

To clarify the effect of Cr content in steels on corrosion in the hot dilute acidic solution, DSS 2205
with 22.5% Cr was also tested with SS316L under the same conditions. Note that the Mo content
in DSS 2205 is slightly higher than that in SS316L (see Table 3-1). Based on the top-view SEM
images (see Fig. 3-11), the corrosion layer formed on DSS 2205 at the three testing temperatures

was still relatively thick because the mechanically polishing marks were barely visible. Moreover,
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both nodular and deposition particles were formed on the corrosion layers and their intensities

increased with temperature. Interestingly, no pit or crack was found on the corroded DSS 2205

samples after all the three exposures.

Fig. 3-11. Top-view SEM images of DSS 2205 samples after the exposure to 0.05 M H2SOq4 at
100 °C, 150 °C and 200 °C for 14 days, respectively.

To reveal the nature of corrosion products formed, the cross-sections of the corroded DSS 2205
samples were also produced using the conventional diamond saw cutting method, and the
corresponding SEM/EDS mapping results are shown in Fig. 3-12. The average thickness of
corrosion layer formed on DSS 2205 was consistently thinner than that grown on SS316L, and
initially increased with temperature, i.e., from approximately 28 um at 100 °C to about 50 um at
150 °C. Different from that of SS316L steel, however, further increasing temperature did not lead
to a noticeable increase in the layer thickness. Moreover, micro-cracks were also found within the
corrosion layers, and became more noticeable at higher temperature. Based on the results shown
on Fig. 3-5 and 3-12, increasing Cr content in the stainless steels was likely to improve the
corrosion resistance to the hot dilute sulfuric acid, but could not provide satisfactory protection to
the steel from the engineering application point of view. In addition, EDS mapping results
indicated that the corrosion layers formed on DSS 2205 were also composed of elements Cr, O
and S, similar to those grown on SS316L. XRD characterizations (see Fig. 3-13) reveal that the
corrosion layers formed on DSS 2205 would be also mainly composed of Cr203 and Cr2(SO4)3,
similar to those present on SS316L. The weak signal and wider peaks again indicate that only a
small fraction of the corrosion products was crystalline and the majority was amorphous structure.

As shown in the figure, the peaks of deposited NiCr2O4 particles were also detected on the corroded
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DSS 2205 samples. Furthermore, it also seems that content of Cr2(SO4)s3 in the formed corrosion
layer would increase with temperature. Note that the intensity mismatch of NiCr2O4 between the
obtained XRD spectra and the standard one was due to the existence of amorphous/nanocrystalline

structure and/or accumulated stress within the corrosion products.

Cross-section EDS elemental
view mapping

50 pm

Fig. 3-12. Cross-sectional SEM views and corresponding elemental mapping of DSS 2205 steel
after the exposure to in 0.05 M H>SOys at different temperatures for 14 days.
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Fig. 3-13. XRD spectra collected on DSS 2205 steel samples after the exposure to 0.05 M H>SO4
at 100 °C, 150 °C and 200 °C, respectively.

The average corrosion rates of DSS 2205 in the hot dilute sulfuric acid were evaluated based on
weight loss measurements as described above, and the results are presented in Fig. 3-14. The
corrosion rate of the steel increased with temperature, and a remarkable increase in the rate
occurred when increasing temperature from 100 to 150 °C, consistent with the SEM cross sectional
results (see Fig. 3-12). These results further indicate that the formed continuous Cr oxide layer
would become less protective to the Cr-bearing steel from the hot dilute acid attack at temperature
>150 °C. Moreover, at the temperature range of 100 -200 °C, the corrosion rate of DSS 2205 was
consistently lower than that of SS316L, confirming that increasing Cr content in stainless steels
could partially improve their performance in the hot dilute sulfuric acid. However, such
improvement is still insufficient to reach the target of long-term safe operation, since the corrosion

rate of the duplex steel could be up to 1.25 mm/year at 200 °C and increase with exposure time
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under the pre-hydrolysis conversion, exceeding the acceptable corrosion rates (1.0 mm/year) of

similar batch reactors used in paper and pulp industries [254].
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Fig. 3-14. Comparison of the average corrosion rates (mm/y) of SS316L and DSS 2205 steels in
0.05 M H2SO4 at pre-hydrolysis operating temperatures for different exposure durations.

3.3.2.2. Effect of alloying element Mo

As described above, Mo is another critical alloying element that can affect corrosion performance
of Fe-based stainless steels and Ni-based alloys in the hot dilute sulfuric acid. To identify its effect,
Alloy C-276 samples with 15.5 wt.% Mo were prepared and tested with two steel coupons in the
same environment. Note that the Cr content in Alloy C-276 is slightly lower than that in SS316L.
As shown in Fig. 3-15, the corrosion layers formed on Alloy C-276 were much thinner than those
grown on SS316L and DSS 2505 since the grinding lines formed during sample preparation were
still clearly visible after the exposures. Different from the two stainless steels, nodular oxidation
did not occur on the Ni-based alloy. However, the deposited corrosion particles were still observed
and their density likely increased with temperature, similar to that occurred on the two Fe-based
steels. Moreover, no crack was found within the corrosion layer formed on the alloy. Furthermore,
the cross-sectional image of Alloy C-276 after the exposure to 0.05 M H2SO4 at 200 °C for 14 day

is presented in Fig. 3-16. Compared with the two stainless steels, a much more uniform, compact
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and continuous surface oxide scale was formed on the alloy and its average thickness was

significantly thinner (< 2 um) than those grown on the two Fe-based steels.

Fig. 3-15. Top-view SEM images of Alloy C-276 samples after corroding in 0.05 M H>SOy4 at
different pre-hydrolysis operating temperatures for 14 days, respectively.
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Fig. 3-16. Cross-sectional SEM view of Alloy C-276 after the exposure to 0.05 M H2SO4 at
200 °C for 14 days.

To further clarify the role of Mo in the formed surface oxide scales on Alloy C-276, TEM
characterizations were conducted on the cross-sectional area of tested specimens, and the results
are shown in Fig. 3-17. At the testing temperatures, the formed surface scales on the alloy were
consisted of three different layers, including outer Cr oxide, middle Mo oxide/sulfate, and inner
Mo/Cr oxide/sulfate layers. Both Fe and Ni elements were not found within the formed surface

scales. However, the outer Cr oxide layer on Alloy C-276 was actually formed from the re-
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deposition of dissolved Cr cations during the autoclave cooling-down, since only Zr oxides, instead
of Cr oxides (see Fig. 3-18), could be naturally grown on Zr702 during the exposure to the hot
dilute sulfuric acid. Note that Zr702 is composed of 99.2 wt.% of (Zr+Hf) with Hf content <4.5%,
and the Cr content in the alloy is less than 0.2 % based on the chemical composition certificate
provided by the suppler. Therefore, in the dilute sulfuric acid in the temperature range of 100-200
°C, the surface scale grown on the alloy was actually double-layer structure, i.e., composed of
outer Mo oxide/sulfate and inner Mo/Cr oxide/sulfate layers. At 200 °C, a third layer, which was
enriched in Mo sulfate and Cr cations, was present just above the substrate, suggesting that
increasing temperature would enhance the outward diffusion of cations and inward diffusion of
sulfate anions and the presence of more Mo sulfate might suppress Cr oxidation at the interface of
oxide and substrate. Moreover, the thickness of the formed surface scale increased with
temperature, from about 500 nm at 100 °C to ~ 950 nm to 200 °C, both of which were significantly
thinner than those formed on the stainless steels, further confirming that the addition of Mo into
the steels and alloys would remarkably protect them from dilute sulfuric acid attack at elevated
temperatures. In addition, the selected area diffraction (SAD) patterns were collected on the
formed oxide layers at different temperatures, the results indicated that the outer Mo oxide and

inner Mo/Cr oxide layers both had amorphous structure.
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Fig. 3-17. Cross-sectional high-resolution TEM images and corresponding elemental mapping of
Alloy C-276 samples after corroded in 0.05 M H2SO4 at 100 °C and 200 °C for 14 days,
respectively.

Fig. 3-18. Cross-sectional high-resolution TEM images and corresponding elemental mapping
results of Zr702 after the exposure to 0.05 M H2SO4 along with other tested alloys at 200 °C.
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The variation of the average corrosion rates of Alloy C-276 with temperature and time in 0.05 M
H>SO4 1s shown in Fig. 3-19. The corrosion rate of the alloy only slightly increased with
temperature and exposure time, and the maximum rate (0.04 mm/year) occurred at 200 °C after 42
days of exposure, significantly lower than those of the two Fe-based steels. The results in Figs. 3-
16, 17 and 19 clearly demonstrate that the addition of element Mo into the steels and alloys could
remarkably enhance their resistance to the dilute sulfuric acid at the temperature range of 100-

200 °C. Detailed discussion about the role of Mo on corrosion is presented in the Discussion

section.
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Fig. 3-19. Comparison of the average corrosion rates (mm/y) of SS316L and Alloy C-276 in 0.05
M H>SO4 at the temperature range of 100-200 °C for different exposure duration.

3.3.3. Effect of inorganic corrodants and biomass

The photographic images of alloy coupons before and after exposure to 0.05 M H2SO4 + 700 ppm
CI" + 500 ppm S* and 0.05 M H,SO4 + 25 wt.% biomass at 200 °C are shown in Fig. 3-20,
respectively. Because of the acidic environment created by sulfuric acid solution, sulfide would
likely be oxidized and form thiosulfate or other compounds. After the exposure to 0.05 M H>SO4
with inorganic corrodants at 200 °C, the surface appearances of SS316L and DSS 2205 were
similar to that in 0.05 M H2SO4 only. Different from the two stainless steels, Alloy C-276 exhibited
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more brownish appearance after tested in inorganic corrodants-containing solution compared to
those in the dilute acid only. With the addition of inorganic corrodants into the hot dilute acid,
SS316L and DSS 2205 still experienced more severe corrosion damage than Alloy C-276.
However, the presence of oxidized sulfur/sulfate contents did not trigger pitting corrosion on the
three alloys. Interestingly, the addition of raw wood biomass into 0.05 M H,SO4resulted in darker
surface on all three alloys, implying that either the formed corrosion products might become

thicker or biorefining by-products might be deposited on the alloy surfaces during the exposure.

200 °C
200 °C 200 °C
Freshly 1ad 0.05 M H,50,+ 700 ppm €I 0-05 M H,S0, +
prepared ays + 500 ppm S% 25 wt.% biomass

DSS 2205 . . . .

Fig. 3-20. Photographic images of testing coupons taken before and after the exposure to
different testing solutions at 200 °C for 14 days.

To further clarify the influence of inorganic and organic compounds on corrosion in the hot dilute
sulfuric acid, SEM/EDS/XRD/TEM techniques were employed to examine the alloy samples after
the exposures. For SS316L, the top- and cross-sectional SEM images (see Fig. 3-21 and 3-22)
indicated that the presence of several hundred ppm of inorganic corrodants (S* and CI") or the
introduction of softwood in the hot dilute sulfuric acid enhanced nodular oxidation and micro-
crack formation compared to that indicated in Fig. 3-4 at 200 °C. As shown in Fig 22, the presence
of 700 ppm CI" and 500 ppm S?> made the formed surface scale more porous with higher density
of micro-cracks and enhanced localized oxide dissolution along the cracks down to the substrate
compared to that presented in Fig. 3-5(c) at 200 °C, but the average thickness of the formed
corrosion layer was close to that grown in 0.05 M H2SOg4 at 200 °C. Interestingly, EDS mapping
results showed that sulfur was not only present within the corrosion layer, but also accumulated
on the steel. This implied that the enhanced nodular oxidation might be associated with the formed

sulfur-contained oxides (such as Cr2(SOs4)3). The mapping results also showed that the formed
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corrosion layer was mainly composed of Cr, O and S, similar to that in 0.05 M H2SOs. In the
biomass-containing environment, severe localized attack was found and localized oxide
dissolution along the cracks was obviously developed within the steel. The introduction of biomass
also led to the formation of much thinner corrosion layer than those formed in 0.05 M H>SO4 and
in inorganic corrodants containing solutions (see Fig 5 and 22), implying that the presence of
biomass might either remarkably accelerate the chemical dissolution of corrosion layer or suppress
the hot dilute acidic attack. The EDS mapping results indicated that the formed corrosion scale
was mainly consisted of Cr, O and S. The S content within the corrosion layer was possibly higher
than those grown in 0.05 M H2SO4 or inorganic corrodants-contained solution. In addition, XRD
characterizations (see Fig. 3-23) showed the corrosion layers formed under the two testing
conditions were mainly composed of Cr203; and Cr2(SOs)3, similar to those exposed to 0.05 M
H>SO4 only. The peaks of nickel-chromium spinel oxide and iron sulfate were also found. They

were possibly collected from the deposition particles on the steel during autoclave cooling-down.
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Fig. 3-21. Top-view SEM images of SS316L steel samples after corroded in (a) 0.05 M H2SO4 +
700 ppm CI + 500 ppm S*; and (b) 0.05 M H2SO4 + 25 wt.% biomass at 200 °C for 14 days,
respectively.
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Fig. 3-22. Cross-sectional SEM views of SS316L steel and corresponding elemental mappings of
Cr, Fe, O, and S after corroding in (a) 0.05 M H2SO4 + 700 ppm CI- + 500 ppm S*; and (b) 0.05
M H>S04 + 25 wt.% biomass at 200 °C for 14 days, respectively.
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Fig. 3-23. XRD spectra collected on SS316L steel samples after the exposure to 0.05 M H2SO4
with inorganic corrodants and softwood at 200 °C, respectively.

Figs. 3-24 and 3-25 show the microscopic structure of the corrosion layers formed on Cr-bearing
DSS 2205 steel after the exposures to the two biorefining conditions. Compared to that grown in
0.05 M H2SO4 at 200 °C (see Figs. 3-11 and 3-12), localized nodular oxidation was promoted, and
general corrosion was enhanced with the presence of inorganic corrodants, since the formed layer
was noticeably thicker. Compared with SS316L, the influence of S*> and CI" on the micro-crack
formation was less severe on DSS 2205. In the biomass-containing environment, the introduction
of softwood was likely to facilitate the formation of microcracks, which act as “windows” for the
migration of aggressive ions down to the substrate. Interestingly, the corrosion layer formed on
DSS 2205 in the biomass-containing solution was noticeably thinner and less uniform than those
grown in 0.05 M H>SO4 and inorganic corrodants-containing solutions, similar to that of SS316L.
In addition, EDS mapping and XRD characterization results (see Figs. 3-25 and 3-26) revealed
that the corrosion layer formed on the steel in inorganic corrodants or biomass-containing solutions
was mainly composed of Cr203 and Cr2(SO4)3, similar to that exposed to 0.05 M H»SO4. Nickel-
chromium spinel oxide peaks were also found and likely attributed to the deposit particles on the

surface. The results implied that the addition of inorganic corrodants or softwood remarkably
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changed the oxide layer thickness and morphology, but only had marginal effect on the phase
composition of the layer. Based on the results shown in Figs. 3-22 and 3-24, increasing Cr content

in the steels would, to some degree, improve their resistance to the two biorefining environments.
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Fig. 3-24. Top-view SEM images of DSS 2205 samples after corroding in (a) 0.05 M H>SO4 +
700 ppm CI" + 500 ppm S*7; and (b) 0.05 M H2SO4 + 25 wt.% biomass at 200 °C for 14 days,
respectively.
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Fig. 3-25. Cross-sectional SEM view of DSS 2205 steel and corresponding elemental mapping of
Cr, Fe, O, and S after corroding in (a) 0.05 M H>SO4 + 700 ppm CI- + 500 ppm S*; and (b) 0.05
M H>S04 + 25 wt.% biomass at 200 °C for 14 days, respectively.
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Fig. 3-26. XRD spectra collected on DSS 2205 steel samples after the exposure to 0.05 M H2SO4
with inorganic corrodants and softwood at 200 °C, respectively.

For Mo-bearing Alloy C-276, the top-view SEM images (see Fig. 3-27) indicated that the presence
of several hundred ppm of inorganic corrodants (S** and CI°) in the hot acid solution promoted the
formation of needle-shaped oxides compared to that shown in Fig. 3-15. Moreover, the existence
of softwood in the acid seemed to enhance nodular oxides formation on the alloy. As the oxide
layers on the alloy were quite thin, FIB/TEM techniques were applied for their examination, and
the results are shown in Fig. 3-28. With the addition of inorganic corrodants or softwood into the
0.05 M H2SOq, the formed surface scale was consisted of only a uniform and compact Mo-enriched
oxide layer with small amounts of sulfates and Cr cations. Note that the outer Cr oxides were
produced from the re-deposition of dissolved corrosion products during the autoclave cooling-
down as demonstrated in Fig. 3-18. In the inorganic corrodant-containing solution, the average
thickness of surface scale was around 900 nm, close to that formed in 0.05 M H2SOys, indicating
that the presence of several hundred ppm of inorganic corrodants (S* and CI") would not apparently
damage the protectiveness of Mo-enriched oxide layer formed on the alloy. Moreover, little
amount of Cr was present in the layer comparing to that shown in Fig. 3-17, suggesting that the
existence of aggressive S*” and Cl ions might, more or less, enhance the selective dissolution of

Cr cations into the hot acid solution. In the biomass-containing solution, the average thickness of
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the formed layer was around 280 nm, thinner than those formed in 0.05 M H>SO4 and inorganic
corrodants-containing solutions. In addition, elemental S was detected in the Mo-enriched oxides

formed under the two biorefining conditions, similar to that grown in 0.05 M H>SO4 alone.

Fig. 3-27. SEM top-view images of Alloy C-276 samples after corroding in (a) 0.05 M H2SO4 +
700 ppm CI" + 500 ppm S*7; and (b) 0.05 M H2SO4 + 25 wt.% biomass at 200 °C for 14 days,
respectively.

With inorganic corrodants
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Fig. 3-28. Cross-sectional high-resolution TEM images and corresponding elemental mapping of
Alloy C-276 samples after corroding in 0.05 M H2SO4 with addition of inorganic corrodants and
softwood at 200 °C for 14 days, respectively.
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The effects of inorganic and organic corrodants on the average corrosion rates of the three alloys
are shown in Fig. 3-29. For SS316L, its corrosion rate was increased with the addition of S* and
CI ions, consistent with the cross-sectional characterization results, i.e., the presence of these
inorganic corrodants led to the formation of more porous oxide scales along with micro-cracks
penetrating down to the substrate (see Figs. 3-5 and 3-22). The addition of 25% softwood into 0.05
M H>SO4, on the other hand, did not result in a noticeable increase in the corrosion rate. As
described above, the introduction of biomass led to the formation of thinner corrosion layers
compared to those formed in 0.05 M H>SO4 and inorganic corrodant-containing solutions. Thus,
it was possible that the presence of softwood and its organic by-products might suppress the
general corrosion of the steel. Another possibility is that the consumption of sulfuric acid for the
conversion of softwood might change the solution chemistry, making it less aggressive to Cr203
and Cr2(S04)s. Nevertheless, the influence of softwood on localized corrosion could not be ignored

as shown in Fig. 3-22.

The influence of inorganic corrodants on the corrosion rates of Cr-bearing DSS 2205 steel was
similar to those on SS316L. Different from SS316L, the addition of 25% softwood led to a slight
increase in the corrosion rate of DSS 2205. This may be mainly attributed to the observation that
the presence of softwood could enhance the formation of micro-cracks within the surface layer
and consequently enhance the migration of aggressive ions from solution to the substrate (see Fig.
3-25). However, it should be mentioned that the corrosion rate of DSS 2205 was consistently lower
than that of SS316L under three different biorefining conditions at 200 °C, suggesting that
increasing Cr content in the steels could improve their corrosion performance under the pre-
hydrolysis biorefining conditions. For Mo-bearing Alloy C-276, the addition of inorganic and
organic corrodants only had marginal impacts on its corrosion rate. Different from DSS 2205, the
introduction of softwood let to a slight decrease in the corrosion rate of Alloy C-276. Based on the
results in Figs. 3-28 and 3-29, it was possible that the presence of softwood might suppress general
oxide formation and chemical dissolution. In the three testing environments, Alloy C-276
exhibited the best performance and would be the most promising candidate of construction from

the corrosion point of view.
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Fig. 3-29. Comparison of the average corrosion rates (mm/y) of (a) SS316L, (b) DSS 2205, and
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(c) Alloy C-276 in three different biorefining solutions at 200 °C after 14 days’ exposure,

respectively.

55



3.4. Discussion

In the pre-hydrolysis biorefining environments, the Nernst equation of an electrochemical reaction

(aA + mH™+ ne” = bB + cH>0) occurred on the tested alloys can be calculated by [255, 256]
RT RT b
Ep = E;° — 2.303 « ";Tc *pH —2.303 x— lg(Z—g) (3-2)

where E;° and E; stand for the standard electrochemical potential and electrochemical potential
at temperature T, respectively; R is the gas constant; aa or ag is the overall activity of species A or
B. Note that the dissolved concentrations of ions in the equation could be assumed to be 10°® mol/L
and the activities of solid to be unity [255, 257, 258]. At a designated pre-hydrolysis operating
temperature, the standard electrochemical potential (EZ) of the reaction (¢A + mH™+ ne” = bB +

cH>0) is calculated by:

AGY
Ef = ——~ (3-3)

whereAGZ is the Gibbs free energy of the reaction at the designated temperature (J), F is the
Faraday constant (96485 C/mol), and n is the number of electrons transferred in the reaction (mol).

The Gibbs free energy can be calculated by:

T T

ar P
AGY = AGyg — (T = 298)Sfog + [0 CpdT =T [o00 Cp - + f,, VP (3-4)

where AGJyg stands for the Gibbs free energy of formation of the species at room temperature;
. . . P

S%e represents for the entropy at room temperature, C,,is the heat capacity for the specie; [ » VdP
v

is related to the pressure term and determined to be negligible in this study. At a hot dilute pre-
hydrolysis operating temperature, the Pourbaix diagram of a major alloying element (Cr, Ni, Fe or
Mo) could thus be constructed based on pre-existing databases provided in the references [255,

256, 259-263] and the following assumptions:

(1) The effect of pressure on thermodynamic properties of an aqueous specie or solid in dilute
sulfuric acid was neglected since the properties would be much more sensitive to operating

temperature;
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(2) Due to the lack of experimental data, the activity coefficient of a solid or aqueous species
at elevated temperatures could be assumed to be unity, similar to those used in former
studies [257, 264, 265];

3) The reaction solution could be treated as an ideal dilute solution with limited concentration
of cations and anions, making the activity of a solute very close to its concentration in

solution.

As shown in Fig. 3-30, the calculated Pourbaix diagrams predict that alloying elements Fe and Ni
could not form stable oxides in 0.05 M H2SO4 even at 100 °C and would suffer active corrosion
under the biorefining conditions. Compared with Fe and Ni, Cr is generally recognized as a
corrosion-resistant alloying element in many harsh environments [266-268]. As implied in Fig. 3-
31, however, Cr would also experience active corrosion instead of passivation in the dilute acidic
pre-hydrolysis environments at the temperature range of 100 - 200 °C. This is consistent with the
above testing results of SS316L and DSS 2205, i.e., increasing Cr content in the steels even up to
22.5% still could not provide sufficient resistance to the hot dilute sulfuric acid attack. Different
from the above alloying elements, Mo would undergo either passivation to form MoO: or active
corrosion to generate dissolvable Mo** ions during the pre-hydrolysis conversion processes (see
Fig. 3-32). Note that former studies indicated that stable MoO> instead of MoOs3 should be formed
on Ni-Cr-Fe-Mo alloys in the spontaneous passivation region when exposed to acidic solutions
[269, 270]. Moreover, increasing temperature is likely to push the passivation region to higher pH
area, possibly making the element Mo suffer active corrosion in 0.05 M H2SO4 at 200 °C. However,
this is different from the results shown in Figs. 3-17 and 3-19, suggesting that the corrosion of Mo-
bearing Alloy C-276 would be dominated by the formation and chemical dissolution rates of

oxides formed on the alloy.
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Fig. 3-30. Established Pourbaix diagrams at 100 °C: (a) Fe-0.05 M H>SO4 system, and (b) Ni-
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Fig. 3-32. Established Pourbaix diagrams of Mo-0.05 M H>SO4 system at (a) 100, and (b) 200
°C, respectively.

According to the above thermodynamic simulations, it is very likely that the corrosion process of
the three tested alloys in the hot dilute acid would be dominated by the formation and dissolution
rates of corrosion layers formed on their surface. As predicted in Table 3-3, the corrosion layers
formed on SS316L, Cr-bearing DSS 2205 and Mo-bearing Alloy C-276 would likely be composed
of Cr/Fe oxides/sulfates, Cr oxides/sulfates, and Cr/Mo oxides/sulfates, respectively. Note that
except Ni, other major alloy elements Fe, Cr and Mo 1n the tested alloys could spontaneously react
with the solution to form oxides and sulfates. However, as shown in Figs. 3-5 and 3-6, the corrosion
layer on SS316L was mainly consist of Cr203 along with small amounts of Cr2(SO4)3. This could
be attributed to the difference between the chemical dissolution rates of Cr203; and Fe3Oa. In the
hot dilute sulfuric acid, the dissolution rates of iron oxides have been found to be remarkably
higher than that of CroO3 [271-273], and increase with temperature based on previous studies [274,
275], making the formed iron oxides readily dissolve into 0.05M H>SOy4 at the temperature range
of 100 -200 °C and resulting in only chromium oxides/sulfates left on SS316L. This could also
lead to the corrosion rate of DSS 2205 being noticeably lower than that of SS316L in the hot dilute
sulfuric acid, as shown in Fig. 3-14, since the surface scales formed on Cr-bearing DSS 2205
should consist of Cr-enriched oxides/sulfates as indicated in previous studies in high temperature

aqueous solutions [276, 277].
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Different from the two stainless steels, Mo-enriched oxides/sulfates were present on Alloy C-276
after the exposures to the hot dilute acid (see Fig. 3-17). Although the dissolution rate of Mo oxides
in dilute sulfuric acid is not available based on our literature review, it would be expected to be
much lower than that of Cr20O3 based on the previous studies [208, 209, 278] and the observations
in Fig. 3-17. Once a thin Mo-enriched oxide layer is formed on the alloys, the further growth of
the oxide layer will depend on the inward diffusion of oxygen ions and outward diffusion of Mo/Cr
cations within the layer. As implied in former studies [279, 280], the diffusion rate of Cr in Mo
oxide would be quite low. Thus, the above two factors could result in a surface scale on Alloy C-
276 composed of outer Mo oxide and inner Mo/Cr oxide layers, consequently making the alloy
exhibit lower corrosion rate compared to that of stainless steels, as shown in Fig. 3-19.

Table 3-3. Gibbs energy of Fe, Cr, Ni and Mo oxides and sulfates formation with water and
sulfuric acid at 100 and 200 °C, respectively [281, 282, 283].

Reaction 100 °C (kJ/mol) 200 °C (kJ/mol)
2Fe + 3H,0 = Fe,03 + 3H, -45.035 -63.767
2Fe + 3H,50, = Fe,(50,)3+ 3H, -206.535 -219.634
2Cr + 3H,0 = (Cr,05 + 3H, -357.327 -376.379
2Cr + 3H,S04 = Cry(504)3+ 3H, -517.656 -527.740
Ni+ H,0 = NiO + H, 20.639 14.703
Ni+ H,S0, = NiSO,+ H, -75.482 -78.695
Mo + 2H,0 = MoO, + 2H, -67.749 -79.692
Mo + 3H,S0, = Mo(S04)3+ 3H, -342.848 -354.219

As shown in Figs. 3-14 and 3-19, increasing temperature from 100 °C to 200 °C led to an increase
in the corrosion rates of the tested alloys, particularly SS316L and DSS 2205. Numerous studies
have demonstrated that increasing temperature can enhance the oxidation of alloying elements at
the interface between oxide and substrate and advance the diffusion of cations and anions within

an oxide layer [125, 283]. Besides oxide formation rate, previous studies showed that increasing

60



temperature could also accelerate the chemical dissolution rates of iron oxides in dilute acids [275,
284, 285], consequently making the environment more aggressive. Moreover, as shown in Figs.
3-5 and 3-12, increasing temperature could enhance the formation of micro-cracks within the
corrosion layers grown on SS316L and DSS 2205, possibly introducing accelerated localized
dissolution of oxides/sulfates along the cracks. The results in Fig. 19 imply that the influence of
temperature on the dissolution of Mo oxide would be less noticeable. Furthermore, as shown in
Fig. 3-14, the variation of the corrosion rates of SS316L and DSS 2205 with temperature would

likely follow Arrhenius law:

LAE
Corr.= A" * eRT (3-5)
where Corr. (mm/year) is the corrosion rate at a testing temperature T(K), A’ is the Arrhenius
constant, AE (kJ/mol) is the activation energy, and R (8.314 J-K 'mol ") is the gas constant. Thus,
the Arrhenius constants and activation energy of the two steels in the hot dilute sulfuric acid were

estimated by
For SS316L, Corr. =23.72-exp (-10.31/RT) (3-6)

For DSS 2205, Corr. = 807.26-exp (-25.42/RT) (3-7)

In addition, extending exposure time also led to an increase in the corrosion rates of the tested
alloys in the hot dilute sulfuric acid as shown in Figs. 3-14 and 3-19, which could be because
extending time might facilitate the micro-crack formation within thick corrosion layers formed on
SS316L and DSS 2205, and thus make the oxide more readily dissolved in the hot dilute acid as
suggested in Fig. 3-8. For Alloy C-276, the effect of exposure time should be marginal (see Fig.
3-19) and it is likely that extending time might aid further growth of surface oxide scale instead of

accelerating oxide dissolution.

As indicated in Fig. 3-29, the presence of inorganic corrodants and softwood in the biorefining
environments only had marginal effects on the average corrosion rates of the three alloys at 200
°C. Based on the results in Figs. 3-17 and 3-28, the Mo-enriched oxide layer formed on Alloy C-
276 would have sufficient resistance to the attack of Cl°, S*" and organic acids and then effectively
protect the alloy in the pre-hydrolysis biorefining processes. However, the influence of inorganic

and organic corrodants on localized corrosion of SS316L and DSS 2205 could not be ignored as
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shown in Figs. 3-22 and 3-25. Although their bulk concentrations were only several hundred ppm
in the biorefining environments, both Cl- and S* could locally accumulate along the micro-cracks
that were present in the corrosion layers as they have much higher migration rates into the cracks
to balance ion charge than SO4* and OH"[244, 286-289]. Once accumulated, C1" ions would likely
displace sulfates/oxides, form soluble metal-anion complexes and subsequently remove the local
oxides, consequently facilitating the formation and penetration of micro-cracks down to the metal
substrates. Meanwhile, the accumulated S* could react with metal cations on the crack walls to
form sulfates and further damage the oxide integrity along the cracks as indicated in previous

studies [290-292].

In the softwood-containing environments, organic compounds and acids would be generated
during the exposures as mentioned above [109, 110, 111, 112]. Given their lower dissociation
constant compared to dilute sulfuric acid [293, 294], the produced organic acids could not change
the environmental pH remarkably and would unlikely accelerate general corrosion. At the micro-
cracks, they could accumulate and then promote the general/localized dissolution of
sulfates/oxides within the micro-cracks and facilitate the crack penetration as shown in Figs. 3-22
and 3-25. For example, acetic acid (HAc), which is about 10 - 19 wt.% in liquid phase after the
hot acidic pre-hydrolysis conversion [113, 114], might interact with metal or metal sulfates/oxides

to form dissolvable metal-complexes [295], for instance:
Fe’"+ 3 HAc — Fe(Ac);+ 3 H' (3-9)
Fe>O3 + 6 HAc — 2 Fe(Ac): + 3 H.O (3-9)

In addition, as shown in Figs. 3-22 and 3-25, the corrosion layers formed on SS316L and DSS
2205 in softwood-containing solution were noticeably thinner than those grown in 0.05 M H>SO4
with and without inorganic corrodants at 200 °C. One possibility is that the furfural and other
heterocyclic compounds produced during the pre-hydrolysis conversion might reduce the
accessibility of H, S%", CI" and other detrimental anions to the oxide layer, helping to maintain the

oxide layer integrity.
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3.5. Conclusions

This study investigated the roles of alloying elements, operating temperature, inorganic and

organic corrodants on the corrosion of SS316L, DSS 2205 and Alloy C-276 in dilute sulfuric acid

pre-hydrolysis conversion at the temperature range of 100 - 200 °C, and the following conclusions

are made:

(1)

2)

€)

SS316L suffered active corrosion in the biorefining environments. Increasing Cr content in
stainless steels even up to 22.5 wt.% could, to some extent, mitigate corrosion damage, but
was not sufficient to protect the steels from the hot dilute acid attack. In 0.05 M H2SOg, the
corrosion rates of SS316L and DSS 2205 increased with operating temperature and exposure
time. The corrosion layers formed on the two steels were composed of Cr-enriched oxides
and sulfates.

Different from Cr, increasing Mo content in alloys could significantly improve corrosion
resistance due to the formation of a continuous, compact and stable surface scale consisted
of outer Mo oxide and inner Mo/Cr oxides along with small amount of Mo sulfates. In 0.05
M H2SOs, increasing temperature and exposure time only led to a slight increase in the
corrosion rate of Alloy C-276.

The inorganic and organic corrodants (CI", S*, and organic acids), which could have released
from the biomass feedstocks during the conversion, only had marginal effect on the corrosion
of Alloy C-276, but they could noticeably enhance the localized corrosion of SS316L and
DSS 2205 under the biorefining conditions.
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Chapter 4. Influence of Major Operating Parameters (Temperature, Pressure
and Flow Rate) on the Corrosion of Candidate Alloys for the Construction of
Hydrothermal Liquefaction Biorefining Reactors

In the previous chapter, the effect of testing temperature, duration, inorganic corrodants and
biomass on the corrosion performance of SS316L, DSS 2205 and Alloy C-276 was studied in pre-
hydrolysis conversion conditions. In fact, the intermediate products from pre-hydrolysis
conversion could be further refined into final bioproducts through hydrothermal liquefaction. In
this chapter, two representative steels, SS310 and P91 steel were selected as candidate materials
in order to study the influence of HTL operating parameters on their corrosion performance. [ have
carried out autoclave tests and high temperature high pressure loop tests, and found that under all
testing conditions, the corrosion rates and formed oxide layer on SS310 and P91 were significantly
different attributed to their distinct Cr content in base metal. This study has also found that the
corrosion rates of P91 steel increase with operating temperature, while there exists a transition
temperature for SS310, above which its corrosion rate decreases with increasing temperature. The

influence of operating pressure and flow rate was also discussed in detail.

Abstract

Hydrothermal liquefaction (HTL) is a promising thermochemical technology to convert wet
biomass and biowastes into marketable biooils and biochemicals in an environmental-friendly
manner. However, industrial deployment of this technology has been significantly hindered due to
very limited materials and corrosion knowledge for the selection of appropriate alloys for the
construction and long-term safe operation of HTL reactors. This study investigated the influence
of operating temperature, pressure and flow rate on the corrosion modes and extents of two
candidate constructional steels (SS310 and P91) using high-temperature static autoclaves and
environmental loop facilities under representative HTL conversion conditions, followed by post-
mortem XRD, XPS, SEM/EDS, FIB and TEM characterizations of formed corrosion products.
The two steels experienced general and/or nodular oxidation in hot HTL water at 250-365 °C.
Increasing temperature and flow rate resulted in a noticeable increase in the corrosion rate of P91.

For SS310, there is critical temperature point (around 310 °C) above which its corrosion rate
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decreases with temperature. Increasing flow rate suppressed the nodular oxidation of SS310 and
consequently led to a decrease in the corrosion rate. Increasing pressure from 9.8 to 25 MPa
promoted the oxide formation on SS310 while cause an increased dissolution rate of the corrosion
layer grown on P91 steel at 310 °C. In the simulated HTL conversion environments, the corrosion
layer on P91 was mainly composed of magnetite (Fe3Os) and chromite (Fes.xCrxO4) while a
compact and protective inner Cr-enriched layer was formed on SS310 along with presence of other

cations. Related corrosion mechanisms were also discussed and proposed.

Keywords: Hydrothermal liquefaction; Stainless steel; SEM; XPS; TEM; General oxidation

4.1. Introduction

Some parts of the literature review have been covered in Chapter 1.

The depletion of fossil fuel sources and deterioration in global climate triggered by the fossil fuel
combustion have motivated intensive worldwide efforts towards the replacement of these non-
renewable fuels with significant reduction in greenhouse gas emissions [89, 296]. Compared with
the fossil resources, most forest and agricultural biomass materials are renewable, much less toxic
and abundant in nature [2-7]. Over the past several decades, innovative biochemical and
thermochemical technologies (such as anaerobic digestion, fermentation, hydrothermal
liquefaction, gasification, pyrolysis, and torrefaction) have been developed to convert different
categories of raw biomass feedstocks, such as wood, agricultural residues, engineered microalgae
and industrial/municipal biowastes, into marketable energy alternatives, which can partially and
even completely replace the fossil fuel derivatives [9-13, 297]. Among these proposed conversion
technologies, hydrothermal liquefaction (HTL), which was originally developed for the
liquefaction of wood chips into heavy oils using hot water and alkali catalysts [69-72], has attracted
particular industrial attention because of its two important advantages: (a) directly feeding wet
biomass and biowaste feedstocks without costly dewatering and/or drying pre-treatment processes;
and (b) producing the bio-oils with better properties (such as lower oxygen contents and higher
heating value) compared to the crude oils generated from pyrolysis processes [298]. In a HTL

process, subcritical water is used as the primary reactant to transform wet biomass or biowaste
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streams into crude bio-oils and/or bio-chemicals at the temperature range of 250 - 370 °C and

pressure up to 25 MPa [73-77].

The HTL is conceptually simple and economically favorable in comparison with other existing
thermochemical methods. Despite that HTL technology has been well established at laboratory
and pilot scales, industrial-scale HTL plant has not yet been deployed due to the economic concern
and technical impediments, such as relatively high capital investment and the lack of materials
technology solutions for the cost-effective construction and long-term safe operation of conversion
reactors which are required to be operated in hot pressurized aqueous environments containing
basic catalysts, inorganic and organic corrodants (such as Cl, S*" and organic acids). The materials
knowledge and experience accumulated at high temperature nuclear plants, such as boiling water
reactor (BWR) [299, 300], pressurized water reactor (PWR) [301-303], and next generation
supercritical water reactor (SCWR) [230, 304] may help the pre-selection of candidate alloys for
the construction of HTL reactors. Nevertheless, as schematically indicated in Fig. 4-1(a), the
temperature and pressure of subcritical water used in HTL reactors are quite different from those
in the nuclear plants [127, 152-154]. In fact, the water applied for the HTL reactor has its unique
dissociation constant, density and dielectric constant (see Fig. 4-1(b)), possibly introducing the
uncertainty of how steels and alloys corrode under the HTL conversion processes. For instance,
the sharp drop of dielectric constant of water from 250 °C to 370 °C can lead to a remarkable
change in the chemical dissolution of surface oxide layers formed on HTL reactor alloys [127-
129]. Moreover, there are specific requirements on the wall thickness and lifetime of a HTL reactor,
quite different from those in the nuclear reactors in which neutron economy and irradiation-

assisted corrosion damages are key concerns [305, 306].
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Fig. 4-1. (a) Comparasion of the operating temperature and pressure ranges of water used in HTL
reactors with those in nuclear reactors; (b) The properties of subcrtical water applied in a typical
HTL reactor. Note that the above figures were drawn based on the information provided in
references [127, 152-154]. Fig. 4-1(b) was reproduced with permission from [154]. Copyright
2008 Royal Society of Chemistry.

In order to develop appropriate materials technology solutions for the construction of HTL plants,
it is critical to identify the influence of critical operating parameters (temperature, pressure and
flow rate) on corrosion. In subcritical water, the influence of temperature on corrosion has been
intensively studied at temperature < 315 °C [130-132]. Unfortunately, some reported results are
controversial, and very limited works investigate the alloy performance at temperature > 320 °C
[139-141]. For example, previous studies found that the corrosion rate of SS 304 steel linearly
increased with temperature in subcritical water [140], while other investigations indicated that at
the temperature range of 300 - 350 °C, the corrosion rate of the steel continuously decreased with
an increase in temperature [141]. As a matter of fact, the related corrosion mechanisms at
temperature > 300 °C are still unclear [140, 141, 307]. Moreover, for high Cr-bearing austenitic
stainless steels (such as SS310 and SS347), considerable efforts have been employed to identify
their corrosion performance at temperature < 320 °C for the application at light water reactor plants
and at temperature > 500 °C for the development of the supercritical water nuclear reactor [133-

138, 308-310]. Several studies showed that the corrosion kinetics of the two steels are likely
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following parabolic law within the testing temperature ranges [133, 136]. Furthermore, ferritic
martensitic (FM) steels with the Cr content of 9-12 wt.%, which exhibit suitable creep, oxidation
resistance and low susceptibility to stress corrosion cracking (SCC) in high temperature
environments, may be applicable for the construction of HTL reactors because of their much lower
cost compared to austenitic stainless steels and Ni-based alloys [201, 202]. However, little
information is available to describe their performance in subcritical water under representative

HTL operating conditions.

As mentioned above, the water used in HTL is required to be pressurized up to 25 MPa to promote
the solubility of organic compounds in biomass feedstocks and consequently increase carbon
conversion efficiency [73-77]. In supercritical water, previous studies indicated that increasing
pressure could promote the clusters of H>O molecules and make the steam with density close to
that of liquid phase, likely accelerating the oxidation of stainless steels and enhancing their stress
corrosion cracking (SCC) risk [311-313]. For instance, in 700 °C H,O environment, increasing
pressure from 10 to 30 MPa could result in a remarkable increase in the weight loss of SS347 and
20Cr-25Ni alloys [314]. In subcritical water, however, few studies have been carried out to clarify
the influence of pressure on corrosion. In fact, increasing pressure can result in an increase in water
conductivity and dissociation constant, consequently enhancing the chemical dissolution of
surface oxide scales formed on Fe-based steels and Ni-based alloys [143-145]. For instance,
increasing pressure from 10 MPa to 15 MPa at 310 °C could lead to the conductivity of pure water
increased by nearly one order of magnitude, i.e., from approximately 10 to 10° Q'ecm™ [315].
Such a sharp increase in water conductivity might damage the integrity of surface oxide scales
formed on austenitic stainless steels [128, 315-317]. For example, one study showed that
increasing pressure from 12.9 to 15 MPa in 0.1 ppm H2SOs solution at 330 °C resulted in an
enhanced dissolution of oxides formed on SS316L and subsequently triggered the formation of
intergranular cracks [318]. Clearly, it is necessary to investigate the effect of operating pressure
on corrosion under the HTL conditions for the development of the suitable materials technology

solutions of construction.

Furthermore, HTL biorefining can be operated in either batch or continuous mode. The latter is
more desirable for industrial-scale applications due to the advantage of its high energy utilization

efficiency and economic feasibility. In the continuous HTL mode, the optimum flow rates have
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not yet been well defined due to the existence of unwanted clogging problems occur in high
pressure pumps and conversion reactors at pilot-scale platforms. However, based on the pilot-scale
results, the suitable flow rate is likely to be in the range of 0.5 - 2.0 m/s to ensure the homogeneity
of the feeding slurry and effectively prevent potential clogging issues [91, 146-150]. Moreover,
the continuously stirred tank reactor (CSTR) has been developed to solve the clogging issue using
impeller/magnetic stir bar to assist rotation from about 100 to 600 rpm, consequently introducing
linear flow movement at the rate of less than 1 m/s above reactor surface [71, 319]. From the
corrosion perspective, flow-accelerated corrosion (FAC) is a concern on the selection of suitable
construction alloys, especially for low-alloyed steels (such as P91 steel), for the construction of
continuous HTL plants. During FAC, normally protective oxide layers on steels exhibit high
dissolution rates in the fluids with high flow rates, making the oxide layer becoming thinner and
less protective. At nuclear reactor plants, the FAC of carbon steels and low-alloyed steels has been
well documented [320-322]. For low-alloyed steels, increasing flow rate can enhance the
dissolution of surface iron oxides on the steels [151]. But increasing Cr content in the steels may
suppress FAC-induced damage [323]. For the steels with Cr contents >12%, the FAC is unlikely
to be a serious issue in water at temperature < 250 °C [324, 325]. However, little information is
available to determine the influence of flow rate on corrosion in highly pressurized hot subcritical

water at temperature > 250 °C.

Therefore, this study investigated the influence of temperature, pressure and flow rate on the
corrosion of two candidate constructional steels (P91 and SS310) under simulated HTL conversion
conditions. P91 is a well-known low-alloyed ferritic-martensitic steel and widely used for boiler
tube fabrication at temperature up to 620 °C because of its high resistance to stress corrosion
cracking and favorable thermal properties, such as high resistance to thermal fatigue and high
thermal conductivity [203, 204]. SS310 is a Cr-bearing austenitic stainless steel and exhibits
excellent corrosion performance in subcritical water at temperature < 290 °C and supercritical
water at temperature > 500 °C [304, 326-331]. This study is anticipated to advance the fundamental
understanding of how steels corrode in hot pressurized subcritical water and partially support the
development of materials technology solutions for the cost-effective construction and long-term

safe operation of industrial-scale HTL plants.
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4.2. Experimental procedure

4.2.1. Testing sample preparation

Rectangular coupons (20 mm long % 10 mm wide X 2 mm thick) were machined from a commercial
P91 cylinder and SS310 plate, respectively. The normalized bulk compositions are listed in Table
4-1 based on the associated mill test certificate (MTC) provided by suppliers. SS310 plate was
made via annealing at 1050 °C and subsequently quenching in water, while P91 cylinder was
fabricated through annealing at ~1000 °C, cooling down to 200 °C, and then tempering at 760 °C.
A small hole with 2 mm radius was drilled into each coupon near the top to facilitate mounting on
a custom-made coupon holder made of Alloy 625. For each test, four freshly prepared coupons of
a steel were used to ensure the accuracy and precision of results reported. All the test coupons
were well grinded with a series of SiC papers down to 600 grit in deionized water to completely
remove potential contaminations and defects possibly introduced during machining, rinsed with
ethanol in an ultrasonic bath for at least 10 minutes, cleaned with ultrapure water, and dried using
pressurized air. After that, a sample ID was stamped on each prepared coupon near its top edge.
Optical microscopy inspection was conducted to determine whether the surface finish of each
coupon meet standard high temperature corrosion testing requirements. Prior to a corrosion test,
the prepared coupons were weighed using a Mettler Toledo microbalance with the precision of 1

ug and dimensioned using a digital caliper with the precision of 10 um.

Table 4-1. Normalized bulk chemical composition of SS310 and P91 steels.

Steel Types Composition (wt. %)
Cr Ni Mn C Mo Si N Fe
SS310 2420 | 21.80 1.60 0.02 / 0.20 0.10 Bal.
P91 8.36 0.07 0.47 0.11 0.90 0.33 / Bal.

4.2.2. Testing methodology and procedure

Table 4-2 summarizes the test matrix conducted in static autoclaves and high temperature water
loop testing facilities (see Fig. 4-2) for identifying the influence of temperature, pressure and flow

rate. Ideally, the static autoclave tests should be conducted using pressurized water at the
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temperatures of interest. However, the temperature/pressure combination cannot be attained using
pure water alone since the static autoclave without associated high pressure pump can only be
pressurized up to the maximum steam pressure at a desired testing temperature. For example, pure
water can only provide 9.87 MPa vapor pressure at 310 °C, but can achieve 25 MPa at 310 °C in
a supercritical water loop facility with an associated high-pressure pump. Thus, a supercritical
water autoclave loop (see Fig. 4-2(b)), which can be operated at temperature < 500 °C and pressure

up to 25 MPa, was used to investigate the effects of pressures and flow rates.

As schematically shown in Fig. 4-2(a), Tests #1 and 2 were carried out in an Alloy C-276 autoclave
with an Alloy 625 liner inside, while Test #3 was done in an Alloy 625 autoclave due to the safety
concern of autoclaves. The prepared coupons were hung on the Alloy 625 holder using pre-
oxidized Ni-Cr wires (80% Ni and 20% Cr, oxidized at 400 °C for 12 hours) to avoid potential
galvanic effect between the coupons and holder. After accommodating the testing samples/holder
and deaerated ultrapure water, the autoclave was sealed and purged with N> for about an hour to
produce a deaerated environment. After successful leak test, the autoclave was heated up to the
designated temperature, with a decrease in heating rate (from ~ 6 °C/min to ~ 3 °C/min) to avoid
overshooting when approaching the target temperature. The time once temperature reached the
target value was recorded as starting time and the tests proceeded for 10 days. Temperature and
pressure were routinely monitored and recorded to avoid any unexpected autoclave leakage or
thermal fluctuations. Once reaching the target duration, the autoclave was powered off and cooled
down in air. At room temperature, the testing samples were removed, rinsed with distilled water,

dried with pressurized air, and finally reweighed using the Mettler Toledo microbalance.

For the Tests # 4-7, the freshly prepared coupons were hung on another holder also made of Alloy
625 inside the loop autoclave using the pre-oxidized Ni-Cr wires. The tests were conducted in
deionized water with continuous N> purging. Four freshly prepared coupons of a steel were also
suspended on the holder and then inserted into the autoclave chamber. After leak test, deionized
water was continuously cycled inside the loop at room temperature and ambient pressure for about
30 minutes. Following that, a high-pressure pump was applied for pressurizing the water to the
target pressure. Once the targeted pressure was stable, the loop water was heated up to the
designated temperature. The flow rate was adjusted accordingly to the target value for simulating

those occurred in continuous HTL reactors. After reaching the exposure duration, the heater was
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switched off and the autoclave was cooled down in air. At room temperature, the steel samples

were collected for subsequent characterizations, same as those tested in the static autoclaves.
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Fig. 4-2. Schematic of (a) static autoclaves and (b) water loop facilities used in this study.



Table 4-2. Test matrix conducted to investigate the influence of temperature, pressure and flow
rate on the corrosion of SS310 and P91 steels in hot pressurized HTL water.

Targets Test # Conditions
in the static Alloy C-276 autoclave containing deaerated ultrapure
"l water at 250 °C for 10 days
in the static Alloy C-276 autoclave containing deaerated ultrapure
Influence of 2 water at 310 °C for 10 days
temperature in the static Alloy 625 autoclave containing deaerated ultrapure
i water at 365 °C for 10 days
" in water loop containing deaerated water with flow rate of 0.6 m/s
Effect of at 310 °C and statured vapor pressure for 10 days
flow rates in water loop containing deaerated water with flow rate of 1.1 m/s
7 at 310 °C and saturated vapor pressure for 10 days
in water loop containing deaerated water with flow rate of 1.1 m/s
Impact of o at 310 °C and 15 MPa for 10 days
pressure in water loop containing deaerated water with flow rate of 1.1 m/s
" at 310 °C and 25 MPa for 10 days

4.2.3. Corrosion rate assessments

Two techniques were used to evaluate the corrosion rates of the steels in the hot pressurized HTL
water. The first was to directly measure the mass change of a steel coupon before and after a
corrosion exposure. This method is a usually used to assess high temperature oxidation kinetics of
an alloy based on the assumption that surface oxidation of the alloy would be the dominant reaction
during the high temperature exposure and the formed corrosion products would be compact
without localized nodular oxidation and/or spallation. The corrosion rate (pum/year) can be

estimated by [225]:

708.76x10" « Am
dAt

Corr.Rate = 4-1)
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where Am (g) is the direct mass change of a coupon before and after an exposure; d (g/cm?) is the

steel density; 7 is the molar mass ratio of consumed alloying elements to oxygen in formed

corrosion products, and was about 2.2 for SS310 and 2.3 for P91 steel, respectively [230]; A (cm?)
is the average surface area of the coupon; and t (h) is the testing duration. Note that the molar mass
ratio used in the equation was based on the assumption that Cr and Fe oxides were the major
components in oxide layer formed on SS310 and P91, respectively. The average corrosion rate of
a steel after a test was obtained from the four parallel corroded coupons based on ASTM G16

[226].

The second was to measure the weight loss of a coupon after a hot pressurized HTL water test,
involving two main steps: (a) completely removing the formed corrosion products on the coupon
based on ASTM-G1 standard [227]; and (b) weighing the mass difference of the coupon before
the testing and after descaling [228, 229]. Descaling processes can be successfully achieved via
immersing the coupons in specific chemical solutions, which do not corrode the steel substrates,
but can effectively remove the formed corrosion layers through accelerated chemical dissolution
reactions. In this study, the descaling of SS310 was done by immersing the corroded coupons in
90 °C solution A (2 wt.% citric acid + 5 wt.% dibasic ammonium citrate + 0.5 wt.% disodium
EDTA) for 30 min and 90 °C solution B (4 wt.% potassium permanganate + 5 wt.% caustic soda)
for 30 min, followed by a 15 min of ultrasonic cleaning in ethanol. The coupons were then
immersed in 90 °C solution A again for next 30 min and weighed. The above process was applied
repeatedly until the weight of a coupon reached a constant value as described in references [230,
231]. The descaling of P91 steel was carried out by immersing corroded coupons in the solution
of 500 ml HCI + 3.5 g hexamethylene tetraamine + 500 ml ultrapure water at room temperature for
10 min. Cotton swab and soft copper brush was used to gently remove any remaining corrosion
products after the immersion. The average corrosion rate of a coupon (um/year) was then

calculated by [232]:

7
Corr.Rate = 8.76x10"  Am 4-2)

dAt

where Am (g) is the mass loss of a coupon before an exposure and after the descaling; d (g/cm?) is

the steel density; A (cm?) is the surface area of the coupon; and t (h) is the exposure duration. The
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average corrosion rate of a steel after a test was obtained from three parallel corroded and de-

scaled coupons based on ASTM G16 [226].

4.2.4. Corrosion products characterization

In this study, the coupon with the direct mass change value closest to the average value in a given
replicate set after a HTL exposure was selected for subsequent corrosion product characterization.
Optical images were taken firstly to primarily check surface morphology of corroded coupons.
The coupons were then examined using a FEI Nova NanoSEM 650 scanning electron microscope
(SEM) system operated at 20 KeV and equipped with an Oxford energy dispersive X-ray
spectroscopy (EDS) system to identify corrosion modes (such as active corrosion, general
oxidation, and/or pitting etc.) and roughly characterize the chemical properties of formed corrosion
products. As the corrosion products formed on P91 steel were considerably thick, their phase
compositions were determined using X-ray diffraction (XRD) technique with a Co Ka X-ray
source operated at 40 kV and 150 mA. Diamond saw cutting method was also used to examine the
cross-sectional area of corroded P91 steel samples. Compared with the corrosion layer formed on
P91, that formed on SS310 samples were quite thin and consequently a FEI Helios NanoLab™
DualBeam™ Focus Ion Beam (FIB) microscope was applied for producing cross-sectional view
of the area from the top surface of a corrosion layer to metal substrate. Before the FIB operation,
a thin platinum (Pt) layer was deposited on the coupons in vacuum to protect the formed surface
scale. After the FIB operation, the cross-sectional samples were thinned and collected using in-
situ lift-out technique for following TEM examinations. The TEM characterizations, including
Bright field (BF) imaging, High-angle annular dark-field (HAADF) imaging and EDS element
mapping, were conducted using a Tecnai Osiris™ scanning transmission electron microscope
(STEM) equipped with super X-field emission gun (FEG) and X-ray detection system operated at
200 kV. Besides, XPS spectra were also collected on corroded SS310 samples using PHI Quantera
IT Scanning XPS Microprobe operated at 15 kV with take-off angle of 45°. Ar ion sputtering with
ion beam of 1kV voltage and 1 mA current was carried out at a step size of 0.8 eV for depth
profiling purpose. The collected spectra were deconvoluted and analyzed using commercial

XPSPEAK 4.1 software.
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4.3. Main Results

4.3.1. Effect of operating temperature on corrosion

The photographic images of SS310 and P91 coupons before and after Tests #1-3 in hot ultrapure
water are shown in Fig. 4-3. Before the tests, the surfaces of freshly prepared coupons were neat
with shining metal luster. After the exposures, the coupon exhibited different color, indicating the
formation of corrosion products with different thickness. For SS310, spalling did occur after
Test#1. After Test #2, corrosion product deposition happened based on the variation of appearance.
Interestingly, after Test #3 in 365 °C ultrapure water, uniform and compact surface oxide scales
were formed on the steel. For P91 steel, the surface was much darker than that of SS310 after all
the tests, implying the formation of thicker corrosion products. In addition, no pit was found on

the two steels after all three tests.

Freshly Test #1 Test #2 Test #3
prepared 250 °C 310 °C 365 °C

. 4 d _
'
8l
e |

Fig. 4-3. Photographic images of SS310 and P91 steels (20 mm long x 10 mm wide X 2 mm
thick) before and after the exposure to hot water at different HTL operating temperatures.

-

L[

Fig. 4-4 shows the SEM top and cross-sectional views of SS310 and P91 steels after the exposure
to the HTL water at different temperatures. As shown on the top-view images, the surface scales
formed on SS310 were quite thin since the mechanically polishing lines were clearly visible after
the tests. Moreover, tiny nodular oxides were likely to be grown on the steel at temperature < 310
°C. At 365 °C, however, the nodular oxides became almost negligible. Furthermore, corrosion
deposits were also found on the steel after the exposure at temperature < 310 °C. These cross-
sectional images further confirm that the formation of nodular and deposit particles would occur

at temperature < 310 °C. For P91 steel, the top-view images implied that the formed surface scale
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was likely to be much thicker than that on SS310 at a testing temperature (see Fig. 4-4). Compared
to SS310 steel, much larger oxide particles were grown on P91, especially after the exposure at
365 °C. Based on the cross-sectional images, the average thickness of surface scales formed on
P91 was about 3 - 4 um, and increased with temperature up to 365 °C. Meanwhile, nodular
oxidation and deposition of large corrosion product particles on P91 steel also became noticeable

at a higher temperature.

(a) Top and cross-sectional views of corroded SS310 samples
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Pt layer

i Oxide layer

(b) Top and cross-sectional views of corroded P91 samples

Fig. 4-4. Top-view and cross-sectional SEM views of (a) SS310 and (b) P91 steels corroded in
HTL water at different operating temperatures.

As the surface scales formed on P91 steel were thick, XRD technique was employed and the
collected spectra are shown in Fig. 4-5. At 250 °C, the formed corrosion layer was mainly

composed of magnetite (Fe3O4) and chromite (Fe3 xCrxO4). The chromite might be formed through

3—x)Fe+xCr+4H,0 =Fe3z_4+(Cr, 0, +4H, (4-3)
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Note that the peaks of ferrite phase were collected from the steel substrate. Increasing temperature
from 250 °C to 365 °C did not result in the noticeable change of the phase compositions of the
formed corrosion layers, suggesting that the oxidation formation and growth reactions would not

change with temperature in the HTL water during the HTL conversion.

Fe-Cr spinel oxide (Fe;,Cr,0,) o
Magnetite (Fe;0,)
Ferrite A

X 365 °C

Intensity (a.u.)
éi
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WMWKWMJ\MM 250 °C
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Fig. 4-5. XRD spectra collected on P91 steel samples after the exposures to HTL water at
different HTL operating temperatures.

As mentioned above, FIB/TEM techniques were applied for characterizing the properties of thin
oxide scales formed on SS310 steel samples, and the results are shown in Fig. 4-6. At temperature
<310 °C, both nodular and/or deposition particles were randomly formed. These nodular particles
were mainly composed of Fe oxides while the deposited particles consisted of Fe and Ni oxides.
Note that an Alloy 625 (with 64 wt.% Ni) liner or autoclave was used to contain testing specimens
and hot water during the exposures. Below the particles, a continuous thin and compact Cr-
enriched oxide layer was formed. Note that after the exposure to 310 °C water, the accumulation
of alloying element Ni was observed at the interface of oxide layer/metal. Interestingly, only a
single Cr-enriched oxide layer with trace amount of Fe cations was formed at 365 °C. Moreover,
the average thickness (~ 25 nm) of surface oxide layer on the steel at 365 °C was noticeably thinner

than that formed at temperature < 310 °C (~60 nm), suggesting that there should be a transition
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temperature between 310 - 365 °C above which the oxide formation and chemical dissolution
would be changed. The selected area diffraction (SAD) patterns collected on the Cr-enriched oxide
layers at different temperatures were halo ring patterns, indicated that the layers would have

amorphous structure.

Fe-O deposit
particles

Cr enriched
oxide layer

Fe,Ni-O
deposit
particles

Nodular oxides

Cr enriched,
oxide layer

553108 0P
BF MAG: 110kx HWV: 200kV

55310

Cr-O oxide layer

Fig. 4-6. High resolution TEM cross-sectional images and corresponding elemental mapping on
SS310 after the exposure to HTL water at different temperatures: (a) 250 °C; (b) 310 °C; and (c)
365 °C.

80



To identify the chemical state of major elements (Cr, Fe and O) in the surface scales on SS310
steel, XPS characterizations were conducted, and the results are shown in Figs. 4-7 and 4-8,
respectively. After corroding in 250 °C water, the formed nodular/deposited particles were
composed of iron oxide and hydroxides, consistent with the TEM characterizations. Underneath
that, the continuous Cr oxide layer were mainly composed of CrO3 and Cr(OH)3 accompanied
with small amounts of Fe**/Fe** cations. At 365 °C, the XPS spectra confirm the disappearance of
nodular oxidation and showed that the formed continuous oxide scale was also mainly composed
of Cr,03; and Cr(OH)s with the presence of Fe**/Fe?* cations. It is worth noticing that Ar ion

bombardment may cause the chemical states of cations and anions changed during depth profiling.

@ CES -
/ -0 etecte Nodular oxides
vo /” | L/ and deposit
’ A particles
— :\r:- \ d--
— - 7
; = '
g N g g o
. Jl."l A0 g E; Oxide layer
= /1 = = "
g\ E < E—
— .
Jlllf,\ . Oxide
J '5,\/ J layer/substrate
0 Fe

Fig. 4-7. XPS depth profiling spectra collected on a SS310 sample after the exposure to 250 °C
ultrapure water: (a) O 1s, (b) Fe 2p3.2, and (c) Cr 2p32 region.
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Fig. 4-8. XPS depth profiling XPS spectra collected on a SS310 sample after the exposure to 365
°C ultrapure water: (a) O 1s, (b) Fe 2p3/2, and (c) Cr 2p3/> region.
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As described above, the average corrosion rates of the two steels were evaluated based on both
equation (4-1) and (4-2), and results are shown in Figs. 4-9 and 4-10, respectively. Note that scales
on the vertical axis in Fig. 4-10 is much larger than that in Fig. 4-9. At a desired testing temperature,
the corrosion rate of a steel obtained from direct mass change measurements was consistently

lower than that from weight loss method. This may be attributed to the following factors:

(1) As shown in Figs. 4-4 and 4-6, nodular oxidation and/or deposition occurred on the steels
when exposed to high temperature HTL water, introducing the inaccuracy of using the direct
mass change method for corrosion rate assessment;

(2) Asindicated in Figs. 4-5 and 4-7, the formed surface scales on the two steels were not just
composed of Fe2O3 and/or Cr;03, resulting in less accurate estimation of the molar mass
ratio (77 ) values in equation (4-1);

(3) The chemical dissolution of formed oxide scales cannot be ignored. As shown in Fig. 4-5,
the corrosion products formed on P91 steel were composed of magnetite which chemical
dissolubility would increase with temperature in the HTL water based on previous studies
[332, 333]. For SS310 steel, the formed hydroxides (see Fig. 4-8) would exhibit higher
solubility than Cr oxides in the hot HTL water [334, 335].

Therefore, weight loss measurement can be considered as a more accurate method on the corrosion

rate assessments comparing to direct weight change measurements from the engineering

application point of view, and therefore applied for determining the corrosion rates of the two

steels in this study.

As shown in Fig. 4-9, the average corrosion rate of SS310 steel did not consistently increase with
temperature, and its maximum value occurred at 310 °C. Based on the results in Figs. 4-6 and 4-
9, it was very likely that the transition point on the surface oxide formation and dissolution could
be around ~310 °C or just slightly higher. This transition could originate from the variation of
water chemistry (such as dielectric constant and dissociation constant) with temperature as
indicated in Fig. 4-1 and the properties of formed surface scales on the steels after exposure, as
shown in Figs. 4-6, 4-7 and 4-8. Different from SS310, the average corrosion rate of P91 steel
continuously increase with temperature, consistent with the cross-sectional SEM observations (see
Fig. 4-4). At a HTL operating temperature, the corrosion rate of P91 steel was much higher than
that of SS310, which could be mainly attributed to the difference of the chemical composition
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between SS310 and P91 that consequently led to the formation of different surface scales on the

two steels.
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Fig. 4-9. Variation of average corrosion rate of SS310 steel with HTL operating temperature.
Note that the corrosion rates were evaluated based on direct weight gain and weight loss
measurements as described in the experimental section.
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Fig. 4-10. Variation of average corrosion rate of P91 steel with HTL operating temperature. Note
that the corrosion rates were assessed based on direct weight gain and weight loss measurements
as described in the experimental section.
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4.3.2. Effect of flow rate on corrosion

Fig. 4-11 shows the photographic images of SS310 and P91 coupons after high temperature loop
tests in 310 °C water at different flow rates. Compared to the results in the static condition at the
same temperature (Test #2), the surface of SS310 tested in the water with flow rate of 1.1 m/s did
not exhibit apparent change at 310 °C, implying the formation of similar surface scale. However,
P91 steels became slightly darker, suggesting the formation of thicker surface scales in the flowing
water. Nodular oxidation or corrosion product deposition also likely occurred on SS310 steel,

similar to that under the static condition.

Freshly Test #2 Test #4 Test #5
prepared 0 m/s 0.6 m/s 1.1 m/s

<« { £ B BEEN SEEN

Fig. 4-11. Photographic images of SS310 and P91 steels (20 mm long %X 10 mm wide x 2 mm
thick) showing surface appearance before and after corrosion in 310 °C HTL water at different
flow rates.

P91

The top and cross-sectional SEM images of the two steels are shown in Fig. 4-12. As the corrosion
scales formed on SS310 were quite thin, FIB cutting and subsequent cross-sectional SEM
characterization were conducted. Different from that, the corrosion products found on P91 steel
would be expected to be thick and diamond saw cutting method was thus applied before
performing cross-sectional SEM examinations. Compared with the observations in Fig. 4-4(a),
increasing flow rate to 1.1 m/s at 310 °C likely suppressed localized nodular oxidation and the
deposition of corrosive particles, and resulted in a decrease in oxide layer thickness found on
SS310. The surface layer formed on SS310 remained relatively uniform and compact. Different

from SS310, increasing in flow rate to 1.1 m/s led to the formation of larger oxides/deposit particles
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and thicker corrosion layer on P91 steel when comparing to those formed under static condition

(see Fig. 4-4(b)).
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(b) Top and cross-sectional views of a corroded P91 steel sample

Fig. 4-12. Top and cross-sectional SEM images of SS310 and P91 after the exposure to 310 °C
loop water at the flow rate of 1.1 m/s.

For P91 steel samples after corroding in 310 °C water with the flow rate of 1.1 m/s, XRD spectra
(see Fig. 4-13) collected on the tested sample showed that the formed corrosion layer was mainly
composed of magnetite (Fe3O4) and chromite (Fe3xCrxO4), similar to that grown under static
conditions (see Fig. 4-5). These results implied that increasing in flow rate from static to 1.1 m/s
did not result in a noticeable change of the chemistry of formed corrosion layers, suggesting that

the oxide formation reactions would not vary with flow rate during the conversion processes. To
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identify the microstructure of corrosion layer formed, EDS mapping was also performed on the
cross-sectional area of the corroded sample, and the results are shown in Fig 3-14. The formed
corrosion layer consists of two sub-layers, including outer porous Fe oxides and inner relatively
compact and uniform Fe/Cr oxides. As implied in Fig. 4(b) and 12(b), increasing flow rate might
accelerate the dissolution of outer Fe oxides into the water and/or reduce the deposition of

dissolvable corrosion particles from the hot water during the cooling down of loop facility.
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Fig. 4-13. Comparison of XRD spectra collected on P91 steel samples after the exposures to 310
°C at the flow rates of 0 and 1.1 m/s, respectively.

Fig. 4-14. Cross-sectional SEM image and corresponding EDS elemental mapping on P91 steel
after the exposure to 310 °C water at the flow rate of 1.1 m/s.
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As the oxide layer formed on Cr-bearing SS310 would be quite thin even at the flow rate of 1.1
m/s, FIB and TEM techniques were employed to identify the nature of the layer and the results are
shown in Fig. 4-15. Similar to that grown in static condition (see Fig. 4-5), the formed layer was
also mainly composed of Cr-enriched oxides and alloying element Ni accumulated at the
layer/metal interface. Different from the static condition, the deposition of (Fe, Ni)-O particles was
remarkably suppressed in the loop and the nodules were mainly consist of Cr oxides. To further
clarify the effect of flow rate, XPS characterizations were conducted on the corroded SS310 and
the results are presented in Fig. 4-16. The formed Cr-enriched oxide layer is primarily composed
of Cr,03 and Cr(OH); with Fe**/Fe?" cations, similar to those grown under the static conditions
(see Fig. 4-8). These implied that the flow rate would only have marginal effect on general

oxidation of the steel in the hot HTL water.
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Fig. 4-15. TEM cross-sectional images and corresponding EDS elemental mapping on SS310
after the exposure to 310 °C water with the flow rate of 1.1 m/s.
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Fig. 4-16. XPS core level spectra collected on a SS310 sample after corroding in 1.1 m/s flowing
water at 310 °C: (a) O 1s, (b) Fe 2p3.2, and (c) Cr 2p32 region.

Based on the weight loss measurements, the variation of the average corrosion rates of SS310 and
P91 steels with flow rate are shown in Figs. 4-17 and 4-18, respectively. Interestingly, the
corrosion rates of SS310 slightly decreased with an increase in flow rate, suggesting that the FAC
would not be a serious concern for the Cr-bearing steels in HTL conditions under continuous
operation mode. Such trend of corrosion rates may be attributed to the localized nodular oxidation
being suppressed in the flowing hot water as indicated in Figs. 4-4 and 4-12. Different from SS310,
the corrosion rate of P91 steel noticeably increased with flow rate, suggesting that the chemical
dissolution of Fe304 and iron-chromium spinel oxides formed on the steel would be enhanced with
increasing flow rate, similar to those occur on low-alloyed steels at nuclear plants [320-322]. Note
that further increasing flow rate from 0.6 to 1.1 m/s only resulted in a marginal increase in the
corrosion rate, implying that the effect of flow rate on the corrosion of P91 would be still limited
under the HTL continuous mode. From industrial application, this finding suggested that it would
be applicable to increase flow rate to achieve better homogeneity of the feeding slurry and mitigate

clogging issues in HTL reactors as such an increase would not lead to severe corrosion damage.
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Fig. 4-17. Variation of the corrosion rates of SS310 steel with flow rate in HTL water at 310 °C.
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Fig. 4-18. Variation of corrosion rates of P91 steel with flow rate in HTL water at 310 °C.
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4.3.3 Effect of operating pressure on corrosion

Fig. 4-19 shows the photographic images of SS310 and P91 coupons after high temperature loop
tests in 310 °C water at different pressures. At 310 °C, increasing pressure from saturated vapor
pressure (~9.8 MPa) to 25 MPa resulted in the presence of a slightly darker surface, implying the
formation of thicker corrosion layers on the steels. For SS310, nodular oxidation or corrosion
product deposition became less visible with increasing pressure. Compared to SS310, the surface

of P91 steel was much darker at a specific HTL operating pressure.

Freshly Test #5 Test #6 Test #7
prepared 9.8 MPa 15 MPa 25 MPa
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Fig. 4-19. Photographic images of SS310 and P91 steels (20 mm long % 10 mm wide x 2 mm
thick) before and after the exposure to 310 °C hot water at the flow rate of 1.1 m/s and different
HTL operating pressures.

The top-view SEM images of the two steels are shown in Fig. 4-20. As mentioned in previous
sections, FIB cutting and subsequent high magnification cross-sectional TEM characterization
were employed on SS310 while diamond saw cutting and cross-sectional SEM examination were
conducted on P91 samples. The results are shown in Figs. 4-21 and 4-23, respectively. Compared
with the results in Figs. 4-4 and 4-12, increasing operating pressure from 9.8 to 25 MPa at 310 °C
led to the formation of smaller nodular oxides/deposit particles on SS310. For P91 steel, increasing
pressure to 25 MPa caused the formation of relatively large oxide particles and loose oxide layer,
with micro-cracks presented near the top oxide layer (see Fig. 4-21). Moreover, the outer oxides
seemed to locally accumulate around the cracks. Compared to SS310, the variation of HTL
operating pressure was likely to have a more remarkable influence on the corrosion of P91 steel in

the hot HTL water.
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Fig. 4-20. Top-view SEM images of SS310 and P91 after the exposure to 310 °C loop water at
the flow rate of 1.1 m/s and 25 MPa.

To explore the effect of pressure on chemistry of corrosion layer and particles, EDS elemental
mapping and XRD spectrum were collected from P91 steel after corroding under the 25 MPa
condition. Fig. 4-21 indicated the corrosion layer formed in the pressurized hot water was consist
of two layer, outer porous Fe oxides and inner relative compact and uniform Fe/Cr oxides, similar
to that grown in the flowing hot water at vapor pressure (9.8 MPa) (see Fig. 4-14). XRD results
(see Fig. 4-22) showed that the corrosion layer was mainly composed of magnetite (Fe3O4) along
with chromite (Fe;xCrxO4). Compared to that formed at 9.8 MPa (see Fig. 4-15), increasing

pressure likely led to the formed corrosion layer with a higher content of Fe;Oa.
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Fig. 4-21. Cross-sectional SEM image and corresponding EDS elemental mapping on P91 steel
after the exposure to 310 °C water at the flow rate of 1.1 m/s and 25 MPa.
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Fig. 4-22. Comparison of XRD spectrum collected on P91 steel samples after the exposures to
310 °C with flow rate of 1.1 m/s at different pressures.

High resolution TEM characterizations were conducted on the cross-sectional area of SS310
sample after corroding in 310 °C water with the flow rate of 1.1 m/s at 25 MPa, and the results are
shown in Fig. 4-23. The formed oxide scale was consist of Cr-enriched oxides and alloying element
Ni was accumulated at the oxide/metal interface, similar to that grown under 9.8 MPa conditions
(see Figs. 4-6 and 4-15). Compared with those formed at 9.8 MPa, the oxide scale formed at 25
MPa became noticeably thicker (~110 nm). The collected XPS spectra with the depth profiling
showed that Cr,O3 and Cr(OH); were still the major composition of the oxide layer (see Fig. 4-24).
The particles randomly distributed above the Cr-enriched oxide layer were iron oxides. It seemed
that the increasing pressure might enhance the formation of Cr-enriched oxide layers, but did not

affect the oxide chemistry.
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Fig. 4-23. TEM Cross-sectional images and corresponding EDS elemental mapping on SS310
after the exposure to 25 MPa water at 310 °C.
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Fig. 4-24. XPS core level spectra collected on a SS310 sample after corroding under 25 MPa in
1.1 m/s flowing water at 310 °C: (a) O 1s, (b) Fe 2p3/2, and (c) Cr 2p3/2 region.

Based on weight loss measurements, the change of the corrosion rates of SS310 and P91 steels
with operating pressure are shown in Figs. 4-25 and 4-26, respectively. The corrosion rates of
SS310 and P91 steels increased with pressure at 310 °C. Compared to that on SS310, the influence
of pressure on P91 steel was more remarkable, implying the influence of operating pressure on the
formation and/or chemical dissolution of Fe- and Cr-enriched oxides should be quite different. In

addition, the change of the corrosion rates with operating pressure did not follow a linear
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relationship. At pressure > 15 MPa, further increasing pressure only led to a marginal increase in

the corrosion rates of the two steels.
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Fig. 4-25. Variation of the corrosion rates of SS310 with HTL operating pressure in 310 °C
water with the flow rate of 1.1 m/s.
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Fig. 4-26. Variation of the corrosion rates of P91 steel with HTL operating pressure in 310 °C
water with the flow rate of 1.1 m/s.
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4.4. Discussion

4.4.1. Influence of temperature on corrosion in HTL water

Thermodynamic calculations of several oxidation reactions were performed based on the database
in HSC Chemistry software [336], and the results are present in Table 4-3. Within the two tested
steels, the major alloying elements of Cr and Fe would experience general oxidation in HTL water
at the temperature range of 250 - 365 °C. Compared to Fe, Cr should have higher affinity to the
hot water for oxidation. Different from the two alloying elements, Ni element in SS310 exhibits
positive oxide formation energy and thus would unlikely to involve in initial oxide formation stage.
Therefore, depending on the Cr contents present in the two steels, the initially formed oxides on
the steels should be composed of either Fe/Cr oxides or Cr-enriched oxides, as shown in Fig. 4-5
and 6, respectively. Based on the thermodynamic calculations, increasing temperature could
enhance the initial oxidation rates of Fe and Cr, consistent with those shown in Figs. 4-4 and 4-5.

Table 4-3. The estimated Gibbs energy of major alloy elements formation of oxides present in
the two steels at three HTL temperatures.

Possible Reactions of alloying elements with
Lot water AGT® (kJ/mol)

AGa2s0 -385.158
2 Cr(s) +3 H20 (1) = Cr203 (s) + 3 H2 (g) AGsio -394.981
AG3es -403.106

AGa2so -72.436

2 Fe (s) + 3 H2O (I) =Fe203 (s) + 3 H2 (g) AGsio -82.169
AGses -90.255
AGa2s0 -125.992
3 Fe (s) + 4 H20 (1) = Fe304 (s) + 4 H2 (g) AGsio -140.468
AGses -152.672

AGa2s0 11.936

Ni (s) + H2O (1) =NiO (s) + H2 (g) AGs310 8.819

AG36s 6.267
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After the formation of a thin oxide film on the steels, their corrosion rates would be dominated by
the oxide growth and chemical dissolution processes. Several models, such as point defect model
[337, 338, 339], solid-state diffusion model [340, 341] and dissolution-precipitation model [342],
have been proposed to describe these processes in high temperature water [337, 338, 339, 343,
344]. For example, in solid-state diffusion model, it is proposed that corrosion would be controlled
by solid state diffusion of cations along grain boundaries in the duplex oxide layers based on
following hypotheses: (1) the oxidation of alloying elements occurred non-selectively; and (2) the
composition of duplex oxide layers was controlled by the differences in the diffusion rates of major
alloying elements [340, 345]. However, as described above, the oxidation of the alloying elements
(Cr, Fe and Ni) exhibited selective behavior in the hot HTL water. Moreover, according to the
observations in Figs. 4-6, 4-7 and 4-8, only a single Cr-enriched oxide layer instead of a duplex
oxide layer was grown on SS310 after the exposure to hot HTL water. Thus, based on point defect
model (PDM) and solid-state diffusion model [337, 338, 339, 343], the growth of Cr-enriched
oxide layer on SS310 would likely to be determined by the outward diffusion of cations and/or
inward diffusion of O* through the formed oxide film. Based on the estimations of the diffusion
rates of Cr, Fe, and O within Cr,O3; matrix at the temperature range of 250 — 365 °C (see Table 4),
the oxide growth on SS310 should be dominated by the inward diffusion of O since its rate is
much slower than those of Cr and Fe cations. Increasing temperature could result in remarkably
increase in the diffusion rates of the ions, consequently leading to a higher general oxide formation
rate. Note that the diffusion of cations (especially Fe ions) via interstitial and/or defective sites
might also occur and be enhanced with higher temperature during the exposure to the hot water
[344]. As implied in Table 4-4, the Fe cations could locally pass through the oxide layer and
interact with water, resulting the formation of Fe-enriched nodular oxides. Considering the fact
that the chemical dissolution of Cr-enriched oxides in high temperature water would occur
concurrently and be enhanced with temperature [335, 346], increasing temperature would lead to

a higher corrosion rate of the steels in the hot water as indicated in Fig. 4-9.

However, as shown in Fig. 4-9, further increasing temperature from 310 °C to 365 °C resulted in
a decrease in the corrosion rate of SS310. Previous studies also found similar trend on SS 304
[141], proposed that at around 300 °C the corrosion scales would have transformed gradually from
magnetite to chromite (with corrosion products phase structure change from octahedral to needle-

shaped crystals). However, as shown in Figs. 4-7 and 4-8, the oxide layer grown on SS310 did not
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change from magnetite to chromite and the proposed mechanisms are not suitable for Cr-bearing
SS310. From another perspective, the existence of an inflection point at around 310 °C (the
transition temperature) might be due to the change in water properties and corresponding oxidation
and chemical dissolution at temperature close to 365 °C. Previous studies [347] found that
chemical and electrochemical oxidation reaction could simultaneously occur on Cr-bearing steels
at the temperature close to supercritical point (374 °C) or beyond, consequently resulting in a
remarkable change in oxide growth pathways and chemical dissolution. As shown in Fig. 4-1,
drop in the dissociation and dielectric constants of water at 365 °C (compared to that at 310 °C)
would possibly mitigate the chemical dissolution of polar Cr-enriched oxides/hydroxides formed
on SS310 and consequently suppress the outward diffusion of cations (especially Fe cations) [348].
Direct evidence is that Fe-enriched nodular oxides completely disappeared at 365 °C (see Fig. 4-
6). Except for nodular oxidation, the suppressed dissolution could make the formed oxide layer
less defective as shown in Fig. 4-6(c), thus leading to higher resistances to the electrochemical

oxidation.

Due to its low bulk Cr content, the oxide layer formed on P91 steel at HTL operating temperatures
should be composed of magnetite (Fe304) and chromite (Fes.xCrxO4) as shown in Fig. 4-5, even
though alloying element Cr has a higher affinity to oxygen than Fe (see Table 4-3). After the initial
formation of Fe-enriched oxide layer, subsequent outward cation and inward oxygen diffusion
within the layer could also occur. As indicated in Table 4-5, the diffusion rate of O anions in Fe30O4
is remarkably lower than that of Fe cations, suggesting that the inward diffusion of oxygen would
still be the rate-limiting factor in Fe-enriched oxide growth. Note that the calculated diffusion rates
are based on theoretical situation and may not representing actual diffusion rates during the
reactions. However, the calculated value could be used for comparing in this study. Similar to
those in Cr203, diffusion rates of both cations and anions noticeably increase with temperature,
especially at the range of 310 to 365 °C. However, as shown in Table 4-4 and 3-5, the diffusion
rates of cations and anions in Fe;O4 are significantly higher than those in Cr203 at a HTL operating
temperature, consequently leading to a much higher corrosion rate of the steel as shown in Figs.
4-9 and 4-10. Different from SS310, the corrosion rate of P91 steel continuously increases with
increasing temperature from 250 to 365 °C. This might be due to the fact that the effect of

temperature on the growth and chemical dissolution of oxides is more dominant on Fe-based
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oxides when comparing to that of Cr.O3. Although the decreases in water density and dissociation
constant at the temperature close to the supercritical point of water could retarded the dissolution
of polar oxides, the lack of polarity between Fe-O bond comparing to Cr-O bond [349, 350] might
offset such influence. Moreover, because of the higher temperature dependence of cation and anion
diffusion within iron-enriched oxides, the increases in temperature would likely surpass the change
of chemical dissolution introduced by the change of water properties.

Table 4-4. Estimated diffusion rates of Cr, Fe, Ni and O ions in Cr,O3 at HTL operating
temperatures based on database in references [351-356].

Diffusion rates (cm?/s)
Cations and Anions
250 °C 310°C 365 °C
Cr 6.43E-37 4.84E-34 7.03E-32
Fe 9.53E-31 2.59E-28 1.75E-26
Ni 2.30E-27 3.45E-26 7.50E-23
0 1.16E-41 2.51E-37 4.55E-34

Table 4-5. Estimated diffusion rates of Fe and O ions in Fe3O4 at HTL operating temperatures
based on database in references [357-359].

Diffusion rates (cm?/s)
Cations and Anions

250 °C 310°C 365°C
0] 6.00E-30 4.50E-29 8.36E-27
Fe 3.17E-22 2.96E-21 5.28E-19

4.4.2. Influence of flow rate on corrosion in HTL water

As shown above, the flow rate of HTL water in this study was in the range of 0-1.1 m/s. The flow
states of HTL water on the steels in Tests #4 and 5 should be turbulent based on the following
Reynolds number (Re) calculation equation [360-362]:

_ Q*Dy _
Re = 21 (4-4)
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where Re is Reynolds number; Dy is the hydraulic diameter of the autoclave (m); Q is the
volumetric flow rate (m?®/s); A is the autoclave cross-sectional area (m?); v is the kinematic
viscosity of the fluid (m?/s). At 310 °C, the kinematic viscosity of the water is equal to 1.19x10"”
m?%/s. The estimated Re was about 504,626 and 925,147 at the flow rates of 0.6 and 1.1 m/s,
respectively. Thus, a thin fluid layer, consist of diffusion boundary, viscous and buffer sub-layers,

might be established above the steels’ surface, as schematically shown in Fig. 4-27.

As indicated in Figs. 4-12 to 4-15, increasing the flow rate in hot HTL water could noticeably
enhance the chemical dissolution of outer Fe oxide layer grown on low-Cr P91 steel, but only have
marginal effect on Cr-bearing SS310. This may be because the Fe oxides formed on the low-Cr
steel would have a much higher chemical dissolution rate than the Cr-enriched oxides on 310 SS,
especially in high temperature water [320-322, 363]. Moreover, increasing flow rate could affect
the mass transfer process near the steel surfaces. According to previous studies [364-366], the mass

flow of iron cations, Jr. from steel surface to bulk fluid in a container could be governed by
Jre = Kc (Cm — Cbh) (4-5)

where Kc is the mass transfer coefficient, Cp, is the concentration of iron at the metal surface, and
Cy is the concentration of iron in the bulk fluid. Within the diffusion boundary layer (see Fig. 4-
27), the mass flow rate might be controlled by [367, 368]

Jre = = (Cm = C0) (4-6)

where L is the distance from the base metal to the midpoint of boundary layer, D is the diffusion
coefficient of iron, and Co is the iron concentration in the boundary layer. In the boundary region,
the diffusion rates of cations/anions transfer would be low and independent on water flowing rate.

Thus, under relative stable conditions, the mass transfer coefficient (K.) could be derived to be

D ,Cm-CO

Ke = L (Cm—Cb)

(4-7)

Under static condition, the difference between Cp and Co should be negligible. With an increase in
flow rate, the concentration of Fe cations in bulk fluid (Cy) could be down to near zero since the
cations in water are continuously removed by the ion filter in the testing loop. This might lead to
a remarkable increase in the mass transfer coefficient and consequently an enhanced corrosion rate

of P91 steel. Furthermore, previous studies have also demonstrated the Cr-enriched oxide formed
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on Cr-bearing steels would be stable, compact and protective in hot aqueous solutions at the
temperature range of 250 - 370 °C [130, 343, 369, 370]. The solid solubility of Fe and Ni cations
in Cr oxides is expected to be quite low [371, 372] and their outward diffusion rates should be
significantly lower than those in Fe oxides as indicated in Table 4-4 and 3-5. The influence of
flowing rate on Cr-enriched oxide would thus be much less noticeable than that on Fe oxide. In
addition, as shown in Fig. 4-15, increasing flow rate is likely to suppress nodular oxidation of
SS310. This might be due to the fact that the Fe cations, which diffuse through the surface oxide
scale to the interface of oxide/water, would be readily removed by the flowing water and

consequently have less chance for the nodular formation.
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Fig. 4-27. Schematic of ion distribution and contents near a steel surface under flowing
conditions in this study.

4.4.3. Influence of operating pressure on corrosion in HTL water

As shown in Fig. 4-23, increasing pressure from saturated vapor pressure (9.8 MPa) to 25 MPa
could slightly increase the thickness of formed surface scale and reduce the formation of nodular
oxides/deposit particles on SS310. Compared to SS310, the influence of pressure on P91 was more
pronounced as micro-cracks were presented within the oxide scale and corrosion rates increased
remarkably. The influence of pressure on corrosion would be associated with the change in water
properties. Increasing pressure to 25 MPa could increase the ionic product and dielectric constant
of water, favors the solubility and dissociation of ionic species [103]. For example, the solution
conductivity was found to be increased by more than one order of magnitude with increasing
pressure from 9.8 to 25 MPa at 310 °C [128, 315, 316]. These changes would lead to an increase
of the dissolution of cations in the oxides into water and also possibly facilitate the adsorption of

oxidizing species (H2O, OH, etc.) on the surface scales formed on the two steels [131, 314, 373],
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consequently enhancing the chemical dissolution process of formed oxides and promoting the
formation of cation vacancies near the oxide/solution interface. As shown in Fig. 4-23, the

accumulation of Ni around grain boundaries within the oxide layer could be from the above effects.

Moreover, as shown above, the impact of pressure on SS310 was quite marginal, which might be
due to the fact that the formation of relatively compact Cr-enriched layer could act as a barrier to
well control the diffusion of cations and anions and then effectively limit the deleterious effect of
increasing pressure. For P91 steel, the formed Fe-enriched layers were quite thick and fragile.
Increasing pressure in the flowing water might not only enhance the oxidation and chemical
dissolution, but also introduce additional stress to assist the formation of micro-cracks within the
corrosion layer (see Figs. 4-20 and 4-21). The micro-cracks (marked in Fig. 4-21) might then act
as short paths for the diffusion of HTL water into the oxide layer and further increase the chemical

dissolution of the iron-based oxide layer.

4.5. Conclusions

This study investigated the influence of operating temperature, pressure and flow rate on the
corrosion of P91 and SS310 under representative HTL conversion processes and the following

conclusions are made:

(1) At the HTL temperature range of 250-365 °C, increasing temperature enhanced the corrosion
of P91 while there was a transition temperature (around 310 °C) above which the corrosion
rate of SS310 decreased with temperature.

(2) At 310 °C, increasing flow rate up to 1.1 m/s accelerated the corrosion of P91, but resulted in
a decrease in the corrosion rate of SS310; the reason could be that increasing flow rate would
enhance the chemical dissolution of Fe-based oxide on P91, but suppress local nodular
oxidation on SS310.

(3) At 310 °C, increasing pressure from saturated vapor pressure (9.8 MPa) to 25 MPa facilitated
the oxide formation on both steels, and assisted the formation of micro-cracks on P91 steel,
consequently resulting in enhanced corrosion rates of the steels. The effect of pressure on P91
was much more noticeable than that on SS310.

(4) Under the HTL conditions, the corrosion layer formed on P91 was consist of magnetite (Fe3O4)
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and chromite (Fe3xCrxOs) while an inner compact Cr-enriched layer, mainly composed of
Cr203 and Cr(OH)3, was grown on SS310. Except for general oxidation, Fe-enriched nodular
oxides were formed on the steels, and the nodular oxidation of SS310 was likely suppressed

with increasing temperature or flow rate.
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Chapter 5. Impacts of Catalyst, Inorganic and Organic Corrodants on
Corrosion under Batch-mode Catalytic Biomass Hydrothermal Liquefaction
Conversion

In the previous chapter, corrosion rate results and characterization of oxide layers formed on SS310
and P91 steel were analyzed and the impact of HTL operating conditions was discussed in depth.
In this chapter, these two steels were further examined in the real HTL operating conditions with
existence of alkaline catalyst, inorganic corrodants and organic acid. I have carried out autoclave
tests under different HTL conversion conditions and analyzed the impact of these corrodants on
performance of SS310 and P91 steel. This study has found that the addition of alkaline catalyst
and organic acid remarkably increases the corrosion rates of both steels and affected the chemistry
and stability of formed oxide layers. The impact of inorganic corrodants is less severe, but these
corrodants can diminish the integrity of formed oxide layers. This chapter serves to examine the
corrosion of candidate steels in real HTL conversion environments and advance the mechanistic

understanding of how steels corrode in these environments.

Abstract

Catalytic hydrothermal liquefaction (CHTL) is used to convert wet biomass for highly promising
carbon conversion efficiency. This study investigated three major environmental factors, including
catalyst, inorganic corrodants and organic acid on the corrosion of two candidate reactor steels
(SS310 and P91) using autoclave methodology and advanced characterization techniques. The
addition of 0.5M K>COs resulted in a remarkable increase in corrosion rates and significantly
changed the corrosion layers formed. The acetic acid generated from CHTL also noticeably
enhanced corrosion while the presence of Cl and S* only had marginable influence. SS310

exhibited much better performance than P91 under the CHTL conditions.

Keywords: Weight loss; Alkaline corrosion; High temperature corrosion; SEM; TEM, XRD.
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5.1. Introduction

The rapid depletion in fossil fuel resources and the notorious environmental impacts induced by
their combustion have introduced urgent demands on exploring clean, renewable and sustainable
energy alternatives, such as hydro, solar, wind and biomass, to meet our increasing daily energy
needs. Biomass, which is an abundant, sustainable and renewable resource derived from organic
matters (wood chops, crop residues, organic municipal waste, energy crops, etc.), can be quickly
transformed into marketable energy products via either biochemical or thermochemical pathways
[9-13]. Among these developed biomass conversion technologies, hydrothermal liquefaction
(HTL) is recognized as a cost-effective and environment friendly pathway to directly convert wet
biomass and even industrial biowaste feedstocks (such as black liquor and hog fuel) into valuable
bio-chemicals and bio-crude oils [91, 177,374, 375]. During a HTL process, hot pressurized water
is usually used as the conversion medium at the temperature range of 250 - 365 °C and pressure
up to 25 MPa to facilitate the depolymerization of raw biomass materials while suppressing the
repolymerization of produced fragmented species for the target of high carbon conversion
efficiency [73-77]. The effects of water temperatures, pressures and flow rates on the corrosion of

HTL reactor alloys have been well studied and reported in our recent publication [376].

Except for the hot pressurized water conversion medium, the introduction of homogenous catalyst
into HTL processes is also a serious corrosion concern of the reactor alloys. Considerable studies
have demonstrated that the addition of homogeneous alkaline catalysts (such as K2CO3, Na>COs,
NaOH, K,CO3, KOH, LiOH, RbOH, or CsOH) into a HTL conversion process can effectively
enhance the yield and quality of biocrude oil [76-89]. Among all the proposed catalysts, it is
generally accepted that the addition of 0.5 - 1.0 M K»>CO3 can lead to the most promising HTL
conversion efficiency [90-94]. From the corrosion point of view, however, the introduction of
K>COs catalyst would significantly change the pH value of the HTL biorefining environments,
consequently introducing new challenge on the selection of appropriate reactor alloys. For example,
Shao et al. reported that the surface scale formed on SS316LN was consist of Cr and Ni hydroxides
instead of Cr2O3 and NiO after immersing in 1 M NaOH (pH ~13) at 300 °C for 720 hours [157].
Other studies found that the solubility of nickel oxides (NiO) in a 0.074 mmol/kg ammonium and
0.17 mmol/kg sodium hydroxide solution (pH = 10) was increased about twice with an increase in

temperature from 200 °C to 315 °C [377]. These studies suggest that both solution pH and
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temperature could significantly affect the corrosion of HTL reactor alloys during the conversion.
But the related corrosion results are too limited to determine the corrosion modes and extents of
Fe-based steels and Ni-based alloys in the catalytic HTL environments. Moreover, the pH value
of HTL environments will vary with the conversion processes since the produced organic acids
can directly interact with the alkaline catalyst applied. Based on pilot-scale operating results, the

typical HTL processes are likely to be operated at the pH range of about 6 -12 [374, 375, 378-380].

Moreover, a number of investigations have shown that the physiochemical properties and yields
of HTL products are coherently related to the chemical properties of biomass feedstocks applied
[159, 381, 382]. Previous studies on different types of biomass feedstocks (such as lignocellulose,
microalgae and biowaste) under typical HTL conditions found that the chemical compositions of
biomass feedstocks, particularly the major components (including cellulose, hemicelluloses, lignin,
lipids, proteins and hydrocarbons) presented, exhibited critical impacts on the variety and volatility
of bio-products, the yield of biocrudes, and the concentration of corrodants released [383, 384].
For example, a previous study on the HTL conversion of miscanthus (lignocellulose), spirulina
platensis (microalgae), and primary sewage sludge (residues) at 310 °C indicated that the
application of miscanthus would lead to the highest biocrude yield (up to 69 wt.%), followed by
the use of spirulina platensis and sewage sludge, respectively [385]. Note that the high yield of
biocrude oil is usually accompanied by an increase in aqueous phase and oxygen and nitrogen
contents, consequently requiring further upgrading treatments for final application [386, 387, 388].
Moreover, the heterogeneity in the same type of raw biomass feedstocks is also likely to be a key
factor affecting the bio-crude yield. For instance, the application of high concentration of loosely
packed celluloses could lead to an improved biocrude yield, but inevitably increase the contents
of oxygen and moisture in bio-crude oil with poor oil quality and relatively low HHV [389, 390].
From the corrosion perspective, inorganic (such as CI", S*) and organic corrodants (such as organic
acids and sulfur-containing by-products) will be released from the feedstocks during the
conversion, possibly enhancing the corrosion of the reactor alloys and even introducing severe
structural integrity damage [159-164]. A number of studies have shown that both C1- and S* are
notorious agents to facilitate pitting and stress corrosion cracking of Fe-based steels and Ni-based
alloys in high temperature aqueous solutions [165-170]. Unfortunately, the contents of CI" and S*
in typical industrial bio-wastes can be up to 15,000 and 13,200 ppm, respectively [391, 392].

Meanwhile, certain amounts (about in the range of 5 - 10 wt.%) of saturated short-chain organic
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acids, such as formic, acetic and butyric acids, will also be generated during the HTL conversion
[90, 91, 92, 94, 375, 393, 394]. For instance, about 7 wt.% acetic acid was found in the formed
aqueous phase from the batch-mode HTL conversion of municipal sludge [395, 396]. The presence
of these organic acids in the HTL hot water might accelerate the chemical dissolution of oxide
scales formed on stainless steels at temperatures > 120 °C [91, 171-174]. It has also been found
that the addition of acetic acid into water would increase concentration of protons in the pores and
thus accelerate localized dissolution of oxide scales formed on steels [397]. According to our
comprehensive literature review, little information is available to describe the influence of
inorganic and organic corrodants released during the HTL conversion on the corrosion of HTL

reactor alloys.

Despite that HTL conversion technology has been well established at laboratory and pilot scales,
industrial-scale HTL plant has not yet been deployed worldwide because of economic concern and
materials technology impediments (especially the potential corrosion damage of HTL reactor
alloys). Therefore, this study aims at investigating the impacts of KoCOs catalyst, inorganic
corrodants, and organic acids on the corrosion modes and extents of two candidate HTL reactor
steels (P91 and SS310). P91 steel is an extensively used low-alloyed ferritic-martensitic steel
constructed as high temperature components at thermal power plants, and exhibit high resistance
to stress corrosion cracking and desirable mechanical properties [203, 204]. SS310 is a Cr-bearing
austenitic stainless steel and has promising corrosion performance even in high temperature
supercritical water [304] or basic solution (pH = 14) at temperature < 180 °C [398]. Moreover, our
recent study found that these two steels showed acceptable corrosion performance in flowing hot
pressurized HTL water [376]. This study is expected to advance the mechanistic understanding of
how the Fe-based steels with different Cr contents corrode under catalytic HTL conditions, and
partially support the development of cost-effective materials technology solutions for the

industrial-scale construction and continuing safe operation of HTL plants.
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5.2. Experimental Procedure

5.2.1. Test Sample Preparation

Rectangular coupons with the dimensions of 20 mm long x 10 mm wide x 2 mm thick were made
from commercial P91 cylinder and SS310 plate. The chemical compositions of two steels are listed
in Table 5-1 based on the associated certificates delivered by corresponding suppliers. The detailed
information about the fabrication history of the two steels can be found in the reference [376]. On
each coupon, a small hole with 4 mm diameter was drilled at its top for hanging on a custom-made
Alloy 625 sample holder. Before a corrosion test, the coupons were well grounded in flowing
deionized water using SiC papers down to 600 grit to ensure the complete removal of potential
contamination introduced during the coupon machining and achieve consistent surface finish as
our previous study [376]. Following that, the coupons were cleaned with ethanol in an ultrasonic
bath for 10 minutes, rinsed using flowing ultrapure water, and followed by drying with pressurized
air. On each prepared coupon, a sample ID was assigned and marked on its top left corner for
record. After the preparation, optical microscopy examinations were performed to ensure that the
final surface finish of each coupon exactly meet standard high temperature corrosion testing
requirements [399]. Before the exposure to a desired catalytic HTL environment, the freshly
prepared coupons were carefully weighed using the Mettler Toledo microbalance with the
resolution of 0.001 mg and their dimensions were measured using the digital caliper with the
precision of 0.01 mm. To ensure the accuracy and precision of results reported in this study, four

freshly prepared coupons of each steel were used in each autoclave corrosion test as described

below.
Table 5-1. The chemical compositions of SS310 and P91 steels used in this study.
Steel Types Alloying element contents (wt.%)
Cr Ni Mo Fe C Si N Mn
P91 8.36 0.07 0.90 Bal. 0.11 0.33 n/a 0.47
SS310 2420 | 21.80 n/a Bal. 0.02 0.20 0.10 1.60
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5.2.2. Autoclave testing methodology and procedure

Table 5-2 summarizes the corrosion tests performed to identify the influence of KoCOs catalyst,
inorganic corrodants, and organic acids on corrosion in a static Alloy C-276 autoclave at 310 °C
based on the methodology described in ASTM G31 [251]. In Test #1, ultrapure water was used to
simulate the non-catalytic HTL conversion condition for the comparison with the results obtained
from catalytic HTL environments. In Tests #2-5, certain amounts of alkaline catalyst, inorganic
and/or organic corrodants were added into the ultrapure water to clarify their effect on the
corrosion under representative HTL conversion conditions (see Table. 4-2). As mentioned above,
the addition of 0.5 - 1.0 M K,CO;j catalyst can achieve the desired HTL conversion efficiency.
From the corrosion perspective, the addition of 0.5 M K>COs will increase the pH of the HTL
conversion environment to about 12 at room temperature. Further increase in K»CO3 concentration
to 1 M can make the HTL environment with the pH value of 12.2. In this study, 0.5 M K>COs was
thus added to simulate the catalytic HTL conversion condition. Moreover, the water/biomass ratio
during a HTL conversion is needed to be well controlled to maximize the conversion efficiency
[400, 401]. Based on that, the ratio of water/biomass is determined to be 5/1 [385, 402], and 3500
ppm CI" and 2500 ppm S* was introduced in Tests #3-5 as the representative contents of inorganic
corrodants released during the HTL conversion. Furthermore, short-chain organic acids would
likely be generated during the typical HTL of bio-wastes and acetic acid was selected as the

representative organic acid in this study based on former HTL conversion results [403, 404].

To avoid potential contamination from the autoclave wall alloy during Tests #1 - 5, a pre-oxidized
Alloy 625 liner was used to accommodate the test solution and steel coupons in the autoclave as
shown in Fig. 5-1. The freshly prepared testing coupons were loaded in a pre-oxidized sample
holder made of Alloy 625 using pre-oxidized 20% Cr and 80% Ni Cr-Ni alloy wires to avoid
potential galvanic effect between the holder and steel coupons. Note that both the liner and wire
were pre-oxidized in an air furnace at 400 °C for ~ 12 hours. After loading the solution and samples
into the liner, the autoclave was purged with N> gas for at least an hour to create a deaerated
environment. After leak examination, the autoclave was heated up to 310 °C. Note that the heating
rate was decreased from 6 to 3 °C/min to avoid overshooting when the temperature was
approaching 310 °C. Once the temperature reached the target value, the time was recorded as

starting point of each test. After the 240 hours’ exposure to the designated HTL environment as
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shown in Table 5-2, the autoclave was powered off and then cooled down in air. Finally, the tested

coupons were carefully removed from the autoclave, rinsed using flowing ultrapure water,

followed by drying with pressurized air. Note that each corroded steel coupon was re-weighed

using the same microbalance mentioned above for subsequent corrosion rates evaluation.

Table 5-2. Tests conducted to investigate the effects of alkaline catalyst, inorganic corrodants,
and organic acid on the corrosion of candidate reactor steels.

Candidate
Test Conditions
Materials
#1 In deaerated ultrapure water at 310 °C (Baseline)
#2 In deaerated 0.5 M K>COs at 310 °C for 10 days (influence of catalyst)
0 In deaerated 0.5 M K>COs + 3500 ppm CI" + 2500 ppm S at 310 °C for 10
$S310 days (influence of inorganic corrodants)
’ In deaerated 0.5 M K>COs + 3500 ppm CI" + 2500 ppm S* + 5 wt.% acetic acid
P91 steel | #4 ) .
at 310 °C for 10 days (influence of organic acids)
45 In deaerated 0.5 M K>COs + 3500 ppm CI" + 2500 ppm S* + 10 wt.% acetic
acid at 310 °C for 10 days (influence of organic acid content related to Test #4)
Gas
@ Outlet Pressure
Control Box gﬁ
§
o o ooo

Heater .
Solution inside liner

(a) (b)

Fig. 5-1. (a) Schematic of autoclave setup used in this study, and (b) A top-view of Alloy C-276
autoclave with an Alloy 625 liner and sample holder used for the designed tests.
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5.2.3. Corrosion rate assessment

For high-temperature aqueous corrosion testing, two techniques, including direct mass change and
weight loss measurements, can be applied for the corrosion rate evaluation. In this study, the two
methods were used to assess the corrosion rates of the steels in catalytic HTL environments for
comparison. The direct mass change method was to measure the mass change of a steel coupon
before and after an autoclave test directly. This method has been successfully and widely applied
for assessing the corrosion rate of an alloy in high temperature systems in which the oxidation of
the alloy was the dominant reaction occurred and the formed oxide layers were compact without
excessive nodular oxidation and/or surface spallation [405, 406]. The corrosion rate (um/year) of

a steel coupon can thus be calculated by [225]:

708.76x10" e Am

dAt -1

Corr.Rate =

where Am; (g) is the weight change of a coupon before and after a test; d (g/cm?) denotes the steel

density; 5 is the estimated molar mass ratio of consumed alloying elements to oxygen in formed

corrosion products, and is about 2.3 for P91 steel and 2.2 for SS310 [230]; A (cm?) is the measured
surface area of a coupon; and t (h) denotes the testing duration. Note that the molar mass ratio used
in the equation is based on the assumption that Cr.O3; and Fe>O3 are the major oxides formed on
SS310 and P91, respectively. According to ASTM G16 [226], the average corrosion rate of each

steel was obtained from four parallel coupons after corroding in a HTL environment.

Compared with the direct mass change, the weight loss measurement is more complicated and
time-consuming as it involves two major steps. The first step is to completely remove the formed
corrosion products based on ASTM-G1 standard [227]. Such descaling can be reached through
immersing the corroded coupons in suitable solutions, which can effectively dissolve the formed
corrosion products, but only has negligible effect on the steel substrates. In this study, the descaling
of SS310 was firstly carried out in the solution A of 2 wt.% CeHsO7 + 5 wt.% (NH4)>HCcHs507 +
0.5 wt.% Ci0H14N2NaxOg at 90 °C for 30 minutes, and subsequently in the solution B of 4 wt.%
KMnOa4 + 5 wt.% NaOH at 90 °C for next 30 minutes, followed by ultrasonic ethanol cleaning for
~15 minutes. The coupons were then immersed in the solution A at 90 °C again for another 30
minutes’ exposure and weighed. The above process was carried out repeatedly until the formed

corrosion products were completely removed and the coupon mass remained constant as described
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in the references [230, 231]. Different from SS310, the descaling of P91 steel was carried out by
immersing corroded coupons in the solution of 500 ml HCI+ 3.5 g (CH2)¢N4 + 500 ml H>O at
room temperature for 10 minutes. Both cotton swab and soft copper brush were applied for gently
removing any remaining corrosion products after the immersion. The second step is to weigh the
coupons and then calculate the mass difference before the corrosion test and after the descaling.

The corrosion rate of a coupon (um/year) could thus be estimated by [232]:

.
Corr.Rate = 8.76x10" ¢ Am (5-2)

dAt

where d (g/cm?) is the steel bulk density; A (cm?) is the surface area of a coupon during exposure;
and t (h) denotes the testing time. Note that the average corrosion rate of a steel in a typical catalytic
HTL environment was obtained from three parallel corroded coupons after the descaling process

based on the requirements in ASTM G16 [226].

5.2.4. Corrosion products characterization

After each autoclave test, the coupon which has the direct mass change value closest to the average
value in a given replicate set was chosen for subsequent characterization to explore the
microstructure and chemical properties of corrosion layers formed. Preliminary surface
morphology examination was carried out by taking optical images to quickly check whether
noticeable change occurred in the surface morphology of coupons. Following that, the FEI Nova
NanoSEM 650 scanning electron microscope (SEM) system with equipped Oxford energy
dispersive X-ray spectroscopy (EDS) was employed at 20 keV to identify the corrosion modes
(such as passivation, active corrosion, nodular oxidation and/or pitting) and characterize the
corrosion layers’ chemical properties. X-ray diffraction (XRD) technique with a Co Ka X-ray
source operated at 40 kV and 150 mA was used to determine the phase compositions of corrosion
layers formed on P91. To further characterize the formed corrosion layers on P91, diamond saw
cutting in low-rpm mode and SEM examinations were applied to obtain the cross-sectional view
of corroded P91 steels. Different from P91, the corrosion layers grown on SS310 were found to be
much thinner as shown in the later sections. FEI Helios NanoLab™ DualBeam™ Focus Ion Beam

(FIB) microscope was thus employed to produce the SEM cross-sectional views of corroded SS310
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samples and TEM samples. Note that a thin platinum (Pt) film was deposited on the corroded
SS310 coupons in vacuum environment to protect the formed corrosion layers before the FIB
operation. After the cross-sectional SEM examination, in situ lift-out technique was applied to
generate thinner samples for subsequent TEM characterizations. A Tecnai Osiris™
scanning/transmission electron microscope (S/TEM) equipped with super X-field emission gun
(FEG) and X-ray detection system (20 kV) was operated to obtain high-angle annular dark-field
(HAADF) imaging, black field (BF) imaging, energy-dispersive X-ray spectroscopy (EDS)
element mapping, and selected area diffraction (SAD) pattern of corroded SS310 cross-sectional

samples.

5.3. Main Results

5.3.1. Effect of alkaline catalyst on corrosion

The photographic images of SS310 and P91 coupons before and after the exposure to ultrapure
water and 0.5 M K2CO; at 310 °C are shown in Fig. 5-2. Before the tests, the surfaces of newly
prepared coupons were clean with shining metal luster. After the exposures, the coupon surfaces
exhibited different appearances, indicating the formation of corrosion layers with different
thickness as well as the localized deposition of corrosion products. As shown on Fig. 5-2, localized
corrosion product deposition occurred on SS310 after the exposure to 310 °C water. Compared
with that formed in the hot water, the introduction of 0.5M K,COs catalyst likely resulted in the
formation of a much thicker corrosion layer on the steel. For P91 steel, the addition of the catalyst
also led to the formation of a thicker surface layer than that formed in the hot water. In addition,

no pit was found on the two steels after exposures.
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Fig. 5-2. Photographic images of SS310 and P91 steels before and after the exposure to ultrapure
water and 0.5 M K2CO3 at 310 °C for 10 days, respectively.

SS310

P91

The SEM top and cross-sectional views of P91 and SS310 steels after the exposures to water and
0.5 M K2CO;3 at 310 °C are shown in Fig. 5-3. Compared to the oxide scale formed on P91 steel
in hot ultrapure water, the addition of 0.5 M K»>COs catalyst led to the formation of a porous and
less protective corrosion layer on the steel, which was likely composed of larger oxides and
deposited corrosion particles. Localized dissolution and cracks were also present on the steel after
the exposure to 0.5 M K»,COs at 310 °C. As the corrosion layer formed in 0.5 M K>CO3 was quite
thick, conventional diamond saw cutting method instead of FIB technique was employed to
prepare the cross-sectional sample, and the corresponding SEM images further confirmed that the
addition of K,COs catalyst significantly enhanced the corrosion of P91 under HTL conversion
processes since the average thickness of corrosion layer formed on the steel was about 40 pum in
0.5 M K>COs3, more than ten time thicker of that grown in the ultrapure water at 310 °C. Moreover,
the formed corrosion layer was likely double-layer structure consisted of outer porous and inner
relatively compact layers. Furthermore, the micro-cracks formed in 0.5 M K>CO; likely penetrated

through the corrosion layer down to the steel substrate.

For SS310 steel, the formed surface scale in the hot ultrapure water was much thinner than that on
P91 as the mechanically polishing lines were still clearly visible after the exposure to the hot water.
Tiny nodular oxides and deposition particles were also found on SS310 after the exposure. As
shown in Fig. 5-3(b), the addition of 0.5 M K>COs resulted in a remarkable change in the
morphology of the surface scale grown on SS310 steel, and the formed layer was consist of

relatively large flake-shaped oxide particles. The cross-sectional images of SS310 steel showed
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that the average thickness of surface scale was also noticeably increased with the addition of 0.5
M K:COs. No crack was formed on the corroded SS310 after the exposure to water or 0.5 M
K>CO:s. Both top and cross-sectional images indicated that the nodular oxidation of SS310 steel
would likely be suppressed with the addition of the alkaline catalyst.

P91 A ] L'?Ithrapﬁ;l‘e -ﬁ}lﬁui‘

L % >

A

(a) Top and cross-sectional views of corroded P91 steel samples
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(b) Top and cross-sectional views of corroded SS310 samples

Fig. 5-3. Top and cross-sectional SEM images of (a) P91 and (b) SS310 steels after the
exposures to ultrapure water and 0.5 M K>COs3 at 310 °C for 10 days, respectively.

As mentioned above, XRD technique was used to characterize the phase compositions of the
corrosion layers formed on P91, and the collected spectra are shown in Fig. 5-4. After the exposure
to ultrapure water at 310 °C, formed oxide layer was likely consists of magnetite (Fe;O4) and Fe/Cr
spinel oxides (Fe;xCrxO4) according to references [407, 408]. Note that the peaks of ferrite phase
were collected from the substrate. With the addition of 0.5 M K>COs, the phase composition of
corrosion layer was still consisting of Fe3O4 and Fe3.xCrxO4 oxides. But the formed layer was
much thicker than that grown in hot water, making the peaks of ferrite phase less visible. Not that
there exists some uncertainty about the ferrite peak since the most intense peaks of it were not
detected. Moreover, the peaks of iron hydroxide were not detected, different from those reported

in previous studies [52, 155-158]. The above results imply that the addition of 0.5 M K>COs3 might
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not affect the oxide formation and dissolutions pathways on the steel, but significantly enhance

oxide growth and dissolution kinetics.
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Fig. 5-4. XRD spectra collected on P91 steel samples after the exposures to ultrapure water and
0.5 M K>COs at 310 °C for 10 days, respectively.

To identify the chemical properties and structure of surface scales formed on SS310 after Tests #1
and 2, the cross-sectional TEM samples of the steel were prepared using FIB lift-out method, and
then characterized using BF imaging, EDS mapping and SAD techniques as described above. The
corresponding results are shown in Fig 5-5. After corroding in 310 °C water, both nodular oxides
and corrosion product deposition particles, mainly composed of Fe and Ni oxides, were present on
SS310. Below these randomly distributed particles, a thin and compact continuous Cr-enriched
oxide layer was formed. At the interface of oxide layer/substrate, the accumulation of alloying
element Ni was clearly visible. At 310 °C, the addition of 0.5 M K>COs catalyst led to the
formation of a much thicker surface scale, which was three-layers structure, including outer porous

Cr/Fe/Ni oxides, middle porous Cr-enriched oxide (with some Ni and Fe cations), and inner
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compact and continuous Cr oxide layer. The outer porous layer might be formed from the
deposition of corrosive ions in the testing solution during autoclave cooling-down. Otherwise,
trace amounts of Fe/Ni cations should be also found within the inner Cr oxide. The average
thickness of inner Cr oxide layer was about 750 nm, significantly higher that (40 nm) of the Cr-
enriched oxide layer grown in the hot water. Below the interface of oxide layer/substrate, a thin
Cr-depletion layer instead of Ni accumulation was presented, implying that the presence of 0.5 M
K>COs might accelerate the outward diffusion of Cr from the substrate to the inner Cr oxide layer
to maintain its integrity during the exposure. These results indicated that the addition of alkaline

catalyst could remarkably enhance the corrosion of SS310 steel.

(a)

Fe,Ni-O
particles

Cr enriched,
oxide layer

§8310S OP
BF MAG: 110kx HV: 200kV

middle porous
Cr-enriched oxide

Inner Cr
oxide layer

BF MAG: 28.0kx HV: 200kV

Fig. 5-5. Cross-sectional Black-field (BF) and corresponding EDS elemental mapping images of
SS310 after exposed to (a) ultrapure water; and (b) 0.5 M K>COs at 310 °C for 10 days,
respectively.
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To further identify the microstructure of corrosion layer formed on SS310 in ultrapure water and
0.5 M K>COs at 310 °C respectively, BF image and corresponding diffraction patterns were
collected on the cross-sectional TEM samples and the results are shown in Fig. 5-6. The collected
SAD patterns showed that the inner continuous Cr-enriched oxide layer formed in the hot water
has an almost amorphous structure. In 0.5 M K>COs3, the formed outer porous Cr/Fe/Ni oxide layer
(Area A) was consisting of nanocrystals. Based on the SAD pattern collected on area A, the
interplanar distances were 2.48 A, 2.04 A and 1.47 A respectively, which were corresponding with
the (110), (202), and (214) plane with slight deviation due to the possible interaction between
different crystals. Based on the observations in Figs. 5-5 and 5-6, it is likely that detected Fe cations
could incorporate into the chromium and/or nickel oxides lattice instead of forming Fe oxides. The
results further implied that the outer porous Cr/Fe/Ni oxide layer would be the corrosive deposition
formed during the autoclave cooling-down as NiO nanocrystals were unlikely to be naturally
grown on the steel during the HTL exposure based on thermodynamic calculations as shown in
later discussion section. Similar to that formed in ultrapure water, the inner Cr oxide layer (Area
B) was found to be amorphous/polycrystalline structure. It exhibited d-spacing values of 2.48 A,
2.04 A and 1.43 A respectively, which were corresponding with the (110), (202), and (300) plane
of Cr20:;. Interestingly, the transformation of Cr oxide into hydroxide, which was predicted based
on several former studies on austenitic stainless steels in basic solutions [409, 410], did not occur

on SS310 when exposed to 0.5 M K>COs at 310 °C.
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Fig. 5-6. BF image and corresponding selected area diffraction (SAD) patterns of cross-sectional
SS310 samples after the exposure to 310 °C (a) ultrapure water and (b) 0.5 M K»,COs3 for 10
days.

The average corrosion rates of the two steels were evaluated based on the Equations (5-1) and (5-
2) as described in the Experimental section, and the results are shown in Fig. 5-7. Under the testing
conditions, the corrosion rate of a steel obtained from direct mass change measurements was

consistently lower than that from weight loss measurements because of following factors:

(1)  Asshown in Figs. 5-3 and 5-5, localized nodular oxidation, corrosion product deposition and
porous oxides formation occurred on the steels, introducing error on assessing the corrosion
rates using the direct mass change measurements.

(2) The molar mass ratio (7 ) used in Equation (5-1) may not be accurate enough for the

assessment since the formed surface scales on both steels were not purely composed of Fe2O3
or Cr203 as indicated in Figs. 5-4 to 5-6.
(3) The chemical dissolution rate of formed oxide scales in ultrapure water would be remarkably

different from that in 0.5 M K,COs.

Therefore, weight loss instead of direct weight change measurement was seen as a more accurate

approach on the corrosion rate assessments from the engineering application point of view. In this
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study, the corrosion rates of the two steels was thus determined using the weight loss technique.
As shown in Fig. 5-7, the average corrosion rates of SS310 and P91 steel increased with addition
of K>COs3 catalyst at 310 °C. Compared to SS310, P91 steel experienced a more significant
increase in the corrosion rate with the addition of 0.5 M K»>COs3, consistent with the cross-sectional
SEM observations (Fig. 5-3). This could be mainly attributed to the difference between the
corrosion layers formed on the two steels. As expected, the Cr oxides formed on SS310 would
have much lower chemical dissolution rate than magnetite (Fe3O4) and Fe/Cr spinel oxides grown
in P91 in 0.5 M K»COs at 310 °C. Moreover, the average corrosion rates of two steels in the

catalytic HTL environment both fall under the corrosion allowance of 0.1 mm/year for a 20 years’

life span [411, 412].
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Fig. 5-7. Estimated average corrosion rates of (a) SS310 and (b) P91 steel in ultrapure water and
0.5 M K»COs3 at 310 °C for 10 days, respectively. Note that the corrosion rates presented here
were assessed based on both direct mass change and weight loss measurements for comparison.

5.3.2. Influence of inorganic corrodants on corrosion

As mentioned in the introduction, aggressive inorganic corrodants (CI" and S*) can be released
during the HTL conversion of biomass feedstocks (particularly industrial bio-wastes) [391, 392].
In this study, 3,500 ppm CI" and 2,500 ppm S* was selected as the representatives of the inorganic
corrodants based on the feeding ratio (5:1) of water/biomass to identify their influence on corrosion.
The photographic images of SS310 and P91 coupons before and after Tests #2 and 3 in 0.5 M
K,CO; without and with 3,500 ppm CI" and 2,500 ppm S* are shown in Fig. 5-8. The presence of
inorganic corrodants was unlikely to result in remarkable change of the surface appearances of the
two steels. More importantly, pits were not found on the steels after the exposure to 0.5 M K>CO3
+ 3,500 ppm CI" + 2,500 ppm S, suggesting that the concentrations of the inorganic corrodants
would be not sufficient to trigger localized corrosion of the steels in the HTL environment at 310

°C.
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0.5 M K,CO; + 3500 ppm Cl
+ 2500 ppm S*

Fig. 5-8. Photographic images of SS310 and P91 steels before and after the exposures to 0.5 M
K>CO;3 and 0.5 M K>COs + 3,500 ppm CI" + 2,500 ppm S* at 310 °C, respectively.

Freshly prepared 0.5 M K,CO;,

SS 310

P91

The top and cross-sectional SEM views of P91 steel and SS310 after the exposure to 0.5 M K>CO3
+ 3,500 ppm CI" + 2,500 ppm S* at 310 °C are shown in Fig. 5-9. For P91 steel, the introduction
of inorganic corrodants was unlikely to initiate pitting, but reduced the thickness of outer layer.
The average thickness of the formed corrosion layer was around 35 um, thinner than that formed
in 0.5 M K>COs at 310 °C. Compared with that in Fig 3, a slightly thinner outer layer and a thinner
inner corrosion layer was formed with the presence of inorganic corrodants. After the exposure,
micro-cracks were also present in the formed corrosion layer and almost penetrated down to the
steel substrate. For SS310 steel, large flake-shaped oxide particles were also observed on the
surface, similar to those formed in 0.5 M K»>COs. Cross-sectional examination revealed that the
average total thickness of surface scale (~500 nm) was slightly increased with the presence of
inorganic corrodants. Moreover, no pit was found on the steel. The results in Fig. 5-9 suggested
that the presence of several thousand ppm of inorganic corrodants (S*> and CI°) might only have
marginal effect on the general corrosion of the two steels under catalytic HTL conversion

conditions.
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Fig. 5-9. Top and cross-sectional SEM images of (a) P91 and (b) SS310 steels after corroding in
0.5 M K,COs3+ 3,500 ppm CI + 2,500 ppm S at 310 °C for 10 days, respectively.

XRD technique was also employed to characterize the corrosion layer formed on P91 after Test
#3, and the collected spectrum is shown in Fig. 5-10. With the presence of Cl" and S*", the formed
layer was mainly composed of magnetite (Fe3O4) and Fe/Cr spinel oxides (Fe3xCrxOa4), similar to
that grown in 0.5 M K>COs. Although the two strongest peaks of ferrite phase were not detected,
its other peaks were found. This suggests that the corrosion layer formed on the steel might be

thinner, consistent with the cross-sectional SEM observations (see Figs. 5-3 and 5-9).
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Fig. 5-10. XRD spectra collected on P91 steel samples after the exposures to 0.5 M K>,CO3 and
0.5 M K>COs + 3,500 ppm C1" + 2,500 ppm S* at 310 °C for 10 days, respectively.

To clarify the impacts of inorganic corrodants on the corrosion of SS310, cross-sectional TEM
sample was prepared form the tested coupon using plasma-FIB lift-out technique, and the
corresponding BF and EDS mapping results are shown in Fig. 5-11. It has been found that the
formed corrosion layer was composed of three sub-layers: outer porous Cr/Ni/Fe oxide, middle
porous Cr/Fe oxide, and inner relatively compact and continuous Cr-enriched oxide layers. As
mentioned above, the outer porous Cr/Ni/Fe oxide layer might be the deposition layer formed
during autoclave cooling-down. The morphology of outmost Cr/Fe/Ni layer was slightly different
from that grown in 0.5 M K>COs (see Fig. 5-5). Interestingly, localized accumulation of Ni
particles was present in the middle Cr/Fe oxide layer. More importantly, the addition of CI" and
S* remarkably reduced the thickness of Cr-enriched oxide layer (about 70 nm) compared to that
formed in 0.5 M K>COs, suggesting that the addition of Cl- and S* could damage the integrity of
Cr-oxide layer and then enhance its chemical dissolution. Within the inner Cr-enriched oxide layer,
the random presence of Ni and Fe cations was observed, implying that the addition of CI" and S*
might also facilitate the outward diffusion of Ni/Fe from the substrate through the Cr oxide layer.
In addition, quantitative element analyses on several spots in the oxide layer indicated that little

sulfur was present in the middle oxide layer, while chloride ions were not detected. Different from
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that formed in water and 0.5 M K,COs, the thin Cr-depletion zone below the Cr-enriched oxide

layer was not found.

Outer Cr/Fe/Ni oxides

Middle porous Cr/Fe oxide
layer with Ni

Inner compact Cr-enriched oxides

Fig. 5-11. Bright-field (BF) image and corresponding EDS elemental mapping images of SS310
after exposed to 0.5 M K>COj3 + 3,500 ppm CI" + 2,500 ppm S* at 310 °C for 10 days.

Based on weight loss measurements, the influence of inorganic corrodants on the average
corrosion rates is shown in Fig. 5-12. The presence of inorganic corrodants in 0.5 M K>COs3 only
resulted in a slight increase in the corrosion rates of the two steels. As shown in Figs. 5-9 and 5-
11, such increase might be due to the fact that the inorganic corrodants released during the catalytic
HTL conversion of industrial biowastes would likely promote the dissolution of formed oxides.
Compared with P91, the impact of inorganic corrodants on the corrosion rate of SS310 was more
noticeable, which could also be attributed to their influence on the stability and chemical
dissolution of inner protective Cr-enriched oxide layer grown the steel. As the corrosion rates of
the two steels were still less than the maximum allowable rate (0.1 mm/year) as mentioned above,
the two steels should still be promising candidates for further evaluation in the solution with

organic acids.
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Fig. 5-12. Estimated average corrosion rates of (a) SS310 and (b) P91 steel in 0.5 M K»>CO3 and
0.5 M K>CO3 + 3,500 ppm CI" + 2,500 ppm S* at 310 °C for 10 days, respectively.
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5.3.3. Impact of organic acid on corrosion

As described above, about 5-10 wt.% saturated short-chain organic acids (formic, acetic and
butyric acids etc.) will be produced as by-products during the HTL conversion of raw biomass
feedstocks. In this study, acetic acid was selected as a representative agent for exploring the
influence of organic acids on the corrosion of candidate reactor alloys. Fig. 5-13 shows the
photographic images of SS310 and P91 samples before and after the exposure to catalytic solution
with 5 wt.% acetic acid and 10 wt.% acetic acid (which reacted with catalyst during the tests) at
310 °C, respectively. After the exposures, the coupon surfaces became darker when comparing to
those tested in 0.5 M K2COs + 3,500 ppm CI" + 2,500 ppm S*, implying that the presence of acetic
acid might enhance the corrosion of the two steels. The formed corrosion products were possibly
thicker, more fragile and looser compared to those formed in 0.5 M K>COs and 0.5 M K>COs +
3,500 ppm CI + 2,500 ppm S*". Localized corrosion product deposition also occurred on the steels
after the exposures. Increasing acetic acid content from 5 wt.% to 10 wt.% did not lead a noticeable
change of surface appearance. In addition, the introduction of acetic acid did not result in the

formation of pits on the steels.

Freshly 0.5 M K,CO3+3500 ppm CI- 0.5 M K,CO3+3500 ppm C+ 0,5 M K,CO,+ 3500 ppm CI- +
prepared +2500 ppm S* 2500 ppm S + 5 wt.% acetic acid 2500 ppm S* + 10 wt.% acetic acid

\
!
(i)
i
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Fig. 5-13. Photographic images of SS310 and P91 steels before and after the exposure to 0.5 M
K>COs3+ 3,500 ppm CI" + 2,500 ppm S** with and without the addition of acetic acid at 310 °C
for 10 days, respectively.

SS 310

The top and cross-sectional SEM views of P91 and SS310 steels after the exposure to the two
different conditions (5 wt.% and 10 wt.% acetic acid) are shown in Fig. 5-14. The introduction of
acetic acid remarkably changed the surface morphology of two steels and resulted in the formation
of thicker and porous corrosion layer and micro-cracks on the two steels. For P91 steel, the cross-

sectional examinations using conventional diamond saw cutting method and SEM technique
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confirmed that the introduction of acetic acid enhanced the steel corrosion since the average
corrosion layer thickness were about eleven times thicker than that grown in 0.5 M K>,CO3 + 3,500
ppm CI" + 2,500 ppm S>. In the solution with 10 wt.% acetic acid, the formed micro-cracks
completely penetrated through the corrosion layer down to the substrate, making the corrosion
layer much less protective to the metal. It is also worth noticing that increasing acetic acid
concentration from 5 to 10 wt.% also led to a noticeable decrease in the total corrosion layer
thickness, suggesting that the presence of acetic acid along with micro-cracks would also enhance
the chemical dissolution of corrosion layers on the steel. Similar to those formed in 0.5 M K>CO3
and 0.5 M K2COs + 3,500 ppm CI" + 2,500 ppm S*, the corrosion layer grown in acetic acid-
containing solution also had a double-layer structure consist of outer thin and porous and inner
thick and relatively compact layers, and the presence of acetic acid apparently increased the inner

layer thickness (see Fig. 5-9(a) and Fig. 5-14(a)).

For SS310 steel, the addition of acetic acid also led to a significant change of the formed corrosion
layer. Localized accumulation of irregular particles was observed. Below them, the formed oxide
was quite porous as considerable number of holes and micro-cracks were formed. Moreover,
increasing acetic acid content from 5 to 10 wt.% seems to facilitate the localization dissolution and
the formation microcracks within oxide layers. As shown in Fig. 5-14(b), the average thickness of
the corrosion layer apparently increased with the addition of acetic acid. However, further
increasing acid content from 5 to 10 wt.% only had a marginal effect on the corrosion layer
thickness. Thus, it was more likely that the presence of acetic acid might locally damage the
integrity of surface oxide scale and consequently enhance the corrosion of SS310 in the catalytic

HTL environments.
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Fig. 5-14. Top and cross-sectional SEM images of (a) P91 and (b) SS310 steels after corroding in
0.5 M K>COs3+ 3,500 ppm CI + 2,500 ppm S?" containing 5 wt.% and 10 wt.% acetic acid at
310 °C for 10 days, respectively.
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For P91 steel, XRD technique was used to characterize the phase compositions of the formed
corrosion layer after the exposure to the solution with 10 wt.% organic acid, and the collected
spectrum is presented in Fig. 5-15. When comparing different spectrum collected, the addition of
10 wt.% organic acid was unlikely to change the chemical composition of corrosion layers as the
formed layer was still composed of magnetite (Fe3O4) and iron-chromium spinel oxides (Fes.
xCrxO4). Note that the most intense peaks of ferrite were not detected from the collected spectrum,

which could be due to the fact that the corrosion layer formed was considerable thick as shown in

Fig. 5-14 (a).
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Fig. 5-15. XRD spectrum collected on P91 steel after the exposures to 0.5 M K>CO3 + 3500 ppm
CI" + 2500 ppm S* with and without 10 wt.% acetic acid at 310 °C for 10 days.

To clarify the influence of acetic acid on the corrosion, cross-sectional SS310 sample was prepared
from the tested coupon using FIB lift-out method, and the corresponding BF and EDS mapping
results are shown in Fig. 5-16. The average thickness of corrosion layer which formed with the
presence of 10 wt.% acetic acid was thicker (about 1500 nm) than those grown in the above

solutions without acetic acid (see Figs. 5-5 and 5-11). Similar to that grown in 0.5 M K,COs +
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3500 ppm CI"+ 2500 ppm S, the formed corrosion layer was also a three-layer structure, including
outer porous Cr/Ni/Fe oxide, middle porous Cr oxide, and inner relatively compact and thin Cr
oxide layers. Localized accumulation of element Ni was also present in the middle Cr oxide layer.
Different from that formed in 0.5 M K>COj3+ 3500 ppm CI" + 2500 ppm S*, Fe oxides were barely
found in the middle porous layer, and the inner continuous Cr layer (~ 200 nm) was thicker but
less compact comparing to that formed in 0.5 M K>CO; + 3500 ppm CI" + 2500 ppm S?.
Quantitative element analysis indicated that little sulfur was present in the middle porous Cr oxide

layer.

Outer Cr/Fe
oxides with Ni

Porous Cr
oxide layer
with Ni

Fig. 5-16. HAADF and BF images with corresponding EDS elemental mapping images of SS310
after exposing to 0.5 M K>COs + 3,500 ppm CI" + 2,500 ppm S*"+ 10 wt.% acetic acid at 310 °C
for 10 days.

The effect of organic acid on the average corrosion rates of two steels are shown in Fig. 5-17. The
addition of acetic acid led to a remarkable increase in the corrosion rates. For P91, it was likely
that the introduction of acetic acid would promote the formation and chemical dissolution of Fe3O4
and Fe;xCrxO4 on the steel. Further increasing the content of acetic acid to 10% might also
facilitate the microcrack growth and consequently result in a higher corrosion rate. For SS310, as
shown in Figs. 5-14 and 5-16, the presence of acetic acid could enhance the dissolution of Fe and
Cr oxides, especially the inner compact Cr-enriched oxide layer, thus leading to the increase of the

corrosion rate. Moreover, based on the abovementioned maximum allowable corrosion rate (0.1
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mm/year) [411, 412], only SS310 exhibited promising potential for further validation testing on

the construction of HTL conversion reactors.
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Fig. 5-17. Estimated average corrosion rates of (a) SS310 and (b) P91 steels in 0.5 M K>COs +
3,500 ppm CI + 2,500 ppm S with and without acetic acid at 310 °C for 10 days, respectively.
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5.4. Discussion

As described above, hot pressurized water is used as the conversion medium during the
thermochemical HTL conversion of different types of biomass feedstocks. Note that the ionization
constant of ultrapure water is about 1x10!''* at 310 °C, thus making the non-catalytic HTL
conversion environment has an initial pH value of ~5.7. The addition of homogeneous 0.5 M
K>COs catalyst can increase the pH value of the biorefining environment from near neutral to
~11.2 at 310 °C. During the biomass conversion, the generated organic acids will react with the
basic catalyst and consequently decrease the environmental pH. For instance, the generation of 5%
and 10% acetic acid should result in the HTL environments with the pH of ~ 7.6 and ~ 5.4 at 310

°C, respectively.

During the non-catalytic and catalytic HTL conversions at 310 °C, the general oxidation of major
alloying elements (Cr, Fe and Ni) present in the two candidate reactor steels could occur and thus
cause the formation of different oxide films on the two tested steels. Based on thermodynamic
calculations (see Table 5-3), the alloying element Ni in SS310 is unlikely to involve in the oxide
formation due to the positive Gibbs formation energy. Thus, as shown in Fig. 5-5(a), the outer
Fe/Ni oxide particle formed on the steels in non-catalytic HTL environment would be from the re-
deposition of dissolved corrosive production in testing solution during the autoclave cooling-down
process. Moreover, as reported in previous studies [335, 413], the chemical dissolution rate of Fe
oxides grown on the two steels would be much higher than that of formed Cr-enriched oxides in
the non-catalytic and catalytic HTL solutions. Therefore, Fe-based oxides (such as Fe3O4 and Fes.
xCrxOy4) are expected to be grown on P91 due to the low bulk Cr content while Cr-enriched oxides
be formed on Cr-bearing SS310 after the exposures to non-catalytic and catalytic HTL

environments respectively, as shown in Figs. 5-4, 5-5 and 5-11.

Except for the oxides, the hydroxides of major alloying elements might also be formed on the
steels through the direct reaction of alloying elements with OH™ anions or the transformation of
oxides into hydroxides in the HTL environments with 0.5 M K>COj catalyst at 310 °C because of
their negative Gibbs formation energy as predicted in Table 5-3. With the generation of organic
acids during the biomass HTL conversion, the hydroxide formation is likely to be suppressed
because of the decrease in the HTL environmental pH as implied in Table 5-3. For example, with

the production of 5% acetic acid, the catalytic HTL environment pH should be reduced to ~7.6 at
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310 °C, and the estimated Gibbs free energy of direct or indirect hydroxide formation could be
close to 0 kJ/mol when counting the anion concentration. However, as shown in Figs. 5-4 and 5-
10, considerable amounts of Fe and/or Cr hydroxides were not found within the corrosion layers
on the tested steels even after the 10 days’ exposure to 0.5 M K>COs3 solution at 310 °C (see Figs.
5-4 and 5-5). This could be attributed to the much higher chemical dissolution rates of Fe/Cr
hydroxides compared to their oxides in the hot catalytic solutions [335, 414, 415, 416, 417, 418].
In the catalytic HTL environments, both iron oxide and hydroxide are likely to experience

following hydrolysis reactions to form dissoluble Fe(OH)4 through [419, 420]:
Fe;O3 +2 OH + 3 H,O =2 Fe(OH)4 (5-3)
Fe(OH)3+ OH = Fe(OH)4 (5-4)

Former study indicated that the dissolution rate of Fe(OH); in a basic solution (pH~9) was higher
than that of Fe>O3 [418]. In the catalytic HTL environments, the transformation of the protective
Cr203 and Cr(OH)3 on SS310 into dissoluble Cr(OH)4 could also occur via

Cr203 +2 OH + 3 H20 =2 Cr(OH)4 (5-5)
Cr(OH)3 +OH™ = Cr(OH)4 (5-6)

Previous studies found that Cr(OH)3 could completely dissolve through the reaction (5-6) while
Cr203 only suffer partial dissolution in the basic solutions with pH of 10-14 at temperature < 288
°C [417, 421]. Therefore, the formed corrosion layers would still be Fe-based oxide on P91 and

Cr-enriched oxide on SS310 even after 10 days’ exposure to the catalytic HTL environments.

Table 5-3. Oxide and hydroxide formation reactions possibly occurred on the two steels in

catalytic HTL environments and estimated Gibbs free energy at 310 °C.

Formation Types Formation Il;e;;\;tlol:ljifoosls;l;:l);:ccurred in Estimated AGsjo (kJ/mol)
2Cr+3 H0=Cr03+3 H; -394.98
Direct oxide formation 3 Fe +4 H,O =Fe;04+4 H; -140.47
Ni + H,O =NiO + H; 8.82
Cr+3 OH =Cr(OH); +3 ¢ -1.71 at pH=11.2
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~0 at pH=7.6

-1.29 at pH=11.2

Direct hydroxide Fe+3 OH =Fe(OH); +3 &

formation ~0at pH=7.6

-1.18 at pH=11.2
Ni+2 OH =Ni(OH),+ 2 ¢
~0 at pH=7.6

-0.10 at pH=11.2
Cry0s + 2 OH" + 3 H,0 = 2 Cr(OH)s-

Indirect hydroxide ~0at pH=7.6

formation -0.25 at pH=11.2
Fe;O4 + 4 OH + 4 H,0 = 3 Fe(OH)s + &

~0 at pH=7.6

To further explore the stability of the formed oxides under the HTL conversion conditions, the
Pourbaix diagrams of Cr-H,O and Fe-H,O at 310 °C were constructed based on the
thermodynamic calculations of all the possible electrochemical reactions occur during the
exposures, the available databases [158, 256, 265, 422], and HSC Chemistry software [336]. As
marked in Figs. 5-18 and 5-19, the non-catalytic and homogenous catalytic HTL conversions are
typically operating at the pH range of 5.7 ~ 11.2 at 310 °C. Note that with the production of
considerable amounts of organic acids (such as 10% acetic acid and even more), the catalytic HTL
environmental pH could be slightly less than the near neutral value. In the HTL water at 310 °C
(pH=~5.7), the alloying elements (Cr and Fe) are likely to experience passivation and form stable
oxides on the two steels. Different from Cr,O3, part of formed Fe3O4 might dissolve into the hot
water as predicted in Fig. 5-18. Thus, the two tested steels would mainly undergo passivation in
the non-catalytic HTL environment before considerable organic acids released from raw biomass
feedstocks, consistent with the observations in Figs. 5-3 and 5-5. As mentioned above, Fe3;O4
should exhibit higher chemical dissolution rate than Cr20Os3 in the hot pressurized HTL water [335,
413]. Moreover, the oxides formation rate of P91 would be much higher than that of SS310 since
the migration rates of cations (Fe’" and Cr*") and anions (O%) within Fe;O4 are expected to be
remarkably higher than those in Cr2O3 at 310 °C based our formal calculation [376]. The above
two factors could thus lead to a higher corrosion rate of P91 than SS310 in the non-catalytic HTL

water at 310 °C, as shown in Fig. 5-7.
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As discussed above, the addition of 0.5 M K>COs catalyst can increase the HTL environmental pH
up to 11.2 at 310 °C. Based on the constructed Pourbaix diagrams, both Fe and Cr are supposed to
suffer active corrosion instead of passivation in the catalytic HTL environments as only dissolvable
hydroxides (such as Fe (OH)4™ or Cr(OH)4") could be thermodynamically present at the pH of ~11.2.
However, as shown in Figs. 5-3 and 5-5, the addition of 0.5 M K>COj resulted in the formation of
much thicker corrosion layers on the two steels comparing to those grown in the hot pressurised
HTL water, suggesting that the introduction of this homogenous catalyst could not only enhance
the chemical dissolution of oxides and hydroxides as discussed above, but also accelerate the oxide
growth under the HTL conversion. The influence of K2COs on the enhanced oxide formation might
be attributed to following reasons. Firstly, the chemical dissolution of Fe and Cr oxides could be
increased with the addition of 0.5 M K>COs, consequently making the Fe-based oxide layer formed
on P91 or the Cr-enriched oxide layer on SS310 with more defects, which could facilitate the
outward migration of cations and inward diffusion of oxygen anions for further oxide growth.
Secondly, the high dissolution of Fe and/or Cr hydroxides would help the formation of micro-
cracks and localized pores within the corrosion layers (see Figs. 5-3 and 5-5), which would then
act as ‘windows’ for the diffusion of aggressive anions from the testing solution to the steel
substrates for oxide formation. Thirdly, under the batch-mode catalytic HTL conversion, part of
dissolvable cations (Fe** and Cr*") generated from the chemical dissolution reactions might remain
around the corrosion layer on P91 or SS310, consequently supressing the further dissolution of Fe
and/or Cr oxides and supporting the formation of outer non-protective corrosion layers as shown
in Figs. 5-3 and 5-5, respectively. In addition, as shown in Fig, 7, the influence of KoCOs3 on the
corrosion rate of SS310 steel was likely to be less effective compared to that on P91. This could
be due to the difference of chemical stability between Fe and Cr oxide in the catalytic HTL
environments. Due to the low dissolubility, the formed inner Cr-enriched oxide layer on SS310

could be an effective barrier to protect the substrate from the environmental attack.
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Fig. 5-18. Constructed Pourbaix diagram of Fe-H>O system at 310 °C. Note that the diagram is
also applicable for the 0.5 M K>COj solution with inorganic/organic corrodants.
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Fig. 5-19. Constructed Pourbaix diagram of Cr-H>O system at 310 °C. Note that the diagram is
also applicable for the 0.5 M K>COj solution with inorganic/organic corrodants.

Different from K>COj catalyst, the presence of trace amounts of inorganic corrodants (S*> and CI°)
only led to a slight increase in the pH of the catalytic HTL environment due to the low
concentration, even though its interaction with pressurized hot water is quite strong [423, 424].

However, as shown in Figs. 5-9 and 5-11, the addition of S* and CI" resulted in a noticeable change
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of corrosion layers formed on the two steels. Different from those found in previous studies [165-
170], the introduction of S* and CI in the catalytic HTL environment did not trigger localized
corrosion (pitting), but actually affected the oxide formation and dissolution on the two steels. A
number of studies have highlighted the effects of C1- and/or S* on pitting initiation and propagation
on steels and alloys. CI" ions have been found to locally damage the integrity of passive oxide films
as they can be adsorbed and accumulated at defects to replace O in the oxides for the formation
of highly soluble metal-anion complexes [425-430]. S*" can interfere with formed oxide layer
through incorporating sulfide ions on local defective sites to form metal-sulfide complexes (such
as FeS and MnS) due to its high chemical affinity to the metal and consequently impair the oxide
film integrity [192, 430-432]. In this study, the marginal effect of the inorganic corrodants on
pitting under HTL condition might be ascribed to the following factors. The limited amounts of
CI" and S* in the catalytic HTL solution might be insufficient to facilitate pitting. For instance,
former studies suggested that the pitting of SS304L and SS316L would be more likely to occur in
the solutions with CI” content higher than 0.5 wt.% [433-435]. Moreover, the high chemical
dissolution rates of Fe and/or Cr oxides/hydroxides on the steels in the catalytic HTL solution
might reduce the localized accumulation of Cl- and S*, and consequently suppress pitting initiation

and propagation.

As described above, the addition of C1" and S* caused a slight decrease in the thickness of the
corrosion layer formed on P91 and the inner Cr-enriched layer grown on SS310, suggesting that
the chemical dissolution of these defective oxides might be enhanced by replacing the O* in the
oxides with the inorganic corrodants to form dissolvable complexes. For SS310 steel, the
synergistic effect of KoCOj catalyst and inorganic corrodants on enhanced oxide dissolution could
also lead to the formation of porous middle Cr/Fe oxides layer and localized distribution of Ni
particles (see Fig. 5-11). As implied in Table 5-3, the oxidation ability of alloying element Ni in
SS310 should be much less than other two alloying elements (Cr and Fe). After a certain exposure
time, the enhanced dissolution of Cr/Fe oxides by the basic catalyst and inorganic corrodants as
well as high oxide formation rate in the catalytic HTL environment could cause the localized
accumulation of Ni particles within the middle corrosion layer. Therefore, the above factors could
consequently cause an increase in the corrosion rates of the two steels as shown in Fig. 5-12.
Moreover, the inner Cr-enriched oxide layer formed on SS310 is the key barrier to protect the steel

from catalytic HTL environmental attack. A shown in Fig. 5-11, its integrity was noticeably
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affected with the addition of Cl- and S*. This could make the inorganic corrodants with more

noticeable impact on the corrosion of SS310 would than P91 as shown in Fig. 5-12.

Unlike K>COs catalyst and inorganic corrodants, the generation of acetic acid during the catalytic
HTL conversion should decrease the environmental pH. At 310 °C, the pH of the catalytic HTL
environments with 5 wt.% acetic acid was estimated to be about 7.6. Note that that the water
ionization constant and the dissociation constant of carbonate in K,CO3 and conjugate base
(acetate ion) in acetic acid should increase with temperature [436, 437]. For instance, the
dissociation constant of acetic acid was estimated to be about 1.8*10>°at 310 °C, higher than that
at room temperature. Based on the constructed Pourbaix diagrams (see Figs. 5-18 and 5-19), the
addition of 5-10 wt.% acetic acid would create an HTL environment in which the two tested steels
would experience passivation instead of active corrosion. As shown in the diagrams, stable oxides
(Fe304 or Cr203) are predicted to be formed on the steels at 310 °C and the pH range of 4.7-10.4.
However, as shown in Figs. 5-14 and 5-17, the presence of acetic acid in the catalytic HTL
environment significantly enhanced the corrosion of the two steels, suggesting there is a puzzle

about role of acetic acid on the corrosion during the catalytic HTL conversion.

In the catalytic HTL conversion environment, the influence of acetic acid on the corrosion may
follow two different routes, depending on the content of acetic acid produced. It is estimated that
the addition of ~ 8.5 wt.% acetic acid could completely interact with 0.5 M K>COs; solution to
generate a near neutral condition at 310 °C. Thus, the first route is that the addition of acetic acid
(< 8.5 wt.%) would reduce the environmental pH and produce acetate ions (CH3COQO"), which
might react with cations in the oxides formed on the steels for the formation of dissolvable metal

acetate via

6 CH;C00™ + 2 Fe3?,,,— 2 Fe(CH5C00)5 (5-7)
6 CH;C00™ + 2 Cr3:,, — 2 Cr(CH;C00)5 (5-8)

This could enhance the chemical dissolution of formed oxides on the steels. Once the generated
acetic acid content is more than 8.5 wt.%, which was calculated to be the threshold amount for
catalyst to be completely reacted at 310 °C, the second route, i.e., the direct interaction of the acid

with oxides, might also occur
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6 CH;COOH + Fe,03 — 2 Fe(CH;C00)5 + 3 H,0 (5-9)
6 CH;COOH + Cr,05 — 2 Cr(CH5C00) 5 + 3 H,0 (5-10)

Previous studies on stainless steels (such as SS304 and SS430) in acetic acid at temperature up to
118 °C indicated that the presence of acetic acid in the solution was expected to enhance chemical
dissolution rates of oxides and subsequently make the oxide layer more defective [438, 439]. For
SS310, as shown on Fig. 5-16, the addition of 10 wt.% acetic acid clearly led to the formed inner
Cr-enriched oxide layer with more defects and also resulted in the formation of a thicker and more
porous Cr/Fe oxide middle layer, which might be attributed to the effects of above reactions (7) -
(10). Due to the reactions (7) and (9), it could be expected that the corrosion layer formed on P91
would be also porous and quite defective. As mentioned above, the mitigation of cations and anions
with the oxide layers should be remarkably increased with an increase in the defect density in the
layers. Moreover, as shown in Fig. 5-14, the presence of acetic acid in the catalytic HTL
environment also resulted in the formation of cracks and pores on the steels (see Figs. 5-14 and 5-
16), which would act as “windows” to facilitate the diffusion of testing solution to the substrates
for further growth of oxides with less protectiveness. In general, the generation of acetic acid
during the catalytic HTL conversion is likely to not only accelerate the chemical dissolution of

corrosion layers, but also enhance their growth.

5.5. Conclusions

This study investigated the influence of major environmental factors, including alkaline catalyst
(K2CO03), inorganic corrodants (S* and CI°), and organic acid (acetic acid), on the corrosion of P91

and SS310 during biomass HTL conversion at 310 °C, and the following conclusions are made:

(1) The addition of homogeneous 0.5 M K>CO3 catalyst alone into the HTL environment
significantly changed the corrosion layers formed on the tested steels, and led to
remarkable increase in their corrosion rates. In the catalytic HTL environments, the
corrosion layer grown on P91 was double-layer structure and mainly composed of Fe3O4
and Fe;xCrxO4, while the layer formed on SS310 was three-layer structure and with a much
thicker inner Cr-enriched oxide layer compared to that formed in non-catalytic HTL

environment.
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(2) The existence of limited amount of inorganic corrodants (Cl- and S*) during the catalytic
HTL conversion did not trigger pitting. But their presence caused a decrease in the
thickness of total corrosion layer formed on P91 and inner Cr-enriched layer on SS310,
and led to a slight increase in the corrosion rates of the steels.

(3) With generation of acetic acid under the catalytic HTL conversion, the corrosion rates of
the steel were noticeably increased. The introduction of acetic acid resulted in the
formation of thicker corrosion layer along with micro-cracks on P91 steel, and made the
layer formed on SS310 much porous (especially the inner Cr-enriched oxide layer).

(4) Increasing Cr content in Fe-based steels improved their resistance to HTL environmental
attack. Due to the formation of inner Cr-enriched oxide layer, Cr-bearing SS310 exhibited

promising potential for the construction of catalytic HTL reactors.
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Chapter 6. Roles of Major Alloying Elements in Steels and Alloys on
Corrosion under Biomass Hydrothermal Liquefaction (HTL) Conversion

In the previous chapter, two candidate steels were studied under different HTL conversion
conditions and their corrosion performance has been assessed. In this chapter, I carried out
autoclave tests on 5 candidate materials under three representative HTL conversion conditions to
further understand the effect of major alloying elements on corrosion. It has been found that the
performance of Fe-based steels was largely determined by their Cr content in substrate, and the
effects of Ni and Mo are different among medium Cr content steels (~16 wt.%) and high Cr content
steels (> 20 wt.%). Comparably, the effects of Ni and Mo are distinct in Ni-based alloys in which
Mo only affects the corrosion layer chemistry and performance of alloys when Cr content is above
a critical value. This chapter serves to further advance the mechanistic understanding of how each
major alloying element participates in the corrosion and affects the oxide layer formation, to
support the innovation of novel alloys that can specifically serve under catalytic HTL conversion

conditions.

Abstract

Hydrothermal liquefaction (HTL) is one the most promising thermochemical technologies to
convert wet biomass and biowaste streams to marketable bioenergy products. Significant
knowledge gaps exist on the selection of suitable alloys for the construction of HTL reactor due to
the existence of potential corrosion damage. This study investigated the roles of alloying elements
(Cr, Fe, Ni and Mo) on corrosion in representative HTL environments through theoretical
calculations, high temperature autoclave tests on five different alloys, and post characterizations
of the formed corrosion products using XRD/SEM/FIB/TEM techniques. The alloying elements
are theoretically predicted to experience general oxidation in non-catalytic HTL environment, but
may suffer active corrosion under catalytic HTL condition at the temperature range of 250 - 365
°C. In Fe-based steels and Ni-based alloys, Cr acts as the dominant element for their corrosion
performance under the HTL conditions. The Cr content in Fe-based steels is required to be > 16%
for satisfactory corrosion resistance at 310 °C. In the alloys with ~ 16 % Cr, increasing Ni to

replace Fe facilitates the formation of a more protective surface scale. In the alloys with > 20 %
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Cr, increasing Mo leads to a remarkable improvement in corrosion performance. For Ni-base

alloys, there is likely a critical Cr content above which the effect of Mo becomes noticeable.

Keywords: Biomass hydrothermal liquefaction, Alloying elements, Thermodynamic calculation,

High temperature corrosion, XRD, TEM

6.1. Introduction

Biomass is the world’s fourth largest energy source and a promising energy feedstock because of
its unique characteristics: renewable, environmentally friendly, and strongly beneficial to
economic growth. Available biomass resources include wood, agricultural, industrial and
municipal waste streams, as well as microalgae. However, without the deployment of innovative
thermochemical conversion techniques (such as hydrothermal liquefaction (HTL) and
gasification), these raw biomaterials could not be cost-effectively and efficiently converted into
marketable bioenergy and biochemical products in a timely fashion [9-13]. Over the past few
decades, intensive investigations have been carried out to optimize HTL processes, and it has been
generally concluded that the HTL conversion of wet feedstocks can be successfully achieved in
hot pressurized water at the temperature range of 250 - 365 °C and pressure up to 25 MPa [73-77].
Moreover, catalysts and biomass feedstock categories are also recognized as the two major factors
affecting carbon conversion efficiency and the properties of final bio-products [76-89]. For
instance, a number of studies reveal that the addition of 0.5 - 1.0 M K,COs3 into the hot water
medium leads to the desired conversion outputs [90-94]. Furthermore, the effect of alkaline
catalysts on biocrude oil yield coherently depends on the lignin content in the biomass feedstocks

[12, 440, 441].

The HTL technology is conceptually simple and robust for a wide range of wet feedstocks
(especially industrial and municipal biowastes), and more economically favorable compared to
other thermochemical conversion pathways. Despite these promising advantages, the industrial-
scale commercialization of HTL has not yet been achieved due to the relatively high capital
investment and significant materials knowledge gaps on the construction of critical components

(particularly conversion reactors and high-pressure feeding pumps). As describe above, the
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reactors are required to resist hot pressurized water attack at the pH range of 5.7 - 11.2, thus raising
the challenge of selecting suitable alloys for cost-effective construction and long-term safe
operation. Previous studies found that increasing pH only from 10 to 12 could result in a
remarkable increase in the corrosion rates of austenitic stainless steels since the formed protective
surface oxide scales on the steels would be transformed into dissolvable hydroxides in high
temperature basic solutions [52, 155-158]. Moreover, certain amounts of inorganic and organic
corrodants (such as CI', S*, lactic acid and acetic acid) will be released during the conversion of
wet biomass or biowaste feedstocks. From corrosion perspective, their presence may affect the
corrosion mode and kinetics of reactor alloys [374-380]. For instance, our recent study indicated
that the presence of acetic acid in catalytic HTL environment could lead to a remarkable increase

in the corrosion rates of Fe-based steels [442].

Based on the knowledge and experience accumulated at existing high temperature aqueous
systems [230, 299, 300, 301, 302, 304], several types of commercial steels and alloys, including
ferritic-martensitic (F/M) steels, austenitic stainless steels, Ni-based alloys, and even Zr alloys,
have the potential for the construction of HTL reactors from the materials engineering and
corrosion science points of view. Both laboratory and field studies indicate that Zr alloys exhibit
excellent corrosion resistance to several harsh aqueous environments at temperature < 400 °C,
where even Alloy C-276 and Alloy 22 cannot successfully survive [443-445]. However, their
application for the construction of HTL reactors is limited due to the high cost of alloy. F/M steels
(such as P91 and P92) are widely used as boiler tubes at temperature < 620 °C due to their high
resistance to stress corrosion cracking (SCC) and excellent thermal properties, such as high
resistance to thermal fatigue and creep [202, 441, 446]. Several 300-series austenitic stainless
steels, including 304, 316L, 310 and 347, can be used at temperature < 675 °C with minimum
carbides formation and satisfactory mechanical strength [447, 448]. Previous investigations found
that the corrosion resistance of these austenitic stainless steels in high temperature neutral aqueous
solutions (pH = ~7) would rely on the bulk Cr content in the steels [133, 266, 449, 450]. Increasing
Cr content higher than 16 wt.% is likely to result in satisfactory corrosion performance [451-454].
In basic solutions, however, the steels with Cr content even up to 18 wt.% do not exhibit acceptable
corrosion resistance at temperature < 200 °C [455-457]. Moreover, because of the potential pitting

and SCC risks, caution needs to be taken if using the steels in high temperature environments with
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the presence of Cl- and/or S*[458, 459]. On the contrary, the addition of alloying element Mo into
the steels may improve their performance in high temperature aggressive aqueous environments
because the presence of Mo can suppress the dissolution of the formed Cr oxides, thus enhance
their resistance to pitting [211-213]. For instance, the addition of 6 wt.% Mo into Fe-22Cr steel
resulted in a promising performance in the environments with 9,000 — 70,000 ppm CI  ions [460].
Ni-based alloys, such as Alloy C-276 and Alloy 625, are highly recommended for their
applications in high temperature corrosive environments [214, 461, 462]. Alloy C-276 with 16 wt.%
Mo is one of the most well-established alloys with many successful application cases in high
temperature environments [214, 215]. For example, the alloy only exhibited marginal weight
change when exposed to supercritical water with 0.5 M NaOH at 400 °C and 25 MPa for 50 hours
[215]. Alloy 625 is another well-recognized high-temperature alloy used in harsh environments
[216-220], e.g., it only experiences a corrosion rate of 4.4 um/year in 527.5 °C water after 200

hours [220].

Unfortunately, few efforts have been taken to investigate the corrosion performance of the F/M
steels, austenitic stainless steels and Ni-based alloys under the HTL conversion conditions.
Therefore, to fill the knowledge gaps, this study conducted thermodynamic simulation to predict
whether major alloying elements (Cr, Mo, Fe and Ni) in the alloys experience active corrosion or
passivation in the typical HTL processes. Meanwhile, the corrosion kinetics of P91, SS316L,
SS310, Alloy C-276 and Alloy 625 were investigated in a static autoclave under simulated catalytic
HTL operating conditions, followed by detailed microscopic examinations of the formed corrosion
products. It is anticipated to advance the mechanistic understanding of the roles of major alloying
elements (Cr, Mo and Ni) on corrosion in HTL biorefining environments and partially support the
development of applicable materials technology solutions for the construction of industrial HTL

plants.

6.2. Thermodynamic simulation

Pourbaix diagrams, originally developed by Marcel Pourbaix, describe the stable species or phases
of an alloying element in aqueous solution as a function of potential and pH. According to our
literature review, most previous studies were carried out in aqueous solution at temperatures <

100 °C [463-465]. Recently, several studies constructed the diagrams to reflect high temperature
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aqueous and supercritical water environments [258, 265, 466]. However, the results are
insufficient to predict the performance of major alloying elements (Cr, Fe, Ni and Mo) under the
specific HTL conditions. Therefore, this study intended to develop the diagrams that could depict
whether a major alloying element experiences active corrosion or passivation in the HTL
environments based on available public thermodynamic database and commercial Medusa

software.

In a Pourbaix diagram, the standard Nernst equation of an electrochemical reaction (a¢A + mH ™+

ne” = bB + cH»0) is expressed as:

MRT R

o T ag
ET = ET — 2.303 * * pH — 2.303 * oF * lg(a—a) (6-1)
A

nF n

where ETB and E7 stand for the standard electrochemical potential and electrochemical potential
at temperature T, respectively; R is the gas constant; aa or ag is the overall activity of species A or
B, respectively. In the equation, the concentrations of dissolved ions are assumed to be 10" mol/L

based on the previous studies [255, 257, 258].

The thermodynamic properties of aqueous species can be found in the literatures or public
databanks [158, 256, 265, 422] while the activities of solid are generally assumed to be unity, and
activities of aqueous species are calculated in this study. At a designed HTL operating temperature,
the standard electrochemical potential (E2) of the reaction (¢A + mH'™+ ne” = bB + cH,0) can be

estimated by:

9
EY = _AGr (6-2)

nF

whereAGY is the Gibbs free energy of the reaction at the designated temperature (J), F is the
Faraday constant (96485 C/mol), and the number of electrons transferred in the reaction (mol. The

Gibbs free energy can be calculated by:

T T

ar P
AGT = AGgog — (T = 298)S30g + Jpoq CpdT — T [0 Coo + [, VAP ©-3)

where AGSg stands for Gibbs free energy of formation of the species at room temperature; S9og
. . (P

stands for entropy at room temperature, Cp, stands for heat capacity for the specie; [ » VdP stands
v

for the pressure term and is assumed to be 0 in this study. To calculate the Gibbs free energy for
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the construction of high temperature Pourbaix diagrams of a major alloying element (Cr, Ni, Fe or

Mo), following assumptions have been made:

(1) Under HTL conversion conditions, the effect of pressure on the thermodynamic properties
of an aqueous specie or solid would be neglected as the properties should be much more
sensitive to temperature instead of pressure.

(2) The thermodynamic properties of solid species were directly borrowed from existing public
databases [467].

(3) For ions and some complex aqueous species, the Gibbs free energies of formation were
estimated based on some existing Pourbaix diagrams and/or the results described in previous
studies [255, 256, 259-263], since the changes of their entropy and/or heat capacity were not
available readily.

(4) Due to the lack of experimental data, the activity coefficient of a solid or aqueous species at
high temperature was assumed to be unity, similar to those done in former studies [257, 264,
265]. In Pourbaix diagrams, the reaction solution can be treated as an ideal dilute solution
with limited concentration of cations and anions, making the activity of a solute or solid very
close to its concentration in solution.

Once the Gibbs free energy was calculated, the Medusa software was then employed for the

construction of the Pourbaix diagrams. Note that the software has an internal algorithm that can

execute Nernst equation calculations based on the obtained thermodynamic properties of each

species for the construction of Pourbaix diagrams [468].

6.3. Experimental testing procedure

6.3.1. Preparation of testing samples

Rectangular alloy coupons with the dimensions of 20 mm long x 10 mm wide x 2 mm thick were
machined from commercial ferrite/martensitic steel (P91) cylinder, austenitic stainless steels
(SS310 and SS316L) and Ni-based alloys (Alloy C-276 and 625) plates, respectively. Their
normalized bulk chemical compositions are listed in Table 6-1 based on the Mill Test Certificate
provided by different suppliers. The fabrication history of P91 and SS310 can be found in the
reference [376]. SS316L plate was made through annealing at 1038 °C, followed by quenching in
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water. Alloy C-276 and 625 plates were made through solution annealing at 1148 °C and 1038 °C,
respectively, and then quenched in water. A hole with the radius of 2 mm was made near the top
of each coupon for subsequently hanging on a custom-made Alloy 625 holder during each
autoclave corrosion test. Before a corrosion test, each sample including its four edges was carefully
polished with a series of SiC papers from 120 to 600 grit in deionized water to remove all the
potential contaminants and defects which might be introduced during the machining processes.
Following that, the samples were cleaned in an ultrasonic bath with ethanol for 10 minutes, washed
with flowing ultrapure water, and finally dried with pressurized air. After that, optical inspections
were carried out to determine whether the prepared samples met the high temperature autoclave
corrosion testing standard [399]. For each sample, an ID was assigned and marked on its upper-
left corner to ensure its correct identification after the exposure to an HTL environment. Before a
corrosion test, all the freshly prepared samples were weighed with a microbalance with the
resolution of 1 pug and measured using a digital caliper with the precision of 0.001 cm. Four
prepared samples of a test alloy were applied in each designed autoclave corrosion test to improve

the precision and accuracy of the obtained results.

Table 6-1. Normalized bulk chemical composition of steels and alloys used in this study.

Alloy Types Chemical Composition (wt.%)
Cr Ni Mn C Mo Si N Fe
P91 8.36 0.07 0.47 0.11 0.90 0.33 / Bal.
SS316L 16.60 | 10.00 1.20 0.02 2.00 0.30 0.10 Bal.
SS310 2420 | 21.80 1.60 0.02 / 0.20 0.10 Bal.
Alloy C-276 15.90 | 58.80 | 0.40 0.01 15.50 0.02 / 5.70
Alloy 625 2240 | 64.00 | 0.01 0.01 8.79 0.10 / 0.56

6.3.2. Autoclave testing methodology and procedure

Table 6-2 shows the autoclave test matrix for the tests performed for identifying the impacts of
three major alloying elements (Cr, Mo and Ni) on corrosion under non-catalytic and catalytic HTL

conversion conditions. Note that in Test #3, the addition of inorganic corrodants (CI" and S**) and
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organic acid (acetic acid) into 0.5 M K»,COs was done to simulate the HTL conversion of industrial
biowastes in which certain amounts of corrosive compounds will be released based on pilot-scale

tests [159-164, 395, 396].

As shown in Fig. 6-1, all the tests were conducted in an Alloy C-276 autoclave with a pre-oxidized
Alloy 625 liner to mitigate the influence of autoclave wall alloy based on the methodology
described in ASTM G31 [251]. Note that Alloy 625 liner was pre-oxidized in an air furnace at 400
°C for 24 hours and used for accommodating testing solution and samples. For each autoclave test,
the freshly prepared samples were loaded on the Alloy 625 holder using 20% Cr and 80% Ni Cr-
Ni alloy wires, which were also pre-oxidized in the furnace at 400 °C for 24 hours to avoid the
galvanic effect between the testing samples and the holder. The autoclave was then sealed and
purged with pure N for at least an hour to produce a deaerated environment, followed by leaking
test under high pressure N> condition. The autoclave was then powered on to reach the target
temperature. Once the temperature reached 310 °C, the time was recorded as starting point and all
the three tests proceeded for 10 days. When the exposure duration was reached, the autoclave
heater was powered off and naturally cooled down in air. At room temperature, the alloy samples
were removed from autoclave, cleaned with distilled water, dried with pressurized air, and finally
reweighed using the microbalance as stated above.

Table 6-2. Test matrix conducted to identify the impacts of alloying elements under simulated
non-catalytic and catalytic HTL conversion conditions.

Test # Testing Conditions
" in static Alloy C-276 autoclave with an Alloy 625 liner containing deaerated
ultrapure water at 310 °C for 10 days
. in static Alloy C-276 autoclave with an Alloy 625 liner containing deaerated 0.5 M
K>CO3 at 310 °C for 10 days
in static Alloy C-276 autoclave with an Alloy 625 liner containing deaerated 0.5 M
& K>COj3+ 3500 ppm CI + 2500 ppm S>" + 5 wt.% acetic acid at 310 °C for 10 days
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Fig. 6-1. (a) Schematic of the static autoclave setup used in this study; (b) Top-view photograph
of the Alloy C-276 autoclave with an Alloy 625 liner, testing samples and sample holder.

6.3.3. Corrosion rate assessment

Two different methods can be used to evaluate the corrosion rates of alloys in high temperature
aqueous solutions, including direct mass change measurement (i.e., measuring mass difference of
a sample before and after an exposure), and indirect weight loss measurement which involves: (1)
completely removing the formed corrosion products on a sample and (2) measuring the mass
change of the sample before the test and after the descaling. Our previous studies have
demonstrated that the indirect weigh loss measurement is a more accurate method to assess
corrosion rates compared to direct mass change technique since considerable chemical dissolution
and localized breakdown of the formed corrosion layers will occur during the exposures to HTL
environments [376]. In this study, the weight loss measurement was thus applied for corrosion rate
assessment. Based on ASTM-G1 standard [228, 252], the descaling process is required to be done
in suitable solution that only has negligible influence on the base metal, but can effectively and
completely dissolve the formed corrosion products. In this study, the descaling of the corrosion
products formed on SS310, SS316L, Alloy C-276, and Alloy 625 was successfully achieved via
the following key steps:

(1) Immersing the corroded samples in the solution A of 2 wt.% citric acid + 5 wt.% dibasic
ammonium citrate + 0.5wt.% disodium EDTA at 90 °C for 30 minutes;
(2) Submerging the samples in the solution B of 4 wt.% or 6 wt.% potassium permanganate + 5

wt.% caustic soda at 90 °C for 30 minutes, followed by cleaning in ethanol ultrasonic bath for
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10 minutes. 4 wt.% potassium permanganate was used for the corroded stainless steels while
6 wt.% potassium permanganate was used for Ni-based alloys;

(3) Dipping the samples in the solution A again at 90 °C for 30 minutes and weighing the samples
after rinsing with water and drying with pressurized air;

(4) Repeating the processes (1)-(3) until the weight of each sample reached a constant value as
described in the reference [230].

Due to the nature of the formed corrosion products, the descaling of corroded P91 samples was

done through immersing them in the solution of 500 ml HCI+3.5 g + 500 ml H,O at room

temperature for 10 minutes, followed by gently removing the remaining corrosion products using

cotton swabs and soft copper brush.
The average corrosion rate of a sample (um/year) was then calculated by [232]:

7
Corr.Rate = 8.76x10" « Am (6-4)

dAt

where Am(g) is the measured mass loss of a sampled before an exposure and after the descaling,
d(g/cm?) is the alloy density, A(cm?) is surface area of the coupon, and t(h) is the exposure duration.
Based on ASTM-G16 standard [226], the average corrosion rate of an alloy was obtained from

three parallel corroded samples of an alloy in this study.

6.3.4. Corrosion product characterization

After an autoclave test, primary optical checks on the surface morphology of corroded samples
were performed to initially evaluate corrosion modes and extents of corrosion of the tested steels
and alloys. Following that, the sample, which had the direct mass change value closest to the
average value in a given replicated set, was used for more detailed microscopy characterizations.
The corrosion layers formed on the alloys were examined using a FEI Nova NanoSEM 650
scanning electron microscope (SEM) system operated at 20 KeV and equipped with an Oxford
energy dispersive X-ray spectroscopy (EDS) system to identify their chemistry and the related
corrosion modes (such as active corrosion, general oxidation, nodular oxidation, and/or pitting,
etc.). Since the corrosion layers grown on P91 samples were quite thick, the phase compositions

of the layers were determined using X-ray diffraction (XRD) technique with a Co Ka X-ray source
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operated at 40 kV and 150 mA. For the thin corrosion layers formed on SS310, SS316L, Alloy C-
276 and Alloy 625, a FEI Helios NanoLab™ DualBeam™ Focus lon Beam (FIB) microscope was
employed to produce cross-sectional SEM views of the layers and substrates. Before FIB operation,
a thin Pt layer was deposited on the selected samples in vacuum to protect them from unexpected
cutting damages. After the FIB cutting, the cross-sectional samples were also thinned using in-situ
life-out technique for subsequent TEM examinations, including black field (BF) imaging,
elemental mapping and corresponding EDS analyses. These characterizations were carried out
using Tecnai Osiris™ scanning/transmission electron microscope (S/TEM) equipped with super

X-field emission gun (FEG) and X-ray detection system operated at 200 kV.

6.4. Results and Discussion

6.4.1. Pourbaix diagrams of major alloying elements under catalytic HTL conversion

conditions

As mentioned above, the HTL conversion processes are usually operated at the pH range of 5.7 -
11.2 and the temperature range of 250 - 365 °C, depending on the properties of raw biomass
feedstocks and the chemistry of catalysts applied [91, 93, 94]. Note that the ionization constant of
ultrapure water is about 1x107112% at 250 °C, 1x107114% at 310 °C and 1x10''® at 365 °C,
consequently making the non-catalytic HTL conversion environment to have the initial pH of
about 5.6, 5.7, and 5.9 at 250, 310 and 365 °C, respectively. Note that the ionization constant of
ultrapure water increases with temperature, i.e., from 1x10'* at 25 °C to 1x107'!-29 at 250 °C. At
temperature > 260 °C, however, the ionization constant of subcritical water will decrease with a
further increase in temperature close to the supercritical point (374.3 °C) because of the distortions
of hydrogen-bond networks [152, 469]. Based on the above information and methodology, the
related Pourbaix diagrams of the four alloying elements were thus constructed, and are shown in

Fig. 6-2. The following general observations could be made:

(1) At temperature < 310 °C, iron might experience oxidization at the pH range of 6.3 - 10.2 or
suffer active corrosion at a higher pH value. Interestingly, the alloying element would mainly
undergo general oxidation at the pH range of 6.5 - 12.0 at 365 °C. This could be because the

Gibbs free energy of oxide formation increases with an increase in temperature. The formed
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oxides could be composed of Fe3O4 and Fe>O3, depending on exposure time. The transition
of iron oxides into dissolvable ferric hydroxide complexes (Fe(OH)4) could also occur at
pH>9.
At temperature < 310 °C, Cr would also undergo either general oxidation or active corrosion,
depending on the pH value of conversion environments. For instance, dissolvable chromium
hydroxide complexes could be present at 250 °C and pH > 9.3. At 365 °C, general oxidation
would be the dominant reaction on Cr. The formed oxide is likely to be Cr203. Depending
on temperature, pH and exposure time, the transition of Cr and the formed oxide Cr.O3 into
dissolvable Cr(OH)4™ and CrO4> could occur through following reactions:

Cr,03+40H™ + H,0 =2Cr0;” +3H, (6-5)

Cr,03+20H™ +3H,0 =2Cr(OH), (6-6)
At 250 °C, Ni would be oxidized at pH < 10.80 or suffer active corrosion to form dissolvable
Ni(OH);™ via the following reaction:

Ni?* +30H™ = Ni(OH)3 (6-7)

Different from Fe and Cr, Ni would mainly be subjected to general oxidation in the HTL
environments at temperature > 310 °C. Depending on environmental pH and time length of

service, the chemical dissolution of Ni oxides into Ni(OH)3™ could also occur via the reaction

(6-7).

Similar to Fe and Cr, Mo would likely experience passivation or active corrosion to form
MoO4?* at temperature < 310 °C, depending on environmental pH. For example, active
corrosion could occur and MoO4> might be present in the 250 °C environment with pH >
8.9. Moreover, increasing temperature would result in an expansion of the passivation region
to a higher pH region. At 365 °C, Mo would mainly go through general oxidation to form
stable MoO: under the HTL conditions.

In general, the four alloying elements are likely to experience general oxidation or active corrosion

in the HTL conversion environments at temperature < 310 °C. Further increasing temperature

would help the formation of thermodynamically stable oxides on them, because of the gradual shift

of passivation region to wider pH range and negative electrochemical potential. Depending on pH
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and exposure time, the transition of the protective oxides into dissoluble hydroxide

compounds/complexes is expected to occur as described above.
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(c) Pourbaix diagrams of Ni-H2O system at different HTL operating temperatures
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(d) Pourbaix diagrams of Mo-H>O system at different HTL operating temperatures

Fig. 6-2. Established Pourbaix diagrams of major alloying elements and H>O system at the
temperature range of 250 - 365 °C, constructed by extrapolating thermodynamic properties of
compounds that retrieved from databases [255, 256, 258-265, 466].

6.4.2. Influence of major alloying elements on corrosion processes under the HTL conversion
6.4.2.1. Effects of alloying elements on corrosion Kinetics

In the HTL environments, the corrosion kinetics of candidate reactor alloys are determined by the
chemistry and structure of the formed surface scales as indicated in our pervious study [442]. Based
on the predictions in Fig. 6-2, four major alloying elements (Fe, Cr, Ni and Mo) in the Fe-based
steels and Ni-based alloys would either experience passivation to form protective oxides, or active
corrosion to generate dissolvable complexes, depending on applied HTL conversion mode (non-
catalytic or catalytic), the amounts of organic acids generated, and other key operating parameters
(such as temperature, pressure and flowing rate). Thus, the corrosion kinetics of the five candidate
alloys were investigated under three typical HTL conversion conditions, including ultrapure water
(i.e., non-catalytic HTL, pH = 5.7 at 310 °C), 0.5 M K»>COs (simulating homogenous catalytic
HTL, pH = 11.2 at 310 °C), and 0.5 M K>COs + 3500 ppm CI" + 2500 ppm S* + 5 wt.% acetic
acid (representing homogenous catalytic HTL with the production of inorganic and organic

corrodants, pH= 7.6 at 310 °C).

The photographic images of the alloys before and after the exposures at 310 °C for 10 days are
shown in Fig. 6-3. Before the corrosion tests, the surfaces of all the freshly prepared coupons were

neat with shining metal luster. However, after the exposures to the HTL conversion environments,
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the alloy exhibited distinct difference in appearance, especially for SS310, SS316L, Alloy 625 and
C-276, implying the formation of different corrosion layers. After being corroded in the non-
catalytic HTL environment (Test #1), P91 samples showed the darkest surface, while the surface
of corroded SS310 and SS316L were light brownish along with several localized depositions.
Compared with the above Fe-based steels, the two Ni-based alloys (Alloy C-276 and Alloy 625)
presented lighter yellowish surface without localized deposition, suggesting the formation of
relatively thinner corrosion layers. After the exposure to the catalytic HTL environment (Test #2),
all the Fe-based steels with different Cr contents exhibited dark grey, indicating the formation of
thicker corrosion layers comparing to those grown in the non-catalytic HTL environment.
Different to the steels, the two Ni-based alloys only exhibited light grey. After Test #3 (catalytic
HTL with presence of inorganic and organic corrodants), all the tested alloys showed darker
surface and the surface of the two Ni-based alloys were still lighter than those of the Fe-based
steels. In addition, the presence of inorganic corrodants (Cl° and S%) in the catalytic HTL

environment was unlikely to trigger pitting on all the five alloys.

0.5 M K,CO;+ 3500 ppm CI- +

Freshl
Y Ultrapure water 0.5 M K,CO; 2500 ppm S* + 5 wt.% acetic acid

prepared

Fig. 6-3. Photographic images of five candidate alloys before and after the exposures to three
HTL conversion environments at 310 °C for 10 days, respectively.

P91

After the 10 days’ exposure to a typical HTL conversion environment, the average corrosion rate

of each alloy was estimated based on the weight loss measurement and equation (6-4) as described
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in the Section 6.3.3, and all the obtained results are presented in Fig. 6-4. The following

observations and discussions are made:

(1)

2)

All of the tested alloys suffered the highest corrosion damage in the catalytic HTL
environment with inorganic corrodants (Cl" and S*) and 5% acetic acid (pH=7.6), while
exhibit the lowest corrosion rates in the non-catalytic HTL environment (pH=5.7) at 310 °C.
Based on the above thermodynamic predications, the major alloying elements (Fe, Cr, Ni
and/or Mo) in these alloys would experience passivation instead of active corrosion in the
non-catalytic HTL environment (see Fig. 6-2). Thus, it could be expected that the alloys
would exhibit satisfactory performance under such a HTL conversion condition. During
catalytic HTL conversion, however, the higher corrosion rates of the alloys did not occur in
the catalytic environment (pH=11.2) even though the alloying elements of Fe, Cr and Mo
would experience active corrosion as predicted in Fig. 6-2. As mentioned above, adding
inorganic and organic corrodants could change the pH of catalytic HTL environment down
to about 7.6 because of the reaction of acetic acid with OH™ and the interaction of S** with
the pressurized hot water, the four alloying elements were predicted to form stable oxides as
shown in Fig 2. The above findings suggested that the inorganic and organic corrodants
released during the catalytic HTL conversion could significantly decrease the integrity of
corrosion layers formed on the alloys and/or remarkably enhance the chemical dissolution
of the layers. Therefore, both the environment pH and the generated corrodants during the
conversion should be the two key factors affecting the corrosion kinetics of candidate reactor

alloys.

For Fe-based steels, increasing Cr and/or Ni content resulted in a remarkable decrease in
their corrosion rates, particularly in the catalytic HTL environment with inorganic and
organic corrodants (Cl, S* and acetic acids). In the non-catalytic HTL environment,
thermodynamic calculation indicated that element Ni would not involve the surface oxide
formation because of the positive Gibbs free energy of the reaction (Ni+ H,O =NiO + Hy)
[376]. Thus, the improved corrosion resistance in the non-catalytic HTL environment would
be mainly attributed to the Cr content that was present in the steels. As shown in the
following characterization section, increasing Cr content could lead to the transition of Fe-

enriched oxides to Cr-enriched oxides formed on the Fe-based steels. In the catalytic HTL
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environments, increasing Cr content could also result in an enhanced corrosion resistance as
the Cr-enriched oxides would be expected to have higher chemical stability than Fe-based
oxides based on former studies [376, 470, 471]. But the role of element Ni on the formed
surface scales is still a puzzle. As predicted in Fig. 6-2, stable NiO could be formed at the
pH range of 6-12 at 310 °C. Detailed information about the influence of Ni is further
explored in the next section. In addition, although it is generally accepted that the chemical
compositions of Fe-based steels, instead of their crystallographic phases, are more critical to
their corrosion performance in various high temperature aggressive environments [472, 473,
474, 475], the effect of crystalline structure still needs to be considered under non-catalytic
and catalytic HTL conversion conditions. As mentioned above, P91 is a ferrite-martensite
steel with body-centered cubic/tetragonal crystalline structure while SS310 and SS316L are
austenitic stainless steels with face-centered cubic crystal structure containing austenite
stabilizers (Mn and Ni). Previous studies found that in comparison with austenite phase,
ferrite-martensite interfaces would have lower carbon dissolution and affordably provide
pathways for voids/microcracks propagation along the boundaries, possibly leading to Cr
depletion and thus enhancing corrosion [473, 476, 477]. Moreover, most of the alloying
elements in P91 tend to participate in martensite phase instead of ferrite [478, 479], which
could create “galvanic couple” between the two phases and consequently make the steel

more prone to environmental attack compared to the two austenitic stainless steels.

For the alloys with medium Cr content (around 16%), it was likely that increasing Mo and/or
Ni contents resulted in a remarkable increase in their resistance to the non-catalytic and
catalytic HTL environments. Previous studies proposed that the addition of Mo might help
the formation of a protective Cr-enriched oxide film through the dissolution of Mo®* ions in
the oxyhydroxide network [123], or aid the formation of MoO(OH), or MoO4*" to suppress
localized damage of the oxide layer [124-126]. Mo has also been found to facilitate the
growth of finer lamellar microstructure of the alloys, consequently increasing their corrosion
resistance [480, 481]. Our most recent study in hot dilute acidic pre-hydrolysis environment
found that increasing Mo content could help the formation of a compact and protective Mo
oxide layer to resist environmental attack at elevated temperatures [482]. As predicted in Fig.
6-2(d), Mo can be oxidized to form stable oxide in the HTL environments. Thus, the above

factors making the corrosion resistance of alloys increase with an increase in Mo content in
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the HTL environments. For Ni element, the role in corrosion process in the HTL
environments is unclear, as stated above. A previous study on Fe-based and Ni-based alloys
in 0.5 M NaOH at temperature up to 400 °C found that Alloy C-276 showed lower corrosion
rate than SS316, likely because of its higher Ni and Mo contents [215]. Also, it has been
found that increasing Ni and Mo contents could reduce corrosion rates and SCC
susceptibility in alkaline solution as well [215]. In the next section, the role of Ni in the
corrosion layer formed on Alloy C276 is presented. In addition, although both SS316L and
alloy C-276 have austenitic structures, Alloy C-276 has two unique phases (y’ and y”) which
are formed during precipitation hardening and has high dissolubility of alloying elements
(e.g. Cr, Mo, Nb) in the matrix, thus improving its resistance to high temperature systems
[483-486]. However, several studies on austenitic alloys (such as SS316L, SS310, Fe-17Cr-
ONi steel, and Alloy 625) have shown that influence of crystalline structure on corrosion

should be much less noticeable than the effect of chemical compositions [487- 489].

For the alloys with high Cr content (> 22%), increasing Mo and/or Ni led to certain
improvement of their corrosion resistance, particularly in the catalytic HTL environment
with CI', $?" and acetic acid (see Fig. 6-4(c)). Similar to the above, the influence of Mo in
the alloys on corrosion could be through improving microstructure, enhancing the stability
of Cr-enriched oxide, and/or directly forming protective Mo oxide layer. For Ni content, a
previous study (carried out in 6.7 mol/L KOH at temperature < 180 °C) found that the
corrosion rate of SS310 was remarkably higher than that of Alloy 690 because of slightly
higher Cr content, suggesting that increasing Ni content in alloys might improve corrosion
resistance [398]. In this study, the influence of Ni in Ni-based alloys on corrosion in the
catalytic HTL environments was also examined using SEM/TEM techniques and is

presented in the next section.

As shown in Fig. 6-4, overall ranking in terms of increasing corrosion resistance in the non-
catalytic and catalytic HTL environments is:

P91 << SS316L < SS310 < Alloy C-276 < Alloy 625.
Note that Alloy C-276 showed slightly higher corrosion rates than SS310 in catalytic HTL
environment without corrodants. It is worth noting that although no guideline is available at

present to define the maximum corrosion rate allowance of the HTL conversion reactor

159



alloys, one can assume that the rate limit should be less than 0.1 mm/year based on the
existing operating experience and knowledge at paper and mill plants [411, 412]. Therefore,
the tested alloys except P91 exhibited promising corrosion performance for further stress

corrosion cracking evaluations and pilot-scale validation tests.
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Fig. 6-4. Comparison of the average corrosion rates of Fe-based steels and Ni-based alloys with
different alloying element contents in non-catalytic and catalytic HTL environments at 310 °C.

6.4.3. Influence of alloying elements on the corrosion layers formed in HTL environments
6.4.3.1. Roles of Cr and Ni in corrosion layers grown on Fe-based steels

Fig. 6-5 shows the SEM top-views of three Fe-based steels after the exposures to the HTL
environments at 310 °C, respectively. In the non-catalytic HTL environment, the steel experienced
general oxidation, consistent with the theoretical predictions in Fig. 6-2. Besides that, localized
nodular oxidation and corrosion particles deposition also occurred on them. Note that the
deposition of dissolved corrosion particles likely occurred during the autoclave cooling-down as
described in our previous study [376]. More importantly, increasing Cr and/or Ni contents in the
steels seemed to lead to the formation of thinner surface scales with much smaller size of oxide
particles. As shown in the figures, the oxide layers formed on SS316L and SS310 were much
thinner than that formed on P91 since the grinding lines were still clearly visible on the two

austenitic steels even after the 10 days’ exposure into the hot water at 310 °C.
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In the catalytic environment, the steels not only experienced oxidation, but also suffered noticeable
chemical dissolution of the formed oxides, particularly the oxides grown on P91 steel with the
lowest Cr content. Localized enhanced oxide dissolution also occurred on P91 steel. As predicted
in Fig. 6-2, stable Fe and Cr oxides could not be formed in the catalytic HTL environment with
pH = 11.2 and thus, would dissolve into the solution at a higher rate than those in the non-catalytic

environments through the following hydrolysis reaction [490]:
M>03; +2 OH + 3 H>O =2 M(OH)4 (6-8)

where M represents the alloying element Fe or Cr. Note that except for oxide, thermodynamic
calculations also suggested that hydroxides could possibly be formed on the steels via following

two different routes:
M+3 OH =M(OH); +3 ¢ (6-9)
M>03 + 20H + 2H,0 = 2M(OH)3 (6-10)

Previous studies found that both Fe and Cr hydroxides would experience higher dissolution in
basic solutions (pH ~ 9) at temperature > 100 °C comparing to their oxides [418, 491]. In addition,
increasing Cr and/or Ni contents possibly led to the transformation of oxide shape from irregular

and very fine lumps into flakes. Deposited particles were also present on the corroded steels.

As implied in the figure, the addition of inorganic and organic corrodants (S*, CI” and acetic acid)
into the catalytic environment might result in a remarkable enhancement in the chemical
dissolution of oxides and hydroxides formed on the steels although the addition of acetic acid and

S? made the environmental pH drop to ~ 7.6 because of the following two different reactions:
CH3COOH + OH = CH3COO +H20 (6-11)
S*+ H,O =HS + OH (6-12)

The above observations were different from the predictions in Fig. 6-2, in which stable Cr/Fe oxide
could be thermodynamically formed at the pH range of 7 - 8 and 310 °C. More severely, the
introduction of these corrodants caused local damage of the oxide integrity and consequently led
to the formation of micro-cracks and holes, which were particularly noticeable on the two
austenitic steels (SS316L and SS310). Besides that, localized accumulation of organic compounds

on the three steels were also found. A number of studies have shown that both Cl" and S* anions
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could interact with the cations (Fe** or Cr*") in the oxides to form dissolvable complexes due to
their high affinity to the cations [192, 430, 431, 432]. Moreover, CH3COO" ions produced from
the reaction (6-11) could also interact with metal cations (M™) in the oxide to form dissolvable

metal acetate based on previous studies [492]:
nCH;CO0™ + M}t ,,— M(CH;C00), (6-13)

The above factors could make the steels suffer the severest damage among all the testing conditions,

as shown in Figs. 6-4 and 6-5.
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Fig. 6-5. SEM top-views of (a) P91, (b) SS16L and (c) SS16 samples after corroding in non-
catalytic and catalytic HTL environments 310 °C.
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Since the corrosion layers formed on P91 samples were quite thick, XRD characterizations were
used for their phase composition characterizations, and the results are shown in Fig. 6-6. After the
exposures to the non-catalytic and catalytic HTL environments, the formed corrosion layers were
mainly consisting of Fe3O4 and Fe3.xCrxO4 compounds. The introduction of 0.5 M K>COjs catalyst
and/or the addition of the corrodants (CI, S* and acetic acid) unlikely affected the phase
composition of the layers. For the samples corroded in the catalytic HTL environments, the
disappearance of ferrite peaks implied the formation of thicker layers than that formed in the non-
catalytic HTL solution. More importantly, the results clearly indicated that protective Cr-enriched
oxides and hydroxide could not be grown on the Fe-based steels with Cr content < 9% in the HTL
environments, even though their formation would be thermodynamically feasible as predicted in

Fig. 6-2, i.e. negative Gibbs free energy of oxidation reactions.

- Fe-Cr spinel oxide (Fe,..Cr,0,) *
Magnetite (Fe,0,)

Ferrite o

Ultrapure water

Intensity (a.u.)

0.5 M K,CO; + 3,500 ppm CI- + 2,500 ppm 5% +
5 wt.% acetic acid

1 1 1 1 1 1 1 1 1 1 1

20 25 30 35 40 45 50 55 60 65 70 75 80
26 (Degree)

Fig. 6-6. XRD spectra collected on P91 samples after corroding in non-catalytic and catalytic
HTL environments at 310 °C, respectively.

To further examine the microstructure and chemistry of the oxides formed on corroded P91 steels,
cross-sectional samples were produced using diamond saw cutting technique, and the
corresponding SEM/EDS elemental mapping results are shown in Fig. 6-7. Note that because of

the thickness difference of the corrosion layers formed in different HTL environments, the SEM
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images were provided here with different resolution scales for clearer presentation. The thickness

of corrosion layer was dramatically increased with the introduction of 0.5 M K»>COjs catalyst, and

further thickened with the addition of the corrodants into the catalytic HTL environment. Except

for the thickness, the microstructure and chemistry of the layers were also found to vary with the

testing environmental chemistry:

(D

2)

©)

In the non-catalytic HTL environment, the formed corrosion layer was a single-layer
structure and mainly composed of Fe and O along with some Cr cations, consistent with the

XRD results. Deposition particles were randomly distributed above the layer.

In the catalytic HTL environment, the layer was a three-layers structure, including outer
porous Fe-enriched oxides with Cr cations, middle Cr-enriched oxide with Fe and trace
amount of Mo cations, and finally the inner Fe-enriched oxides with Cr and limited amount
of Mo cations. At the interface of middle and inner layers, the accumulation of Mo was
observed. As the bulk content of Mo in the steel is only about 0.9 wt%, the accumulation of
Mo suggests that the formed corrosion layer would be poorly protective to prevent the
outward diffusion of Mo from the substrate. Moreover, combined with the result in Fig. 6-6,
the total amount of Mo cations in the corrosion layer would be expected to be small. In

addition, micro-cracks and holes were formed within the corrosion layer.

In the catalytic HTL environment containing inorganic corrodants and acetic acid, the
formed layer was a two-layer structure, including a very thin outer layer composed of Fe and
O, and a quite thick inner layer consisted of Fe/Cr oxides as well as trace amount of S.
Moreover, the small cracks were surprisingly present at the interface of corrosion layer and
substrate after exposure. The formation of these cracks might be due to the internal stress
enhanced with the formation of thick corrosion layer, or the poor adhesion of corrosion layer

with the substrate.

The above observations generally agree with the corrosion rate results shown in Fig. 6-4(a). The

introduction of catalysts and/or corrodants apparently changed the oxide formation/growth

processes and led to the formation of microcracks which could act as “windows” for the inward

diffusion of corrosive anions during the exposures.

165



(b) in catalytic HTL environment

(c) in catalytic HTL environment with 3500 ppm CI, 2500 ppm S** and 5 wt.% acetic acid

Fig. 6-7. SEM cross-sectional images and corresponding EDS elemental mappings of P91
samples after corroding in different HTL environments at 310 °C.
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Different from P91 steel, the corrosion layers formed on SS310 and SS316L were expected to be

thinner due to their higher Cr and/or Ni contents. FIB and TEM techniques were thus applied for

the cross-sectional characterizations, and the results are shown in Fig. 6-8. Following major

findings are obtained:

(D

2)

In the non-catalytic HTL environment, the surface scales formed on both SS316L and SS310
were only a single-layer structure composed of Cr-enriched oxide with limited amount of Fe
cations. The thicknesses of the layers on the steels were around 40-50 nm, suggesting that
increasing Cr content in the steels from 16% to 24% would only have marginal influence on
the formation of Cr oxide. Above the Cr oxide layer, deposition particles and local nodular
oxides, which were mainly composed of Fe oxides, were present on SS316L, instead of
Fe/Ni oxides on SS310. At the interface between oxide layer and substrate, the accumulation
of Ni was found. As mentioned above, Ni would be thermodynamically unfavorable to form
oxides and the mitigation of Ni within the Cr oxide would be slow based on previous studies
[356,493], consequently leading to the Ni accumulation at the interface. Based on the results
in Figs. 6-4, 6-7 and 6-8, it could be generally concluded that increasing Cr content in Fe-
based steels would lead to the transformation of Fe-enriched oxide to Cr-enriched oxide, and
a protective and compact Cr-enriched oxide layer could be formed on the steels with Cr
content > 16 wt.% in the non-catalytic HTL environment. Note that the chemical dissolution
of Cr oxide would be much less than that of Fe oxide in high temperature aqueous solutions

based on previous studies [335, 413].

After the exposure to the catalytic HTL environment, the scale formed on SS316L became
a double-layer structure, which consisted of thin outer Fe/Ni oxides (about 100 nm thick)
and inner Cr-enriched oxides with Fe/Ni cations (around 350 nm thick). Different from
SS316L, the scale grown on Cr-bearing SS310 was composed of outer porous Fe/Cr/Ni
oxides and a more compact and thicker Cr-enriched oxide (about 750 nm) with trace amounts
of Fe/N1 cations. Moreover, the accumulation of Ni cations was observed at the interface of
oxide and substrate only on SS316L. Based on the results in Figs. 6-4 and 6-8, it was likely
that increasing Cr content in the austenitic stainless steels could enhance the formation of an
inner protective Cr-enriched oxide layer. The results also implied that increasing the content

of Fe/Ni cations in the Cr-enriched oxides might result in a high chemical dissolution of the
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oxides in the catalytic HTL environment. Otherwise, the accumulation of Ni layer would
occur on SS310 with higher Ni content (21.8 wt.%), instead of on SS316L. As indicated in
Fig. 6-8, increasing Ni content in the steels was unlikely to lead to an improved corrosion
resistance as the inner Cr-enriched oxide layer would be the key barrier to resist the attack
from the hot catalytic HTL environment. In addition, it is unclear about the difference of
outer oxide layers formed on the two steels as the layer might be formed during the exposure
and/or the deposition of corrosive particles during autoclave cooling-down. One possible
reason is that Cr/Fe/Ni oxides might have lower dissolution rates than Fe/Ni oxides in the
catalytic environment at 310 °C based on the former studies [215, 417, 494-497]. In general,
based on the results in Figs. 6-4, 6-7 and 6-8, the Fe-based steel with Cr content > 16 wt.%
could have acceptable corrosion performance due to the formation of inner Cr-enriched

oxide layer in the catalytic HTL environment.

As shown in Fig. 6-8(c), the addition of 3500 ppm CI", 2500 ppm S*" and 5 wt.% acetic acid
into the catalytic HTL environment resulted in a remarkable change of the oxide scales
formed on the two steels, which were more porous comparing to those formed in the non-
catalytic and catalytic HTL environments. The scale formed on SS316L was a single
Cr/Fe/Ni oxide layer with the average thickness of ~ 400 nm. Localized accumulation of Ni
cations was found near the interface of the oxide/substrate. Different from SS316L, an inner
Cr-enriched oxide layer (about 550 nm thick) with Ni/Fe cation was grown on SS310,
suggesting that increasing Cr content up to 24 wt.% could improve the formation of
protective Cr oxides even in the catalytic HTL conversion of biowastes. Previous studies
found that there would be a critical Cr content (about 20%) in Fe-based steels, above which
a protective Cr-enriched oxide layer could form in high temperature systems [498, 499, 500].
Compared with that formed in the above catalytic HTL environment, the enhanced contents
of Fe and Ni cations in the layer implied that the chemical dissolution of Cr oxides would be
accelerated with the addition of Cl', S* and acetic acid, consequently leading to the high
outward diffusion rates of Fe and Ni cations within the layer. Besides that, the outer layer
formed on SS310 still consisted of Cr/Ni/Fe oxides, but was more porous, thinner and less
content of Fe cations, implying that the addition of Cl-, S* and acetic acid could lead to a
higher dissolution rate of Cr/Fe/Ni oxides in the catalytic HTL environment. In addition,

based on the results in Figs. 6-4 and 6-8, increasing Ni content in the steels led to the
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formation of more Ni oxides, but unlikely result in a remarkable improvement of corrosion
resistance as the inner Cr-enriched oxide layer would still be the critical protective barrier in

the environment.

§53108 OP
BF MAG: 110kx_HV: 200kV.

Fig. 6-8. TEM Black-field (BF) and HAADF images with corresponding EDS elemental
mapping collected on SS316L and SS310 samples after the exposures to (a) ultrapure water; (b)
0.5 M K>COs3; and (¢) 0.5 M K>COs3+ 3500 ppm CI™ + 2500 ppm S* + 5 wt.% acetic acid at
310 °C for 10 days, respectively.

6.4.3.2. Roles of Ni and Mo in corrosion layers formed on the alloys with medium Cr

content

To explore the roles of Ni and Mo in the alloys with medium Cr content (~ 16 wt.%), the corrosion

performance of Alloy C-276 was investigated in the non-catalytic and catalytic HTL environments,

169



and the SEM top-view and FIB/TEM cross-section examinations of Alloy C-276 samples results

after the exposures are shown in Figs. 6-9. and 6-10, respectively. Compared with SS316L, the

following observations are made:

(1)

2)

In the non-catalytic HTL environment, Alloy C-276 experienced general oxidation
accompanied with local nodular oxidation and corrosive particles deposition, similar to those
formed on SS316L. The TEM cross-sectional examinations further revealed that the surface
scale grown on Alloy C-276 was a two-layer structure, including outer Ni-enriched oxides
(~60 nm thick) and inner Cr-enriched oxides with Ni cations and a trace amount of Fe cations
(~50 nm). The formation of outer Ni-enriched layer on the alloy was noticeably different
from that of SS316L, indicating that increasing Ni content could promote the formation of
outer Ni-enriched oxide and/or hydroxide layer. As mentioned above, the formation of NiO
in the non-catalytic HTL environment should be thermodynamically unfavorable. However,
the formation of Ni(OH), might be possible due to the negative Gibbs formation energy (~ -
2.04 KJ/mol) of the reaction (Ni+2H2O=Ni(OH)>+H>) in 310 °C water. Previous studies also
found that the Ni(OH); layer was formed above a Cr-enriched oxide layer on Alloy 600 in
pressurized water reactor environments at the temperature range of 325 - 350 °C [501, 502,
503]. In addition, the role of Mo is another concern. The EDS elemental mapping results
(see Fig. 6-10) suggested that Mo unlikely contributed to the formation of oxide layer as
only trace amount of Mo cations was present at the interface of oxide/substrate. Based on
the results in Figs. 6-4 and 6-10, it thus could be concluded that increasing Ni content in the
alloys with medium Cr content could cause the formation of an outer Ni-enriched hydroxide
layer, which might provide protection to the underlying Cr-enriched oxide layer in the non-

catalytic HTL environment.

In the catalytic HTL environment, Alloy C-276 also experienced general oxidation as well
as nodular oxidation. Compared with SS316L, the nodular oxides formed on Alloy C-276
were smaller, and the surface oxide scale seemed to be thinner since the grinding lines were
still observable on Alloy C-276 but disappeared on SS316L. TEM cross-sectional
characterization results indicated that different from the corrosion product (double-layer
structure) formed on SS316L, the layer grown on Alloy C-276 was a single Cr-enriched

oxide layer (~ 400 nm thick) with Ni cations in which the Ni** ions were mainly distributed
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close to the interface of oxide/substrate. Another noticeable difference was that the amount
of Fe cations in the layer on Alloy C-276 was noticeably less than that in the oxides on
SS316L, suggesting the formation of a better layer with less unstable cations on Alloy C-
276 with low Fe content. Moreover, as predicted in Fig. 6-2, both stable NiO and dissolvable
iron hydroxide complexes could be formed in the environment. Increasing Ni to replace Fe
in this type of alloy could also lead to lower chemical dissolution rates of the formed oxides
in the environment. In addition, Mo cations were barely found in oxide layers formed on
Alloy C-276, indicating the negligible influence of Mo content on corrosion in the catalytic

HTL solution.

In the catalytic HTL environment with inorganic corrodants and acetic acid, a thicker layer
was grown on Alloy C-276 compared to those formed in the above two HTL environments.
The formed oxides were noticeably smaller than that grown on SS316L. More importantly,
micro-cracks were not present on Alloy C-276, suggesting the much better integrity of the
formed layer. TEM Cross-sectional and EDS mapping results showed that the formed oxide
scale on Alloy C-276 was a single Cr-enriched oxides layer (~ 350 nm thick) with trace
amounts of Ni and Fe cations. Different from SS316L, localized accumulation of Ni particles
instead of Ni oxides was found within the formed oxide layer, which might be caused by
high Ni content in the alloys and/or the difference among the formation and dissolution rates
of Cr, Ni and Fe oxides in the environments. Moreover, nodular Cr-rich oxides were present
above the oxide layer, possibly due to the fact that Cr cations have higher outward diffusion
than that of Ni and Fe in the Cr-enriched oxide layer. Furthermore, few Mo cations were
detected within the oxide layer, suggesting the marginal role of Mo in providing the
corrosion resistance of alloys in the catalytic HTL conversion of biowastes. Therefore,
increasing Ni concentration to partially replace Fe in the alloys would support the formation

of a Cr-enriched oxide layer and consequently result in a better corrosion resistance.
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Fig. 6-9. SEM top-view images of Alloy C-276 after corroding in ultrapure water, 0.5 M K>CO3,
and 0.5 M K>COs + 3500 ppm CI + 2500 ppm S* + 5 wt.% acetic acid at 310 °C for 10 days,
respectively.
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Fig. 6-10. Bright-field (BF) images and corresponding EDS elemental mapping on Alloy C-276
after exposing in (a) ultrapure water; (b) 0.5 M K>COs3; and (¢) 0.5 M K>CO3 + 3500 ppm CI” +
2500 ppm S* + 5 wt.% acetic acid at 310 °C for 10 days, respectively.

6.4.3.3. Roles of Ni and Mo in corrosion layers formed on high Cr content alloys

As described above, SEM/FIB and TEM techniques were also applied for examining the corroded
Alloy 625 samples after the exposures, followed by the comparison with corroded SS310 samples

to explore the roles of Ni and Mo in the corrosion process of high Cr content alloys in the HTL
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environments. Based on the images shown in Figs. 6-5, 6-8, 6-11 and 6-12, the following results

are obtained:

(1)

2)

In the non-catalytic HTL environment, a very thin and compact oxide layer was formed on
the two alloys. Compared with SS310, less nodular oxides and deposit particles were present
on Alloy 625. TEM cross-sectional characterizations indicated the single oxide layer formed
on Alloy 625 was Cr-enriched with Ni and Mo cations, above which the nodular oxide was
composed of Cr/Ni/Mo oxide. The average thickness of Cr-enriched oxide layer was around
75 nm, slightly thicker than that on SS310. Different from SS310, the accumulation of Ni at
the oxide/substrate interface was not found on Alloy 625 with much higher Ni content (64
wt.%), implying that the outward diffusion of Ni cations in the Cr-enriched oxide layer
grown on Alloy 625 could be higher than that in the oxide layer on SS310. The results in
Figs. 6-4, 6-11 and 6-12 suggested that increasing Ni and Mo concentrations in Cr-bearing
alloys could improve their resistance to the non-catalytic HTL environment. One possible
explanation is that increasing Ni content to replace Fe would likely reduce chemical
dissolution of the formed oxides. Another possible reason is that the presence of Mo cations

might improve the stability of the formed Cr-rich oxide film as mentioned in Section 6.4.2.1.

After being corroded in the catalytic HTL environment, Alloy 625 had very fine needle-
shaped oxide particles grown on it, while larger flake-shaped particles were present on
SS310. TEM cross-section characterizations showed the scale formed on Alloy 625 was a
triple-layer structure, including outer porous Cr/Mo oxides/oxide particles (~ 50 nm thick),
middle Cr/Mo oxides (~ 310 nm thick), and inner Cr-enriched oxides (~240 nm thick on
average), significantly different from that on SS310. Based on the results in Figs. 6-4, 6-8
and 6-12, it was likely that increasing Mo content in Cr-bearing alloys would lead to the
formation of a protective Cr/Mo layer and consequently mitigate corrosion damage in the
catalytic HTL environment. As predicted in Fig. 6-2, Mo oxides could be formed in this
environment at 310 °C. Thus, the above results further suggested that the Cr/Mo oxides
would be more stable than Fe/Cr/Ni oxides since the middle Cr/Mo oxide layer was compact
and continuous instead of being porous. The SAD patterns (see Fig. 6-13) collected on the
middle and inner oxide layers showed that the two layers were of polycrystalline/amorphous

structure. In addition, although Alloy 625 had much higher Ni content than SS310, the

174



€)

absence of considerable Ni cations in the surface scale was observed. This may be due to the
fact that: (1) the formed middle Cr/Mo and inner Cr-rich oxide layers could efficiently hinder
the outward diffusion of Ni cations and consequently make them accumulating at the
interface of oxide/substrate; and/or (2) Ni oxide would have higher chemical dissolution rate
than Cr and Mo oxides, making most of the formed Ni cations (small and even trace amount)
directly dissolve into the solution during the exposure. Thus, increasing Ni to replace Fe in
high Cr content alloys might improve corrosion resistance, but could be less remarkable than

that induced by the addition of Mo.

In the catalytic HTL environment with CI, S*" and acetic acid, localized dissolution and/or
spalling of formed oxides on Alloy 625 was observed, but it was much less severe than that
occur on SS310. Different from SS310, localized accumulation of organic compounds was
not found on Alloy 625, implying the former oxide layer would have lower chemical affinity
to the organic matter. TEM cross-sectional examinations revealed that the scale formed on
Alloy 625 was only a single Cr oxide layer (about 200 nm thick) with trace amounts of Mo
and Ni cations, significantly different from the corrosion layer grown on SS310 (see Fig. 6-
8). The morphology of the interface of oxide/solution suggested that the scale on Alloy 625
would experience considerable chemical dissolution during the exposure. Compared to the
oxide formed in 0.5 M K>CO3, it was very likely that the presence of Cl, S* and acetic acid
could enhance the chemical dissolution of Mo cations and consequently damage the integrity
of Cr/Mo oxide layer, which might be due to the high affinity of these corrodants to Mo
cation to form dissolvable complexes based on previous investigations [504-506]. Based on
the results in Figs. 6-4, 6-8 and 6-12, increasing Mo and Ni concentrations to replace Fe in
high Cr content alloys could probably reduce the chemical dissolution of the formed oxides
and lead to the formation of a more compact and protective Cr-rich oxide layer with much

less defects and voids.
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Alloy 625 Ultrapure water

Fig. 6-11. SEM top-view images of Alloy 625 after corroding in ultrapure water, 0.5 M K>CO3,
and 0.5 M K2COs + 3500 ppm CI” + 2500 ppm S* + 5 wt.% acetic acid at 310 °C for 10 days,
respectively.
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Fig. 6-12. Black-field (BF) and HADDF images with corresponding EDS elemental mappings on
Alloy 625 after exposing in (a) ultrapure water; (b) 0.5 M K2COs3; and (¢) 0.5 M K2COs + 3500
ppm CI" + 2500 ppm S* + 5 wt.% acetic acid at 310 °C for 10 days, respectively.

177



Substrate

Fig. 6-13. BF image of Alloy 625 exposed in 0.5 M K>COs solution and selected area diffraction
(SAD) obtained from different oxide layers.

6.4.3.4. Role of Mo in Ni-based alloys

As stated above, Ni-based alloys are important candidates for the construction of HTL reactors.
The results in Figs. 6-4, 6-10 and 6-12 suggested that the influence of Mo on corrosion would be
coherently related to Cr content that was present in the alloys, practically in the catalytic HTL
environments. After the exposure to the catalytic HTL environment without inorganic and organic
corrodants, a Cr/Mo oxide layer was formed on Alloy 625 instead of on Alloy C-276 even though
Alloy C-276 had much higher bulk Mo content. One possible explanation is that the alloy with
higher Cr concentration would form a more compact Cr-enriched oxide layer with less defects,
which could be further improved with the addition of Mo cations. In the non-catalytic HTL
environment, the formation of an outer Ni(OH); layer on Alloy C-276 suggested that the Cr oxide
layer on Alloy 625 would be much more protective and compact than that grown on Alloy C-276.
Moreover, a previous study proposed that the presence of Mo cations in Cr2O3 would reduce cation
vacancies within the layer grown on Ni-based alloys during high temperature oxidation [279]. Due

to the existence of higher Cr content in Alloy 625, Mo cations produced at the interface of
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oxide/substrate would likely be trapped within the Cr oxides to improve their integrity instead of

diffusing through them and then directly dissolving into the catalytic HTL solution. With the

addition of inorganic corrodants and organic acid to the solution, the presence of Mo cations was

not found on the layers formed on the two alloys, suggesting that Cr would be the dominant

alloying element on their corrosion. In general, there is likely a critical Cr content above which the

improvement effect of Mo on corrosion became noticeable under the HTL conversion conditions.

6.5. Conclusions

This study investigated the roles of major alloying elements (Cr, Ni, Mo, and Fe) in corrosion

process under typical HTL conversion conditions via thermodynamic calculation and high

temperature corrosion testing. The following conclusions can be made:

(D

2

3)

4

)

High temperature Pourbaix diagrams of alloying elements have been constructed. At
temperatures < 310 °C, Cr, Ni and Mo would experience passivation in non-catalytic HTL
environment, but suffer active corrosion under catalytic HTL conditions. Increasing
temperature could expand their passivation region. Different from them, Fe would likely
experience general oxidation or active corrosion, depending on HTL temperature and pH
value.
Under the HTL conditions, the corrosion resistances of five candidate alloys with different
alloying element contents have been ranked as follows:

P91 << SS316L < SS310 < Alloy C-276 < Alloy 625
Their corrosion rates increase with the addition of catalyst, CI", S*" and acetic acid into the
HTL solution.
For Fe-based steels, the Cr content should be above 16% in order to form protective surface
scale and consequently achieve acceptable corrosion performance. Increasing Ni content
in the steel unlikely leads to remarkable improvement of their corrosion resistance.
For the alloys with medium Cr content (~ 16 wt.%) alloys, increasing Ni to replace Fe can
facilitate the formation of more compact Cr-enriched oxide layer. Increasing Mo only has
marginal effect on their corrosion resistance.
For Cr-bearing alloys (Cr content > 22 wt.%), increasing Mo content supports the

formation of protective and compact oxide layer and consequently leads to a noticeable
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improvement on their performance. The improvement effect of Ni is much less than Mo.
(6) For Ni-based alloys, there is a critical Cr content, above which increasing Mo content

results in the formation of the more stable and compact surface scales.
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Chapter 7. Stress Corrosion Cracking Susceptibility of Candidate Reactor
Alloys under Catalytic Hydrothermal Liquefaction Conditions

Following the autoclave tests of candidate materials under representative HTL conversion
conditions, SS310 and SS316L showed acceptable corrosion rates and thus will be further
examined with external stress to evaluate their SCC susceptibility. I have carried out autoclave
tests on samples under different strain levels (0.45 % / 0.55 % and 3.3 %, respectively) by using
constant strain and U-bending methods. The results indicating that SCC was absent on both steels,
while the corrosion of steels became more severe with the increased strain deformation. Several
explanations were proposed that may lead to the absence of SCC and more investigations would
be required to further assess the SCC susceptibility of candidate materials in representative HTL

environments.

7.1. Introduction

Over the past decades, continuous growth in global population and economy prosperity along with
serious environmental degradation have caused a significant increase in the demand of clean and
renewable energy to meet our daily needs in a cost-acceptable manner [507, 508]. Among all the
promising renewable energy resources, biomass materials, such as wood, agricultural or industrial
wastes, and specially engineered microalgae, are seen as the greatest emerging candidates [509,
510]. However, the natural conversion of these biomass feedstocks into useable bioenergy
production is really time-consuming. As alternative energy sources, they need to be quickly
converted to value-added bio-oils and other bio-chemicals through either biochemical or
thermochemical conversion pathways. In recent years, hydrothermal liquefaction (HTL) has been
developed as an attractive method due to the following prominent advantages: (1) eliminating the
costly dewatering and drying pre-treatment operations; (2) achieving high carbon efficiency to
produce the oil yields with higher heating value (HHV) compared to pyrolysis oils; and (3) directly
applying for the direct conversion of wet industrial by-products and municipal biowastes [73-77,
381, 382, 511]. As described in previous chapters, a typical HTL process uses hot pressurized
water as the reaction medium with the addition of catalysts (such as K»COs3) to achieve the most

optimum yields [76, 78- 80, 82, 83, 86-94]. Depending on the properties of biomass feedstocks,
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certain amounts of inorganic and organic corrodants (such as CI", S*, and organic acids) will be
released during the conversion [159, 162-164]. For instance, the amounts of chloride and sulfide
ions can be up to about 15,000 and 13,200 ppm during the HTL conversion of bio-wastes
feedstocks (such as black liquor) [165-167].

Due to the high corrosivity of HTL environments, corrosion performance of candidate alloys of
construction must be well addressed to avoid significant capital loss. However, very limited
information is available to describe the corrosion of HTL conversion reactor alloys even though
several pilot-scale plants are currently in operations around the world [512, 513]. In fact,
understanding the corrosivity of HTL processes is a paramount for the cost-effective materials
selection of the required conversion equipment and will likely be feedstock-specific given myriad
of bio-products that can form during the conversion [389]. As shown in the former chapters,
austenitic stainless steels of types 310 and 316L exhibit acceptable corrosion performance for the
construction of HTL reactors as their corrosion rates are less than 254 um/year in the representative
non-catalytic and catalytic HTL conversion environments. As mentioned before, the corrosion rate
allowances of pressure vessels/reactors used in similar chemical plants are generally between 762-

1270 um/year over the projected service interval of 20 years [514-519].

Other than general corrosion, the stress corrosion cracking (SCC) susceptibility of candidate
reactor alloys is another serious concern since the conversion process is required to operate in high
pressure environments (up to 25 MPa) to achieve desired carbon conversion efficiency, thus
introducing high stress (such as hoop stress) on the reactor wall [176, 177]. Unfortunately, the
SCC knowledge and experience accumulated at pulp mills and light water reactor (LWR) plants
are insufficient to support the selection of appropriate HTL construction alloys [143, 520-522].
For example, the concentrations of CI" and S* ions which are the well-known notorious agents to
facilitate stress corrosion cracking (SCC) are well controlled in light water reactor in which
irradiation-assisted SCC is a major issue [523]. In fact, previous studies indicated that the SCC of
austenitic stainless steels (such as SS304, 310 and 316L) could occur in aqueous solution with 0.4
wt.% CI” under the stress just below their yield strengths at temperature > 70 °C [178-183]. Other
studies found that austenitic stainless steels experienced high intergranular cracking in aqueous
solutions (especially in the presence of CI” ions) at temperature close to supercritical water point

(374 °C) [524-526]. Except for CI,, S* ions, even at ppb level, were also found to facilitate the
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pitting and SCC of Cr-Fe-Ni alloys (such as Alloy 600 and 800) at temperature > 275 °C [527].
Moreover, the addition of S* into basic solutions possibly resulted in high SCC risk of austenitic
stainless steels at elevated temperatures [184, 185]. Furthermore, as described above, the
concentration of organic acids (such as acetic acid and butyric acid) produced during the HTL
conversion can be up to 10 wt.% or even higher, depending on the chemistry of biomass feedstocks
used [395, 396]. In the mixture of acetic acid (70 wt.%) and CI" ions (1500 ppm), intergranular
cracking of SS316L occurred at 90 °C [528]. In general, the available information is insufficient
to identify the SCC susceptibility of candidate reactor alloys under high temperature HTL
conditions although the SCC risk may be considerably high based on the previous studies in

various high temperature aqueous environments.

Therefore, this chapter investigates the SCC susceptibility of the candidate steels (SS316L and
SS310) using two standard constant strain methods under simulated HTL conversion of waste
biomass feedstocks. As mentioned above, the two Fe-based steels exhibited acceptable corrosion
performance in the non-catalytic and catalytic HTL environments. This chapter is expected to
advance the fundamental understanding of SCC cracking under HTL conditions and further
support the development of material technology solutions for the cost-effective construction and

long-term safe operation of industrial HTL plants.

7.2. Experimental

7.2.1. SCC testing specimen preparation

In this study, both uniaxial constant strain and U-bending testing techniques were adopted to
evaluate the SCC susceptibility of SS316L and SS310 in simulated catalytic HTL environments
based on ASTM G49 and G30-97 standards [529, 530]. For the uniaxial constant strain testing,
cylindrical tensile specimens instead of rectangular tensile specimens were machined to avoid
unwanted bending or torsional stresses applied on the testing samples. The specimens were made
from commercial SS310 and SS316L plates, and their bulk compositions are listed in Table 7-1
based on the associated Mill Test Certificate (MTC) provided by suppliers. The fabrication history
of the two steels can be found in Chapter 6. Note that all the specimens were machined with the

tensile axis along the rolling direction of the plates, and their dimensions are schematically shown
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in Fig. 7-1. Each specimen was threaded with round gauge sections on both ends for subsequently
fitting into a custom-made loading frame as shown in Figs. 7-2 and 7-3. The specimens were well
polished with SiC papers up to 600 grit in deionized water to completely remove possible
contaminants and defects introduced during machining, washed with ethanol in an ultrasonic bath
for at least 10 minutes, cleaned with ultrapure water, and finally dried using pressurized air. Note
that the loading frame was made of Alloy 33 and the washers and nuts were fabricated with Alloy
C-276, to ensure adequate stiffness and strength of loading frame during the tests. To avoid the
galvanic effect between loading system and testing specimens, all the loading components
(including nuts and washers) were pre-oxidized in an air furnace at 400 °C for 24 hours before a

SCC test.

Table 7-1. The bulk chemical composition of tested austenitic stainless steels used in this study.

Steel Types Chemical Composition (wt.%)
Cr Ni Mn C Mo Si N Fe
SS310 2420 | 21.80 | 1.60 0.02 / 0.20 | 0.10 Bal.
SS316L 16.60 | 10.00 | 1.20 0.02 2.00 0.30 | 0.10 Bal.
1/2"13
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Both ends

Fig. 7-1. Schematic of the dimensions of cylindrical tensile specimens used in this study (units in
inch).
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Fig. 7-2. Schematic of a custom-made loading frame used in this study.

Fig. 7-3. A photographic image of loading stressing frame and testing specimens before
accommodating into a static autoclave.
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The stress-strain curve of each steel was measured at both room temperature and 365 °C using
commercial tensile testing equipment which consists of a loading rig, a heating oven (made of
resistor elements and heat insulator), and the measuring and controlling sensors connecting to a
remote computer. For the test, the prepared cylinder samples were used to ensure consistence with
the SCC testing in an autoclave. During the mechanical testing, uniaxial loading was gradually
applied and corresponding strain level was recorded using a digital extensometer attached to the
gauge section of the sample. The maximum yield stress and corresponding strain level of each
steel sample at 365 °C was determined based on the obtained stress-strain curve. The obtained
strain level was then applied for loading the SCC cylinder samples at room temperature using the

loading frame as shown in Figs. 7-2 and 7-3.

At room temperature, the desired strain deformation of a freshly prepared tensile specimen was
reached by gradually fastening the moveable nut at one end of the frame (see Figs. 7-2 and 7-3).
During the loading process, strain level was measured in-sifu using a high-accuracy optical
extensometer as shown in Fig. 7-4. To ensure the accuracy of measurement, before loading, a
continuous layer of flat white paint was artificially applied on the whole gauge section of the
specimen, accompanied with several patterned black spot painting at both ends of the gauge section
(see targets #3 and #4 marked in Fig. 7-4). Before and during the loading, the optical extensometer
was used to record the initial distance between two black spot patterns, and continuously measure
the real-time distance change between the black spots to determine whether the required strain
deformation was achieved. After that, the painted patterns were thoroughly cleaned using acetone
and once done, the prepared tensile specimens were stored in a vacuum chamber for subsequent

high temperature autoclave SCC testing.
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T , -ﬂmi'
Cylinder tensile sample

Fig. 7-4. A photographic image showing how to measure the applied strain level of a tensile
specimen with application of an optical extensometer.

Different from uniaxial constant strain method, U-bending samples are usually applied for
evaluating the SCC susceptibility of an alloy at high deformation levels. In this study, thin U-
bending flat samples were also machined from the commercial plates listed in Table 7-1, and their
dimensions are schematically shown in Fig. 7-5. Before the test, the U-bending samples were also
well polished and cleaned, following the same preparation procedure applied on the cylinder
tensile specimens. After that, the samples were strained using single-stage stressing method as
described in ASTM G30-97 using a custom-made rig, as schematically shown in Fig. 7-6. Note
that the Zr702 nuts, which were used to separate the rod and U-bending samples, were pre-oxidized

in a furnace at 400 °C for 24 hours.

100 mm

r ]
! 80 mm
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Fig. 7-5. The dimensions of a U-bending sample used in this study.
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(a) Loading process (b) U-bending samples

Fig. 7-6. Schematic of (a) loading process and (b) the photographic images of U-bending
samples.

Since the thickness (T = 1 mm) of a U-bending sample was much less than its radius of bending
curvature (R = 15 mm), the total strain (€) on the outermost side of the bent sample is thus roughly

estimated by [531]:
£= — (7-1)

In this study, the maximum applied strain on the tested samples was estimated to be ~ 3.3% at the
center of the bent sample. Also, note that the outer surface of the sample was under tension while

the inner surface was under compression state.

7.2.2. Autoclave test matrix and methodologies

Based on the high temperature testing methodology described in ASTM G31 [251], the SCC test
was done in an 1 L Alloy 625 autoclave containing the solution of 0.5 M K>CO3 + 3500 ppm CI°
+2500 ppm S* +10 wt.% acetic acid at 365 °C. Note that the inorganic corrodants and acetic acid
were added to simulate the corrosive agents released during the catalytic HTL conversion. After
the testing solution and the strained cylindrical and U-bending samples were loaded, the autoclave
was sealed and purged with Ar for about an hour to create a deaerated environment. Once leak test

was completed, the autoclave was heated up to 365 °C, but when the temperature was getting close
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to the target temperature, the heating rate was slowed down to 3 °C/min to avoid temperature
overshooting. The time when temperature just reached the target value was recorded as the starting
time and test was to proceed for 5 days. The pressure and temperature were routinely monitored
to avoid any unexpected leakage or thermal fluctuations during the test. Once the exposure
duration was reached, the autoclave was powered off and cooled down in air. At room temperature,
all the tested specimens were removed from the autoclave, rinsed with distilled water, and dried

by pressurized air for subsequent microscopic characterizations.

7.2.3. Post-mortem characterization of tested samples

After the test, optical images were firstly taken to check the corroded specimens and compare with
those without loading. After that, each specimen was carefully examined using a FEI Nova
NanoSEM 650 scanning electron microscope (SEM) system at 20 keV to identify whether any
surface cracks were formed. Once a surface crack was found, a FEI Helios NanoLab™
DualBeam™ Focus lon Beam (FIB) microscope was employed to produce cross-sectional views
of the crack from the top surface of corrosion products down to the substrate for determining
whether a SCC crack was formed and which type of the crack (intergranular or transgranular) it

was.

7.3. Main Results and Discussion

7.3.1. Microstructure and mechanical properties of tested steels

The microstructures of SS310 and SS316L used in this study are shown in Fig. 7-7. Their grain
sizes were in the range of 30 - 50 pm and 20 - 40 um, respectively. The secondary phases in the
austenitic stainless steels, such as chromium carbides participate at grain boundaries during heat
treatment, usually act as the crack initiation sites [532]. As shown there, no apparent carbide was
found within the two steels, which could be due to the low carbon contents (<0.03 wt.%) in the

steels [532, 533].
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(a) SS310 (b) SS316L

Fig. 7-7. Optical images of the microstructures of SS310 and SS316L steels used in this study.

As mentioned in Section 7.2.1, in order to determine the exact strain applied at 365 °C, mechanical
tests on cylinder specimens were carried out and the obtained stress-strain curves are shown in
Figs. 7-8 and 7-9. Increasing temperature led to a significant decrease in yield strength and ultimate
tensile strength of each steel as expected. For instance, the ultimate tensile strength of SS310

decreased from 614 to 458 MPa with increasing temperature from room temperature to 365 °C.

At 365 °C, the 0.2% offset yield stress values of SS310 and SS316L were around 167 MPa and
174 MPa, respectively. The corresponding strains required to load on the cylindrical tensile
specimens were about 0.55% on SS310 and 0.45% on SS316L at 365 °C, respectively. As
mentioned above, the maximum stress strain applied on the U-bending samples was about 3.3%,
which would be located in the plastic deformation region and the corresponding loadings at 365

°C were about 218 MPa on SS310 and 275 MPa on SS316L specimens, respectively.
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Fig. 7-8. Normalized stress-strain curves of SS310 at different temperatures.
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Fig. 7-9. Normalized stress-strain curves of SS316L at different temperatures.

7.3.2. SCC susceptibility under simulated catalytic HTL conversion

After the SCC test in the simulated catalytic HTL environment, optical examinations were
conducted on all the tested samples, and their photographic images are shown on Fig. 7-10. For
each steel, its U-bending specimen exhibited much darker surface when compared with the
cylindrical tensile specimens, implying that increasing loading would enhance the thickness of

corrosion layers. No pitting/visible cracks were found on all the tested samples.
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Fig. 7-10. Photographic images of U-bending and uniaxial tensile specimens after testing in 0.5
M K2COs+ 3500 ppm CI" + 2500 ppm S* +10 wt.% acetic acid at 365 °C.

Subsequently, the high-resolution SEM top-view examinations were performed on the specimens,
and the results are shown in Figs. 7-11 and 7-12, respectively. The following observations are

made:

(1) For each steel, increasing strain deformation resulted in the formation of a thicker corrosion
layer. As shown in the figures, the mechanical polishing lines were still visible on the
cylinder tensile specimens, but completely diminished on the U-bending samples.
Moreover, the oxides formed on U-bending samples seemed to be finer than those grown
on the cylindrical tensile specimens. The oxides formation energy on U-bending samples
would be lower than that on the cylinder specimens, leading to the higher oxidation
tendencies. Moreover, the oxidation enhanced with loading might be due to the reason that
the oxides formed at defective/weak surface sites could be ruptured, consequently resulting
in higher cation/anion diffusion at these spots based on previous studies [534, 535]. In
addition, more deposit particles in larger size were likely present on the cylinder tensile
samples compared to the U-bending samples, which might be attribute to the different
physical and chemical affinity of oxides to dissolvable corrosion products during the

autoclave cooling-down.
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(2) Microcracks were formed on all the tested specimens, and their density increased with
increasing strain deformation. The cracks formed on the U-bending specimens were deeper
and wider than those on the cylinder tensile samples. Compared to SS316L, the cracks
formed on the U-bending SS310 specimen were considerably less. For the cylindrical tensile
samples, no noticeable difference was found between the two steels. In addition, localized
oxide spalling also occurred on all the tested samples, indicating that the formed oxide would

be quite brittle.

Fig. 7-11. SEM top-view images of SS316L after the exposure to 0.5 M KoCO3 + 3500 ppm CI°
+2500 ppm S* +10 wt.% acetic acid under different strain loading levels at 365 °C.
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Fig. 7-12. SEM top-view images of SS310 after the exposure to 0.5 M K>COs3 + 3500 ppm CI" +
2500 ppm S* +10 wt.% acetic acid under different strain loading levels at 365 °C.

To determine whether the formed microcracks were SCC cracks, FIB/SEM techniques were
employed to produce the cross-sectional views of the tested samples, and the results are shown in
Figs. 7-13 and 7-14. The cross-sectional results show that no cracks penetrated into the substrate,
suggesting that SCC would unlikely occur on the two steels. As shown in the figure, remarkable
lattice distortion and deformation occurred on the tested samples, particularly on the U-bending
samples in which grain boundary sliding was observed. Moreover, SS310 seemed to be deformed
to a higher degree comparing to the two cylinder tensile samples of the steels, particularly on the

weak sites. These weak sites included localized inclusions and pits which caused stress
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concentration and higher strain deformation as observed near the interface of oxide layer and

substrate on SS310 cylinder tensile sample [535, 536].

Base metal

Base metal
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ag — 20 m
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Fig. 7-14. Cross-sectional SEM images of SS310 samples after the autoclave exposure.

The results from this study indicated that the SCC risk of the two steels in the catalytic HTL

environment would be relatively low. However, previous investigations showed that SCC actually
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occurred on SS310 and SS316L in aqueous solutions with the presence of aggressive anions at
temperature > 288 °C [459, 487, 532, 537-539]. It is generally concluded that the SCC of austenitic
stainless steels in high temperature solutions could start at two susceptible sites, including pits
and/or secondary phases. Pitting usually occurs when the localized accumulation of aggressive
anions (CI or S%) is sufficient to damage the integrity of a formed oxide scale [540, 541]. The pits
would subsequently become the weak points with concentrated stress in the strained samples to
facilitate SCC initiation and propagation [459, 542, 543]. Moreover, the secondary phases,
including sigma phase in austenitic stainless steels and inclusions (such as MnS and MnO), may
also be the susceptible sites for SCC initiation and propagation, since they could impair the
corrosion resistance at grain boundaries via depleting key oxide-forming alloying elements (such
as Cr) from surrounding regions and thus introducing defects/voids [532, 533, 544]. Similar to the
pits, stress concentration is likely to occur at these spots to trigger SCC crack formation [545, 546].
Therefore, the absence of SCC in this study might be due to the following factors:

(1) SCC incubation time. The SCC incubation time of the two steels in the catalytic HTL

environment might be longer than expected. A previous SCC study found that the SCC
cracks were formed in SS304 after the exposure to oxygenated water at 130 °C for 100 hours,
while for SS316L it occurred in 288 °C water and over 360 hours [547, 548]. In this study,

the 120 hours of exposure might be insufficient for SCC initiation.

(2) The contents of inorganic corrodants and organic acids. The concentration of inorganic and
organic corrodants in the HTL environments could be another major factor. As described
before, the amounts of CI" and S* used in this study were only several thousand ppm.
Previous studies in high temperature solutions found that there may exist a critical amount
of CI" (0.5 wt.%), above which pitting would be more likely to occur on austenitic stainless
steels [433, 434, 435]. Moreover, the negative impacts of CI- and S* on pitting might also be
mitigated with the presence of KoCOj as stated in Chapter 5. Furthermore, as indicated in
Chapters 5 and 6, increasing the content of acetic acid in catalytic HTL environments could
make the surface oxide scale formed on SS310 more porous. It is unclear whether the SCC
risk of the two steels would still be low in the HTL environment with lower contents of
organic acids. Previous studies found that thick and compact oxide layer formed on stainless
steels in high temperature aqueous solutions might introduce internal stress and thus enhance

the susceptibility of SCC cracking [549, 550]. With the presence of high content of acetic
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(4)

acid, localized stress concentration is likely to be reduced because of the formation of

relatively porous oxide layers. Further work is needed to explore the effect of organic acid.

The effect of temperature. As found in Chapter 4, there is a transition temperature at about
310 °C above which the corrosion rate of SS310 decreases with temperature. Increasing
temperature from 310 to 365 °C can lead to a remarkable change of water properties and
consequently suppress the chemical dissolution of the formed oxides, particularly at weak
sites. This might reduce the chance of SCC crack initiation. Further study is required to
evaluate this finding.

Materials Chemistry. Except for austenitic stainless steels, Ni-based alloys tested in Chapter

6 might be susceptible to SCC in the catalytic HTL environments based on previous studies
[527]. The SCC susceptibility of Ni-based alloys (especially Alloy C-276) is required to be

evaluated as this alloy is one of most promising candidates for construction.

7.4. Conclusions

This study investigated the SCC susceptibilities of SS316L and SS310 at different strain levels in
the catalytic HTL environment (0.5 M K,COs + 3500 ppm CI" + 2500 ppm S* +10 wt.% acetic

acid) at 365 °C. The following general conclusions are made:

(1)

2)

3)

Increasing strain deformation enhanced the corrosion of both austenitic stainless steels in the
HTL environment.

Microcracks were formed within the corrosion layer grown on all the strained samples, and
their density likely increased with an increase in strain level. For each steel, the cracks
formed on U-bending specimens were deeper and wider comparing to those on the cylinder
tensile sample. Moreover, SS310 seemed to be deformed to a higher degree on the cylinder
sample comparing to SS316L, particularly on the local weak sites near the interface of oxide
and substrate.

Cross-sectional examinations indicated that SCC were not present on all strained samples,
suggesting a relatively low SCC risk. However, more investigations are still required to

confirm the low SCC susceptibility in catalytic HTL conversion processes.
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Chapter 8. Summary and Future Prospects

8.1. Summary

This study investigated the corrosion and stress corrosion cracking performances of Fe-based

steels and Ni-based alloys in two unique biomass conversion environments to support the

development of materials selection guidelines for the deployment of hot dilute acidic pre-

hydrolysis and hydrothermal liquefaction technologies, and to advance the mechanistic

understanding of how the steels and alloys corroded in hot dilute sulfuric acid and high temperature

aqueous HTL environments with basic catalyst, inorganic and organic corrodants, and to identify

the roles of major alloying elements (Cr, Ni, Fe, and Mo) for further development of cost-effective

novel alloys for bioenergy industry. With the extensive and detailed theoretical analysis and

laboratory tests, the following general conclusions are made:

1.

In hot dilute acidic pre-hydrolysis environments, SS316L and DSS 2205 suffered active
corrosion and their corrosion rates increased with temperature and time, while Alloy C-276
exhibited much better performance. Increasing Cr content in Fe-based steels mitigated
corrosion damage, but could not provide adequate protection to the steels since the formed
Cr oxide would be thermodynamically unstable and have higher dissolution rate in the
biorefining environments. Different from Cr, increasing Mo content significantly improved
corrosion resistance due to the formation of a continuous and protective Mo oxide layer,
which could be stable and have acceptable dissolution rate under the pre-hydrolysis
conditions. The inorganic and organic corrodants released during the conversion only had
marginal effect on the corrosion of Alloy C-276, but noticeably exacerbated the localized
corrosion of SS316L and DSS 2205.

High temperature high pressure water was used as conversion medium in the HTL
conversion of wet biomass and biowaste feedstocks. Increasing temperature remarkably
accelerated the corrosion of P91 steel with relatively low Cr content. For Cr-bearing SS310,
there was a transition temperature (around 310 °C), above which the steel corrosion rate
decreased with an increase in temperature close to supercritical point. Increasing flowing
rate enhanced the corrosion of P91, but led to a moderate decrease in the corrosion rate of
SS310 due to the suppressed localized nodular oxidation. Increasing pressure facilitated the

oxidation of two tested steels, and had more noticeable impact on P91 than on SS310. In the
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hot HTL water, the corrosion layer formed on P91 was mainly composed of Fe3O4 and Fes.
xCrxO4 compounds, while an inner compact and protective Cr-enriched layer could be found
on SS310.

Basic catalyst, inorganic and organic corrodants are present in catalytic HTL conversion
environments. This study found that the addition of basic catalyst significantly increased the
corrosion of P91 steel and SS310 due to the accelerated chemical dissolution rates of the
formed oxides in the catalytic environments. The corrosion layers formed on P91 steel and
SS310 were much thicker than those formed in non-catalytic HTL environments. The
presence of several thousand ppm of inorganic corrodants (CI” and S?°) did not trigger pitting
corrosion, but reduced oxide layers’ thickness by facilitating their dissolution. The addition
of acetic acid into the catalytic HTL environments notably accelerated the corrosion of both
steels and resulted in the formation of micro-cracks and/or voids within the corrosion layers.
Thermodynamic calculations indicated that the four major alloying elements (Fe, Cr, Ni and
Mo) would experience either passivation or active corrosion in the HTL conversion,
depending on the environmental pH and temperatures. High temperature autoclave testing
results showed that Cr played a vital role in Fe-based steels in the non-catalytic and catalytic
HTL environments. Increasing Cr content in the steels resulted in a noticeable decrease in
corrosion rate. In addition to Cr, increasing Mo content in the alloys also improved their
corrosion performance. Increasing Ni content in the alloys would have negligible effect on
corrosion in the non-catalytic HTL environment, but could lead to an improved performance
in the catalytic HTL environments.

Stress corrosion cracking is a serious concern in the selection of suitable alloys for the
construction and safe operation of HTL reactors. Both uniaxial constant strain and U-
bending testing methodologies were applied for evaluating the SCC susceptibilities of
SS316L and SS310 in the catalytic HTL environment with 3500 ppm CI-, 2500 ppm S* and
10 wt.% acetic acid at 365 °C. The preliminary results showed that increasing strain
deformation could enhance the general corrosion of the steels, but the SCC risk of both steels
was low, even under 3.3% deformation. These might be due to the insufficient incubation
time and limited amounts of inorganic/organic corrodants. More assessments are still needed

to confirm the above findings and determine the SCC risk of welded constructional alloys.
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8.2. Future prospects

Although considerable efforts have been dedicated to this study, some materials knowledge gaps
still exist on the cost-effective construction of the two biorefinery plants at industrial scale.

Following studies were thus recommended for further clarifications and developments:
1. Further identify the SCC of candidate reactor alloys under catalytic HTL conditions.

As indicated in Chapter 5, increasing the content of acetic acid in catalytic HTL environments led
to a remarkable increase in corrosion rate and the formation of localized holes and micro-cracks.
It is thus necessary to determine whether SCC could occur in the catalytic HTL environments with
more organic acids. Moreover, it is also important to identify the SCC risk of Ni-based alloys (such
as Alloy C-276 and Alloy 625) as they exhibit better performance comparing to Fe-based steels in
the catalytic HTL environments (see Chapter 6). Furthermore, the SCC susceptibility of welded
steels and alloys is always a serious safety concern when constructing high temperature refining
reactors. It is necessary to investigate the influence of welding techniques and processes on the

SCC of selected constructional alloys under the catalytic HTL conditions.

2. Further explore corrosion mechanisms in biomass conversion environments using in situ high

temperature electrochemical measurement techniques.

High temperature electrochemical techniques can be used to in sifu detect the potential variations
of steels and alloys with major operating parameters (temperature, pressure, catalyst and
corrodants etc.) and constantly measure the corrosion resistance of corrosion layers formed in the
biomass conversion environments. For example, open circuit potential and electrochemical
impedance measurements on Cr and Mo electrodes in hot dilute pre-hydrolysis environments
should be able to provide in-depth information about the formation and chemical dissolution
processes of Cr and Mo oxides and further advance the mechanistic understanding. Due to limited
time and the impact of pandemic on normal laboratory operation, the electrochemical
investigations in the pre-hydrolysis and HTL environments have not yet been conducted in detail,

even though preliminary preparations and tests were done.
3. Validate the developed materials technology solutions at pilot-scale HTL plants.

As mentioned in Chapter 4, the HTL processes can be operated either in batch or continuous mode.

The chemistry in actual HTL environments could be more complicated than the simulated
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environments used in Chapters 4-7. For example, an extensive variety of short-chain saturated
acids (glycolic acid, levulinic acid, etc.) and long-chain polyunsaturated acids (linoleic acid,
palmitoleic acid, etc.) might be produced when processing various lignocellulosic biomass and
microalgae feedstocks, respectively. Moreover, the variation of temperature along the reactor can
be expected during the continuous HTL operation. Thus, it is a “MUST” to validate whether the
selected alloys still exhibit acceptable long-term anti-corrosion and anti-SCC performances at the

pilot-scale continuous HTL plants.

4. Develop innovative coatings and/or novel alloys to migrate corrosion damage under the biomass

conversion conditions in a cost-effective fashion.

Based on the results in Chapters 3 and 6, the alloying elements Cr and Mo that present in alloys
play the key roles during corrosion process in different biorefining environments. As mentioned
before, high capital investment is an economic concern on the deployment of HTL technology at
energy sectors. From the materials technology and corrosion points of view, the development of
innovative protective coatings, which are composed of high Cr and/or Mo contents, on cheap low-
Cr steel should be a practical way to effectively control corrosion damage in the biorefining
processes. Lastly, with the increased demands on clean and renewable bioenergy products, cost-

competitive novel alloys are urgently needed to meet the industrial needs.
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