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Highlights

1. Optical & electrochemical impedance spectroscopies combined with alloy leaching.
Advanced mass spectrometry confirms multi-oxygenated acids in fast pyrolysis oil.
Raman confirms persistence of multi-oxygenates on industrial alloy surface.
New electrochemical impedence geometry implemented for multi-oxygenate response.
Alloy incubation/leach method indicates bio-oil constituents’ corrosivity trends.
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Abstract

The need to provide the U.S. market with a renewable liquid fuel energy source from a non-food feedstock
stream has gained considerable traction due to benefits such as improved energy efficiency, reduced
environmental impacts, and enhanced national security. Practical achievement of these goals via biomass and
bio-waste utilization involves production of liquid intermediates containing corrosive, reactive species like
carboxylic acids, ketones, aldehydes, and hydroxyaldehydes. Such mixtures challenge materials of containment,
processing, and transport. It is widely recognized that the smaller organic acids, such as acetic and formic, are
corrosive and can remove protective surface oxides on alloys used in bio-oil processing infrastructure, and
ketones can swell sealing polymers. However, literature shows, and findings herein confirm, larger carboxylic
acids and bidentate alcohols are present. This highlights the potential for synergistic, detrimental effects of
constituents in bio-oil corrosion, including direct reactivity of small acids compounded with the possibility of
mobilization of protective metal oxide layers via chelation by larger acids and oxygenates. The question of

whether species beyond small acids can significantly contribute to corrosion requires analytical approaches
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pathways. To enable systematic study of these oxygenates’ material compatibility individually and in

=
=

30%1 combination, a model matrix of bio-oil constituents was also developed based on identification of key
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Introduction

In the current climate of emphasis on domestic independence from global fuel sources, the
implementation of biomass-derived energy products is favorable [1, 2]. However, enhanced corrosion and
nonmetallic material degradation by bio-oils of the materials typically used in processing, transport, storage,
and use of liquid fuels is a major concern [3-6]. The need to use more costly materials in order to achieve
sufficient corrosion resistance would represent a significant barrier to widespread adoption of bio-oils.
Research by our team has focused on understanding corrosion mechanisms in bio-oils, both to guide post-
processing of biofuels to reduce or remove the most corrosive species, and to identify the lowest-cost metallic
and non-metallic materials sufficient to achieve corrosion resistance [3, 7-9].

As bio-oil processing and post-processing technologies such as staged hydrothermal liquefaction (HTL)
[10] and catalytic fast pyrolysis (CFP) [11] improve, bio-oils and bio-crudes demonstrate evolving properties
such as varying ketone and aldehyde content as well as shifting residual saccharide profiles. However, the
resulting proto-fuel or chemical precursor liquids, such as bio-oils produced from HTL or CFP, still contain
molecules that may be corrosive or reactive to containment alloys and threatening to storage lifetimes. These
potentially valuable product streams are thereby capable of compromising full useful life of infrastructure or
causing loss of valuable product, which both lead to higher overall costs and reduced integration [10, 11].
Oxygenate species, even non-acids, tend to be of concern for corrosion and fuel and product quality due to the
reactive potential of their lone pair electrons for complexation and polymerization [12-14]. Processing
approaches such as CFP and HTL do not focus simply on removing all oxygen, especially if driven toward use
in advanced transportation fuels being co-optimized for future engines or for value-added bioproduct streams.
[15, 16]. For this reason, unforeseen corrosion could arise from bidentate oxygenates that have the ability to
form charge transfer complexes with surface metals or even metal oxide passivation layers. These complexes
could increase the solubility of the protective oxides or the mobility of the metal cations within the first few

layers of the alloys, allowing a window for further small acid attack, chlorine cracking or sulfidation [17, 18].
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Synergistic detrimental effects of chelators included with directly corrosive species have been reported
in the corrosion literature [13, 14]. Bio-oil constituents have been characterized with broad analytically
qualitative, semi-quantitative, and quantitative approaches [17, 18]. The present work makes use of these
techniques but focuses on verifying the presence of potentially corrosive oxygenated molecules in the bio-oil
and developing techniques for assessing their impacts on passivation and corrosion of low-cost stainless steels
of interest for bio-oil containment equipment. In support of these studies, techniques are discussed to studies
residual on the surface of alloys, as well as comparing relevant alloys’ electrochemical responses in the
presence of a suite of bio-oil constituents. The spectrally diverse techniques used herein to compare individually
representative chelators with other organic acid constituents present in bio-oil serves to frame the value of more
extensive studies using the described techniques. The objective of this work to develop a suite of techniques to
better grasp the interactions by which certain representative constituents of bio-oil, as well as aerosolized
components generated as intermediates during biomass gasification, react with structural alloys, facilitate metal
mobility within the alloys, and solubilize would-be passivation oxide layers. In order to do this, a multi-pronged
approach was developed to include techniques that can: (a) address organic molecular structural analysis for
confirmation of applicability of individually selected compounds to real bio-oil samples; (b) synthesize targeted
bio-oil relevant constituent mixtures based on bio-oil sample analysis to permit systematic study of key bio-oil
constituents on corrosion; (c) measure corrosion metal losses from stainless steel alloy samples exposed in both
bio-oils and targeted bio-oil constituent mixtures; (d) employ vibrational optical spectroscopy to gain insights
into bio-oil-stainless steel alloy surface interactions; and (e) evaluate the electrochemical behavior of stainless
steel in systematically varied model bio-oil constituent mixtures.

A strong body of research has accumulated describing physicochemical analysis of biomass-derived
liquids, including fast pyrolysis oils especially [17, 18]. The analytical techniques harnessed herein were more
qualitative and chemically selective for investigating a preliminary description of chelation and its role in bio-
oil. Capillary electrophoresis (CE) is an analytical separation technique where even large, charged polar

molecules can be separated in electrolyte buffers without exposure to high temperature [19] prior to being
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introduced for structural determination [18]. Electrospray ionization mass spectrometry (ESI-MS) is a gentler
sample introduction strategy that allows more intact large glucanic acid parent molecule to be trapped to
undergo further fragmentation for chemical structural confirmation based on secondary ion identity [20]. This
hyphenated approach, CE-ESI-MS, preceded by careful sample preparation, allowed confirmation of the
presence in the bio-oils of large (> 200 g mol™!) carboxylic acids. Raman spectroscopy measures the shift in
energy of light scattered from a surface or substance due to polarizability of the bonds. The vibrational spectra
that are generated can be structurally informative. In this work, the presence of C-C-H stretching bands
correlated to sugar acid backbone skeletal stretching vibrations imply the persistence of glucanic acid residuals
on the surface of bio-oil exposed alloys [21]. Electrochemical impedance spectroscopy (EIS) is introduced to
measure the polarization resistance in solutions of selected bio-oil constituents. The differences in the
polarization resistance can be correlated with the leaching trends to more fully assess the corrosion resistance of
the biomass processing alloys. Further leaching correlation studies will also help clarify whether charge transfer
complexation of surface metal iron oxides or iron formate could lead to removal of these would-be passivation
layers on the biomass processing alloy infrastructure. A better understanding of the contribution of these effects
and their prevalence in different bio-oils will help guide identification of alloys with sufficient corrosion
resistance for use with bio-oils.

In summary, prior work by our group and others confirms the ubiquity of multi-oxygenated bio-oil
constituents, including catechol. Advanced mass spectroscopy confirms the presence of multi-oxygenated
sugar-derived acids. The question of whether species beyond small acids can significantly contribute to
corrosion requires analytical approaches previously not applied to bio-oil corrosion studies and certainly not
previously applied corroboratively.

Experimental
Feedstock and Bio-Qil
Biomass-derived fast pyrolysis oil used for technique development in these studies were produced from

a hog fuel sourced from an operating mill in Prince George, BC, Canada. The hog fuel is a residual product
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from the manufacture of softwood products and contained a significant fraction of bark. Because the hog fuel
was used as received for proprietary research from a functioning sawmill, further chain-of-custody information
is unavailable. The mixture of softwood species would be expected to reflect the predominant blend of
softwood species harvested by operating sawmills in the region, namely: Lodgepole pine, spruce, true fir,
hemlock, and Douglas-fir [22]. A subsample of the material went through several stages of grinding and drying
in order to generate a material with suitable particle size and moisture content for fast pyrolysis. Ultimately, the
feedstock, as used for the fast pyrolysis test, had a moisture content of 5% and 100% of the particles passed
through a 1.18 mm screen.

During experimental trials, the bed reactor is fluidized from a supply of pre-heated nitrogen. External
band heaters are utilized in order to control temperature in the fluidized bed reactor and heating tapes are used
to control temperature until the quench system. Biomass is fed to the reactor through a sealed feed hopper,
metering auger system at a constant feed rate. The direct products from the fluidized bed reactor include non-
condensable gas, condensable vapors and solids (biochar plus ejected bed material). The bio-oil liquid was
placed in a sealed container and stored in a freezer immediately after its production until its use. This oil was
selected for use in technique development for corrosion studies as a large volume was available, sufficient to
pursue immersion metal leaching loss and electrochemical corrosion studies. Exploratory bio-oil process
development efforts tend to produce only small quantities of bio-oils, which are insufficient for corrosion
studies which require relatively large volumes of liquid (multiple liters typically required). Further details on the
fast pyrolysis system used and comparison of multicomponent kinetic relationships on bubbling fluidized bed
woody biomass fast pyrolysis reactor model performance can be found elsewhere [23].

Analytical Preparation

All solvents were HPLC-grade and at least 99.9% pure. All reagents were purchased from Sigma-
Aldrich, St. Louis, MO, USA, and used as received. Model artificial bio-oil relevant mixtures were synthesized
to systematically understand the impacts of particular bio-oil constituents. Representative constituents for the

artificial model bio-oil were selected based on broad literature review [5, 18, 19, 21] as well as mass
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spectroscopy of pH-tailored water extraction of bio-oil samples from multiple sources, which has been
described previously [5]. In the case of confirming the presence of hydroxyacids (also referred to as “sugar
acids” herein), 0.1 gram (g) of each bio-oil sample was measured into a clean borosilicate glass vial. After being
precisely measured, bio-oil samples were prepared for capillary electrophoresis-negative electrospray-mass
spectrometry (CE-ESI-MS) in the following way. To the sample vessel was added 1 cm? one to one part
deionized (D.I.) water (Elix 5 by Millipore, Inc., Burlington, MA, USA) to methanol solution, buffered to a pH
of 9. The sample was sonicated for 10 minutes in an ultrasonic bath (Branson 2510, Danbury, CT, USA) and
then brought to pH 9 with 10-90 mm? of 10% ammonium hydroxide in D.I. water. It was then washed with 1
cm?® of ethyl acetate and filtered with a 0.2 micrometer filter. After being diluted 10:1 in running buffer solution,
the sample was ready for separation via CE with ESI-MS detection. Because of the small sample volume, pH
strips were used to measure the pH (“pH- indicator strips pH 0—14 Universal indicator”’; EMD Millipore,
Billerica, MA, USA; catalog number 1095350007).

Analytical Separation

Separation by CE was performed on an Agilent 7100 capillary electrophoresis system (Agilent
Technologies, Santa Clara, CA, USA). Capillary columns of uncoated silica were purchased from Polymicro,
Inc., a subsidiary of Molex, Inc. (Lisle, IL, USA). For separations of extracted biomass-derived larger sugar
acids, a capillary of length 90 mm and inner diameter 0.075 mm was filled with buffer solution: 1.927 g cm™
ammonium acetate, pH 9. Sample electrokinetic injection was performed at a potential of -10 kV, applied for a
duration of 10 seconds. An electrophoretic separation of compounds was achieved with an applied voltage of -
20 kV and a runtime of 20 minutes. Upon exiting the capillary, sample bands (both fully and partially
electrophoretically resolved) were introduced into the MS operated in negative ion ESI mode. The mass scan
range was 50-1000 Daltons. A makeup solution of 80% isopropyl alcohol, 1% ammonium hydroxide, and 19%
water at 0.005 cm® per minute was added to the CE effluent to ensure ionization of the bio-oil constituents using

a Harvard Apparatus syringe pump (Harvard Apparatus 22 Infusion Syringe Pump, Model 980638; Holliston,
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MA, USA) set to a flowrate of 20 mm?® per min. The mass scan range was 50-320 Daltons for secondary and
tertiary fragmentation within the mass spectrometer operated at 1 V.

Analytical Spectroscopy
Low cost, 410 ferritic stainless steel (ss) was selected for study in sheet and wire mesh form (Table 1). Raman
spectroscopy and EIS studies were conducted on 410ss stainless steel disks cut from sheets (McMaster Carr,
Inc., Elmhurst, IL, USA), with analyzed compositions in (Supplementary Material). For leaching studies high
surface area formats of alloys increase the chance of detecting corroding species. Comparisons in early
experiments showed that wire screens of the alloys of interest perform more reproducibly than powders, largely
due to the contiguous morphology that gives a high surface area but does not clog filters or remain suspended in
bio-oils or constituent solutions during the post-incubation methanol rinses. To facilitate maximum leaching of
metals to show trends among bio-oil constituents, a higher surface area-format alloy, 410ss mesh (Cleveland
Wire Cloth & Mfg. Co., Cleveland, OH, USA), with analyzed compositions in Supplementary Material, was
studied via incubation and elemental analysis for leached metals following digestion and sample clean-up. For
the comparative method testing, a method for inductively coupled plasma — optical emission spectroscopy (ICP-
OES) was developed to measure amounts of iron leached from the alloy screens by the bio-oil constituents in
2% (by mass) solutions in deioinized water (12 M EMD-Millipore, Burlington, MA, USA) during an incubation
at 80°C for 6 hours. Studies with catechol used 0.3% by mass due to solubility limitations. Table 2 demonstrates
the individual constituents used in the leaching studies.

Raman chemical imaging (RCI) was used to study alloy-bio-oil surface interactions. The technique is a
coupling of the high selectivity of Raman spectroscopy with digital imaging to allow the capture of spatially
resolved Raman spectral images over a selected field of view. Specifically, wide-field laser excitation is used to
illuminate sample areas from 5 to 25 mm in diameter generating Raman scattering that is collected by macro
optics. The collected light is sent through an optical filter system that removes the scattered laser light and can
be electronically tuned to allow light from a single Raman band to reach a deep-cooled charge-coupled device
(CCD) imaging camera. Each image has contrast that is generated from the chemistry of the sample and not just

8
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from the morphology. Raman imaging was performed on a specially designed Macro-Raman Chemical Imaging
System (MRCIS) custom built by ChemImage Corp., Pittsburgh, PA, USA.

Electrochemistry

To compare the corrosivity of 16 individual constituents commonly found in bio-oils, electrochemical
impedance spectroscopy (EIS) was also used. A testing solution contained 0.1 molal solute (i.e. one of 16
constituents) in a base solvent composed of 85% deionized water and 15% methanol (by mass). Table 3 lists
these constituents. The base solvent alone was also used for EIS measurement for comparison. Mirror-polished
410ss disks with exposed surface area of 0.97 cm? were prepared for the working electrode, and Ni mesh with a
sufficiently larger surface area than the 410ss disks served as counter electrode. A mercury/mercury sulfate
(Hg/Hg2S04) reference electrode was used to avoid chloride contamination and because of its superior response
at high frequencies. A representation of this electrochemical cell geometry is shown in the Supplementary
Information. The temperature of the testing solution was maintained at 25°C by a heated circulating water bath.
The frequency range and potential amplitude used for EIS measurement were 1 MHz to 1 mHz and +5 mV
against open circuit potential (OCP), respectively. OCP delay prior to EIS measurements was less than 10 min.
With the frequency range used in this work, one EIS measurement took approximately 3.5 hours. For each
experimental condition, EIS was repeated 7 times in sequence, and the 7™ impedance plot was used for
corrosion circuit analysis in most cases. The solution immersion time before the 7™ spectra was approximately
21 h. The fitting of impedance spectra was conducted by a commercial computer software program (Zview®,
Scribner Company, Southern Pines, NC, USA). The solution resistance of selected testing solutions at room
temperature was also measured using a commercial conductivity meter (HANNA Instruments, Inc.,
Woonsocket, RI, USA).
Results & Discussion

To expedite the integration of biomass derived energy liquids by clarifying mitigation of infrastructure
materials issues, this work verifies the presence of residual acids, diols, and di-ketones and their interaction with

relevant infrastructure alloys (Figures 1 — 5). Mass spectroscopic chemical verification gives good structural
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confirmation of one proposed mechanism of interaction between metal and acids or catechol. The presence of a
large organic acid is demonstrated in Figure 1 as found in the softwood-derived hog fuel pyrolysis bio-oil
sample used in the whole-oil exposure studies to (1) leach iron as an indicator of metal interaction; and (2)
study effects of sugar acid residuals on alloy surfaces using Raman spectroscopy. It is well-documented that
nature uses lactobionic acid, a large sugar-derived acid similar to the softwood pyrolysis oil-derived acid shown
in Figure 4 (inset), as a chelating agent of transition and heavy metal ions [24]. Commercial industry uses it to
chelate copper for its incorporation in milk as a nutritional supplement [25]. Synergistic effects of chelators are
also noted in the corrosion literature [13, 14, 26], so the finding that lactobionic acid and catechol can leach
iron, as shown in Figure 5 from alloys in amounts comparable with some small acids, in some cases, was not
entirely surprising. A complementary approach to further understand the corrosive tendencies of bio-oils was
devised to include simplified elevated temperature exposures of high surface area alloy meshes immersed in
solutions of individual potentially reactive or chelating compounds. Using incubation of the alloy available with
a large surface area in a mesh format, a leached metal method demonstrates the ability to compare bio-oil
constituents’ activity to remove alloy metals and indicates trends in constituent corrosivity. The amounts of
various metals from the alloys, particularly of iron, the most labile alloy constituent, were measured using ICP-
OES after concentrated acid digestions of the incubation solutions. In Figure 5, comparative metal leaching for
individual acids and catechol is reported on a percent mass basis, not on the basis of moles corrosive group.
This 1s most practical because bio-oils and bio-crudes are regularly chemically speciated in a bulk, mass-based
fashion [17, 18, 27].

Analytical Spectroscopy

Qualitative measurements, in the form of vibrational spectroscopy, of the structure of residuals on the
alloy support the notion that sugar or starch-derived acids and hydroxyacids persist on infrastructure surfaces,
which could lead to system compromise. In Figure 2, focusing on the Raman spectra in particular, the presence
of residual glucans such as lactobionic acid on alloy surfaces is observed, even after rinsing with an appropriate
bio-oil solvent such as acetonitrile. This remaining bio-oil constituent is indicated by the observation via

10
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vibrational spectroscopy of complex stretching vibrations along the sugar backbone of the lactobionic acid on a
410ss coupon (trace B) and a similar glucanic acid on a 410ss coupon (trace C) [21]. A corollary to the
persistence of multiply oxygenated sugar acids derived from the incompletely pyrolyzed constituents from the
biomass arises in the persistence of a lignin-derived family of molecules, i.e., catechol, on the alloy surface and
increased interactions with metals in the alloys. Investigations are on-going of catechol’s ability to interact with
metals in the alloys under study (201, 304, 316, 410, and 430ss) as a chelator by using incubation of alloys in
solution followed by analysis of the solutions by to examine the relative leaching of metal cations, chiefly iron,
from the alloys. Only the results of the 410ss incubation exposures are reported here to show leaching trends
among oxygenates. A forthcoming publication will focus on the differences among all of the alloys named for a
down selected oxygenate pool, including catechol, lactobionic acid, and formic acid.

Researchers in biochemical and pharmaceutical specialties have developed significant studies on the
coordination chemistry of catecholate and semi-quinonate ligands, with observations of these metal — quinone
electron transfer complexes in both liquid and solid phases [24, 25]. Although the concentrations and thermal
conditions in pyrolysis and liquefaction settings are different from physiological and pharmacokinetic systems,
these areas of study give insights into chelator formation and reactive oxidation and metal transport pathways.
Studies indicate that metals such as iron, nickel, and copper, in particular, have electronic levels that are close in
energy to catechol and its di-ketone analog [24-26]. This is a result of co-ligand-donation and quinone-
substituent effects. Complexes formed through direct interaction between the electron donating carbonyl
oxygens of ketones or carboxylic acids and the metal surface cations (Lewis-like acid—base mechanism of
interaction) are often referred to as inner-sphere complexes or metal-bounded surface complexes (MBSC) [26].
In contrast, complexes formed by interaction with the hydroxyl groups of sugars, alcohols, or carboxylic acids
are called outer-sphere complexes or hydrogen-bonded surface complexes (HBSC). Ligands such as carboxylic
acids, hydroxyaldehydes, and hydroxyketones can form both MBSC by donation of the oxygen lone electron
pair to the metal ion and HBSC by hydrogen-bonding-type protonation of the hydroxyl termination [26]. In
light of these dual possibilities, experiments to deconvolute the removal of metal cations from alloys by targeted

11
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bio-oil constituents was initiated. The recognized removal of small acids and increased relative presence of di-
ketones or mixed bifunctional oxygenates in state-of-the-art bio-oils produced from HTL and CFP processes
[10, 11, 27] also emphasizes the need to understand chelation’s role in bio-oil-alloy interactions.

Electrochemistry

A novel approach to characterizing the interaction between bio-oil oxygenates and infrastructure alloys
has been to probe their electronic interactions using an electrochemical approach, specifically EIS. Newly
implemented geometry for EIS measurements revealed meaningful responses from both a large sugar acid
(lactobionic) and a possible chelating multi-oxygenate non-acid, catechol. The creation of trends among
constituents of a model bio-oil is also shown. This is a reasonable approach, since mobility of electrons and the
lability of metal cations caused by it is the crux of most corrosion [28-41]. Nyquist plots of 410ss in the base
solvent and four 0.1 molal testing solutions are shown for different real and imaginary impedance (Z” and Z”,
respectively) planes in Figure 3. The impedance spectra in base solvent exhibited steep increase of Z” in low
frequency domain, while the impedance spectra in 0.1 molal catechol exhibited a partial arc with the maximum
72> appeared before the lowest frequency. The impedance spectra in other solutions are located between the base
solvent and catechol. The value of Z’ at the lowest frequency was over 800 kohm-cm? in all impedance spectra,
and such high impedances were commonly observed from stainless steels in passive state [28-41]. This
indicates that 410ss maintained passive state in the base and testing solutions.

To focus on the impedance fitting after the initial arc, a simple Randle circuit shown in Figure 4, inset b,
was applied to fit all impedance spectra. As the main interest of EIS in this work is to identify the corrosion
resistance of 410ss, the initial arcs were disregarded for equivalent circuit fitting, as they were heavily
influenced by the solution resistance, discussed further in Supplementary Information. The quality of fitting was
assessed using chi-square value. Most fittings had chi-square below 0.01, but in a few cases, chi-square was
above 0.01. The fitted Ry corresponds to the solution resistance, while R> would account for the global
resistance which arises from passive film and limits the charge transfer processes. With increased stability of
passive film, the resistances associated with charge transfer processes were reported to increase [28, 29, 31, 33,

12
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35], indicating R» would also increase in highly stable passive film. Therefore, R, values fitted from the
impedance spectra would represent the stability of passive films in each testing solution at this temperature of
25°C.

The fitted R> values of 410ss in the 16 testing solutions are compared in Figure 4. Lactobionic acid had a
significantly lower R» value than the other components, suggesting that the passive film would be least stable in
lactobionic acid, even at this low temperature. Methyl glyoxal and ethyl levulinate had R» values comparable to
the base solvent, indicating that the passivity of 410ss would not be degraded by the addition of these
constituents in 0.1 molal range at 25°C. R; values of the other 13 constituents ranged from 0.7 to 0.1 times that
of base solvent, implying these constituents could be somewhat aggressive to the passive film compared to the
base solvent. In this work, EIS measurements at 25°C of 410ss in the solutions with different constituents of
bio-oils provided comparative resistance ranking as a measure to assess long-term corrosion reliability,
implying that this method could be expanded to other candidate alloys and at elevated temperatures to estimate
their corrosion resistance specific to individual constituents of bio-oils. On-going studies utilize interrogation of
interactions between combined simple acid and chelators on alloys in order to further elucidate the corrosion —
passivation layer solubilization connection. While not a direct measure of aggressiveness, the facility of
electronic passage through the passive film could imply a tendency to liberate surface metals. Ranking these
constituents after testing individually based on their resistance to charge transfer and complex formation on
surfaces, whether measured by optical or electrochemical spectroscopy, creates a framework to understand
which pathways lead to corrosion by bio-oils. These electrochemically measured results and the leaching
results, which are reflective as well of the reactivity of bio-oils components with metals in alloys, as shown for
410ss in Figure 5, creates a more complete understanding of pathways of corrosion by bio-oil oxygenates large
and small. Confirmation of the presence of an acid structurally similar to lactobionic acid was essential in
developing approaches to address the question of whether multi-oxygenates significantly impact corrosive
pathways. The molecular ions selected for further fragmentation to confirm structure are marked with red

diamonds at 323 amu and 369 amu. As thermochemical and liquefaction conversion of biomass to fuels and
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useful chemicals are further developed, the multi-oxygenated glucanic acids and large ketones and alcohols in
these process streams will become more ubiquitous and dominant in material interaction. This work
corroboratively utilized spectroscopy, separations, and electrochemistry techniques to investigate such
phenomena.
Conclusions

Herein, sequential fragmentation mass spectrometry confirms of the presence of multi-oxygenated,
biomass-derived “sugar” acids and decorated phenols such as catechol. This novel combination of this suite of
analytical techniques elucidates, in a more nuanced way, the interactions of oxygenates larger than formic and
acetic acids with processing and infrastructure-relevant alloys. A surface-applicable optical spectroscopy
confirmed adhesion of residuals left behind following an incubation of alloy in bio-oil or bio-oil constituent
solutions; that is, Raman allows molecularly vibrationally descriptive confirmation that glucanic acids persist on
the metal surface. This approach is therefore relevant for studying large, multi-oxygenated interactions. The EIS
responses of the representative sugar acid, lactobionic acid, further support the reactivity of organic oxygenates
larger than formic and acetic acids towards a bio-oil relevant stainless steel. The EIS responses of catechol
solutions indicate less activity but illustrate the value of this technique within a suite of approaches to probe
multi-oxygenate — metal surface interactions.

The persistence of a sugar acid layer on alloys, and the ability of these to leach metal cations from
alloys, demonstrate the importance of knowing which families of larger and multiply oxygenated molecules a
biomass-derived energy liquid process will produce. Such constituent information will be process, feedstock,
and/or end-use dependent and can guide the selection of alloys to maximize full useful life of the equipment. In
assessing the leaching data, the internal trends of leaching are most salient. The fact that catechol and succinic
acid labilize vastly less iron from the 410ss mesh relative to formic, lactobionic, and oxalic acids supports the
contention that studying chelating multi-oxygenates is relevant and more extensive leaching studies will help
elucidate corrosion pathways for specific constituents of even “advanced process” bio-oils, i.e., CFP, HTL, and
co-P. Identitfying which specific metals are removed by chelators will allow cheaper alloys to be developed that
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perform more resiliently due to targeted increases in non-mobile metals or oxide-formers in alloys for chelator-

rich processes.
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Table 1

Cr Cu |Mn |[Mo |Ni P Si \Y Co C O N S
Sheet | 11.86 | 0.16 | 0.47 | 0.05 | 0.23 | 0.04 | 0.30 | 0.06 [ 0.02 | 0.13 |26 121 | <10
Mesh | 13.10 ] 0.05 [ 0.46 | 0.02 | 0.20 | 0.02 | 0.31 | 0.04 | 0.01 | 0.04 |69 630 |10

Table 1: Analyzed compositions of 410ss material by ICP-OES and combustion techniques
(balance Fe) in weight percent, wt.%. Alloying additions and metallic impurities were rounded to

the nearest 0.01 wt.% (impurity metals present at < 0.01 wt.% are not reported). Levels of O, N,
and S are reported in weight parts per million.




Table 2

Molar
Bio-oil Mass, pH of 2%
Constituent Structure g/mol # reactive sites sol'n
0
)LOH
acetic acid 60.05 1 acid 2.80
OH
O 2 alcohol; easily
J auto-oxidized to di-
catechol NF 110.1 ketone 5.46
O
H J\OH
formic acid 46.03 1 acid 2.32
OH
" oM
*ljl o 1 acid, 8 alcohols
HO_ - (could convert to
OH the ketone via keto-
. OH enOI
lactobionic acid 358.3 tautaumerization) 2.84
0
M _oH
HO ﬂ
oxalic acid © 90.03 2 acid 1.96
0
Ho _~_ L
H OH
succinic acid O 118.09 2 acid 2.72

Table 2: Compounds evaluated individually for leaching of metals from a 410ss alloy mesh.




Table 3

Compound

water

methanol

acetic acid

formic acid

acetol (hydroxyacetone, hydroxypropanone)

levulinic acid

methyl levulinate

ethyl levulinate

glyoxal

methyl glyoxyal
guaiacol (2-methoxyphenol)

glycolic acid

dihydroxyacetone (1,3-dihydroxypropanone)
catechol

3-methyl-1,2-cyclopentanedione

furfural (furan-2-carbaldehyde)

creosol (2-methoxy-4-methylphenol)

vanillic acid

apocynin (acetovanillone)

lactobionic acid

Table 3: Model bio-oil compounds selected for mixture screening with EIS to develop an
approach to study the electrochemical behavior of corrodents in bio-oil with relevant alloys.




Figure 1
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Figure 1. Mass spectral evidence of the molecular ion of a large organic acid in bio-oil derived
from softwood hog fuel is shown in the top panel, with characteristic further fragmentation
patterns of the same acid from the hog fuel bio-oil shown in the bottom panel. The molecular
ions selected for further fragmentation to confirm structure are marked with red diamonds at 323
amu and 369 amu. The sugar-like characteristics of this glucanic acid indicate that the
commercially available lactobionic acid, shown in the inset, serves as a reasonable facsimile for
use in individual and subset compound group testing using EIS in technique development to
better understand the relative extent and possible implied mechanism of corrosion by chemical
families in bio-oils.




Figure 2
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Figure 2: In the upper panel, complex skeletal stretching vibrations from the carbon-carbon
bonds along the backbone of sugar acids are noted in Raman spectra collected from 410ss disks
exposed to bio-oils produced from corn stover (trace a) and softwood hog fuel (trace d), and the
representative sugar acid (trace b). The Raman spectrum of the neat sugar acid is also shown
(trace c¢). The disks were gently acetonitrile rinsed prior to Raman testing, so surface association
of the residual organic material has withstood solvent dissolution. Although the spectra have
been offset for clarity, the peak heights have not been altered. In the lower panel, images from a
410ss disk exposed to softwood hog fuel-derived fast pyrolysis bio-oil are a reflectance image
taken at 880 nm (left) and a reconstructed Raman image based on a sugar backbone stretching
band at 900 cm! (right).



Figure 3
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Figure 3. Nyquist plots of 410ss: (a) in base solvent and 4 testing solutions with 0.1 molal solutes
presented in Z’ = Z” = 2100 kohm:cm? plain, (b) in base solvent, acetol and catechol shown in
(a) presented in Z’ = Z” = 70 kohm- cm? plain, and (c) formic and levulinic acids shown in (a)
presented in Z’ = Z” = 2.3 kohm-cm? plain. ‘A’ in (b) and (c) indicate the local Z” minimums of

acetol and formic acid, respectively.



Figure 4
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Figure 4. Fitted R> values of 410ss in 16 testing solutions and base solvent (a) and the inset

Randle circuit model (b) used for the EIS testing.



Figure 5

Fe, Cr Leaching Trends from 410ss Mesh
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Figure 5: Inductively coupled plasma optical emission spectrometry was used to determine
relative amounts of 410ss mesh alloy-constituent metals (from ~0.35 g alloy) leached by 2%
solutions (by mass) of various corrodents previously identified in bio-oils. Error bars for Fe data
are based on %RSD for n = 3 replicates. Inset zoom-in shows lower-level leaching by multi-
oxygenates.
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Figure S.I.1. a) Front, b) side, and ¢) top view of EIS cell. d) photograph of EIS cell in
experimental configuration. CE- counter electrode (360° Ni mesh), WE- working electron (Steel
sample), RE- reference electrode (mercury-mercury sulfate). ) shows a simple Randle circuit
used to fit the impedance spectra of 410ss in testing solutions. Constant phase element (CPE) is
used instead of an ideal capacitor. R; is the solution resistance and R> is the resistance that arises
from passive film and limits the charge transfer processes.

The surface of a 410 disk was located vertically with-respect-to the bottom of the
electrochemical cell and surrounded by the strip of Ni mesh. In other words, the surface 410 was
located vertically with-respect-to the bottom of the electrochemical cell and surrounded by the
strip of Ni mesh. This configuration provided a uniform distance between the working and
counter electrodes for every horizontal direction and effectively minimized the distortion of
impedance in the testing solutions. This is not the traditional setup used in corrosion work;
typically, a double graphite rod geometry is used, but that led to large distortions resulting from
inhomogeneous electric field in the testing solutions.



The impedance spectra of 410 in 0.1 molal lactobionic acid is shown in Figure 9. A partial arc in
mid-low frequency domain appeared until 0.023 Hz, but the impedance at the frequencies lower
than 0.023 Hz became convoluted, which is considered erroneous electrochemical response. The
initial arc appeared in high frequency domain (containing 309 and 43.8 kHz) with Z’1oc (the local
impedance at Z” minimum) about 1 kohm-cm™, which is closer to the values observed in formic
and levulinic acids. The obvious difference in Z’1oc values could depend on the solution
resistance. To verify this, the values of Z’1,c were plotted as a function of average solution
resistance. It was observed that Z’1,c appeared proportional to the solution resistance, indicating
the magnitude of initial arcs in the Nyquist plots was attributed to the solution resistance. The
evolution of initial arc associated with solution resistance occurred in the frequency ranges of 1
MHz to 10 kHz, which surpasses the conventional frequency at the high end, 10 kHz, used for
stainless steels [27, 29, 31-34].

a b
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Figure S.I. 3. Nyquist plot of 410ss in 0.1 molal lactobionic acid solution in (a) Z’ = Z2” = 75
kohm-cm? and (b) Z’ = Z” = 1.3 kohm-cm? plains. Comparison in (c) of solution resistance and Z’



at the local Z” minimum (Z’1oc) in 0.1 molal formic acid and catechol solutions as well as base
solvent.



