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Abstract: Biomass-derived oils are renewable fuel sources and commodity products and are proposed
to partially or entirely replace fossil fuels in sectors generally considered difficult to decarbonize
such as aviation and maritime propulsion. Bio-oils contain a range of organic compounds with
varying functional groups which can lead to polarity-driven phase separation and corrosion of
containment materials during processing and storage. Polar compounds, such as organic acids
and other oxygenates, are abundant in bio-oils and are considered corrosive to structural alloys,
particularly to those with a low-Cr content. To study the corrosion effects of small carboxylic acids
present in pyrolysis bio-oils, type 410 stainless steel (SS410) specimens were exposed in bio-oils
with varying formic, acetic, propionic and hexanoic acid contents at 50 ◦C during 48 h exposures.
The specific mass change data show a linear increase in mass loss with increasing formic acid
concentration. Interestingly, a mild corrosion inhibition effect on the corrosion of SS410 specimens
was observed with the addition of acetic, propionic and hexanoic acids in the bio-oil.

Keywords: pyrolysis bio-oils; biomass; corrosion; carboxylic acid; stainless steel

1. Introduction

Biomass-derived oils are considered as renewable sources of energy products or com-
modity chemicals [1–6]. They are produced by the thermochemical pyrolysis of biomass
feedstocks from agricultural wastes, forest residues or other biomass sources [7–9]. Depend-
ing on the feedstock source and its processing conditions, these bio-oils can contain many
organic compounds with various functional groups such as carboxyls, aldehydes, ketones,
phenols and other oxygenates [10,11]. Some of these compounds can be corrosive to the
structural alloys that are used during the processing and storage of bio-oils [12–17]. Over
the years, our team has focused on understanding the compatibility of bio-oils with struc-
tural alloys, plastics and elastomers [18–23]. Several other groups studied the corrosion
effects under the combustion conditions of biomass [24,25].

Ultimately, the presence of acidic oxygenates such as carboxylic acids is the main
pathway leading to the degradation of structural materials in bio-oil environments. Due to
their inability to form protective passivating oxide layers, alloys with low-Cr contents are
particularly susceptible to corrosion attack in pyrolysis oils. Our previous studies showed
that low-Cr alloys, after exposure in bio-oils, formed an iron formate dihydrate corrosion
product on the surface of the alloy specimens [26]. These findings indicate a potential
reaction pathway to the corrosion of alloys by the formic acid in bio-oils. Previously
Sekine, Singh and coauthors studied the effects of varying formic acid concentration on the
corrosion of low-Cr alloys and proposed a potential mechanism for formic acid attack on
low-Cr alloys in aqueous conditions [27,28].
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However, there are no reports showing the effects of carboxylic acid concentration on
the corrosion of alloys in bio-oil environments. Herein, we exposed stainless steel type 410
(SS410) specimens (McMaster Carr, Inc., Elmhurst, IL, USA) in pyrolysis bio-oils and varied
the amount of formic, acetic, propionic and hexanoic acids to study the concentration effects
of acids on the corrosion of SS410.

2. Materials and Methods
2.1. Corrosion Exposure

Type 410 stainless steel (SS410) coupons (2~2.5 mm thickness) with the chemical
composition shown in Table 1 were cut from a rod with approximately 16 mm diameter.
A~1 mm hole was drilled in each coupon. The SS410 coupons were then polished to 600-grit
finish, cleaned with acetone and ethanol and were weighed to ±0.04 mg accuracy using a
Mettler Toledo XP205 balance (Mettler-Toledo, Columbus, OH, USA). Then the coupons
were hung with a Teflon wire as shown in Figure 1. Approximately 25–27 g of high-ash and
high-moisture bio-oil, referred to as FR3 bio-oil from now on, produced by the National
Renewable Energy Laboratory (Golden, CO, USA) [29] was weighed and placed into 40 mL
glass vials. Further characterization of this FR3 bio-oil is described elsewhere [29,30].

Sustainability 2022, 14, x FOR PEER REVIEW 2 of 12 
 

 

Previously Sekine, Singh and coauthors studied the effects of varying formic acid concen-

tration on the corrosion of low-Cr alloys and proposed a potential mechanism for formic 

acid attack on low-Cr alloys in aqueous conditions [27,28]. 

However, there are no reports showing the effects of carboxylic acid concentration 

on the corrosion of alloys in bio-oil environments. Herein, we exposed stainless steel type 

410 (SS410) specimens (McMaster Carr, Inc., Elmhurst, IL, USA) in pyrolysis bio-oils and 

varied the amount of formic, acetic, propionic and hexanoic acids to study the concentra-

tion effects of acids on the corrosion of SS410. 

2. Materials and Methods 

2.1. Corrosion Exposure 

Type 410 stainless steel (SS410) coupons (2~2.5 mm thickness) with the chemical com-

position shown in Table 1 were cut from a rod with approximately 16 mm diameter. A~1 

mm hole was drilled in each coupon. The SS410 coupons were then polished to 600-grit 

finish, cleaned with acetone and ethanol and were weighed to ±0.04 mg accuracy using a 

Mettler Toledo XP205 balance (Mettler-Toledo, Columbus, OH, USA). Then the coupons 

were hung with a Teflon wire as shown in Figure 1. Approximately 25–27 g of high-ash 

and high-moisture bio-oil, referred to as FR3 bio-oil from now on, produced by the Na-

tional Renewable Energy Laboratory (Golden, CO, USA) [29] was weighed and placed 

into 40 mL glass vials. Further characterization of this FR3 bio-oil is described elsewhere 

[29,30]. 

One end of a Teflon wire (the other end with a coupon) was attached to a plastic vial 

cap by making a hole in the inner liner of the vial cap. Bio-oil corrosion exposures were 

initiated by placing the SS410 coupons into the bio-oil liquid. The vial cap was closed, and 

the vial was placed inside a temperature-controlled oven at 50 °C for 48 h. The corrosion 

exposure tests were triplicated for statistic confidence. After 48 h exposure, coupons were 

removed from the oil and placed in a vial containing 10 mL of methanol for 5 min. The 

coupons were then removed from methanol and were rinsed with acetone to clean off any 

remaining oil. To avoid potential methoxylation of SS410 surface during the cleaning [31], 

the immersion time in methanol did not exceed 5 min. After this initial cleaning, the sam-

ples were further cleaned using a mineral oil-based rust remover solution in an ultrasonic 

bath. Coupons were weighed, and mass change data were obtained. 

Table 1. Elemental composition of SS410 coupons determined by inductively coupled plasma tech-

nique [32–34]. 

Alloy Cr Mn Fe Ni Cu Si C N O S 

SS410 11.9 0.47 Balance 0.23 0.16 0.3 0.13 0.012 0.0026 <0.001 

 

Figure 1. Photos showing bio-oils contained in glass vials (~100 mm tall, top left), SS410 coupon 
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Figure 1. Photos showing bio-oils contained in glass vials (~100 mm tall, top left), SS410 coupon
with Teflon wire (bottom left), two as-prepared SS410 coupons (bottom middle) and a SS410 coupon
retrieved from bio-oil after exposure (right). The diameter of SS410 coupons is ~16 mm.

One end of a Teflon wire (the other end with a coupon) was attached to a plastic
vial cap by making a hole in the inner liner of the vial cap. Bio-oil corrosion exposures
were initiated by placing the SS410 coupons into the bio-oil liquid. The vial cap was
closed, and the vial was placed inside a temperature-controlled oven at 50 ◦C for 48 h.
The corrosion exposure tests were triplicated for statistic confidence. After 48 h exposure,
coupons were removed from the oil and placed in a vial containing 10 mL of methanol
for 5 min. The coupons were then removed from methanol and were rinsed with acetone
to clean off any remaining oil. To avoid potential methoxylation of SS410 surface during
the cleaning [31], the immersion time in methanol did not exceed 5 min. After this initial
cleaning, the samples were further cleaned using a mineral oil-based rust remover solution
in an ultrasonic bath. Coupons were weighed, and mass change data were obtained.

Table 1. Elemental composition of SS410 coupons determined by inductively coupled plasma
technique [32–34].

Alloy Cr Mn Fe Ni Cu Si C N O S

SS410 11.9 0.47 Balance 0.23 0.16 0.3 0.13 0.012 0.0026 <0.001
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2.2. ICP-MS Elemental Analysis

Bio-oils were digested using a mixed acid method with the aid of microwave Teflon
bomb digestion. Then, 0.25 mL of sample was mixed with 1.5 mL of 16 M nitric acid and
was left overnight. To the bio-oil and nitric acid mixture, 0.5 mL of 12 M hydrochloric
and 0.2 mL of hydrofluoric acid were added. The mixture was placed in a high-pressure
microwave rotor (SK15) and heated to 205 ◦C. After microwave digestion, the mixture was
diluted to 15 mL volume, and another 1:5 dilution was prepared for the ICP-MS analysis.
The measurements were performed using a magnetic sector ICP-MS (Thermo-Finnigan
Element XR) instrument (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Capillary Electrophoresis (CE)

Carboxylate anions were quantified using the capillary electrophoresis method. Bio-oil
samples were prepared using a liquid–liquid extraction. Approximately 0.5 g of bio-oil was
weighed and mixed with 5 mL of deionized water. The mixture was sonicated for one hour
according to the previously published procedure [35]. The aqueous extract was diluted and
used in an Agilent 7100 (Agilent Technologies, Santa Clara, CA, USA) CE instrument with
a 72 cm, 75 µm ID capillary with indirect UV detection at 350 nm and reference at 200 nm
using −30 kV.

3. Results

Figure 2 shows the specific mass change data of SS410 coupons exposed in FR3 bio-oil
with varying amounts of formic acid additions. Two different methods of formic acid
additions were used. First, a 10 wt.% solution of formic acid was prepared from a 90 wt.%
formic acid. The 10 wt.% formic acid solution was measured with an Eppendorf E3 Repeater
pipette and was added to the ~25 g of bio-oil liquid. The liquid was vigorously mixed with
a vortex before using the oil + acid mixture for SS410 corrosion exposure. The black circle
data points in Figure 2 are from the 10 wt.% formic acid additions to the FR3 bio-oil.
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Figure 2. SS410 specimen mass change vs. added formic acid in FR3 bio-oil for exposure at 50 ◦C
for 48 h. Two different methods of adding formic acid were used, one with 10 wt.% formic acid
solution and another with concentrated formic acid. Dilution correction to the diluted formic acid
data (black circles) was performed by normalizing to the same volume as with concentrated data
points (blue squares).
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The second method for formic acid additions to the bio-oil was using a concentrated
formic acid (90 wt.%). The acid was measured with an Eppendorf E3 Repeater and was
added to the bio-oil. The mixture of the bio-oil and concentrated acid was vigorously
shaken using a vortex machine. SS410 coupons were then exposed in the mixtures of bio-oil
and formic acid for 48 h at 50 ◦C. The data for the concentrated formic acid additions to the
bio-oil are shown in Figure 2 in the blue square data points. The red triangles are showing
the dilution correction performed on the diluted addition data points (black circles). The
black and blue lines are linear fits for the 10 wt.% and concentrated formic acid additions,
respectively. Linear equations and R2 values are also shown in respective colors.

The mass change data plot of SS410 coupons vs. added acetic acid content is shown in
Figure 3. Acetic acid additions were performed using two methods. The first method was
by adding a diluted acetic acid solution (10 wt.%), and the second was by adding a glacial
acetic acid (99.7 wt.%). The black circles are the mass change data obtained from the 10 wt.%
acetic acid additions. The blue square data points are data obtained from the concentrated
acetic acid additions. The red triangles are the dilution-corrected data points. The lines
represent crude fits to the data points and are only for a visual guide. The decreasing mass
loss with increasing acetic acid concentration (black points) suggests a mild inhibitory effect
on the corrosion of SS410 coupons when diluted acetic acid was added.
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Figure 4. Capillary electrophoretograms for (a) standard solution showing straight-chain carbox-

ylate anions and (b) an extract sample of FR3 bio-oil sample showing the detection of straight-chain 

carboxylate anion. 

Figure 3. SS410 specimen mass change vs. added acetic acid in FR3 bio-oil for exposure at 50 ◦C
for 48 h. Two different methods of adding formic acid were used, one with 10 wt.% acetic acid
solution and another with concentrated acetic acid. Dilution correction to the diluted acetic acid data
(black circles) was performed by normalizing to the same volume as with concentrated data points
(blue squares).

Figure 4 shows the results of the capillary electrophoresis analysis of FR3 bio-oil. The
electrophoretogram of the standard solution sample that contained 12 different carboxylate
anions is shown in Figure 4a. Figure 4b shows the electrophoretogram of the FR3 bio-oil
sample with five different carboxylate anions detected using capillary electrophoresis. The
peaks labeled 1 and 2 are formate and acetate anions, respectively. The area under the curve
for each peak was obtained and used to determine the concentrations of carboxylate anions
in the bio-oil mixture samples.
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Figure 4. Capillary electrophoretograms for (a) standard solution showing straight-chain carboxylate
anions and (b) an extract sample of FR3 bio-oil sample showing the detection of straight-chain
carboxylate anion.

The SEM microscopy and elemental maps of the SS410 specimen cross-section after
exposure in FR3 bio-oil is shown in Figure 5. Cr, Fe, Mn and Si maps were obtained to
determine the compositional variations of each element in the substrate and at the surface
where the alloy interfaces with the bio-oil. As the corrosive species in bio-oils contain
oxygen, elemental maps of oxygen were obtained to determine if corrosion products
formed on the surface of the SS410 specimens.
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(a) 

Figure 5. SEM and elemental maps of the cross-section of SS410 specimen after exposure in FR3
bio-oil at 50 ◦C for 48 h.

To show the homogenous surface corrosion attack on the bio-oil-exposed specimens,
surface plane view SEM and elemental maps were collected using SEM-EDS as presented
in Figure 6. Cr and Fe, as major elements in SS410, were mapped to determine any possible
variations in composition at the surface of the specimens. Overall, uniform distribution
of Fe and Cr, except Cr-enriched spots, was observed in the roughened SS410 surfaces
(Figure 6a). The exposed surfaces showed etched morphologies in both formic and acetic
acid cases, but the contrast of such morphology was more apparent when formic acid was
added to the bio-oil (Figure 6b).
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Figure 6. Plane view comparison of postexposure SS410 surfaces in bio-oils added with equiv-
alent mol amounts (800 µmol) of acetic or formic acid. (a) Secondary electron SEM images and
their EDS elemental maps and (b) BSE (back-scattered electron) images from other locations in a
higher magnification.

To study the effect of the carboxylic acid type/size and their corrosivity towards SS410,
we exposed alloy specimens in bio-oils containing additions of propionic and hexanoic
acids. The specific mass change plot of SS410 specimens exposed in FR3 bio-oil after
additions of propionic acid is shown in Figure 7. The black circles are data obtained from
individual specimens, and the blue line is the linear fit of the data with the linear equation
presented along with the R2 value. The specific mass change plot of SS410 specimens
exposed in FR3 bio-oil after additions of hexanoic acid is shown in Figure 8. The black
circles are data obtained from individual specimens, and the blue line is the linear fit of the
data with the linear equation shown along with the R2 value.

Table 2 shows the ICP-MS analysis of the baseline bio-oil after SS410 exposures for
48 h at 50 ◦C. The major alloying elements present in SS410 (Cr, Mn and Fe) were analyzed,
and the results are summarized below. Comparison of the total elemental composition
(Cr + Mn + Fe) determined using ICP-MS with the measured mass loss of the SS410 speci-
mens is also shown in Table 2.
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Run # for
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3 92.7 (33.4) 4.55 (1.4) 849 (113) 24.43 28.80 15.19
4 96.3 (34.7) 4.88 (1.5) 867 (116) 24.54 29.08 15.62



Sustainability 2022, 14, 11743 8 of 11

4. Discussion

Fast pyrolysis bio-oils contain a range of organic compounds with varying functional
groups. Oxygen-containing organic compounds can potentially be corrosive to alloys
due to the oxyphilic nature of the alloying elements. One of the main concerns for alloy
corrosion in bio-oils is the presence of organic acids. Carboxylic acids can be particularly
corrosive to low-chromium steels and carbon steels due to the inability of these alloys to
form a passivating oxide layer characteristic of higher Cr alloys [28,36]. To study the effect
of carboxylic acids on alloy corrosion, we exposed SS410 coupons in a pyrolysis bio-oil
(FR3) with and without deliberate additions of formic, acetic, propionic and hexanoic acids
using the method we recently developed and as illustrated in Figure 1 [37].

The initial characterization of FR3 fast pyrolysis oil was performed using the aqueous
modified total acid number (AMTAN) to determine the acidity of the oil and using capillary
electrophoresis to quantify the carboxylate anions present in the bio-oil. The AMTAN is a
value of total acid present in a bio-oil measured using acid-base titration of the aqueous
extract using a standardized KOH solution. Two samples of FR3 oil were subjected to KOH
titrations and yielded 50.26 and 49.93 mg of KOH per gram of bio-oil. These values are
significantly lower compared to some of the previously measured AMTAN values in fast
pyrolysis bio-oils [30,38,39]. The observed lower AMTAN values are potentially due to the
aging of the pyrolysis oils over time as described by Black and Ferrell [40].

Our previous results of long-term alloy exposures in pyrolysis bio-oils showed that
alloy SS410 is susceptible to corrosion in pyrolysis oil liquids and the vapor phase [38].
As concluded from our previous studies, the general trend of alloy degradation in bio-oil
environments is correlated to the composition of chromium in the alloy. Alloys with higher
Cr concentration generally perform better than ones with lower Cr content in pyrolysis
bio-oils [17]. The major corrosion product that was consistently detected on the surface of
the low-Cr alloys after exposures in pyrolysis bio-oils was iron formate dihydrate which
likely formed through the reaction of Fe in the alloy surface and the formic acid present in
bio-oils [27].

When looking at the carboxylic acid concentrations in bio-oils, formic and acetic acids
are the major carboxylic acids present as described in previous reports [38] and as shown by
the capillary electrophoresis results in Figure 4. Carboxylate anion peaks shown in Figure 4
were well resolved in under 13 min. While previously reported results suggest the link
between carboxylic acids and alloy corrosion in bio-oils, we found no reports that attempted
to correlate the extent of alloy degradation by varying the concentration of carboxylic acids
in bio-oils. Herein, we exposed SS410 specimens in bio-oil with varying concentrations of
formic, acetic, propionic and hexanoic acids. As several conditions and specimens needed
to be studied in these experiments, short-term (48 h) SS410 bio-oil exposures at 50 ◦C
were chosen in order to provide relatively quick results about the degradation of SS410 in
pyrolysis bio-oils [30].

The specific mass change plot of SS410 specimens after exposure in FR3 pyrolysis
oil shows increasing mass loss as a function of added formic acid (Figure 2). The SS410
specimens exposed in the baseline FR3 bio-oil showed an average mass loss of 6.1 mg/cm2

which equates to about a 1.48 mm/yr corrosion rate. The corrosion rates varied from
1.48 mm/yr for the baseline oil to 4.93 mm/yr for the highest addition of formic acid.
The baseline bio-oil corrosion rate is comparable to that of SS410 exposed in 1 M HCl
at room temperature [41] and 20% NaCl aqueous solutions at 80 ◦C [42]. Increasing the
concentration of formic acid in the bio-oil resulted in a linear trend of mass loss which
suggests that formic acid plays a major role in low-Cr steel corrosion in bio-oil environments.
The method by which the formic acid was introduced into the bio-oil did not affect the
general trend of mass loss as a function of the acid added. However, a small offset in
the data between 10 wt.% vs. concentrated formic acid additions, as indicated by the
y-intercepts of the two lines, suggests that the addition of water along with the acid made
the bio-oil slightly less corrosive which could be due to the dilution effect and improved
diffusion when 10 wt.% formic acid solution was used to add formic acid.
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Unlike the formic acid results, when 10 wt.% acetic acid was added to the bio-oil, the
specific mass loss of SS410 specimens slightly decreased compared to the concentrated acid
results, as shown in Figure 3. The decrease in mass loss of SS410 specimens compared to
those exposed in the baseline oil suggests the inhibition effect of diluted acetic acid on the
corrosion of SS410 in pyrolysis bio-oil. When concentrated acetic acid was added to the
bio-oil, the mass change data showed slight mass loss in the exposed SS410 specimens.
Dilution-corrected mass change values are shown in Figures 2 and 3 (red triangles) and
indicate that the dilution of formic and acetic acids affected the mass change data at higher
acid concentrations. However, at lower concentrations, the correction did not significantly
affect the data which may indicate other factors such as nonlinear specific mass change
response to dilutions or acid diffusion limitations at lower concentrations.

To analyze the extent of the corrosive attack on SS410 specimens, characterization
of the postexposure samples in cross-section and surface plane views were performed
using scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDS). EDS elemental maps show the equal distribution of alloying elements, Cr,
Mn, and Fe, close to the surface and within the bulk of the specimens which suggests a
nonpreferential corrosion attack by congruent metal dissolution. A small layer of oxide
was detected on the surface which could be due to the formation of iron formate dihydrate
as previously observed in bio-oils. The plane view SEM images and Cr and Fe elemental
maps of postexposure SS410 surfaces, presented in Figure 6a,b, show etched morphologies
indicating a relatively homogenous attack, without any corrosion ditch or deep pit, in the
observed area.

The specific mass change plots for propionic and hexanoic acids, plotted in
Figures 7 and 8, show very little change as a function of added acid. In both cases, the mass
loss slightly decreased with increasing the acid added which suggests a minor inhibition
effects of propionic and hexanoic acids on the corrosion of SS410. It is worthwhile noting
that both propionic and hexanoic acids were added undiluted to the bio-oil.

5. Conclusions

SS410 alloy specimens were exposed in pyrolysis bio-oil with varying amounts of
four carboxylic acids. The corrosion of SS410 alloy was assessed using mass change data,
surface and cross-sectional electron microscopy images and elemental mapping of the
exposed specimens. The carboxylic acids were separated and quantified using capillary
electrophoresis. Corrosion exposures revealed a linear correlation of SS410 mass loss with
the amount of formic acid added to the bio-oil, indicating that formic acid is the most
aggressive among the four acids tested. Interestingly, the addition of acetic, propionic and
hexanoic acids showed a mild inhibitory effect on the corrosion of SS410 specimens.
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