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Abstract: Methanol and hydrotreated vegetable oil (HVO) are complementary in the context of
achieving ultra-low emission levels via low temperature combustion. HVO is a high-quality fuel
fully compatible with compression ignition engines. Standalone methanol combustion is relatively
straight-forward according to the Otto principle, with a spark ignited or in conventional dual-fuel
(“liquid spark”) engines. These two fuels have by far the largest reactivity span amongst commercially
available alternatives, allowing to secure controllable partially premixed compression ignition with
methanol–HVO emulsification. This study investigates the corrosion of aluminum, carbon steel,
stainless steel, and a special alloy of MoC210M/25CrMo4+SH, exposed to different combinations of
HVO, HVO without additives (HVOr), methanol, and emulsion stabilizing additives (1-octanol or
1-dodecanol). General corrosive properties are well determined for all these surrogates individually,
but their mutual interactions have not been researched in the context of relevant engine components.
The experimental research involved immersion of metal samples into the fuels at room temperature
for a duration of 60 days. The surfaces of the metals were inspected visually and the dissolution of
the metals into fuels was evaluated by analyzing the fuels’ trace metal concentrations before and after
the immersion test. Furthermore, this study compared the alterations in the chemical and physical
properties of the fuels, such as density, kinematic viscosity, and distillation properties, due to possible
corrosion products. Based on these results, methanol as 100% fuel or as blending component slightly
increases the corrosion risk. Methanol had slight dissolving effect on aluminum (dissolving Al) and
carbon steel (dissolving Zn). HVO, HVOr, and methanol–HVOr–co-solvents were compatible with
the metals. No fuels induced visible corrosion on the metals’ surfaces. If corrosion products were
formed in the fuel samples, they did not affect fuel parameters.

Keywords: renewable fuels; fuel blending; co-solvents; corrosion; material compatibility

1. Introduction

The twin issues of scarcity of oil resources and environmental pollution are very real
problems. The transportation sector is heavily dependent on fossil hydrocarbons, which has
significant implications for both global warming and local air quality [1]. Conventional com-
pression ignition (CI) engines currently account for approximately half of the greenhouse
gas emissions from global transportation. Diesel engines also have the additional challenge
of their inherent trade-off between NOx and soot particle emissions. Researchers have
strived to address the shortcomings of traditional diesel engines by exploring alternative
fuels and advanced combustion modes [2–5].

Methanol is one of the alternative fuels. As a renewable energy source, it plays a
pivotal role in reducing global dependence on fossil energy, thus mitigating the effects
of global warming and ensuring energy security [6]. Methanol is regarded as a potential
carbon-neutral fuel and energy carrier for the future. It can be synthesized entirely from
renewable resources via two primary pathways. First is the thermochemical pathway, in
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which biomass is gasified into synthesis gas under favorable thermodynamic conditions.
The second pathway is biochemical, involving the anaerobic digestion of biomass by
microbes to produce methane biogas [7]. In future, methanol can be produced 100%
renewably, for example utilizing renewable hydrogen and captured CO2 [8]. Methanol is
considered a promising candidate fuel for decarbonizing marine engines [9]. Additionally,
hydrotreated vegetable oil (HVO) renewable diesel is made from renewable raw materials
such as used cooking oil, animal fat from food industry waste, or crude tall oil, a residue
of pulp production. In certain CI engines, HVO exhibits lower greenhouse gas (GHG)
emissions throughout its life cycle compared to fossil diesel. Furthermore, good-quality
HVO is compatible with all CI engines [10–12].

Methanol exhibits desirable characteristics, including a high stoichiometric fuel-to-air
ratio, high oxygen content, high hydrogen-to-carbon ratio, and a significant latent heat of
evaporation, enabling a wide engine–load range. These contribute to the reduction in NOx
emissions and soot [13,14]. However, these properties necessitate a highly reactive fuel to
facilitate controlled self-ignition in low-temperature combustion (LTC) conditions. HVO’s
chemical structure offers favorable characteristics in terms of auto-ignition properties and
in enabling clean combustion. HVO is considered one of the most reactive renewable
alternatives, and its clean paraffinic structure helps to mitigate the formation of particulate
matter [10,15]. Importantly, emulsification in the pre-blending of methanol and HVO can
address methanol’s lubricity issues. It is noteworthy that blending methanol and HVO fuel
does not result in a stable, single-phase fuel. However, the addition of co-solvents such as
1-octanol and 1-dodecanol in the blending does enable production of a stable single-phase
fuel [16].

Corrosion of metallic materials in the presence of alternative fuels has become an
important concern in various industries, including automotive and marine applications [17].
Methanol, HVO, and their blends are emerging as potential fuel alternatives due to their
renewable nature and reduced environmental impact, as well as their blending properties
for LTC concepts [18]. However, the compatibility of these fuels with different metal alloys
used in engine components is not yet fully clear.

The use of methanol can cause corrosion of engine components [19]. There are three
primary types of corrosion induced by alcohols: general corrosion, dry corrosion, and wet
corrosion. General corrosion arises from ionic impurities such as chloride ions and acetic
acid. Dry corrosion is attributed to the polarity of the alcohol molecule. Wet corrosion
ensues from the azeotropic formation of alcohol and water [20]. Alcohols’ corrosive prop-
erties stem from the increased conductivity from their polar hydroxyl groups. Corrosion
tendencies are further increased when the fuel has additional polar impurities, including
water, absorbed atmospheric oxygen, sulfur, and ions, as well as various acids or bases [21].
The strong attraction of methanol to water makes it probable that water will enter during
transportation and formic acid will be generated. This will activate the acidic corrosion and
electrochemical corrosion of metals. Methanol is corrosive to many metals in the engine
fuel system, such as stainless steel, copper, brass, aluminum, or carbon steel [19,22].

HVO is a second-generation bio-sourced fuel for CI engines. The hydrotreating process
used during HVO production eliminates heteroatoms (typically oxygen, nitrogen, and
sulfur) from organic feedstock to obtain hydrocarbons, and reduces the presence of reactive
compounds that could potentially induce corrosion [5]. Although use of HVO–methanol
blends in CI engines is gaining attention, there remains a notable dearth of research focused
on thoroughly investigating the effects of these blends on the materials found in CI engines.
The tendency for phase separation in methanol–HVO fuel blends [18], primarily due to
methanol’s affinity for water, is a particular concern for potential corrosion in engine
components. Addition of co-solvents, 1-octanol and 1-dodecanol, mitigates the phase
separation issues [16]. However, the effect that these co-solvents may have on material
compatibility also needs to be better understood.

Both 1-octanol and 1-dodecanol are higher alcohols, capable of serving as co-solvents
and alternative fuels for engines [23,24]. The term ‘higher alcohol’ usually refers to the
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series of straight-chain alcohols containing four or more carbon atoms. Higher alcohols
are less corrosive, have a higher energy density, a higher cetane number, a better blend
stability, and are less hygroscopic compared to methanol. Since they are less hygroscopic,
higher alcohols can be less corrosive on materials used in fuel delivery and injection
systems [20,25].

Fuels are exposed to metallic and non-metallic elements in engine components. Fuel
systems are made of ferrous materials such as steel and cast iron, and non-ferrous materials
such as aluminum and copper alloys [26]. Fuel tanks, fuel supply pumps, fuel lines, pumps,
injectors, nozzles, and valves are mostly made of steel and stainless steel. Pistons are
usually made of steel and nodular cast iron. Cylinder liners are made of grey cast iron or
cast aluminum [27]. Piston pins are commonly made of carbon steel and alloy steel [28].

Trace elements in the fuel can have detrimental effects on both the fuel intake system,
including nozzles and valves, and the exhaust system. Trace elements can also lead
to catalyst deactivation. Furthermore, the presence of trace elements contributes to the
formation of ash during the combustion process, which again can cause deposit formation
and filter plugging. These trace element metals can include vanadium (V), sodium (Na),
iron (Fe), silicon (Si), calcium (Ca), magnesium (Mg), aluminum (Al), and nickel (Ni).
Among these, V and Na are particularly problematic as they can contribute to hot corrosion
in engine components. Additionally, alkaline metals, such as Na and K, can have adverse
effects on aftertreatment systems used for emission abatement [29]. The World Fuel Charter
(WFC) addresses these concerns with guidelines specifying that the total concentration of
trace elements in diesel fuel should not exceed 1 ppm. These guidelines cover a range of
restricted elements, including metallic elements such as copper (Cu), Fe, manganese (Mn),
Na, lead (Pb), and zinc (Zn); semi-metallic elements such as silicon (Si); and non-metallic
elements such as phosphorus (P), sulfur (S), and chlorine (Cl). It is important to note that
these recommendations are applicable globally, regardless of local fuel requirements [30].

HVO is said to be 100% compatible with engines but there is a lack of extensive
research on the compatibility of methanol–HVO blends, methanol–HVO blends with added
co-solvents, and HVO fuel with the metals commonly used in the fuel system of CI engines.
Some studies have investigated the corrosion mechanisms of metals in methanol, but a
comprehensive analysis of methanol’s corrosion and compatibility with materials used in
engine components is still needed.

This study aimed to examine and compare the impact of possible corrosion on the
physical and chemical properties of the fuels. Corrosion products can alter important
fuel characteristics such as density, kinematic viscosity, and distillation properties. These
changes can subsequently affect engine performance and efficiency. We aimed to gain
a better understanding of the fuels’ behavior in the presence of different metal alloys
by analyzing the changes. The present study used the immersion test method to in-
vestigate the corrosion of aluminum, carbon steel, stainless steel, and a special alloy of
MoC210M/25CrMo4+SH. They were exposed to methanol, HVO, HVO without additives
(HVOr), a methanol–HVO blend (MeOH50), and methanol–HVOr blends with added
co-solvents (MeOH50-1-octanol and MeOH50-1-dodecanol). These materials were chosen
because they come into contact with the fuel as it passes from the tank to the combustion
chamber [26].

2. Materials and Methods
2.1. Materials

The six fuels studied in this research were (1) methanol (later MeOH), (2) HVO, (3) a
50/50% mixture of methanol and HVO (later MeOH50), (4) HVO without additives (later
HVOr), (5) a 50/50% mixture of methanol and HVOr with co-solvent 1-octanol added (later
MeOH50-O, and (6) a 50/50% mixture of methanol and HVOr with co-solvent 1-dedocanol
added (later MeOH50-D). The MeOH–HVO blends shares were calculated based on the
energy density. The lower heating values (LHV) used for the calculations were 44 MJ/kg for
HVO and HVOr [31] and 20 MJ/kg for methanol [32]. The co-solvents were added just to
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the amount required to form a stable single-phase liquid. The quantities of 1-octanol,
1-dodecanol, and methyl butyrate in 250 mL of the MeOH50–co-solvent mixture are
66.8 mL, 53.9 mL, and 96.6 mL, respectively. Methanol was a product of Merck KGaA,
analysis grade, purchased from VWR, Helsinki, Finland. HVO was Neste MY renewable
diesel, purchased from a Neste filling station in Vaasa, Finland. HVOr was Neste MY
renewable diesel without additives supplied by Neste, Finland.

According to the manufacturers’ data, methanol and HVO exhibited metal contents
(Al, Cu, Fe, Mn, V, Zn, and Pb) of less than 1 ppm and a water content of less than 500 ppm.

The metals were purchased in the form of rods from a hardware store, Hartman Rauta
Oy, in Vaasa, Finland. They included carbon steel (CS; grade Imatra 550), stainless steel
(SS; 1.4301/1.4307), a special alloy steel known as MoC210M/25CrMo4+SH (CrMo), and
aluminum EN AW-6082 alloy of high strength and good corrosion resistance. Ingredient
certificates for the rods were provided.

Table 1 lists the concentrations of the studied metals in the steels and aluminum alloy.
The ingredient certificates for the steels did not give the concentrations of Al, Zn, and Fe.
These elements were later analyzed from the fuels, along with Cu, Mn, Si, V, Zn, and Pb.
The amount of Fe was above 70% according to the literature for the three steels [33].

Table 1. The concentration of the elements in the metals.

Carbon Steel Stainless Steel MoC210M/25CrMo4+SH Aluminum EN AW-6082 Alloy

Cu (%) 0.20 0.96 0.20 0.01
Fe (%) >70 >70 >70 0.20
Mn (%) 1.13 1.66 0.81 0.41
Si (%) 0.24 0.27 0.27 1.07
V (%) 0.06 0.01
Pb (%) 0.0003 0.0007 <0.05
C (%) 0.13 0.023 0.27
Cr (%) 0.20 18.10 0.99 0.13
Ni (%) 0.15 8.01 0.19
Mo (%) 0.03 0.29 0.22
Mg (%) 0.70
Zn (%) 0.01
Ti (%) 0.02

2.2. Methods

Experimental studies were performed to evaluate the compatibility of the selected
materials and methanol, HVO, and their 50:50 blend, as well as the 50:50 blends stabilized
with co-solvents. The metal bars were immersed in the fuel samples. The samples were
kept in a fume cupboard at room temperature for 60 days. The surfaces of the metals
were inspected visually at the end of this period, and the dissolution of the metals into
fuels was evaluated by analyzing the fuels’ trace metal concentrations before and after the
immersion test. The trace elements were analyzed using an inductively coupled plasma
optical emission spectroscope (ICP-OES). This evaluates the presence and concentration of
the elements by comparing the intensity of light wavelength emissions to those emitted by
known concentrations of various elements. The concentrations of metal elements (Al, Cu,
Fe, Mn, Si, V, Zn, and Pb) were determined for all the fuel samples. This study aimed to
investigate if the trace metals had dissolved from the rods during the immersion test.

Each of the six different fuel samples (MeOH, HVO, HVOr, MeOH50, MeOH50-O,
and MeOH50-D) amounted to 250 mL and was transferred into borosilicate glass bottles.
In total, 24 samples were prepared (Table 2, Figure 1), with each paired with a round rod
made of one of three types of steel and aluminum alloys. The rods were 10 cm long and
2 cm in diameter. Each rod was completely immersed in the liquid fuel and each bottle was
closed with a polypropylene screw cap. In MeOH50 samples without co-solvent, the fuels
separated into two phases; due to its higher density, methanol formed the lower phase.
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Therefore, the metals mainly were in the MeOH layer during the test. The methanol–HVOr
fuels stabilized with co-solvents stayed in one phase during the 60-day immersion period.
The corrosion on the surface of the metal rods was assessed visually, before and at the end
of the 60-day immersion period.

Table 2. Prepared samples.

Sample Matrix (Fuel/Metal) Carbon Steel Stainless Steel MoC210M/25CrMo4+SH Aluminum

MeOH MeOH CS MeOH SS MeOH CrMo MeOH Al
HVO HVO CS HVO SS HVO CrMo HVO Al

MeOH50 MeOH50 CS MeOH50 SS MeOH50 CrMo MeOH50 Al
HVOr HVOr CS HVOr SS HVOr CrMo HVOr Al

MeOH50-O MeOH50-O CS MeOH50-O SS MeOH50-O CrMo MeOH50-O Al
MeOH50-D MeOH50-D CS MeOH50-D SS MeOH50-D CrMo MeOH50-D Al

Energies 2024, 17, 3423 5 of 17 
 

 

Each of the six different fuel samples (MeOH, HVO, HVOr, MeOH50, MeOH50-O, 
and MeOH50-D) amounted to 250 mL and was transferred into borosilicate glass bottles. 
In total, 24 samples were prepared (Table 2, Figure 1), with each paired with a round rod 
made of one of three types of steel and aluminum alloys. The rods were 10 cm long and 2 
cm in diameter. Each rod was completely immersed in the liquid fuel and each bottle was 
closed with a polypropylene screw cap. In MeOH50 samples without co-solvent, the fuels 
separated into two phases; due to its higher density, methanol formed the lower phase. 
Therefore, the metals mainly were in the MeOH layer during the test. The methanol–
HVOr fuels stabilized with co-solvents stayed in one phase during the 60-day immersion 
period. The corrosion on the surface of the metal rods was assessed visually, before and 
at the end of the 60-day immersion period. 

Table 2. Prepared samples. 

Sample Matrix 
(Fuel/Metal) 

Carbon Steel Stainless Steel MoC210M/25CrMo4+SH Aluminum 

MeOH MeOH CS MeOH SS MeOH CrMo MeOH Al 
HVO HVO CS HVO SS HVO CrMo HVO Al 

MeOH50 MeOH50 CS MeOH50 SS MeOH50 CrMo MeOH50 Al 
HVOr HVOr CS HVOr SS HVOr CrMo HVOr Al 

MeOH50-O MeOH50-O CS MeOH50-O SS MeOH50-O CrMo MeOH50-O Al 
MeOH50-D MeOH50-D CS MeOH50-D SS MeOH50-D CrMo MeOH50-D Al 

 

  
(a) (b) 

Figure 1. The samples were stored in a fume cupboard at room temperature: (a) The fuels are meth-
anol, HVO, and MeOH50; (b) the fuels are HVOr (without additives) and fuel blends of MeOH50 
with co-solvents 1-octanol and 1-dodecanol added. The metal rods in the fuels are carbon steel, 
stainless steel, MoC210M/25CrMo4+SH, and aluminum. 

2.2.1. Determination of Trace Metals 
The metal concentrations in the fuel samples were analyzed before and after the 

metal immersion test. The immersion tests were conducted in two series. In the first, the 
samples were methanol, HVO, and the MeOH50 blend. The methanol and HVO had sep-
arated into two different phases in the MeOH50 blend. Therefore, the analyses of trace 
metals after immersion in MeOH50 fuel were performed in the methanol part of the blend 
separately from the HVO part of the blend. The samples in the second immersion series 
were HVOr, MeOH50-O, and MeOH50-D.  

In the first measurement series, weighed HVO samples were diluted with kerosene 
in a weight ratio of 1:1 and then injected into the spectrometer plasma. The concentrations 
of metal elements (Al, Cu, Fe, Mn, Si, V, Zn, and Pb) were determined using a PerkinElmer 
7000 DV ICP-OES instrument. The analyses followed an in-house method based on 

Figure 1. The samples were stored in a fume cupboard at room temperature: (a) The fuels are
methanol, HVO, and MeOH50; (b) the fuels are HVOr (without additives) and fuel blends of
MeOH50 with co-solvents 1-octanol and 1-dodecanol added. The metal rods in the fuels are carbon
steel, stainless steel, MoC210M/25CrMo4+SH, and aluminum.

2.2.1. Determination of Trace Metals

The metal concentrations in the fuel samples were analyzed before and after the metal
immersion test. The immersion tests were conducted in two series. In the first, the samples
were methanol, HVO, and the MeOH50 blend. The methanol and HVO had separated into
two different phases in the MeOH50 blend. Therefore, the analyses of trace metals after
immersion in MeOH50 fuel were performed in the methanol part of the blend separately
from the HVO part of the blend. The samples in the second immersion series were HVOr,
MeOH50-O, and MeOH50-D.

In the first measurement series, weighed HVO samples were diluted with kerosene in
a weight ratio of 1:1 and then injected into the spectrometer plasma. The concentrations of
metal elements (Al, Cu, Fe, Mn, Si, V, Zn, and Pb) were determined using a PerkinElmer
7000 DV ICP-OES instrument. The analyses followed an in-house method based on Stan-
dards EN 14538 and EN 14107 [34,35], in accordance with the advice of the spectrometer’s
manufacturer. The determination limit was 1 ppm for all elements. Pre-treatment of the
samples prior to trace element analysis differed for the methanol and MeOH50 samples in
the first test series and in the second measurement series.

The analysis procedure for methanol and MeOH50 samples in the first test series
included pre-treatment by a method using closed-cup microwaves to assist acid digestion
to decompose all the inorganic particles of less than ~8 µm size and to destroy the remains
of organic matrices. After acid digestion, the samples were diluted and analyzed by an
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ICP-OES (Thermo Scientific iCAP 6500 Duo). The concentrations of metal elements (Al, Cu,
Fe, Mn, Si, V, Zn, and Pb) were determined. The analyses were conducted following an
in-house method.

The analysis procedure for HVOr and MeOH50-co-solvent samples in the second
measurement set included a pre-treatment using a microwave oven (MARS 6 iWave by
CEM) to assist acid digestion to decompose all the inorganic particles of less than ~8 µm
size and to destroy the remains of organic matrices. After microwave-assisted digestion
with nitric acid, the samples were diluted and analyzed by an ICP-OES PerkinElmer Avio
500. The concentrations of elements (Al, Cu, Fe, Mn, Si, V, Zn, and Pb) were determined.
The analyses were conducted following an in-house method. The determination limit was
1 ppm for elements Al, Cu, Fe, Si, V, and Zn; 2 ppm for Mn; and 4 ppm for Pb.

2.2.2. Analysis of Fuel Properties

The physical and chemical properties of the fuels were analyzed before and after
immersion of the metal rods. The MeOH50 samples (without co-solvents) were mixed
thoroughly before the analyses to form an emulsion. Nevertheless, these samples tended to
separate into two phases during the measurements. Conversely, MeOH50-1-octanol and
MeOH50-1-dodecanol formed stable, single-phase fuel mixtures.

Analyses included density, kinematic viscosity, and distillation properties, such as
distillation curve, initial boiling point, IBP, and final boiling point, FBP. The density and the
kinematic viscosity were measured with an SVM 3000 viscometer, and the measurement
was produced according to Standard ASTM D7042 [36]. The measurement is based on
torque and speed measurements, with the device calculating dynamic viscosity from
the rotor speed. It also has a density-measuring cell that employs an oscillating U-tube
principle. The kinematic viscosity is calculated automatically from these measurements.
The reproducibility of the SVM 3000 viscometer is −0.04% for density and 0.06% for
viscosity [37].

Distillation properties were measured using OptiPMD Automatic Distillation equip-
ment, and the measurement was produced according to Standard ASTM D7345 [38]. The
obtained distillation curve shows the transition from liquid to vapor with respect to tem-
perature. The reproducibility for the OptiPMD Automatic Distillation equipment is not
known [39].

The obtained results were average values of at least two measurements. The relative
standard deviations for the analysis methods had been measured earlier, and they were the
following: kinematic viscosity < 1.0%; density < 1.0%; IBP < 1.1%; and FBP < 1.1%.

3. Results
3.1. Visual Evaluation of Metal Corrosion

A visual evaluation of corrosion was performed for all the metal samples before and
after the immersion test. No signs of corrosion were observed on any of the metal bars.

3.2. Concentration of Trace Metals in Exposed Fuel Samples

Table 3 shows the concentrations of trace metals in all fuel samples after the immersion.
The concentrations of Al, Cu, Fe, V, and Zn were below or 1 ppm in most of the samples.
Two exceptions to this were the MeOH Al sample, which had an Al concentration of 2 ppm,
and the MeOH CS sample, with a Zn concentration of 2 ppm.

The HVO CS sample had a Si content of less than 2 ppm. MeOH CS, MeOH SS,
MeOH CrMo, and MeOH Al showed Si contents of 3 ppm. Si contents in MeOH50 CS and
MeOH50 SS fuels were 5 ppm. MeOH50 CrMo and MeOH50 Al had Si concentrations of
3 ppm. The Si contents in other samples were below 1 ppm. However, according to Joo and
Suh, determining Si accurately in a sample using ICP-OES is difficult as SiO2 from the ICP
spectrometer’s torch may contaminate the samples [40]. This suggests that the Si results
need to be evaluated critically.
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Table 3. The concentrations of trace metals in all fuel samples. The determination limit was 2 ppm
for Mn and 4 ppm for Pb in the HVOr and MeOH–HVOr–co-solvent samples. The determination
limit was 1 ppm for all other elements and fuel blends.

Sample Al
ppm

Cu
ppm

Fe
ppm

Mn
ppm

Pb
ppm

Si
ppm

V
ppm

Zn
ppm

HVO <1 <1 <1 <1 <1 <1 <1 <1
HVO CS <1 <1 <1 <1 <1 < 2 <1 <1
HVO SS <1 <1 <1 <1 <1 <1 <1 <1
HVO CrMo <1 <1 <1 <1 <1 <1 <1 <1
HVO Al <1 <1 <1 <1 <1 <1 <1 <1

MeOH CS <1 <1 <1 <1 <1 3 <1 2
MeOH SS <1 <1 <1 <1 <1 3 <1 <1
MeOH CrMo <1 <1 <1 <1 <1 3 <1 <1
MeOH Al 2 <1 <1 <1 <1 3 <1 <1

MeOH50 CS <1 1 <1 <1 <1 5 <1 1
MeOH50 SS <1 <1 <1 <1 <1 5 <1 <1
MeOH50 CrMo <1 <1 <1 <1 <1 3 <1 1
MeOH50 Al <1 <1 <1 <1 <1 3 <1 <1

HVOr <1 <1 <1 <2 <4 <1 <1 <1
HVOr CS <1 <1 <1 <2 <4 <1 <1 <1
HVOr SS <1 <1 <1 <2 <4 <1 <1 <1
HVOr CrMo <1 <1 <1 <2 <4 <1 <1 <1
HVOr Al <1 <1 <1 <2 <4 <1 <1 <1

MeOH50-O <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-O CS <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-O SS <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-O CrMo <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-O Al <1 <1 <1 <2 <4 <1 <1 <1

MeOH50-D <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-D CS <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-D SS <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-D CrMo <1 <1 <1 <2 <4 <1 <1 <1
MeOH50-D Al <1 <1 <1 <2 <4 <1 <1 <1

The trace metal concentrations in MeOH50-O, MeOH50-D, and HVOr fuels remained
unchanged. The results were below the determination limit (Table 3) in all samples before
and after metal immersion. Mn content in all MeOH50-O, MeOH50-D, and HVOr fuels was
measured to be below 2 ppm; Pb content was below 4 ppm; and other metal contents (Al,
Cu, Fe, Si, V, Zn) were below 1 ppm. The determination limit for Mn and Pb was different in
the two measurement series with HVO and HVOr samples. All the trace element contents
for HVO and HVOr samples were below the methods’ determination limits, which were
<2 ppm for Mn; <4 ppm or Pb; and <1 ppm for all other elements.

Notably, the fuel’s metal content did not increase after immersing metal bars in HVO
fuel for a duration of 60 days, except for the Si content in the HVO CS sample, which rose
from 1 ppm to 2 ppm. In MeOH50 samples, the only element showing results above 1 ppm
was Si. It can be stated that the MeOH50 samples did not leach metals from CS, SS, CrMo,
or Al. However, the 100% MeOH samples showed different results, with Si in all MeOH
rising to 3 ppm. Also, it seemed that MeOH leached Al (2 ppm after the immersion), but
HVO, HVOr, and the HVO–MeOH blend did not—their Al concentrations remained below
1 ppm after the immersion. In addition, the Zn content had increased from 1 ppm to 2 ppm
in the MeOH CS sample after the immersion.
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3.3. Influence of Trace Elements on Fuel Properties
3.3.1. Density and Kinematic Viscosity

Table 4 presents the results of the fuel properties testing. The results for the samples
MeOH, HVO, MeOH50, HVOr, MeOH50-O, and MeOH50-D (i.e., fuel samples without
metal rods) show their initial levels before the immersion test. The results for the rest of the
samples were measured after the immersion test.

Table 4. The results of the fuel properties tests for density, kinematic viscosity, and initial and final
boiling point, with relative standard deviations (RSD) of each analysis method.

Sample Density (kg/m3) 15 ◦C
(RSD < 1.0%)

Kinematic Viscosity,
(mm2/s) 40 ◦C
(RSD < 1.0%)

Initial Boiling Point, (◦C)
(RSD < 1.1%)

Final Boiling Point, (◦C)
(RSD < 1.1%)

HVO 781 3.14 223 309
HVO CS 781 3.12 223 300
HVO SS 781 3.14 223 301
HVO CrMo 781 3.13 223 300
HVO Al 781 3.14 223 307

MeOH 795 0.55 65 73
MeOH CS 795 0.56 64 69
MeOH SS 795 0.58 64 70
MeOH CrMo 795 0.56 64 69
MeOH Al 795 0.57 65 74

MeOH50 793 1.25 65 244
MeOH50 CS 793 0.85 66 260
MeOH50 SS 794 1.30 66 252
MeOH50 CrMo 794 1.14 n/a n/a
MeOH50 Al 793 1.04 65 257

HVOr 781 3.06 223 307
HVOr CS 781 3.05 224 309
HVOr SS 781 3.05 222 308
HVOr CrMo 781 3.06 223 309
HVOr Al 781 3.06 222 309

MeOH50-O 798 1.33 68 259
MeOH50-O CS 797 1.31 68 257
MeOH50-O SS 797 1.33 65 256
MeOH50-O CrMo 797 1.35 68 257
MeOH50-O Al 797 1.40 69 259

MeOH50-D 797 1.61 66 244
MeOH50-D CS 797 1.49 66 246
MeOH50-D SS 797 1.45 65 248
MeOH50-D CrMo 797 1.48 64 228
MeOH50-D Al 797 1.58 66 252

n/a: not analyzed.

The densities of HVO and HVOr were the same (781 kg/m3), and both remained
unchanged during metal immersion. The kinematic viscosity of HVO (initial result being
3.14 mm2/s) and HVOr (initial 3.06 mm2/s) remained at almost the same level after the
metal immersion. The lower kinematic viscosity values of HVOr fuels before and after
metal immersion compared to those of HVO fuels were most likely due to the lack of
additives in HVOr samples. The difference was approximately 0.07–0.08 mm2/s. The
kinematic viscosities of HVO SS and HVO Al fuels were the same as for the original HVO
fuel, at 3.14 mm2/s. The kinematic viscosities of HVO CS and HVO CrMo were 3.12 mm2/s
and 3.13 mm2/s, respectively. The kinematic viscosities of HVOr CrMo and HVOr Al fuels
were the same as in the original HVOr fuel, at 3.06 mm2/s. The kinematic viscosities of
HVOr CS and HVO SS were both 3.05 mm2/s.
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The density of all the methanol fuel samples remained unchanged at 795 kg/m3

during metal immersion. After the immersion, the kinematic viscosities of the methanol
samples varied slightly, ranging from 0.58 mm2/s to 0.56 mm2/s. These values are 0.01 to
0.03 mm2/s higher than that of the initial methanol fuel (0.55 mm2/s), so the changes
were minor.

There was negligible variation in the density of MeOH50 fuels after the immersion
test compared to the initial MeOH50 fuel, with all samples having a density ranging
from 793 to 794 kg/m3. However, a significant change was observed in their kinematic
viscosities, particularly in the case of MeOH50 CS, for which the kinematic viscosity was
only 0.85 mm2/s. This equates to a 32% reduction in kinematic viscosity compared to
the initial MeOH50 fuel’s value of 1.25 mm2/s. The kinematic viscosities of MeOH50
CrMo (1.14 mm2/s) and MeOH50 Al (1.04 mm2/s) fuels exhibited decreases of 8.8% and
16.8%, respectively. Conversely, the kinematic viscosity of MeOH50 SS (1.30 mm2/s) fuel
experienced a slight increase of 4%. All the samples were mixed properly before the
measurements, but the MeOH50 samples tended to move into two phases relatively soon
after mixing. The variation in kinematic viscosity values is most likely due to the inaccuracy
caused by phase separation.

The density of MeOH50-O was initially recorded as 798 kg/m3, and decreased only
marginally to 797 kg/m3 for all samples after immersion. The kinematic viscosity of
MeOH50-O SS was the same as the initial MeOH50-O, remaining at 1.33 mm2/s. The
kinematic viscosities of MeOH50-O CS, MeOH50-O CrMo, and MeOH50-O Al were
1.31 mm2/s, 1.35 mm2/s, and 1.40 mm2/s, respectively.

The density of MeOH50-D exhibited no change post-immersion, maintaining its initial
value of 797 kg/m3 across all samples. However, the post-immersion kinematic viscosities
of the MeOH50-D samples were all lower than the fuel´s initial value of 1.61 mm2/s. Only
MeOH50-D Al, recording a viscosity of 1.58 mm2/s, was relatively close to the initial
measurement. MeOH50-D CS, MeOH50-D SS, and MeOH50-D CrMo recorded reduced
viscosities below 1.50 mm2/s, being 1.49 mm2/s, 1.45 mm2/s, and 1.48 mm2/s, respectively.

Table 4 shows that the density and kinematic viscosity of all MeOH50-O and MeOH50-
D blends were higher than those of all MeOH50 blends. The density of all MeOH50-O
blends and MeOH50-D blends was largely unaffected by immersion, but their kinematic vis-
cosities exhibited a consistent elevation, with MeOH50-D blends displaying approximately
0.2 mm2/s higher viscosities than MeOH50-O blends.

A comparative analysis of fuel densities and kinematic viscosities pre- and post-
immersion of metal rods reveals that fuel densities remained predominantly unchanged.
However, slight fluctuations in kinematic viscosity were observed exclusively in MeOH50
blends and MeOH50–co-solvents after the immersion. Of these, MeOH50 CS had the
largest fluctuation, with its kinematic viscosity reduced by 0.4 mm2/s when compared
to the initial MeOH50. The viscosity reductions in MeOH50 CrMo and MeOH50 Al were
0.11 mm2/s and 0.21 mm2/s, respectively, compared to the initial MeOH50. The viscosity
of MeOH50 SS increased by 0.05 mm2/s. Other fuel types exhibited negligible alterations
in kinematic viscosity.

3.3.2. Distillation Curve Analysis

Figure 2 shows that the distillation behavior of HVO and HVOr fuels after the im-
mersion test closely resembled that of the initial HVO and HVOr fuels. All the HVO fuels
before and after metal immersion exhibited the same initial boiling point (IBP) of 223 ◦C.
HVOr and HVOr fuels after metal immersion also exhibited values close to the IBP of
HVO fuels.

Figure 3 depicts the distillation curves of the methanol samples, and shows that their
IBP values remained unchanged during the immersion. The IBP values were 65 ◦C for
MeOH and MeOH Al; and 64 ◦C for MeOH CS, MeOH SS, and MeOH CrMo. The final
boiling point (FBP) values were recorded at 73 ◦C for MeOH; 69 ◦C for MeOH CS and
MeOH CrMo; 70 ◦C for MeOH SS; and 74 ◦C for MeOH Al.
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Figure 3. Distillation curves of the samples: MeOH CS, MeOH SS, MeOH CrMo, MeOH Al,
and MeOH.

Figure 4 illustrates the distillation curves of all the studied methanol and HVO blends.
Notably, throughout the distillation process for all these blends, with the exception of
MeOH50 without a metal rod, the equipment reported unstable boiling behavior while
measuring the samples.

Table 4 lists the IBP and FBP data for all samples. The IBPs of MeOH50 and MeOH50
Al were both 65 ◦C, with FBPs of 244 ◦C and 257 ◦C, respectively. The IBPs for MeOH50
CS and MeOH50 SS were both 66 ◦C, and their FBPs were 260 ◦C and 252 ◦C, respectively.
No results were obtained for the IBP and FBP of MeOH50 CrMo. The IBPs for MeOH50-O,
MeOH50-O CS, and MeOH50-O CrMo were all 68 ◦C, with FBPs of 259 ◦C, 257 ◦C, and
257 ◦C, respectively. The IBPs for MeOH50-O SS and MeOH50-O Al were 65 ◦C and
69 ◦C, respectively, with FBPs of 256 ◦C and 259 ◦C, respectively. The IBPs for MeOH50-D,
MeOH50-D CS, and MeOH50-D Al were all 66 ◦C, with FBPs of 244 ◦C, 246 ◦C, and 252 ◦C,
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respectively. The IBPs for MeOH50-D SS and MeOH50-D CrMo were 65 ◦C and 64 ◦C,
respectively, with FBPs of 248 ◦C and 228 ◦C, respectively.
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Notably, the FBP for MeOH50-D stands at 228 ◦C. Additionally, Figure 4’s distil-
lation curves show that all MeOH50 and MeOH50–co-solvent blends remained largely
consistent before and after the metal immersion. It is worth noting that the distillation
curve of MeOH50 did not change significantly after adding the co-solvents 1-octanol and
1-dodecanol. Moreover, the distillation behavior for fuels after the metals’ immersion was
similar to those samples that were analyzed before the immersion.

4. Discussion

This study’s findings will aid understanding of the compatibility between various
metals and methanol, HVO, and methanol–HVO blends, the latter studied with and
without stabilizing co-solvents as additives. Moreover, a better understanding of corrosion
behavior and its impact on fuel properties will increase the knowledge of fuel formulation
optimization to enhance engine performance and reduce maintenance costs.

4.1. Fuel and Metal Compatibility

The visual assessment of metal corrosion conducted in this study yielded favorable
results, with no discernible signs of corrosion observed on the surfaces of aluminum, carbon
steel, stainless steel, and the special MoC210M/25CrMo4+SH alloy immersed in any fuel.
This lack of conspicuous signs of corrosion suggests the potential compatibility of these
metals with methanol, HVO, HVOr, MeOH–HVO, and MeOH–HVO–co-solvent fuels in
the studied conditions.

However, the 100% MeOH sample seemed to dissolve Al, resulting in Al content of
2 ppm in the MeOH Al sample after the immersion. Al content in all other fuels and blends
was below 1 ppm after immersion. In addition, Zn content increased from 1 ppm to 2 ppm
in the MeOH CS sample after the immersion. These increments are minor but the results
may indicate that exposing carbon steel and aluminum to methanol may increase the risk
of corrosion. The conditions during this experiment were stable, with temperature, for
example, at approximately 20 ◦C. At higher temperatures and exposed to mechanical wear,
the results might show greater damage in the studied materials or in the fuel quality.

Measuring the physical–chemical properties of the MeOH50 blend without co-solvents
showed that the liquids tended to separate and form an unstable solution. This made it
hard or even impossible for the used devices to measure the properties precisely. Most
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likely, this behavior caused the variation in the kinematic viscosity results. Better results for
the MeOH50 blends required stabilization of the blend. Therefore, this study used 1-octanol
and 1-dodecanol as co-solvents to form a stable, single-phase fuel blend of MeOH–HVO.

The density and kinematic viscosity results of the MeOH50 blends are between those
measured for neat MeOH and HVO. In a previous study by Wang-Alho et al. [18], the
density and kinematic viscosity values of MeOH–HVO blends formed a noticeable trendline
between neat HVO and neat methanol, with the increasing amount of MeOH. The current
study’s kinematic viscosity values observed for MeOH50-O and MeOH50-D fall within the
viscosity range exhibited by methanol and HVO, but are higher than those of MeOH50.
Notably, the density of MeOH50-O and MeOH50-D exceeds that of methanol, HVO, HVOr,
and MeOH50.

The experimental investigation revealed that the density of MeOH50, MeOH50-O,
and MeOH50-D blends remained unaltered following exposure to the metals, whereas
noteworthy changes were noticed in both kinematic viscosity and FBP. MeOH50 CS fuel
exhibited a kinematic viscosity of 0.85 mm2/s. The kinematic viscosity values for all
MeOH50, MeOH50-O, and MeOH50-D, both before and after metal immersion, range
between 0.85 mm2/s and 1.61 mm2/s. They are, therefore, below the kinematic viscosity
threshold of 1.9 mm2/s at which fuel leakage may occur from the injector nozzle sealing
and high-pressure pump system [18,41]. Additionally, the low viscosity of fuel may cause
pump wear [42]. Addressing this issue entails the use of advanced hydraulic sealing
systems [18,41]. However, as mentioned, the unstable behavior of the HVO–methanol
blend may have affected the results if the sample contained more methanol than HVO. The
distillation curves obtained for MeOH50, MeOH50 CS, MeOH50 SS, MeOH50 CrMo, and
MeOH50 Al fuels exhibited instability during the distillation measurement. Of these, only
MeOH50 CrMo did not provide distillation results.

The distillation curves of MeOH50-O before and after the metal immersion were
basically the same. Examination of the MeOH50-D curves shows that the IBP of the fuel
after immersion remains unchanged, although changes are noted in the FBP. With the
exception of MeOH50-D CrMo, where the FBP decreased, a marginal increase was seen in
the FBPs of other MeOH50-D samples (MeOH50-D CS, MeOH50-D SS, and MeOH50-D
Al) compared with the initial distillation curve of MeOH50-D. The decrease in FBP of the
MeOH50-D CrMo sample most likely occurred due to unstable conditions throughout the
distillation process. The substance with the lowest boiling point evaporates first during
distillation. Therefore, it is understandable that MeOH evaporates first from the MeOH50
blends, so the IBP values of MeOH50 blends correspond with the value of 100% methanol.

The observed variations in the research outcomes may also be due to the presence of
contaminants, such as surface grease on the metal substrates. The metal bars in this study
were not pretreated before immersion. Future similar immersion studies may consider
proper cleaning of the metal surfaces. However, in this study the metals were left untreated
in order to mirror real-life conditions. Untreated surfaces may sometimes yield the most
significant results. Surface cleaning may remove segregated elements and existing surface
contamination [43]. The surface of the metal rods can be cleaned with demineralized water,
and degreased with ethanol and acetone [44].

These test results can show that, first, methanol, HVO, and HVOr exhibited relatively
stable characteristics, regardless of contact with the metal rods. Second, the metals studied
here were corrosion-resistant when immersed in HVO or MeOH50 or MeOH50–co-solvents
fuel samples. However, it is important to note that the MeOH50 fuel, a blend of methanol
and HVO without co-solvent, displayed relatively poor stability due to the occurrence of
phase separation between methanol and HVO. Third, HVO and HVOr were compatible
with the studied metals in the current experiment conditions, and this compatibility is
critical to maintaining the integrity of fuel system components and preventing potential
damage or corrosion. Fourth, the co-solvents 1-octanol and 1-dodecanol helped to form
a stable, single-phase fuel of the methanol–HVO blend. Fifth, the slight leaching effect
of aluminum and carbon steel in methanol may indicate methanol’s corrosiveness in the
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studied conditions. The experimental method to study especially methanol’s corrosive
effect could be developed further.

4.2. Effects of Trace Metals on Fuel Performance and Engines

Fuels derived from crude oil are known to possess relatively low concentrations of
trace elements, typically measuring less than 1 ppm [30]. Both MeOH and HVO fuels in the
present study had concentrations below 1 ppm for all the studied trace elements (Al, Cu, Si,
Zn, Fe, Mn, V, and Pb). However, concentrations of Zn, Cu, Al, Mn, Pb, and Si exceeded the
desired level of 1 ppm after the immersion test in some of the samples. Consequently, the
discussion will now delve into the potential impact on engine performance and combustion
of these detected elements with concentrations above 1 ppm.

Specific metals have a detrimental impact on combustion and engine operation, result-
ing in complications such as the formation of ash, deposition of undesirable sub-stances,
and the clogging of filters. The metals identified in this regard include Na, Si, Ca, and Al.
Of these, Na is particularly problematic due to its propensity to induce hot corrosion in
engine components. Moreover, alkali metals like Na and K have the potential to adversely
affect performance and efficiency of exhaust aftertreatment systems used for emissions
control [29]. Si and Al in methanol and MeOH50 fuels may adversely affect combustion and
engine operation, leading to problems such as ash formation, deposits, and filter-clogging.

Patel et al. [45] studied the use of biodiesel from waste cooking oil, jatropha, and
karanja oil as a fuel, using ICP-OES to quantify the levels of trace metals present in the
particulate matter emitted by engines. Their analysis revealed the presence of several trace
metals, including Ca, Cu, K, Na, Zn, and Al. This indicates that trace metals (Cu, Zn, and
Al) dissolved into methanol and MeOH50 fuels could have the potential to be released into
particulate matter during the combustion process.

Research by Stepien and Krasodomski [46] confirmed that surpassing the 1 ppm
threshold of Zn content in fuel, as stipulated in the CEC F-98-08 test procedure, results
in a significant decline in the fuel’s detergent properties. This decline led to the loss of
maximum engine power. Notably, this effect occurs irrespective of the chemical structure of
the Zn present in the fuel. The Zn content present in MeOH CS (2 ppm) fuel may have the
potential to induce a reduction in the fuel´s detergent efficiency, and subsequently affect
engine power.

A study by Joo and Suh [40] proposed that concentrations of Si exceeding 1.0 µg/mL
are very high. The presence of Si in naphtha was identified as a contributing factor to
the formation of silica deposits in spark plugs, catalytic converters, and oxygen sensors.
These deposits are associated with adverse consequences, including degradation of fuel
economy, elevated emissions, and the potential for catalytic converter damage. Remarkably,
nine of the 28 tested samples (Table 3) in the current study exhibited detectable levels of
Si above 1 ppm. Based on Joo and Suh’s research conclusion, the increase in the trace
element Si in these fuel samples may lead to detrimental effects, including a reduction in
fuel economy, an increase in emissions, and the possibility of catalytic converter damage.
SiO2 from the ICP-OES torch may contaminate the samples and thus may be a factor in
the measurement [37]. Thus, it is unclear whether the detected amount of Si in the studied
samples is real and may actually affect fuel economy and emissions.

According to Patel et al. [45], trace metals emitted in particulates from diesel engines
have significant environmental and health impacts. Exposure to Cu traces can induce
sensations of cold, as well as mild nasal and eye discomfort, and irritation. Prolonged
exposure to iron oxides over many years may lead to benign pneumoconiosis, also known
as siderosis. Inhalation of substantial traces of Mn or its fumes can cause lung irritation and
may lead to pneumonia. Inhalation of Zn traces can result in metal fume fever, character-
ized by symptoms such as fatigue, fever, and cough. Additionally, Pb is carcinogenic [45].
Trace amounts of Pb in all samples of MeOH50-O, MeOH50-D, and HVOr in the current
study were less than 4 ppm, the determination level of the used method. However, exhaust
emissions of fuel containing the heavy metal Pb cause air pollution and have potential im-
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plications in lung cell damage, poisoning, anemia, neurotoxicity, and carcinogenesis [47,48].
Therefore, further studies should consider a more accurate method (having a lower deter-
mination limit) for analyzing Pb content, to ensure that its concentration does not exceed
1 ppm. Additionally, the transformation of trace metals to soot when using MeOH-HVO
blends warrants detailed analysis in future studies. A study by Morajkar et al. [49] used
high-resolution ICP-MS techniques to analyze the transmission of trace metals to PM in
diesel and diesel/Karanja biodiesel blends.

5. Conclusions

This study investigated the corrosion and compatibility of methanol, HVO, HVOr, and
MeOH-HVO fuel blends with and without co-solvents with selected metals: aluminum,
carbon steel, stainless steel, and a special alloy (MoC210M/25CrMo4+SH). After immer-
sion of the metal samples in the fuels at room temperature for 60 days, the corrosion and
compatibility of the metals and fuels were evaluated by comparing the visual change of
the surface of the metals, and by analyzing the content of trace metals (Al, Cu, Fe, Mn, Si,
V, Zn, and Pb) in the fuel samples. Additionally, density, kinematic viscosity, and distilla-
tion properties of the fuels were analyzed before and after the metals were immersed in
the fuels.

The results of this study lead to the following conclusions:

• A blend of methanol and HVO/HVOr displays relatively poor stability due to the
occurrence of phase separation between methanol and HVO/HVOr. The co-solvents
1-octanol and 1-dodecanol can be used to form stable, single-phase methanol–HVOr
fuel blends.

• Visual assessment showed that methanol, HVO, HVOr, MeOH50, MeOH50-1-octanol,
and the MeOH50-1-dodecanol fuel blends did not induce observable corrosion on the
metallic surfaces.

• The metals were corrosion-resistant when immersed in HVO and MeOH 50 fuel sam-
ples in the studied conditions. Methanol had a slight dissolving effect on aluminum
(dissolving Al) and carbon steel (dissolving Zn).

• The trace metal concentrations in MeOH50-O, MeOH50-D, and HVOr fuels did
not change after metal immersion. These three fuels did not dissolve metal in the
studied conditions.

• Methanol, HVO, and HVOr exhibited relatively stable characteristics when in contact
with metals. The immersion of selected metals into the fuels had no impact on the
density of methanol, HVO, HVOr, MeOH50, MeOH50-1-octanol, and MeOH50-1-
dodecanol fuels. Moreover, the immersion did not influence kinematic viscosity and
distillation behavior of methanol, HVO, and HVOr fuels.

• An experimental method needs to be developed further to study the corrosive ef-
fect of methanol in particular, and to prove and secure different metals’ resistance
to corrosion.
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