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ture corrosion characteristics of
alcohol-based fuel combustion

Zhiqiang Wang, Xuge Lu, Xingxing Cheng * and Chunyuan Ma

In this paper, the low-temperature corrosion characteristics of the four fuel combustions that include

methanol, diesel, MF75 (the volume fraction of methanol is 75 � 2%), and MF50 (the volume fraction

of methanol is 50 � 2%) were studied. MF75 and MF50 were modulated by methanol, diesel and

a small amount of cosolvent. The quality indicators of four fuels were judged by the specific standard.

The acid dew point temperature of the four kinds of fuel combustion flue gas was calculated and

compared, and the acid ion in the condensate of the four fuel combustion products was analyzed and

tested. Based on this method, the corrosiveness of four kinds of condensate was determined. The

corrosion rates of five metals (brass, 304 stainless steel, 316 stainless steel, corten steel, and Q245

steel) were tested by two different methods (electrochemistry corrosion and static immersion

corrosion). The experimental results show that the quality indicators of four fuels have all reached the

relevant national standards. The dew point temperature of methanol, MF75 and MF50 are lower than

that of diesel. The corrosion products on the surface of corten steel are relatively compact and easily

accumulate dust, which is not conducive to the safe operation of the boiler. The corrosion resistance

properties of 316 stainless steel is excellent, showing that it would be the ideal material choice for the

low-temperature zone of a boiler flue.
1 Introduction

At present, the rapid development of industry and the economy
has promoted the development and promotion of fuel, and
a series of corrosion problems caused by fuel combustion have
gradually received attention. Boiler corrosion seriously
threatens the safety of the heating surface of the boiler, and the
boiler will be affected by corrosion to varying degrees under the
inuence of corrosive substances. The corrosion of boilers
mainly includes high-temperature corrosion and low-
temperature corrosion. High temperature components such as
high temperature superheaters, high temperature reheaters and
water walls are high-temperature corroded by molten salts
containing V and Na. The corrosion of sulfuric acid on low
temperature components of boilers such as air preheaters,
economizers and cryogenic reheaters is called low-temperature
corrosion.1 Under the inuence of energy conservation and
emission reduction policies, boiler waste heat utilization has
been gradually popularized, and low smoke temperature is
condensed in low temperature regions, resulting in low
temperature corrosion.2,3 Fossil fuels contain a large amount of
S, and the combustion produces a large number of corrosive
gases which cause condensation in the low temperature zone of
l-red Pollutants Emission Reduction,

d, Jinan 250061, PR China. E-mail:

hemistry 2018
the boiler, which causes corrosion to the components in the
area. Biomass fuel contains a high content of chlorine and
potassium, and the alkali metal chloride produced aer
combustion deposits on the heating surface of the boiler
causing corrosion. At present, researchers are working on
developing various forms of new fuel. Alcohol-based fuel is
gradually being valued and promoted due to its low sulfur
content and low emissions.4–7

With the development of research in alcohol-based fuels,
alcohol-based fuels are increasingly being used in the industrial
boiler industry. Compared with fossil fuels, the combustion of
alcohol-based fuels can greatly reduce the emission of ue gas
pollutants.8,9 So it is quite important to study the corrosion of
metals in the combustion of alcohol-based fuels. Methanol has
active chemical properties and strong polarity, and has a certain
degree of corrosion to metals. The existence of an acid dew
point in fuel combustion fumes is the key to low temperature
corrosion. Owing to various factors, the temperature of the acid
dew point is in dynamic change. The critical temperature of
sulfuric acid mist generated by SO3 and water vapor in the ue
gas is named the ue gas acid dew point. The SO2 and SO3 in the
ue gas from the combustion of sulfur-containing fuel,
combined with steam could generate H2SO3 vapor and H2SO4

vapor, which increases the dew point temperature of the actual
ue gas compared with the dew point temperature of pure water
vapor.10 The H2SO4 vapor condenses at the low-temperature
heating surface of the boiler will result in corrosion, when the
RSC Adv., 2018, 8, 41237–41245 | 41237
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Table 1 Technical parameters of the boiler

Kind Model Rated evaporation
Rated steam
temperature

Rated steam
pressure

Horizontal type steam boiler WNS1-0.7-170-Y 1 t h�1 170 �C 0.7 MPa

Table 2 Technical parameters of the burner

Kind Model Power supply
Rated combustion
power

Rated fuel
consumption

Burner JH-CA-0.7MW 4 kW 0.7 MW 90 kg
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temperature of the low-temperature heating surface of the
boiler is lower than the dew-point temperature of the ue gas. It
is easy to cause low temperature corrosion of the boiler's tail
that use waste heat to reduce the temperature of the exhaust
fumes.11–14 The small amount of chlorine ions in the fuel can
affect the boiler superheater tube corrosion in various ways, and
resulting in accelerated oxidation and corrosion of the ue
metal aer combustion. The presence of alkali metal chloride
salts in sediments may also lead to accelerated corrosion.15–18

SO4
2� and NO3

� in condensate produced by combustion of S
element and N elements in fuel also cause corrosion. Therefore,
it is great signicance to study the acid dew point temperature
of alcohol-based fuels to prevent the occurrence of low-
temperature corrosion and the corrosion characteristics of the
condensate to the metal.

In this paper, the acid dew point temperature of the four
kinds of fuel combustion ue gas was calculated and compared,
and the quality indicators of four fuels were judged based on the
national standard. The acid ion in the condensate of the four
fuels was analyzed to judge its corrosion characteristics. The
corrosion rate of metal in a specic medium is the main
parameter for evaluating the corrosion resistance of metal. In
order to provided a theoretical basis for the low-temperature
corrosion of metal by condensate of four kinds of fuel
combustion products.
2 Experiment
2.1 Acid dew point experiment tests

2.1.1 Experimental materials. Fuels: methanol, diesel oil,
MF75, MF50. Instrument: KM9106 ue gas analyzer. See Tables
1 and 2 for the boiler technical parameters and the burner
parameters.

2.1.2 Experimental method. Table 3 shows the elemental of
the fuels, and according to the following formula, the acid dew
Table 3 The elemental of the fuels/%

Fuels Methanol MF75 MF50 Diesel oil
Sar 0 0.048 0.095 0.190
Ash 0.0020 0.0014 0.0011 0.00099

41238 | RSC Adv., 2018, 8, 41237–41245
point was calculated.19–22

tld ¼ tsl þ
b� ffiffiffiffiffiffiffiffiffiffi

Sar;zs
3
p

1:05afhAar;zs
(1)

where, tld—ADT (�C); tsl—steam dew point temperature of pure
water under the same partial pressure (�C); Sar,zs—converted
sulfur; Aar,zs—converted ash; a—y ash coefficient; b—

empirical coefficient.

tsl ¼ �1.2102 + 8.40644H20
� 0.47494H20

2 + 0.010424H20
3 (2)

where, 4H20—moisture content.
2.2 Electrochemical tests

2.2.1 Experimental solution and metal specimens prepa-
ration. The experimental solution: four kinds of fuel combus-
tion condensate. The experimental metal materials: brass, 304
stainless steel, 316 stainless steel, Q245 steel, and corten Steel.

Electrochemical tests metal specimens preparation: the size
of metal specimens for electrochemical test was 1 cm � 1 cm,
the back sides of the specimens were lled with epoxy resin and
special silica gel sealant, only one face was exposed to the
electrolyte. The specimens surface was ground via SiC paper
progressively to 2000 grit, respectively. Aer that, the specimens
were cleaned with distilled water and absolute ethanol solution,
then dried by cool air.23

2.2.2 Experimental method. A CS350 electrochemical
workstation was selected to perform the electrochemical
corrosion behaviour. Using a three-electrode system which
include a working electrode, an auxiliary electrode, and a refer-
ence electrode. A platinum foil was used as auxiliary electrodes
and a saturated calomel electrode (SCE) was used as reference
electrodes. Five kinds of metal specimens were used as
a working electrodes, respectively. Before the electrochemical
test, work electrodes were initially immersed in the electrolyte
for a while to approach the steady state.23 According to the
corrosion potential, the point-scanning range of the steady-state
polarization curve was determined. Then the polarization
curves of the working electrode in different electrolyte was ob-
tained, respectively and the corrosion rate was calculated using
This journal is © The Royal Society of Chemistry 2018
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Table 4 Acid dew point temperature of the four kinds of fuel/�C

Fuels Methanol MF75 MF50 Diesel oil
ADT 55.4 73.3 76.3 81.3
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the analysis soware of the CS350 electrochemical
workstation.24
2.3 Static immersion corrosion test

The experimental mediums: methanol, diesel, MF75, MF50 and
four kinds of fuel combustion condensate. The experimental
metal materials: brass, 304 stainless steel, 316 stainless steel,
Q245 steel, and corten Steel.

Static immersion corrosion test metal specimens prepara-
tion: the size of metal specimens for static immersion corro-
sion test was 1 cm � 1 cm, the back sides of the metal
specimens were embedded in epoxy resin and special silica gel
sealant, only one face was exposed to the solution. The spec-
imens surface was ground via SiC paper sequentially to 1000
grit, respectively. Aer that, the specimens were cleaned with
distilled water and absolute ethanol solution, than put it in
a drying oven to dry it. The metal specimens was weighed by
the electronic balance as the initial weight of the corrosion
reaction.

The corrosion rate was calculated using the following
equation:

V ¼ (W1 � W0)/St (3)

where, V—corrosion rate, mg (cm�2 h�1); W0—sample before
corrosion quality, mg; W1—sample aer corrosion quality, mg;
S—surface area of test piece, cm2; t—corrosion time, h.

MF75 and MF50 were modulated by methanol and diesel
with a small amount of cosolvent. Oxygen can convert sulfur
compounds of diesel fuel to trace element sulfur, which is
highly corrosive to non-ferrous metals.25 Copper corrosion is an
important quality indicator to judge oil products. The quality
indicators of four fuels were judged based on the national
standard “GB/T 5096-2017 Test method for corrosiveness to
copper from petroleum products by copper strip test”.

The experimental method of the national standard: take
30 mL sample of completely clear, non-suspended water into
a clean, dry test tube. The copper piece was slid into the test
tube and immersed in the sample within 1 minute aer the
completion of the nal polishing step of the copper sheet. The
test tube is clogged with a cork with a vent, and each tube was
Table 5 The detection results of acid ion in the four kinds of condensa

Condensate of
methanol combustion

Condensate of
MF75 combustio

Cl� 34.03 74.53
SO4

2� — 27.50
NO3

� 0.16 0.07

This journal is © The Royal Society of Chemistry 2018
immersed in a bath at 50 �C � 1 �C. During the experiment,
strong light should be prevented from illuminating the contents
of the test tube. The test tube was placed in the bath for 3 h �
5 min and removed. Aer placing in the bath for 3 h � 5 min,
remove the test tube and copper sheet, and immerse the copper
sheet in the washing solvent to wash away the sample. Aer
cleaning, the copper was taken out from the washing solvent
immediately, and blotted dry with lter paper. The copper sheet
is compared to a corrosion-standard colorimetric plate to check
for discoloration or corrosion and to determine the corrosion
level of the copper sheet.
3 Results and discussion
3.1 Acid dew point temperature

Table 4 shows the acid dew point temperature of the four
kinds of fuel. It can be concluded that the acid dew point
temperature of methanol, MF75 and MF50 is lower than that
of diesel oil, and methanol has the lowest acid dew point
temperature. The main composition of ue gas of the meth-
anol combustion is CO2 and H2O, the acid dew point
temperature is close to the dew point temperature of the water
vapor under this operating condition. Owing to the sulfur
content in diesel oil, different proportion of diesel oil in fuel
have a main certain effect on acid dew point. In the combus-
tion process, sulfur is oxidized to sulfur dioxide, oxygen is
decomposed to oxygen atoms, and sulfur dioxide combines
with free oxygen atoms to form sulfur trioxide. The formation
of sulfur trioxide is the condition of low temperature corro-
sion. High acid dew point makes corrosive gases more easily
condense in low temperature areas, causing low temperature
corrosion.26 The reaction formula of low temperature corro-
sion is as follows:

SO2 + [O] ¼ SO3 (4)

SO3 + H2O + Fe / FeSO4 + H2 (5)

Compared with diesel fuel, the other three kinds of fuel can
effectively recover waste heat from boiler tail, reduce exhaust
loss and improve boiler thermal efficiency.
3.2 Analysis of acid ion

Table 5 shows the detection results of acid ion in the four kinds
of condensate. The types and contents of acid ions in conden-
sate have corrosion effects on metals. The Cl�, SO4

2� and NO3
�

te/mg L�1

n
Condensate of
MF50 combustion

Condensate of
diesel oil combustion

18.06 13.15
57.55 263.16
0.72 0.54

RSC Adv., 2018, 8, 41237–41245 | 41239
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Fig. 1 Potentiodynamic polarization curves of the metal specimens in the condensate. (a) Condensate of methanol combustion, (b) condensate
of diesel oil combustion, (c) condensate of MF75 combustion, (d) condensate of MF50 combustion.
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of the condensate are dissolved easily in water and forming
corrosive condensate. It can be concluded that the total number
of the four acid ions in the condensate of diesel oil combustion
is the largest. And compared with the other three kinds of fuel,
the contains of sulfur is relatively high in the diesel oil which
results in more SO4

2� in the condensate. The content of SO4
2�

in the condensate shows an increasing trend with increasing
proportion of diesel oil in fuel. The content of NO3

� in the
condensate of the four fuel combustion are relatively small.
Owing to the nitrogen elements in the diesel oil and air react
with oxygen at high temperatures, the content of NO3

� in the
condensate of diesel oil and MF50 combustion are relatively
large, also the content of NO3

� is related to the state of
combustion. A certain amount of chlorides in methanol and
diesel oil, and the content of Cl� of the condensate is high. The
existence of these acid ions makes the condensate easy to
generate corrosion of boiler ue at low temperature.

The adequacy of the fuel production process and the
combustion process has a certain inuence on the acid
composition and content in the combustion condensate. The
insufficiency of the fuel combustion process may result in
a certain amount of formic acid in the condensate, and it could
make metal corroded.
41240 | RSC Adv., 2018, 8, 41237–41245
3.3 Electrochemical analyses

The potentiodynamic polarization results of metal specimens in
condensate of different fuels combustion are shown in Fig. 1. In
Fig. 2, the electrochemical corrosion rates of metal specimens
in four kinds of condensate is shown and compared intuitively,
as derived from the experimentally recorded cathodic and
anodic polarization curves using the Tafel's linear extrapolation
method. It can be seen that the four kinds of condensate have
a certain inuence on the electrochemical corrosion rates of
metal specimens. The electrochemical corrosion rates of Q245
steel is the highest, and the electrochemical corrosion rates of
316 stainless steel is the lowest in the ve kinds of metal. The
corrosion resistance properties of Q245 steel is poor to
condensate of four kinds of fuel combustion, and it's not suit-
able for equipment materials that condensate congest easily.
The corrosion resistance properties of 316 stainless steel is most
excellent. In the electrochemical system, the self-corrosion
potential indicates the tendency of corrosion of metals, and
the lower of the self-corrosion potential, the greater of the
tendency of corrosion. Stainless steel has a relatively high
corrosion rate due to its relatively low corrosion potential (about
�0.125 V) in the MF50 combustion condensate.27,28 The chloride
ion in the condensate loses electrons and generation of chlorine
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The electrochemical corrosion rates of metal specimens in the condensate.
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gas. And the change aer the loss of electrons in the sulfate is
complicated, which is unfavorable for galvanic corrosion. The
content of H+ in the condensate aer diesel and MF50
combustion is relatively large and facilitates galvanic corrosion,
so that the corrosion rate of carbon steel in the condensate of
diesel and MF50 combustion is large. The electrochemical
corrosion rate of brass increased with the increased of diesel oil
content in the fuel. This indicates that the SO4

� have a certain
effects on electrochemical corrosion of brass, and the corrosion
resistance properties of brass is poor to condensate of diesel oil
combustion. Also the existence of Cl� in the condensate and the
composition of brass have a certain effects on electrochemical
corrosion of brass. The higher potentials under anodic polar-
isation when both copper and zinc dissolve, resulting the
production of insoluble cuprous chloride possibility on the
surface of the brass.29 The electrochemical corrosion rates of
304 stainless steel and corten steel are equivalent approximately
in the condensate of MF50 and diesel oil combustion, indi-
cating the corrosion resistance properties of them is similar in
the condensate of MF50 and diesel oil combustion. The exis-
tence of SO4

2� and Cl� could have a certain impact to make the
corrosion behaviours of stainless steel changed.30
3.4 Analysis of static immersion corrosion test

The corrosion mass gain of metal specimens with time in
condensate of different fuels combustion are shown in Fig. 3.
In Fig. 4, the static immersion corrosion rates of metal spec-
imens in four kinds of condensate is shown and compared
intuitively. It can be seen that the corrosion mass gain of 304
and 316 stainless steel is relatively slight, indicating excellent
This journal is © The Royal Society of Chemistry 2018
low temperature corrosion resistance. The nitrate ions and
hydrogen ions in the condensate have opposite effects on the
corrosion of stainless steel. The promotion of hydrogen ions
and the hindrance of oxidation by nitric acid compete with
each other to determine the corrosion rate of stainless steel.
The ratio of hydrogen ion to nitrate ion in MF75 combustion
condensate and diesel combustion condensate is relatively
large, and hydrogen ion promotes the corrosion rate. The
promotion of hydrogen ions is equivalent to the oxidation of
nitrate ions in the MF50 combustion condensate. The oxida-
tion of nitrate ions in the methanol combustion condensate
plays a major role, so that the passivation layer on the surface
of the stainless steel are able to protect the substrate and
provide a good barrier. But the integrity of the oxide lm which
can be broken down under the synergistic effects of corrosion
and erosion conditions, which result in different corrosion
rate of 304 and 316 stainless steel.31 And the concentration of
Cl� in condensate also has an effect on the formation of
passive layer of 304 and 316 stainless steel.32–34 The corrosion
mass gain of Q245 and corten steel is obvious relatively, and
the static immersion corrosion rates of them is high relatively
in the condensate of diesel oil combustion, indicating a poor
low temperature corrosion resistance. But the corrosion
resistance of corten steel is better than that of Q245 steel. The
SO4

2�, Cl�, and H+ have a severe corrosion to the iron of Q245
steel and corten steel, and the H+ ions in the condensate are
the most corrosive to carbon steel. The corrosion mass gain of
brass is between stainless steel and carbon steel. The static
immersion corrosion rates of brass in the condensate of MF75
combustion is high relatively, and that of brass in the
RSC Adv., 2018, 8, 41237–41245 | 41241
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Fig. 3 The corrosion mass gain of metal specimens with time in condensate. (a) Condensate of methanol combustion, (b) condensate of diesel
oil combustion, (c) condensate of MF75 combustion, (d) condensate of MF50 combustion.

Fig. 4 The corrosion rates of metal specimens in the condensate.

41242 | RSC Adv., 2018, 8, 41237–41245 This journal is © The Royal Society of Chemistry 2018
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Table 6 The quality indicators of four fuels

Fuels Methanol Diesel oil MF75 MF50
Quality indicators 1a 1a 1a 1a
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condensate of diesel oil combustion is slow relatively. The
content of Cl� in the combustion condensate of methanol,
MF75, and MF50 is higher relatively than that of diesel oil.
Owing to the Cl� in the condensate, resulting in the dezinci-
cation corrosion happen on the surface of brass.35,36 And the
production of chloride also increases the sensitivity of dezin-
cication corrosion with the increase of the corrosion time,
resulting in the following reaction:37,38 Cu2+ + Zn / Zn2+ + Cu.

Table 6 shows the quality indicators of four fuels. It can be
seen that the quality indicators of four fuels is 1a, which
Fig. 5 The SEM image of the metals corroded in the condensates for 0

This journal is © The Royal Society of Chemistry 2018
indicates the corrosiveness to copper from the four fuels meets
the standard.
3.5 Surface analysis

The SEM image of the metals corroded in the condensates for
0 h and 168 h are shown in Fig. 5. As shown in Fig. 5, before
immersion, the metals exhibited a relatively smooth surface,
and the polishing scratches is still clearly visible. The surface
of the metals aer immersion in the different condensates for
168 h is exhibited the different degrees of corrosion, and the
surface of the metals is no longer smooth. The surface of Q245
and corten steel is corroded seriously comparing with other
metals, and covered a thicker corrosion product. And it
exhibits the occurrence of strongly uniform corrosion in those
condensates.39,40 With the increase of diesel fuel content in the
h and 168 h.

RSC Adv., 2018, 8, 41237–41245 | 41243
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fuel, the corrosion of condensates to metal surface is more
serious. The corrosion product of Q245 is relatively loose and
that of corten steel is compact relatively, indicating the
corrosion product has a certain protective effect on the
substrate of corten steel. The concentration of SO4

� in
condensate of the diesel oil combustion is high relatively,
resulting in the Q245 steel corrosion seriously. The surface of
brass, 304 and 316 stainless steel occur some pitting, and
chloride in acidic corrosive medium is the main cause of
pitting.41 The joint action of various alloying elements in
stainless steel, and the corrosion degree is relatively slight.
The oxide lm of brass is penetrated easily with Cl�, resulting
in the diffusion and increase of pits or damaged areas, and
accelerating the corrosion of the brass surface.42
4 Conclusion

The acid dew point experiment test shows that, compared with
diesel oil, the methanol, MF75 and MF50 are more conducive to
the recovery and utilization of the tail heat and improve the
thermal efficiency in industrial boiler. The lower of acid dew
point, the less prone to low temperature corrosion in the low-
temperature area of the boiler, which is more conducive to
the safe and energy-saving operation of the boiler.

The analysis of electrochemical and static immersion
corrosion test shows that the corrosion resistance properties of
stainless steel is better than that of carbon steel to the
condensates of the four fuels combustion. The corrosion
resistance properties of 316 stainless steel is the best among the
ve kinds of metal, showing it would be the excellent material
choice for the low-temperature area of boiler. The condensate of
the methanol is clean, and the corrosion of metals in the
condensate of the methanol combustion is relatively weaker
than that in the condensate of the diesel combustion. The ratio
of the diesel oil increase in the fuel, resulting in the enhance-
ment of the corrosion of condensate. And the quality indicators
of four fuels meet the relevant standards for the corrosion of the
copper sheet, indicating their corrosion safety.

Surface analysis shows that the main corrosion form of the
carbon steel is severe general corrosion, and that of the stainless
steel and brass are local pitting. Aer static immersion in the
condensates, the surface roughness of the carbon steel
increased rapidly and severe corrosion occurred obviously. The
surface corrosion products of Q245 steel are relatively loose, and
that of the corten steel are relatively tight. For the low-
temperature area of the boiler, the corten steel is more condu-
cive to the accumulation of corrosion products on the metal
surface than the Q245 steel, which causes serious dust accu-
mulation and affects the safe operation of the boiler. Stainless
steel can be used in areas where the temperature is low and the
corrosion is serious because the corrosion products on the
surface are very few.
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