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Abstract—The 1.4541 and the 1.4571 stainless steels and a carbon steel were subjected to immersion corrosion
tests in stagnant and stirred biomass fuel sources such as rapeseed oil, waste cooking oil and animal waste lard
as well as their emulsions with 5 and 50 wt.% aqueous citric acid solutions at a temperature of 80°C so as to
model storage, handling and purification conditions. Passivation of carbon steel was facilitated by flow of the
less acidic rapeseed and waste cooking oils and increased flux of oxygen. Carbon steel was sensitive for the
higher concentration of proton donor species, acidity of the waste lard. Higher mass loss rates correlated with
increased corrosion currents measured in citric acid solution by electrochemical methods. Flow of the biomasses and increased acid concentration of the emulsions were beneficial for the passivation of stainless
steels. Although corrosion related mass loss, dissolution rate of the passive layers increased by flow and high
acidity of the fluids, both the formation and compactness of passive layers are facilitated by the biomasses
with higher concentration of oxygen donating species like water, alcohol and acids. Surface transformation of
the passivating steels was reflected by decreasing electrochemical pseudo-capacity of the interfaces and
increasing resistance of the passive layers derived from the results of Tafel and Stern methods as well as
impedance results. Anti-correlation between mass loss results obtained by immersion in the biomasses and
electrochemical data measured in dilute aqueous citric acid solution is explained by the varied compactness,
resistance of the passive layers and exchange currents of the steel electrodes due to the orders of magnitude
different activities of the hydrogen ion in the biomass mixtures and citric acid solution.
Keywords: renewable biomass fuel sources, corrosion and flow assisted passivation of carbon steels, biomass
and flow assisted passivation of stainless steels
DOI: 10.1134/S2070205118040184

INTRODUCTION
There is a strong incentive to rationalize industry
processes in terms of energy consumption, minimise
emission of greenhouse gases and develop or substitute
technologies with an aim to reduce spectrum and the
amount of materials to be regularly disposed. Thus,
the priority of complete or partial substitution of fossil
fuels with renewable biomass fuel sources is an utmost
endeavour. Virgin and used vegetable oils besides animal waste lard (AWL) are feasible biomass materials.
Natural triacylglycerols are found in vegetable oil sand
they are in majority in waste lard. Chemical stability of
the materials is critical for long-term reliable utilisa1 The article is published in the original.
2 Supplementary materials are available

for this article at
10.1134/S2070205118040184 and are accessible for authorized
users

tion. Methyl ester of fatty acids is less oxidation-resistant and more hygroscopic so their long-term storage
is not safe. If vegetable oils like tall oil with high free
fatty acid contents [1–5] similar to AWL are not processed, then they will pose corrosion risks to the
equipment of storage, transportation and pretreatment during processing. Storage tanks and facilities
with tube systems can severely impacted by biocorrosion phenomena [6]. Engine and exhaust parts of the
vehicles are particularly subjected to corrosion risks,
depending on the fuel characteristics. Corrosion phenomena are primarily connected to sulphur compounds of the fuel sources, acid and water traces as
well. Acidity and alcohol content of gasoline are the
key factors in corrosivity [7–9]. Compared to ethanol,
similarly to water and salt impurities methanol poses
much greater threat not only to copper, brass, zinc and
carbon steel (CS) but low alloy steels (LASs) too [10].
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Besides the economic reasons, stainless steels (SSs)
with high chromium contents are the most reliable
materials for long-term safe integrity of structures
[11]. Stainless steels with overlays of Pb-Sn alloys featuring high cathodic overvoltage for hydrogen discharge are good candidates for storage tanks in which
acidity and unsaturation of the fuels increases by time
due to oxidation processes. Galvanised steels with
chromium-rich top-layers feature firm corrosion
resistance just as well as SSs, withstanding the attack
of non-compliant fuels. The activity of hydrogen ion
(acidity of the system) [12], the presence of critical
analytes like chloride [13, 14] sulphate and acetate ions
along water are associated with higher corrosion rates
and severe corrosion damages.
Although limitation of electrochemical characterisations was clarified as validation with the weight loss
method indicated deviation in inhibition efficiencies,
impedance spectroscopy was successful to study corrosion effects of homogeneous stagnant fluids on mild
steel (AISI 1005) in ethanol in the presence and
absence of ethanolamine type inhibitors [15]. The corrosion of SS (SS410) in comparison with a chromium
alloy (Fe–10Cr) and mild steel (SUS430) in aqueous
ethanol mixed with sulfuric acid indicated decreasing
corrosion rates with increasing relative amount of
alcohol in the reaction mixture and chromium content
of the alloys [16]. Corrosion of the Al-Si alloy in aqueous ethanol is negligible up to 2% of water [17] but corrosion rate increases up to a maximum at 20% of water
content then it decreases due to passivation. The Fe–
Mn–Al–Si alloys with greater aluminium content are
particularly susceptible for passivation. Nonetheless,
high resistivity against general corrosion in gas-oil
leads to increased susceptibility to pitting in alcohol
solutions. Even stress corrosion cracking can occur
with steels in ethanol in the presence of chloride and
oxygen [18] which is aggravated by acetic acid [19].
Pure aluminium (A1319) is incompatible with gasoline-alcohol mixtures but the A16061 alloy with magnesium and silicon elements is firmly resistant [20]. In
alcohol-gasoline mixtures, wear rate is proportional to
corrosion rate reaching a maximum at 20% alcohol
content [21]. Increasing degree of unsaturation, polarity results in higher hygroscopic nature of the biofuels.
Corrosiveness of the biodiesels is related to the relatively high free fatty acid [22], alcohol and water contents as well as the contingent microbial activities [23–
27]. The study of canola based biodiesel on pure aluminium established a relationship between faster
integrity loss and degree of impurities in the biofuels
[28]. Stainless steel and aluminium are compatible
with biodiesel but bronze, brass, copper, lead, tin,
zinc, iron and nickel are incompatible. To circumvent
contamination of the fuels with biological sources and
to obviate subsequent bio-degradation processes are
the key factors in stabilisation of the biofuels and lowering the risks of integrity loss of structural materials
[29]. Interestingly, biofuels with low total acid number
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(TAN) can still cause severe corrosion in comparison
with the ones of similar characteristic but with higher
acid content. Nevertheless, TAN is a sensitive parameter to forebode quality loss of the fuel. Piston metals
and the liners of engine parts showed heavy corrosion
losses in biodiesels as compared to the results carried
out with neat diesel [30]. Storage stability at various
temperatures confirmed increasing free fatty acid content of poultry fat and diesel mixtures over time exposure [31]. Compatibility assessment of automotive
materials in biodiesel, both static and on-road engine
tests led to increased friction and wear in biodiesels in
comparison with petrodiesel [32]. Aluminium, copper
and bronze experienced rapid and extensive corrosion
in biodiesel blends [33]. Although SSs firmly withstood in biodiesels, the degree of integrity loss was
higher than in petrodiesel. In ultra-low sulphur diesel
blends with rapeseed methyl ester, aluminium with
higher affinity to passivate under atmospheric conditions proved to be less susceptible to corrode than copper [34]. Dissolution of copper and aluminium was far
greater in palm biodiesel blends than SS of which
integrity loss was practically ignorable [35]. Unlike
SSs, copper acts as an oxidiser catalyser contributing
to degradation of biofuels which is reflected in properties of increasing TAN, viscosity and density. What
interesting is SS in itself compatible with biodiesels but
it also changes fuel properties over time. The mixtures
of vegetable oils of crude palm and soybean oil, waste
cooking oil (WCO) and AWL were stable in accelerated oxidation test at 77°C for 180 days [36]. Free fatty
acids in vegetable oils and AWLs did not cause higher
corrosion risks to CS (ASTM A 293 Gr C) which is
a basic structural material of storage systems.
In this work, corrosion rates of two SSs and a CS
immersed in biofuel feedstock are investigated to
model storage, transportation and purification. Rapeseed oil (RSO), waste cooking oil and animal waste
lard were used as biomass fuel sources for the immersion tests. Corrosion resistivity of the EN1.4541 (AISI
321) and the EN 1.4571 (AISI 316) SSs was monitored
by electrochemical direct current methods as a function of time. To assess validity of the results obtained
in an aqueous electrolyte, temperature dependence of
the corrosion rates was analysed and the data compared to weight loss results for the sake of recognising
correlation between corrosion rates and degradation of
the fuel properties over time exposure.
MATERIALS AND METHODS
Materials and Immersion Test Procedures
Immersion tests were to model storage, transportation and preparation procedures of the biomasses.
Chemical composition of the CS and SSs selected for
the tests are given in Table 1. The biomass sources of
refined RSO, WCO and AWL provided by the MOL
Nyrt., Hungary, were used without further processing.
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Table 1. Chemical composition of the carbon. low and high alloy steels in wt %
Alloys
St35.8
1.4541
1.4571

Fe

C

Cu

Balance
Balance ≤0.06
Balance ≤0.07

Si
0.25
≤0.75
≤1.0

P

≤0.04 ≤0.04
≤0.04 ≤0.015
≤0.045 ≤0.015

For the immersion tests in neat biomasses, the quantities of 650 g were used from all sources. In each type of
biomass, two steel rods of two specific compositions
were tested. Preparation of the steel coupons started
with stain removal by mechanical grinding and polishing with silicon carbide emery papers with the mesh
sizes of 400, 600 and 800 at a rotation rate of 100 per
minute by Buehler Metaserv grinder-polisher (Buehler UK, Ltd). After mechanical treatment, water was
immediately removed with ethanol and high pressure
nitrogen stream. Steel coupons were ultrasonicated in
isopropanol twice for 5 min, dried and measured on an
analytical balance (OHAUS AS-120 Analytical Standard). Coupons were assembled on Teflon rods
(diameter of 10 mm and length of 150 mm) over the
length of 100 mm and the rest (50 mm) occupied by
Teflon ring spacers (with length of 5 mm, inner and
outer diameters of 10.5 and 13 mm). Immersion depth
of the specimens at upper end of the Teflon rods was
minimum 20 mm under level of the fluid phases.
At the end of the experiments, solid depositions of the
polymerised biomasses were carefully removed then
coupons were ultrasonicated twice for 5 min in isopropanol and once in acetone. Corrosion spots were
removed by careful mechanical polishing then ultrasonication in isopropanol was repeated in line with the
ASTM G1 principles [37]. Integral corrosion rates
over the 672 hour periods were defined by the weight
loss method based on mass changes of the coupons of
a standard size; thickness of 2 mm, outer and inner
diameters of 32 and 10.5 mm, respectively. Weight loss
results were evaluated and transferred into reaction
rates of general corrosion (mm year–1) by the equation
given underneath:

Δm × 365 × 1000
,
ρ At
where Δm: the measured weight loss (kg), ρ: density of
the alloy (estimated as ~7870 kg m–3), A: the geometric surface (1.702 × 10–3 m2) and t: time of the exposure (672 h).
In emulsions of the biomasses, citric acid solutions
of 5 and 50 weight % (prepared at 25°C) were mixed
with the biomasses. At a temperature of 80°C and stirring rate of 240 rpm, course and fine metastable emulsions were obtained from the refined RSO and WCO,
respectively. Emulsions had to be vigorously stirred to
ensure macroscopic homogeneity of the liquids and
dissipate the larger size of bubbles with diameter of a
millimetre to smaller ones. Proportion of the aqueous
corrosion rate (mm year–1) =

S

Mn

Cr

Ni

Mo

0.70
≤2.0
≤2.0

18.0
17.5

10.0
12.50

–
2.5

N

Ti
0.70
0.70

and organic phases was 20 to 80% by weight. Stagnant
and flow conditions were set to model two extreme
cases of storage and handling.
Degradation of the biomasses was characterised by
acidity, unsaturation and water content during the test
procedures of 672 h. TAN, iodine number (IN) and
water content (WC) are given in the appropriate section. Samples were taken from the neat organic phases
after segregation of the emulsions then analysis was
performed on three parallel samples.
ELECTROCHEMICAL TECHNIQUES
Cell Configuration and Electrodes
Glass cells with an inner volume of a litre were
thermostated for the measurements. Cylindrical platinum gauze with the length of 40 mm and diameter of
35 mm was as the counter electrode. With an immersion depth of 57 mm, steel rods with a diameter of
5 mm and length of 200 mm were tested in the neat
biomasses and in emulsions of the citric acid solutions
of 5 and 50% by weight. To evaluate corrosion resistivity of the steels by direct current methods without any
significant potential drop in the fluid phase, citric acid
solution (5% by weight) was used as electrolyte for the
electrochemical measurements unaerated under
atmospheric pressure. The silver/silver chloride (1 M
sodium chloride solution) reference electrode was
placed in Haber-Luggin type capillary (with outer
diameter of the capillary of 1 mm) pointing towards
axial end of the working electrodes(steel rods) with a
distance of 3 mm. Open circuit, corrosion potentials are
referred to the reference electrode potential at all temperature. Prior to the electrochemical measurements,
samples were ultrasonicated twice for 2 min in iso-propanol to remove traces of the biomass materials.

Cyclic Voltammetry
As current of the electrochemical interface,
pseudo-capacitance is approximately proportional to the
voltage scanning rates at low amplitudes (±20 mV), double layer capacitance in the citric acid solution vs. bias
potential was evaluated by series of voltammetry measurements performed with scanning rates of 800, 600,
500, 450, 300, 200, 100, 50 mV s–1 at direct voltages
between –430 and +30 mV set to the reference electrode. Electrochemical pseudo-capacitance was
defined by extrapolating to the scanning rate of 1 V s–1.
Data provide basis for comparison with the imped-
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ance spectroscopy results to which possible distinction
of time constants arisen from the electrochemical
double-layer and passive layer of the steel alloys. Thus,
these quantities are expectedly more reliably identified
in the impedance spectra.
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Impedance spectra were fitted and modelled by the
Zview software (Scribner Inc.).
EXPERIMETNAL RESULTS AND DISCUSSION

Potential Dynamic Measurements vs Temperature
Linear Sweep Voltammetry
Polarization resistance (Rp) measurements and
dynamic polarizations (linear sweeps) were performed
with a Solartron SI1287 Pstat/Gstat Electrochemical
Interface (by Solartron Instruments of Solartron
Group Ltd) at open circuit potentials (OCPs) at a scanning rate of 0.1667 mV s–1 starting from the cathodic
potential range between the voltage intervals of ±15 mV
and from –55 to 105 mV, respectively. Dynamic polarizations were also carried out by a Radiometer PGZ-301
potentiostat (Voltalab instrument, Radiometer Analytical S.A.) at scanning rates of 0.33, 1.0, 3.33 and
10 mV s–1 from 200 to 400 mV vs. the reference electrode for Tafel analysis to check validity, reliability and
reproducibility of the data in the aspects of state of the
steel samples and the electrolytes. Data evaluation was
performed with the CorrView software (Scribner,
Inc.) and some of the results were transferred into general corrosion rates (mm year–1) by the equation given
in the following:
−1

corrosion rate (mm year )
j M × 31 536 000 × 1000
=
,
2 × 96 486ρ
where j is the instantaneous corrosion current density
in A m–2, and ρ is the density of the alloy (estimated
as ~7870 kg m–3). The M is molar weight of alloys
given in the following (kg mol–1): 5.54 × 10–2 for the
EN 1.4541, and 5.59 × 10–2 for the EN 1.571, in accordance with their chemical compositions. As a comparison with the SSs, the St35.8 CS was also tested. For the
calculations, the molar weight of 5.58 × 10–2 kg mol–1
was used based on the composition of 0.2% Ni and
0.6% MN by weight besides the iron balance. The factor of 31536000 is the proportional rate exchange constant to transfer from seconds to a year interval. With
two molar electron number change, the Faraday constant of 96 485 (C mol L –1) was used for the calculations with geometric surfaces of 9.15 × 10–4 m2 and
7.58 × 10–4 m2.
Impedance Spectroscopy
Impedance investigation was to evaluate chargetransfer resistance and the coupled mass transport
processes in relation with rate limitations. Measurements were performed by a Radiometer PGZ-301
instrument using sinusoid perturbation of 10 mV over
the frequency range between 10 kHz and 0.05 Hz at
different bias voltages vs. the reference electrode.

Corrosion potentials of steel electrodes immersed
in 5% citric acid solution are presented in Figs. 1a, 1b.
Electrode potentials shifted towards the less noble
voltage range with the increasing temperature during
polarization measurements at all scan rates. Decreasing tendency of the voltage shifts was more sensitive
measured at decreasing scan rates. The magnitude of
potential shifts with the 1.4541 SS(~200 mV) was
almost double than that of the 1.4571 (~110 mV),
which means oxidation and dissolution of the 1.4541 is
thermally more activated. Regarding the mixed potential theory, the phenomenon of decreasing electrode
potential is connected to increasing proportion of surface area for metal dissolution at the expense, shrinkage of the cathodic areas. Instantaneous corrosion
current densities of the steels derived from the results
of Tafel investigation are given in Figs. 2a, 2b. In initial
phase of the immersion tests, the magnitude of current
densities was roughly the same with both steel samples. The currents obtained at low voltage scan rates
sometimes remained in the range of standard deviation of data. Only the ways of temperature dependence
of the corrosion currents were different. The 1.4541
exhibited pure exponential acceleration up to 55°C
and above a somewhat lower thermal dependence.
The 1.4571 showed steep acceleration in the temperature range of 25–45°C and above that a very mild
reaction rate increase at a nearly constant rate. This
probably means altered reaction mechanism of the
corrosion processes in relation with at least the rate
limiting step. Temperature profiles of the extrapolated
currents are associated with thermally activated
charge-transfer resistance of the 1.4541 and increasing
dissolution rate of passive layer on the 1.4571 with the
temperature. Current-temperature patterns obtained
at medium and low scan rates are accepted as representative measure of state of the electrodes for the following reasons. The currents varied depending on
voltage scan rates changed around ±1 μA cm–2 with
both steels. The lowest current densities measured at
3.33 mV s–1 were lower in comparison with the ones
measured at 1 mV s–1, substantially higher with the
1.4541 and a somewhat higher with the 1.4571 over
nearly the entire and a partial voltage range, respectively. Considering current contribution of the pseudocapacitive interface to the anodic Faradaic, instantaneous corrosion currents, this would equal to anodic current between 2.5 × 10–1 and 2.5 × 10–2 μA cm–2 at the
scan rates of 10 and 1 mV s–1, respectively, calculating
with a double-layer capacitance (DLC) of 25 μF cm–2
on average. Therefore, other processes should impact
on increasing the corrosion currents. Thus, the cur-

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

Vol. 54

No. 4

2018

ANDRÁS GERGELY et al.

(a)
Scan rates, mV s–1 at
1
3.333
10

102
icorr, µA cm–2

–275
–300
–325
–350
–375
–400
–425
–450
–475
–500
–525
–550
20

(a)
Scan rates, mV s–1 at
1
3.333
10

101

100
30

–380
–400
–420
–440
–460
–480
–500
–520
–540
–560
20

40
50
60
70
80
Temperature, °C
(b)
Scan rates, mV s–1 at
1
3.333
10

20

30

40
50
60
70
Temperature, °C

30

40
50
60
Temperature, °C
(b)

70

80

102
icorr, µA cm–2

Ecorr, V

Ecorr, V

728

Scan rates, mV s–1 at
1
3.333
10

101

100

80

20

Fig. 1. Corrosion potential of steel alloys; (a) the EN
1.4541 and (b) the EN 1.4571 as a function of temperature
in 5% citric acid solution.
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Temperature, °C

70

80

Fig. 2. Extrapolated corrosion currents of (a) the EN
1.4541 and (b) the EN 1.4571 alloys measured in 5% citric
acid solution as a function of temperature.

rent difference above 1 μA cm–2 at medium and low
scan rates is connected to passivation, growth of passive layers by electrolysis in the solution during the DC
investigation, which proven to undergo at this current
magnitude. In this aspect, the 1.4541 should grow passive layers more readily at higher rates and oxidation
currents than the 1.4571 as steady currents did not
increase with lower voltage scan rates. DLC decreases
and dissolution rates of the alloys increases with the
temperature, since the currents obtained at varied scan

rates should converge to one each other with the temperature as it was found with the steel electrodes.
Apparent activation energies of the corrosion processes are low and depend quite moderately on scan
rates (given in Table 2).
The slopes of anodic currents measured with the
SS alloys at various scan rates are presented in Fig. 3.
These slopes at any temperature are far from the theo-

Table 2. Apparent activation energy of corrosion processes of the EN 1.4541 and the 1.4571 SS alloys derived by the Arrhenius formalism calculated from logarithm of the corrosion currents (expressed in A m–2 s–1) in the temperature ranges
SS alloys

1.4541
1.4571

Scan rates, mV s–1

Temperature range, °C
25–45
55–80
25–45
45–80

1.0

3.33

10.0

11.0 ± 0.32
3.28 ± 0.01
10.7 ± 2.52
3.38 ± 0.49

11.1 ± 1.2
3.74 ± 1.55
13.4 ± 3.81
3.94 ± 0.34

8.5 ± 0.57
4.75 ± 0.02
10.2 ± 2.12
2.08 ± 0.65
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Fig. 3. Anodic Tafel slopes of (a) the EN 1.4541 and (b) the
EN 1.4571 obtained in citric acid solution (5 wt %) as a
function of temperature.

retically expected ones of active dissolution since
desorption and dissolution of oxidised species is rate
limiting. Thus, Tafel slopes at the lowest scan rates
reflect high passivation ability of the electrodes in the
electrolyte. Interestingly, local and absolute maximums of the anodic current slopes were in the higher
temperature range (80 and 65°C) with the 1.4541 and
in the lower temperature region (35 and 45°C) with
the 1.4571. This means higher passivation susceptibility of the SSs at 60 and 40°C in agreement with temperature dependence of the corrosion currents. The
lowest anodic slopes increased less steeply with temperature at the highest scan rate with both steels.
During the faster voltage ramp, the 1.4571 proved to be
more resistive than the 1.4541 against anodic oxidation, electrolysis for passivation. This is connected to
lower blockage of the Faradaic processes, higher rate
of oxidation coupled with greater contribution of the
pseudo-capacitive interfaces. So the currents measured at low voltage scan rates are more representative
of the interfacial and diffusion processes rather than
the charge-transfer. Cathodic Tafel slopes are pre-
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sented in Figs. 4a, 4b. Lower dependence of the slopes
than anodic counter parts on the voltage scan rates are
inferred as less disturbed cathodic processes. The
slopes converged to –150 mV/decades with both electrodes at the medium and low scan rates. Only the high
scan rate resulted in slopes with the 1.4541 decreasing
abruptly from 55°C and a decreasing continuously one
with the 1.4541 from 25°C. At the temperatures of 65
and 80°C, Tafel slopes from –180 to –230 mV/decades
were obtained at the highest scanning rates. This
behaviour hints on higher exchange current at the
1.4541 for hydrogen ion discharge. If that is diffusion
current than it should be less temperature dependent
or in case of charge-transfer control thermal activation
should compensate loss of the cathodic currents consumed by the lower amount of dissolved oxygen.
Higher sensitivity of the 1.4541 to the oxygen concentration in the electrolyte was noticeable. If cathodic
currents were under the impact of pseudo-capacitive
interfaces in the electrolyte with medium activity of
the hydrogen ion then high voltage scan rate should
have resulted in less steep slopes but the opposite happened and it means only the Faradaic processes play
governing role in magnitude of the cathodic currents.
As a consequence of mixed depolarization of the SSs
by oxygen and hydrogen ion, cathodic slopes varied
from –240 to –130 mV/decades with the temperature.
Cathodic currents should theoretically translate to the
slopes of around –150 mV/decades. Reason for the difference is the less efficient supply of oxygen, mass transport of the main depolarisator due to lower solubility in
the electrolyte. This confers with the –130 mV/decade
slope of cathodic reduction of hydrogen ion on iron at
25°C [38] as it was experienced at low temperature
although this process is vastly affected by solute composition of the electrolyte, e.g., the presence of citric
acids and their salt [39]. At 80°C, the theoretical
anodic Tafel slope of 70 mV/decade was far exceeded
as a consequence of blocking behaviour of the electrodes, whereas the cathodic –140 mV/decade was
closely approached at many scan rates with both
alloys, corresponding to the theoretically expected
slope of cathodic reactions proceeding via the Volmer–Tafel mechanism. That would result in a SternGeary coefficient of 20 mV which was close to the ones
of ~18 mV derived from experimental data. According
to the literature [40], corrosion current of iron generally can exceed negative ionisation current of hydrogen ion by an order of magnitude in weakly acidic
solutions in which discharge process occurs via electro-sorption and subsequent chemical desorption at
low over-voltages and current densities. Difference
between the two the SS electrodes with mass transport
limited cathodic reactions instead of charge-transfer is
partly attributed to greater nickel and molybdenum
contents of the 1.4571, contributing to electro-sorption of the hydrogen ion [41].
Polarization resistances of the EN 1.4541 and
1.4571 (derived from the corrosion currents) changed
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(a)
–120
–140

Scan rates, mV s–1 at
1
3.333
10

–160
Bc, mV

from ~40 to 7 kΩ cm2 and ~8 to 0.5 kΩ cm2, respectively (Figs. 5a, 5b). In comparison, orders of magnitude lower resistances were measured by the Stern
method of short voltage scanning around the OCPs,
decreasing from 1.6 to 0.7 kΩ cm2 and from 2.6 to 1.3
kΩ cm2 with the temperature (Fig. 5c). In this case,
the 1.4571 indicated higher resistances than the 1.4541
over the entire temperature range, with lower temperature dependence between 55 and 65°C. This is partly
due to the high specific exchange current densities
around the corrosion potentials, surpassing the overall
resistance affected currents extrapolated from a more
distant Tafel range. The resistance was relatively high
(~1 kΩ cm2) at 80°C and this range is related to the
charge-transfer resistance which was mainly affected
by the cathodic half reactions. Charge-transfer resistances derived from the impedance spectra are presented in Figs. 6a, 6b. The same order of magnitude
resistances were obtained with both SS electrodes as
obtained by the Tafel method. The 1.4571 showed
decreasing resistance with the temperature far less
dependent on the impressed DC voltage than that was
experienced with the 1.4541. The former confers with
the Tafel results and the latter is attributed to a more
stable passive state of the 1.4571 (less temperature and
voltage dependent) compared to the 1.4541. In addition, such a difference between the SSs agrees qualitatively with the resistance differences characterised by
the Stern method. Below 80°C, only the charge-transfer resistance locating in the medium-high frequency
range could be estimated but not the Faradaic nor the
polarization resistances could be assessed due to the
low time constants of the mass transport-coupled processes inaccessible by the lowest frequency threshold
of the impedance measurement. When an electrode
potential of 0.3 V was impressed at 80°C, Faradaic
resistance composed of charge-transfer resistance,
resistance of the passive layer, solution resistance and
diffusion impedance was allowed to estimate. Nonetheless, polarization resistance was not allowed to
evaluate by the AC method even at 80°C because of
instability of the electrodes and the lowest frequency
of 0.01 Hz was not low enough to assess diffusion
regime (reaching only around quarter perimeter of the
semi-circles or beginning range of diffusion impedance). Only at the temperature of 80°C and DC voltage of 0.3 V some mass-transport limitation could be
recognised besides the low Faradaic impedances
between 0.1 and 0.01 Hz. Difference between the
polarization resistances derived from the Tafel analysis
and the resistances obtained by the impedance results
arises by resistance of the passive layer. In case of
either the Volmer-Heyrovsky or the Volmer-Tafel
mechanism there is no simple relationship between
Faradaic and polarization resistance considering one
cathodic half reaction, i.e., discharge of the hydrogen
ion at the electrode.

–180
–200
–220
–240
20

30

40
50
60
Temperature, °C

70

80

70

80

(b)
–100
–120

Scan rates, mV s–1 at
1
3.333
10

–140
Bc, mV

730

–160
–180

–200
–220
–240
20

30

40
50
60
Temperature, °C

Fig. 4. Cathodic Tafel slopes of (a) the EN 1.4541 and (b)
the EN 1.4571 obtained in citric acid solution (5 wt %) as a
function of temperature.

Pseudo-capacitive nature of the SS electrodes was
assessed by cyclic voltammetry series and the results
are given in supplementary data (Fig. A.1). Doublelayer capacitance of the 1.4541 was ~65 μF cm–2 and a
somewhat lower 60 μF cm–2 (qualitatively the same)
was related to the 1.5671 with moderate and increased
temperature dependence, respectively. These values
are mainly affected by geometrical inhomogeneous
nature of the surface but the surface roughness factor
was unknown. Most minima of the differential capacitances shifted towards the cathodic range in accordance with decreasing corrosion potential of the electrodes as a function of temperature. These data were in
no agreement with the outcome obtained by potential
stair step series (with DC voltages of 5, 10 and 20 mV)
exhibiting inception slopes of logarithm of the
charging currents of around –0.1 V over time. Capacitances multiplied with the solution resistance as
a function of temperature would expectedly result in
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Fig. 5. Derived polarization resistances of (a) the EN
1.4541 and (b) the EN 1.4571 alloys obtained from the corrosion currents by applying the Stern method based on the
Tafel slopes, (c) measured polarization resistances of steel
alloys based on the Stern method, in citric acid solution
(5 wt %) as a function of temperature.

time constants multiplied by a factor of ~2 matching
the decreasing currents vs. time. So, lower solution
resistance should mean less effectively blocking inter-
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face for Faradaic reactions in vicinity of the corrosion
potentials. Thus, the electrodes were probably stable
enough for high rate voltage scanning and voltage steps
of small amplitudes up to 55°C with limitations up to
80°C. Interface of the SSs is also characterised by the
constant phase elements (coupled parallel with the
charge-transfer resistance). Time constants and exponents of the SS electrodes are given in Figure A.2.
Greater variation of pseudo-capacity of the 1.4541
interface was ascertained with DC voltages and lower
temperature dependence compared to that of the
1.4571 in agreement with the results of CV series.
IMPEDANCE SPECTROSCOPY
MEASUREMENT WITH TEMPERATURE
Admittances and time constants of the interfaces
were translated to real capacitances over frequencies
by a normalisation program (provided by ZAHNERElektrik GmbH and CoKG). The DLCof ~130 μF cm–2
was similar to estimation by the potential stair-step
results, about doubled of the ones obtained by CV
measurements. Exponents indicated increasing
homogeneity of the 1.4541 interface with the temperature at all DC potentials, while exponents obtained
with the 1.4571 were less affected by the temperature
rather the electrode potential. These data were apparently not conferring with DLCs results based on transient DC methods, which is attributed to resistive
inhomogeneity of the passive layers, different chargetransfer resistance in lateral distribution, yielding
higher inhomogeneity factor to the 1.4541 and moderate to the 1.4571. This means a more coherent, uniform and less transforming passive layer, beyond the
possible shunting effect of the charge-transfer resistance. Time constants of the Faraday impedance and
the passive layers may not clearly be separated in the
spectra as charge-transfer resistance of 1 and 10 kΩ cm2
with an average DLC of 15 uF cm–2 gives 67 and 6.7 Hz
are quite similar to time constants of the passive layers
of 50 and 5 Hz resulted by the resistances of 10 4 and
105 kΩ cm2 and the capacitance of ~2 μF cm–2. The
experimentally determined diffusion impedance was
between 20 and 100 kΩ cm2. The theoretical characteristic time constants for diffusions of oxygen and
hydrogen ion in organic acidic aqueous solutions
(δ2/D) were around 500 and 34 s over distances of 5
and 0.05 cm, respectively. Diffusion coefficient (D =
5.4 × 10–9 m2 s–1) [42] and solubility (c = 0.02 mol m–3)
[43] of oxygen, whereas the concentration of 30.1 mol m–3
and diffusion coefficient of 7.4 × 10–9 m2 s–1 as Stern
estimated for hydrogen ion were used for the calculations. But theoretical Warburg coefficients were
around 100 and 1 Ω cm2 s–0.5 which seemed to be too
low to cause measurable contribution in the frequencies of 10 kHz and 10 mHz. Calculated diffusion
impedance of oxygen was 400 Ω cm2 at 10 mHz at a
distance of 5 cm, whereas 2 Ω cm2 at 0.5 cm was
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Fig. 6. Resistance of (a) the EN 1.4541 and (b) the EN 1.4571 steels as Faradaic impedance derived from impedance spectra measured at various impressed electrode potentials vs the reference electrode in citric acid solution (5 wt %) as a function of temperature.

roughly equal to the diffusion impedance of hydrogen
ion over distance of 0.05 cm. So, appreciable contribution of diffusion impedance of the depolarisators to
the impedance spectra besides charge-transfer resistance of the steel rods is not expected over the frequency range. The difference between time constants
of mass transport processes in the fluid phase and solid
state seems also not to be clearly separated. The Warburg impedances relating to diffusion of charge-carriers
in the solution and the passive layer could be resolved as
estimated time constants of depolarisator species in the
solution should appear at 0.05 and 0.005 Hz by diffusion lengths of 0.01 and 0.1 cm calculated with a diffusion coefficient of 5 × 10–6 cm2 s. Diffusion processes

in the solid state should appear at 0.003 and 0.03 Hz
with diffusion coefficients of 10–16 and 10–15 cm2 s–1
(with high alloy steels) over a distance of 2 × 10–7 cm
expected average thickness of the passive layers,
respectively. The former would not be detectable as a
feature of a stable electrode being not in equilibrium
but at least in a steady state by the applied investigation
frequency range in the experiment. As time constants
of the processes are closer than a magnitude [44], resolution of these impedance contributions in the spectra would rather be questionable.
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Table 3. Weight loss derived corrosion rates of the EN 1.4541 SS immersed in stagnating and stirred phases of neat biomass
sources tested at 80oC for 672 h (modelling the circumstances of storage and handling)
Type
of the biomass fuel source
rRSO
WCO
AWL
rRSO
WCO
AWL

Flow condition
Stagnant

Stirred

CORROSION RATES BY TIME EXPOSURE
Electrochemical measurement results performed
in 5 wt % citric acid solution with the SS alloys tested
in stagnating and stirred neat biomasses as a function
of time are presented in Fig. 7. The results of weight
loss and electrochemical methods are summarised in
Tables 4 and 5, respectively. Corrosion potentials and
currents of both SS alloys, polarization resistances
changed in the same manner over time and data did
not show any remarkable variation by the biomass fuel
sources. OCPs were cathodic by ~150 and 200 mV to
the 1.4541 and the 1.4571, respectively, ~350 mV
anodic to the zero-charge potential (–350 mV vs standard hydrogen electrode, SHE). Corrosion current
densities were lower with both steels in comparison of
the initial and final data almost regardless of the biomass sources. This hints on increased surface area to
oxidation and decreasing tendency of dissolution of
the oxidised metal, resulting in an overall lower corrosion rates, increasing passivity. The 1.4541 experienced higher corrosion rates in the moderate acidic
WCO and the more acidic AWL than in refined RSO
regardless if the media was stagnating or stirred (Table 3).
Appreciable amount of hydrogen ion with various
activities was available for cathodic half reactions in
the biomasses. Weight loss results unveiled almost an
order of magnitude higher corrosion rates in stirred
biomasses than in stagnating ones except for the results
obtained in AWL. This is attributed to a better supply
of oxygen as the main depolarisator in the media coupled with more intense dissolution of the corroded
metals in the media through shrunk diffusion layers.
The exception of a somewhat higher corrosion rate in
the WL as a result of restrained stream of the fluid
phase is explained by the fact the highly viscous media
did not allow boundary layer to thin sensibly around
metal coupons (by better dissipation) compared to the
less viscous RSO and WCO streaming at much high
rates leaving thinner stagnant boundary layers near
surface of the coupons and for the depolarisators to
diffuse. This seems to be contradicted first by corrosion test results with plain CS (St35.8) which experienced somewhat low rates in RSO and WCO but much
higher rate in AWL in flowing fluids. This is explained

Average corrosion rate,
μm year–1

STD of corrosion rate,
μm year–1

0.21
0.39
0.29
1.28
1.77
0.40

0.11
0.25
0.07
0.51
0.29
0.21

by difference between SSs and the plain CS from
which the latter is not able to passivate in moderate
acidic environments like AWL only in the less acidic
RSO and WCO despite the more intense oxygen supply to build up compact passive layers. An order of
magnitude lower corrosion current densities was
obtained with the 1.4541 in stirred media (Table 4).
The highest corrosion rate was obtained in WCO,
medium in RSO and the lowest in AWL. The electrochemically assessed corrosion rate of the 1.4571 was
the highest in RSO, medium in WCO and the lowest
in AWL. Similarly to the 1.4541, the 1.4571 tested in
stirred rather than stagnant fluids indicated lower corrosion rates during the electrochemical characterisation. The remarkably changing patterns of the OCP,
current and polarization resistance obtained with the
SS electrodes immersed in stagnating biomasses (Fig. 7)
became much more stabilised in time when steel rods
were tested in stirred fluids (Fig. 8). OCPs were more
anodic, nobler by ~100 mV and corrosion currents
shifted quite moderately around 10–7 A cm–2 an order
of magnitude lower than measured with samples tested
in stagnating media over the entire experiment. Both
SS alloys immersed in AWL indicated lower corrosion
rates in the characterising citric acid electrolyte and
showed similar time dependent current variation with
the samples tested in RSO and WCO. Regarding the
characterising method, DC polarization technique in
an aqueous electrolyte was able to differentiate state of
the SSs tested in the biomasses, giving instantaneous
reaction rates much closer to the results provided by
the validating type weight loss method when coupons
tested in stirred media. Corrosion resistance and electrochemical behaviour of the SSs tested in stagnating
and stirred fluids under scores the relevance of greater
supply of depolarisator species with the resultant
increased susceptibility of passivation of the SSs in the
neat biomasses. Nonetheless, a reasonable explanation to the highly different corrosion rates of the 1.4541
obtained by the weight loss (Table 3) and electrochemical methods performed in different media under stagnant condition is given in later section.
The results of weight loss and electrochemical
techniques with the SS coupons immersed in emul-
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Fig. 7. Open circuit potential (Eocp), polarization resistance (Rp) and corrosion current (Io) of steel alloys measured in citric acid
solution (5 wt %) as a function of time; (a) the EN 1.4541 and (b) the EN 1.4571 tested in stagnating biomass fuel sources such as
rRSO, WCO and AWL.

sions of the biomasses with aqueous citric acid solutions (5 and 50 wt %) are summarised in Tables 5 and 6,
respectively. The weight loss method indicated acceptable low corrosion rates in both types of emulsions
(Table 5). The same sort of variation was obtained over
time exposure with both SSs immersed in emulsion of
citric acid solution (5 wt % ) with RSO and WCO.
Only the emulsion of WL led to measurable higher
corrosion rates. In emulsions of the essential citric
acid solution (50 wt %), both alloys experienced the
same corrosion rates in RSO but they behaved in

opposite ways in the emulsions of WCO and AWL. In
comparison with the mass changes, electrochemical
results indicated roughly an order of magnitude higher
corrosion rates of the SSs (Tables 5 and 6) regardless of
concentration of the citric acid solutions. Both alloys
tested in biomass emulsions of the 5% citric acid and
the 1.4541 in emulsion of the 50% solution exhibited
greater variation of corrosion rates depending on type
of the biomasses, which suggest altered passivation
efficiencies of the alloys in the presence of 5% citric
acid solution. When essential citric acid solution was
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Table 4. Corrosion currents and rates of steel alloys derived from electrochemical measurements performed in 5 w/w% citric acid solution during the immersion test carried out at 80oC for 672 h in neat biomass sources of stagnating and stirred
phases (modelling circumstances of storage and handling)
Steel
alloys
1.4541

1.4571

1.4541

1.4571

Type of the biomass
source
rRSO
WCO
AWL
rRSO
WCO
AWL
rRSO
WCO
AWL
rRSO
WCO
AWL

Flow
condition

Average corrosion rate, Average corrosion rate,
μm year–1
μA cm–2

Stagnant

1.12
1.62
1.06
1.88
1.40
0.76
0.14
0.32
0.06
0.46
0.38
0.09

Stirred

13.0
18.8
12.3
21.8
16.2
8.78
1.59
3.75
0.74
5.28
4.43
1.06

Table 5. Weight loss derived corrosion rate of steel alloys immersed in fluids of the biomass sources emulsifying aqueous
phases (20 w/w%) of citric acid solutions of 5 and 50 w/w%, tested at 80°C for 672 h (modelling the circumstances of purification)
Steel alloys
1.4541

1.4571

1.4541

1.4571

Type of the biomass
source

Conc. of citric acid
(w/w%) emulsified
in the biomasses

Average corrosion rate, STD of corrosion rate,
μm year–1
μm year–1

rRSO
WCO
AWL
rRSO
WCO
AWL

5

1.81
2.69
3.97
1.46
1.48
3.00

0.63
0.77
1.88
0.21
0.80
1.28

rRSO
WCO
AWL
rRSO
WCO
AWL

50

4.09
1.36
5.64
4.14
2.94
1.13

0.91
0.77
0.13
2.61
0.62
0.48

used for the experiment, only the 1.4571 showed
nearly the same corrosion rates regardless of the biomasses, which means better passivation susceptibility
than the 1.4541 regardless of the fuel sources. Electrochemical results of the SSs tested in emulsions of the 5
and 50 wt % citric acid solutions as a function of time
are given in Figs. 9 and 10, respectively. During the test
in emulsion of the 5 wt % citric acid solution, OCPs
became stabilised and corrosion currents decreased
over time (Fig. 9). At the end of the experiment, corrosion currents of the SSs were in the same magnitude
at ~10–7 A cm–2. Corrosion potentials of both alloys

shifted around –160 mV which was quite similar to the
ones obtained with the samples immersed in neat
media under flowing condition, around 400 mV
nobler than zero-charge potential of the Fe(II) containing passive layer. As mass losses became greater in
emulsions of the essential citric acid solution, both
alloys indicated the same patterns over time as OCPs
decreased at 260 h which stabilised at –0.2 V after 420 h
then remained stable over the entire period (Fig. 10).
Stable polarization resistance of the steels around
105 Ω cm2 hints on the formation of compact passive
layers in the emulsions of essential citric acid solu-
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Fig. 8. Open circuit potential (Eocp), polarization resistance (Rp) and corrosion current (Io) of steel alloys measured in citric acid
solution (5 wt %) as a function of time; (a) the EN 1.4541 and (b) the EN 1.4571 tested in stirred biomass fuel sources such as
rRSO, WCO and AWL.

tion as compared to the experiments performed with
dilute aqueous solution (polarization resistances of
~6 × 10 4 Ω cm2), in spite of the dissolution related
higher mass losses. This is similar to the difference
obtained by immersion tests with the biomasses under
changed flow condition. The excessive corrosion rates
assessed by the electrochemical methods are connected to the larger real electroactive surfaces than the
geometrical ones and much greater activity of depolarisators in the characterising aqueous solution than in
emulsion of the biomasses. Dissolution rate of the
metal oxides and hydroxides are more intense under

flowing condition and better supply of the electrochemically active organic species besides increasing
acidity and unsaturation of the biomasses.
As a consequence of flowing of the biomasses, the
1.4541 experienced changes of corrosion rates by 7, 6
and 0.8 times in RSO, WCO and AWL, respectively.
The less passivating type St35.8 CS showed opposite
tendency of changes of the weight losses 0.3, 1 and
8 times in RSO, WCO and AWL, respectively as a
result of flowing fluids. Comparison of weight loss
results of the CS and SSs in stagnant neat biomasses,
the St35.8 indicated 3, 2 and 100 times of corrosion
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Table 6. Corrosion currents and rates of steel alloys derived from electrochemical measurements performed in 5 w/w% citric acid solution during the immersion test carried out at 80°C for 672 h in neat biomass sources of stagnating and stirred
phases (modelling circumstances of storage and handling)
Steel alloys
1.4541

1.4571

1.4541

1.4571

Type of the biomass
source

Conc. of citric acid
(w/w%) emulsified
in the biomasses

Average corrosion
current, μA cm–2

Average corrosion rate,
μm year–1

rRSO
WCO
AWL
rRSO
WCO
AWL

5

1.14
0.62
1.02
1.19
0.79
0.55

13.2
7.23
11.8
13.8
9.24
6.32

rRSO
WCO
AWL
rRSO
WCO
AWL

50

1.10
0.56
0.72
0.66
0.61
0.65

12.8
6.45
8.30
7.70
7.12
7.51

rates of the 1.4541 in RSO, WCO and AWL, respectively. In the flowing biomasses, corrosion rates of the
CS changed to 0.1, 0.5 and 200 times of the 1.4541. CS
is more sensitive to acidic species of the biomasses
than the SSs and its corrosion rate was under mass
transport limitation, diffusion flux of oxygen. For oxygen
transport, the corrosion current of 4.25 × 10–14 A cm–2 s–1
is maintained when diffusion coefficient of 1.1 ×
10‒13 cm2 s–1 over diffusion length of 1 cm apply. If diffusion length is calculated in accordance with the corrosion rates than the lengths would decrease to unrealistic 2.5 × 10–5 or even 1.1 × 10–7 mm. So, majority of
the anodic currents behind weight losses are related to
cathodic discharge of hydrogen ion. If surplus corrosion currents correspond to hydrogen evolution and
calculated with diffusion coefficient of 7.4 × 10–5 cm2
s–1 and length of 0.05 cm as originally proposed by
Stern then medium ion activity, the pH of ~4 equivalent in aqueous solutions should be enough for the
1.4541 and it would change to the pH of ~1.5 for the
St35.8 CS in a highly acidic environment. The corrosion currents measured in citric acid solution were one
and two orders of magnitude higher than hypothetical
current densities equivalent of the mass losses. If
cathodic limiting currents of oxygen and hydrogen are
calculated over the lengths of 3 and 0.05 cm, diffusion coefficient of 2 × 10–5 cm s–1 [45], solubility of
oxygen at 5.56 × 10–5 mol dm–3 and activity of hydrogen ion at pH 2.75, then all electrochemically characterised corrosion currents correspond to weight loss
results in neat and emulsions of the biomasses, except
for the results obtained with 1.4541 immersed in stagnant RSO and WCO. Corrosion rate of the 1.4541 is
clearly limited by dissolution of the passive layer which

was more intense in RSO and WCO but decreasing in
AWL. It can only be interpreted as development of a
more compact, dense passivating oxide layer which
was allowed by higher flux of oxygen and the oxygen
containing potential nucleophiles besides unchanged
thickness of the Prandtl type boundary layer. The latter must have been unaffected in vicinity of the coupons in AWL as a result of its high dynamic viscosity
while supporting better oxygen supply and other depolarisators constituting partly the passive layer enough
to counterbalance flow condition during the experiment. Passivation of the St35.8 CS by the higher oxygen flux was also experienced in the less acidic RSO
and WCO but flow of the AWL caused increased
weight loss reflecting lower passivation ability. When
the 5% citric acid solution was emulsified with the biomasses, corrosion rates of the 1.4541 increased by 1.7,
1.6 and 30 times in RSO, WCO and AWL, respectively.
In emulsions of the 50% citric acid solution, weight
losses increased by 3.4, 0.8 and 3.3 times in RSO,
WCO and AWL, respectively. Interestingly, 10 times of
corrosion rate increases of the 1.4541 were obtained
with the biomasses from RSO, WCO to the AWL
emulsions with 5% citric acid solution. In contrary, 10
times decrease of corrosion was found when the 50%
citric acid solution was used for the immersion test. As
a comparison, the 1.4571 SS indicated the same tendency of weight losses with the biomasses and
increased corrosion rates than the 1.4541 by 2.7 and
2.1 times in WCO and AWL, respectively.
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Fig. 9. Open circuit potential (Eocp), polarization resistance (Rp) and corrosion current (Io) of steel alloys measured in citric acid
solution (5 wt %) as a function of time; (a) the EN 1.4541 and (b) the EN 1.4571 tested in stirred citric acid (5 wt %) emulsions
(20 wt.%) of the biomass fuel sources such as rRSO, WCO and AWL.

DEGRADATION OF BIOMASSES
AND CHANGES OF ELECTROCHEMICAL
INTERFACES BY TIME EXPOSURE
Regarding complexity of integrity loss and passivation of steels in the biomasses, besides acidity of the
material overall characteristics and aging of the biomasses catalysed by the citric acid solutions should
play a dominant role in causing corrosion of SSs. In
addition, the lowest weight losses in emulsions of the
AWL can only be inferred by the assessment of passivation susceptibility and state of passive layers of the

SSs. In the meantime of immersion tests of CS and the
SSs, biomasses indicated decreasing water contents in
all experiments and increasing TAN in most of the
experiments as a function of time. Except for the stagnating biomasses, the IN characterised unsaturation
of the biomasses decreased over time. The results are
summarised in the supplementary data (Fig. A. 3–6).
The higher relative amount of water is assumed to
assist passivation of the St35.8 CS in stirred fluids,
whereas increasing TAN played no decisive role in
changing the corrosion rates in RSO and WCO unlike
in the AWL which caused considerable integrity losses.
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Fig. 10. Open circuit potential (Eocp), polarization resistance (Rp) and corrosion current (Io) of steel alloys measured in citric acid
solution (5 wt %) as a function of time; (a) the EN 1.4541 and (b) the EN 1.4571 tested in stirred citric acid (50 wt %) emulsions
(20 wt %) of the biomass fuel sources such as rRSO, WCO and AWL.

So, higher ability of passivation of the 35.8 CS is partly
related to the increased water contents of the fluids
under more of an unchanged acidity of the environment.
Besides steady TAN in neat biomasses, increased corrosion rate of the 1.4541 SS occurred along with increasing water contents of the RSO and WCO, whereas
steady water content and the nearly constant TAN of
the AWL underwent with almost invariant corrosion
rates over time. Increasing acidity of biomasses of the
emulsions with dilute and essential citric acid solu-

tions seems first correlates with increased corrosion
rates of the SSs.
Decreasing electrochemical pseudo-capacity characterised as DLC of the 1.4541 SS electrodes measured in 5 wt % citric acid solution during the immersion test reflects increasing uniformity of the interface
which depended on the fluids. In stagnant neat biomasses (contributing to a less effective passivation of
the SSs), well discernible decrease of the capacitance
reflecting transformation of the surface occurred
around 350 h of immersion experiment (Fig. 11a). In
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Table 7. Polarization resistance of the EN 1.4541 and the 1.4571 SS electrodes (tested in stagnant and flowing neat biomasses) calculated from the average corrosion currents over time by the Stern-Geary coefficients, B = 0.016 and 0.021 V
used for the SS alloys respectively based on average of the measurement results obtained at 80°C. These data are compared
to resistance of the passive layer developed in a reversible process appraised by the Stern formula (1), allowing the estimation of charge-transfer resistance
Stainless steels

Biomass sources

Condition

1.4541
1.4541
1.4541
1.4571
1.4571
1.4571

rRSO
WCO
AWL
rRSO
WCO
AWL

Stagnant

1.4541
1.4541
1.4541
1.4571
1.4571
1.4571

rRSO
WCO
AWL
rRSO
WCO
AWL

Stirred

relation with passivation, this process did not undergo
with either stabilisation of the OCPs (Fig. 9) or
increased polarization resistance. So, geometrical
uniformity of the interface should have occurred via
dissolution of the more active sites without development of compact passive layer as a consequence of
limited transport of oxygen and other potential nucleophiles. Except for minor differences at the beginning
of the immersion test, surface of the 1.4571 electrodes
behaved in similar ways with the 1.4541. Faster and
more pronounced transformation of the surface
should have taken place in stirred neat biomasses as
DLCs decreased markedly within the first 250 h
(Fig. 11b) to the extent over 648 hours by testing in
stagnant fluids. The geometric type transition went
with stabilisation of the OCPs (Fig. 10) and significant
increase of the polarization resistance (Table 7) which
underline the formation of compact passive layer.
When dilute citric acid solution was emulsified in the
biomasses, then decreasing capacity of the interface
was only measured after 350 hours (Fig. 12a) parallel
with the slightly or moderately increasing polarization
resistance (Table 8) reflecting slow and less effective
passive layer formation. Almost the same behaviour
and impact of processes were manifested as in the
stagnant biomasses. Testing with biomass emulsions of
the essential citric acid solution lead to well decreasing
capacity of the SS interfaces in the first 250 hours and
the final value of ~14 μF cm–2in the end (Fig. 12b).
This is similar to that was obtained in stirred biomasses. The polarization resistance of the SS electrodes was a bit higher and less scattering (Table 8)
denoting moderate assist to the development of com-

Polarization
resistance,
kΩ cm–2

Resistance
of the passive layer,
kΩ cm–2

Charge-transfer
resistance,
kΩ cm–2

14.29
9.88
15.09
11.17
15.00
27.74

13.58
9.39
14.35
8.09
10.87
20.10

0.70
0.48
0.74
3.08
4.13
7.64

116.8
49.54
251.9
46.15
54.97
230.5

111.1
47.11
239.6
33.44
39.83
167.0

5.73
2.43
12.36
12.71
15.14
63.50

pact passive layers. Compactness and thickness of
these layers are assessed by overall sum of resistance of
the passive layers and charge-transfer resistance in
series. The latter was appraised by subtraction of the
passive layer resistance (estimated by the Stern formula (1)) from the entire resistance assessed by the
average corrosion currents and the Stern-Geary coefficient. The results are summarised in Tables 7 and 8.
Estimated resistance of the passive layers formed in
stirred biomasses especially in AWL were considerably
higher than the ones developed in stagnant fluids. This
is the reason that the corrosion rates derived from the
currents obtained by electrochemical methods in
dilute citric acid solution were closer to the validating
weight loss data. The same kind of difference was
observed with immersion test results performed with
biomass emulsions. The high cathodic current density
based on major contribution of hydrogen ion discharge owes to the extrapolated excessive assessment
of corrosion rates (by the Tafel method) in comparison with the weight loss data. The electrochemically
measured decreased corrosion currents correlated well
with an order of magnitude increase of the chargetransfer resistance for both SSs and the multiplied
resistance of the passive layers.

R=

RT .
nF jcorr

(1)

In other aspects, the resistance assessed by the
Stern method of low voltage amplitude scanning is
more related to charge-transfer resistance rather than
resistance of the passive layers, whereas Tafel method
proved to be better suited forgiving information on
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Fig. 11. Double-layer capacitance derived from low amplitude cyclic voltammetry series (anodic and cathodic branches) measured at 80°C with the EN 1.4541 steel rods in citric acid solution (5 wt %) in the course of immersion tests performed in (a) stagnating and (b) stirred neat biomass fuel sources.

state, compactness of the passive oxide layers. Based
on the corrosion currents, anodic and cathodic Tafel
slopes, net anodic currents were estimated by the
McLaurin expression (2), quadratic formula of the
Butler-Volmer equation. If an order of magnitude difference between the corrosion and net anodic current
is assumed so as the changes between the electrochemical and the weight loss based data, then estimated cathodic potential shift, an overvoltage of
‒0.125 V from the steady electrode potential should be
enough. That means electrode potential of the SSs still
remains in the ennobled, anodic potential range in
comparison with the SHE.

(

)

jnet = 2.303 × jcorr 1 + 1 η
ba bc
(2)
1
1
⎛
+ 1.152 ⎜ 2 + 2 ⎞⎟ η2.
⎝ ba bc ⎠
When the equation (3) proposed by Stern was used
for evaluation, nearly the same cathodic polarization
(–0.124 V) would result in an order of magnitude
excess of cathodic currents in relation with the hydrogen ion accelerated corrosion of the electrodes as an
analogy with discharging hydrogen ion which caused
differences between the hypothetical corrosion currents of immersion tests and the electrochemically
derived data.
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Fig. 12. Double-layer capacitance derived from low amplitude cyclic voltammetry series (anodic and cathodic branches) measured at 80°C with the EN 1.4541 steel rods in citric acid solution (5 wt %) in the course of immersion tests performed with stirred
emulsions of the biomass fuel sources mixed at 20 wt % with citric acid solutions of (a) 5 and (b) 50 wt %.

⎛j ⎞
(3)
ΔEcorr = − RT × pH + Blog10 ⎜ corr ⎟ .
nF
⎝ j0 ⎠
When the equation (4) is used for the estimation,
then cathodic polarization of –0.152 V is obtained
which is commensurable with the experimentally
obtained cathodic polarization of iron by –0.172 V (vs
SHE) corroding in deaerated 0.1 M citric acid solution
[46].

( )

⎛j ⎞
(4)
ΔEcorr = RT ⎜ corr ⎟ .
nF ⎝ j0 ⎠
By estimating fluxes of the main depolarisator, i.e.,
the oxygen flux to the electrodes in both in the stagnant and flowing biomassess should well exceed (cor-

responding to 9 × 10–3 and 9 × 10–2 and A cm2 over the
distances of 5 and 0.5 cm) the corrosion rates, or
anodic currents in relation with mass losses of the SSs.
So, corrosion of the SSs did reach the maximum
attainable cathodic currents of the main depolarisator
flux. It is not the redox reaction but partly solubility of
the corroded species limited further corrosion processes. Only the plain CS showed far greater rate of
corrosion (corresponding to 1.9 × 102 A cm–2) in the
acidic AWL (with the highest content of active hydrogen ions and redox active species) than theoretical
oxygen flux would suggest. Such a difference became
much greater when neat biomasses were stirred (mass
loss rate equalling to an instantaneous current of 2.5 ×
103 A cm–2).
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Table 8. Polarization resistance of the EN 1.4541 and the 1.4571 SS electrodes (tested in flowing biomass emulsions with
dilute and essential citric acid solutions) calculated from the average corrosion currents over time by the Stern-Geary coefficients, B = 0.016 and 0.021 V used for the SS alloys respectively based on average of the measurement results obtained at
80°C. These data are compared to resistance of the passive layer developed in a reversible process appraised by the Stern
formula (1), allowing the estimation of charge-transfer resistance
Concentration
of the citric acid
solutions

Polarization
resistance,
kΩ cm–2

Resistance
of the passive layer,
kΩ cm–2

rRSO
WCO
AWL
rRSO
WCO
AWL

5

14.04
25.68
15.69
17.65
26.35
38.53

13.35
24.42
14.92
12.79
19.09
27.92

0.69
1.26
0.77
4.86
7.26
10.61

rRSO
WCO
AWL
rRSO
WCO
AWL

50

14.55
28.78
22.35
31.63
34.20
32.41

13.83
27.37
21.25
22.91
24.78
23.48

0.71
1.41
1.10
8.71
9.42
8.93

Stainless steels

Biomass sources

1.4541
1.4541
1.4541
1.4571
1.4571
1.4571
1.4541
1.4541
1.4541
1.4571
1.4571
1.4571

CONCLUSIONS
The St35.8 CS passivates better in the less acidic
RSO and WCO due to increased flux of oxygen and
moderate flow rate of the fluids. Transition from stagnant to mediocre flow of the acidic AWL results in up
to two orders of magnitude higher corrosion rate
which is inferred by unable passivation of the CS and
increased rate of cathodic discharge of hydrogen ion
donated by active species. In all biomasses, corrosion
rate of CS is limited by reduction rate of the hydrogen
ion (mass transport of the corrosive organic species
featuring high oxidising redox potential) which consumes majority of the anodic corrosion current
besides reduction of oxygen.
Integrity loss of the EN 1.4541 and 1.4571 SSs is
primarily limited by mass transport of oxygen and dissolution rate of the passive layers in the less acidic
RSO and WCO. Corrosion of the SS sensibly intensifies by flow of the biomasses by thinning of the boundary layer. The flowing AWL with higher contents of
oxygen donating species and potential nucleophiles
provides increased supply of oxygen for the formation
of denser, more compact passive layers. Thus, lower
corrosion rates of the EN 1.4541 and 1.4571 SSs were
obtained under stagnating condition, whereas closer
matches of the integral and instantaneous corrosion
rates evaluated by the weight loss and assessed by electrochemical methods, respectively.
Biomass fuel sources indicated decreasing water
contents and increasing acid number as a function of
time during most of the experiments. Except for the
stagnating neat biomasses, the iodine number charac-

Charge-transfer
resistance,
kΩ cm–2

terised unsaturation decreased over time. The higher
relative amount of water was found to assist passivation of CS under flowing condition, whereas the
increasing acidity played probably no decisive role in
changing corrosion rates in RSO and WCO unlike in
AWL which contributed to considerable integrity loss.
Better passivation ability of the St35.8 CS is partly
related to increased water contents along with more of
an unchanged acidity of the fluids. Decreasing water
content and steady acidity of neat biomasses resulted
in less affective passivation of the SSs in stagnant fluids. In the flowing biomasses with better oxygen supply, increasing water contents occur with better passivation of the SSs even though it goes with higher corrosion losses as a consequence of faster dissolution of the
passive layer. In flowing emulsion of the biomasses
featuring decreasing water content and increasing
acidity over time, increased concentration of the citric
acid solutions leading to altered corrosion rates is
explained by higher mass transport of oxygen and
potential nucleophiles, oxygen donating species.
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