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Abstract: The role of F− in the corrosion of stainless steel at the stage of occluded cell corrosion in a
mixture of chloride, fluoride, and sulfate ions was investigated. A simulated occluded corrosion cell
was designed using an elaborate simulated rust layer. Composite electrodes were used to monitor the
variation of the concentration of ions, pH, and dissolved oxygen of the occluded solution. The results
show that the influence of F− on the corrosion of 304 stainless steel, in the occluded cell corrosion
stage, is concentration dependent. When the F−/Cl− ratio is higher than 2, the corrosion can be
significantly suppressed. Analyses showed that the corrosion inhibition effect could be attributed to
the migration of F− to the occluded cell, which can reduce the migration of Cl−, dampen the decrease
in pH, and react with metal ions to form semi-soluble products. Meanwhile, the influence of F− on
the corrosion process was also verified using drilled stainless steel specimens, demonstrating the
practicality and validity of the simulated occluded cell corrosion model.

Keywords: localized corrosion; occluded corrosion cell; stainless steel; fluoride; corrosion inhibition

1. Introduction

Ammonia desulphurization is a widely used flue gas desulphurization technique
with an absorption efficiency of SO2 higher than 95%, which can also produce low-cost
ammonium sulfate fertilizer. During the desulfurization process, F− and Cl− produced
from coal-burning are accumulated in the desulfurization slurry, forming a typical F− and
Cl− mixture system [1–3]. The corrosion of the desulphurization equipment caused by
the existence of Cl− can severely hinder its application for ammonia desulphurization.
Austenite stainless steel, with a Cr oxide film on its surface, is more corrosion resistant than
carbon steel and is commonly used for industrial processes [4,5]. However, the application
of stainless steel for ammonia desulphurization is rare, since the high concentration of
Cl− in the desulfurization slurry can cause severe localized corrosion of the stainless steel,
such as pitting corrosion, crevice corrosion, underscale corrosion, and stress corrosion
cracking [6,7]. It has been reported that F− has a certain inhibitory effect on stainless steel
corrosion under the coexistence of F− and Cl− [8]. Studies showed that a mixture of F− and
Cl−, with a F− to Cl− molar ratio of 7 to 10, respectively, the crevice corrosion of the alloy
22 was completely inhibited [9]. Wang et al. found that F− and Cl− had a synergistic effect
in initiating uniform corrosion of stainless steel, which was related to the concentration
of both ions [10]. At present, studies on the corrosion of stainless steel in contact with
mixed ion system containing F− and Cl− mainly focus on uniform corrosion [11], localized
corrosion initiation [12], pH and ion concentration changes in corrosion areas [13–15];
while the influence of F− on localized corrosion in the stage of occluded cell corrosion and
mechanism are seldom reported.

Occluded cell corrosion is a typical propagation stage of localized corrosion, such as
pitting corrosion, crevice corrosion, stress corrosion cracking, and underscale corrosion.
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Due to the acidizing autocatalytic phenomena, the occluded cell corrosion process has an
obvious accelerating effect [16]. Simulated occluded cell models provide an important
tool for studying the development stage of localized corrosion since it was proposed in
1970 [17,18]. The current models of simulated occluded cells generally adopt the low-
efficiency off-line measurement methods for ions, which make it difficult to obtain the pH
and ion concentration simultaneously and immediately [13–15,19]. On-line monitoring
of pH and Cl− concentration with microelectrodes has been greatly improved [20–22].
Yan et al. integrated an iridium electrode and Ag/AgCl electrode together to form a micro-
electrode for monitoring the pH and Cl− concentration for crevice corrosion [23]. Zhu et al.
used a saturated calomel electrode combined with an antimony and Ag/AgCl electrode
to measure pH and Cl− concentration in the occluded area, respectively [24]. At present,
pH and Cl− monitoring electrodes are generally three-electrode systems which cannot
work continuously for a long time, and the measured ion concentration range is limited.
Meanwhile, no online monitoring of F− has been reported in simulated occluded cells.

Compared with the inhibition of uniform corrosion and localized corrosion initiation,
the inhibition of the propagation process is also helpful to alleviate the damage caused by
corrosion. When localized corrosion is in the stage of occluded cell corrosion, the addition
of a corrosion inhibitor has a negligible inhibitory effect on the development of the internal
corrosion in the occluded area. Since the sealing rust layer on the localized corrosion area
is very tight, Cl−, with its small ionic radius, can enter the occluded area from the external
solution through the rust layer, while other ions including, O2 molecules, are difficult to
pass through. Zhu et al. simulated the sealing rust layer for the underscale corrosion of
N80 steel with iron oxides and studied the influence of C12H23O2

− on the development
of the occluded cell [25]. The results showed that C12H23O2

− reduces Cl− migration by
making the scale layer cationic-selective; thus, reducing the corrosion in the occluded area.
However, from the point of view of the hydrated ion radius and charge, such ions are less
likely to enter the occluded area through the rust layer or pitting pit surface seals. For F−,
whose ionic radius is close to that of Cl− but is more electronegative than Cl−, it is possible
to enter the occluded area through the rust layer.

In view of the development process of local corrosion of stainless steel in contact
with an F− and Cl− coexistence system, exploring the role of F− in the localized corrosion
of stainless steel is relevant for exploring the applicability of stainless steel and solving
corrosion problems of the equipment. In this paper, based on the ammonia desulphuriza-
tion slurry as the case study, a simulated occluded cell device was constructed to achieve
long-duration on-line monitoring of pH, the concentration of ions, and dissolved oxygen
concentration. The effect of F− on the corrosion current of the occluded corrosion cell under
the coexistence of two kinds of halogen ions was studied, mainly from the perspective of
corrosion current, pH change of the solution in the occluded area, the reaction of F− on
the surface of stainless steel, and the binding form of F− with metal ions. Furthermore,
drilled stainless specimens were used to simulate the occluded area of localized corrosion,
the influence of F− on the development of corrosion was analyzed, and the results were
compared with those of the simulated occluded corrosion cell model.

2. Materials and Methods
2.1. Reagents and Materials

Ammonium sulfate, ammonium chloride, ammonium fluoride, and other reagents
were analytical pure, purchased from Sinopharm Group Chemical Reagents Co., LTD,
Shanghai, China. AISI 304 austenitic stainless steel was used, and the composition is shown
in Table 1. The stainless steel specimens are ground to 800 mesh, step by step by silicon
carbide sandpaper, cleaned repeatedly with acetone and ethanol, rinsed with deionized
water, dried by cold air and placed in a desiccator for 24 h, and weighed before use.
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Table 1. Nominal chemical compositions of the tested 304 stainless steel (wt.%).

Cr Ni C S Si Mn P Fe

18.23 8.10 0.04 0.002 0.35 1.10 0.036 Balanced

2.2. Simulated Occluded Corrosion Cell and Experimental Methods

The experimental device of the simulated corrosion cell is shown in Figure 1. The
volume of the cylindrical occluded area is 150 mL, and the volume of the external so-
lution is 10 L. The internal electrode is composed of 304 stainless steel with a size of
10 mm × 10 mm × 2 mm, and an exposed area of 1.6 cm2. The external electrode is
304 stainless steel, and the exposed area is 10 times larger than the external electrode.
The counter electrode is a platinum electrode of size 10 mm × 10 mm × 0.2 mm, and an
Ag/AgCl electrode is used as the reference electrode. The potential values in this paper
were all relative to Ag/AgCl electrode unless otherwise stated. The applied current is
provided by a potentiostat (DJS 292B, Shanghai Xinrui Instrument Co., LTD, Shanghai,
China). The internal electrode is the anode, and the external electrode is the cathode. The
diameter of the ion migration channel is about 7 mm, and the details about the simulated
rust layer are shown in Figure 1. The simulated rust layer used in the experiment is a
mixture of mixed iron oxide (65% Fe2O3, 25% Fe3O4, and 10% Fe(OH)3, wt) and calcium
sulfate with a mass ratio of 9:1, carried on filter paper, and agar (0.5%) is used to shape and
fix the mixture.

Figure 1. Experimental apparatus of the simulated occluded cell and the sectional view of the ion
migration channel.

The simulated corrosion cell is immersed in a plexiglass container containing the
experimental solution at a controlled temperature of 40 ◦C. The occluded cell is made of
plexiglass, with four oblique intubations on the side wall for the insertion of online fluoride
and chloride monitoring electrode, a pH electrode, and a dissolved oxygen electrode.
The on-line halogen ion monitoring electrodes and pH electrode are purchased from
Shanghai Boqu Instrument Co., LTD., Shanghai, China, and the dissolved oxygen electrode
is purchased from Shanghai Renshi Electronics Co., LTD, Shanghai, China. Paperless
recorders are used to record the concentration and pH changes. The online monitoring
data can be verified by offline detection, in which the pH of the solution is detected by the
pH meter, and the concentration of fluoride and chloride is measured by the ion selective
electrode method and the potentiometric titration method, respectively [26,27].



Metals 2021, 11, 350 4 of 16

X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Ulvac-Phi, Kanagawa,
Japan) was used to analyze surface elements of the specimens. When weighing the internal
electrode specimens, the corrosion products were rinsed with deionized water, then washed
successively with hydrochloric acid solution (hydrochloric acid and distilled water with
a volume ratio of 1:4) containing 0.5% ullotropine and scrubbed with 60 g/L sodium
hydroxide solution. Then they were cleaned successively with deionized water, anhydrous
ethanol, and acetone. After being blown dry by cold air, they were placed in a desiccator
for 24 h and then weighed.

2.3. Simulation of Occluded Cell Corrosion Using Drilled Specimens

The 304 stainless steel specimens (50 mm × 25 mm × 6 mm) are drilled by a computer-
based numerical control machine tool after polishing and cleaning, with an aperture of
2 mm and a depth of 4.5 mm, each. The distribution of holes is shown in Figure 2. After
cleaning and drying, mercury is dropped into the hole, and the quality difference before
and after dropping is calculated. Then, the density of mercury is divided to get the volume
of the hole. Solutions with different concentrations of F− and Cl− are injected into the
drilled holes. A simulated rust layer, with a radius larger than that of the holes, is first
covered over the holes, and then, a layer of filter paper with a larger radius is fixed on
the outer layer with epoxy glue to fix the simulated rust layer. The simulated rust layer
is elaborated in the same way as that of the occluded cell. Solutions containing F− and
Cl− are poured into the experimental container. After the solution temperature reached
40 ◦C, the stainless steel specimens are put into the solution. After a certain period, the
volume of the holes is measured by dropping mercury, and the corrosion development is
characterized according to the volume changes before and after the experiment. At least
five values were measured and averaged to get the volume change of the holes.

Figure 2. Schematic diagram of drilled 304 stainless steel specimens for simulating of occluded
cell corrosion.

3. Results and Discussion
3.1. Reliability of Simulated Occluded Corrosion Cell
3.1.1. Thickness of Simulated Rust Layer

The simulated rust layer as the ion migration channel directly affects the ion migration
from the external solution to the occluded area. Simulated rust layers, with thicknesses of
1, 2, 3, and 4 mm, were used to investigate the influence of different simulated rust layer
thicknesses on the ion migration. The primary solution is a (NH4)2SO4 solution (0.5%, wt),
to which NH4Cl (0.05 mol/L) and NH4F (0.05 mol/L) were added.
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As shown in Figure 3, The migration of SO4
2− is much higher than that of F− and Cl−

when a filter paper is used to simulate the rust layer. Since SO4
2− is divalent ions, it migrates

into the occluded area in preference to F− and Cl−. Filter paper has no ion selectivity, so
the migration of SO4

2− is the largest. The pH value of the final occluded solution is 5.64,
which is slightly lower than the initial pH value, and no obvious acidification effect is
shown. On the one hand, this is due to the limited Cl− migration, on the other hand, the
sealing effect of filter paper is not good, and a complete occluded area is not formed. With
the increase of the thickness of the simulated rust layer, the migration of SO4

2− tends to
decrease, indicating the enhancement of repulsion of SO4

2− by the simulated rust layer.
The measured zeta potential of the simulated rust layer is −16.47 mV, indicating that it
has a certain electrostatic repulsion effect for anions. Since the valence state of divalent
SO4

2− is higher than that of monovalent F− and Cl−, the electrostatic repulsion to SO4
2− is

stronger for the rust layer. With the decreased migration of SO4
2−, the migration of F− and

Cl− tends to increase slightly. In addition, the final pH of the solution in the occluded cell
decreases gradually with the increase of the simulated rust layer thickness, indicating that
the simulated rust layer has a good sealing effect; thus, acidifying the occluded solution.
Since the migrated ions and solution pH tend to be stable when the thickness was higher
than 3 mm, rust layers with thicknesses of 3 mm were used in the following experiments.

Figure 3. Influence of the thickness of the simulated rust layer on the migration of ions and final pH
of the occluded solution ((NH4)2SO4 (0.5%, wt), NH4Cl (0.05 mol/L), NH4F (0.05 mol/L)).

3.1.2. Stability of Online Monitoring Electrodes

Online monitoring electrodes are important to obtain ion concentration and pH of
the occluded solution, so their stability and precision should be guaranteed. Composite
electrodes, each based on F− and Cl−, and a pH electrode were calibrated with a mixed
standard solution containing Cl−, F−, and SO4

2− and were used to measure the ion
concentration and pH in the occluded area over a long duration. As shown in Figure 4,
the measured data were very stable during the long operation of the electrodes. The
measured F− concentration is slightly lower than the real value because the activity of F−

can be affected by other ions, causing the measured value of F− to decrease. The measured
Cl− concentration is slightly higher than the real value, and pH value increases slightly



Metals 2021, 11, 350 6 of 16

over time. However, the deviation of all three parameters is less than 3%. Therefore,
these electrodes, calibrated with the mixed standard solution, can eliminate the mutual
interferences between the co-existing ions and achieve long-term online monitoring of ion
concentration and pH in the occluded solution.

Figure 4. Long-term stability for the online monitoring of F−, Cl−, and pH using composite electrodes.

3.1.3. Simulation of the Development of the Occluded Corrosion Cell

To evaluate the operation reliability of the established occluded corrosion cell, a 72-h
long continuous experiment, under a voltage of 0.4 V was conducted, and the variation of
parameters obtained is shown in Figure 5. The dissolved oxygen was almost completely
consumed in the first 3 h, and the oxygen-free environment in the occluded area could be
well simulated [28]. The corrosion current was low and showed a slow and steady rise at
the beginning. After 40 h, the current began to decline, and the pH gradually decreased to
4.6. The Cl− concentration increased slowly in the first 30 h, then increased rapidly, and
gradually stabilized after 60 h. In the initial stage, Cl− began to enter the occluded solution,
and was not sufficient to start corrosion. With more Cl− entering the occluded solution,
the pH value of the solution decreased rapidly due to acidification autocatalysis, and the
Cl− concentration increased rapidly. In general, the development of the occluded cell is in
line with the acidizing autocatalysis principle, which indicates that the model can simulate
the development of occluded corrosion cell during localized corrosions [14,24].
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Figure 5. Variations of current, dissolved oxygen, solution pH, and Cl− concentration with long
duration ((NH4)2SO4 solution (0.5%, wt), NH4Cl (0.1 mol/L), NH4F (0.1 mol/L)).

3.2. Influence of F− on the Development of Occluded Cell Corrosion
3.2.1. Influence of F− on Corrosion Current

Current is an indicator for the development of occluded cell corrosion, and higher
current value demonstrates the rapid evolution of occluded area. To investigate the
influence of F− on the development of occluded cell corrosion, the variation of current
under different concentrations of F− are recorded at an applied voltage of 0.6 V (0.5%
(NH4)2SO4, 0.1 mol/L Cl−), and the results are shown in Figure 6. At first, a general trend
shows a slight rise, followed by a gradual decline, since the current is closely related to the
surface area of the anode. With the continuous dissolution of the anode in the occluded
cell, the exposed surface area of the anode tends to change. In the initial stage, the anode
reaction area may increase slightly due to corrosion, leading to the increase of corrosion
current. However, with the continuous dissolution of the anode, the surface area of the
anode tends to decrease; thus, reducing the corrosion current. In 0.1 mol/L Cl−, i.e., the
absence of F−, the corrosion current was large and decreased from the initial 57 mA to
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36 mA as the reaction proceeded. As the concentration of F− in the solution increased, the
corrosion current generally decreased. At a F− concentration greater than 0.2 mol/L, the
current decreased significantly and remained at a low value. It can be concluded that F−

has a significant influence on the development of occluded cell corrosion, which is highly
dependent on the F− concentration.

Figure 6. Variations of current as a function of F− concentration (0.5% (NH4)2SO4, 0.1 mol/L Cl−,
0.6 V).

Under an ideal electrochemical corrosion process, the relationship between the
corrosion-related weight loss of stainless steel and the power consumption can be ex-
pressed as follows:

∆W
Mr

· F · Z =
∫

idt

where ∆W (g) is weight loss, Mr (g/mol) is the molar mass of iron, Z is the valence state of
the iron ion, F (C/mol) is Faraday constant, I (A) is current, and t (s) is time.

The corresponding corrosion equivalent is calculated according to the weight loss of
the stainless steel anode, and the results are shown in Figure 7. Meanwhile, the integral
calculations of the occluded cell current under different F− concentrations (in Figure 6)
were carried out, and the comparison of calculated actual power consumption with the
corrosion equivalent is summarized in Figure 7. In the process of occluded cell corrosion,
most of the energy consumed is used for metal corrosion, while a small part is lost in
the system loop; thus, the corrosion equivalent and actual power consumption are not
completely consistent. Figure 7 shows that with the increased concentration of F−, the
corrosion equivalent and actual power consumption, both decrease gradually. For F−

concentrations less than 0.2 mol/L, i.e., F−/Cl− molar ratio ≤ 2, the current tends to
decrease with the increase of F− concentration; however, the decrease is small compared
with the case without F−. For F− concentration greater than 0.2 mol/L, i.e., F−/Cl− molar
ratio > 2, the anodic corrosion current decreases rapidly. Then the corrosion current keeps
stable when F−/Cl− molar ratio > 2. As is known, the corrosion ratio is highly related
with the corrosion current and the consumed power during the electrochemical corrosion
process, so the reduction of power consumption with the increase of F− concentration
shows that F− has an inhibition effect on the anodic corrosion in the occluded cell [24].
The obvious decrease of power consumption when F−/Cl− molar ratio > 2 indicates
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that molar ratio = 2 is the threshold molar ratio for the significant corrosion inhibition of
stainless steel [9].

Figure 7. Corrosion and electric equivalent consumption under different F− concentrations (0.5%
(NH4)2SO4, 0.1 mol/L Cl−, 0.6 V).

3.2.2. Influence of F− Concentration on the Migration of Cl−

The concentration changes of F− and Cl− in the occlusion area with different F−

concentrations is shown in Figure 8. When the F− concentration is below 0.2 mol/L, the
migrated amount of F− is negative; however, this result does not imply that the F− has not
migrated. F− can combine with H+ to form HF, and F− can also combine with metal ions, so
it no longer exists in an ionic state, both of which cannot be detected by the F− ion-selective
electrode. When the concentration of F− is higher than 0.2 mol/L, the migration amount of
F− increases significantly, indicating that a large amount of F− migrates from the external
solution to the occlusion area. Meanwhile, with the increase of F− concentration, the con-
centration of Cl− in the occluded area tends to decrease continuously from 127.55 mmol/L
to 26.91 mmol/L, suggesting competitive migration between F− and Cl−. The hydration
ion radii of F− and Cl− are close to each other, i.e., 0.352 nm and 0.332 nm, respectively [29].
At the same time, F− is more electronegative than Cl−, so F− can pass through the rust
layer into the occluded cell. When the concentration of F− is higher than Cl−, its migration
is also higher, resulting in the reduction of Cl− migration.

The change of pH value can reflect the degree of acidification of the occluded solution,
which is the key indicator of the corrosion development of the occluded cell. The pH
changes in the occluded solution under different F− concentrations were analyzed, as
shown in Figure 9. In the absence of F−, the pH value of the occluded solution stabilized
to 2.7 under the action of acidification autocatalysis, which was consistent with previous
studies [24]. With the increase of F− concentration, the final pH of the solution gradually
increased, indicating that the acidification degree of the occluded solution gradually de-
creased. When the concentration of F− was greater than 0.2 mol/L, i.e., the F−/Cl− molar
ratio was greater than 2, the pH of the occluded solution did not decrease significantly
within 24 h. After migrating into the occluded solution, F− tends to combine with H+ to
form HF, which is a thermodynamically stable, weak acid [30]. The dissociation constant of
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HF (pKa = 3.17) is 13 orders of magnitude higher than that of HCl (pKa = −8), i.e., F− has
a strong ability to combine with H+. When pH < 3, F− mainly exists in the form of HF or
HF2

− [31]. Thus, the concentration of H+ tends to be reduced, and the decrease in pH of
the solution can be inhibited; thus, effectively suppressing the acidification autocatalysis
process in the occluded cell [9,32].

Figure 8. Migrated F− and Cl− in the occluded cell with different concentrations of F− (0.5%
(NH4)2SO4, 0.1 mol/L Cl−, the value is the difference of the final concentration and initial concentra-
tion of ions in the occluded cell).

Figure 9. Effect of F− on the pH of occluded cell solution (0.5% (NH4)2SO4, 0.1 mol/L Cl−).
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3.2.3. XPS Analysis

XPS was used to analyze the corrosion specimens inside the occluded area, and the
results were compared with those of the blank specimens, as shown in Figure 10. The
full spectrum shows that the characteristic peak of the element F appears in the energy
spectrum for the case containing F− (Figure 10a). This indicates that there are species
containing F−, attached to the surface of the specimen after the reaction. By analyzing the
energy spectrum of F, it was found that the corrosion products have obvious characteristic
peaks at binding energies 684.9 eV and 684.2 eV, which can be attributed to metal fluorides
such as FeF2 [33]. The energy spectra of the element Fe obtained from the corrosion
products, and blank specimen have characteristic peaks at 711.5 eV and 725.1 eV, which
can be attributed to Fe2O3 [34]. The characteristic peaks at 714.3 eV and 727.9 eV in the
energy spectra of the corrosion products, can be attributed to FeF2, combining with the F
1s energy spectrum. The characteristic peaks of FeF2 are more obvious when Fe 2p spectra
of specimens with and without F− are superimposed (insert in Figure 10c). The element Cr
(Figure 10(d)) appears as characteristic peaks of Cr 2p3/2 at 577.4 eV and 579.7 eV, where
the former is attributed to CrO3, and the latter is attributed to CrF3. The Cr 2p energy
spectrum (587.5 eV) shifts towards a lower binding energy (587.0 eV) when F− is existed
in the solution (insert in Figure 10d), which may be due to the formation of fluoride. In
conclusion, in the solution containing F−, F− can generate semi-soluble corrosion products
with Fe and Cr (for example, FeF2) and attach to the surface of the stainless steel; thus,
inhibiting the corrosion of steel.

Figure 10. XPS spectra ((a) full spectrum, (b) F 1s, (c) Fe 2p, and (d) Cr 2p) of the specimens in the
occluded area with and without F− (inserts in Figure 10c,d are the overlapped spectra of Fe 2p and
Cr 2p with and without F−, respectively) (0.5% (NH4)2SO4, 0.1 mol/L Cl−).

The XPS energy spectrum analysis was performed on the specimens with different
F− concentrations, as shown in Figure 11. The concentration of Cl− was maintained at
0.1 mol/L for all the cases, and F− concentration was varied as follows, 0, 0.05, 0.2, and
0.3 mol/L. Combined with the XPS analysis from Figure 10, the characteristic peaks of Fe
2p3/2 at 707.5 eV and 711.8 eV, can be attributed to elemental Fe and Fe2O3, respectively, in
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the absence of F− [35]. After the addition of F−, Fe tended to appear mainly as Fe2O3 and
FeF2, with binding energies of 711 eV and 714 eV, respectively. Additionally, Cr formed
mainly Cr2O3 and CrF3, with binding energies of 577.4 eV and 579.7 eV, respectively [36,37].
With the increase of F− concentration from 0.05 to 0.3 mol/L, the peak area of F 1s first
increased and then decreased, which could be attributed to the metal fluoride concentration.
Firstly, with the increase in F− concentration, the reaction of F− with metal ions tends to
increase, and the amount of metal fluoride attached to the surface of the specimens also
increases. As F− concentration continues to increase, corrosion tends to be inhibited, and
hydrolysis of metal in the occluded area slows to a certain extent. Thus, the metal ion
concentration decreases, and the metal fluoride generated is slightly reduced.

Figure 11. XPS spectra ((a) full spectrum, (b) F 1s, (c) Fe 2p, and (d) Cr 2p) of the corrosion products
on stainless steel specimens at different F− concentrations at a fixed Cl− concentration of 0.1 mol/L.

3.3. Influence of F− on the Corrosion of Drilled Holes for the Simulation of Occluded Cells

To investigate the influence of F− on the internal corrosion rate of the simulated block
cell, different concentrations of F− were added to the simulated desulfurization slurry with
0.5% (NH4)2SO4 and Cl− concentrations of 0.01, 0.05, and 0.5 mol/L. Figure 12a–c shows
that with the increase in the concentration of Cl−, the corrosion rate in the drilled hole
increases, indicating aggravated corrosion in the occluded area [7]. When the concentration
of Cl− is 0.01 mol/L (Figure 12a), the corrosion rate tends to increase with the increase in
F− concentration, reaching a maximum at 0.04 mol/L. Subsequently, the corrosion rate
gradually decreases with the increase of F− concentration and is lower than that obtained in
the absence of F−. For Cl− concentrations of 0.05 and 0.1 mol/L (Figure 12b,c, respectively),
the corrosion rate in the drilled hole changes with the increase of concentration of F−,
which is approximately the same trend. When the corrosion rate is lower than that for
the case without F−, i.e., when the corrosion in the drilled holes is inhibited, the molar
ratios of F− and Cl− are 20, 16, and 15, in the three cases, indicating that the inhibition
of F− is not only related to the ratio of the two ions but also related to the concentration
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of Cl− [9]. Compared with the experimental results of the simulated occluded cell, the
corrosion rate in the borehole tends to increase instead of consistently decreasing when a
small amount of F− was added to the solution. At the same time, the molar ratio of F− to
Cl− was higher than that of the simulated occluded cell (F−/Cl− > 2), when the corrosion
was significantly inhibited. The simulated occluded cell was powered by a potentiostat,
and a stable voltage was supplied, to continue the process of corrosion, which was seen
to take place spontaneously inside the borehole. For the case of a low concentration F−,
the solution conductance tends to increase, which promotes corrosion. Thus, corrosion
inhibition only takes place in the case of high concentrations of F−.

Figure 12. F− concentration-dependent variations of the corrosion rate in the drilled hole under Cl−

concentrations of (a) 0.01, (b) 0.05, and (c) 0.1 mol/L (0.5%(NH4)2SO4).
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In conclusion, the F− shows an inhibitory effect on the propagation of localized oc-
cluded cell corrosion of 304 stainless steel in the presence of Cl−. As shown in Scheme 1a,
when Cl− solely exists and migrates into the occluded area through rust layer, the propa-
gation of occluded area follows the acidification autocatalytic process. When F− and Cl−

coexists (Scheme 1b), F− shows an obvious inhibition effect on the localized corrosion at
occluded cell corrosion stage, the reasons are as follows: (1) There is competitive migra-
tion between F− and Cl−, and high concentration of F− can reduce the migration of Cl−;
thus, inhibiting the acidification autocatalytic process mediated by Cl−; (2) after migrating
into the occluded area, F− tends to combine with H+ in the occluded solution to form a
thermodynamically stable weak acid HF, reducing the concentration of H+ and preventing
the pH value from becoming too low; and (3) F− tends to react with metal ions and form
semi-soluble FeF2 and CrF3, which are attached on the inner surface of occluded area to
prevent further corrosion. The coupling of the above mechanisms resulted in the inhibition
of the corrosion in occluded area.

Scheme 1. (a) Corrosion propagation of stainless steel with the existence of Cl− and (b) the inhibition
mechanism of F− with the coexistence of Cl−.

4. Conclusions

The influence of F− on the development of localized corrosion of 304 stainless steel
in the occluded cell corrosion stage has been investigated using a simulated occluded
corrosion cell and drilled specimens. By using the present simulated occluded corrosion
cell, it can be concluded that when the F− concentration is higher than 0.2 mol/L, i.e.,
F−/Cl− molar ratio > 2, the corrosion current drops sharply, and the corrosion rate sig-
nificantly decreases. The results demonstrated that the corrosion of the occluded cell of
304 stainless steel could be inhibited by F−, and the localized corrosion in the propagation
stage could be restrained due to the reduction of migrated Cl− in occluded area caused
by the competitive migration of F−, alleviating of acidification in occluded area through
the combination of F− with H+, and the formation of protective semi-soluble films by F−

and metallic ions. For the borehole simulation experiment, the corrosion inhibition of F−

is verified, even the influence of F− on the corrosion in the drilled holes is different from
that of simulated occluded area. It is indicated that the simulated occluded cell model
adopted in this study can partly restore the actual corrosion situation, which has practical
application and significance for processes involving localized corrosion in metals and needs
further investigation.
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