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Effect of Chloride on the Atmospheric Corrosion of Cast Iron
in Sulphur or Nitrogen-Bearing Pollutant Environment*
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Abstract The effect of chloride on the atmospheric corrosion of cast iron in sulphur or nitrogen-bearing pollutant
was investigated by using periodic wet-dry test, electrochemical experiment and surface tension test. Scanning
electron microscopy coupled with energy dispersive atomic (EDAX) and stereoscopic microscopy was used to identify
the corrosion processes and products. Cl~ and NOJ were shown accelerating effects during the whole corrosion
process but depression effects were observed in O~ and HSOj bearing pollutant at the initial corrosion stage.
However, with the corrosion going on, the depression effects was less obviously and the initial corrosion process was
investigated from the viewpoint of surface activity. At the initial corrosion stage, the corrosion rate was proportional
to the adsorptivity of anions, but as corrosion went on, the penetration effect of anions and different characteristics
of the corrosion products began to dominate the corrosion process, which led to changes on the corrosion rate.
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1 INTRODUCTION

The effects of air pollutants and climatic param-
eters on the atmospheric corrosion of metal and its
simulation have been the topics of several fields and
laboratory studies. It is generally agreed that besides
humidity and wetness time, deposition of sulfur diox-
ide, nitrogen dioxide and Cl~ as well as the pH value
of rainfall are major factors determining the corro-
sion rate of metal. Many studies have focused on
the synergism between two of the pollutants!! =3/ It
has been found, for example, that at high relative hu-
midity, aluminum and iron do not show SO2+NO,
synergism®l, and that for steel is negligiblel®l. For
metals with a protecting oxide film, NO; may even
act as an inhibitor; otherwise, there seems to be syn-
ergistic effects'®). In some investigations!®, synergistic
effects of simultaneous interaction of SO+ Cl™ with
carbon steel have been observed. However, few stud-
ies were reported about the effect of chloride on the
whole atmospheric corrosion process of cast iron in
sulphur or nitrogen-bearing pollutant with grey cast
iron simulating iron artifacts.

In the present study, corrosion behavior of simu-
lated archaeological iron in NO3, HSO;, C17+NOj ,
and C1~+HSOj3 bearing pollutants are comparatively
investigated by means of mass loss measurement, elec-
trochemical measurement and surface tension test as
well as other analytical techniques. The main pur-
pose is to study the effects of chloride on atmospheric
corrosion of cast iron in sulphur or nitrogen-bearing
pollutant with grey cast iron simulating iron artifacts.

2 EXPERIMENTAL
2.1 Preparation of specimen
The specimens used were grey cast iron to simulate
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cast iron artifacts, so the corrosion process would be in
some ways similar to that observed in the field. Table
1 lists the chemical composition of cast iron simulat-
ing archaeological iron. The specimens were sectioned
into 70mm by 30mm by 2mm. They were grinded
with 150-grit silicon carbide paper and finished with
600-grit paper. Then the specimens were ultrasoni-
cally washed in acetone and methanol, quickly dried
and kept in a nitrogen atmosphere prior to the test.

Table 1 The chemical composition of cast iron
simulating archaeological iron (%)

C Si S P Mn Fe
3.00 1.84 0.089 0.097 0.083 rest

2.2 Interfacial tension test

Interfacial tension test was accomplished by
a video frequency optical contact angle measurer
(OCAZO). The effects of the anions on the interfa-
cial tension were determined by measuring the re-
spective contact angles of their solutions on the cast
iron. To make the macro size solution droplet, 10—
100 g solution was put on to the metal using a suitable
micro-syringe. Macro size droplets with the diameter
of 0.5—5mm salt solutions were placed onto a metal
specimen. Then the edge and the region around it
were observed carefully by a laser microscope. Wave
length of the laser was 632.8 nm for this experiment.
2.3 Periodic wet-dry test

The periodic wet-dry test was performed
in 0.01mol-L-! NaNOj;, 0.01 mol-L.=! NaNO;-+
0.002mol.L-! NaCl and 0.01mol-L~! NaHSO,.

0.01 mol-L~! NaHSO3+0.002 mol-L~! NaCl solutions
of pH=5 respectively in 1L flasks at 35°C, which
consisted of alternating wet periods of 10min (in
solution) and dry periods of 50min (ambient tem-
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perature). The corrosion rate was calculated by mass
loss at periods of 24, 48, 72 and 84 cycles. Three spec-
imens were taken out each time and rinsed with dis-
tilled water, degreased and scrubbed with cotton balls
to remove the corrosion products. The remainder of
the corrosion products was immersed in 50% H2SO4
at ambient temperature. In the end specimens were
dried in oven at 80°C for one hour and weighed to
within 0.1 mg.

2.4 Electrochemical polarization test

Electrochemical polarization tests were accom-
plished by using a Corrtest instrument. The po-
tentiostat was programmed to apply a continuously
varying potential to the sample from —-0.5 to 0.5V.
All potentials were measured versus the open cir-
cuit potential. Polarization curves were produced in
0.01 mol-L~! NaNO; aqueous solution, 0.01 mol-L~!
NaNO3+0.002 mol-L.~! NaCl aqueous solution and
0.01 mol-L=! NaHSO3 aqueous solution, 0.01 mol-L~?
NaHSO3+0.002mol-L~! NaCl aqueous solution re-
spectively at a sweep rate of 0.5mV-s~' after stabi-
lization of the open circuit potential.

Electrochemical impedance measurements were
performed to evaluate the protection performance
of the corrosion products formed after the periodic
wet-dry test. An M398 corrosion measurement sys-
tem manmufactured by EG&G was used to under-
take electrochemical impedance (EIS) measurements.
A Princeton flat cell three-electrode system was se-
lected in which the reference electrode was a satu-
rated calomel electrode (SCE), and the counter elec-
trode was a platinum foil. The 10 mmx 10 mm exposed
area of specimens was prepared as described above,
and other surfaces were shielded with epoxy. A sine
wave amplitude of 10mV and a frequency range of
100 kHz—10 MHz were used.

2.5 Analysis methods

Corrosion products on the rusted specimen vere
examined by scanning electron microscopy (SEM).
SEM observations were made by using a Philips
515 microscope, which was coupled with a 9100 en-
ergy dispersive Atomic (EDAX) for surface analysis.
SEM and EDAX data were used to characterize the
morphology and chemical heterogeneities of corrosion
products.

3 RESULTS AND DISCUSSION
3.1 Surface tension test

The ion adsorption at the interface between elec-
trode and solution has significant effects on the ki-
netics of electrode processes. Different ion has dif-
ferent adsorption ability and most inorganic anions
are obedient to typical ion adsorption rules because
most anions are surfactants. The adsorption of an-
ions can not only change the electrode surface staves
and double layer distribution, but also affect bcth
the concentration of reactants and the activation en-
ergy on the electrode. Thus the reaction rate wold
vary even though the anions themselves do not take
part in any reaction. Of course the reaction kinet-
ics will be directly affected if these ions participate
in the reactions. The surface tension and adsorp-
tion ability can be quantified and compared by mea-
suring the respective contact angles. Photos of the
macro-size droplets placed on the metal specimen were
shown in Fig.1l. Contact angles of the three soli-
tions on the iron specimen were shown in Table 2.
From these data, we can judge easily that the adsorp-
tion inclination on cast iron electrode is 0.01 mol-L~!
NaHSO3; > 0.0lmol-L~! NaHSO3+0.002mol-L~?
NaCl, 0.01mol-L~! NaNO3+0.002mol-L~* NaCl:>
0.01 mol-L~! NaNOj. The stronger the absorption
ability of the anion is, the more probability it will
have to attack the metal at the initial corrosion stage.

(a) (b)

(c) (d)

Figure 1 Pictures of micro-droplets on the cast iron
(a) NaNOg; (b) NaNO3+NaCl; (c) NaHSOj3; (d) NaHSO3+NaCl

Table 2 Contact angles of the drop on solution/iron interface
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Chinese J. Ch. E. 13 (6) 776 (2005)



778 Chinese J. Ch. E. (Vol. 13, No. 8)

3.2 Mass loss measurement

Corrosion rates of the cast iron simulated iron
artifacts were determined by using mass loss measure-
ment. Corrosion rates were only recorded when the
specimen had already been uniformly corroded. Vari-
ation of the corrosion rate induced by 0.002 mol-L~!
NaCl+0.01 mol-L~! NaNOj, 0.01mol-L."! NaNOj,
0.01mol-L~! NaHS03+40.002mol-.L~' NaCl and
0.01 mol-L~! NaHSOj; solution of pH=5 during pe-
riodic wet-dry tests is shown in Fig. 2. It was clearly
observed that the corrosion rates were all high during
the initial stage of the test and dropped notably as
time elapsed. The differences between the corrosion
rates at the early corrosion stage were obvious. How-
ever, as time advanced, the corrosion rate dropped
and the differences were less significant. Corrosion
rate of specimen induced by NaCl4+NaNOQOj solution
was much higher than that induced by NaNOg solu-
tion, and dropped more slowly at the later period.
However, the corrosion rate of specimen induced by
NaHSO3+NaCl solution was much lower than that
induced by NaHSQ3 solution at the initial stage and
dropped more slowly as corrosion progressed. This is
contrast to that induced by NaHSOj; solution which
dropped sharply. At the late period, the corrosion rate
induced by NaHS803+NaCl was close to that induced
by NaHSOs;.

corrosion rate , g-m 2. h~!
o

20 30 40 50 60 70 80 90
time , h
Figure 2 Corrosion rate curves induced by
0.01 mol-L-! NaNOjs aqueous solution, 0.01 mol-L~1
NaNO3+40.002 mol-L~? NaCl aqueous solution and
0.01 mol.L~! NaHSO3 aqueous, 0,01 mol-L~?
NaHS03+0.002 mol-L~! NaCl aqueous solution in
periodic wet-dry-cyclic test
1—NaHS03; 2—NaHS03+NaCl;
3—NaNO3;+NaCl; 4—NaNO3

It can be concluded that when Cl™ is present in
NaNOj; bearing pollutant, the attack to iron is accel-
erated and accelerated effect is obvious; when Cl™ is
present in NaHSOj; bearing pollutant, the attack to
iron is inhibited at the initial corrosion stage. And it
is less inhibited with the corrosion proceeding. The
law of corrosion rate at the initial stage shows great
agreement with the adsorption ability of anions con-
tained in the solution. The higher the absorption abil-
ity the anion has, the heavier its attack on the metal is.
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The different characteristics of the corrosion products
and the different penetration ability of anions may be
the two key factors that affect the corrosion rate at
the later stage, whereas the radius of chloride is very
small. When Cl~ exists in NO; and HSOj3 bearing
environment, its high penetration ability would cause
heavy attack on iron in spite of the thickness of the

rust layers.
3.3 Electrochemical test

Figure 3(a) illustrates the potentiodynamic
polarization curves of bared specimens in

0.01 mol-L~! NaNOj aqueous solution, 0.01 mol-L~*
NaNO3+0.002mol-L=! NaCl aqueous solution of
pH=5, and Fig. 3(b) shows the Potentiodynamic po-
larization curves of bare specimens in 0.01 mol-L~*
NaHSO3+0.002 mol-L~! NaCl aqueous solution and
0.01 mol-L~! NaHSO3; aqueous solution of pH=5. It
is worth noting that there was little difference in cor-
rosion rates from the mass loss measurements. It
was likely that there was not enough time to form a
protective layer on the specimen surface because the
polarization test was made very rapidly.

As can be seen from Figs. 3(a) and (b), when NaCl
was added into NaNO3 aqueous solution, the open cir-
cuit potential decreased. Anodic current density in-
creased remarkably along with the increasing applied
anodic potential. Corrosion current of specimen in-
duced by NaCl+NaNOQOj aqueous solution was much
higher than that induced by NaNO; aqueous solution
at the same potential. This is accordant with the
result of mass loss measurement at the initial stage
and the result of surface tension tests. When NaCl
was added into NaHSOj3 aqueous solution, the open
circuit potential increased. The corrosion current of
specimen induced by NaHSO3;+NaCl aqueous solu-
tion was much lower than that induced by NaHSO;
aqueous solution below —0.63 V. However, when the
applied potential increased, corrosion current of spec-
imen induced by NaHS03;+NaCl aqueous solution ex-
ceeded that induced by NaHSOj3; aqueous solution.
This shows great agreement with the result of mass
loss measurements.

The influence of the rust structure on the speci-
mens was further investigated by measurements of the
electrochemical impedance. In order to evaluate the
protection performance of the rust, impedance mea-
surement of various rusted specimen was carried out in
0.01 mol-L~! NaCl aqueous solution. The EIS data are
showed in Figs.4 and 5. It can be seen in Fig. 4 that
the two impedance spectrums have the same charac-
teristics. Both low frequency parts of the impedance
show the feature of Warburg impedance. Here the
system was affected by concentration relaxation, the
phase angle of the diffusion tail deviates from 45 de-
gree. Compared with that induced by NaCl4+NaNOs
aqueous solution, the Warburg impedance value of
the rust layer induced by NaNOj is obviously higher,
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which shows stronger inhibition effect on the transfer
of corrosion medium to the electrode surface, thus the
protection for the metal substrate is better.

02

L R " R S
lgi
(a) 1—NaNOs; 2—NaNO3+NaCl

0

~14L . .
-7 -6 -5 -4 -3 -2
lgi
(b) 1—NaNSO3+NaCl; 2—NaHSO3

Figure 3 Polarization curves of bare iron in (a)
0.01 mol-L—! NaNOjs aqueous solution, 0.01 mol-L~1
NaNO3+0.002 mol-L~! NaCl aqueous solution and in
(b) 0.01 mol-L~* NaHSOj; aqueous solution,
0.01 mol-L~! NaHSO3+0.002 mol-L.~! NaCl aqueous
solution solutions of pH=5
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Figure 4 EIS for the rusted specimen induced by
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Figure 5 EIS for the rusted specimen induced by
NaHSOs and NaHSO3+NaCl
B NaHSOj3; A NaHSO3+NaCl

EIS of the rusted specimen induced by NaHSOj3
aqueous solution has different characteristics. Its low
frequency(LF) part transits from a semi-circle to a
line whose slant angle is 45°. This feature manifests
the control of concentration polarization. The tiny
arc presented within the high frequency part of the
capacitance reactance curve manifests that the rusted
layer formed on the specimen surface has kept corro-
sion medium from reaching the metal substrate. The
corrosion products have some protection effects on the
metal base.

In the solution containing both NaCl and NaHSO3,
the EIS is a single capacitance reactance arc belong-
ing to a caked circle of big radius. The caked semicir-
cle shows that the surface double layer has deviated
from ideal capacitor and the polyphase and complex
structure of the surface has resulted in diffusion phe-
nomenon.

3.4 Surface analysis

Generally speaking, rusts have important effects
on the subsequent corrosion rate. The rusted spec-
imen were kept in 100% RH and studied under mi-
croscopy to compare their micro-morphology after 72
cycles. As shown in Figs.6(b, d), weeping ("] (other
descriptive terms “yellow beads of liquid or brown
globules of liquid”) is observed clearly, which may be
due to the presence of Cl~. The same phenomena do
not appear in the specimens immersed in NaNQj and
NaHSOj3 solutions as shown in Figs. 6 (a, ¢). Fig. 6(a)
exhibits a uniform and compact corrosion layer. In
contrast, Figs.6(b, ¢, d) demonstrated a more severe
attack on the rust layer.

To analyze the effects of the rust layer, SEM cou-
pled with EDAX analysis patterns were used for iden-
tifying the constituents of rust layer formed on the
specimens just after 48 cycles. SEM and EDAX anal-
ysis on the samples after period test in four different
solutions are shown in Figs. (7)—(10).
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(a) (b

(c) (d)

Figure 8 Micrograph of the rust samples induced by: (a) NOy, (b) NOg +NaCl, (c) HSOg, (d) HSOy 4NaCl
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Figure 8 SEM micrographs and EDAX analysis of rusted sample induced by NaNOj3+NaCl after 48 cycles

SEM micrographs shows that attack on the speci-
men induced by NaHSO3; environment is stronger than
that induced by NaNOj environment as presented by
the stereoscope. When Cl~ ions were present in the
solution, the rusted layers of the specimen seemed to
be much rougher than that induced by the other two
monocomponent solutions. This was one of the rea-
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sons why the corrosion rate at the late periods was
higher than that in the monocomponent solution.
There were wide pits as observed in Figs. 8 and 10.
Cl was found in every pit. EDAX analysis on cor-
rosion products shows that flat areas where uniform
corrosion is observed in Fig. 7 contains lower content
of O. The ratio of O to Fe in the corrosion product
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Figure 8 SEM micrographs and EDAX analysis of rusted sample induced by NaHSOg3 after 48 cycles
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Figure 10 SEM micrographs and EDAX analysis of rusted sample induced by NaHSO3+NaCl after 48 cycles

was nearly 2:1 in NO3 bearing environment. This
might be attributed to the existence of a large mount
of FeOOH. In other word more Fe®' existed in the
rust layer induced by NaNQj;. At the same time,
minor constituent of “N” was present in the corro-
sion product which can be assigned to the soluble ni-
trate formed during the corrosion process. If chlo-
ride is present in NaNOj; solution, the ratio of O to
Fe in the product increases. Absolutely more Cl is
found as Fig.8 shown. This can be attributed to
the formation of GR1®l (green rust 1), whose for-
mula is 3Fe(OH)z-Fe(OH),Cl-nH,0 which was insol-
uble. GRI1 obtained in these conditions is. unstable
and can be oxidized to lepidocrocite (y-FeOOH) by
rapid aerial oxidation and magnetite (Fe304) by slow
aerial oxidation®!. In Figs.9 and 10, higher ratios of
O to Fe were also observed, which are 3.4:1 and 2.5:1,
respectively. A great deal of “S” is found in Fig. 10
and a great deal of “S” together with a minor of “CI”
is found in Fig.11. This should be attributed to the
generation of such resultants as FeSO4 -nH20 or GR1.

That is to say that the high ratio of O to Fe demon-
strates the existence of Fe?*.

The micro-morphology and the constituent of the
corrosion products revealed good agreement with the
corrosion rates at the late corrosion stage estimated
from the mass loss measurements and the electrochem-
ical tests. Cl™ ions contribute to the corrosion with
the corrosion processing.

As an active oxidizer, HNO3 produced during the
corrosion process can oxidize Fe and Fe?t to Fedt,
which inhibits the formation of Fe?t state. O, reduc-
tion reaction is more inclined to take place where the
mount of Fe?* is high, so the concentration of Fe?t
ions at the outmost part of the oxide surface could de-
termine the kinetics of the Oy reduction!%). Besides
this, good protection performance of the rust layer
induced by NOj as shown in Fig.4 and the poor pen-
etration ability of NO3 ion were other reasons why
the corrosion rate of iron in NO3 bearing pollutants
was the lowest.

However when CI~ is present in NOJ bearing pol-
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lutants, the surface tension decreases. More NOj3 ions
together with Cl~ ions are adsorbed on the surface of
electrode. Corrosion rate is accelerated at the initial
corrosion stage. Meanwhile more Fe?* is produced
during the corrosion process which also promotes the
dissolution of cast iron. It had been reported!!! that
CI™ inhibits the phase transformation from y-FeOOH
to the more stable a-FeOOH. With the corrosion go-
ing on, the poor protection performance of the rusted
layer as Fig. 4 presented and the high mobility of C]1™
also accelerates the corrosion process.

The corrosion mechanisms for iron corrosion in the
presence of sulfite and chloride are similar. The whole
corrosion process proceeds according to “the acid re-
generation cycle mechanism”. However, there are still
many differences during the process. Compared with
Cl~ ions, the effect of HSO3 on the iron corrosion
is stronger at the initial stage, which is related to its
even higher surface activity. Meanwhile SO, is gener-
ated during the corrosion reaction, which can substi-
tute for oxygen to participate in the corrosion process
as a depolarizer. This can contribute to the anodic
dissolution and cause the generation of FeS04-TH,0,
FeSO4-9H;0 and v-FeOOH whose protection for the
substrate were weak12l. As seen from Figs.6(c) and
9, the rust layer is rough.

When Cl~ is present in HSO3 bearing pollutant,
concentration of HSO3 ions on the surface of elec-
trode absolutely decreases. For one reason the ad-
sorption ability of solution decreased and for another
reason competitive adsorption occurred. Meanwhile
the effect of Cl™ ion on the corrosion of the speci-
men is weaker than that of HSOj ions at the initial
stage, so the corrosion rate induced by Cl~+ HSO3
is much lower than that induced in NaHSOj; at the
initial time. However, as presented above, Cl™ can
inhibit the phase transformation from y-FeOOH to a-
FeOOH, which makes the protection performance of
rust layer even weaker. Taking note of the penetration
effect of Cl™, it can be understood that the corrosion
rate in the multicomponent was higher than that in
monocomponent solution of NaHSOj at the late stage
when minor Cl™ ions were present in NaHSO3 envi-
ronment.

4 CONCLUSIONS

(1) The attack of anions to the metal at initial cor-
rosion stage show great agreement with their surface
activity. However, as corrosion went on, the penetra-
tion effect of anions together with the different char-
acteristics of the corrosion products came to control
the corrosion process.
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(2) When minor Cl~ was present in NO; aque-
ous solution, iron shows accelerated corrosion which
was chiefly due to the increase of surface activity at
the initial corrosion stage and the penetration effect
of Cl~ at the late corrosion periods.

(3) When minor Cl~ was present in of HSO3 , Cor-
rosion rate was inhibited at the initial corrosion stage
which was due to the decrease of surface activity and
was less inhibited at the late corrosion stage which
was mainly due to the penetration effect of Cl™.

NOMENCLATURE
E electric potential, V
P current density, A-cm~2

RH relative humidity
Z'  real resistance impedance, ohm-cm?

Z"  imaginative resistance impedance, ohm-cm?
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