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Abstract Corrosion performance of carbon steel in CO, aqueous environment containing silty sand with different sizes
was investigated by immersion tests and electrochemical measurements. Silty sand could form an adsorption layer on steel
surface in initial period, and the sand adsorption layer was turned into a mixture film of silty sand with corrosion product in
last period. The adsorption layer in 325 mesh condition (large size) had the fewest pores for H,CO; transport, exhibiting
the highest cathodic current inhibition. In spite of little corrosion product, the sand adsorption film formed in 325 mesh
condition induced the lowest corrosion rate. For 1000 and 5000 mesh silty sand, the sand adsorption layer had some pores
for H,COj transport, leading to low cathodic current inhibition and much matrix dissolution. But the adsorption layer for
5000 mesh silty sand (small size) had the largest special surface area to accelerate heterogeneous precipitation of corrosion
product FeCO;. Therefore, the mixture film in 5000 mesh condition was more compact, exhibiting stronger anodic
inhibition and lower corrosion rate than those in 1000 mesh condition.
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1 Introduction electrode reaction area [3, 4]. Many studies indicated that

the corrosion product film could be damaged by sand-

Many components and facilities made of carbon steel were
exposed to CO, aqueous environment and CO, corrosion
occurred on steel surface [1]. The precipitation of corrosion
product FeCO5; would occur on steel surface or within the
pores of a given porous surface film [2]. Usually, the
corrosion product could exist as a complete film, which
could affect the following corrosion process by changing
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containing fluid impact, and accordingly, CO, corrosion in
practical production system was accelerated due to the
mechanical damage by sand [5, 6]. But up to now, seldom
research was carried out on the effect of sand on CO,
corrosion process beyond its common mechanical aspect
on erosion—corrosion. The clarification of erosion—corro-
sion mechanism was limited without the sufficient under-
standing about the effect of sand on the formation of
corrosion product film.

Silty sand, the size of which was below 50 um, could
pass through the screen [7-9] and was commonly sus-
pended in practical CO, aqueous environment when most
of sand with large size was screened [10-13]. Wong et al.
performed experimental tests and CFD modeling of silica
sand particles erosion in a pipe annular cavity [14]. The
results showed that the predicated erosion—corrosion rate in
198-um particles was in good agreement with experimental
values, while that for 38-pum particles was overpredicted.
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Mansouri et al. also found that the erosion—corrosion
results were overpredicted in small particles (25 pm)
condition using CFD modeling [15]. These results
demonstrated that silty sand might play an important role in
the fluid besides its mechanical damage during erosion.
Thus, the research on silty sand in the fluid is practically
significant in clarifying the effect of sand with small size
on corrosion behavior. In our previous research on carbon
steel, the single size of silty sand was focused on, and it
was found that silty sand could attend the formation of
corrosion product film, affecting the surface electrochem-
ical process [16]. Nevertheless, in practical oil and gas
production and transportation system, the size of silty sand
varied from 0 to 50 um [9, 17]. The effect of silty sand
with different sizes on CO, corrosion of carbon steel is still
insufficient, which could probably limit the sufficient
understanding on CO, corrosion process and regularity of
carbon steel in practical product environment. Our present
research aimed to the above important concern, trying to
give further investigation on the effect of the size of silty
sand on CO, corrosion of carbon steel, which could be
beneficial to help the control of practical CO, corrosion.

2 Experimental
2.1 Material and Solution

The chemical composition of X70 carbon steel and test
solution is shown in Tables 1 and 2. The specimens of
14 mm x 10 mm x 5 mm and 10 mm x 10 mm x 3 mm
were used for immersion tests and electrochemical measure-
ments, respectively. Specimen surface was ground with 360-,
600- and 800-grid SiC abrasive papers in sequence, degreased
by acetone, rinsed by alcohol and then dried by cool air. The
test solution, which was made up with analytical grade
reagents and deionized water, simulated the produced water in
an oil field. CO, gas was introduced into the solution for 12 h
before pouring the solution into the test equipment. Three
sizes of silty sand, i.e., 325 mesh (45 pm), 1000 mesh (13 pum)
and 5000 mesh (2.6 um), were used, the composition of which
was silicon dioxide.

Table 1 Chemical composition of X70 steel (wWt%)

2.2 Immersion Tests

Figure la shows the schematic of immersion test equip-
ment. Specimens were vertically installed in the fixture
against the equipment wall. 1 wt% silty sand mixed with
the test solution uniformly by magnetic stirrer at the
rotating speed of 600 r/min. The immersion test in sand-
free condition at the same rotating speed was also per-
formed for comparison. The test temperature was 80 °C,
and the immersion duration was 168 h. CO, gas was
continuously introduced into the solution at atmospheric
pressure and the flow rate of 100 mL/min during immer-
sion tests.

At each immersion test, three specimens were used for
corrosion mass loss tests and the original weight of each
specimen was measured by the electronic analytical bal-
ance with an accuracy of 0.1 mg. After the corrosion film
on specimen surface was removed using the chemical
cleaning procedure, the specimens were rinsed, dried and
reweighed to calculate corrosion rate. Two specimens were
used for surface and cross-sectional morphology observa-
tion of the film by scanning electron microscopy (SEM,
JSM-6510) and energy-dispersive X-ray spectrometry
(EDS, JSM-6510). The specimens for surface morphology
observation were rinsed, dried quickly and kept in the
oxygen-free container. The specimens for cross-sectional
morphology observation were dried and mounted with
epoxy resin. One additional specimen after immersion of
0.5 h was used for nitrogen adsorption—tripping analysis by
Quadrasorb SI-MP analyzer (American, Quantachrome).
The pore volume, average pore diameter and special sur-
face area of the silty sand layer covered on specimen sur-
face were calculated by QuadraWin software.

2.3 Electrochemical Measurements

Figure 1b shows the schematic of electrochemical mea-
surement equipment. The electrochemical measurements
were performed using a conventional three-electrode cell
system, where a saturated calomel electrode (SCE) as the
reference electrode (RE) and a platinum plate as the
counter electrode (CE). The working electrode (WE) was

Steel C Si Mn S P Nb Mo Ni Fe

X170 0.055 0.20 1.52 <0.0007 0.008 0.057 0.21 0.22 Bal.
Table 2 Chemical composition of the test solution (mg/L)

Composition NaCl Na,CO; NaHCO; Na,SO, MgCl,-6H,O CaCl, KCl
Content 543.2 383.6 1022.7 7.1 73.8 49.9 1.8
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Fig. 1 Schematic of the equipment: a immersion test; b electrochemical measurement
X170 steel specimen, which was mounted with epoxy resin 30
with only an area of 1 cm® exposed to the corrosive Tt 168h
environment. The test temperature, rotating speed, pressure 25 b
and flow rate of CO, gas were the same as those for =
immersion tests. Electrochemical measurements included € 20L 1.780
. . E Tt )
electrochemical impedance spectroscopy (EIS) and poten- > ; 73
tiodynamic polarization curves. EIS was measured at OCP T 15[ /
with a sinusoidal potential excitation of 5 mV amplitude in s [ /
the frequency range of 100 kHz to 10 mHz. EIS data were g 1.0 0.651
fitted and analyzed by ZSimpWin software. The potential S 3 E: 0.445
. . .. o [ 7 :
of the potentiodynamic polarization curve measure ranged 0.5 / 0.279 // / /D
between £250 mV vs. OCP with a scan rate of 1 mV/s. ool % M /% ///
without silty sand 325 mesh 1000 mesh 5000 mesh
Conditions

3 Results
3.1 Corrosion Rate

Figure 2 shows the corrosion rate of X70 steel under dif-
ferent silty sand conditions after immersion of 168 h. The
corrosion rates were obviously reduced in all sand-con-
taining conditions compared with that in sand-free condi-
tion. Furthermore, in three conditions containing silty sand
with different sizes, the corrosion rate in 325 mesh con-
dition was the lowest, and the corrosion rate in 5000 mesh
condition was much lower than that in 1000 mesh condi-
tion. The results indicated that the size of silty sand obvi-
ously affected the corrosion rate of carbon steel in CO,
aqueous environment.

3.2 Macroscopic Surface Morphology

Figure 3 shows the macroscopic surface morphologies of
X70 steel under different silty sand conditions after
immersion of 168 h. The specimen surface at sand-free
condition was covered with dark film (Fig. 3a), which was

Fig. 2 Corrosion rates of X70 steel under different silty sand
conditions after immersion for 168 h

corrosion product film based on previous research [16].
The specimen surface was covered with white film in 325
mesh condition (Fig. 3¢). In 1000 and 5000 mesh condi-
tions (Fig. 3e, g), yellow films existed on specimen surface.
After removing the film from specimen surface, smooth
matrixes were observed in both 325 and 5000 mesh con-
ditions (Fig. 3d, h), which should be attributed to the high
protectiveness of the films in these two conditions. But the
matrixes were rough in sand-free and 1000 mesh conditions
(Fig. 3b, f), indicating that the films properly had low
protectiveness in these two conditions.

3.3 Microscopic Surface and Cross-Sectional
Morphologies

Figure 4 shows the microscopic surface morphologies and
element distributions of the cross-sectional films of X70
steel in different silty sand conditions after immersion of
168 h. Figure 4a, b shows the microscopic morphologies of
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Fig. 3 Macroscopic surface morphologies of X70 steel in different
silty sand conditions after immersion for 168 h: a, b without silty
sand; ¢, d 325 mesh; e, f 1000 mesh; g, h 5000 mesh

the film on specimen surface formed in sand-free condition.
The film was a single-layer structure and all composed of
cubic crystals (Point A), and EDS results in Table 3
showed the O/Fe atom ratio of cubic crystals was 3.08. It
demonstrated that the cubic crystal was corrosion product
FeCO5 [18-20], which was formed by the precipitation
reaction of ferrous ions due to matrix dissolution and car-
bonate ions in the test solution.

Figure 4c, d shows the microscopic morphologies of the
film on specimen surface formed in 325 mesh condition.
The film was a porous single layer and composed of
irregular particles (Point B) and spherical grains (Point C).

@ Springer

Fig. 4 Microscopic surface morphologies and cross-sectional ele-
ment distributions of the films of X70 steel in different silty sand
conditions after immersion for 168 h: a, b without silty sand; ¢, d 325
mesh; e, f 1000 mesh; g, h 5000 mesh

The elements of the irregular particles were mainly Si of
23.36 at%, O of 68.84 at% and Fe of 7.24 at% (Table 3),
indicating that the particles were the mixture of silty sand
and small amount of corrosion product FeCOs. The
spherical grains were also proved to be calcium compound
according to its Ca content of 11.77 at% (Table 3), which
was formed by the precipitation reaction of calcium ions
and anions in the test solution. From the above, the film
formed in 325 mesh condition could be considered as a
silty sand film mixed with small amount of calcium com-
pound and FeCOj; and therefore exhibited white in Fig. 3c.

Figure 4e, f shows the microscopic morphologies of the
film on specimen surface formed in 1000 mesh condition.
The film was a double-layer structure. The outer layer was
porous because of the existence of many micropores in
Fig. 4e. It was composed of irregular particles (Point D),
and the main elements of the particles were Si of 12.62
at%, O of 71.59 at% and Fe of 14.36 at% (Table 3). The
result showed that the outer layer was the mixture of silty
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Table 3 EDS analyses on the films of X70 steel after immersion for 168 h (at%)
Condition Structure Si 0} Fe Ca
Without silty sand Film Point A - 73.19 23.73 3.09
325 mesh Film Point B 23.36 68.84 7.24 0.55
Point C 1.32 73.69 13.22 11.77
1000 mesh Inner layer 1.83 75.55 17.43 5.19
Outer layer Point D 12.62 71.59 14.36 1.43
5000 mesh Inner layer 1.06 74.52 22.95 1.47
Outer layer Point E 4.95 73.63 21.42 -
Point F 21.57 69.56 8.79 0.08
sand with corrosion product FeCO3 and therefore exhibited 500
yellow in Fig. 3e. The main compositions of the inner layer —— without silty sand 0.5h
included Fe and O elements (Table 3), which suggested —— 325 mesh
that it was composed of FeCO5 [18-20]. -600 ':;ggg m:::
Figure 4g, h shows the microscopic morphologies of the z
film on specimen surface formed in 5000 mesh condition. W -700 |
The film was also a double-layer structure. EDS results in ?
Table 3 illustrated that the outer layer was the mixture of é 800 [
FeCO;3 (Point E) with silty sand (Point F) and the inner g
layer was mainly composed of FeCOj, which were both § 000
similar to the film structure in 1000 mesh condition. But haagt
different from 1000 mesh condition, no significant micro-
pores could be found on the outer layer in 5000 mesh -1000 _'6 '5 _; 5 '2 '1

condition. It demonstrated that the outer layer in 5000
mesh condition was more compact than that in 1000 mesh
condition.

The mixture film of silty sand with corrosion product
FeCOj; in 1000 and 5000 mesh conditions had higher
protectiveness than the corrosion product film of cubic
crystal FeCO3 formed in sand-free condition, which was
related to the compactness of the film [2]. And more
compact film formed in 5000 mesh condition resulted in
lower corrosion rate than that in 1000 mesh condition.
However, the silty sand film with little corrosion product
formed in 325 mesh condition was not compact enough but
still exhibited high protectiveness, resulting in the lowest
corrosion rate. The corrosion inhibition effect of the silty
sand film in 325 mesh condition was related to other rea-
son, which will be discussed later.

3.4 Potentiodynamic Polarization Curve

Figure 5 shows the potentiodynamic polarization curves of
X170 steel in different silty sand conditions after corrosion
time of 168 h. The order of corrosion current densities
shown in Table 4 from low to high was 325, 5000, 1000
mesh and sand-free condition, which was consistent with
the corrosion rate results from the immersion tests (Fig. 2).
In anodic polarization zone, the anodic current densities in
three sand-containing conditions were all lower than that in

Igi (Alcm?)

Fig. 5 Potentiodynamic polarization curves of electrochemical spec-
imens of X70 steel in different silty sand conditions after immersion
for 168 h

sand-free condition, demonstrating that the films formed at
sand-containing conditions exhibited anodic inhibition.
Moreover, the order of the anodic current densities from
low to high was 5000, 1000 and 325 mesh condition, i.e.,
anodic inhibition effect increased with reducing size of
silty sand. It was widely known that the anodic inhibition
effect was closely related to the protectiveness of the film
[21, 22]. Thus, it was understandable that the most compact
mixture of silty sand with corrosion product in 5000 mesh
condition had the highest protectiveness, resulting in the
strongest anodic inhibition. And the high anodic current
densities in 325 mesh and sand-free conditions were due to
the single silty sand film and the single corrosion product
film with low protectiveness, respectively.

In cathodic polarization zone, the cathodic current
densities in three sand-containing conditions were all lower
than that in sand-free condition, demonstrating that the
films formed in sand-containing conditions could inhibit
cathodic current. However, the order of the cathodic cur-
rent densities from low to high was 325, 1000 and 5000
mesh, i.e., cathodic current inhibition effect decreased with
reducing size of silty sand. Although little corrosion
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Table 4 Electrochemical parameters from potentiodynamic polarization curves after 168 h

Condition E.or versus SCE (mV) icorr (A cm™?) b, (mV) b. (mV)
Without silty sand —739 7.341 x 107° 37.46 60.12
325 mesh —737 1.437 x 107° 52.66 61.60
1000 mesh —734 3.184 x 107¢ 57.33 61.39
5000 mesh —734 1.862 x 107° 61.31 64.31

product was formed in 325 mesh condition, the silty sand
film still had the strongest cathodic current inhibition.
Meanwhile, although the mixture film of silty sand with
corrosion product had high compactness and the mixture
film in 5000 mesh condition was more compact than that in
1000 mesh condition, cathodic current density was much
higher in 5000 mesh condition. It illustrated that silty sand
made main contribution on cathodic current inhibition
instead of corrosion product. Similar phenomenon was also
exhibited in sand-deposited corrosion of carbon steel
[23-25]. The deposited sand could act as diffusion barrier,
blocking active sites on the electrode surface and reducing
cathodic reaction [23].

The above results showed that the film of silty sand with
large size in 325 mesh condition had a strong cathodic
current inhibition effect, resulting in the lowest corrosion
rate of carbon steel. And the mixture film of corrosion
product and silty sand with small size in 5000 mesh con-
dition had a strong anodic inhibition effect, resulting in
lower corrosion rate of carbon steel than that in 1000 mesh
condition.

3.5 Electrochemical Impedance Spectroscopy

Figure 6 shows the EIS plots after corrosion time of 168 h
in different silty sand conditions. The Nyquist diagram
(Fig. 6a) showed that only one capacitive arc existed in
each condition, which was consistent with one time con-
stant indicated by the Bode diagram (Fig. 6b). The EIS
electrochemical parameters were quantified by the equiv-
alent circuit shown in Fig. 7, where R; is solution resis-
tance, R is charge transfer resistance and Qg is constant
phase element; this demonstrates the capacitive character-
istic of electric double layer. Table 5 gives the electro-
chemical data fitted from the equivalent circuit. The order
of charge transfer resistance R, from high to low was 325,
5000, 1000 mesh and sand-free condition. Charge transfer
resistance R reflected the electrode reaction resistance.
Thus, the largest R at 325 mesh condition illustrated that
in spite of little corrosion product, the silty sand film
provided high resistance to the electrochemical reaction,
which was mainly the cathodic reaction combined with the
results in Sect. 3.4 R, is larger at 5000 mesh condition than
that at 1000 mesh condition implying that the compact

@ Springer

mixture film in 5000 mesh condition enhanced high resis-
tance of the electrochemical reaction, which was mainly
anodic reaction.

4 Discussion

4.1 Effect of Silty Sand Adsorption Layer
on Corrosion Inhibition

In order to prove that silty sand made main contribution on
the cathodic current inhibition instead of corrosion product,
the immersion tests and electrochemical measurements
after corrosion time of 0.5 h were performed. Figure 8
shows the microscopic surface morphologies of specimen
surfaces on X70 steel in different silty sand conditions in
initial period (0.5 h). Little steel matrix could be dissolved,
and therefore, corrosion product could not precipitate on
specimen surface. Silty sand absorbed on steel surface due
to their tiny size and small mass. Meanwhile, some pores
among the sand particles existed in the sand adsorption
layer. The amount of pores was related to the size of silty
sand. Silty sand with smaller size could form more pores in
the same per unit area on specimen surface. Table 6 shows
the calculation result of the pore volume in the sand
adsorption layer. The total pore volume in the sand
adsorption layer increased with reducing size of silty sand.

The potentiodynamic polarization curves of the elec-
trochemical specimens in initial period (0.5 h) could fur-
ther verified the electrochemical effect of the sand
adsorption layer, as shown in Fig. 9. The cathodic current
densities were obviously reduced in sand-containing con-
ditions. Moreover, the order of cathodic current densities
from low to high was 325, 1000 and 5000 mesh, which was
consistent with the result of cathodic current densities after
168 h (Fig. 5). It adequately illustrated that the silty sand
adsorption layer provided main contribution on the catho-
dic current inhibition instead of corrosion product. It could
also be inferred that the sand adsorption layer had a
blocking effect on the transport of corrosive species to steel
surface to attend cathodic reaction.

In CO, acid aqueous environment, the cathodic reaction
was the direct reduction in H,COj3, as shown in Egs. (1)
and (2) [1, 26-28]:
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Fig. 6 EIS plots of electrochemical specimens in different silty sand conditions after immersion for 168 h: a Nyquist diagram; b Bode diagram

[

Fig. 7 Electrochemical equivalent circuit for EIS fitting

H,CO; + e — Hy + HCOj;
2Haa — Ha 1

(1)
(2)

Table 7 shows that the cathodic Tafel slope (b.) in sand-
free condition was 117.62 mV, which was approximate to
the Tafel constant of H,CO; reduction (about 120 mV)
[29]. Therefore, the reduced cathodic current in sand-
containing condition indicated that the adsorption layer of
silty sand could block the transport of H,CO5 to steel
surface. However, the pores existed in the sand adsorption
layer could be the transport path of H,COs5. The cathodic
current density of H,CO; reduction in 325 mesh condition
was the lowest, which reflected the fewest pores in the sand
adsorption layer and the highest cathodic current inhibition.

Table 5 Electrochemical impedance parameters fitted from EIS data

With reducing size of silty sand, the amount of pores in the
sand adsorption layer increased. Accordingly, more
transport paths of H,COj to steel surface led to higher
cathodic current densities in 1000 and 5000 mesh
conditions. The deposited sand environment also
exhibited similar cathodic current inhibition. Huang et al.
investigated that in CO, aqueous environment, the cathodic
current density was much lower in glass beads (60 pum)
deposited condition than that in SiO, powder (44 pum)
deposited condition [30]. The deposition porosity of the
former was 33%, while that of the latter was 75%. The
lower deposition porosity of sand-covered layer reduced
more cathodic active sites, exhibiting higher cathodic
current inhibition.

In anodic polarization zone, the anodic current density
in 325 mesh condition was the lowest. It indicated that the
sand adsorption layer with few pores blocked the transport
of ferrous ions from matrix surface to the bulk. Deposited
sand with large size (200-500 pm) also exhibited this
blocking effect [31-33]. The anodic current densities in
1000, 5000 mesh and sand-free conditions were close,
which indicated that the sand adsorption layers with more
pores in 1000 and 5000 mesh conditions provided enough
transport paths for ferrous ions.

In initial period, the sand adsorption layer for 325 mesh
exhibited strong electrochemical reaction inhibition, espe-
cially in cathodic process. Therefore, little steel matrix was

Condition R, (Q cm?) Qq (Q7's" cm™?) Qa—n Ry (Q cm?)
Without silty sand 16.99 3.111 x 1072 0.8683 1458
325 mesh 14.17 6.184 x 107 0.7690 3944
1000 mesh 12.97 8.044 x 1074 0.8656 2208
5000 mesh 16.02 5.535 x 107 0.7966 2675

@ Springer



1062

S. Lu et al.: Acta Metall. Sin. (Engl. Lett.), 2017, 30(11), 1055-1066

Fig. 8 Adsorption layers of silty sand with different sizes on specimen surfaces of X70 steel (0.5 h): a 325 mesh; b 1000 mesh; ¢ 5000 mesh

Table 6 Pore volume and diameter of the adsorption layers of silty
sand with different sizes

Condition Pore volume Average pore
(cm3/g) diameter (nm)

325 mesh 3.966 x 1073 12.79

1000 mesh 4627 x 1073 1291

5000 mesh 6.026 x 107° 13.22

dissolved, and accordingly, little corrosion product would
precipitate on specimen surface in last period. However,
for 1000 and 5000 mesh conditions, due to low cathodic
inhibition and no anodic inhibition, much steel matrix was
dissolved and corrosion product would precipitate on
specimen surface in last period.

4.2 Effect of Mixture Film of Silty Sand
with Corrosion Product on Corrosion Inhibition

The steel matrix was dissolved to release Fe?" ions and the
precipitation reaction of Fe** ions and CO;>~ ions occur-
red, forming corrosion product FeCO;, as shown in
Egs. (3) and (4) [1]:

@ Springer

-500
—— without silty sand 168h
——325 mesh r
-600  —— 1000 mesh
- —— 5000 mesh
>
£
w -700 -
O
7]
0
>
s -800 -
=
8
o
o .900 -
_1 000 1 1 1 1 1 1 1
-8 -7 -6 -5 -4 -3 -2

Igi (A/lcm?)

Fig. 9 Effect of adsorption layers of silty sand with different sizes on
the cathodic and anodic potentiodynamic polarization curves (0.5 h)

Fe — Fe’™ + 2e (3)
Fe’" 4 CO}™ — FeCO; (4)

In sand-free condition, FeCOj3 cubic crystals began to
heterogeneous nucleate on specimen surface [2] and grew
to form crystal corrosion product film (Fig. 4a).



S. Lu et al.: Acta Metall. Sin. (Engl. Lett.), 2017, 30(11), 1055-1066 1063
Table 7 Electrochemical parameters from potentiodynamic polarization curves after 0.5 h
Condition E.or versus SCE (mV) icorr (A cm™?) b, (mV) b. (mV)
Without silty sand —747 9.499 x 10~* 75.19 117.62
325 mesh —738 1.841 x 107* 73.73 92.19
1000 mesh —744 5.045 x 107 79.28 101.27
5000 mesh —751 6.095 x 107 77.90 106.12
In sand-containing condition, when corrosion product 1 (10)

FeCO; was formed after a period of corrosion time, the
sand adsorption layer was turned into a mixture film con-
taining silty sand and corrosion product. According to the
study by Nesic et al. [2], FeCOj; precipitation could occur
on specimen surface and within the sand adsorption layer.
The heterogeneous precipitation rate of FeCO; could be
calculated by two models [34, 35]:

54 87123'0”/"“)1

RFeCO3 =AXe RT X Ksp X (Sl/z — 1)2 (5)

52 471]9.8k]/mol

Rpeco, =A X € 7 X K x (S—1)(1—=5871).

(6)

In these two models, A is the surface area available for
precipitation, K, is the precipitation rate constant, and S is
the  super-saturation (S = Cg2+Ccoz- /Ky). In  sand-

containing condition, A could be considered as the sum
of the specimen surface area and special surface area in the
sand adsorption layer. The sand adsorption layer with large
special surface area could accelerate heterogeneous
precipitation of corrosion product and accordingly form
compact mixture film within a short immersion time.

Figure 10 shows the multipoint BET (Brunauer-Em-
mett—Teller) plots of the adsorption layer of silty sand with
different sizes in initial period (0.5 h). The BET equation
was shown as follows:

cC—-1p

1 1
= L 7
Wrolp =1 WaC T WaC po @

where W is the weight of nitrogen adsorbed at a relative
pressure, p/po. BET constant C is a magnitude indication of
the adsorbent/adsorbate interactions. Wy, is the weight of
adsorbate constituting a monolayer of surface coverage,
which could be obtained from the slope and intercept of the
BET plots:

Cc—-1
Sl = . 8
ope =5 ®)
Int L= . 9
ntercep W 9)

Thus, the weight of a monolayer W, can be obtained by
combining Egs. (8) and (9):

™ = Slope + Interccept’

The special surface area S; of the adsorption layer of
silty sand could be expressed as:

:Wm~N~ACS (11)
M

where N is Avogadro’s number (6.02214145 x 10*
molecules/mol), M is the nitrogen molar mass
(28.013 g/mol) and A.s is the cross-sectional area for
nitrogen (1.62 x 107" m?).

According to calculation results in Table 8, special
surface area in sand adsorption layer increased with
reducing size of silty sand. Therefore, in the same corrosive
environment, the precipitation rate of FeCO; was the
fastest in 5000 mesh condition. The mixture of silty sand
with corrosion product in 5000 mesh condition became
compact preferentially (Fig. 4g) compared with other
conditions, which resulted in the lowest anodic current in
the potentiodynamic polarization curves after corrosion
time of 168 h (Fig. 5).

St

4.3 Corrosion Inhibition Mechanism Under
Different Silty Sand Conditions

From above results, the corrosion rate in CO, aqueous
environment containing silty sand was dominated by two
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Fig. 10 BET plots of adsorption layers of silty sand with different
sizes (0.5 h)
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Table 8 Special surface area of the adsorption layers of silty sand with different sizes

Condition Slope Intercept C W Special surface area (mz/g)
325 mesh 2732.34 74.34 37.75 3.56 x 107 1.241
1000 mesh 2668.06 77.10 35.61 3.64 x 107 1.269
5000 mesh 1884.96 25.11 76.08 524 x 1074 1.823

reduction

0 Cathodic current

%_/\g&dzcoz solution “](\ %/gg @, solution
J‘ < R -

15 Qig H,CO,
\"QD

H.CO, solution
5000 mesh
LEHE0, silty sand
= H,CO, Anodic
inhibition:

Fig. 11 Schematics of inhibition mechanism of the films produced on carbon steel surface in different silty sand conditions: a 325 mesh; b 1000

mesh; ¢ 5000 mesh

aspects. One was the silty sand adsorption layer formed in
initial period, which determined cathodic current inhibi-
tion, and the cathodic inhibition effect decreased with
reducing size of silty sand. The other was the mixture film
of silty sand and corrosion product formed in last period,
which determined anodic inhibition, and the anodic inhi-
bition effect increased with reducing size of silty sand.
Figure 11 shows the corrosion inhibition mechanism of
the film formed on carbon steel surface in the conditions
containing silty sand with different sizes. In 325 mesh
condition (Fig. 11a), only one single silty sand film with
small amount of corrosion product existed on steel surface
(Fig. 4c, d). The cathodic current was obviously reduced
due to few pores for H,CO; transport in the sand adsorp-
tion layer (Table 6). Charge transfer resistance R in 325
mesh condition was the highest (Table 5) due to the highest
inhibition effect on cathodic current, leading to the lowest
corrosion rate (Fig. 2) in spite of its low anodic inhibition.

@ Springer

In 1000 mesh condition (Fig. 11b), a double-layer film
was formed on steel surface (Fig. 4f). The outer layer was a
porous mixture of silty sand and corrosion product
(Fig. 4e). The sand adsorption layer formed in initial per-
iod had much pores (Table 6), leading to low cathodic
current inhibition. Then, the porous mixture film formed in
last period exhibited low anodic inhibition. Charge transfer
resistance R, in 1000 mesh condition was lower than those
in other two silty sand conditions (Table 5) due to both low
cathodic and anodic inhibition effect, leading to high cor-
rosion rate (Fig. 2). But the film formed in 1000 mesh
condition still had protectiveness compared with that
formed in sand-free condition.

In 5000 mesh condition (Fig. 11c), a double-layer film
was formed on steel surface (Fig. 4h). The sand adsorption
layer exhibited low cathodic current inhibition due to its
pores in initial period (Table 6). However, the sand
adsorption layer had the largest special surface area for
accelerating heterogeneous precipitation of corrosion
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product FeCOs;. Therefore, the adsorption layer was turned
into a compact mixture film (Fig. 4g), leading to high
anodic inhibition. The higher anodic inhibition in 5000
mesh condition led to higher charge transfer resistance R,
(Fig. 6 and Table 5) and accordingly, resulting in lower
corrosion rate compared with 1000 mesh condition
(Fig. 2).

5 Conclusions

Corrosion performance of carbon steel in CO, aqueous
environment containing 325, 1000 and 5000 mesh silty
sand was investigated, respectively. The size of silty sand
could affect the corrosion rate of carbon steel due to the
sand adsorption layer and the mixture film of silty sand
with corrosion product by the following mechanism.

(1) The sand adsorption layer could block H,COj3 trans-
port to attend cathodic reaction, exhibiting cathodic
current inhibition. The size of silty sand dominated
cathodic inhibition effect by the pore amount in the
sand adsorption layer. Cathodic inhibition effect
decreased with reducing size of silty sand.

(2) The sand adsorption layer was turned into a mixture
film of silty sand and corrosion product in last period,
exhibiting anodic inhibition. The size of silty sand
dominated anodic inhibition effect by providing
surface area for heterogeneous precipitation of cor-
rosion product FeCO; and accordingly, increasing the
compactness of the mixture film. Anodic inhibition
effect increased with reducing size of silty sand.

(3) Due to the largest inhibition of cathodic current, the
adsorption layer of 325 mesh silty sand exhibited the
highest charge transfer resistance R, and the lowest
corrosion rate. The compact mixture film of 5000
mesh silty sand also increased charge transfer resis-
tance R, due to its high anodic inhibition effect,
leading to lower corrosion rate than that in 1000 mesh
condition.
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