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ABSTRACT: The development of acid-resistant and efficient I
corrosion inhibitors is of great significance for metal protection in
many industrial processes. In this work, eight cases of sandwich-
type polyoxometalate (POM)-based inorganic—organic hybrids,
namely, carboxyethyltin and transition metal (TM) cofunctional-

ized tungstoantimonates and tungstobismuthates, formulated as Fe“/F:“/ 2
Na,Kjo_,[(SnR),(TM(H,0);),(B-B-SbW,033),]-mH,0 and - subsicute reaction Coordination banzz;f::; Fe'/Fe**
Na Ko, [(SnR),(TM(H,0);),(B-p-BiW,053),]-nH,O  (abbrevi- Electrostatic adsorption

ated as SbW,-TM-SnR and BiW,-TM-SnR; TM = Mn, Co, Nj,

and Zn; m = 18, 24, 24, and 22; n = 30, 25, 20, and 21; SnR =

Sn(CH,CH,COO)) are first used as green corrosion inhibitors for 20* carbon steel in 0.5—2.0 M HCI solutions. Weight loss and
electrochemical experiments prove that the corrosion inhibition efficiency is all above 81% for these POM-based corrosion inhibitors
at 150 mg L™', and SbWy-Mn-SnR shows the highest efficiency of 96.9% at 150 mg L™ after immersion in a 0.5 M HCl solution for
10 h. Scanning electron microscopy—energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy analyses show that
these POM-based inhibitors form films on the carbon steel and the adsorption mechanism obeys the Langmuir adsorption model.
The thermodynamic activation parameters were calculated, proving the occurrence of both chemical and physical adsorptions. The
film-forming mechanism was also analyzed. This work provides guidance for synthesizing new lacunary POM-based materials to
protect metals from corrosion in HCI pickling.

Bl INTRODUCTION although they suffer from the high production cost sometimes.”*
Moreover, plant extract corrosion inhibitors have been widely
studied as green corrosion inhibitors owing to their high
inhibition efficiency, chemical stability, and environmental
friendliness. However, their application is limited by the
difficulty of separation.””"" In recent years, intelligent corrosion
inhibitors with pH responsivity, self-assembly, and self-healing
properties have attracted more and more attention of
scientists.'”~'® Despite the above achievements, the develop-
ment of new sustainable, environmentally friendly, and highly
efficient corrosion inhibitors in acidic media is still an important
topic in metal protection.

POMs, as a kind of well-defined and nano-sized anionic metal-
oxygen cluster possessing low toxicity, high electron affinity, and
structural stability, have been widely applied in energy-related
fields.'”"® Such excellent properties also make them attractive as
oxidizing and film-forming corrosion inhibitors."” In 1994,

Metal anticorrosion is of great significance in fields of industrial
production and environmental protection because oxygen or
acid corrosion of metals is a spontaneous chemical reaction,
which will increase energy consumption of equipment and cause
leakage of oil or gas from pipelines in industry. Several strategies
have been used to protect metals against corrosion, such as
photoinduced cathodic protection and adding corrosion
inhibitors." Adsorptive corrosion inhibitors have attracted
intensive attention because of their excellent performance and
operational ease. In addition, it is well-known that the fastest and
most effective way to remove rust and scale from equipment is
acid pickling, and hydrochloric acid is one of the most
commonly used pickling solution. However, HCI solution is
highly corrosive to metallic equipment, so a suitable corrosion
inhibitor needs to be added in a chemical acidic cleaning process
of equipment.”” In the early stage, some simple oxysalts were
used for metal corrosion inhibition, but they are mostly used in
neutral media rather than acidic solution.”® For organic Received: November 8, 2021
corrosion inhibitors, they have more obvious advantages in Accepted:  January 10, 2022
acidic media.’ For instance, ionic liquids (ILs) have shown their Published: January 25, 2022
outstanding performance in corrosion inhibition of steels in the

acidic environment owing to many attractive characteristics such

as high stability, high solubility, and low environmental hazards,
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Figure 1. Polyhedral and ball-and-stick representation of the BiW,-Ni/Zn-SnR polyoxoanion (a) and ball-and-stick diagram corresponding to the
central belt (b) (H atoms, K*, Na*, and free H,0 molecules have been omitted for clarity).

Lomakina et al. used several heteropolytungstates as corrosion
inhibitors of aluminum and alloys in high-temperature water.”’
Liang et al. found that Na;PW,0,y and H,PW,; VO, could
effectively retard the corrosion of carbon steel in 55% LiBr
solution.””** Hamdani et al. reported that hexa-ammonium
heptamolybdate tetrahydrate could act as an anode corrosion
inhibitor for 304 stainless steel in 0.5 M HCI solution, and the
inhibition efficiency could reach above 90%.>° In addition,
research on POM-based composites as metal corrosion
inhibitors has been increasingly conducted. Cases Iborra et al.
reported that polypyrrole/PW,,0,,*" coatings protect carbon
steel electrodes against corrosion in chloride aqueous
solutions.”* According to the work reported by Rao et al., the
ferrocene POM hybrid molecular materials show significant
corrosion inhibition performance when coated on stainless steel
plates (SS, 316 grade) in 0.5 M H,SO, and Ringer’s solutions."”
The hydrophobic POM-ILs composed of organic bulk cations
and inorganic anions through weak interaction are also excellent
corrosion-protection coating of metal surfaces in acetic acid or
H,S0, solutions.”>*® They can also protect typical building
stones from corrosion (weathering) and biofilm formation
(biodeterioration).”” Although many POMs or POM-based
composite materials as metal corrosion inhibitors have been
studied, relatively few studies have been conducted on POM
inhibitors for carbon steel in HCI pickling, especially for
lacunary POMs.

As everyone knows, the introduction of organic or organo-
metallic groups can enhance POM’s functions and stabilize the
structures. Organotin, including alkyltin and estertin/carbox-
yltin, possesses some unique properties and is the most widely
used organometallic compounds. In 1989, Mourad et al. found
that dimethyltin dichloride could form an adsorption film on an
aluminum surface in a HCl medium, exhibiting effective
corrosion inhibition.”® In view of low toxicity, high stability,
functionality of estertin/carboxyltin, and the versatility of
POMs, the first single crystal of carboxyethyltin-modified
POM was obtained in 2010.*° After that, sandwich-type
tungstoarsenate and tungstogermanate containing carboxye-
thyltin groups were synthesized and studied as corrosion
inhibitors on carbon steel in circulating cooling water
systems.”””" In order to further investigate the corrosion
inhibition behavior of this series of sandwich-type POMs to
carbon steel in acidic solutions, in this work, two new sandwich-
type tungstobismuthates NajK[(Sn(CH,CH,COO)),(Ni-
(H,0)3),(B-B-BiW,05,),]-20H,0 (BiW,-Ni-SnR) and
Na;K;[(Sn(CH,CH,COO0)),(Zn(H,0);),(B-4-BiW,053),]-
21H,0 (BiW,-Zn-SnR) were newly synthesized in aqueous
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media. The corrosion inhibition activity of the two new
compounds and other six sandwich-type POMs (SbW,-TM-
SnR, TM = Mn, Co, Nj, and Zn; BiWy-TM-SnR, TM = Mn and
Co),”** was all evaluated by weight loss, potentiodynamic
polarization testing, electrochemical impedance spectroscopy
(EIS), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectrometry (EDX). Moreover, the corrosion
inhibition mechanism was further studied.

B RESULTS AND DISCUSSION

Structural Analysis. Single-crystal X-ray structural analysis
indicates that the polyoxoanions of BiW,-Ni-SnR and BiW,-Zn-
SnR are isomorphic, and the configurations of the two POM
anion skeletons are the same as those of BiW,-Mn/Co-SnR.
That is, they also consist of two trivacant Keggin [B-f-
BiW,0;;]°~ (B-B-BiW,) subunits, sandwiching two Ni**/Zn**
ions and two SnR groups, displaying the well-known Keggin
sandwich-type structural features (Figure la). The detailed
crystallographic data, data collection, and structural refinement
parameters of BiW,-Ni/Zn-SnR are summarized in the
supporting materials (Table S1). In the synthesis of the two
POMs, it is also found that some similar phenomena occur, i.e,,
the configuration of the starting material B-a-BiW, changes to
B-f-BiW,, and the raw material estertin
[SnCH,CH,COOCH,]** hydrolyzes to carboxyethyltin
[SnCH,CH,COO]*" (Scheme S1), but its original five-
membered ring is not opened. As shown in Figure 1b, in the
central belt of the sandwich-type POM anion, each Ni/Zn
center is six-coordinated with three terminal O atoms (014,
018, and O16) from three WO octahedra and three other O
atoms (O1W, O2W, and O3W) of three H,O molecules. Each
Sn atom also displays a six-coordinated configuration with four
terminal O atoms (023, 024, 025, and 026) from four WOy,
octahedra and one C atom (C1) and one O atom (O34) from a
[SnCH,CH,COO]*" group. In the two POMs, the adjacent
polyoxoanions are connected by electrostatic interaction with
counterions Na* and K* and hydrogen bondings with free H,O
molecules to form 3-D network structures (Figure S1). The
selected bond lengths and angles of the two POMs are listed in
Tables S2 and S3.

The structure and thermal stability of BiW,-Ni-SnR and
BiW,-Zn-SnR were further characterized by IR, powder X-ray
diffraction patterns (PXRD), and thermogravimetric (TG)
analysis (Figures S2—S4). The detailed analysis can be found in
the supplementary materials. These analytical results are
consistent with the results of single-crystal structure analysis,
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and TG results show that the main POM skeletons of the two
new compounds still exist at about 750 °C.

Gravimetric Evaluation of Metal Corrosion. The weight
loss method was used to evaluate the corrosion rate and
inhibition efficiency (IE,,) of 20" carbon steel in 0.5—2.0 M HCI
solutions at room temperature without and with different POM-
based corrosion inhibitors. The corrosion rate was calculated
according to eq 1:**

Am
s X At

R=

(1)
where Cy (mg cm™ h™") is the corrosion rate; Am (mg) and At
(h) are the average weight loss of 20" carbon steel immersed in
HCI solutions by multiple tests and the immersion time,
respectively; s (12.6 cm?) is the area of the 20" carbon steel
sample; IE, was obtained using eq 2:**

M/COK‘
o

X 100

IE,, (%) = ll -

cor

2)

W and W, are the weight losses with and without the POM-
based inhibitor, respectively.

Taking SbWy-Mn-SnR for example, the optimal concen-

tration of the POM-based corrosion inhibitor for 20% carbon

steel in 0.5 M HCI solution for 6 h at room temperature was

investigated (Table 1). As shown in Table 1, with increasing the

Table 1. Corrosion Parameters Obtained from the Weight
Loss Measurements for 20" Carbon Steel Immersed in 0.5 M
HCI Solution with Different Concentrations of SbW,-Mn-
SnR for 6 h at Room Temperature (298 K)

concentration (mg L™") Am (g)” Cg (mgcm™h™") IE,, (%)
0.0474 0.627
25 0.0094 0.124 80.2
75 0.0062 0.082 86.9
150 0.0048 0.063 89.9
300 0.0046 0.044 90.3

“Note: Am is the average weight loss by multiple tests.

inhibitor concentration (from 25 to 300 mg L"), the value of
IE,, gradually increases (from 80.2 to 90.3%). However, at
higher concentrations, i.e., the concentration of SbWy-Mn-SnR
is from 150 to 300 mg L™, the value of IE,, only increases by
0.4% (from 89.9 to 90.3%).

In order to further investigate the effects of concentration and
immersion time on the inhibitory behaviors of inhibitors, the
inhibition performances of various inhibitors including SbW,-
TM-SnR, BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn), and their
parent compounds (Na-SbW, and Na-BiW,) at higher
concentrations (300 and 500 mg L™") toward the corrosion of
20" carbon steel immersed in 0.5 M HCl solution for 6 and 10 h
at room temperature were evaluated (Table 2 and Table S4). As
seen from Table 2, for SbBW,-TM-SnR and BiW,-TM-SnR,
when the inhibitor concentration increases from 300 to 500 mg
L~ ! after immersion in 0.5 M HClI solution for 6 h, there are no
significant increases on the values of IE,, for all inhibitors, which
may be attributed to the saturation adsorption of inhibitors on
the surface of 20* carbon steel. When the immersion time
extends from 6 to 10 h, the IE,, values of SbWy-TM-SnR (TM =
Mn, Co, Ni, and Zn) at 300 mg L™ increase from 92.9, 91.5,
92.3,and 90.4% to 93.2,93.1, 93.8, and 94.0% and the IE, values
of BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn) increase from

4431

Table 2. Corrosion Parameters Obtained from Weight Loss
Measurement for 20" Carbon Steel Immersed in 0.5 M HCI
Solution Containing Various Inhibitors at Different

Concentrations for 6 and 10 h at Room Temperature (301 K)

concentration time Am Cr IE,,

inhibitor (mg L) (h) () (mg cm2h7Y) (%)
blank 6 0.0520 0.688
10 00912 0.724

SbW,-Mn- 300 6 0.0037 0.049 929

SnR 10 0.0062 0.049 932

500 6 0.0042 0.056 919

SbW,-Co- 300 6 0.0044 0.058 91.5

SnR 10 0.0063 0.050 93.1

500 6 0.0046 0.061 912

SbW,-Ni- 300 6 0.0040 0.053 923

SnR 10 0.0057 0.045 93.8

500 6 0.0038 0.050 927

SbW,-Zn- 300 6 0.0050 0.066 90.4

SnR 10 0.00S5 0.044 94.0

500 6 0.0047 0.062 90.7

BiW,-Mn- 300 6 0.0082 0.108 84.3

SnR 10 00102 0.081 87.8

500 6 0.0080 0.106 85.9

BiW,-Co- 300 6 0.0093 0.123 822

SnR 10 00106 0.084 87.4

500 6 0.0077 0.102 86.4

BiW,-Ni- 300 6 0.0073 0.097 86.0

SnR 10 00111 0.088 86.7

500 6 0.0082 0.108 85.6

BiW,-Zn- 300 6 0.0078 0.103 85.0

SnR 10 00104 0.083 87.5

500 6 0.0068 0.090 88.0

“Note: Am is the average weight loss by multiple tests.

84.3, 82.2, 86.0, and 85.0% to 87.8, 87.4, 86.7, and 87.5%,
respectively. Meanwhile, the Cp values of carbon steel all
decrease for the eight inhibitors, indicating that the adsorption
films of inhibitors are stable. For Na-SbW, and Na-BiW,, the
IE,, values are far less than those of SbW,-TM-SnR and BiW,-
TM-SnR (Table S4). Based on the above experimental results
and energy consumption reduction consideration, the latter
experiments were performed at 298 K, an immersion time of 6 h,
and an inhibitor concentration of 150 mg L™'. Under the
optimal conditions, the corrosion inhibition effect of different
POM:-based inhibitors on 20" carbon steel immersed in 0.5—2.0
M HCI solutions was evaluated and is summarized in Table 3.

As shown in Table 3, in 0.5—2.0 M HCI solutions, the IE,
values of these sandwich-type POM-based inhibitors containing
the same SnR and different TMs are similar and all higher than
81%, which is obviously higher than those of parents Na-SbW,
(11.4-26.5%) and Na-BiW, (9.1—34.3%). The above results
show that these POM-based inhibitors have good corrosion
inhibition performance for carbon steel in acidic solutions, and
the type of TM component has little effect on the corrosion
inhibition property. It is noted that the IE,, values of SbWy-TM-
SnR and BiW,-TM-SnR are slightly reduced in 2.0 M HCI
compared to those in 1.0 M HCI, which is presumed to be
because (i) a high concentration of Cl~ penetrates the
anticorrosive film and causes repitting corrosion and (ii) the
corrosion film dissolves or decomposes.”® In addition, the
corrosion inhibition performance of SbW,-TM-SnR is slightly
better than that of BiWy,-TM-SnR. It can also be seen from

https://doi.org/10.1021/acsomega.1c06276
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Table 3. Corrosion Parameters Obtained from the Weight Loss Measurement for 20* Carbon Steel Immersed in 0.5, 1.0, and 2.0
M HCI Solutions Containing 150 mg L7! Different Inhibitors for 6 h at 298 K

HCI solution concentration (M)

0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0
0.5
1.0
2.0

inhibitor
blank

SbWy-Mn-SnR

SbW,-Co-SnR

SbW,-Ni-SnR

SbW,-Zn-SnR

BiWy-Mn-SnR

BiW,-Co-SnR

BiW,-Ni-SnR

BiW,-Zn-SnR

Na-Sbw,

Na-BiW,

ClLSn(CH,),COOCH,

“Note: Am is the average weight loss by multiple tests.

Am (g)° Cg (mgem™h™") IE, (%)

0.0473 0.626

0.0615 0.813

0.0829 1.097

0.0048 0.063 89.9
0.0039 0.052 93.6
0.0109 0.144 86.8
0.0048 0.063 89.8
0.0045 0.060 92.7
0.0121 0.160 85.4
0.0046 0.061 90.3
0.0056 0.074 90.9
0.0115 0.152 86.1
0.0049 0.065 89.6
0.0053 0.070 91.4
0.0106 0.140 87.2
0.0084 0.111 82.2
0.0061 0.081 90.1
0.0112 0.148 86.5
0.0086 0.114 81.8
0.0061 0.081 90.1
0.0118 0.156 85.8
0.0074 0.098 84.4
0.0054 0.071 91.2
0.0120 0.159 85.5
0.0073 0.097 84.6
0.0052 0.069 91.5
0.0111 0.147 86.6
0.0419 0.554 11.4
0.0565 0.747 8.1
0.0609 0.805 26.5
0.0430 0.569 9.1
0.0509 0.067 17.2
0.0545 0.720 34.3
0.0060 0.079 87.3
0.0055 0.073 91.1
0.0127 0.168 84.7

Table 3 that Cl;Sn(CH,),COOCH; has a good corrosion
inhibition effect with IE, values of 87.3, 91.1, and 84.7% in 0.5,
1.0, and 2.0 M HCl solutions, respectively, which shows that the
organotin component plays an important role in the corrosion
protection of carbon steel although its content in the POM
system is low. However, when the organotin is used as a
corrosion inhibitor alone, compared with the POM-estertin
derivatives, the film-forming speed for Cl;Sn(CH,),COOCH,
is faster, while its formed film is not dense and easy to rub off.
Therefore, the combination of organic and inorganic compo-
nents is obviously beneficial to improving the performance of
POM-based inhibitors.

Potentiodynamic Polarization Measurement. Potentio-
dynamic polarization curves for 20* carbon steel in 0.5 M HCl in
the presence of different concentrations of SbWy-Mn-SnR and
different inhibitors Na-SbW,/Na-BiW,, Cl;Sn-
(CH,),COOCH,, and SbW,-TM-SnR/BiW,-TM-SnR (TM
= Mn, Co, Nj, and Zn) with the same concentration (150 mg
L") at 298 K are shown in Figure 2a—c, respectively. Generally,
the corrosion on the surface of metals occurs through two paths,
namely, the anodic reaction and the cathodic reaction, in which
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the anodic reaction involves the oxidation of iron atoms and the
cathodic reaction involves the reduction of H". The addition of
corrosion inhibitors can usually inhibit the anodic or cathodic or
both reactions by forming a protective film. From the
potentiodynamic polarization plots, the corrosion current
density (I,,) and the corrosion potential (E_,.) could be
obtained by finding out the intersection of two tangents
sketched from the cathodic and anodic curves. In addition, the
anodic Tafel slope (f3,) and the cathodic Tafel slope (f5.) could
be obtained. The corrosion inhibition efficiency (IE;) was
calculated from eq 3:*°

I
IE,(%) = [1 - —] X 100

corr

)

where I, and I, are the corrosion current densities with and
without the POM-based inhibitors, respectively. Consequently,
the corrosion parameters including I .., E.o B B and IE; were
calculated and are summarized in Table 4.

Figure 2a shows that both the anodic branch and the cathodic

branch move to lower current densities as the concentration of
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Figure 2. Potentiodynamic polarization curves for 20* carbon steel in 0.5 M HCl solution containing different concentrations (25, 75, 150, and 300 mg
L") of SbW,-Mn-SnR (a) and 150 mg L™! Na-SbW,/Na-BiW,, Cl;Sn(CH,),COOCH,, and SbW,-TM-SnR/BiW,-TM-SnR (TM = Mn, Co, Nj,
and Zn) corrosion inhibitor (b,c) at 298 K (0.5 M HClI solution was used as the blank).

Table 4. Corrosion Parameters Derived from Potentiodynamic Polarization Curves of 20 Carbon Steel in 0.5 M HCI Solution in
the Absence (Blank) and in the Presence of Different Inhibitors at 298 K

inhibitor inhibitor concentration (mg L™") B, (mV dec™) B. (mV dec™?) E.,. (Vvs SCE) Iy (A cn™2) IE; (%)
blank 109.6 —139.2 —0.208 429.5
SbWy-Mn-SnR 25 51.8 —-132.9 —0.186 79.4 81.5
75 47.8 —149.1 -0.195 47.9 88.8
150 43.0 —165.6 —0.192 35.7 91.7
300 39.2 —188.7 —0.181 28.1 93.5
SbW,-Co-SnR 150 45.6 —168.3 —0.196 45.3 89.5
SbW,-Ni-SnR 150 43.7 —165.4 —-0.190 399 90.7
SbWy-Zn-SnR 150 44.0 —168.7 —0.196 47.3 89.0
BiWy-Mn-SnR 150 52.1 —154.8 -0.177 47.3 88.9
BiW,-Co-SnR 150 49.5 —143.2 —0.176 46.3 89.2
BiW,-Ni-SnR 150 46.5 —150.8 —0.188 40.3 90.6
BiW,y-Zn-SnR 150 49.4 —-156.5 —-0.189 44.5 89.6
Na-Sbw, 150 106.0 —146.0 —0.206 273.0 36.4
Na-BiW, 150 126.4 —-132.7 —0.164 432.5
CLSn(CH,),COOCH, 150 459 —146.4 —0.146 532 87.6

SbW,-Mn-SnR increases, indicating a better corrosion
protection of 20% carbon steel by increasing the concentration
of SbWy-Mn-SnR. Moreover, the value of E_,, moves to a more
positive position when SbWy-Mn-SnR is added. In general, the
shift magnitude of E_,, must exceed 85 mV to classify a
corrosion inhibitor as a cathodic or anodic one. Therefore, it is
concluded that SbW,-Mn-SnR acts as a mixed-type inhibitor in
view of the small shift of E_,, (<30 mV). Furthermore, it is noted
that the cathodic branch with corrosion inhibitors shows the
typical Tafel behavior, while the anodic branch displays a kink,
which may be related to the degree of corrosion inhibitor
coverage on the surface of carbon steel.>” Meanwhile, it can be
observed that the anodic branch curves tend to coincide at
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higher polarization potentials. This is probably because
corrosion inhibitor desorption occurs when the polarization
potential exceeds the desorption potential, which accelerates the
metal dissolution.*®

As shown in Figure 2b,c, when 150 mg L™' SbW,-TM-SnR or
BiW,-TM-SnR is added, the lower values of corrosion current
density in both anodic and cathodic parts imply that SbW,-TM-
SnR or BiW,-TM-SnR considerably inhibits the corrosion
reaction of 20" carbon steel. In addition, the values of E,,, for the
inhibited solution move toward the positive direction relative to
the value of E_, in the blank, and the shifts are less than 85 mV.
These findings indicate that the POM-based inhibitors behave as

https://doi.org/10.1021/acsomega.1c06276
ACS Omega 2022, 7, 4429—4443


https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
@4 (b)
. 4.8
~ 731 ~ 46
1 1
E ’2 E 44
< <
2 42
£ E
g 71 - g 4.0
E E
7.0 3.8
. . - 3.6 . . .
0.003  0.0031 0.0032 0.0033 0.0034 0.003  0.0031 0.0032 0.0033 0.0034
1/T(K?" 1/T K"

Figure 3. Arrhenius curve for 20" carbon steel in the presence (a) and absence (b) of SbWy-Mn-SnR in 0.5 M HCl solution.
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Figure 4. Transition plot for 20* carbon steel in the presence (a) and absence (b) of SbWy-Mn-SnR in 0.5 M HCl solution.

mixed-type inhibitors, which inhibit both the anode metal
corrosion and cathode H* reduction.”

As can be seen from Table 4, I, decreases with the increase
in the concentration of the SbWy,-Mn-SnR inhibitor, while the
IE; increases. When the concentration of SbW,-Mn-SnR is 300
mg L™, the IE; can reach to 93.5%. In addition, when the dosage
is only 25 mg L™, the IE; can reach 81.5%, indicating that these
inhibitors have obvious inhibition ability for 20* carbon steel in
0.5 M HCl at low concentration. For eight inhibitors SbWy-TM-
SnR and BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn) with a
concentration of 150 mg L™!, compared with starting material
Na-SbW,/Na-BiW,, they all exhibit IE; around 90%. The
comparison results also show that SnR as a main functional
group improves the corrosion inhibition performance of Na-
SbW,- or Na-BiW,-based POMs.

In addition, the polarization curve of 20" carbon steel in 1.0
and 2.0 M HCI was also tested, and the results are shown in
Table S5 and Figures S5 and S6. In the high concentration of
HCI corrosion solutions, SbW,-TM-SnR and BiW,-TM-SnR
can still form an adsorption film on the metal surface, and the IE;
is above 87.6%. It shows that the corrosion inhibitors have
excellent acid resistance.

Thermodynamic Activation Parameters. Polarization
measurements were further carried out at 298, 308, 318, and 328
K to study the influence of temperature on the corrosion
process. The potentiodynamic polarization curves and corrosion
parameters are shown in Figure S7 and Table S6, respectively.
Accordingly, the Arrhenius plots were drawn and are presented
in Figure 3, from which the apparent activation energy (E,)
could be calculated from Arrhenius equation (eq 4):’

Ea
Inl,,=IhA-
RT (4)
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where E, is the activation energy at absolute temperature T (K),
R epitomizes the universal gas constant of 8.314 J K~ mol ™, and
A is the Arrhenius factor. E, can be computed by a linear
regression between In I, and 1/T (Figure 3).

Itis concluded that in the absence of inhibitors, the value of E,
is 10.05 kJ mol™’, while in the presence of SbW,-Mn-SnR, the
value of E, reaches 27.85 kJ mol™". This indicates that the
corrosion reaction process needs to overcome a higher energy
barrier in the presence of inhibitors, which form an adsorption
film covering the 20" carbon steel surface, thus slowing down the
corrosion rate."' Moreover, the activation enthalpy (AH) and
activation entropgf (AS) were attained using the transition state
equation (eq S):

I R AS AH
In—=— =1 + —

n = _ /4
Nh R RT (3)

where his Planck’s constant and N is Avogadro’s number. Figure
4 shows the plot of In I,/ T vs 1/T, from which the values of AS
and AH have been calculated. All of the thermodynamic
parameters are presented in Table 5.

It can be seen from Table § that the values of AS and AH in
the inhibited system are significantly increased compared with
those in the uninhibited system. The values of AH for both
inhibited and uninhibited systems are positive, reflecting that the
dissolution process of carbon steel is endothermic. The increase

Table 5. Thermodynamic Parameters for 20 Carbon Steel in
the Presence and Absence of SbW,-Mn-SnR in 0.5 M HCI
Solution

E, (IJ mol™") AH (k] mol™")  AS (J mol™ K™')
blank 10.05 7.46 —276.32
SbW,y-Mn-SnR 27.85 25.26 —243.39
https://doi.org/10.1021/acsomega.1c06276
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Figure 5. Nyquist plots (a), Bode modulus plots (b), and Bode phase plots (c) of 20 carbon steel immersed in 0.5 M HCl solution in the absence
(blank) and presence of different concentrations (25, 75, 150, and 300 mg L™") of the SbW,-Mn-SnR inhibitor at room temperature (the solid line

shows fitted results).
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in the AH value in the presence of SbW,-Mn-SnR again proves
that the energy barrier of the corrosion reaction is increased.*’
The value of AS in the presence of an inhibitor (—243.39 J mol ™
K™') is higher than that in blank solution (—276.32 Jmol ' K™"),
which is because the value of AS is the algebraic sum of the
adsorption of inhibitors and desorption of water molecules.""
Electrochemical Impedance Spectroscopy (EIS) Anal-
ysis. EIS measurements were performed to study the corrosion
behavior of 20* carbon steel in 0.5 M HCl solution at 298 K in
the absence and presence of the POM-based inhibitors in the
frequency range from 100 mHz to 100 kHz.** Taking SbW,-
Mn-SnR for example, the Nyquist, Bode modulus, and phase
plots for 20% carbon steel in 0.5 M HCl solution in the presence
of various concentrations (0—300 mg L™") of SbW,-Mn-SnR
are shown in Figure S. As seen from Figure Sa, the Nyquist
graphic exhibits a depressed semicircle, which can be explained
by the inhomogeneities and roughness of the carbon steel
surface, and the semicircle diameter is related to the corrosion
resistance of 20" carbon steel in 0.5 M HCl solution.* It is found
that as the inhibitor concentration increases, the diameter of the
arc gradually increases, indicating a better protection of the
metal surface. Moreover, the Nyquist plots show a single
capacitive loop, and the Bode plots exhibit only one peak
attributed to one time constant for all samples, which indicates
that the charge transfer process controls the corrosion reaction
of carbon steel in HCI solution.** The impedance modulus is a
measure of the protection against corrosion. The Bode modulus
diagrams in Figure Sb show that the impedance modulus at the
lowest frequency increases with the increase in the inhibitor
concentration. Generally, the higher the impedance modulus at
the lowest frequency, the higher the corrosion inhibition ability
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of the sample.'® In addition, the increasing phase angle may be
attributed to the improvement of uniformity, which is mainly
due to the formation of an adsorption layer at the metal
interface. A higher coverage results in a greater phase shift. As
shown in the Bode phase plots in Figure Sc, the values of the
phase angle are higher for carbon steel in 0.5 M HCI solution
containing SbWy-Mn-SnR than that in blank solution. The
phase angle increases when the concentration of SbW,-Mn-SnR
increases and reaches the maximum (~74°) at 150 mg L™".
For comparison, at a concentration of 150 mg L7}, the
inhibition effect of SbWo-TM-SnR/BiW,-TM-SnR (TM = Mn,
Co, Ni, and Zn), Na-SbW,, Na-BiW,, and Cl;Sn-
(CH,),COOCH, on 20" carbon steel immersed in 0.5 M HCI
solution at room temperature was also evaluated by the EIS plots
(Figures 6 and 7). As evident from Figures 6a and 7a, the
diameters of the semicircles in the presence of Cl;Sn-
(CH,),COOCH; and SbW,-TM-SnR/BiW,-TM-SnR are
larger than that of Na-SbW,/Na-BiW,, indicating that the
corrosion behavior between the interface of the metal and HCI
solution is prevented, and Cl;Sn(CH,),COOCH; and SbW,-
TM-SnR/BiW,-TM-SnR have an obviously better corrosion
inhibition property for carbon steel. For different inhibitors
SbW,-TM-SnR/BiW,-TM-SnR containing SnR and different
TMs, their corrosion inhibition effect on carbon steel is not
obviously different, and this result is confirmed again by the
Bode modulus and phase plots (Figures 6b,c and 7b,c).
Therefore, SnR is a more important factor for improving the
corrosion inhibition effect of these POM-estertin derivatives.
The impedance diagrams were analyzed using ZView 2
software in terms of the equivalent circuit (Figure 8), where R, is
the solution resistance, R is the charge transfer resistance, and

https://doi.org/10.1021/acsomega.1c06276
ACS Omega 2022, 7, 4429—4443


https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06276?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

CPE

Rs
R

Figure 8. Equivalent circuit model used for fitting electrochemical
impedance data.

CPE is the constant phase element. The inhibition efficiency
(IEy) was computed using eq 6:*

R
IEx (%) = [1 - R—‘

ct

X 100

(6)

where R}, and R are charge transfer resistances without and
with inhibitors, respectively.

Because the carbon steel/solution interface does not act as an
ideal capacitor, the CPE is used to deal with nonideal
capacitance response.””*® The impedance of the CPE and the
double-layer capacitance (Cy) can be described using eqs 7 and

8,"*% respectively.
Zepe = Y, (jo) " (7)
oo 1
U anf R, (®)

Y, is the CPE constant, j is the imaginary value (j*= —1), @ is the
angular frequency (rad s™'), and n is a phase shift, which
represents a measure of surface inhomogeneity. When the value
of nis 1, 0, and —1, CPE represents the capacitance (C),
resistance (R), and inductance (L), respectively. So, the value of
n is an important parameter to show the surface character at the
interface of carbon steel and acidic solution.*’ f, . is the
frequency corresponding to the maximum value of the imaginary
part in the impedance spectrum.

The corresponding impedance parameters were obtained by
fitting the EIS plot using ZView 2 software and are listed in
Table 6. It can be seen from the table that the A* values lie
between 0.0007 and 0.0081, indicating that the equivalent
circuit and experimental data can be well-fitted.

Compared with the blank (0.5 M HCl solution), the values of
R, gradually increase with the concentrations of inhibitors

increasing; moreover, the corrosion inhibition effect for SbWy-
TM-SnR/BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn) is
obviously better than that of parent Na-SbW,/Na-BiW, and
also better than those of some reported surfactant inhibitors.*’
The n values are also significant parameters to evaluate the
surface property at the metal—acid interface. In the inves-
tigation, the values of #n are within the range of 0.85 to 0.93,
implying the inhomogeneity or roughness of the carbon steel
surface, which causes the slight deviation from an ideal
capacitance.”** These results again prove that SbW,-TM-
SnR/BiW,-TM-SnR possess good corrosion inhibition behav-
ior for 20" carbon steel in 0.5 M HCI solution.

The corrosion action of 20% carbon steel in 0.5 M HCI
solution in the absence and presence of SbW,-Mn-SnR at
different immersion times (6, 10, 24, and 48 h) was also
investigated by the EIS measurements at room temperature. The
Nyquist, Bode modulus, and phase plots are shown in Figure S8,
and the EIS parameters are listed in Table 7. It is found that the
diameter of the semicircle increases at all immersion times in the
presence of SbWy-Mn-SnR compared to that in the blank
(Figure S8a,d). The highest value of R, in the inhibitor-
containing solution is achieved after 10 h of exposure (Table 7).
Afterward, the extended immersion time (24 and 48 h) results in
the decreased values of R, and n, indicating that the corrosion
behavior recovers, which may be due to the increase in the
number of microcracks in the adsorption film on the metal
surface.

Adsorption Isotherm. In order to clarify the adsorption
mechanism of these inhibitors on the surface of carbon steel in
0.5 M HCI solution, taking SbWy-Mn-SnR for example,
different adsorption models including Langmuir, Frumkin,
Temkin, Freundlich, Flory—Huggins, and El-Awady isotherms
were separately used to analyze the adsorption behaviors of
POM-based inhibitors.”*" It is found from Figure 9 that the
experimental data could be well-fitted with the Langmuir
adsorption isotherm with R* > 0.99. The other tested isotherms
are shown in Figure S9. It is proven that SbW,-Mn-SnR forms a
monomolecular adsorption layer on the surface of 20" carbon
steel, which prevents the corrosion behavior of metals. The
Langmuir adsorption isotherm can be described using eq 9:”'

Table 6. Electrochemical Impedance Spectroscopy Parameters for 20" Carbon Steel in 0.5 M HCl in the Absence (Blank) and

Presence of Inhibitors at Room Temperature (298 K)

inhibitor inhibitor concentration (mg L™!) R, (Q cm?)

blank 3.8
SbW,-Mn-SnR 25 43

75 32

150 3.7

300 3.6
SbW,-Co-SnR 150 3.6
SbW,-Ni-SnR 150 3.8
SbW,-Zn-SnR 150 3.6
BiW,-Mn-SnR 150 40
BiW,-Co-SnR 150 41
BiW,-Ni-SnR 150 4.2
BiW,-Zn-SnR 150 3.9
Na-SbWw, 150 3.8
Na-BiW, 150 43
ClySn(CH,),COOCH, 150 3.6

R, (Qcm?) Cy(uFcm™) Y, (uF cm™2) A? n IE; (%)
49.6 85.3 182.0 0.0015 0.86
208.7 138.9 193.8 0.0007 0.93 76.2
342.8 150.3 183.3 0.0023 0.93 85.5
407.2 185.3 212.7 0.0014 0.92 87.8
403.6 226.6 229.2 0.0020 091 87.7
398.8 2294 261.2 0.0036 0.92 87.6
390.0 234.5 265.7 0.0031 091 87.3
370.5 246.9 2474 0.0034 0.92 86.6
265.2 132.2 64.1 0.0029 0.93 81.0
265.5 132.0 168.9 0.0032 0.93 81.1
297.7 142.9 164.2 0.0028 0.93 83.1
343.6 84.4 113.2 0.0038 0.92 85.4
64.0 664.9 828.7 0.0051 0.92 22.5
52.6 2564.2 3746.0 0.0081 0.85 4.5
275.6 71.6 109.7 0.0041 091 82.0
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Table 7. EIS Parameters for 20% Carbon Steel in 0.5 M HCl in the Absence (Blank) and Presence of Inhibitors at Room

Temperature (298 K)

inhibitor time (h) R, (Q cm?) R, (Q cm?) Cq (UF cm™) CPE-T (uF cm™2) n IEg (%)
blank 6 3.41 39.29 340.12 596.78 0.88487
10 3.323 15.37 1283.0 2071.2 0.86419
24 3.951 39.02 614.02 1084.1 0.86987
48 4.266 34.23 1242.57 1799.6 0.8795
SbWy-Mn-SnR 6 3.168 389.1 615.75 705.64 0.92858 89.9
10 2.14 495.6 1259.39 1337 0.93404 96.9
24 3.098 339.8 3956.01 4093.6 091716 88.5
48 4.114 139.3 11699.44 11298.0 0.83694 75.4
350 values of K, and AGY; are 1156.06 L mol™" and —27.43 kJ
300+ mol ™, respectively. The high value of K4, indicates that SbW,-
S sl Mn-SnR is robustly adsorbed on the 20 carbon steel surface. It
= is generally acknowledged that the negative value of AGyy, shows
= 2001 that the formation of the above POM-based protective film on
£ 150 the metal surface is a spontaneous adsorption process.
E 100 According to the literature,””** when AGY, > —20 kJ mol~},
) R=0.99997 the adsorption of the inhibitor on the metal surface can be
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0 . , . ; , , —20kJ mol ™}, then the interaction between inhibitor molecules
0 S0 100 150 200 250 300 and metal atoms can be attributed to physical adsorption and
C,,/mgL™! chemical adsorption. Hence, the AGY of —27.43 kJ mol ™ for

Figure 9. Langmuir adsorption isotherm of SbW,-Mn-SnR on 20%
carbon steel in 0.5 M HCI solution at 298 K.
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Cinn is the inhibitor concentration, 8 is the surface coverage (6 =
IE/100), and K, is the adsorption/desorption equilibrium
constant.

The K4, value can be calculated from the intercept of the line
on the C,,/0 axis. Accordingly, the standard free energy (AG2y,)
can be obtained from the following equation (eq 10):>*

AGY), = —RT In(55.5K ;) (10)

in which T is the thermodynamic temperature (298 K), R (8.314
J mol™" K™') is the gas constant, and 55.5 (M) is the molar
concentration of water in the solution. In this case, the calculated

this paper suggests that physical and chemical adsorption has
taken place between SbW,-Mn-SnR and 20* carbon steel, but it
is mainly physical adsorption.

Surface Morphology and Composition of 20* Carbon
Steel. The surface morphology of 20" carbon steel after
corrosion testing was observed by SEM (Figure 10). As
expected, it can be seen from Figure 10a,b that severe corrosive
attack occurred on the surface of carbon steel in 0.5 M HCl
solution without the inhibitor and with the raw material Na-
SbW,, respectively. Conversely, the damage degree of carbon
steel in 0.5 M HCI solution with SbW,-TM-SnR (TM = Mn,
Co, Ni, and Zn) inhibitors (Figure 10c—f) is weaker, and the
surfaces are smoother. This phenomenon further indicates that
these sandwich-type POMs modified by SnR and TMs can be
used as good corrosion inhibitors to protect carbon steel well in
0.5 M HCl solution. Figure 11a,b shows EDX diagrams for 20*
carbon steel immersed in 0.5 M HCI solution containing no

Figure 10. SEM images of the carbon steel surface after 6 h of immersion in 0.5 M HCl solution without an inhibitor (a) and with Na-SbW, (b) and

SbW,-TM-SnR (TM = Mn, Co, Nj, and Zn) (c—f).
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Figure 11. EDX analysis of carbon steel immersed in 0.5 M HCl solution without an inhibitor (a) and with the SbW,-Mn-SnR inhibitor (b).
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Figure 12. XPS analysis of C 1s, O 1s, Fe 2p, Sn 3d, Sb 3d, and W 4f (a—f) on the 20" carbon steel surface after immersion in 0.5 M HCl solution

containing SbWy-Mn-SnR for 6 h.

inhibitor and the inhibitor SbWy,-Mn-SnR, respectively.
Compared with Figure 11a, Figure 11b exhibits the existence
of O, W, Sb, and Sn in addition to C and Fe elements on the film
surface of carbon steel; the result proves that the POM-based
corrosion inhibitor exists on the carbon steel surface. However,
no Mn was detected in the EDX spectrum, which may be caused
by the following reasons: (1) the content of TM is relatively low;
(2) two TM ions are located at the active sites on both sides of
the intermediate belt in the sandwich-type structures, so they are
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easily replaced by the formed Fe®'/Fe*" ions, forming a
protective film on the carbon steel surface. This substitution
reaction also often occurred in other sandwich-type POMs.>*~>°

In order to characterize the oxidation states of various
elements existing on the carbon steel surface, taking SbWy-Mn-
SnR as an example, XPS analysis of 20" carbon steel after
immersion in 0.5 M HCI containing 150 mg L™ SbW,-Mn-SnR
for 6 h was performed (Figure 12). The signal of Mn was not
detected because of its low content. As shown in Figure 12a, XPS
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Figure 13. EDX analysis of pure SbW,-Mn-SnR (left) and a solid sample obtained by recrystallization for several times in 0.5 M HCI solution

containing 150 mg L' SbWy-Mn-SnR and Fe powder (right).

peaks of C 1s can be fitted with three peaks at binding energies of
284.5,285.12, and 288.27 eV, which are ascribed to C—C/C—H
species, C—0, and C=0/0—-C=0 bonds in SnR groups,
respectively.”” As seen from Figure 12b, O s shows signals at
binding energies of 530.3 and 531.6 eV, which correspond to
0% and OH, respectively.”*” As for Fe 2p, in Figure 12c, the
peak positions of Fe 2p, /, and Fe 2p;, for Fe’" are located at
724.6 and 710.8 eV, with their associated satellite peaks at 731.5
and 717.6 eV, respectively. In addition, the XPS peaks with
binding energies of 726 and 712.2 eV are assigned to Fe 2p, /,
and Fe 2p;,, for Fe’*, with their associated satellite peaks at
732.9 and 719 eV, respectively. The above test results show that
Fe’* and Fe*" oxide films are formed on the surface of carbon
steel.”” In Figure 12d, the binding energies of Sn 3d located at
486.4 and 494.85 €V are attributed to the Sn*" oxidation state.>®
Figure 12e shows the XPS spectra of Sb 3d, in which the peaks at
binding energies of 539.7 and 530.24 eV are ascribed to Sb 3d;,
and Sb 3dj, for the Sb*" oxidation state, in which there exists an
overlap between the O 1s peak at 531.3 eV and the Sb 3d;,,
peak.>>®" In Figure 12f, the peaks at binding energies of 36.9 and
34.8 eV are attributed to W 4f,, and W 4f;, for the W
oxidation state, and the peaks at binding energies of 35.7 and
33.7 eV are assigned to W 4f, , and W 4f; , for the W** oxidation
state, respectively, inferring that part of the W element in POM
is reduced in the HCI media.*>®*

Stability Analysis of Corrosion Inhibitors. The stability
of inhibitors in the corrosion test was studied by IR and UV—vis
absorption spectra. To evaluate the stability of these POM:s after
the corrosion tests, iron powder was used instead of the carbon
steel plate to simulate the corrosion test. Taking SbWy-Mn-SnR
for example, the IR spectra of the solid samples recrystallized
from the following HCl solutions were tested (Figure $10): (1)
150 mg L ™! SbW,-Mn-SnR in 0.5 M HCl solution and excessive
Fe powder, 6 h (curve a); (2) 150 mg L™ SbWy-Mn-SnR in 0.5
M HCl solution and no Fe powder, 6 h (curve b). As seen from
curves a and b in Figure S10, the main peaks appearing at 2950—
2800, 1650, and 1000—600 cm ™" are the characteristic peaks of
CH,, COO, and POM, respectively,30 which is consistent with
that of the pure original SbW,-Mn-SnR (curve c). This result
proves that the skeleton of the POM is still stable in the acidic
solution. In addition, UV—vis absorption spectra of SbWy-Mn-
SnR dissolved in 0.5 M HCl solution for 0 and 6 h (curves a and
b in Figure S11), and with adding Fe powder (curve c in Figure
S11) for 6 h, were recorded to identify the inhibitor stability. As
shown in Figure S11, two peaks in the UV region of 200—300
nm attributed to O — W charge transfer transitions are observed
in curve a and unchanged in curves b and c. In order to further
evaluate the stability of corrosion inhibitors in more acidic
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solutions, similar experiments were carried out in 1.0 and 2.0 M
HCl solutions, respectively. As can be seen from Figures S12 and
S13, the characteristic peaks of IR and UV—vis absorption
spectra are consistent with Figures S10 and S11, which indicate
that the POM skeleton still exists in 1.0—2.0 M HCl media.
However, the ''?Sn NMR spectrum (Figure S14) shows that the
inhibitor breaks down in 2.0 M HCI because the signal (5 =
—424.06 ppm) is similar to that of pure SnR (6 = —416.84 ppm).
This verifies the above speculation that the IE,, of the corrosion
inhibitor in 2 M HCl is lower than that in 1 M HCI because of
decomposition of anionic POM. To sum up, these sandwich-
type POM-based corrosion inhibitors containing SnR and TMs
remain stable in 0.5—1.0 M HCI solutions.

Corrosion Inhibition Mechanism. In order to further
explore the film-forming mechanism, EDX analysis (Figure 13)
was also carried out on the above described SbWy-Mn-SnR
recrystallized from HCI solution treated with Fe powder.
Compared with the pure original SbW,-Mn-SnR (Figure 13a),
the Mn content of the solid sample recrystallized from 0.5 M
HCI solution illustrated in Figure 13b is actually reduced, and
other elements have not changed significantly. Importantly, the
appearance of the Fe signal peak further confirms the conjecture
that the Fe on the surface of carbon steel is oxidized to Fe**/
Fe*" in HCl solution, and the formed Fe**/Fe’* further replaces
TM ions situated on either side of the middle part in SbWy-TM-
SnR/BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn), thereby
preventing further corrosion of Fe in the carbon steel. In
addition, Fe**/Fe>" on the carbon steel surface possesses two/
three positive charges in HCl solution, while [(TM-
(H,0)3),(SnCH,CH,C00),(SbWo0s3), ] H7/[(TM-
(H,0)5),(SnCH,CH,C00),(BiW,033),]'* in SbW,-TM-
SnR/BiWy-TM-SnR is a large polyoxoanion cluster with 10
negative charges, so the POMs can be easily adsorbed on the
surface of carbon steel by electrostatic adsorption. Furthermore,
the exposed COO group of SnR in the POM corrosion inhibitor
can provide lone electron pairs to interact with the empty 3d
orbital of Fe atoms, forming the coordination covalent bond,*
which resulted in a denser protective film on the surface of
carbon steel through chemical and physical adsorption.
Consequently, the combined actions of physical adsorption
and chemical adsorption delay the corrosion of carbon steel
(Scheme 1).

B CONCLUSIONS

This work first reports the inhibition behaviors of SbWy-TM-
SnR and BiW,-TM-SnR (TM = Mn, Co, Ni, and Zn) in a HCI
medium. The inhibition performance of the lacunary POMs is
greatly improved by carboxyethyltin functionalization. The
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Scheme 1. Schematic Diagram of the Corrosion Inhibition
Mechanism of SbW,-TM-SnR/BiW,-TM-SnR (TM = Mn,
Co, Ni, and Zn) on 20" Carbon Steel in the HCI Solution
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inhibition efficiency of SbW,-TM-SnR is slightly higher than
that of BiW,-TM-SnR. The electrochemical and surface
analyses show that SbW,-TM-SnR and BiW,-TM-SnR act as
mixed-type inhibitors, forming stable and protective films on the
surface of carbon steel by physical and chemical adsorption. The
adsorption process follows the Langmuir adsorption isotherm.
This work also shows the high acid resistance of the sandwich-
type POM-estertin derivatives with Sb/Bi as a heteroatom for
the first time.

B MATERIALS AND EXPERIMENTAL METHODS

Materials. All chemicals and reagents (analytical grade) were
commercially available. Nag[B-a-SbWy013]-19.5H,0 (Na-
SbW,), Nay[B-a-BiW,0;;]-16H,0 (Na-BiW,), and Cl;Sn-
(CH,),COOCH;, were synthesized according to the reported
procedures.”*~*° HCl solution (0.5 M) was prepared by diluting
37% HCI solution with water. All tests were performed at room
temperature, and the water used in all experiments was
secondary distilled water.

Weight Loss Measurement. The new 20" carbon steel
plates (the size is 4 cm X 1 cm X 0.2 cm with the compositions of
C, 0.23; Si, 0.29; Mn, 0.60; and S, 0.028 in wt % and Fe in
balance) were washed with acetone and ethanol and then dried
in a desiccator for more than 24 h to a constant weight before
immersion in the test solutions. The specific test procedures
used in weight loss measurement were as follows: the carbon
steel plates were immersed in 0.5, 1.0, and 2.0 M HCI solutions
containing different corrosion inhibitors. The concentrations of
corrosion inhibitors were 25—500 mg L™}, and the corrosion test
time at room temperature was 6 and 10 h, respectively. After the
steel specimen was taken out from HClI solutions, its surface was
cleaned with water and ethanol and then dried for more than 24
h to a constant weight. Three sets of parallel experiments were
performed for each test to ensure the accuracy of the experiment.

Electrochemical Measurements. Electrochemical meas-
urements were conducted in a three-electrode system on a
CHI604B electrochemical workstation by using a platinum plate
(20 mm X 60 mm X 0.1 mm) as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode,
and a 20" carbon steel sample with an exposed area of 1 cm? as
the working electrode. To reach a steady state, the working
electrode should be immersed in the measured solution for 1 h
before the measurement. As for polarization tests, the Tafel
curve was obtained in the potential range from —0.5 to 0.1 V,
and the scan rate was 1 mV s™'. The corrosion potential (E,,)
and corrosion current density (I,,) were obtained by Tafel
extrapolation of anode and cathode polarization curves. The
electrochemical impedance test was performed with an AC
amplitude of S mV at the corrosion potential and a frequency
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range of 100 mHz to 100 kHz; all impedance data were fitted to
the relevant impedance parameters by ZView 2 software.

Surface Analysis. The morphology and composition of the
surfaces of 20" carbon steel samples in 0.5 M HCl without and
with different inhibitors were investigated by a HITACHI
SU8B010 serious microscope equipped with EDX after weight
loss tests. X-ray photoelectron spectroscopy (XPS) analysis was
performed on an ESCALAB-MKII X-ray spectrometer with a
Mg Ka (1253.6 eV) X-ray source.

Corrosion Inhibitor Stability Analysis. Taking SbWy-
Mn-SnR as a sample, the stability of the corrosion inhibitor was
analyzed by IR and UV spectroscopy. The FT-IR spectra were
measured on a Bruker AXS TENSOR-27 spectrometer using
KBr pellets at 4000—400 cm~". Using a PerkinElmer Lambda 35
spectrometer with a wavelength range of 200—800 nm, the UV—
vis absorption spectra of SbW,-Mn-SnR solutions were
obtained. NMR spectra were recorded at room temperature
on a 500 MHz Bruker AVANCE 500 spectrometer. An inner
tube containing D,O was used as an instrumental lock. Tin
chemical shifts were referenced to Cl;Sn(CH,),COOCH,.
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