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Abstract: This paper studies the corrosion inhibition performance and mechanism of dextrin (Dxt)
and its graft copolymer with caprolactam (Dxt-g-CPL) on J55 steel in 1 M HCI solution. Caprolactam
is grafted and copolymerized with dextrin by a chemical synthesis method, to obtain a dextrin graft
copolymer corrosion inhibitor. The composition of the synthesized graft copolymer was characterized
by FTIR to identify whether the grafting was successful. Through weightlessness, electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization curve (TAFEL), scanning electrochemi-
cal microscope (SECM), scanning electron microscope (SEM), and contact angle experiments, the graft
copolymer to J55 steel in 1 M HCl solution and the corrosion inhibition performance were evaluated.
Moreover, we discuss its corrosion inhibition mechanism. The dextrin graft copolymer has good
corrosion inhibition performance for J55 in 1 M HCI solution. When the concentration of the corrosion
inhibitor increases, the corrosion inhibition efficiency will also increase. At a certain concentration,
when the temperature rises, the corrosion inhibition efficiency will gradually decrease. When the
concentration is 300 mg/L, it has a better corrosion inhibition effect, and the corrosion inhibition
efficiency is 82.38%. Potential polarization studies have shown that Dxt-g-CPL is a mixed corrosion
inhibitor, which inhibits both the cathode and the anode of the electrode reaction. SEM, SECM, and
contact angle analysis results show that Dxt-g-CPL can significantly inhibit corrosion. Compared
with Dxt, Dxt-g-CPL has a better inhibitory effect.

Keywords: dextrin; graft copolymer; caprolactam; inhibiter; adsorption mechanism

1. Introduction

J55 steel is a kind of carbon steel. It is low cost, has very good performance, and is
widely used in various fields of life, including in petrochemical and marine develop-
ment [1,2]. However, carbon steel easily reacts with various corrosive media in the environ-
ment and is destroyed, especially in the industrial process of oil-well acidification, pickling,
and acid descaling. When the metal comes into contact with the acid medium, it will chem-
ically/electrochemically react with the acid medium, causing the metal to be destroyed [3].
Therefore, the carbon steel corrosion in acidic medium is an important task of scientific
research [4]. Isolating the metal from the corrosive medium is the most effective protection
method. It can be used to control the corrosion process by adding coatings, cathode plate
protection, and adding corrosion inhibitors. Among them, corrosion inhibitors are one of
the most widely used methods [5-9].

Organic or inorganic corrosion inhibitors are adsorbed on the metal surface to form a
thin film on the metal surface, to achieve the effect of inhibiting corrosion [10,11]. Among
the various methods of inhibiting corrosion, the corrosion inhibitor has a good anti-
corrosion effect, simple operation, low dosage, quick effect, and relatively low cost. It is also
a very important anti-corrosion method in the oil and gas field [12,13]. However, most of
the most widely used corrosion inhibitors are mainly chemical synthesis and have good
corrosion inhibition effects. At present, there are still many problems, such as it is not easily
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biodegradable, and it is harmful to organisms and the environment after discharge. There-
fore, environmentally friendly corrosion inhibitors have become an important direction of
scientific research. Many natural polymers found in plants are eco-friendly and not easy
to pollute the environment. They can be used as effective corrosion inhibitors. The graft
modification and modification of natural polymers has also become a research hotspot.

In recent years, many polymers have been a widespread concern, in terms of corro-
sion protection [14-21]. Many natural polysaccharides and their modified polymers are
non-toxic, biodegradable, and have multiple adsorption sites, making their adsorption
performance stronger than monomers. They can be used as corrosion inhibitors [22] and
coating materials [23]. Moreover, many are natural polymers [24-30]; for example, natural
secretion gum [31-33], pectin [34], cellulose derivatives [35,36], chitosan [37,38], mango
gum, xanthan gum [39], and so on. However, it is still very necessary to develop more
efficient and environmentally friendly corrosion inhibitors.

This paper mainly studies the corrosion inhibition effect of Dxt and Dxt-g-CPL as
corrosion inhibitors on ]55 steel in 1 M HCl medium. Dextrin is a polysaccharide compound,
which is environmentally friendly and has a certain corrosion inhibition effect. There
are many studies on grafting monomers on polysaccharides, and there are relatively
complete synthetic methods for the synthesis of polymers. The grafted copolymer has more
adsorption sites, so it has a stronger adsorption capacity than simple polysaccharides. The
synthesized copolymer was characterized by FTIR, the corrosion inhibition performance of
Dxt and Dxt-g-CPL was characterized by the weight loss method, EIS and TAFEL, and the
metal surface was characterized by SECM, SEM, and contact angle. Finally, the corrosion
inhibition mechanism of Dxt and Dxt-g-CPL on J55 steel in acid medium is analyzed.

2. Experiment
2.1. Preparation of Experimental Chemicals and Materials

The composition of J55 steel is as follows (wt.%): C = 0.34, Si = 0.20, Mn = 1.25,
P =0.020,S =0.015, Cr = 0.150, Ni = 0.20, Cu = 0.020, and the balance Fe. Before the test,
sandpaper of different roughness was used to sand the surface until there were no obvious
scratches. Then the surface of the sample was cleaned with deionized water and absolute
ethanol, and dried, and finally the sample was stored in a desiccator for later use. The
corrosive medium was 1 M HCL

2.2. Synthesis of Dextrin Graft Copolymer

One gram of dextrin, 10 g of caprolactam, and 0.005 g of potassium persulfate were
weighed to dissolve in 100 mL, 15 mL, and 5 mL of deionized water. This was stirred
in a 75 °C water bath for 20 min to completely dissolve the solid matter. The potassium
persulfate solution was added to the dextrin solution, stirred in a water bath at 75 °C for
15 min, and finally the monomer caprolactam was slowly added. Under the condition
of heating in a water bath, the reaction ended after 1 h. DCM was added to the reaction
to precipitate, filter, and then the obtained copolymer was washed with absolute ethanol
and deionized water, and part of the by-products was removed. It was dried in a vacuum
drying oven at 60 °C for later use. Synthesis scheme and the molecular structure are shown
in Figure 1 [31].

Chain growth reaction mechanism shown in Figure 2 [40].

2.3. Structural Characterization of the Copolymer

Through FTIR, the different characteristics of the spectrum were analyzed, and the
characteristic functional groups of the dextrin-grafted caprolactam copolymer were de-
tected, and then whether the caprolactam is successfully grafted on the dextrin was judged.
A small amount of dextrin-grafted caprolactam copolymer powder was mixed with KBr
powder and grinded evenly, and then compressed into tablets with a FW-4A 12-ton tablet
press, and then tested. The wave number range 4000~400 cm ™! was tested.
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Figure 1. Synthesis scheme and polymer molecular structure diagram.
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2.4. Copolymer Corrosion Inhibition Performance Test
2.4.1. Static Weightlessness Test

Before the experiment, the fully polished sample was cleaned with absolute ethanol,
dried with a blower, weighed with an analytical balance (£0.0001 g), and the original
weight was recorded. During the experiment, the concentrations of Dxt and Dxt-g-CPL
were 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, the temperature was 25 °C, 35 °C, 45 °C,
55 °C, 65 °C. The experimental pressure was normal pressure (1 atm = 101.325 kPa). The
corrosion time was 24 h, and three sets of samples were prepared and three sets of parallel
experiments were conducted to ensure the repeatability and credibility of the experiment.
After the corrosion of the sample, a film-removal solution was used to remove various
corrosion products on the surface, then it was cleaned with absolute ethanol, then dried,
and finally it was weighed with an analytical balance, and the experimental data were
carefully recorded.

The corrosion rate Cr and the corrosion inhibition rate #% of the corrosion inhibitor
can be calculated by the following formula [31,41]:

W, — W,

CrR="5A;

M

where Cy is the corrosion rate, the unit is mg/ (cm2 h); Wa and Wb are the weight of the
sample before and after corrosion, respectively, the unit is mg; S is the area exposed to the
solution in cm?2; At is the corrosion time, the unit is h.
CO _ cinh
% = LR % 100%
C
R

where 7 is the corrosion inhibition efficiency after adding the corrosion inhibitor, and
C% and C}?h are the corrosion rates when no corrosion inhibitor is added and when the
corrosion inhibitor is added, respectively.

2.4.2. Electrochemical Test

Electrochemical analysis was carried out using a three-electrode system. The size
of the sample was 1 cm x 1 cm X 1 cm. One side of the steel sample was welded to a
copper wire, and the sample was sealed with epoxy resin and a test area of 1 cm? was
reserved. EIS experimental sweep frequency range of 100 kHz~10 MHz and perturbation
signal amplitude 10 mV were used. The Tafel polarization curve also uses a three-electrode
system. The EIS results were fitted by ZsimDemo software, and the data were graphed
and processed by Origin software.

Inhibition efficiency calculated by the following formula:

inh _ 10
7% = —L— " % 100%
zglt
C

iO _ imt

1% = <o 100%
lcorr

where R and RY, are the charge transfer resistance with and without corrosion inhibitor,
Q/cm?, respectively; i"t. and i%,,, are the corrosion current density with and without

corrosion inhibitor, A /cm?, respectively.

2.4.3. Scanning Electrochemical Microscope

The J55 steel sample was soaked in 1 M HCl blank solution and 300 mg/L Dxt and Dxt-
g-CPL corrosion inhibitor solution for 12 h, and then subjected to SECM test to analyze the
surface current. The sample size used in the experiment was 10 mm x 10 mm x 10 mm,
a four-electrode system was adopted, the probe current was in feedback mode, probe
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potential was set to 0.5 V, sensitivity to 1.0 x 107® A/V, and the scanning area was
200 x 200 pum. The test was carried out at 25 °C and 101.325 kPa.

2.4.4. Scanning Electron Microscope-Energy Spectrum Test

Before the test, the J55 steel sample was soaked in 1 M HCl solution with and without
corrosion inhibitor for 24 h. The scanning electrochemical microscope was used to observe
the surface morphology under vacuum conditions, and the magnification was 1.00 KX.

2.4.5. Contact Angle Test

The ]J55 sample was polished step by step with sandpaper until it was smooth without
obvious scratches, and then soaked in a 1 M HCl solution containing no corrosion inhibitor
and containing 300 mg/L Dxt and Dxt-g-CPL corrosion inhibitors. After taking out the
sample, the contact angle of pure water on the corroded J55 steel surface was measured.
The test was carried out at 25 °C and 101.325 kPa.

3. Results and Discussion
3.1. Characterization of Dextrin Grafted Caprolactam Copolymer

Figure 3 is the FTIR test chart of dextrin and dextrin-grafted caprolactam copolymer.
In the Dxt spectrum, at 3392 cm ™! is the O-H stretching peak of the alcoholic hydroxyl
group on the Dxt molecular chain, 2923 cm ™! and 2850 cm ! are the C-H vibration peaks,
1080 cm ™! is the C-O-C stretching vibration peak, and the position at 650 cm ™! is the
flexural vibration peak of O-H. In the spectrum of Dxt-g-CPL, the stretching vibration
peak of the N-H bond and the C-H stretching vibration peak in the amide are covered in
the broad peak at 3392 cm~ ! the C-N stretching vibration peak at 1450 cm~ ! the C=0
stretching vibration peak at 1639 cm ™!, and other characteristic peaks at 986 cm ™!, such
as the C-H out-of-plane bending vibration. The existence of these characteristic peaks
in the spectrum of Dxt-g-CPL proves that caprolactam is successfully grafted onto the
dextrin matrix.

102¢
1080

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm 1)
Figure 3. FTIR diagram of Dxt and Dxt-g-CPL.

3.2. Weightlessness Experiment
3.2.1. The effect of Concentration

Figure 4 shows the corrosion rate and inhibition efficiency of J55 steel added with
different concentrations of Dxt and Dxt-g-CPL in 1 M HCl solution. It can be observed from
the figure that at room temperature, when the concentration of the added corrosion inhibitor
increases, the corrosion rate will decrease and the corrosion inhibition efficiency will
increase. When the concentration of the added corrosion inhibitor reaches 300 mg/L, the
corrosion inhibition efficiency of Dxt and Dxt-g-CPL reaches the highest at this time, 67.30%
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and 83.27%, respectively. This shows that Dxt and Dxt-g-CPL have corrosion inhibition
effects on J55 steel. Comparing the two, Dxt-g-CPL has better corrosion inhibition effects.
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Figure 4. CR and n of J55 steel added with different concentrations of corrosion inhibitor in 1 M HCl
solution. (A) Dxt; (B) Dxt-g-CPL.

3.2.2. The Influence of Temperature

Figure 5 shows the corrosion rate and corrosion inhibition efficiency of J55 steel with
temperature changes when no corrosion inhibitor is added and when 300 mg/L Dxt and
Dxt-g-CPL are added to the 1 M HCl solution. It can be observed from the figure that under
the same corrosion inhibitor concentration, as the temperature continues to increase, the cor-
rosion rate gradually increases, and the corrosion inhibition efficiency gradually decreases.
When the temperature rises, due to the intensification of molecular motion, the corrosion
inhibitor adsorption protective film that formed on the metal surface will be desorbed,
resulting in a decrease in coverage and a reduction in corrosion inhibition efficiency.

(&) (B)
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T e 300mg/L Dxt —e— 300mg/L Dxt—-g—CPL
304 —h dUUmg/‘L Dxt 0 4
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5 =

= 1.51 651
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0.51 55
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Figure 5. CR and 1 of J55 steel in 1 M HCl solution with different corrosion inhibitors as a function of
temperature. (A) T-CR; (B) T-n.

3.3. Electrochemical Studies
3.3.1. Open circuit Potential Analysis

Figure 6 shows the open circuit potential of J55 steel added with 300 mg/L of Dxt
and Dxt-g-CPL, and immersed in a 1 M HCl solution for 30 min. The initial open circuit
potential fluctuates, and the amplitude of the fluctuation is relatively large. As the standing
time increases, the potential gradually stabilizes, indicating that the solution system has
reached a stable state. After adding the corrosion inhibitor, the open circuit potentials all
shifted to the positive direction. This shows that a layer of corrosion inhibitor molecules is
adsorbed on the surface of J55 steel, to form a protective film, thereby protecting the metal
from corrosion by corrosive media, thereby inhibiting the reaction of the cathode.
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Figure 6. The open circuit potential of J55 steel with Dex and Dex-g-CPL added to 1 M HCl solution.

3.3.2. Electrochemical Impedance Spectroscopy

Figure 7 shows Nyquist and Bode diagrams of J55 steel in 1 M HCl solution, with
different concentrations of Dxt and Dxt-g-CPL. As shown in the figure, after adding
different concentrations of Dxt and Dxt-g-CPL to 1 M HCl solution, the impedance of
J55 steel changes greatly. Comparing Nyquist with different concentrations of corrosion
inhibitors and the blank group, there are semi-circular arcs and both appear flat. When
more and more corrosion inhibitors are added, the radius of the Nyquist diagram continues
to increase, but the shape of the semi-circular arc does not change significantly, indicating
that the addition of Dxt and Dxt-g-CPL will affect the corrosion rate, but not change the
process of the electrode reaction. The corrosion process of J55 steel is mainly controlled
by charge transfer. Corrosion inhibitor molecules will be adsorbed onto the metal surface
by physical or chemical behavior, hindering the charge transfer between the metal surface
and the solution, and increasing the resistance during the electrode reaction process.
It can be observed from the Bode diagram that after adding different concentrations of
corrosion inhibitor, the absolute values of impedance and constant phase angle are both
significantly larger than the blank sample, indicating that both Dxt and Dxt-g-CPL can
inhibit metal corrosion.

Table 1 shows the electrochemical parameters of solution resistance Rs, charge trans-
fer resistance Rct, and constant phase angle element Q, obtained by fitting the Nyquist
diagrams of Dxt and Dxt-g-CPL. The data in the table show that the values of Rct, 1, 9,
and n all change correspondingly with the increase in the concentration. It is proved that
Dxt and Dxt-g-CPL will adsorb onto the metal surface to form a protective film, thereby
inhibiting the corrosion of ]55 steel by corrosive media. When the concentration of Dxt
and Dxt-g-CPL increases, more Dxt and Dxt-g-CPL molecules are adsorbed onto the metal
surface, and the surface coverage increases. When the concentration of Dxt and Dxt-g-CPL
is 300 mg/L, the corrosion inhibition efficiency reaches the maximum. Compared with
Dxt, Dxt-g-CPL has a better adsorption capacity on the surface of J55 steel, more effective
molecules adsorbed on the surface, and better corrosion resistance.

3.3.3. Potentiodynamic Polarization Measurements

Figure 8 shows the potentiodynamic polarization curve of J55 steel in 1 M HCl solution,
with different concentrations of Dxt and Dxt-g-CPL. The figure shows that, comparing
the polarization curves after adding different concentrations of corrosion inhibitors, the
cathode and anode parts all move downward, but the shape of the curve hardly changes.
This shows that the addition of the corrosion inhibitor inhibits the reaction of the anode
and cathode at the same time, but does not change the mechanism of the electrode reaction.
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Figure 7. Nyquist and Bode diagrams of J55 steel in 1 M HCI solution with different concentrations of (A,C,E) Dxt;
(B, D,F) Dxt-g-CPL.

Table 1. Nyquist diagram-related parameters of J55 steel in 1 M HCl solution with different concentrations of Dxt and

Dxt-g-CPL.
Concentration Rq Q Ret Rp L NR
(mg/L) (Qcm2) (mO-18n n (Qcm?) (Qcm?) (H cm?) (%)
cm—2)
blank 0.9811 0.6729 0.8527 0.6583 0.1635 0.00001168 -

100 mg/L 0.8383 0.1644 0.9248 1.364 0.2732 0.06177 51.71
200 mg/L 0.9205 0.1583 0.9237 1.502 0.3696 0.1143 56.17
Dxt 300 mg/L 0.9227 0.1428 0.935 1.965 0.3519 0.07441 66.49
400 mg/L 0.9245 0.171 0.915 1.432 0.3141 0.05934 54.03
100 mg/L 0.9484 0.1644 0.8994 1.606 0.2852 0.05247 59.01
Dxt-g-CPL 200 mg/L 1.004 0.1423 0.9073 1.811 0.3471 0.08547 63.65
300 mg/L 141 0.0463 0.9148 3.736 2.267 0.5813 82.38
400 mg/L 1.191 0.09234 0.8977 3.023 1.057 0.2105 78.22
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Figure 8. Potential polarization curves of J55 steel in 1 M HCI solution with different concentrations
(A) Dxt; (B) Dxt-g-CPL.

The Tafel linear extrapolation method is used to fit the potentiodynamic polarization
curve, and the relevant data, shown in Table 2, can be obtained. The data in the table
show that the corrosion potential changes after adding Dxt and Dxt-g-CPL. Generally, the
corrosion potential after adding the corrosion inhibitor and the blank corrosion potential
(AEcorr = Ecorr — EOcorr) changes more than 85 mV, which can be regarded as a cathode
or anode corrosion inhibitor. The data in the table show that if the change in the corrosion
potential is less than 85 mV, Dxt and Dxt-g-CPL can be regarded as mixed corrosion
inhibitors. When Dxt and Dxt-g-CPL are 300 mg/L, the corrosion current is reduced, and
the corrosion inhibition efficiency also reaches 67.81% and 81.33%, respectively.

Table 2. Polarization curve-related parameters of J55 steel in 1 M HCI solution with different concentrations of Dxt and Dxt-g-CPL.

Concentration(mg/L) ba be Ecorr(VISCE)  Icorr(Alem?) nR (%) Cof,‘;iagcee( 0
blank 0.1279 0.2638 ~1.010 0.0105
100 mg/L 0.1224 0.2133 ~0.997 0.00498 52.57 0.5257
200 mg/L 0.1134 0.2099 —0.997 0.00475 54.76 0.5476
Dxt 300 mg/L 0.0903 0.1822 —0.997 0.00338 67.81 0.6781
400 mg/L 0.1336 0.2022 —0.998 0.00425 59.52 0.5952
100 mg/L 0.1239 0.199 ~0.999 0.0045 57.14 0.5714
Dxt-g-CPL 200 mg/L 0.1035 0.1823 ~0.999 0.00383 63.52 0.6352
300 mg/L 0.1392 0.1945 ~1.000 0.00196 81.33 0.8133
400 mg/L 0.0978 0.1661 ~1.010 0.00233 77.81 0.7781

3.4. Scanning Electrochemical Microscope

Figure 9 shows the scanning electrochemical results of J55 steel added with 300 mg/L
Dxt and 300 mg/L Dxt-g-CPL into 1 M HCl solution after corrosion. Figure 9a shows
that the current on the surface of the steel sample without the corrosion inhibitor has a
large change, and the surface of the sample is relatively rough. Figure 9b,c show that after
adding the corrosion inhibitor, the surface current has obviously decreased, indicating that
the metal surface is relatively smooth. Compared with no corrosion inhibitor, there is a
smaller current when the corrosion inhibitor is added. This shows that after the corrosion
inhibitor is added, the corrosion inhibitor is adsorbed onto the metal surface, reducing the
contact between the corrosive medium and the metal surface, thereby effectively protecting
the metal surface.
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Figure 9. The x (left) direction and y (right) direction SECM of J55 steel in the 1 M HCl solution without and without adding
corrosion inhibitor. (a) Blank; (b) 300 mg/L Dxt; (c) 300 mg/L Dxt-g-CPL.

3.5. Scanning Electron Microscope

Figure 10 shows the surface corrosion of J55 steel after it is immersed in different 1 M
HCl solutions for 24 h. In Figure 10a, the sample is not corroded, and the surface is smooth,
without impurities, only with scratches when polished. Figure 10b is a sample corroded
by 1 M HCI, the surface is seriously corroded and there are many corrosion products.
Figure 10c,d show the sample after adding 300 mg/L Dxt and 300 mg/L Dxt-g-CPL; the
corrosion products on the surface have been significantly reduced, and it is smoother than
the sample without the corrosion inhibitor. The scratches left when the surface is polished
can be observed, indicating that the corrosion is suppressed. By comparing the pictures

of adding different corrosion inhibitors, it is found that Dxt-g-CPL has a better corrosion
inhibition effect.
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Figure 10. Surface morphology of J55 steel under different conditions. (a) Not corroded; (b) 1 M HCI; (c) 300 mg/L Dxt;

(d) 300 mg/LDxt-g-CPL.

1G]

3.6. Contact Angle Measurement

Figure 11 shows the change in the contact angle of the sample surface when J55
steel is immersed in 1 M HCl solution, and 1 M HCl solution containing 300 mg/L Dxt
and 300 mg/L Dxt-g-CPL, respectively. The figure shows that the contact angle of the
surface after corrosion of the sample without the corrosion inhibitor is 23.4°, showing
good hydrophilicity. With the addition of the corrosion inhibitor, the contact angle of
the sample surface increases. After adding 300 mg/L Dxt and 300 mg/L Dxt-g-CPL, the
contact angles are 71.0° and 98.4°, respectively. This is because the hydrophilic group
of the corrosion inhibitor adsorbs onto the surface of the sample, to form an adsorption
film, while the hydrophobic group forms a hydrophobic interface, which changes the
hydrophilicity of the sample surface. This prevents the contact of the corrosive medium
with the surface of the sample, and inhibits the corrosion process. Therefore, Dxt-g-CPL
has a better anti-corrosion effect.

28.4° (b) 71.0° @ 98. 4°

Figure 11. (a) Blank; (b) 300 mg/LDxt; (c) 300 mg/L Dxt-g-CPL.
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4. Analysis of Adsorption Mechanism
4.1. Adsorption Isotherm

In order to study the interaction between the dextrin-grafted caprolactam copolymer
and the metal surface, the adsorption process of Dxt-g-CPL on ]J55 steel was analyzed
by the isotherm adsorption model. The verification found that the adsorption behavior
of Dxt-g-CPL on J55 steel conforms to the Langmuir isotherm adsorption model. The
following is the Langmuir adsorption isotherm equation and the calculation equation of

surface coverage: c
1
6 Kads tC

_ 1%

100
where C is the concentration of corrosion inhibitor; 6 is the surface coverage; and K4 is
the adsorption-desorption equilibrium constant.

The relationship between the standard adsorption Gibbs free energy (AG?, ;) and the

adsorption—desorption equilibrium constant (K;s) is shown as follows [42]:

AGSy = —RTin (1 x 10°K,q,)

where AGE 45 18 the free energy of adsorption, k] /mol; T is the temperature, K; and R is the
molar gas constant.

AGg 4s < 0 indicates that the adsorption of Dxt-g-CPL molecules on the metal surface
is a spontaneous occurrence; | AGg 4s | <20 kJ/mol, the adsorption type can be identified as
physical adsorption; 1AGY, | > 40 kJ/mol, the adsorption type is chemical adsorption; and
20 kJ/mol < | AGg 4s | <40 KkJ/mol, the corrosion inhibitor has both physical adsorption
and chemical adsorption on the metal surface [43-46].

The corrosion inhibition efficiency that was obtained by verifying the electrochemical
impedance spectroscopy and TAFEL polarization curve of Dxt-g-CPL respectively conforms
to the Langmuir isotherm adsorption equation. The relationship between C and CA® is
shown in Figure 12, and the adsorption parameters are shown in Table 3.

GV ®) 550

Els TAFEL

y-1. 0757x+70. 88
K2=0. 9691

y=1. 071113475, 37
R*=0. 9733

100 150 200 250 300 350 400 00: 0L GE00E - 2h0% ed00L S3h0g 00
¢ C

Figure 12. Langmuir isotherm adsorption model of ]J55 steel in 1 M HCl solution with different
concentrations of Dxt-g-CPL. (A) EIS; (B) TAFEL.

Table 3. Fitting parameters obtained from Langmuir isotherm equation.

Slope R? Intercept Kads AGKkJ/mol
EIS 1.0757 0.9691 70.88 0.01411 —23.68
TAFEL 1.0714 0.9733 75.37 0.01327 —23.53
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It can be observed from the table that the R2 values are 0.9691 and 0.9733, respectively,
which are very close to one, indicating that the adsorption behavior of Dxt-g-CPL on J55
steel, at room temperature, conforms to the Langmuir isotherm adsorption model. When
the free energy of adsorption is negative, the adsorption reaction of Dxt-g-CPL on the
surface of J55 steel is a spontaneous process [47,48]. The free energy of the adsorption of
Dxt-g-CPL is —23.68 k] /mol and —23.53 kJ/mol, which indicates that Dxt-g-CPL has both
physical adsorption and chemical adsorption on the surface of 55 steel.

4.2. Analysis of Corrosion Inhibition Mechanism

The adsorption mechanism of corrosion inhibitor molecules is recognized by most
people. There are many organic functional groups in Dxt and Dxt-g-CPL molecules, and
the properties of the metal surface and the d empty orbitals of the metal have a great
influence on the adsorption behavior.

In the 1 M HCl solution, there is a large amount of Cl-, and when it comes into contact
with the metal surface, specific adsorption occurs. At this time, the metal surface has some
negative charges, and the positively charged particles in the solution are more likely to
form a protective film. The Dxt and Dxt-g-CPL molecules contain many N and O atoms,
which are easy to protonate in acidic media. Therefore, corrosion inhibitors may exist in
the following two forms under acidic conditions: Dxt and DxtH**,, and Dxt-g-CPL and
Dxt-g-CPLH**. The adsorption methods of the corrosion inhibitor molecules on the metal
surface in this study may be the following:

(1) The electrostatic interaction between the corrosion inhibitor molecules and the metal
surface makes the corrosion inhibitor molecules physically adsorb onto the metal
surface;

(2) The d orbitals in the atoms on the metal surface, and the electrons of the O and N
atoms in the corrosion inhibitor molecules easily form coordination bonds, so that the
corrosion inhibitor molecules are chemically adsorbed onto the metal surface;

(3) The corrosion inhibitor molecule contains functional groups, such as hydroxyl and
carbonyl, which can form coordination bonds with the metal surface.

In this study, both Dxt and Dxt-g-CPL can adsorb onto the surface of J55 steel, to
form an adsorption film to protect the metal surface. The Dxt-g-CPL molecule contains
caprolactam molecules, which makes Dxt-g-CPL easier to be protonated, and makes it
easier to form a protective film. The experimental results show that the corrosion inhibition
effect of Dxt-g-CPL is better than that of Dxt, and the electron contribution ability of Dxt-
g-CPL to the metal surface is greater than that of Dxt. It is proved that the grafting of
caprolactam improves the corrosion inhibition performance of Dxt. All the experimental
results of this study have confirmed this point.

5. Conclusions

Taking dextrin-grafted caprolactam copolymer (Dxt-g-CPL) as the research object,
using the weight loss method, electrochemical research, surface morphology analysis, and
isotherm adsorption model analysis, the corrosion inhibition performance of Dxt-g-CPL
in 1 M HCl solution was studied. Conclusions can be drawn from the experimental and
theoretical results.

(1) In 1 M HCI solution, compared with Dxt, Dxt-g-CPL has a better corrosion in-
hibition performance for J55 steel, and the corrosion inhibition efficiency increases with
the increase in the concentration. When the concentration of Dxt-g-CPL is 300 mg/L, the
corrosion inhibition efficiency is the highest, but it will decrease with the increase in the
temperature.

(2) The adsorption of Dxt-g-CPL onto the surface of J55 steel follows the Langmuir
adsorption isotherm model. Additionally, its adsorption mechanism is the simultaneous
existence of physical adsorption and chemical adsorption.

(3) According to the analysis of the potentiodynamic polarization curve, the change
in the corrosion potential is less than 85 mV, and the deviation of the corrosion potential
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relative to the blank area is small, which proves that Dxt-g-CPL is a mixed corrosion
inhibitor; it can suppress the electrode reaction of the cathode and anode at the same time.

(4) Scanning electron microscopy showed that compared with the metal without
the corrosion inhibitor, the morphology of the metal surface with Dxt and Dxt-g-CPL
was significantly improved, indicating that the synthesized graft copolymer has a better
corrosion inhibition performance.
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