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Abstract: Developing environmentally friendly and biodegradable corrosion inhibitors is an impor-
tant research direction due to the toxicity and non-degradability of conventional carbon steel corrosion
inhibitors added to circulating cooling water environments. Polysaccharides in EPSs (Exopolysac-
charides) can be used as green corrosion inhibitors, but a low inhibition rate limits their practical
application. Chemical modification is widely used to modify the functionality of polysaccharides
by altering their physicochemical properties and structures, thereby enhancing or supplementing
their functional characteristics. In this study, we employed chloroacetic acid as an esterifying agent to
chemically modify Dextran and successfully synthesized a modified polysaccharide derivative with
a substitution degree of 0.326. This derivative efficiently inhibited the corrosion of carbon steel in
circulating cooling water environments. The carboxymethylated dextran (CM-Dextran) formed after
synthesis could adsorb onto metal surfaces to form a protective film, thereby inhibiting metal surface
dissolution reactions and exhibiting anodic corrosion inhibition properties. The experimental results
showed that the corrosion inhibition efficiency of CM-Dextran after modification increased by up to
57.4%, with a maximum inhibition efficiency of 82.52% at a concentration of 4 mg/mL. This study
provides new insights and opportunities for the development of environmentally friendly corrosion
inhibitors derived from polysaccharides.
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1. Introduction

Carbon steel is a common type of steel widely used in circulating cooling water
systems [1]. Due to perennial exposure to water, this steel’s corrosion resistance is easily
compromised [2], and annual losses caused by corrosion account for 2-4% of countries’ GDP
(Gross Domestic Product) [3], surpassing the combined losses caused by fires, winds, and
earthquakes. The presence of C1~ and SO42~ in recirculating cooling water environments
induces pitting on carbon steel [4] and can penetrate the passive layers of the metal [5],
further compromising its corrosion resistance in circulating cooling water environments.
Although the addition of corrosion inhibitors in the environment can effectively inhibit the
corrosion reaction process [6], traditional corrosion control measures often rely on the use
of toxic and dangerous chemicals. Conventional corrosion inhibitors include inorganic and
organic types [7], which offer cost-effectiveness, significant efficacy, and ease of use. How-
ever, inorganic salt corrosion inhibitors are often resistant to environmental degradation
and can pose harm to the environment. Furthermore, by-products produced during the
synthesis of organic corrosion inhibitors also present risks to human health and the environ-
ment. Additionally, some by-products produced during the synthesis of organic corrosion
inhibitors can also pose significant risks to human health and the environment. Currently,
there is a shift in corrosion inhibitor research towards emphasizing environmental bene-
fits [8], with scholars increasingly focusing on developing green natural organic extracts as
passive corrosion inhibitors [9-12]. Among these inhibitors, Exopolysaccharides (EPSs) are
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large sugar molecules (50-50,000 sugar units) produced by a variety of microorganisms,
which are secreted in the culture medium [13]. Exopolysaccharides (EPSs) produced by
specific bacteria such as sulfate-reducing bacteria [14], desulfurizing bacteria [15], and
Pseudomonas [16] exhibit environmentally friendly properties and corrosion inhibition
capabilities on metals. Research has found that functional groups of polysaccharides, such
as carboxyl, play significant roles in inhibiting the corrosion of carbon steel [17]. In addition,
different functional group structures can affect the corrosion inhibition effectiveness of
polysaccharides as corrosion inhibitors [18]. However, the corrosion inhibition effectiveness
of these extracts is unstable, and their inhibitory efficiency is relatively low. Therefore, en-
hancing the inhibition efficiency of green inhibitors is of paramount importance to promote
their application and further development in corrosion inhibition.

Dextran, a microbial polysaccharide, is widely distributed in various fungi and plants
and serves as a renewable resource with extensive applications in the food and biomedical
sectors [19-21]. Due to the requirements of the sustainable development of the ecological
environment, dextran has attracted considerable attention as a green and environmentally
friendly corrosion inhibitor [22-24]. However, research indicates that natural polysaccha-
rides have unstable structures, poor solubility, and low inhibition efficiency [25], which
limits their further utilization in the field of corrosion inhibitors. Additionally, a large
number of hydrogen bonds form within or between polysaccharide molecules. The pres-
ence of these bonds inevitably increases the hydrophilicity of dextran [26], leading to
a significant decrease in corrosion inhibition efficiency. To overcome these drawbacks,
chemical modification methods can be employed to improve the structural characteristics
of polysaccharides. Changes in structural and conformational properties can enhance or
supplement the functional characteristics of polysaccharides [27]. For example, changes in
molecular weight (Mw) and increased solubility typically result in polysaccharides with
excellent properties [28] such as superior corrosion inhibition performance [29,30].

In this study, the carboxymethylation of polysaccharides was achieved through nucle-
ophilic substitution reactions, which offer advantages compared to conventional polysac-
charide modification methods, such as low reagent consumption, simple operation, safe
conversion, and reaction products with low or no toxicity [31]. In the circulating cooling
water system, the modified polysaccharide has a stronger ability to adsorb, disperse, and
stabilize the liquid phase, which can reduce pollutants and sediments in the water, and
prevent the corrosion and scale accumulation of pipelines and equipment, but also improve
the efficiency of the system and extend the service life of the equipment, while reducing
the impact on the environment [32]. To avoid compromising the green biodegradability
of dextran, we drew upon modification methods from the food industry to enhance the
corrosion inhibition effectiveness and develop an efficient and environmentally friendly
corrosion inhibitor for circulating cooling water, thereby protecting metals from corro-
sion. Based on the above considerations, we used chloroacetic acid as an esterification
agent for the green modification of Dextran and then introduced -CH,COONa between
chloroacetic acid and polysaccharides via a bimolecular nucleophilic substitution reaction
to prepare carboxymethylated dextran (CM-Dextran) and study it as a green sustainable
corrosion inhibitor.

2. Materials and Methods
2.1. Materials

For electrochemical testing, this experiment employed a 20¥ carbon steel electrode with
dimensions of 10 mm x 10 mm X 2 mm. One side of the carbon steel electrode served as
the working surface, while the other side was connected to a wire. The electrode was encap-
sulated with epoxy resin, exposing a working area of 1 cm?. Weight loss experiments and
morphological characterization were conducted using specimens 50 mm x 25 mm X 2 mm
in size. The chemical composition of the carbon steel was 0.095 wt% C, 0.170 wt% Si,
0.290 wt% M, 0.012 wt% P, and 0.012 wt% S, with Fe constituting the remainder. Before the
experiment, both the electrodes and specimens were pretreated, and the metal surfaces
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were ground using 180, 360, 600, 800, and 1500 grit dry sand paper with abrasive blades.
Then, the polished surface was cleaned with acetone and deionized water, dried with cold
air, and placed in a drying dish for 24 h before use. The experiment used recirculating
cooling water with a Larson index of 2. The water distribution scheme is shown in Table 1.

Table 1. Composition of the experimental water.

Element NaCl Na,SO4 NaHCO; pH
(mg/L) 58.5 213 42 83

2.2. Preparation of a Modified Dextran Corrosion Inhibitor

The preparation method was aqueous method and improved [33]. Figure 1 illus-
trates the synthesis process for chemically modified polysaccharides, in which Dextran
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) undergoes a substitution reac-
tion with chloroacetic acid (Aladdin, Astoria, NY, USA). First, 1 g of Dextran was added to
40 mL of isopropanol for stirring, followed by 15 mL of a 20% sodium hydroxide solution.
The solution was stirred thoroughly for 1 h until the Dextran was completely dissolved.
Then, we slowly added 7 g of chloroacetic acid to achieve the etherification reaction. After
the temperature increased to 70 °C and the reaction had continued for 4 h, the pH was
adjusted to 7 using a 0.5 mol/mL sodium hydroxide solution. The solution was then placed
into a dialysis bag (MV14000), dialyzed with running water for 3 days, and freeze-dried to
obtain carboxymethylated Dextran.

9 7 g CICH,COOH
40m] IPA 15ml 20%NaOH g 2

\, / =h

1 g
Dextran 70°C 4h
ROA,C g Bicezs drymg é 7 =~
RO ] R=o \ \\ =
CM-Dextran Dialysis 3 d Adjust ph to 7

Figure 1. The preparation process for modified polysaccharides.

DS is commonly used to determine the degree of carboxymethyl substitution in hy-
droxyl groups and is typically measured using acid-base titration [32]. Firstly, a certain
amount of HCl solution (0.1 mol/L) was added to a beaker containing 20 mg of CM-Dextran
and stirred with a magnetic stirrer at 45 °C for 0.5 h until completely dissolved. After com-
pletion, the above solution was titrated with 0.1 mol/L NaOH solution, and the volumes
of NaOH solution consumed by the mixed solution at pH 2.1 and pH 4.3 were recorded
as V1 (mL) and V;, (mL), respectively. The substitution degree of carboxymethylated
polysaccharides was then calculated using Equations (1) and (2):

Vo — V1) X CNaoH]
M 7
0.023A

DS = 100584 @)

a=ll (1)
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where A is the carboxymethyl content, Cn,on (mol/L) is the substance concentration, V;
(mL) is the volume of NaOH solution consumed at pH 2.1, V, (mL) is the volume of NaOH
solution consumed at pH 4.3, M (g) is the mass of carboxymethylated polysaccharides, and
DS is the degree of chemical substitution.

2.3. Experimental Setup

The experiment utilized a self-made AR reactor, as illustrated in Figure 2. This reactor
includes a stirring device that simulates the hydraulic flow, a temperature control system,
and a water pump for controlling the inlet flow [34]. This device has a volume of 2.5 L and
is cylindrical in shape. The outer wall of the reactor, internal rotating shaft, and stirring
blades simulating the water flow are composed of organic glass and equipped with racks
upon which organic glass test pieces can be placed. During the experiment, the test pieces
were placed in a relatively stationary position on the rack. The motor was used to drive the
stirring blades, thereby generating shear forces between the water flow and the test piece
and simulating the hydraulic conditions in an actual piping network. The speed of the
shaft can be adjusted by the controller to simulate the flow rate of water in the recirculating
cooling water system. In addition, the reactor is equipped with a heating device to control
the water temperature.

| Temperature control system

Speed control system - === ======- l .......
I - l —————————— Influent water

Effluent water

Electrode |

20%*Carbon steel [] n ﬂ ﬂ "

Figure 2. Schematic diagram of the artificial reactor.

We prepared three parallel experiments with a total of nine reactors. Each group
contained three operating conditions: the blank condition, polysaccharide condition, and
modified polysaccharide condition. Each set included 2 carbon steel electrodes and 6 carbon
steel test pieces placed in the reactor, with an experimental rotation speed of 120 r/min and
the water temperature controlled at 30 °C. The experiment adopted the non-continuous
water inlet method and ran for 10 days.

After the experiment, the carbon steel electrodes and test pieces were removed. Two
electrodes were used for electrochemical testing, three test pieces were used for weight loss
testing, two test pieces were subjected to scanning electron microscopy (SEM) (QUANTA
200F, The Netherlands) and X-ray photoelectron spectroscopy (XPS) (ULVAC PHI Quantera
II, Japan) to detect the surface of the carbon steel, and another test piece was used as
a backup.

2.4. Corrosion Weight Loss

Before the experiment, the carbon steel specimens were weighed and immersed for
10 days, as shown in Figure 2. Subsequently, the surface corrosion products were removed
using ethanol and deionized water. Simultaneously, a mixture of 10 vol% hydrochloric acid
and 5 w/v% hexamethyl-amine was used to clean the remaining corrosion products until
complete removal was achieved. The specimens were then dried to a constant weight and
weighed using an analytical balance with an accuracy of 0.1 mg. The average weight loss
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was obtained from three parallel samples. The corrosion rate and inhibition efficiency were
calculated using Equations (3) and (4), respectively:

8760 x AW
—1 _

Ver (mma ) = 751715 3)
where Vg represents the corrosion rate (mm/a), AW is the weight difference of the
specimen before and after (g), s is the area of the carbon steel specimen (28 cm?), p is the
density (8.4 g/cm3), and t is the immersion time (h).

The inhibition efficiency IR (%) was calculated as follows:

Ver (vtank) — VR (inhivitor)

IR (%) =
() VeRr(vlank)

4)

where Veg prank) is the corrosion rate of the blank condition, and Ve iupipitor) is the corrosion
rate after adding Dextran or CM-Dextran to the system.

2.5. Electrochemical Testing

The CHI660C electrochemical workstation (Shanghai, China)with the classic three-
electrode system is used for testing and research, which can detect the corrosion of metal
materials in the environment [35]. A carbon steel electrode specimen with an area of 1 cm?
served as the working electrode, a platinum electrode served as the auxiliary electrode,
and a saturated calomel electrode served as the reference electrode. After the system
reached a stable state, open circuit potential (OCP) tests were conducted to measure the
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP)
curves. For PDP measurements, a scan range of £0.35 V was used at a scan rate of 1 mV/s.
For electrochemical impedance spectroscopy, the initial potential was set to the open circuit
potential, with a scan frequency of 0.01 to 10° Hz, an amplitude of 0.005, and a settling time
of 2 s. ZSimpWin3.60 was employed to fit the impedance spectroscopy data, and the results
were analyzed.

2.6. Characterization of the Metal Surface

For scanning electron microscope (SEM) (QUANTA 200F, The Netherlands) with an accel-
erating voltage range of 200 V to 30 kV and a sample chamber vacuum of <6 x 10~4-4000 Pa.
Before detection, the specimens were coated with platinum to better observe the surface
microstructure of the carbon steel without altering its morphology. Additionally, X-ray
photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS) (ULVAC
PHI Quantera II, Japan) were performed to analyze the types of elements present in special
structures on the surface. Each XPS spectrum was energy-calibrated using a C 1 s peak as
the external standard and the C-C correction position set to 284.8 eV. Fitting and correction
were performed using the Avantage v5.9921.

3. Results
3.1. FT-IR Characterization of Dextran Derivatives

Infrared spectroscopy was used to detect the functional groups of Dextran and CM-
Dextran, as shown in Figure 3. Although the positions of the infrared absorption peaks
of Dextran and CM-Dextran shifted, they were generally similar, indicating that the main
structure did not undergo significant changes after modification. Two broad peaks and two
narrow peaks were observed around 3402 em~ 1, 3432 em ™1, 2936 em !, and 2826 cm 1.
The absorption peaks around 3600-3200 cm~! and 3000-2800 cm~! were characteristic
of the -OH and -CH groups in polysaccharides [36]. The absorption peak at 3402 cm ™!
in CM-Dextran broadened, indicating enhanced hydrogen bonding due to the introduc-
tion of carboxymethyl groups. Additionally, the stretching vibration of the C-H bond
at 2936 cm ! yielded changes in the peak shape and a chemical shift [37]. Compared to
Dextran, CM-Dextran exhibited characteristic absorption peaks among the carboxymethyl
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groups at 1597 cm~! and 1414 cm ™!, representing the stretching vibrations of C=0 and

-COO, respectively [38].
Dextran
—— CM-Dextran
g 2036 | ““ 1414
=
S
E
=
]
L
=
1 1 1 1 1 1 1 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber(cm™)

Figure 3. FTIR spectra of Dextran and CM-Dextran.

The above analysis demonstrates that the modification of Dextran was successful.
Additionally, the DS of the modified polysaccharide was calculated using acid-base titration
to be 0.326. The higher DS of the substitution corresponds to stronger functional properties
of the polysaccharide.

3.2. Corrosion Inhibition Properties of CM-Dextran
3.2.1. Corrosion Rate Test

Figure 4 illustrates the variation in the corrosion rate of carbon steel specimens under
the simulated circulating cooling water environment. Table 2 presents the inhibition
efficiency of Dextran and CM-Dextran at different concentrations.

1.0
Blank
Img/ml

0.8 |- 2mg/ml
z 4mg/ml
£
Eos}
2
«
Eo
=
2
B 04
—
—
)
O

0.2

0'0 L 1 L

Blank Dextran CM-Dextran

Environmentai concetration(mg/mi)

Figure 4. The corrosion rate of the blank and the addition of Dextran and CM-Dextran in circulating
cooling water at 30 °C.
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Table 2. Corrosion rate and corrosion inhibition efficiency based on weight loss method.

Inhibitors Concentration IE (%)
(mg m-L—1)
1 9.58
Dextran 2 25.17
4 4.68
1 65.03
CM-Dextran 2 73.83
4 82.52

Figure 4 and Table 2 indicate that compared to the blank and Dextran conditions, the
corrosion rate of carbon steel significantly decreased under the CM-Dextran condition.
This result demonstrates the crucial role of CM-Dextran in mitigating the corrosion of
carbon steel in circulating cooling water, highlighting the feasibility of CM-Dextran as an
efficient corrosion inhibitor. Although Dextran also inhibited corrosion, this effect was not
ideal compared to that when using CM-Dextran. Even at a concentration of 2 mg/mL,
the highest corrosion inhibition rate was only 25.17%. At concentrations of 1 mg/mL
and 4 mg/mL, the corrosion inhibition effect was even poorer at only 9.58% and 4.68%,
respectively. This difference is related to the structures of natural polysaccharides. However,
after modification, the corrosion resistance of CM-Dextran increased by 57.4%, which is
consistent with the results of Luo and Rbaa’s research [39,40]. The inhibition effect of
CM-Dextran is related to its functional groups [41]. Carboxyl play an important role in
the formation of protective layers on the surface of carbon steel [42]. The introduction
of carboxymethyl significantly affects the corrosion resistance of Dextran, which may be
related to the dense protective layer formed on the surface. Additionally, CM-Dextran’s
effectiveness in inhibiting corrosion showed a positive correlation with its concentration.
For instance, when the concentration was 1 mg/mL, the corrosion rate of the carbon steel
was 0.314 mm/a. However, as the concentration increased to 4 mg/mL, the corrosion rate of
the carbon steel decreased significantly to 0.157 mm/a. The inhibition efficiency peaked at
this juncture, reaching 82.52% compared to the blank. This observation suggests that despite
varying concentration conditions, the fluctuation in inhibition efficiency remained within
approximately 10%. Therefore, even when consumed in the environment, CM-Dextran
maintained a stable corrosion inhibition effect on the carbon steel. Research indicates that
the structure of CM-Dextran is more stable [43]. Table 3 shows that CM-Dextran differs
from Dextran only in its functional groups, indicating that CM-Dextran still possesses
green biodegradability characteristics. In this experiment, CM-Dextran demonstrated
persistent corrosion inhibition performance in the circulating cooling water system, helping
to overcome the easy failure of green corrosion inhibitors after long-term use with high
efficiency and stability.

Table 3. Polarization parameters of Dextran and CM-Dextran at different concentrations in circulating
cooling water at 30 °C.

. Concentration
Inhibitors (mg m-L-1) Ecorr (V) Ior/mA/cm?  PBa/mV-dec=! —Bc/mV-dec—!

1 —0.648 0.03259 207 185

Dextran 2 —0.682 0.02882 213 185

4 —0.658 0.03753 209 166

1 —0.571 0.02351 238 181

CM-Dextran 2 —0.542 0.02401 255 175
4 —0.498 0.01980 397 133
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3.2.2. Electrochemical Measurements

To further investigate the electrochemical reaction process of CM-Dextran on the
surface of carbon steel, potentiodynamic polarization (PDP) and electrochemical impedance
spectroscopy (EIS) experiments were conducted to study the corrosion inhibition behavior
of CM-Dextran under simulated circulating cooling water environments. Figure 5 illustrates
the polarization curves of carbon steel electrodes after exposure to different concentrations
of Dextran and CM-Dextran in the environment. Table 3 presents the parameters obtained
after Tafel fitting.

— —DT 1mg/ml
00 F — —DT 2mg/ml
— =—DT 4mg/ml
—— CM-DT 1mg/ml
- —— CM-DT 2mg/ml
—— CM-DT 4mg/ml

|
=
(&)

=)
% —04
@
>
>
<
= -0.6 |
- _——E-E‘E—E{—\’
—0.8 |- \
\\
_1'0 1 1 L [
-8 -7 —6 -5 —4 -3

Log(I(A/cm?))

Figure 5. The electrochemical curve of Dextran and CM-Dextran at different concentrations in
circulating cooling water at 30 °C.

Figure 5 and Table 3 show a positive shift in the corrosion potential under the CM-
Dextran condition compared to that under the Dextran condition. The corrosion potential
ranges for the two conditions were —0.682 to —0.658 V and —0.498 to —0.571 V, respectively,
indicating the reduced corrosion tendency of carbon steel under the CM-Dextran condition.
At a concentration of 4 mg/mL, there was a significant positive shift of 0.160 V, indicating
the weakest corrosion tendency. The corrosion current density showed similar results,
with the lowest corrosion current densities being 0.01980 mA /cm? and 0.02882 mA /cm?
for the two conditions, respectively, representing a decrease of approximately 45.56%.
The corrosion potential and current density results indicate that carbon steel offers good
corrosion resistance in environments containing CM-Dextran, which is consistent with the
corrosion weight loss results shown in Figure 4. Overall, these results indicate improved
corrosion inhibition performance after Dextran modification.

The Tafel slope parameters in Table 3 show that the anodic slope 3a was higher than
the cathodic slope 3¢ for both CM-Dextran and Dextran, indicating that the anodic reaction
was the controlling factor under both conditions. In the anodic region, iron undergoes
oxidation, producing iron ions and electrons, as follows: Fe — Fe?* + 2e~. In the cathodic
region, oxygen undergoes reduction, accepting electrons and reacting with water to form
hydroxide ions: 1/20; + HyO + 2e~ — 20H™. The hydroxide ions then combine with
iron ions to form water while also generating iron hydroxide or hydrated iron oxide: 2Fe?*
+40H™ — Fey(OH)4).. However, under the CM-Dextran condition, the anodic slope Ba
increased by 31 mV-dec™! to 188 mV-dec™! compared to the slope under the Dextran
condition, indicating an enhanced control of the anodic reaction after modification. With
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an increase in concentration, the anodic slope fa of CM-Dextran increased, indicating a
weakening of the electron-donating ability of Fe on the carbon steel surface and suppressing
metal corrosion. The changes in the values of fa and (3¢ for Dextran were not significant.
However, when the concentration of CM-Dextran reached 4 mg/mL, a increased by
159 mV-dec ! while Bc decreased by 133 mV-dec™!. We argue that CM-Dextran inhibits
the anodic dissolution reaction of iron. Then, CM-Dextran modified with carboxymethyl
groups undergoes adsorption complexation on the surface of the carbon steel, forming
a protective layer [44]. Additionally, after surface adsorption, CM-Dextran enhances the
reduction ability of Fe [45], thereby reducing the number of electrons lost by Fe and
weakening the anodic dissolution reaction of the metal. The process by which CM-Dextran
inhibits carbon steel corrosion exhibits the characteristics of anodic inhibitors.

Figure 6 displays the Nyquist and Bode plots of carbon steel electrodes after the
addition of Dextran and CM-Dextran into the environment. The Nyquist plots exhibit
a complete semicircle in the high-frequency region and an incomplete semicircle in the
low-frequency region. Additionally, the Bode plot shows the presence of two distinct
constant phase angles after the addition of CM-Dextran. These angles are related to the
formation of inhibitor protective films [46] and charge transfer. Generally, the larger the
diameter of the Nyquist semicircle, the lower the corrosion rate [47]. The fitted circuit con-
formed to the Rs(Qp, (R (QfRp))) model, with the equivalent circuits illustrated in Figure 7.
The circuit consists of a constant phase element (Q}) and resistance (Ry,) in parallel with
double-layer capacitance (Qf) and charge transfer resistance (Rp,), while ‘n” represents the
diffusion coefficient. Throughout the Nyquist evaluation process, Rs represents the solution
resistance; R}, and Rp, respectively, represent the membrane resistance (corrosion products
on the metal surface) and interfacial charge transfer resistance; and Rs, R, and R, together
constitute the charge transfer resistance.

600 60
® DT Img/ml ® DT Img/ml

A DT 2mg/ml A DT 2mg/ml
DT dmy/ml ¢ DT dmy/ml

—— fitting linc fitting line

500

1000 |

400

300 |

Z" (Q/em®)
log(|Z])

200 |-

100 |
100 |

0 200 400 600 800 000 1200 1400 1072 107" 10° 10" 10* 10° 10* 10°
Z' (Qiem?) log(Freq(Hz)
60
® CM-DT Img/ml ® CM-DT 1mg/ml
7000 F A CM-DT 2mgiml * e A CM-DT 2mg/ml
4 CM-DT dmg/ml € CM-DT 4mg/ml 50
6000 | — fitting line * o . 10,000 \\ fitting line
4
. .
5000 | ' 4 40

< 4000 |
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1000 |
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3000

2000 |

1000
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Figure 6. Nyquist and Bode plots of Dextran and CM-Dextran at different concentrations in circulating
cooling water at 30 °C.
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Figure 7. The equivalent circuit diagram for carbon steel.

As shown in Figure 6 and Table 4, the relationship between Ry, and Ry, differed between
the Dextran and CM-Dextran conditions. The ranges of R, and R, under the Dextran
condition were 718 Q-cm? to 1027 Q-cm? and 993 Q-cm? to 1626 Q-cm?, respectively, with
a small difference between the two that jointly affected the corrosion of the carbon steel.
However, under the CM-Dextran condition, the ranges of Ry, and Ry, were 406 Q-cm? to
450 O-cm? and 11,130 Q-cm? to 17,650 Q-cm?, respectively. R, was an order of magnitude
higher than Ry, indicating that R;, offered the main resistance to corrosion on the surface
of the carbon steel at this time, with ranges more than 10 times higher than those before
modification, indicating a significant decrease in the charge transfer capability of the carbon
steel surface after modification. This result also explains the significant decrease in corrosion
rate, the positive shift in corrosion potential, and the decrease in corrosion current density,
as shown in Figure 4 and Table 3. The protective film on the surface of the carbon steel was
composed of an inhibitor film adsorbed by CM-Dextran and generated corrosion products,
which play an important role in protecting carbon steel [48,49]. However, after modification,
CM-Dextran acquired the characteristics of anodic inhibitors due to its excellent corrosion
resistance, thereby weakening the oxidation reaction on the surface of the carbon steel
and slowing the generation of corrosion products (see Table 3). In addition, the 'n” value
indicates the uniformity of the surface of carbon steel with CM-Dextran and Dextran.
The diffusion coefficient n; was >0.5 under the CM-Dextran condition, while n; was <0.5
under the Dextran condition, indicating that the surface of the modified carbon steel was
more uniform.

Table 4. Electrochemical impedance parameters of Dextran and CM-Dextran at different concentra-
tions in circulating cooling water at 30 °C.

Concentration

- 2 em?2 em2
Inhibitors (mg/mL) R¢/Q-cm ny, Rp/Q-cm ng Rp/Q-cm
1 77 0.98 718 0.406 993
Dextran 2 108 0.98 997 0.444 1626
4 110 0.97 1027 0.366 1358
1 80 0.98 450 0.662 11,130
CM-Dextran 2 101 0.99 406 0.654 14,650
4 68 0.99 404 0.669 17,650

The PDP and EIS results show that CM-Dextran had an impact on the electrochemical
reaction process at the interface of the carbon steel. The improvement in inhibition effi-
ciency after modification was closely related to the protective layer on the surface of the
carbon steel.

3.3. SEM Analysis of the Carbon Steel Surface

To further investigate the protective film formed by CM-Dextran on the surface of the
carbon steel, we conducted a high-resolution SEM-EDS analysis of the steel’s corrosion
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interface. Figures 8 and 9, respectively, present the surface morphology and EDS detection
results under three different conditions. According to the SEM results, there were significant
differences in the surface morphology of carbon steel under different conditions.
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Figure 8. SEM of carbon surface under circulating cooling water at 30 °C.
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Figure 9. EDS of carbon surface under circulating cooling water at 30 °C.

Based on the results shown in Figures 8 and 9, the surface of the carbon steel was
extremely rough and exhibited a porous structure under both the blank and Dextran
conditions, with noticeable spherical corrosion products. However, despite the presence
of some white granular substances, the surface of the carbon steel was very uniform after
modification, with fewer corrosion products; the film structure was also smoother. This
result is consistent with the reduction in Rf and increase in the diffusion coefficient n, as
indicated in Table 4. Additionally, the localized EDS detection results show that the surface
under all three conditions contained the same elements: O, Fe, and C. In both the CM-
Dextran and Dextran conditions, there was a decrease in the O element of approximately
39.01% and 24.05%, respectively, further demonstrating CM-Dextran’s inhibition of the Fe
oxidation reaction on the carbon steel surface. In this way, CM-Dextran acts as an anodic
corrosion inhibitor, effectively suppressing corrosion reactions on the surface of the carbon
steel. In addition to adsorbing onto the metal surface to form a dense protective layer
and isolating corrosive ions, CM-Dextran also has a scavenging effect on strong oxidizing
free radicals in aqueous solutions [50,51], reducing the probability of iron oxidation. Thus,
CM-Dextran exhibits highly efficient corrosion inhibition effects on carbon steel from the
perspective of both the carbon steel interface and the corrosive environment medium.

3.4. Analysis of CM-Dextran’s Adsorption Mechanism

The SEM analysis indicates that the corrosion inhibition effect of CM-Dextran is
primarily attributable to its adsorption onto the surface of carbon steel, enabling it to form
a dense protective film. To further investigate the adsorption protection mechanism, we
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studied the adsorption film-forming properties of CM-Dextran on the surface of carbon steel
through adsorption isotherms, as shown in Figure 10. In this study, the Langmuir equation
was employed to fit the adsorption isotherms. This method is commonly used to study the
adsorption of environmentally friendly corrosion inhibitors on metal surfaces [52].

s L L 0 L
0.0 0.2 08 1.0 0.0 0.2

04 0.6 04 0.6
Ce(mg/L) Ce(mg/L)
(a) Fe?* (b)Fe**
Figure 10. The Langmuir adsorption isotherm of CM-Dextran on Fe?* /Fe3* adsorption in circulating

cooling water at 30 °C.
The Langmuir isotherm equation is

Ce 1 Ce
Q: Q" Qn’ ©
where C; is the equilibrium concentration of FeZ* /Fe®*, Q. is the adsorption amount of
Fe?* /Fe**, Qn is the saturation adsorption capacity of the adsorbent (mg/g), and b is the
equilibrium adsorption coefficient.
The relationship between the equilibrium adsorption constant b and the Gibbs free
energy AG can be calculated using the following formula:

AG = —RTIn(55.56b) (6)

where AG is the Gibbs free energy change, R is the gas constant (typically 8.314 J/(mol-K)),
T is the temperature in Kelvin, and b is the equilibrium adsorption constant.

Table 5 presents the thermodynamic adsorption parameters of CM-Dextran fitted
using the Langmuir equation. Table 5 shows that the R? values are all 0.99, indicating that
the Langmuir equation can accurately describe the adsorption process of CM-Dextran on
Fe?* /Fe3*. The results for CM-Dextran’s maximum Fe?* /Fe3* adsorption capacity (Qm)
suggest that the adsorption capacity for Fe®* is greater than that for Fe?*. Adsorption
processes are generally classified into physical adsorption and chemical adsorption. Phys-
ical adsorption is mainly caused by van der Waals forces, with electrostatic adsorption
being the most common form. Negatively charged functional groups in polysaccharides
electrostatically adsorb to positively charged metal ions, whereas chemical adsorption
primarily occurs through the complexation of functional groups via covalent bonds with
metals. AG is commonly used to evaluate the adsorption properties of corrosion inhibitors
on metals. The AG values for Fe?* /Fe3* shown in Table 5 are all negative, indicating that
the adsorption process of CM-Dextran on the surface of carbon steel is spontaneous. A
AG value higher than —20 k] mol™! indicates physical adsorption of the inhibitor on the
metal [53], while a AG value lower than —40 k] mol~! indicates chemical adsorption [54].
Values between these two thresholds indicate mixed physical/chemical adsorption. The
AG values for Fe?* /Fe>* were —28.33 k] mol™! and —27.85 kJ mol™, respectively, and
were thus positioned between the two thresholds. This result suggests that the adsorption
process of CM-Dextran involves both physical and chemical adsorption processes. Chemi-
cal adsorption is generally considered more stable than physical adsorption. In addition,
the formation of metal complexes through chemical adsorption by CM-Dextran played a
significant role in the densification of the protective film.
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Table 5. The thermodynamic adsorption parameters of CM-Dextran on Fe?* /Fe3* adsorption in
circulating cooling water at 30 °C.

Condition R? Om (mg/L) b (mg/L) AG (k] mol™)
Fe?* 0.99 65.24 1.38 —28.33
Fe3* 0.99 155.04 1.14 —27.85

To further investigate the adsorption and protection mechanism of CM-Dextran, we
conducted an XPS analysis to examine the functional groups and corrosion products
adsorbed on the surface of the carbon steel samples. Figure 11 presents the high-resolution
XPS spectra for the total spectrum, C 1s, O 1 s, and Fe2p3/2, along with the binding
energies of each peak component.
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Figure 11. XPS spectra for corrosion products formed in circulating cooling water at 30 °C containing
2 mg/mL CM-Dextran.

Figure 11b and Figure 11c, respectively, represent the C 1 s spectrum and O 1 s
spectrum. In the C 1 s spectrum, there are four convolution peaks at 283.42 eV, 284.8 eV,
287.07 eV, and 287.71 eV, representing Fe-C, C-C/C-H, C-O, and C=0, with relative atomic
percentages of 24.13%, 40.6%, 26.52%, and 8.76%, respectively. This result indicates that
CM-Dextran adsorption on the carbon steel surface involves the strong physical adsorption
of C-O and C=0, which played an important role in forming the protective film on the
carbon steel surface [55]. Here, C—C/C-H had the highest content on the carbon steel
surface. The modification introducing carboxyl methyl enhanced the film-forming effect of
CM-Dextran on the carbon steel. The results for Fe-C further indicate that CM-Dextran
underwent coordination reactions with Fe in the solution, demonstrating that CM-Dextran
exhibits not only physical adsorption but also chemical adsorption, consistent with the
thermodynamic parameters obtained from the Langmuir equation fitting presented in
Table 5. The O 1 s spectrum in Figure 11b shows three convolution peaks at 529.56 eV,
531 eV, and 532.76 eV, corresponding to Fe-O, C=0, and O-C=0, respectively, with relative
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atomic contents of 45.03%, 46.89%, and 8.07%. The high content of Fe-O and C=0 indicates
a significant adsorption of metal corrosion products and CM-Dextran on the surface. The
lowest content of O-C=0 may be related to complexation with Fe deposited in the interior.

Figure 11d presents the Fe2p3/2 spectrum, which can be deconvoluted into three
peaks at 709.54 eV, 710.97 eV, and 712.56 eV, corresponding to Fe3O4, Fe;O3, and FeOOH,
with Fe?* and Fe3* contents of 70.81% and 29.19%, respectively. The surface of the carbon
steel contained more Fe%*, while the formation of Fe3* was often related to further oxidation
of Fe?*. CM-Dextran adsorption on the surface inhibited the oxidation reaction of the metal
surface. Additionally, the formed corrosion inhibition film hindered the dissolution of Fe,
enriching Fe?* on the metal surface. Moreover, CM-Dextran promoted the reduction of Fe
and inhibited the corrosion of carbon steel, consistent with the conclusions in Table 3.

4. Discussion

Based on the results of electrochemical, SEM, and CM-Dextran adsorption mechanism
analyses, CM-Dextran provides corrosion protection to carbon steel mainly via adsorption
and film formation [56], thereby inhibiting anodic dissolution. Figure 12 illustrates the
mechanism by which CM-Dextran inhibits carbon steel corrosion in the environment. Fol-
lowing modification, CM-Dextran contained more functional groups. Due to corrosion, the
emergence of adsorption sites resulted in the physical adsorption of C-C/C-H, C-O, C=0,
and O-C=0 onto the surface of the carbon steel. Negatively charged groups underwent
electrostatic adsorption with positively charged metals, forming a protective film, which
effectively slowed the dissolution of metals [1]. Furthermore, CM-Dextran underwent
chemical adsorption with Fe?" /Fe3* to form stable covalent bonds, thereby generating
metal complexes and establishing specific permanent adsorption. Additionally, gradual
aggregation into a film occurred through particle interactions and solid-state reactions,
including intermolecular forces such as hydrogen bonds and electrostatic interactions,
covering the dense protective film composed of CM-Dextran. This protective film inhibited
Fe dissolution and blocked corrosion ion erosion. Furthermore, CM-Dextran enhanced
the reduction capability of iron, weakening its electron transfer ability and significantly
reducing the charge transfer on the metal surface. These processes enhanced charge transfer
resistance and protected the carbon steel substrate.

Y. Chemisorption R,
—.“*
».

A

Figure 12. Mechanism for inhibiting the corrosion of carbon steel.

5. Conclusions

This study successfully prepared modified Dextran, i.e., CM-Dextran, and applied it as
a green, environmentally friendly, and novel corrosion inhibitor in circulating cooling water
for carbon steel. This green, biodegradable polysaccharide structure offers a new approach
and opportunity for the development of corrosion inhibitors. Through comprehensive
analyses, we drew the following conclusions:



Water 2024, 16, 1182 15 0f 17

(1) Dextran and CM-Dextran are green and environmentally friendly corrosion inhibitors
that offer excellent capabilities in inhibiting carbon steel corrosion. In this study,
Dextran yielded a corrosion inhibition rate of 25.17% at 2 mg/mL, while CM-Dextran
achieved the highest corrosion inhibition rate of 82.52% at 4 mg/mL. Chemical mod-
ification did not compromise the green characteristics of the carbon steel. Dextran
exhibited low and unstable inhibition efficiency, while modified CM-Dextran enhanced
the corrosion inhibition capability by 57.35% and demonstrated long-term stability, thus
overcoming natural green corrosion inhibitors” susceptibility to degradation.

(2) The results of electrochemical kinetics testing indicated that after the addition of CM-
Dextran, the corrosion potential range of the carbon steel was between —0.498 and
—0.571 V. Compared to the results with the addition of Dextran, the corrosion tendency
of carbon steel decreased, and the corrosion current density decreased. Ba was greater
than ¢, indicating anodic corrosion inhibition capacity. When the environmental
concentration reached 4 mg/mlL, Ba increased by 159 mV-dec !, effectively inhibiting
the metal dissolution reaction on the surface of the carbon steel. Electrochemical
impedance spectroscopy and SEM demonstrated that CM-Dextran formed a smooth
protective film on the surface of the carbon steel. This film structure impeded the
metal dissolution reaction on the surface of the carbon steel, resulting in a 14.96%
decrease in surface oxygen content.

(3) CM-Dextran adsorbed FeZ* /Fe®* with AG values of —28.33 kJ mol™ and —27.85 k] mol %,
involving both physical and chemical adsorption processes. XPS testing revealed
that CM-Dextran adsorbed onto the C-C/C-H, C-O, and C=0 sites on the surface
of the carbon steel. The surface content of Fe?* and Fe* was 70.81% and 29.19%,
respectively, with electrostatic adsorption occurring between Fe* /Fe>* and CM-
Dextran. Additionally, metal complexes were formed through covalent bonds. These
complexes covered the metal surface to form a dense protective film, effectively
inhibiting the corrosion process of the carbon steel.
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