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a b s t r a c t

In the process of exploration and development of oil and gas fields, the acidic environment of oil
reservoir, production and transport processes cause corrosion of pipelines and equipment, resulting in
huge economic losses and production safety risks. Corrosion inhibitors were widely used in oil industry
because of simple operation process and economical. In this study, three environmentally friendly
corrosion inhibitors were synthesized based on the natural polysaccharide chitosan. Corrosion inhibition
of three dendritic chitosan derivatives (We name them BH, CH and DH) on mild steel in 1 mol/L HCl
solution with natural ventilation system was evaluated by weight loss experiment, electrochemical
analysis and surface morphology characterization. The experimental results showed that when the three
dendritic chitosan derivatives added in the corrosive medium were 500 mg L�1, the corrosion inhibition
efficiencies were all more than 80%. Based on quantum chemical calculation, inhibition mechanisms of
three dendritic chitosan derivatives were investigated according to molecular structures. The results
showed that the benzene ring, Schiff base and N atom contained in the molecule were the active centers
of electron exchange, which were more likely to form a film on the carbon steel surface, thereby slowing
or inhibiting corrosion. The results also predicted the corrosion inhibition effect BH > DH > CH, which
was consistent with the experimental conclusion.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

During oil exploitation, oilfield reservoirs contain formation
water and carbon dioxide (CO2) (Stack and Abdulrahman, 2012;
Hassani et al., 2014), crude oil contains hydrogen sulfide (H2S)
(Tomin and Silinskaya, 2010; Wang and Zhang, 2016), electro-
chemical corrosion caused by the surrounding environment (Guo
et al., 2015; Liu et al., 2020) and acid waste from acidification op-
erations (Migahed et al., 2016; Ganeeva et al., 2020) will inevitably
cause serious corrosion to production equipment (Chen et al.,
2021), transportation equipment (Hu et al., 2014) and pipelines
y Elsevier B.V. on behalf of KeAi Co
(Zhang et al., 2021). According to the Chinese Academy of Engi-
neering research results of “Research on China's Corrosion Status
and Control Strategies” in 2015, the annual corrosion cost in China
is about RMB 2178.82 billion, accounting for 3.34% of China's GDP in
2014 (Hou, 2019). The main countermeasures include the devel-
opment of high corrosion resistant composite (Wang et al., 2008),
electrochemical protection (Popov and Korzunin, 2012), anti-
corrosion coatings (Wang et al., 2015; Li et al., 2022) and corro-
sion inhibitors. At present, adding corrosion inhibitors is one of the
most common methods because of their simple operation and low
cost.

At present, a series of corrosion inhibitors have been developed,
mainly including inorganic and organic corrosion inhibitors. Inor-
ganic corrosion inhibitors mainly include chromate (Eshaghi and
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Eshaghi, 2012), phosphate (Yan et al., 2019), silicate (Cheng et al.,
2020), molybdate (Ou et al., 2018) and so on. Organic corrosion
inhibitors mainly include imidazolines (Jawich et al., 2012), qua-
ternary ammonium salts (Chauhan et al., 2020), Schiff bases and
carbonyl compounds (Gao et al., 2009), etc. However, both inor-
ganic and organic corrosion inhibitors are toxic and pollute the
environment. The development of low toxicity and environment-
friendly corrosion inhibitors is the trend in the future.

In this study, we used the natural polysaccharide chitosan as the
base molecule, which is widely sourced, nontoxic and degradable.
Three branched chitosan derivatives (BH, CH and DH) were syn-
thesized as environmentally friendly corrosion inhibitors. This type
of polysaccharide corrosion inhibitor has a large number of polar
groups, which adsorb on the metal surface to form a film, thereby
inhibiting corrosion. Using electrochemical tests and weight loss
experiments to evaluate inhibition efficiency of the three inhibitors
for 20# low carbon steel in 1 mol/L HCl solution. The results indi-
cated that three polysaccharide inhibitors synthesized showed
good corrosion inhibition effect. Adsorption of polysaccharide
molecules on mild steel was confirmed by SEM, contact angle and
quantum calculation, and the action mechanism of corrosion in-
hibitor was clarified.
2. Experimental

2.1. Materials

In this study, we used 20# steel as the experimental sample, and
its element compositionwas shown in Table 1. The sample size steel
is 50 mm� 13.5 mm� 2mm. Before the experiment, samples were
pretreated as follows: Petroleum ether was used to remove grease
of the steel samples surface. Then ultrasonic cleaning was carried
out in ethanol solution and deionizedwater successively. Thenmild
steels were dried under nitrogen atmosphere and weighed.

The chemicals used in this study include methanol, ethanol,
petroleum ether, hydrochloric acid (HCl), chitosan oligosaccharide
(COS, molecular weight�5000) were purchased from Beijing Nuo-
beiwei Technology Co. Ltd. The methyl acrylate (MA), glycidyl-
trimethyl ammonium chloride (GTMAC), ethylenediamine (EDA),
4-Isopropylaniline, 4-pyridinecarboxaldehyde and 2,2-pyridi were
purchased from Sinopharm Chemical Reagent. The corrosive me-
dium was 1 M HCl solution with naturally ventilation.
2.2. Synthesis of branched polymers derivatives

The synthesis route of hyperbranched chitosan oligomer de-
rivatives BH, CH and DH were showed in Fig. 1. Michael addition
reaction: chitosan oligosaccharide (5.0 g) and 2.0 mL methyl acry-
late were dispersed in methanol. The solution was stirred at 50 �C
for 48 h. The precipitation product was obtained by centrifugation
at 3.5 � 103 rpm and repeatedly washed 3 times. Amidation reac-
tion: The reactants from the previous step were added to 100 mL
Table 1
The element composition of 20# carbon steel (mass%
balance is Fe).

Element Composition, %

C 0.17e0.24
Si 0.17e0.37
Mn 0.35e0.65
Cr �0.15
P 0.035
S 0.035
Ni �0.15
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methanol, then 5 mL ethylenediamine was added to the flask. The
mixture was stirred and the solvent and unreacted methyl acrylate
were removed by centrifugation. The precipitation product is the
first-generation branched chitosan. The michael addition and
amidation reactions were repeated to obtain the second-generation
branched chitosan. The second-generation branched chitosan
(5.0 g) and glycidyl trimethylammonium chloride (5.0 g) were
added to 200mL aqueous solution. Themixturewas stirred at 80 �C
for 72 h. Product was collected by filtration after extraction with
acetone. The products were reacted with NBS (reaction of 4-
isopropylaniline with di-2-pyridylethanedione), citral and 4-
pyridinecarboxaldehyde in ethanol solution at 70 �C for 7 days to
obtain BH, CH and DH.

2.3. Weight loss method

Gravimetric method is a method to calculate the corrosion in-
hibition efficiency by comparing the weight changes of samples
before and after corrosion. It is a reliable, simple and widely used
experimental method. In order to simulate the acid corrosive
environment of the oil field, the formation water contains a large
amount of dissolved oxygen. In this study, the corrosivemediumwe
used was 1 M HCl solution with natural ventilation system. The
surface area of carbon steel samples was measured to ensure that
the addition of corrosive medium (1 M HCl) is not less than 20 mL/
cm2. Carbon steel samples were immersed in 1 M HCl solutionwith
natural ventilation at 60 �C for 7 days. The entire surface of the
sample was in complete contact with the corrosive medium, and
the sample was not in contact with the vessel wall.

After the test, the samples were taken out and rinsed with
deionized water immediately, and then brushed with a soft brush.
The samples were dried with cold air, placed in a desiccator for
20 min, and then weighed (accurate to 0.01 mg).

The corrosion rate vi (mg$(cm2$h)�1) was calculated according
to the formula equation:

vi ¼
Dmi

Ai$Dt
(1)

whereDmi (mg) is corrosion loss of sample, Dt (h) is corrosion time,
and Ai (cm

2) is sample surface area, t (h) is the immersion time. The
corrosion inhibition rate (IR) is obtained according to the following
formula:

IRð%Þ ¼ viðblankÞ�viðinhÞ
viðblankÞ

� 100 (2)

where vi(blank) and vi(inh) are the sample corrosion rates blank and
add corrosion inhibitors, respectively.

2.4. Micromorphological analysis

Field emission scanning electron microscope (SEM, Quanta
200 F) was used to observe the changes of carbon steel sample
surface microstructure and corrosion products before and after
adding corrosion inhibitor to determine the degree of corrosion. In
addition, the distribution of corrosion products was determined by
energy dispersive spectrometer (EDS). Hydrophobic and hydro-
philic performance of the carbon steel sample was obtained by
measuring contact angle. Corrosion products produced of carbon
steel make the surface uneven and hydrophilic, which means that
the surface of carbon steel samples is in more contact with the
corrosive medium, resulting in more severe corrosion. If the carbon
steel sample surface shows high hydrophobicity, the sample
corrosion inhibition ability will be enhanced.



Fig. 1. The synthetic routes of hyperbranched chitosan oligomer derivatives BH, CH and DH.
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2.5. Electrochemical testing

The corrosion of metal materials is electrochemical reaction.
Metal materials are in contact with electrolyte (corrosive medium),
3920
and corrosion is occurred at the electrode. Electrochemical corro-
sion is a redox reaction. During the reaction, the metal loses elec-
trons and is oxidized, and the corrosive medium gain electrons
from themetal surface and are reduced. This process can be studied



Fig. 2. 1H NMR spectrum of BH, CH and DH (Some pictures are from Cui et al., 2022).
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by measuring the electrical signals during the corrosion process.
Linear polarization curves (Tafel curve) and AC impedance tests are
two common methods for studying metal corrosion.

In this study, electrochemical workstation (ch660e, Shanghai,
China) was used to measure linear polarization curves and AC
impedance during corrosion. The three-electrode system include
working electrode (carbon steel with exposed area of 1 cm2),
reference electrode (AgeAgCl electrode) and counter electrode
(platinum metal mesh).

Before the electrochemical test, the open circuit potential (OCP)
tests were carried out for 1 h until the potential stabilized. The
scanning range of the potentiodynamic polarization curve was OCP
±0.5 V, and the scanning rate was 1 mV/s.

Using the following formula to calculate the corrosion inhibition
rate h (%) of the corrosion inhibitor:

hð%Þ ¼ i0 � icorr
i0

� 100 (3)

where i0 and icorr are the corrosion current density of blank
corrosion and after adding corrosion inhibitor, respectively.

In the AC impedance test, OCP was used as the voltage, the
frequency range was from 100 kHz to 0.01 Hz, and the sinusoidal
excitation amplitude was 10 mV. Each experiment was repeated
three times to ensure the accuracy of the experimental results.
ZSimpwin softwarewere used to analyze the test data, calculate the
relevant parameters. The corrosion inhibition efficiencies IE (%) in
the impedance tests were calculated according to the following
formula:

IEð%Þ ¼ Rct � R0ct
Rct

� 100 (4)

where Rct and R0ct are the charge transfer resistance of blank
corrosion and after adding corrosion inhibitor, respectively.

2.6. Quantum chemical calculations

The corrosion inhibition efficiencies of three branched chitosan
derivatives molecules to metal materials depends on their inter-
action with metal surface. The stronger the interaction force, the
easier it is to adsorb on the metal surface, protect metal from
contact with corrosive media, and the stronger the corrosion in-
hibition ability. Based on density functional theory (DFT), the
structures of branched chitosan derivatives molecules were opti-
mized, and the lowest unoccupiedmolecular orbital energy (ELUMO)
and highest occupied molecular orbital energy (EHOMO) were
calculated. Electron exchange number (DN) between the organic
structure and the iron atom was calculated by using the following
formulas:

A ¼ �ELUMO (5)

I ¼ �EHOMO (6)

h¼ðI�AÞ =2 (7)

c¼ðIþAÞ =2 (8)

DN ¼ ðcFe � cinhÞ=2ðhFe þ hinhÞ (9)

u¼c2
.
4h (10)
3921



Fig. 3. Weight loss experimental setup diagram.

Fig. 4. The solution of 20# carbon steel samples immersed in 1 M$HCl at 60 �C for 7 days.
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ε¼1=u (11)

where A is electron affinity; I is ionization potential, respectively; h
is the molecular hardness; c represents the electronegativity; DN is
the electrons transferred. cFe and cinh are electronegativities of iron
and inhibitors, respectively; hFe and hinh are iron hardness of iron
and inhibitors, respectively; According to the literature (Ahamad
et al., 2010; Solmaz, 2014), cFe and hFe are 7.0 and 0 eV, respec-
tively. u is electrophilic index; ε is nucleophilic index (Obot and
Gasem, 2014).
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3. Results and discussion

3.1. Chemical characterization

The 1H NMR spectra of branched chitosan derivatives BH, CH
and DH were shown in Fig. 2. In 1H NMR spectral curve,
d 1.5e1.7 ppm: NH2; d 2.2e3.0 ppm: CH2 and CH; d 3.2e3.5 ppm:
NeCH2; 3.30 ppm: NeCH2; 3.5e3.9 ppm: OeCH. In BH spectrum,
d 7.10e8.20 ppm: aromatic protons; d 8.73 ppm: pyridine. Similarly.
In CH 1H NMR spectrum, d 5.20 ppm: CH]C; d 8.26 ppm: CH]N. In
DH spectrum, d 7.95e8.40 ppm: N]CH and pyridine.



Table 2
Weight loss tests for 20# steel in different concentrations of biopolymers in 1 M HCl at various temperatures.

Inhibitor Conc., mg,L�1 Corrosion rate, mg,(cm2,h)�1 Inhibition efficiency, %

30 �C 40 �C 50 �C 60 �C 30 �C 40 �C 50 �C 60 �C

Blank 0 4.62 6.13 9.27 13.46 e e e e

BH 50 1.10 1.56 2.66 4.63 76.19 74.55 71.31 65.60
100 0.87 1.24 2.08 3.59 81.17 79.77 77.56 73.33
300 0.63 0.90 1.52 2.64 86.36 85.32 83.60 80.39
500 0.52 0.73 1.23 2.11 88.74 88.09 86.73 84.32

CH 50 1.61 2.26 3.73 6.37 65.15 63.13 59.76 52.67
100 1.08 1.53 2.58 4.36 76.62 75.04 72.17 67.61
300 0.83 1.18 1.92 3.18 82.03 80.75 79.29 76.37
500 0.68 0.96 1.57 2.53 85.28 84.34 83.06 81.20

DH 50 1.40 1.99 3.35 5.65 69.70 67.53 63.86 58.02
100 0.95 1.37 2.33 3.96 79.44 77.65 74.87 70.58
300 0.68 0.94 1.60 2.85 85.28 84.67 82.74 78.83
500 0.57 0.80 1.34 2.29 87.66 86.95 85.54 82.99

Table 3
The comparative lists of previous reported environment-friendly corrosion inhibitors and present work.

Corrosion inhibitor Test material Optimal dosage, mg/L Corrosion medium and temperature IE (%) Weight loss

Chitosan-thiosemicarbazide (Chauhan et al., 2018) Mild steel 200 1 M HCl 88.64
35 �C

O-fumaryl-chitosan (Sangeetha et al., 2016) Mild steel 500 1 M HCl 93.20
25 �C

Carboxymenthylchitosan (Cheng et al., 2007) Mild steel 200 1 M HCl 93.00
25 �C

Amino acid ester salts (Aslam et al., 2020) Mild steel 200 1 M HCl 86.19
30 �C

Bauhinia tomentosa leaves extract (Perumal et al., 2017) Mild steel 700 1 M HCl 69.81
60 �C

Ondansetron hydrochloride drug (Vengatesh et al., 2017) Mild steel 300 1 M HCl 73.81
60 �C

Allium Jesdianum extract (Kahkesh and Zargar, 2021) Mild steel 800 1 M HCl 93.05
Combretum indicum leaf extract (Neriyana and Alva, 2020) Mild steel 750 1 M HCl 82.59

30 �C
Nehydroxybenzothioamide derivatives (Verma et al., 2021) Mild steel 300 1 M HCl 81.01

55 �C

Dendritic chitosan [present work]
BH Mild steel 500 1 M HCl 60 �C 84.32
CH Mild steel 500 1 M HCl 60 �C 81.20
DH Mild steel 500 1 M HCl 60 �C 82.99
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3.2. Weight loss experiment

20# carbon steels were used as the experimental samples. Fig. 3
was the experimental setup diagram of the weight loss experiment.
Fig. 4 was the solutions of 20# carbon steel sample immersed in
1.0 M HCl at 60 �C and added different inhibitors of the same
concentration (500 mg L�1) for 7 days. The corrosions of carbon
steel samples were very serious in the corrosion medium without
inhibitors after 7 days, and the solution was turbid and orange
yellow. The phenomenon was attributed to the corrosion products
produced by the corrosion of hydrochloric acid and dissolved ox-
ygen. After 500 mg L�1 BH (Fig. 4b), CH (Fig. 4c) and DH (Fig. 4d)
corrosion inhibitors were added, the corrosion products were
significantly reduced and the solution was clarified, indicating that
carbon steel samples corrosion was significantly inhibited.

Table 2was the experimental results of 20# carbon steel samples
measured by weight loss method when adding different concen-
trations of corrosion inhibitors to 1.0 mol L�1 hydrochloric acid
solution at various temperatures. The results illustrated that after
adding corrosion inhibitor, corrosion rates of samples decreased
significantly. With the inhibitor concentration increase, the
3923
corrosion rate vi decrease, the inhibitor efficiency increases. How-
ever, with the increase of temperature, the efficiency of corrosion
inhibitor decreases, which is attributed to the desorption of the
inhibitor adsorption film at high temperature. When concentration
of corrosion inhibitors BH, CH and DH in the corrosive mediumwas
500 mg L�1 at 60 �C, the corrosion rate of 20# steel samples
decreased from 13.46 mg$(cm2$h)�1 to 2.11, 2.53 and
2.29 mg$(cm2$h)�1 respectively, the corresponding corrosion in-
hibition efficiencies were 84.32%, 81.20% and 82.99% respectively.
At the same inhibitor concentration, the corrosion inhibition effi-
ciency was BH > DH > CH. Table 3 is the comparative lists of pre-
vious reported environment-friendly corrosion inhibitors and
present work. Compared with other environmentally friendly
corrosion inhibitors, chitosan has a wide range of sources and low
cost. When the concentration is 500 mg/L in 1 M HCl at 60 �C, the
inhibition rates of BH, CH and DH were 84.32%, 81.20%, 82.99%,
respectively. Under the same corrosion conditions, the corrosion
inhibition rates of Bauhinia tomentosa Leaves (700 mg/L) and
Ondansetron hydrochloride drug (300mg/L) are 69.81% and 73.81%
respectively, which is better than most environmentally friendly
inhibitors.



Fig. 5. SEM-EDS analysis in the absence and presence of BH and CH. (a) 20# carbon steel sample; (b) corrosion without adding inhibitors; (c) adding 500 mg L�1 BH; (d) adding
500 mg L�1 CH and (e) adding 500 mg L�1 DH.
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3.3. Surface morphology analysis

3.3.1. SEM-EDS analysis
The inhibition efficiencies of corrosion inhibitors were evalu-

ated by using scanning electron microscope (SEM) to observe the
micro morphology of the sample surfaces. The distribution of Cl, O
and Fe elements on the sample surface were obtained by energy
dispersive spectrum (EDS).

SEM-EDS results of carbon steel samples were shown in Fig. 5. In
Fig. 5a, the surface of uncorroded carbon steel sample was smooth
and almost no O and Cl elements on the surface, and the Fe element
signal was very strong. In Fig. 5b, the surface of the sample without
inhibitor was rough. A large amount of O and Cl elements were
distributed on the sample surface. It was attributed to that the
carbon steel sample was corroded by hydrochloric acid and dis-
solved oxygen, and the surface was covered with a large amount of
corrosion products. Consequently, the signal of Fe element on the
surface of the sample was weak. It indicated that the carbon steel
sample is seriously corroded. After adding branched chitosan de-
rivatives BH, CH and DH, the surface of the sample tended to be flat
and the corrosion products were significantly reduced in Fig. 5c,
d and e. The corrosion was obviously inhibited, which could be
proved according to the reduction of the distribution density and
3924
signal of O and Cl on the sample surface after the addition of
corrosion inhibitor. The results of SEM-EDS analysis confirmed that
the synthesized branched chitosan derivatives had the effect of
inhibiting corrosion.

The SEM cross-sectional morphology and corresponding EDS
linear scanning of carbon steel samples corrosion in 1 M HCl so-
lution at 60 �C for 7 d were shown in Fig. 6. The blank corrosionwas
showed in Fig. 6a. There was a very thick granular corrosion
product film on cross section of samples in Fig. 6a, and the thick-
ness of corrosion products layer was 44.65 mm, indicating that the
corrosion was very serious. Fig. 6b, c and d were the cross-sections
morphology of steel samples after adding 500 mg L�1 BH, CH and
DH, respectively. The corrosion scale layers were obviously thinner,
and the thickness of the corrosion layer decreased to 11.02, 15.01
and 11.97 mm, respectively. Comparing with the uncorroded carbon
steel sample, the EDS linear scanning of the corrosion layer showed
that Fe content of corrosion layer was reduced significantly, O
element content was obviously increased, Cl element content was
slightly increased, and C element content basically unchanged. It
was attributed to the adsorption of inhibitors BH, CH and DH on the
steel surface to form a protective film. The protective film pre-
vented contact between corrosive medium and steel surface, and
reduced the corrosion rate. SEM and EDS analysis results showed



Fig. 6. SEM cross-section morphologies and EDS linear scans of 20# steel after corrosion in 1 M HCl solution at 60 �C for 7 d. (a) without inhibitors; (b) with 500 mg L�1 BH; (c) with
500 mg L�1 CH and (d) with 500 mg L�1 DH.
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that dendritic chitosan derivatives could effectively inhibit acid
medium corrosion of oil pipelines.
3.3.2. Contact angle measurement
The effect of branched chitosan derivatives BH, CH and DH on

the hydrophilicity and hydrophobicity of carbon steel surfaces was
measured using contact angle tester (Dataphysics, OCA15Pro, Ger-
many). The carbon steel samples contact angle before and after
adding corrosion inhibitor was tested, and the results were shown
in Fig. 7. For the carbon steel sample without corrosion inhibitor,
after being corroded by hydrochloric acid solution, the sample
surface was rough and produced a large number of corrosion
products, showing high hydrophilicity and a low contact angle
(26.5�). The sample surface was more likely to come into contact
Fig. 7. Contact angle measurements results of carbon steel corrode with inhibitors.
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with the corrosive medium, causing continuous corrosion. After
adding corrosion inhibitors, the surface contact angles of carbon
steel samples increased, and the surface contact angles of the
samples increased 96.4�, 82.3� and 92.3�, respectively. The high
hydrophobicity of the sample surface was attributed to that the
adsorption films formed by the corrosion inhibitor on the sample
surface.

Comparing the molecular structure of three synthetic branched
chitosan derivatives, the common hydrophilic groups such as hy-
droxyl, amino and quaternary ammonium salts can improve the
water solubility of polymer molecules, but the molecules also
showed higher hydrophilicity, resulting in lower hydrophobicity of
the adsorption film formed on the surface of carbon steel. In
addition, BH and DH molecules contained benzene ring structure,
showing strong hydrophobicity, which could improve the hydro-
phobicity of the adsorption membrane. The CH molecule had an
unsaturated hydrocarbon group, which hydrophobicity wasweaker
than that of benzene ring structure. Therefore, CH showed low
hydrophobicity, and BH and DH showed strong hydrophobicity.
After the surface of carbon steel sample was changed from hydro-
philic to hydrophobic, it would hinder the contact between the
corrosion medium and the carbon steel surface, and prohibited the
corrosion rate. The hydrophilicity and hydrophobicity of the sample
surface reflected the corrosion inhibition performance of the
corrosion inhibitor to a certain extent. The inhibitor with the largest
contact angle (the strongest hydrophobicity) showed the better
corrosion inhibition performance.
3.4. Electrochemical measurements

The corrosion of carbon steel is an electrochemical process.
Electrochemical measurements (potentiodynamic polarization and
impedance) can obtain important information such as corrosion
rate and the action mechanism of corrosion inhibitor. The electro-
chemical tests were performed in 1 M HCl solution at 60 �C, which
is the same as the experimental conditions of weight loss tests.



Fig. 8. Tafel and Nyquist curves of various concentrations of BH, CH and DH: (a) BH Tafel curves; (b) BH Tafel curves; (c) BH Tafel curves; (d) BH Nyquist curves; (e) CH Nyquist
curves; (f) DH Nyquist curves.

Table 4
Polarization parameters at various concentrations of BH, CH and DH.

Corrosion inhibitor Concentration, mg,L�1 Ecorr, mV icorr, mA/cm bc, mV/dec ba, mV/dec h, %

BH 0 �431 4042 �6.061 5.602
50 �404 1190 �7.456 9.113 70.56
100 �388 695.4 �8.363 8.182 82.80
300 �362 562.8 �8.692 7.467 86.08
500 �351 503.1 �8.813 6.368 87.55

CH 0 �460 3959 �6.052 5.578 e

50 �433 1773 �6.048 5.515 55.22
100 �424 880.4 �6.814 9.203 77.76
300 �402 704.9 �7.835 3.325 82.19
500 �391 571.9 �7.440 5.188 85.55

DH 0 �471 3862 �5.070 5.219 e

50 �444 1631 �6.333 4.361 57.77
100 �425 738.4 �7.306 8.032 80.88
300 �401 651.5 �7.874 4.833 83.13
500 �387 536.2 �7.674 4.492 86.12

Table 5
EIS parameters at different concentrations of BH, CH and DH.

Inhibitors Concentration, mg$L�1 RS, U$cm2 Rct, U$cm2 Cdl, mF$cm�2 n IE, %

Blank 0 3.510 12.26 31.48 0.8215 e

BH 50 3.514 42.17 159.04 0.8974 70.93
100 3.588 62.89 271.04 0.9152 80.51
300 3.596 76.71 125.22 0.8800 84.02
500 3.590 85.70 133.68 0.8898 85.69

CH 50 3.478 27.98 13.38 0.7240 56.18
100 3.594 54.01 272.28 0.9180 77.30
300 3.552 65.12 217.46 0.9159 81.17
500 3.560 78.68 130.64 0.8959 84.42

DH 50 3.524 31.37 371.90 0.9330 60.92
100 3.731 59.34 269.82 0.9158 79.34
300 3.589 70.23 148.93 0.9055 82.54
500 3.562 83.02 133.67 0.8562 85.23

G.-D. Cui, Y.-M. Chen, Q.-M. Zhang et al. Petroleum Science 20 (2023) 3918e3930
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Fig. 9. Electro-equivalent circuit of EIS.
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3.4.1. Potentiodynamic polarization testing
Potentiodynamic polarization curves can obtain kinetic infor-

mation of anodic and cathodic reactions during corrosion of carbon
steel samples. Fig. 8a, b and c were the polarization curves of
branched chitosan BH, CH and DH in 1 M HCl solution, respectively.
The polarization curves of blank corrosion were located at the top
of all curves, indicating that corrosion current density was the
largest, corrosion rate was the fastest, and corrosion was the most
serious. After adding inhibitors, the polarization curves moved
down and the corrosion current density decreased, corrosion rate
slowed down, and corrosion was inhibited.

Table 4 was the polarization parameters at various concentra-
tions of BH, CH and DH. The corrosion current of carbon steel
samples without corrosion inhibitor was 4042 mA$(cm2)�1. After
adding corrosion inhibitors, corrosion current density decreased
greatly. As the inhibitory dose increases, the inhibition efficiency
increased. When inhibitors concentration was 500 mg L�1, the in-
hibition efficiencies of BH, CH and DH were 87.55%, 85.55% and
86.12%, respectively. The efficiencies of three corrosion inhibitors
were BH > DH > CH.

3.4.2. Electrochemical impedance spectroscopy measurements
Fig. 8d, e and f were Nyquist curves of corrosion inhibitors BH,

CH and DH inhibiting carbon steel corrosion in 1.0 M HCl, respec-
tively. As can be seen from Fig. 8def, compared with that without
corrosion inhibitor, after adding corrosion inhibitor, the length of
the semimajor axis of the Nyquist curve increased greatly. With the
increased of corrosion inhibitor concentration, this change be-
comes more and more obvious, which represents the rapid rise of
charge transfer resistance Rct, and the electrochemical corrosion of
the samples was effectively inhibited. The fitted curve parameters
were shown in Table 5. In the blank corrosion experiment, the
charge transfer resistance Rct of the corrosion system was
12.26 U cm2. When the inhibitor was added, the Rct increased
significantly. When inhibitor concentration reached 500 mg L�1,
the Rct of the three inhibitors reached the maximum values, which
were 85.70, 78.68 and 83.02 U cm2 respectively, and the corre-
sponding corrosion inhibition efficiencies were 85.69%, 84.42% and
85.23% respectively. It indicated that branched chitosan derivatives
could effectively inhibit hydrochloric acid corrosion. Fig. 9 was the
circuit used to fit the EIS data. The equivalent circuit consists of
solution resistance (RS), charge transfer resistance (Rct) and con-
stant phase element (CPE).

3.5. Quantum chemical calculations

3.5.1. Molecular orbital calculation
Based on density functional theory (DFT), we investigated the

influence of BH, CH and DHmolecular structure on interaction force
3927
with metal surface. The structures of corrosion inhibitor molecules
were optimized. Molecular structural units, optimization structure
and orbital distribution of BH, CH and DH were shown in Fig. 10.
The relevant quantum chemical calculation parameters of the three
corrosion inhibitor molecules BH, CH and DH structural units were
shown in Table 6.

The energy gap value (DE) is the energy required for electrons to
transition and represents the molecular reactivity. The smaller the
energy gap value DE, the higher the reactivity. According to Table 6,
DEBH-2-Unit<DEBH-1-Unit<DECH-2-Unit<DEDH-2-Unit<DECH-1-Unit<DEDH-
1-Unit<DECommon-Unit, and BH-2-Unit showed the highest reactivity.
DN is the electron exchange number between the inhibitor mole-
cule and the iron atom, DNBH-1-Unit>DNCH-1-Unit>DNBH-2-Unit>DNCH-

2-Unit>DNDH-2-Unit>DNDH-1-Unit>DNCommon-Unit. The BH-1-Unit
showed the highest reactivity.

In addition, electrophilic index (u) of each structural unit were
analyzed. The higher the u value, the easier it is to accept electrons.
Iron, as a metal atom, tends to lose electrons, so molecular struc-
tures that easily acquire electrons are more likely to interact with
iron. According to Table 6, uBH-2-Unit>uCommon-Unit>uCH-2-Unit>uBH-

1-Unit>uDH-2-Unit>uDH-1-Unit>uCH-1-Unit, indicating that BH-2-Unit
structural unit is most likely to interact with iron. Based on
orbital calculations, BH molecule showed low energy gap DE,
higher DN, and strong electrophilicity u. Therefore, it was specu-
lated that BH had the best corrosion inhibition effect. This was
basically consistent with the conclusion of the experiment.

3.5.2. Active site analysis
According to the optimized structure and orbital parameters of

the inhibitor molecule, the Fukui index of the atoms in the inhibitor
molecule could be obtained by calculation, and the electrophilic
and nucleophilic properties of each atom in the inhibitor molecule
could be predicted.

Fig. 11 was the atoms with higher fþk and f�k Fukui index values

in molecular structural units. Atoms with higher fþk values will be
more inclined to as active sites for accepting electrons, and atoms
with higher f�k will be more likely as active sites for donating
electrons. Comparing the distribution of active sites and frontier
orbitals, most of the electron-accepting active sites were distrib-
uted in the LUMO region, and the electron donors were distributed
in the HOMO region. The distribution of active sites was roughly
consistent with the distribution of molecular frontier orbitals.
When the structural units contain benzene rings, Shiff base and N
atoms, the active sites of electron exchange tend to be concentrated
to the benzene rings, Shiff base and regions containing N atoms.
These regions were more likely to interact with iron atoms, which
confirmed that the corrosion inhibitor with benzene rings, Shiff
base and N atoms showed better corrosion inhibition performance
from the molecular point of view.

4. Conclusions

Three novel dendritic chitosan derivatives, BH, CH and DH were
successfully synthesized as environment-friendly corrosion in-
hibitors. The corrosion inhibition performances of dendritic chito-
san were studied through weight loss experiment, surface
morphology characterization and electrochemical tests. It indicated
that three corrosion inhibitors showed good corrosion inhibition
efficiency. When concentration of corrosion inhibitors BH, CH and
DH in 1 M HCl was 500 mg L�1 at 60 �C, the corresponding highest
corrosion inhibition efficiencies were 87.55%, 85.55% and 86.12%
respectively. SEM-EDAX analysis results indicated that after adding
dendritic chitosan derivatives, the carbon steel surface became flat,
the corrosion products were significantly reduced, and the



Fig. 10. Optimal structure and orbital distribution of structural units of BH, CH and DH (Cui et al., 2022).
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Table 6
Quantum chemistry calculation parameters of BH and CH structural units.

Molecules EHOMO, eV ELUMO, eV DE c h u ε DN

Common -Unit �8.985 �2.455 6.530 5.720 3.265 2.505 0.399 0.196
BH-1-Unit �6.007 �2.029 3.978 4.018 1.989 2.029 0.493 0.750
BH-2-Unit �6.485 �2.684 3.799 4.585 1.901 2.765 0.362 0.635
CH-1-Unit �6.117 �1.076 5.041 3.597 2.521 1.283 0.779 0.675
CH-2-Unit �6.504 �2.066 4.438 4.285 2.219 2.069 0.483 0.612
DH-1-Unit �6.758 �1.495 5.263 4.127 2.632 1.618 0.618 0.546
DH-2-Unit �6.535 �2.007 4.528 4.271 2.264 2.014 0.496 0.603

Fig. 11. Active sites of inhibitor molecular structural units.
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corrosion was significantly inhibited.
When the same amount of dendritic chitosan derivatives was

added, the inhibition efficiencies were BH > DH > CH. After adding
three corrosion inhibitors of 500 mg L�1 to the corrosive medium
respectively, three branched chitosan inhibition efficiencies were
all more than 80%. In addition, quantum chemical calculation re-
sults of three corrosion inhibitors molecular structures indicated
that, BH molecule showed low energy gap DE, higher DN, stronger
electrophilicity u, and more active sites. BH molecule was more
likely to interact with mild steel and form resistance protective film
on the samples, and shows higher corrosion inhibition perfor-
mance. The results are basically consistent with the results ob-
tained by weight loss experiment, surface morphology
characterization and electrochemical tests.
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