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a b s t r a c t
This study investigates the activity of hydrochloride salt of chitosan biguanidine (CBG-HCl) as a 
green corrosion inhibitor of copper alloy in 0.5 M H2SO4 solution. The obtained results from both 
the potentiodynamic and electrochemical impedance spectroscopy analyses reported a noticeable 
increase in the corrosion inhibition of copper alloy in 0.5 M H2SO4 solution in the presence of CBG-
HCl. The presence of CBG-HCl in the corrosive solution may block the copper alloy’s pores on 
the outer surface, preventing the corrosive gradients from reacting with the surface of the cop-
per alloy. An inhibition efficiency (IE) of 85% is achieved in the presence of 200 ppm CBG-HCl. 
Moreover, potentiodynamic experiments indicated that CBG-HCl acted as an anodic inhibitor that 
reduced partial anodic reaction to corrosion of studied copper alloy in 0.5 M H2SO4. IE of CBG-
HCl remains effective during a long exposure time which proved the high stability of CBG-HCl 
inhibitor in 0.5 M H2SO4.
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1. Introduction

Copper is a widely utilized metal in the industry due to 
its mechanical properties and excellent electrical and ther-
mal conductivities [1,2]. While copper alloys have relatively 
noble properties in a dry atmosphere, they corrode in alka-
line and acidic solutions [3]. This limits the use of copper 
alloys in many applications, such as the cooling and heating 
system in desalination units, especially thermal distillation 
units, and other industrial applications [4–7].

Corrosion inhibitors are widely used to decrease the 
corrosion rate of metal in oil and industry processes when 

using acid cleaning processes such as acid beading pro-
cesses, acid purification in industry, and acidification of oil 
and gas wells for rust and scale removal [8–13]. The defense 
of inhibitors primarily focuses on absorbing inhibitor com-
pounds and the subsequent creation of a protective layer for 
modifying metal surfaces. Many corrosion inhibitors used 
were natural compounds that mainly contain heterogeneous 
atoms that improve the adsorption on the metal surface, 
such as nitrogen, sulfur, phosphorus, and oxygen. These 
natural organic compounds were used as green inhibitors 
for metals corrosion [14–16]. In this context, many research-
ers have shifted the vision to natural plant extracts or 
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medicines that humans often use to treat various diseases to 
develop environmentally-friendly corrosion inhibitors [17–
23]. The global health and environmental pollution issues 
caused by several inhibitor categories have targeted the 
production of cheap, efficient, low- or null-negative green 
corrosion inhibitor molecules [12–16,24,25].

Heating and cooling systems are an essential part of 
thermal distillation units, a new trend to improve water 
sources. The thermal distillation unit is divided into differ-
ent stages; each stage consists of a suitable metal for its work. 
One of these stages is condenser tubes which are mainly 
made of copper alloys. After a certain period of about 110 d, 
the unit must be stopped for reducing scales formed due 
to thermal evaporation of seawater to keep heat transfer 
proficiency. The industrial practice of acid cleaning origi-
nally emanated from developing technology for improving 
stages capability and dissolving surface scales and deposits. 
And the acid cleaning involves the use of highly reactive 
acids such as sulfuric acid (H2SO4) [26–29]. Acid should be 
injected into the system and circulated for 6–8 h and need 
a long corrosion study period than 8 h [30].

The natural biopolymer chitosan organic compound 
(COC) was investigated in molar hydrochloric acid as a cop-
per corrosion inhibitor by Jmiai et al. [31]. This research was 
conducted out using accurate weight loss measurements 
and electrochemical measurements. To describe the surface 
of metal specimens, uninhibited and inhibited may be used. 
Many instruments can be used for surface analysis, such 
as scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDX), and atomic force microscopy 
(AFM). The study of the temperature effect showed the 
adsorption’s chemical nature. The experimental inhibition 
efficiency calculated by different electrochemical and gravi-
metric analyses was confirmed by computational chemistry 
and the inhibition efficiency of various chemical compounds 
[32–38]. Solomon et al. [39] investigated the inhibitory capa-
bility of chitosan alone with KI of stainless steel St37 in 
the 15% H2SO4 solution using potentiodynamic polariza-
tion (PDP), electrochemical impedance spectroscopy (EIS), 
dynamic electrochemical impedance spectroscopy (DEIS) 
and weight loss (WL). And this was complemented by a 
morphological surface exam using SEM and EDX. Fekry 
et al. [40] prepared the acetyl thiourea chitosan polymer 
(ATUCS) and investigated it as a mild steel corrosion inhib-
itor in 0.5 M H2SO4 acid. ATUCS have demonstrated an 
excellent inhibition efficiency (IE) (94.5%) in 0.5 M solution 
of sulfuric acid containing 0.76 mM of ATUCS. The previous 
literature investigated the effect of the types and concen-
trations of diluted acid media on the relationship between 
the structure and properties of chitosan for 5 h. The prop-
erties and structure of chitosan are directly affected by 
protonation, and the performance of HCl-modified film is 
very good at room temperature. Still, after 5 h and by rising 
temperature more than room temperature, chitosan will be 
degraded. The degraded chitosan will be slightly affected 
by the corrosion mechanism or may not be an effective 
inhibitor in the highly corrosive and strong acids used in 
the acid cleaning process. And no film will be fabricated on 
a metal surface [41].

Generally, the following two steps are essential in 
acid hydrolysis of chitin/chitosan: the hydrolysis of the 

glycosidic linkages (main chain scission) and hydrolysis of 
N-acetyl linkages (side chain scission). The hydrolysis of 
the glycosidic linkages is SN1 reaction, whereas the hydro-
lysis of N-acetyl linkages is SN2 reaction. At a temperature 
more than room temperature and in the presence of a high 
percentage of acid, both processes (scission of glycosidic 
links and scission of N-acetyl groups) occurred simulta-
neously. The macromolecules may decay into monomers, 
acetic acid, and other small molecules. The degradation 
condition is very aggressive, and the energy required to 
break the two linkages is achieved at high temperatures. 
Reactions were performed as before, except that the final 
HCl concentration was wide-ranging between 0.1 and 1.0 M 
and the reaction was terminated after 5 h [42,43].

From the previous knowledge, our team decided to 
study the hydrochloride salt of chitosan biguanidine (CBG-
HCl, a modified natural polymer), as a vertebral corro-
sion inhibitor of copper alloy in 0.5 M H2SO4 medium at 
room temperature and measure expose time of 400 min as 
a maximum period of acid cleaning. Also, we measure the 
IE and clarify the most applicable adsorption isotherm of 
CBG-HCl as a green corrosion inhibitor of copper alloy in 
0.5 M H2SO4.

2. Experimental

2.1. Solutions and chemicals

H2SO4 was obtained from Fluka (98%) and used as 
received. The corrosive solution (electrolyte, 0.5 M H2SO4) 
was prepared at the concentration needed by diluting 
concentrated sulfuric acid using deionized water.

2.2. Preparation of CBG-HCl inhibitor

Hydrochloride salt of chitosan biguanidine (CBG-HCl) 
(Fig. 1) was produced based on literature as a modified 
natural polymer [13,44–46]. 10 g of commercial chitosan 
(Aldrich) were dissolved by stirring in 500 mL of 1 N HCl 
at 80°C for 1 h; then 5.72 g of cyanoguanidine in water 
(100 mL) was added to the acidic solution of chitosan. The 
reaction mixture was refluxed for 5 h at 100°C, the reac-
tion mixture was cooled to room temperature, followed by 
precipitation with excess ethanol. By filtration, the white 
precipitate was collected, washed with ethanol, and oven-
dried at 50°C to provide 17.95 g (90.60%). By comparing its 
analysis with the reported literature analysis, the CBG-HCl 
structure was confirmed [13,44–46].

2.3. Electrochemical, copper alloy, corrosion cell and equipment

The working electrode was a rod of copper alloy 
(wt.%): 0.9 Ca, 0.2 Sn, 0.1 Mo, 0.8 Fe, 31.4 Zn, 66.6 Cu. The 
copper rod was screened with a Teflon coat, leaving an 
exposed two-dimensional area of 0.8 cm2. The counter and 
reference electrodes were the saturated calomel electrode 
(SCE) and a graphite rod (1 cm diameter × 15 cm long), 
respectively. A three-electrode glass cell was applied for 
electrochemical calculation using a potentiostat/galvanos-
tat (Gamry series-G 300 model) using Gamry Fram work 
version 6.12. Impedance measurements were conducted 
at a frequency range between 0.1 Hz and 100 kHz with a 
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peak-to-peak amplitude of 10 mV using AC signals under 
open circuit potential (OCP) for copper alloy rod condi-
tions. The impedance spectrum was analyzed with the 
software Equivalent Circuit.

2.4. Methodology of experiments

The copper alloy working electrode was polished with 
SiC wet paper before each test. Then washed with distilled 
water, rubbed with ethanol in an ultrasound bath and dried 
well before immersing in the corrosive medium, which is 
0.5 M sulfuric acid containing different amounts of CBG-
HCl. The electrolyte was made from water and analytical 
chemicals that were distilled. The geometrical surface of the 
working electrode of the copper alloy refers to all the infor-
mation (current, impedance, resistance) recorded in this 
study. Electrochemical tests were performed at 25°C ± 2°C. 
EIS and polarization analyses were performed by immers-
ing the working electrode for approximately 30 min in the 
test media, following a steady free corrosion potential value. 
The polarization curves were determined at a scan rate of 
5 mV s–1 (approximately –250 mV vs. OCP) from the OCP to 
the cathodic direction. Then the possible scan was reversed 
to approximately final potential +250 mV relative to OCP. 
All experimental work was repeated at least three times, 
and only mean values with ±1.2 standard deviation were 
recorded here.

3. Results and discussion

3.1. Electrochemical impedance spectroscopy analysis

EIS experiments were performed to determine the IE of 
corrosion of CBG-HCl for the copper alloy electrode surface 
in 0.5 M H2SO4 media. EIS analyses were performed at OCP 
in a broad frequency range between 0.10 Hz and 100 kHz, 
with an AC voltage amplitude of ±10 mV. The copper alloy 
electrode was stabilized for 30 min at OCP until analyses 
were made at 25°C ± 2°C. The EIS data outlined in Fig. 2 
as a Nyquist diagram for blank and the different CBG-HCl 
concentrations (25, 50, 100, 150 and 200 ppm), reported 
on a copper alloy electrode in the corrosive medium. 
Fig. 2 shows that the semicircle diameter increases with an 
increase in the concentration of the inhibitor in the elec-
trolyte, indicating that the inhibitor can form adsorption 
on the copper alloy surface, which increases the corrosion 
resistance of the copper.

The electrical equivalent circuit (EEC) illustrated in 
Fig. 3a may be simulated the EIS data and used to mea-
sure equivalent resistance [47]. The inhibitor efficiency at 

different concentrations was calculated using Eq. (1) and 
reported in Table 1 [48–53]. Rel is the ohmic solution resis-
tance between the reference electrode and the working elec-
trode. In EEC; R1 is the metal resistance with the corrosion 
reaction at OCP; CPE1 is the constant phase element of the 
electrical double-layer at the electrode/electrolyte interface. 
R2 is the pseudo-resistance of the surface-adsorbed inhibi-
tor layer, whereas CPE2 is the constant phase element of the 
adsorbed layer. The sum of R1 + R2 represents the total resis-
tance in the presence of CBG-HCl. Fig. 3b and c present EEC 
model sample fitting in the absence and CBG-HCl presence.
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where Rp
(b) and Rp

(in) are the polarization resistances in the 
absence and the presence of the inhibitor, respectively.

A significant improvement in the performance of cop-
per alloy IE with an increase in electrolyte inhibitor con-
centration is shown in Table 1. The increase in polarization 
resistance values (R1 + R2) is evident in this improvement 
in IE. With 200 ppm of CBG-HCl, the maximum IE value 
(85.11%) was achieved.

3.2. Potentiodynamic measurements

Potentiodynamic tests have been performed to validate 
the data obtained from EIS measurements. To achieve a 
non-linear Tafel plot between E(volt) and Im(A cm–2) where 
Im = current, potential range from –0.25 to +0.25 V concern-
ing OCP is applied. OCP was measured using a saturated 
calomel electrode as a reference electrode. Fig. 4 records 
potentiodynamic polarization curves of a copper alloy elec-
trode in a 0.5 M H2SO4 solution at different CBG-HCl con-
centrations in the electrolyte. From the slope of the a-axis 
and b-axis, we can calculate anodic and cathodic slopes of 
Tafel (βa and βc, respectively). Also, from the intercept of 
the two axes, Ecorr and Icorr can be calculated Table 2. The 
results show a clear decrease in the anodic current asso-
ciated with the increase of the inhibitor concentration 
(anodic branch shifted below) in the solution. CBG-HCl is 
an anodic inhibitor, reducing the partial anodic corrosion 
reaction. Eq. (2) [54,55] was used to calculate IE.
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The corrosion current at a given concentration of the 
inhibitor is iin (A cm–2) and ib is the corrosion current in 
the blank solution in the absence of an inhibitor.

Fig. 5 shows the mean inhibition efficiency values with 
the standard deviation obtained using the results of both 
EIS and potentiodynamic experiments at different inhibitor 
concentrations (25, 50, 100 and 200 ppm) in the electrolyte.

3.3. Adsorption isotherm

Freundlich, Temkin, and Langmuir isotherm models 
were conducted to describe the absorption of CBG-HCl on 
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Fig. 1. CBG-HCl chemical structure.
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(b) 

(a) 

 

(c)

Fig. 2. (a) Open circuit potential, (b) Nyquist and (c) bode of the copper alloy plot obtained at various CBG-HCl levels in 0.5 M H2SO4 
at 25°C ± 2°C.
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Fig. 3. (a) The EEC model was used to simulate EIS data obtained on copper alloy electrodes immersed in 0-containing elec-
trolytes and different inhibitor concentrations. Where Rel, R1, R2, CPE1 and CPE2 represent solution resistance, charge transfer 
resistance, pseudo-resistance of the surface-adsorbed inhibitor layer, the capacitance of double-layer and pseudo-capacitance, 
respectively. The model fitting in (b) absent and (c) presence of 100 ppm CBG-HCl.

Table 1
Current equivalent circuit parameters and calculated IE of different inhibitor concentrations

Electrolyte composition Rel (Ω cm2) R1 + R2 (Ω cm2) CPE1 × 106 (Ω–1 cm–2 Sα) CPE1 × 106 (Ω–1 cm–2 Sα) α2 α2 IE%

Blank (0.5 M H2SO4) (A) 0.672 246.8 1,147 133 0.905 0.89 –
A + 25 PPM CBG-HCl 0.541 403.8 1,087 120 0.877 0.79 38.88
A + 50 PPM CBG-HCl 0.591 578 971 105 0.899 0.81 57.30
A + 100 PPM CBG-HCl 0.438 1,217 374 93 0.866 0.68 79.72
A + 150 PPM CBG-HCl 0.527 1,456 325 70 0.848 0.91 83.05
A + 200 PPM CBG-HCl 0.510 1,658 305 56 0.704 0.85 85.11
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the copper alloy surface. The Langmuir isotherm model 
agrees with the obtained results, which assumes that the IE 
is proportional to the CBG-HCl surface coverage θ [48,56]. 
The mean corrosion IE values obtained using the two 
electrochemical experimental techniques (Fig. 5) are shown 
in Fig. 6 in the form of a linearized Langmuir isotherm by 
equation (3) [48,49].

C
K

C
�
� �
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ads

 (3)

where C is the concentration of the inhibitor, θ is the 
surface coverage, and Kads is the constant of adsorption 
equilibrium. If the plot of C/θ vs. C is linear and the slope 
of the line is close to unity, an inhibitor is considered to 
follow Langmuir. Similar results were obtained for Temkin 
and Freundlich isotherms. The Langmuir isotherm shows 
high correlation coefficients (R2) obtained from plots 
(Fig. 6) and reported in Table 3 as R2 = 0.9954 and slope is 
1.015. On the copper alloy surface, this implies monolayer 
inhibitor adsorption.

The constant Kads = 0.0229 dm3 mg–1 (L mg–1) was 
obtained from Fig. 6, and the corresponding standard 
Gibbs free energy (∆G°ads, kJ mol–1) was obtained from 
Eq. (4) [48,50,51,56,57].
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where T is the absolute temperature (K), Csolvent is the sol-
vent molar concentration (CH2O

 = 106 mg dm–3), and the 

Table 2
Explains corrosion current density (Icorr), the cathodic and anodic slopes of Tafel (βc and βa, respectively), the corrosion potential 
(Ecorr) in a 0.5 M H2SO4 solution containing different CBG-HCl concentrations and the corresponding efficiency values of corrosion 
inhibition

Electrolyte composition –Ecorr 
(mV vs. SCE)

Current density of 
corrosion (Icorr) (mA cm–2)

βa (mV dec–1) βc (mV dec–1) IE (%)

Blank (0.5 M H2SO4) (A) 60.7 0.024 0.043 0.770 –
A + 25 ppm CBG-HCl 43 0.015 0.042 0.099 37.5
A + 50 ppm CBG-HCl 64.7 0.012 0.066 0.085 50.0
A + 100 ppm CBG-HCl 95.8 0.009 0.076 0.168 62.51
A + 150 ppm CBG-HCl 134 0.007 0.067 0.333 70.83
A + 200 ppm CBG-HCl 142 0.005 0.065 0.287 79.17

Fig. 4. Copper alloy electrode potentiodynamic graphs were recorded at different CBG-HCl concentrations in a 0.5 M H2SO4 solution.
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of CBG-HCl on Cu alloy in 0.5 M H2SO4 solution obtained by 
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gas constant is R (J mol–1 K–1). The Gibbs free of CBG-HCl 
adsorption energy on the surface of the copper alloy was 
–24.8 kJ mol–1 at 298 K. Literature shows that charge shar-
ing between molecules and metal (chemisorption) implies 
magnitudes of standard Gibbs free adsorption energy in 
aqueous solution around or higher (more negative) than 
–40 kJ mol–1, while around –20 kJ mol–1 or lower indicates 
adsorption between adsorbent and adsorbate (physisorp-
tion) with electrostatic interaction [58–60]. The correspond-
ing calculated value of standard Gibbs free adsorption 
energy (–24.8 kJ mol–1) shows that physisorption is the 
adsorption of CBG-HCl and the negative values of –∆G°ads 
ensure the spontaneity of the adsorption process and 
the stability of the copper alloy surface adsorbed layer.

3.4. Impact of time on the efficiency of the inhibitor

Experiments were conducted at different interval times 
to evaluate the time required for the inhibitor to achieve 
optimum IE and stability using EIS under test conditions in 
the presence of 200 ppm CBG-HCl in 0.5 M H2SO4 solution. 
Both Table 4 and Fig. 7 introduce the corresponding val-
ues of IE and corrosion resistance. The data shows that the 
corrosion inhibition efficiency reached 85% within 30 min 
after immersion of the copper alloy electrode in the electro-
lyte. After 2 h of testing, the maximum efficiency (85.98%) 
was reached and remained as high as 85.93% after 6 h.

3.5. Surface morphology study by SEM

The surface of the copper samples was immersed with-
out and in the presence of 200 ppm of (CBG-HCl). After 
retrieving the samples, following the drying steps, the sur-
face morphology was inspected using SEM. The results in 
the form of the SEM images displayed in Fig. 8a–c for the 
blank before 0.5 M H2SO4, after immersion two weeks in 
0.5 M H2SO4, and after inhibition by 200 ppm of (CBG-HCl), 
respectively. From the image of the blank sample, it was 
evident that it shows considerable damage due to the cor-
rosive attack of the 0.5 M H2SO4 solution resulting in several 
striations and damaged appearance. On the other hand, the 
inhibited sample by (CBG-HCl) displays an almost smooth 
metallic surface, which indicates the adsorption and the 
formation of a protective inhibitor film.

3.6. EDX results and corrosion inhibition mechanism

The results presented demonstrate that CBG-HCl is 
an effective copper corrosion inhibitor in a 0.5 M H2SO4 
solution. Potentiodynamic plots result in Fig. 4 shows 
that the inhibitor works as an anodic inhibitor, reducing 
the partial reaction of anodic corrosion. Via the donor-ac-
ceptor interaction between the lone electron pair on the 
inhibitor compounds heteroatoms and Cu ions on the 
metal surface, adsorption on the anodic sites occurs. The 
mechanism of the inhibition action is to form a protec-
tive layer on the copper alloy surface that prevents access 
to the copper metal surface of corrosive agents by creat-
ing a strong hydrocarbon barrier due to the presence of 
a long hydrocarbon (–CH2) chain. The protective layer is 
induced by the adsorption of chloride ions of inhibitor 
firstly followed by adsorption of the protonated chitosan, 
Fig. 9. The IE depends on the surface coverage (θ) and the 
concentration on the metal surface of adsorbed inhibitor 
molecules. In this context, EDX measurements were car-
ried out on tested copper alloy samples to prove the tight-
ness of the CBG-HCl layer on the copper alloy surface. 
The EDX outcomes shown in Fig. 10 significant increases 
in the weight percentage of carbon and oxygen elements 

Table 4
Dependence of time-based inhibition efficiency and corrosion 
resistance from EIS measurements obtained on a copper alloy 
electrode in a 0.5 M H2SO4 solution in the presence of 200 ppm 
CBG-HCl

Time (min) Rp (ohm cm–2) IE%

In present of 200 ppm CBG-HCl
30 1,660 85.13
60 1,750 85.90
120 1,760 85.98
240 1,680 85.31
360 1,754 85.93

Data was collected at selected time intervals.
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(a) 

  
(b) (c) 

Fig. 8. SEM images of a copper alloy surface taken after two weeks of contact time with 0.5 M H2SO4 solution, where (a) is for the 
fresh copper alloy sample (free of solution), (b) is in the blank solution (absence of CBG-HCl), and (c) in the presence of 200 ppm 
CBG-HCl in the solution.

(which are the highest content of the inhibitor molecule) 
on the surface of a 24 h copper alloy sample immersed 
in 0.5 M H2SO4 solution at 200 ppm CBG-HCl are shown 
in Table 5. The increase in element percentages on the 
sample surface is proportional to the amount of inhibi-
tor adsorbed on the surface and then to the metal surface  
coverage.

4. Conclusions

According to the above results, the following could be 
concluded:

Table 5
Results of EDX spectra demonstrate the weight percentage of 
particular sample surface elements obtained for copper alloy 
after immersion in 0.5 M H2SO4 containing CBG-HCl 200 ppm 
for 24 h

Element Wt.%

Before immersing in an 
inhibited solution

After immersing in an 
inhibited solution

Carbon 0.74 1.35
Oxygen 1.00 1.14
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• The high IE of CBG-HCl on Cu alloy corrosion in acidic 
solution has been consistently revealed by EIS and 
potentiodynamic results.

• EIS analyses revealed that the inhibitor gives a proper 
long-term effective corrosion IE at 200 ppm of CBG-HCl 
as an inhibitor within different periods of immersion of 
copper in 0.5 M H2SO4 solution.

• Potentiodynamic measurements have shown that the 
CBG-HCl inhibitor acts as an anodic inhibitor, reducing 
the partial anodic reaction of corrosion. The inhibition 

mechanism of the CBG-HCl occurred via forming a sur-
face adsorbed layer, which prevents the access of the 
corrosive solution to attack the copper alloy surface via 
forming a hydrophobic barrier due to the hydrocar-
bon chain in the CBG-HCl.

• The mechanism of inhibitor adsorption following the 
Langmuir isotherm model and the corresponding 
negative values of standard Gibbs free energy adsorp-
tion suggests that the process is spontaneous and 
physis orptive.
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Fig. 9. Investigation of the adsorption mechanism CBG-HCl on the surface of copper alloy in 0.5 M H2SO4.

Fig. 10. EDX spectra of copper alloy sample after immersion in 0.5 M H2SO4 for 24 h in the presence of 200 ppm CBG-HCl inhibitor.
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