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Abstract 
In the present study, CdSe Nanoparticles (CdSe-NPs) were characterized using UV-vis (ultraviolet) and TEM (transmission electron 

microscope) and added to nonionic surfactant (NS) with different ratios (1, 2, 3 and 4 wt%) of to formulate CdSe-NS nanocomposite for caron 
steel (CS) corrosion control. The inhibition effect of the prepared inhibitor was investigated via electrochemical techniques such as 

electrochemical impedance spectroscopy (EIS) and potentiodynaminc polarization (PDP) besides weight loss measurements. The data obtained 

from EIS showed that, the addition of CdSe-NPs enhanced the inhibition efficacy of the prepared inhibitor till reach 96.55% at 4%wt-CdSe-NS 
compared with that value at 0%wt-CdSe-NS was 91.59% which indicated the role of CdSe-NPs in CS protection. While, PDP showed that the 

prepared inhibitors acted as mixed-type inhibitors. The corresponding dielectric functions (DF) are discussed in the light of the optoelectrical 

parameters and dispersion parameters. The strong sorption ability of CdSe-NS, resulting in the creation of a monolayer, which isolate CS surface 
from the corrosive environment and hence reduces its attack through the absorption process as well. Also, Atomic Force Microscope (AFM) 

was applied for more information about CS surface morphology.  

Keywords: Carbon steel, Corrosion inhibitors, Nanoparticles, Nonionic surfactant, Electrochemical measurements 

 

Introduction 

Chemical corrosion inhibitors are widely used in manufacturing and processing operations.  Nevertheless, the challenge is, when 

added to a corrosion system, to protect the material by decreasing the corrosion rate of the material that meets the fluid, which 

is typically a metal or alloy [1,2]. The corrosion detection problem nowadays is crucial to the accurate estimation of corrosion 

level under various conditions [3]. Understanding surfactant actions in a corrosion environment is critical for optimal surfactant 

use as corrosion inhibitor. Surfactant is environmentally acceptable and is very economical and easily available. Due to these 

characteristics, various potential applications such as corrosion inhibitor, detergent and petroleum oil recovery had been 

invented [5, 6]. In addition, surfactant as a corrosion inhibitor play an essential supporting role in catalysis, as well as 

nanotechnology science [7, 8]. The inhibition efficiency is determined by the inhibitor's chemical structure furthermore to the 

hydrophobic groups of surface-active agents. The functional of hydroxyl groups such as the propylene oxide, carbonyl, double 

bond, benzene ring, oxygen atom, and semiconductor atoms are responsible for improving their absorption ability on the surface 

of the steel [9, 10]. CS is an important component in the construction field; thus, the scientists focused their research on 

developing effective inhibition efficiencies of it [10]. Surfactants have the potential to play a role, in nanotechnology science as 

corrosion inhibitors, to protect steel from corrosion [11–13]. 

The mitigation mechanism of corrosion inhibitors (CIs) can be clarified by a protective layer construction over shielding CS 

surface through the adsorption process based on CIs chemical structure. Shengjie Du et al. [14] studied the mitigation 

performance of HPAE-Ohs for Q235-steel in 1 M HCl solution using various chemical and electrochemical methods showing 

that, HPAE-OHs acted as a mixed type inhibitor with 94.9% efficiency. Wenjing Liu et al. [15] evaluated the prepared UPy-

D400-PEGDA as corrosion inhibitor for CS in 1 M HCl. UPy-D400-PEGDA mitigation potency increased till reaching 98.80% 

at 500 mg/L. N.  Punitha et al. [16] presented the effect of PCBPE on mild steel in 1 M HCl solution at different temperatures.  

The results obtained exhibited that the prepared NS controlled CS corrosion effectively with inhibition efficacy 91% while the 

addition of CdSe-NPs to NS shifted the corrosion protection to higher value till touch 97%. 

The main purpose of this study is to develop cost-effective and readily nonionic surfactant abundant with carbonyl, hydroxyl 

and propylene oxide groups with different ratios of CdSe-NPs which help in the stability and solubility of the prepared 

compound which was applied as efficient inhibitor for controlling CS corrosion in acidic solution using various chemical and 

electrochemical techniques. The existence of CdSe-NPs help enhanced inhibitor’s solubility and CS surface coverage 

consequently enhanced the mitigation potency. Also, the surface-active parameters and effect of optical and dielectric 

parameters of the synthesized nonionic surfactant with and without variable concentrations of CdSe-NPs were evaluated and 
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the interrelation features between the structural, dielectric and optical analysis were discussed to explore the possibilities of 

increasing the rate of corrosion inhibition efficiency via various techniques which makes the inhibition process very attractive. 

 

2. Materials and Methods 

2.1 Materials 

The chemicals employed in the synthesis of CdSe-NS such as Cetyl bromide (mass fraction purity ≥ 98%), diethanolamine (mass 

fraction purity ≥ 98%) and propylene oxide (mass fraction purity ≥ 99%), Cadmium oxide (CdO 99.99%), trioctylphosphine 

oxide (TOPO 99.99%), Selenium (Se 99%), Hexadecylamine (HDA 98%), Oleic acid (≥99%), and Marcaptio proponic acid 

(MPA≥ 98%) were obtained from Sigma-Aldrich. Potassium hydroxide (mass fraction purity ≥ 98%) and all solvents were 

obtained from (ADWIC chemicals company, Egypt). Trioctyiphosphine (TOP 97%) was purchased from Fluka. 

2.2 Inhibitors preparation and proposed techniques 
CdSe-NS was prepared as shown in Scheme 1 as follows: 

2.2.1 Synthesis of Nonionic Surfactant (NS) 

Reaction mixture containing diethanolamine and cetylbromide in 1:1 molar ratio was dissolved in 20 ml of methanol/acetonitrile 

(30:70, v/v), and refluxed for 48 h in a water bath. The solvent was evaporated giving a white crystalline product (product-I: 

Cetyldiethanolammoniumbromide) which was washed with diethyl ether then recrystallized utilizing a mixed solvent of 

methanol/ethyl-acetate. The desired tertiary amine was obtained after dissolving product-I in 30 ml water and 30 ml of 2 N 

ammonia via extraction process with the addition of diethyl ether using separating funnel [17,18]. After that, 10 mmol of 

product-I was refluxed with 0.5 wt% KOH at 70 ºC in presence of N2 (g) flow and dropwise addition of propylene oxide (PO) 

with vigorous mixing and warming under an efficient condensation process for about 12 h. After that, the reaction mixture was 

cooled to obtain the desired NS [19]. The chemical structure of the prepared NS was confirmed using FTIR spectra as in Fig.1 

showing bands at 3385cm-1, assigned to (OH) group, 2930 cm-1 ascribed to CH aliphatic, 1458 cm-1 C–H bond of CH2 group, 

while the bands at 1271 cm-1, 1138 cm-1 and 1077 cm-1 were ascribed to C-O-C of ether group and 839 cm−1[–(CH2)n-] skeletal. 

While 1HNMR in Fig.2 confirmed NS chemical structure showing different peaks at δ = 0.836 ppm (t, 3H, CH3), 1.027 ppm (d, 

6H, CH3CHOH), 1.22 ppm (m, 26H, CH3(CH2)13), 2.49 ppm (t, 4H, OCH2CH2-N-CH2CH2O), 3.14 ppm (t, 2H, NCH2(CH2)n), 

3.23 ppm – 3.55 ppm (m, 8H, ether group: CH2OCH2), and 4.6 ppm (s, 2H, OH). 

  

2.2.2 Synthesis of CdSe-Nanoparticles (CdSe-NPs)  

Organometallic method was used for CdSe-NPs preparation as in the previously published work [20]. CdSe-NPs optical 

transmittance spectra were verified via a Uvikon 810 UV–Visible spectrophotometer and also, Philips EM400T electron 

microscope was used for TEM. 

2.2.3 Synthesis of inhibitors (CdSe-NS) 

For CdSe-NS preparation, 5 ml of NS solution (1×10−3 M) was mixed with (1%, 2%, 3% and 4 wt %) concentration of CdSe-

NPs for 20 min, then the mixtures were stirred continuously for 2 h as in Scheme 1. 

2.3 Surface tension measurements 
Surface tension of the freshly prepared NS solutions in 1 M HCl at 25o C was measured using Kruss-K6 tensiometer. Surface 

parameters such as: critical micelle concentration (CMC), surface tension at CMC (γcmc), effectiveness (πcmc), minimum surface 

area per molecule (Amin) and maximum surface excess concentration (Γmax) at the air/solution interface were assessed and 

discussed.    

 

  
Scheme 1: Preparation process of CdSe-NS. 
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Fig.1: FTIR spectra of the prepared NS. 

 
Fig.2: 1HNMR of the prepared NS. 

 

2.4 Corrosive solution and inhibitors 

The aggressive solution (1 M HCl) was prepared by diluting the concentrated chemically pure 37% HCl grade acid with distilled 

water.  In addition, various concentration (1%wt - 4%wt) of the prepared of CdSe-NS and 0%wt-CdSe-NS (1×10-3 M of NS) in 

1 M HCl solution were applied for evaluation CS corrosion behaviour at room temperature. 

 

2.5 Weight Loss measurements (WL) 

CS samples with chemical composition in wt.%:( 0.11% C, 0.45% Mn, 0.04% P, 0.05% S, 0.25% Si, and Fe balanced) were cut 

into suitable dimensions to fit WL measurements and weighed before and after immersion in 1 M HCl solution with and without 

various concentration of CdSe-NS at room temperature for 6 h.  

  

2.6. Electrochemical Techniques 
Electrochemical measurements, including PDP and EIS, were performed using a computer-controlled potentiostat/galvanostat 

(Origalys) using a platinum electrode as counter electrode (CE), WE (Working Electrode, CS) and RE (Reference Electrode, 

Ag/AgCl, 3 M KCl). After OCP (Open Circuit Potential), EIS was performed using AC signals with an amplitude of 5 mV and 

a measuring frequency variation ranging from 100 kHz to 50 mHz. While PDP was measured at potential range ± 400 mV (vs. 

OCP) with a scan rate of 1 mVs-1.  

2.7 Surface analysis  

The surface morphology of CS was investigated via atomic force microscopy (AFM) using Park System XE- 100 Atomic Force 

Microscope for 2D and 3D images of CS surface in absence and presence of the prepared inhibitor after 6 h of immersion.    

                                                                                                                                                                                                                                                     

3 Results and Discussions 

3.1 Surface tension measurements                                                                                                                           
Surface tension (γ) and –log concentration (C) of the prepared NS relationship at 25 °C can be seen in Fig.3. As observed, the 

surface tension values decreased gradually with the increase of NS concentration which can be explained by accumulation of 

NS molecules at the air/liquid interface until there was no discernible change in surface tension value [21,22]. The graphically 
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determined CMC by interacting the linear parts of the charted (γ) versus – log C curve is summarized in Table 1. Surface active 

properties effectiveness (Πcmc), surface excess (Γmax), and the average area occupied by single nonionic surfactant molecule 

(Amin) at water/air interface are calculated using the following equation [22–24]:   

.𝜋𝑐𝑚𝑐= 𝛾0– 𝛾𝑐𝑚𝑐                                  (1) 

 

Where (𝛾0 ) denotes pure water's surface tension and (𝛾𝑐𝑚𝑐 ) the surface tension of NS at CMC.                                                                               

𝛤max = −
1

2.303nRT
(

𝛿𝛾

𝛿logC
)T                   (2) 

where Гmax is the excess of the saturation of the surface - active ions, R is the gas constant, T is the temperature, and n is the 

number of solution species. (n= 1). As seen, the surface excess concentration of the prepared NS reduced as the hydrophobic 

portion of its length accumulated. The minimum surface area per adsorbed molecule, Amin(nm2), is the area in nm2 occupied by 

each molecule at the liquid/air interface. Amin was determined by using the following equation [25]:

Amin=1016/ 𝛤max NA                          (3)

Where, NA is the Avogadro's constant 6.023x1023. The Amin value in Table 1 reflected that, NS molecules occupied high surface 

area at the interface; owing to the presence of carbon chain lengths which also, indicates that, the prepared NS has adsorption 

affinity at the interfaces and its ability to be used as a corrosion inhibitor [26].

Table 1: Surface active parameters of the prepared NS at 25 °C.

 Amin 

 (nm2/mol)

𝚪10-x10 max 

)2mol cm( 
 

3-CMC x10 

)3mol/dm( 
 

𝝅𝒄𝒎𝒄 

(mN/m) 

𝜸𝒄𝒎𝒄 (mN/m)  

Comp. 

138.02 1.2 2.679 38.55 33.45 NS 

 

 

 

 

 ا

 

 ال

 

 
Fig.3:  Surface tension vs. -log concentration of the synthesized NS. 

3.2 Characterization of CdSe-NPs   

The formation of CdSe-NPs was confirmed using absorption spectra in UV-vis region at wavelength range of 500 – 650 nm as 

seen in Fig.4(a). It was noticed that, an absorbance peak at 575 nm that supported CdSe-NPs formation due to their surface 

plasmon absorption clusters. The band gap energy (Eg) was determined by using the following equation [26,27]. 

                                   𝛼 h 𝜐 =  𝐴(ℎ𝜐-E𝑔)𝑛                    (4) 

The proper fit was found for n = ½, that implies the state of indirect optical transition.  Fig.4 (b), display the relation between 

(αh𝜐)2 against h𝜐 for the CdSe-NPs showing Eg value with 1.96 eV which exhibited the ability of CdSe-NPs application as 

visible light photo catalyst in organic pollutant degradation. Also, transmission electron microscope (TEM) was utilized to 

scrutinize the morphological structure of CdSe-NPs as seen in Fig.4 (c, d). The selected area of electron diffraction (SAED) 

pattern indicates ring patterns with intense spots showing that the CdSe-NPs is polycrystalline as seen in Fig.4 (e). The particle 

size histogram seen in Fig.4 (f) has been magnified to facilitate measuring the average particle size by using the effective mass 

approximation method model applying the following equation [28]: 

𝐸𝑔𝑛 = 𝐸𝑔𝑏 +
ℎ2

8𝑅2 [
1

𝑚𝑒
+

1

𝑚ℎ
] −

1.8𝑒2

4𝜋𝜀𝜀0𝑅
              (5) 

The obtained value of average crystalline size of CdSe-NPs is found to be 4.70 nm with small spherical nanoparticles (rice like 

structure) and small agglomeration as noticed in TEM images which matched with that estimated from EMA. 
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Fig.4: (a and b) UV-vis absorption and Tauc's plot versus wavelength for CdSe-NPs respectively, (c and d) TEM 

analysis of particle size with low and high magnification, (e) SAED pattern of (f) histogram distributions. 

 

3.3 Corrosion studies                                                 

3.3.1 Weight Loss (WL) 

WL is a simple way to determine corrosion rate (CR) of CS in 1 M HCl and after addition of different doses of CdSe-NS. The 

inhibition efficiency (η) and CR (g/cm2.h), surface coverage (𝜃) and inhibition efficiency (η𝑊𝐿
%) were calculated using the 

following equations [29]: 

𝐶𝑅 =  
∆𝑊1 −∆𝑊2 

20.71×𝑡 
                                            (6) 

𝜃 =  
∆𝑊1 −∆𝑊2 

∆𝑊1  
                                         (7)

𝜂 = 𝜃 × 100  (8)

Where, 20.71, t , ∆W1 and ∆W2 are CS surface area, immersion time (h) and the weight loss values without and with CdSe-NS 

respectively [30]. The data reported in Table.2 show that CR value decreases as the concentration of CdSe-NS in HCl increases 

which indicates that the maximum surface protection is found to be 0.97% at 4%wt-CdSe-NS. This can be explained by the 

adsorption of CdSe-NS inhibitor on CS surface via their active sites such as hetero atoms (O and N) forming coordination bond 

with metal surface [31,32]. This finding demonstrated that, CS surface become obstructed by the adsorbed CdSe-NS molecules 

which behave as a protective barrier layer between CS and the corrosion surrounding [33]. From table, η value was 111 and 111 

in presence of 0%wt-CdSe-NS and 4%wt-CdSe-NS respectively. This confirmed the defensive role of CdSe-NPs in CS protection 

via coverage and blocking extra CS surface area against the destructive attack of HCl solution [34]. The adsorbed film stability 

of CdSe-NS inhibitor over CS surface was studied using WL measurements in absence and presence of the optimum 

concentration of (4%wt-CdSe-NS) at different temperature. Thermal film stability of CdSe-NS inhibitor studied at various 

temperature (25 ºC – 55 ºC) after 6 h immersion time. The computed data in Table 3 revealed that, a slight decline in the 

inhibition efficiency can be explained by a decrease in the adsorption capacity of 4%wt-CdSe-NS as the temperature increases. 

Also, the mitigation potency of 4%wt-CdSe-NS decreased slightly from 97 % at 25 °C till touch 95.92 % at 55 ºC which can be 

attributed to physical adsorption[35,36]. These annotations reflected the ability of the prepared GCs-O and GCs to inhibit the 

corrosion process of CS effectively at various temperature via their adsorption forming an insulation layer between CS surface 

and corrosive surrounding [37,38].

Table 2: Effect of inhibitors concentration on CS corrosion in 1 M HCl solution.at 25°C.

 Conc. 
 Wt loss

(gm) 
θ IE% 

Blank 4.01 -- -- 

0%wt-CdSe-NS 0.35 0.91 91 

1%wt-CdSe-NS 0.28 0.93 93 

2%wt-CdSe-NS 0.20 0.95 95 

3%wt-CdSe-NS 0.18 0.96 96 

4%wt-CdSe-NS 0.13 0.97 97 
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Table 3: Weight loss parameters for CS in absence and presence of 4%wt-CdSe-N at different temperature.

 

3.3.2 Potentiodynamic Polarization (PDP) 
PDP curves of CS reaction in HCl free and after addition of various doses of CdSe-NS inhibitor were represented as in Fig.5. 

The similar PDP response of CS in absence and even after addition different doses from CdSe-NS confirmed that, CS reaction 

mechanism did not change. The addition of CdSe-NS shifted PDP curves to less active region which confirmed its inhibition 

role [39]. In addition, the observed parallel cathodic lines shown in Fig.5 reflected that the corrosion reaction mechanism and 

H2 reduction reaction of CS were not affected by the introducing of CdSe-NS [40]. Some corrosion parameters like corrosion 

potential (Ecorr), anodic and cathodic Tafel slopes (βa and βc), and η in Table 4 were calculated based on current density (icorr) 

value according to the equation: 

𝜂 = (𝑖corr.blank − 𝑖corr.𝑖𝑛ℎ)/𝑖corr.blank) × 100          (9) 

Where 𝑖corr.blank 𝑎𝑛𝑑 𝑖corr.inh are  the current density of CS in absence and presence of CdSe-NS, respectively [41]. The data 

reported in Table 4 showed the mitigation power of CdSe-NS inhibitor for CS in destructive HCl solution. It was noticed that, 

value of icorr decreases after addition of CdSe-NS inhibitor owing to blocking of both cathodic and anodic regions through CdSe-

NS adsorption process[42]. The change in Ecorr values was less than 85 mV as noticed in Table 4  revealed that, CdSe-NS inhibitor 

behaved as mixed-type inhibitor [43–45].  In addition, the slightly variation in both βa and βc values signifying that CS corrosion 

mechanism not modified by the addition of CdSe-NS [46]. Moreover, it can be noticed from Table 4 that the addition of CdSe-

NS inhibitor shifted the values of Rp and icorr to higher and lower values, respectively. This can be explained by shielding of CS 

surface against the corrosive particles via construction of barrier layer which increase the resistance of  CS to be corroded [47].  

The value of η in Table 4 increased to 91.88% % and 96.26% in presence of 0%wt-CdSe-NS and 4%wt-CdSe-NS, respectively. 

The data obtained from Table 4 reinforced the role of CdSe(NPs) in CS protection which can be clarified by the blocking effect 

of CdSe(NPs) which increases CS surface coverage against the corrosive surrounding. All these observations confirmed the 

adsorption behaviour of CdSe-NS inhibitor and its significant role in CS protection.  

 
Fig.5. Potentiodynamic Polarization curves of CS in 1 M HCl and after addition of various does of CdSe-NS at room 

temperature. 
 

3.3.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS technique was applied for studying the corrosion behavior of CS in 1 M HCl free and containing various doses of the 

prepared CdSe-NS at room temperature. The imperfect semicircle shape of Nyquist plot shown in Fig.6 may be attributed to the 

CS roughness, inhomogeneity, and distribution of active sites (frequency dispersion phenomenon) [48]. The addition of CdSe-

NS inhibitor forms a defensive layer over CS surface which obstructs the ionization of CS which can be observed as in Nyquist 

diameter enhancement in to higher values [49,50]. The appearance of Nyquist arcs in absence and presence of CdSe-NS seems 

-0.8 -0.6 -0.4 -0.2 0.0

1E-6

1E-5

1E-4

1E-3

0.01

0.1

 Blank (1 M HCl)

 0% wt-CdSe-NS

 1% wt-CdSe-NS

 2% wt-CdSe-NS

 3% wt-CdSe-NS

 4% wt-CdSe-NS

 

 

  lo
g i

, A
/cm

2

E,V vs (Ag/AgCl)

Inh. 25 ºC 35 ºC 45 ºC 55 ºC 

∆w, g θ IE% ∆w, g θ IE% ∆w, g θ IE% ∆w, g θ IE% 

Blank 4.01 ---- ---- 5.934 ---- ---- 8.715 ---- ---- 12.234 ---- ---- 

4%wt-

CdSe-NS 

0.13 97 97 0.214 0.963 96.39 0.382 0.956 95.61 0.499 0.959 95.92 

Conc. Ecorr, (V) βa 

 (V/dec) 

-βc 

(V/dec) 

icorr (A/cm²) CR 

(mm/year) 

RP 

(Ω.cm2) 

θ IE% 

Table 4: PDP data of CS in 1 M HCl free and after addition of various doses of CdSe-NS at room temperature.

Blank -0.457 0.1029 0.1494 51.51E-05 6.121 40.98 ------ ------ 

0%wt-CdSe-NS -0.428 0.0928 0.1601 4.18E-05 0.485 428.49 0.9188 91.88 

1%wt-CdSe-NS -0.424 0.0861 0.1037 3.19E-05 0.374 723.46 0.9381 93.81 

2%wt-CdSe-NS -0.441 0.0789 0.1404 2.67E-05 0.309 823.09 0.9482 94.82 

3%wt-CdSe-NS -0.424 0.0892 0.1285 2.13E-05 0.252 917.64 0.9586 95.86 

4%wt-CdSe-NS -0.436 0.0884 0.1396 1.92E-05 0.225 1057.31 0.9626 96.26 
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to be identical with variation in their capacity besides Bode-phase diagram in Fig.7 with one time constant at 0%wt-CdSe-NS. 

The CS corrosion mechanism, controlled by mass transfer with proposed equivalent circuit (EC) in Fig.8, consists of Rs (solution 

resistance), CPE (constant phase element) can be defined by Yo, coefficient n and Rp (polarization resistance) which involved 

Rct (charge transfer resistance) [51–53]. At higher concentrations (1%wt-CdSe-NS to 4%wt-CdSe-NS), two time constant was 

detected indicating that CS corrosion mechanism changed owing to stable adsorbed film formation with proposed EC in Fig.8 

comprised of Rs CPE and Rp (= Rct + Rf “film resistance”)[54]. The observed dropping in n values reported in Table 5 can be 

explained by current arises distribution from surface roughness which reflected that surface heterogeneity increased by the 

adsorption of adsorbed CdSe-NS over CS surface.[55,56]. The Yo values decreased with CdSe-NS addition due to the 

replacement process of the corrosive particles with CdSe-NS molecules consequently increase the thickness (T) of adsorbed 

layer over CS surface[57,58]. Based on Helmholtz equation, the value of Cdl (double layer capacitance) decreased with CdSe-

NS addition as the following equation [59]: 

𝐶dl = (
𝜀°𝜀

𝑇
) 𝐴                       (10) 

Where 𝐴, 𝜀° and 𝜀 are CS surface area, air and local dielectric constant [60,61]. η was calculated based on Rp value according 

to the following equation: 

𝜂 = (𝑅𝑃.𝐼𝑛ℎ − 𝑅𝑃.𝑏𝑙𝑎𝑛𝑘)/𝑅𝑃.  𝐼𝑛ℎ) 𝑋100             (11) 

Where 𝑅𝑃.𝐼𝑛ℎ  and  𝑅𝑃.𝑏𝑙𝑎𝑛𝑘  are polarization resistance in presence and absence of inhibitor. The rising of RP values in Table 5 

reflecting the inhibition effect of the prepared CdSe-NS. RP increased to touch 1061.4 Ω.cm2 in presence of 4%wt-CdSe-NS 

relative to free HCl 36.55 Ω.cm2.  In addition, η values in Table 5 are 91.59% and 96.55% in presence 0%wt-CdSe-NS and 

4%wt-CdSe-NS, respectively.  This bolstered the role of CdSe-NPs in CS protection which can be explained by more CS surface 

coverage and blocking film pores which enhanced the mitigation potency for CS [62,63]. The data of WL, EIS and PDP were in 

good agreement with each other.  

 

 
Fig.6: Nyquist plots of CS in 1 M HCl and after addition of various does of CdSe-NS at room temperature. 

 
Fig.7: Bode-Phase plots of CS in 1 M HCl and after addition of various does of CdSe-NS at room temperature. 

0 200 400 600 800 1000 1200

0

200

400

600

800

1000

1200

0 10 20 30 40
0

10

20

30

40
 Blank (1 M HCl)

 0% wt-CdSe-NS

 1% wt-CdSe-NS

 2% wt-CdSe-NS

 3% wt-CdSe-NS

 4% wt-CdSe-NS

 -z
i ,

.c
m

2

 z
r
 ,.cm

2

 

 Blank (1 M HCl)

 -z
i ,

.c
m

2

 z
r
 ,.cm

2

-2 -1 0 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 Blank (1 M HCl)

 0% wt-CdSe-NS

 1% wt-CdSe-NS

 2% wt-CdSe-NS

 3% wt-CdSe-NS

 4% wt-CdSe-NS

 

 

 

 -P
ha

se
 a

ng
le

 ( ) 

lo
g 
Z

(


 c
m

-2
 )

log F (Hz)

-10

0

10

20

30

40

50

60

70

80

 



 Mohamed Deef Allah et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 68, No. 10 (2025) 

 

 

350 

 
Fig.8: Fitted EIS experimental data using the equivalent circuit for CS in 1 M HCl in absence and presence of 0%wt-

CdSe-NS and 4%wt-CdSe-NS. 

 

Table.5: EIS parameters for CS in 1 M HCl in absence and presence of various doses of CdSe-NS at temperature. 

 

 

3.4 Optical characterization of CdSe-NS   

3.4.1 Optical dielectric function (DF) 

The magnitude of the optical dielectric constants of the CdSe-NS at different doses of CdSe-NPs were evaluated via the following 

equation [64–66]: 

έ = n2- k2                         (13) 

ε"= 2nk                           (14) 

where έ, ε'' are real and imaginary parts of dielectric constants, respectively. Fig.9(a,b) presents the variation of the values of 

real and imaginary parts of both έ and ε'' versus wavelength at different percentage of CdSe-NPs.  It can be seen from Fig.9(a, 

b), both έ and ε'' increase with the increase of CdSe-NPs percent. Also, the value of έ > ε'' which can be attributed to the strong 

dependence of έ on the refractive index while ε'' value depends on the extinction coefficient values which are related to the 

variation of the absorption coefficient [67]. The dielectric loss factor Tan(δ) is a valuable factor for investigating the structure 

defects owing to energy loss and can be determined according to the following equation [68]:  

Tan(δ) = ε'' / ε'                        (15) 

It is obvious that, Tan(δ) increased with the increase of CdSe-NPs as seen in Fig.9(c) as a result of the abrupt rise in the 

absorption coefficient, besides nearly constant dependence was observed at higher wavelength and a strong dependence at lower 

wavelength [69]. The complex electrical modulus (M) is utilized in the analysis of dielectric and electrical conductivity behavior 

[70]. M was initiated from the dielectric constants using the following equation [71]: 

𝑀 =
𝜀′

(𝜀′)2+(𝜀′′)2                              (16) 

As in Fig.9(d). M was very close to zero at small wavelength while the magnitude of M increased with wavelength rising. 

Besides, the position of the complex electrical modulus peaks shifted towards higher wavelength and then reaches a constant 

value after a specific wavelength with the increase of CdSe-NPs doses. All these  results showed that the conduction mechanism 

and the behavior of the dielectric parameters are enhanced and improved with the rising CdSe-NPs concentration [72,73].  
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Fig.9: (a-d) presents variation of έ and ε'‘, Variation of the dielectric loss (Tan δ), the electric modulus (M) curve 

respectively vs. wavelength of the prepared samples. 

                                 

3.4.2 Dispersion parameters (n&k). 

 

Fig.10(a, b) show the optical absorbance and the transmittance spectra for the prepared CdSe-NS with different doses of CdSe-

NPs as a function of wavelength (λ) range from (300–750) nm. Fig.10(a) shows an increasing trend in the optical absorbance 

with CdSe-NPs concentration increases which reflects a good complexation between the nanoparticles. Fig.10(b) indicates the 

transmission spectra of the CdSe-NS with a maximum of 85%. In addition, a reduction in the transmittance is noticed with the 

increase of CdSe-NPs concentration owing to the optical energy gap. Therefore, the transmission decreases while the absorption 

increases.  The absorption coefficient (α) can be calculated for the CdSe-NS by applying the following equation [28,74]: 

                                          α = 2.303 A/T                      (12)   

Where (A) is the absorbance and (T) is the film thickness[74,75].   Fig.11(a) presents the absorption coefficient of CdSe-NS with 

different CdSe-NPs wt% as a function of photon energy (h𝜐). As noticed, the absorption coefficient increases with increasing 

CdSe-NPs ratio which can be attributed to rising of NS interaction with CdSe-NPs and means that there is a large probability of 

allowed direct transition [76,77]. The optical energy gap values can be estimated by Tauc΄s equation mentioned earlier in Section 

(3.3) as shown in Fig.11(b).  As seen the linear portion of the graph gives the value of the direct optical energy gap (Eg). The 

variation of Eg value increased from 3.35 to 3.82 eV with CdSe-NPs concentration as clearly seen in Fig.11(c) can be explained 

by CdSe-NPs surface and interface effect with NS which includes surface roughness that caused a change in refractive index 

consequently changed the band gap. Therefore, the addition of CdSe-NPs enhanced the adsorption capacity of NS. All these 

observations confirmed that the existence of CdSe-NPs increased the inhibition efficiency of the prepared inhibitor [78,79]. 

Refractive index (n) and extinction coefficient (k) are important parameters that help in computing the dielectric constants of 

the materials. n and k value can be calculated using the equations given in details in [80,81], and are presented in Fig.12(a,b) as 

a function of wavelength showing enhancement in n with CdSe-NPs doses at higher wavelength which can be attributed to the 

increase of the free carriers and the reflection in CdSe-NS, besides a decline in propagation velocity of light resulting in the 

increase of n value. Also, the rising of k value with CdSe-NPs content increases the optical energy gap as a result of absorbance 

increment. This fact suggested that, the photon energy unable to excite electrons due to reflection and hence k value 

increase[82,83].  

 
Fig.10: (a and b) The optical absorbance and transmittance spectra vs. wavelength of CdSe-NS with different 

concentration of CdSe-NPs 
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Fig.11: (a) Dependence of the absorption coefficient (α) versus wavelength, (b) dependence of (αh𝛖)2 on the photon 

energy (𝐡𝛖), and (c) the relation between concentration of CdSe-NPs in surfactant with bandgap Eg. 

 

 
Fig.12: (a and b) The refractive index (n) and the extinction coefficient (K) curve versus wavelength of CdSe-NS with 

different concentration of CdSe-NPs. 

 
3.5 Atomic Force Microscope (AFM) evaluation     

AFM is considered as a scientific method for identifying the topography of CS surface and determining changes in the 

morphological features of CS surface in 1 M HCl free solution and after treatment with 0%wt-CdSe-NS and 4%wt-CdSe-N. 

Fig.13 shows two-dimensional (2D) and three-dimensional (3D) images of CS surface in the uninhibited and inhibited solutions. 

The average CS roughness (Ra) in 1 M HCl free with 978.76 nm, exhibited that. the increase in the surface roughness can be 

attributed to the deterioration behaviour of HCl on the metal surface which can be observed as cracks and potholes in CS surface 

as in Fig.13 [84–86].  However, the addition of 0%wt-CdSe-NS and 4%wt-CdSe-NS showed a decrease in Ra value to 185.62nm 

and 142.56nm, respectively.  This can be clarified by AFM images in Fig.13 showing a notable improvement in CS surface. 

This reflected the inhibition power of the prepared inhibitors via formation of an insulation barrier layer over CS surface against 

the corrosive environment[37,86,87].  

 
Table 6 includes an overview of some articles on the use of different nanoparticles (NPs) and it's inhibition efficiency comparing 

with CdSe (NPs) to prevent corrosion in 1M HCl.

Table.6: some of the previous work on the corrosion inhibition of metals using different nanoparticles (NPs).

 

 Different NPs. IE% 
 

References 

Ag NPs 94.3 [88] 

ZnO NPs 89.31 [89] 

MgO NPs 76.2 [90] 
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Fig.13: 2D and 3D AFM for CS surface after immersion in 1 M HCl free (a and a1) and after addition of 0%wt-CdSe-

NS (b and b1) and 4%wt-CdSe-NS (c and c1). 

 

4. Conclusion 

In the present study, CdSe-NPs were synthesized and added to NS in different concentrations for more CS corrosion control in 

1 M HCl solution. The inhibition performance of the studied inhibitors (NS and CdSe-NS) was studied using various chemical 

and electrochemical measurements. The following conclusions can be summarized from the obtained data: 

1. The chemical structure of the synthesized NS was characterized using 1H NMR and FT-IR spectroscopy. 

2. The formation of CdSe-NPs was characterized using UV-vis (ultraviolet) and TEM (transmission electron 

microscope). 

3. WL measurements confirmed the defensive role of CdSe-NPs in CS protection via blocking extra CS surface area 

against the destructive attack of HCl solution with inhibition efficiency 97 %. 

4. The prepared NS shifted CS corrosion rate and current density (icorr) values to lower values till reach 0.225 mm/year 

and 1.92× 10-5 A/cm2 respectively at 4%wt-CdSe-NS. 

5. The addition of CdSe-NPs to NS exhibited more mitigation potency for CS and increased with rising of CdSe-NPs 

concentration till touch 96.55% using EIS at 4%wt-CdSe-NS. 

6. A good correlation was obtained between the calculated values of the inhibition efficiency and those obtained from 

various techniques such as PDP and EIS.  

7. The inhibition performance of the synthesized inhibitor was assessed at various temperatures using WL measurements 

indicating that, the inhibition power of CdSe-NS with mitigation potency 95.92% at 55 °C. 

8. The electronic structure, the optical, and dielectric properties were investigated in order to capture the influence of 

CdSe-NS behavior in the corrosive environments and its influence on the corrosion inhabitation rate of CS.  

9. In addition, the inhibition power of the prepared inhibitors was confirmed using AFM via formation of an insulation 

barrier layer over CS surface against the corrosive environment. 
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