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Abstract 

The inhibitive effect of a methanol extract of Grewia bicolor Juss (Gbj) leaves on the corrosion 

of XC48 steel in 0.5 M H2SO4 solution has been evaluated by weight loss measurement as well 

as potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS) and 

surface characterization techniques. The presence of this extract brings down remarkably the 

corrosion rate of XC48 steel in 0.5 M H2SO4 solution. The results from this corrosion test clearly 

showed that the extract behaves as a mixed type corrosion inhibitor with the highest inhibition 

at 1500 ppm. The effect of temperature on the corrosion behavior of XC48 steel was studied in 

the range of 298–333 K. The activation and free energy values of the inhibition reaction support 

the hypothesis of a/the physisorption mechanism well described by the Langmuir equilibrium 

mode. Scanning electron microscopic (SEM) observations showed that the Gbj extract forms a 

protective layer over the metallic surface that isolates the metal from aggressive acid solution 

and protects it against corrosive dissolution. Finally, results of FTIR analysis indicate that the 

important role played by the oxygen atoms and aromatic rings in the process of adsorption. 
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1. Introduction 

Sulfuric and hydrochloric acids are throughout used in industries for different treatment such 

as acid pickling process for taking off the oxides and other contaminants from the metal 

surface. However, due to the aggressiveness of acids for plain carbon steels and ferrous 

alloys, corrosion can be reduced by adding corrosion inhibitors in small concentrations [1–3]. 

On the other hand, stainless steel is employed in different industries although it suffers from 
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some type of corrosion in different environments [4–6]. In order to protect the metal surface 

from these aggressive environments, several techniques such as coatings, cathodic 

protection, anodic protection and corrosion inhibitors are available. In many practical 

applications, the use of corrosion inhibitors is the most widely used method for corrosion 

mitigation. The mechanism of corrosion inhibition by organic substances relies on the fact 

that the chemical compounds are adsorbed on the surface of metals through interactions with 

their adsorption centers which are the conjugated double bounds, aromatic rings or 

heteroatoms [7] which defines the corrosion inhibition efficiency [8–11]. Despite their high 

effectiveness, most commonly used inhibitors are likely to be a source of environmental 

degradation prompting scientists to prospect a wide range of new green inhibitors [12–16]. 

In the literature, the use of natural products as corrosion inhibitors dates back to the 1930 

[17]. In the last decade, the treatment of mild steel corrosion in acidic solutions by various 

types of plant extracts has been studied with attention, given the increasing demand for green 

chemistry in the industrial sector. Plant extracts have indeed a high efficiency of corrosion 

inhibition [18–20], and low environmental risk. They are also inexpensive, readily available 

and renewable [21–23]. Several studies on the corrosion-inhibiting performance of plant 

extracts have been focused on mild steel and low-alloy protection under acid conditions. For 

instance, the influence of Citrus aurantium leaves extracts on mild steel corrosion in 1 M 

H2SO4 was studied by Karim H. Hassan et al. [24] through the effect of temperature and 

inhibitor concentration. Using the weight loss technique, they revealed that 10 ml/l of this 

leaves extract was sufficient to yield a maximum inhibition efficiency of 89% at 313 K. The 

adsorption isotherm study indicated an adsorption process conforming to the Langmuir 

isotherm model, and the mode of adsorption was physisorption. In another work on Mango 

(Mangifera indica) extract as inhibitor of corrosion phenomena affecting mild steel in 1 M 

H2SO4 by adopting thermometric, gravimetric and potentiodynamic polarization methods 

[25]. In this situation, the measurements were carried out at temperatures varying from 303 

to 333 K. The results showed that this extract performed as a mixed-type inhibitor with a 

best inhibition efficiency of 74% at optima inhibitor concentration of 0.97 g/L and 

temperature of 305.33 K. The adsorption of the mango extract on the mild steel surface was 

spontaneous and proceeded according to the physical adsorption mechanism. Other results 

were reported by Roland Tolulope Loto [26], who investigated the inhibitory action, the 

combined admixture of Rosmarinus officinalis and zinc oxide on low carbon steel in 1 M 

HCl and H2SO4 solutions. Results suggested that the additive adsorbs on the surface of the 

low carbon steel according to Langmuir and Frumkin adsorption isotherms. Maximum 

inhibition efficiencies of 93.26% in HCl and 87.7% in H2SO4 acid solutions with mixed type 

inhibition behavior in both acids were observed. More recently, Fatima Bouhlal et al. [27] 

analyzed Coffee grounds extract as inhibitory of the corrosion of C38 steel in 1 M 

hydrochloric acid medium. Their results confirmed that the extract coffee ground acted as a 

mixed type inhibitor with an inhibitory power increasing at higher concentration. A high 

inhibition efficiency, equal to 97.4% was reached with 2 g/L. Furthermore, thermodynamic 

calculations showed physisorption molecular interaction with the steel’s surface according 
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to Langmuir adsorption isotherms. Hana Lahbib et al. [28] using weight loss experiments 

and classical electrochemical methods and surface characterizations examined the inhibiting 

effect of dwarf palm and Cynara cardunculus leaves extract for St37 steel in 15% H2SO4 

solution. These plant extracts acted as mixed-type inhibitors with a predominant anodic 

effect. The adsorption process on the metallic surface was consistent with the Langmuir 

adsorption isotherm, and the mode of adsorption of both extracts on the St37 steel surface 

was physisorption. High inhibition efficiencies of 76.13% and 69.35% were obtained with 

30 ppm of dwarf palm and Cynara cardunculus leaves extracts, respectively. So far, no data 

are available on the corrosion inhibiting properties of Grewia bicolor Juss plant. The aim of 

this work was to evaluate the inhibitory action of leaves extract of the plant Grewia bicolor 

Juss against the corrosion of XC48 steel in H2SO4 medium (0.5 M) using weight loss method, 

potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods. 

These measurements were supplemented by scanning electron microscopy (SEM) and 

Fourier-transform infrared spectroscopy (FTIR). 

2. Materials and methods 

2.1. Electrochemical cell 

Electrochemical experiments were performed using a three-electrode cell system with a Pt 

mesh as auxiliary electrode, an Ag/AgCl reference electrode and a XC48 carbon steel 

working electrode with a geometric area of 1 cm2. The chemical composition of the XC48 

steel used was determined as (wt%): C = 0.418; M n =0.730; Mo = 0.012; P = 0.016; S=0.019; 

Si = 0.245; Ni = 0.079; F = 0.777 and Fe = 98.098 [29]. Before each experiment, the mild steel 

working electrode surfaces were successively cleaned with SiC abrasive papers (400, 600, 

1000 and 1200 grades), washed with distilled water and finally degreased with acetone and 

dried at room temperature. 

2.2. Solutions 

The aggressive 0.5 M H2SO4 solution electrolyte was prepared by the dilution of an 

analytical grade reagent concentrated H2SO4 with distilled water. The inhibitor concentration 

was varied from 400 to 1500 ppm. 

2.3. Plant extract 

The leaves of Grewia bicolour Juss, used as a green inhibitor, were retrieved from the Kiffa, 

a town located in the south of Mauritania, about 600 km from the capital Nouakchott in 

January 2019. The extraction was carried out using the Soxhlet method as performed by 

Gutam et al. [30]. The plant was first cleaned with sterile water and dried at room temperature 

for 2 months. The dried leaves were then crushed into fine loose particles. The air-dried 

leaves (30 g) were coarsely powdered and extracted with methanol (200 ml) in Soxhlet 

apparatus for 8 h. The extract was filtered and concentrated under reduced pressure at 40°C 

using rotary evaporator to obtain a viscous semi solid mass. 
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2.4. Weight loss measurements 

The weight loss experiments were carried out according to the standard method (ASTM, 

G31-72). The effect of the addition of leaves extract was investigated at different 

temperatures and various concentrations. Cylindrical XC48 steel specimens having 

dimensions of (r = 0.975 cm, h = 0.77 cm and S = 4.713 cm2) were initially weighed in an 

electronic balance. The weighed samples were then immersed in 50 mL of 0.5 M H2SO4 with 

and without inhibitor, in the temperature range of 298–333 K over 24 hours. After 

immersion, the samples were taken out, cleaned with distilled water, dehydrated with 

acetone, dried and reweighed. To ensure the repeatability of measurements, every 

experiment was performed in quintuplicate and the average weight loss per gram was 

recorded. Values of the weight loss rate (in g/cm–2·h–1) and percentage protection efficiency 

(%) were calculated from the following two equations [31, 32]: 

 
R
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C
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=


 (1) 
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where Δm was the specimen weight loss in g, A the specimen total surface area in cm2 and t 

the immersion time in hours. CR0 and CR were the weight loss rates of carbon steel in the 

acid medium in the absence and presence of the extract, respectively. 

2.5. Electrochemical measurements 

All electrochemical measurements were carried out using a VersaSTAT monitored by Versa 

Studio software, and were performed in acid medium with and without green inhibitor five 

times to ensure the reproducibility. The measurements were recorded after 1 hour of 

immersion at the Open Circuit Potential (OCP) for the stabilization of the system. 

2.5.1. Electrochemical polarization 

The Potentiodynamic polarization curves were recorded at a constant scan rate of 0.5 mV/s. 

The potential range was ±250 mV versus Ecorr. The values of corrosion current density (Icorr) 

were estimated using the Tafel extrapolation method [5]. The inhibition efficiency (η%) was 

calculated using Equation (3), as follows [33, 34]: 

 
corr(uninh) corr(inh)

corr(uninh)

η% 100
i i

i
=

−
  (3) 

where, icorr(inh) and icorr(uninh) represent the corrosion current density in the inhibited and 

uninhibited medium, respectively. Corrosion parameters including corrosion current density 

(icorr), corrosion potential (Ecorr), cathodic and anodic Tafel slopes (βc and βa) were evaluated 

by extrapolating the linear parts of cathodic and anodic Tafel curves to the point of 
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intersection [35]. The degree of surface coverage (θ) was calculated from the values of the 

inhibition efficiency, where 
1

100
θ η%=   [36, 37]. 

2.5.2. EIS measurements 

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out over a 

frequency range of 100 kHz to 0.1 Hz with 10 points per decade; a sine wave with 10 mV 

amplitude was used to perturb the system. The impedance diagrams are given in the Nyquist 

representation. The inhibition efficiency (IE%) of the inhibitor has been found from the 

charge transfer resistance values according to the following Equation (4) [38, 39]: 

 z

inh 0
t t
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% 100
R R
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IE

−
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where 0
tR  and inh

tR  are the charge transfer resistance in the corrosion medium in the absence 

and in the presence of the green inhibitor, respectively. 

2.6. SEM Observations 

The morphology of XC48 mild steel working electrode was obtained by scanning electron 

microscopy (SEM) and energy-dispersive X-ray (EDX) assays by using Quattro ESEM-

Thermo Fisher for samples immersed in 0.5 M sulfuric acid without and with 1500 ppm of 

Grewia bicolor Juss extract inhibitor at 298 K for 24 h. 

2.7. FT-IR Analysis 

Infrared spectroscopy was adopted to identify the composition of both the Grewia bicolor 

Juss leaf extract and the layer formed on the surface of XC48 steel working electrode. 

Attenuated Total Reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) analysis 

were carried out with a Perkin Elmer Spectrum BX using a KBr. the wavelength range was 

400 cm−1 to 4000 cm−1. 

3. Results and Discussion 

3.1. Weight loss measurements 

3.1.1. Concentration effect 

The effect of the addition of Grewia bicolor Juss leaves extract tested at various 

concentrations on XC48 steel corrosion in H2SO4 medium (0.5 M) was studied by using 

mass loss measurements at 298 K after 24 h of immersion time. The corresponding data 

given in Table 1 and showed that the corrosion rate was depending on the inhibitor 

concentrations. The rise in the extract concentration increased the inhibition efficiency by 

88.63% at 1500 ppm. The inhibitory action of natural compounds against steel corrosion can 

be attributed to the component adsorption on the metal surface. This adsorption limited the 
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dissolution of metal by blocking its corrosion sites and hence decreasing the weight loss with 

the increasing efficiency as the concentration increases [40]. 

Table 1. Effect of GBS extract concentrations on corrosion data XC48 steel in 0.5 M H2SO4 after 24 h of 

immersion at 298 K. 

C (ppm) CR·103 (g/cm–2·h–1) IE% 

Blank 2.20 – 

400 0.499 77.59 

800 0.431 80.41 

1000 0.294 86.64 

1500 0.250 88.63 

3.1.2. Effect of temperature 

The effect of temperature on the inhibition efficiency and corrosion rate at optimum 

concentration (1500 ppm), was studied at different temperatures, ranging from 298 K to 

333 K for 24 h of immersion by weight loss measurements. The corrosion rate values are 

summarized in Table 2. We clearly observed that raising temperature provoked an increase 

in steel dissolution and corrosion rates with a marked decrease in inhibition efficiencies at 

high temperatures. According to the literature, [41, 42] when the increase in temperature 

causes a decrease in the inhibition efficiency, this is possibly due to the desorption of the 

components of the extract on the metal surface. In this context, the adsorption is mainly due 

to the electrostatic interaction which decreases at high temperature [41]. This confirms that 

the adsorption process is chiefly physisorption type [43]. It can be seen from this table that 

the inhibition efficiency decreases, in opposite, the corrosion rate raises with temperature 

raising. 

Table 2. Weight loss corrosion rate and inhibition efficiency of XC48 steel as a function of temperature in 

H2SO4 with and without Gbj extract. 

Temperature 

(K) 

Blank 1500 ppm 

W (g) 
CR·103 

(g/cm–2·h–1) W (g) 
CR·103 

(g/cm–2·h–1) 
IE% 

298 0.2493 2.20 0.0291 0.25 88.63 

308 0.5106 4.51 0.1319 1.16 74.16 

318 0.7039 6.22 0.2629 2.32 62.65 

313 0.8324 7.36 0.4257 3.76 48.86 
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3.2. Thermodynamic and activation parameters 

Adsorption is an important process in corrosion inhibition as the inhibition of metal 

corrosion by organic molecules is often due to adsorption of the inhibitor molecules onto the 

metal surface thereby blocking the active sites that are subject to corrosion reaction [44]. 

The activation parameters associated with XC48 mild steel corrosion in 0.5 M H2SO4 

solution without and with optimum concentration were calculated using the Arrhenius plot 

according to Equations (5, 6): 

 
R

a

2.303
ln( ) ln

E

RT
C A= +  (5) 

 R ln
2.303 2.303

ln
C R S H

T Nh R RT

      
= + −    

   
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where Ea is the apparent activation energy, R represents the universal gas constant, T is the 

absolute temperature and A is the frequency factor. In the other equation, h is Planck’s 

constant, N is for the number of Avogadro constant, T is absolute temperature (K), ∆S 

represents the change in entropy of activation (J/mol·K), and ∆H is the apparent enthalpy of 

activation (kJ/mol) [45].The Arrhenius plots (lnCR vs. 1/T) and the transition state plots 

(ln(CR/T) vs. 1/T) for XC48 mild steel corrosion in 0.5 M H2SO4 without and with optimum 

concentration (1500 ppm) of Gbj extract are given in Figure 1 ((a) and (b) respectively). The 

values determined from the slopes of the straight lines obtained are cited in the Table 3. The 

analysis of the data revealed that the addition of the inhibitor increases the activation 

enthalpy as compared with free H2SO4 acid. The positive sign of ΔHa reflects an endothermic 

process. This suggests that the mild steel dissolution needs more energy in the presence of 

the inhibiter extract [46, 47]. Also, the entropy of activation ∆S, became less negative with 

the addition of the inhibitor. This indicates an ordered arrangement of Gbj extract compound 

on the metal surface. This validates the activated complex as an association step rather than 

a dissociation step, in the rate determining step [47, 48]. Furthermore, the values of Ea 

obtained for XC48 steel in sulfuric acid solution containing inhibitor are greater with respect 

to those retrieved for the blank system, this pattern is likely to be related to the formation of 

a protective adsorbed film on the metallic surface of the working electrode [49]. 
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Figure 1. Arrhenius plots of ln(CR) (a) and Transition state plots of ln(CR/T) (b) vs 1/T for 

XC48 mild steel in 0.5 M H2SO4 in the absence and presence of optimum concentration 

(1500 ppm) of Gbj extract. 

Table 3. Thermodynamic and activation parameters of XC48 steel in the presence of Gbj extract at different 

concentration in 0.5 M H2SO4 solution. A blank system (without inhibitor) was included as reference. 

Parameter 
Ea 

(kJ·mol–1) 
ΔHa 

(kJ·mol–1) 

ΔSa 

(J·mol–1·K–1) 
ΔGa (kJ·mol–1) 

Blank 76.60 70.52 –445.25 308 318 333 

1500 ppm 169.76 163.68 –176.59 –19.36 –11.87 –7.08 

3.4. Adsorption isotherm 

The initial phase of any metal corrosion inhibition is the displacement of water molecules 

by the adsorbed organic inhibitor molecules at the metal-solution boundary [50, 51]. The 

adsorption isotherms describe the molecular interactions of the inhibitor molecules with the 

active sites on the metal surface [52, 53] and provide more insights into the mechanism of 

corrosion inhibition. Three adsorption models, namely; Langmuir, Freundlich, and Temkin 

were fitted/tested in this study, to understand the type of reactions that happening on the 

metal surface. Equations (7), (8) and (9) represent the Langmuir, Freundlich and Temkin 

adsorption isotherms respectively. 

 
inh ads

θ

1 θ
KC +=

−
 (7) 

 
ads inh
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logθ log logK C

n
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where θ is the surface coverage, Cinh is the inhibitor concentration, Kads represents the 

equilibrium adsorption coefficient, α is a sign dependent molecular interaction parameter 

and n signifies an exponent characteristic of the type of adsorbate. The Langmuir adsorption 

isotherm (Figure 2) was found to provide the best description of the behavior of the 

investigated inhibitor extract with near unity correlation coefficient (R2) value, see Table 4. 

Table 4. Correlation coefficients (R²) obtained by the different isotherms for mild steel XC48 in 0.5 M 

H2SO4 solution at different inhibitor concentrations. 

Langmuir isotherm Temkin isotherm Frumkin isotherm 

R2=0.9976 R2=0.9616 R2=0.8972 

 

Figure 2. Langmuir isotherm for adsorption of Gbj leaves on XC48 mild steel surface in 

0.5 M H2SO4 solution. 

The equilibrium constant K and adsorption free energy (ΔGads) can be related using the 

Equation (10) [54]. 

 
ads

ln55.5G RT K =−  (10) 

where R is global gas constant and T is the absolute temperature (298 K), and 55.55 mol·l–1 

is the water molar concentration in the liquid phase. The value ΔGads less than −20 kJ/mol 

defines physical adsorption mode (adsorption due to electrostatic interaction between 

charged metal surface and charged inhibitor species) while value around –40 kJ/mol is 



 Int. J. Corros. Scale Inhib., 2023, 12, no. 3, 961–983 970 

    

 

consistent with chemical adsorption mode (adsorption that involves electron sharing or 

transfer from inhibitor molecules to empty orbital of metal). ΔGads value in between the 

defined boundaries for physisorption and chemisorption is always associated with mixed 

adsorption (both chemisorption and physisorption) [55, 56]. The calculated ΔGads values 

reported in Table 3 were less than −20 kJ/mol, this confirm that Grewia bicolor Juss extract 

adsorption on XC48 mild steel surface is typical of physisorption. 

3.5. Electrochemical measurements 

3.5.1. OCP 

To understand the influence of the methanolic extract concentration of Grewia bicolor Juss 

leaves, which is used as a corrosion inhibitor of XC48 steel in H2S04 medium (0.5 M), we 

have started with the Open Circuit Potential Figure 3, to giving information about the 

evolution of the corrosion potential (Ecorr) as a function of the immersion time for different 

inhibitor concentrations. We note that the evolution of the potential over time illustrates that 

for all concentrations the potential first becomes negative (anodic) then tends towards more 

positive values followed by a stabilization step, the change of OCP with time measurements 

thus indicated that the presence of Grewia bicolor Juss leaves extract decreases the 

aggressiveness action of H2SO4 by shifting its potential in the less negative direction and this 

effect was found to increase with increase of the concentration of Grewia bicolor Juss leaves 

extract [33]. 

 

Figure 3. Open circuit potential versus time of XC48 steel exposed to 0.5 M H2SO4 solution 

containing different concentrations of Grewia bicolor Juss leaves extract. 
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3.5.2. Tafel polarization 

The potential of the electrode is stabilized for 60 min before proceeding to the measurements 

of the curves I=f (E) at room temperature, Figure 4 shows the curves of cathodic and anodic 

polarization of XC48 steel in H2SO4 medium (0.5 M), in the absence and presence of 

different concentrations of the inhibitor. The values of inhibition efficiency, calculated from 

Equation (3). 

 

Figure 4. Polarization curves of XC48 steel in H2SO4 medium (0.5 M) without and with 

different concentrations of Grewia bicolor Juss leaves extract at 298 K. 

The corrosion parameters such as corrosion current (Icorr), corrosion potential (Ecorr), 

cathodic (c) and anodic (a) Tafel slopes were calculated by extrapolating the Tafel plot and 

tabulating in Table 5, which organizes the values of electrochemical parameters from the 

cathode and anode curves as well as the corresponding inhibitory efficiency (IE) at each 

concentration. It shows that IE values increase with an increase in the Grewia bicolor Juss 

leaves extract concentration, however, the Icorr value decrease as the Grewia bicolor Juss 

leaves extract concentration increases, reaching its lowest value with the addition of 

1500 ppm solution. Both, the cathodic and anodic Tafel slopes, were affected by the presence 

of Grewia bicolor Juss leaves extract; even so, the corrosion potential changed considerably 

comparing to that of the blank, with a range of –22.082 to 18.995 mV. According to the 

literature [57–61], if the displacement in corrosion potential is more than 85 mV with respect 

to corrosion potential of the blank, the inhibitor can be seen as a cathodic or anodic type. In 
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our case the maximum displacement was 18.995 mV, which indicated that the Grewia 

bicolor Juss leaves extract can be classed as mixed-type inhibitor. 

Table 5. Electrochemical parameters calculated from polarization measurement on the XC48 steel in the 

absence and presence of the different concentrations of Grewia bicolor Juss leaves extract at 298 K. 

C (ppm) Ecorr (mV) Icorr (A) c (mV) a (mV) Rp (Ω) %IE θ 

Blank –472.4 1208.97 –113.53 34.55 17.86   

400 –489.3 296.225 –120.00 27.39 52.09 75.50 0.7550 

800 –450.03 218.34 –121.35 26.66 68.04 81.94 0.8194 

1000 –440.52 93.94 –118.58 19.97 111.15 92.23 0.9223 

1500 –447 81.36 –98.27 18.62 122.77 93.27 0.9327 

3.5.3. EIS results 

The EIS study has been adopted as a well-recognized and generally accepted technique to 

verify the adsorption process at the metal/electrolyte interface. The recorded spectra were 

reported in the form of Nyquist diagrams, Bode and phase plots in Figure 5 ((a), (b) and (c) 

respectively). All impedance spectra in the Nyquist plots Figure 5 (a) for H2SO4 medium 

(0.5 M) without and with inhibitor show a single semicircle with a diameter that increases 

with increasing inhibitor concentration This means that the corrosion process was controlled 

by a charge transfer reaction mainly [62] and inhomogeneity of surface created due to the 

adsorption of the inhibitor molecules on metal surface [63]. The shapes of Nyquist plots are 

similar that indicate that protection mechanism does not change during the whole process 

[64, 65]. It can be seen that the magnitude of values of logZin the Bode modulus together 

with the phase angle (φ) increase in the presence of the Gbj extract and the effect is 

monotonic with the inhibitor concentration. Furthermore, all phase-frequency angle plots 

indicate a single wave, confirming the unique constant obtained by the Nyquist diagrams. 

According to Akhil Saxena [66] the electrochemical behavior at the steel solution interface 

is capacitive or resistive, if phase angle equals to 90° or 0°, respectively. 

The fitting of the obtained impedance diagrams was done according to equivalent 

circuit depicted in Figure 6. The various impedance parameters such as charge transfer 

resistance Rct, double layer capacitances Cdl and inhibition efficiency (IE%) are cited in 

Table 6. The charge-transfer resistance values are calculated from the difference in 

impedance at lower and higher frequencies. The double layer capacitance (Cdl) and the 

frequency at which the imaginary component of the impedances is found as represented in 

Equation (11) [67]: 

 
dl

ct

1

ω R
C

 
 
 
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=  (11) 

where ω 2πf= . 



 Int. J. Corros. Scale Inhib., 2023, 12, no. 3, 961–983 973 

    

 

 

 

  
Figure 5. Nyquist (a), Bode (b) and phase angle (c) plots of the corrosion of XC48 steel in 

0.5 M H2SO4 without and with different concentrations of Gbj extract. 

Table 6. EIS parameters for XC48 steel corrosion 0.5 M H2SO4 with different concentration of the inhibitor. 

C (ppm) Rs (Ω·cm2) Rct (Ω·cm2) Cdl (µF·cm–2) E (%) 

Blank 2.778 10.923 460.76  

400 3.152 44.04 228.02 75.18 

800 2.685 56.60 223.36 80.70 

1000 3.126 122.61 163.421 91.08 

1500 2.710 148.09 135.300 92.62 

It can be seen from data in Table 6 that the Rct values significantly increases with the 

increasing the concentrations of the inhibitors. On the other hand, the values of Cdl decreased 
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with an increase in the inhibitor concentration thus with inhibition efficiencies. This decrease 

in Cdl can result from a decrease in local dielectric constant and an increase in the thickness 

of the electrical double layer, signifying that molecule inhibitors acts by adsorption at the 

solution/interface [68, 69]. 

 

Figure 6. Equivalent electrical circuit used to fit the electrochemical impedance plots. 

  

 
Figure 7. SEM images of XC48 steel surface: (a) polished XC48 steel surface, (b) XC48 steel 

after 24 h of immersion in 0.5 M H2SO4, (c) XC48 steel er 24 h of immersion in 0.5 M H2SO4 

with 1500 ppm of Grewia bicolor Juss extract. 
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3.6. SEM, EDS analysis 

The scanning electron micrographs of the surface morphology of the XC48 steel, after 

immersion in 0.5 M sulfuric acid solution for 24 h, with and without the optimum 

concentration (1500 ppm) of Gbj extract are given in Figure 7. Before the immersion, the 

surface of XC48 steel sample was relatively smooth Figure 7(a). However, in sulfuric acid, 

XC48 steel is heavily damaged with wide and deep holes, Figure 7(b). But after the exposure 

to the acid solution with 1500 ppm of Gbj extract Figure 7(c), it can observe that the surface 

of the working electrode became more heterogeneous and has larger deposits than those 

observed for the sulfuric acid alone. This difference clearly indicates that the adsorbed 

extract molecules protect the steel surface of the working electrode. The chemical 

composition of steel samples immersed in sulfuric solution (Table 7), revealed the presence 

of elements such as C, F, Mn and Zn. These elements are related to the composition of XC48 

meld steel sample. A comparison of Fe, C, Si and Mn percentages before and after sulfuric 

exposure clearly testify that the metal lost part of its constituent elements due to the corrosion 

phenomena occurring in the acid medium [33, 71]. 

Table 7. Elemental composition (quantitative) of XC48 steel surface (Bare) and after 24 h immersion in 

0.5 M H2SO4 in the presence and absence of the Gbj extract from EDS measurements. 

Element (%) Fe C O F Si Mn Zn S 

Bare XC48 steel 84.25 5.84 – 4.49 0.96 3.30 1.16 – 

Blank 51.54 5.64 34.60 0.34 – 1.06 – 5.63 

1500 ppm 62.27 6.11 17.37 0.44 0.38 – – 2.24 

3.7. FTIR analysis 

The FT-IR analysis of the pure Grewia bicolor Juss leaves extract was used to identify the 

functional groups formed on the surface of the XC48 mild steel to form the protective layer, 

and are displayed in Figure 8 (a) and (b). The spectra of the pure extract Figure 8 (a) showed 

the presence of important functional active groups, such as the –CH2– identified through its 

asymmetric and symmetric stretching at 2928 cm−1 and 2884 cm−1, respectively. The broad 

peak at 3450 cm−1, associated to the O–H stretching indicates an alcohol/phenol functional 

group [28, 33]. The sharp band observed at 1662 cm−1 indicated the presence of C=O 

stretching mode [72]. The peak obtained at 1502 cm−1 represents the C=C stretching of the 

aromatic ring, other sharp peak at 878 cm−1 can be assigned the presence of C=C [73, 74]. 

The peaks for C–H scissoring and bending modes can be seen around 1389 cm−1 and 

1252 cm−1 [75]. The peaks observed at 1152 cm−1 and 1097 cm−1 are due to the C–O 

stretching region resulting from stretching vibrations of C–O (enol group) and C–O–C 

(ester group). In the fingerprint region, a peak was seen at 1252 cm−1 that is characteristic to 

phenols [33]. The Fourier transform infrared spectrum of adsorbed protective layer formed 

on the surface of XC48 steel after immersion in 0.5 M H2SO4 containing optimum 
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concentration (1500 ppm) of Grewia bicolor Juss extract was reported in Figure 8 (b). It 

could be seen that certain peaks were significantly reduced compared to the Figure 8 (a). 

The absorption bands at 3408 cm−1, 1641 cm−1, and 1096 cm−1 were related to the O–H, 

C=O and C–O stretching modes respectively. The intense peak around 615 cm−1 corresponds 

to the stretching of aromatic carbon [72]. These results show that the important role played 

by the oxygen atoms and aromatic rings in the process of adsorption. 

 

Figure 8. FT-IR spectra of (a) Grewia bicolor Juss leaf extract (b) adsorbed layer formed on 

the surface of XC48 steel after immersion in 0.5 M H2SO4 containing inhibitors. 

Conclusion 

Grewia bicolor Juss leaves extract has been evaluated as a corrosion inhibitor for XC48 steel 

in 0.5 M H2SO4. The extract of Gbj leaves acted as a mixed inhibitor for XC48 steel in 0.5 M 

H2SO4 solution. The inhibition efficiency rises with increasing concentration of Gbj leaves 

with the highest inhibition efficiency being 93.27% for 1500 ppm. Gravimetric 

measurements realized are in good agreement with the values obtained from the 

Electrochemical measurements with a maximum IE of 88.63 % at 24 hours. The effect of 

temperature on the inhibition efficiency at this concentration (1500 ppm), was also studied 

at different temperatures, ranging from 298 K to 333 K by weight loss measurements. The 

inhibition efficiency decreases, in opposite, the corrosion rate raises in higher temperature. 

The activation and free energy values of the inhibition reaction supported the hypothesis of 

a physisorption mechanism a process well described by the Langmuir equilibrium mode. 

Also, EIS measurements showed the increase in corrosion resistance offered by Gbj when 

increasing their concentration in the corrosive solution. Surface analyses by SEM/EDS and 
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FT-IR confirmed the presence of a protective film made up Gbj extract molecules on the 

metallic surface. 
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