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Abstract 

The escalating environmental concerns associated with toxic inorganic inhibitors have 

spurred the exploration of green alternatives for Oxidation prevention in acid pickling 

processes. The corrosion behavior of Carbon steel (CS) in 1 M HCl solution was 

investigated via weight loss (WL), potentiodynamic polarization (PDP), and 

electrochemical impedance spectroscopy (EIS) techniques. The influence of the eco-

friendly corrosion inhibitor, cistanche tubulosa (CT), was evaluated. PDP measurements 

indicated that cistanche tubulosa exhibits mixed-type inhibitory properties, effectively 

reducing the corrosion rate of CS through adsorption onto its surface. This inhibitory 

effect resulted in an inhibition efficiency with a value higher than 92% at 298 K. The 

Langmuir isotherm model is the most acceptable one to describe the adsorption of extract 

on the surface of carbon steel. Scanning electron microscopy (SEM) was employed to 

characterize the morphology of the CS surface, confirming the layering of the barrier film 

on the CS surface and suggesting a chemisorption mechanism for cistanche tubulosa 

molecules. Additionally, Fourier-transform infrared spectroscopy (FTIR) analysis was 
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performed to identify the functional groups responsible for the adsorption process. The 

temperature's influence on the anticorrosive efficiency was examined within the 

temperature interval of 298-328 Kelvin. Results demonstrated an improvement in the 

ability to inhibit corrosion with an increase in inhibitor concentration and contact time, 

but this improvement decreased with increasing temperature. 

 

Keywords: Corrosion inhibitor, Carbon steel, Electrochemical analyses, Cistanche 

tubulosa, Natural extract. 

 

1. Introduction  

Mild steel, widely utilized across many industrial applications owing to its robustness and 

economic viability, exhibits high susceptibility to corrosion, particularly during cleaning 

processes and scale removal using mineral acids [1 ,2]. This susceptibility leads to a 

reduction in the material's service life. Addressing this challenge underscores the need to 

develop innovative cleaning technologies that not only effectively preserve mild steel but 

also provide robust protection against corrosion, thereby ensuring its long-term durability 

and sustainability. Several strategies have been implemented to mitigate metal corrosion, 

primarily by minimizing the exposure of metal surfaces to corrosive environments. 

Among these approaches, plant extracts, when used as corrosion inhibitors, have become 

a focus of great interest due to their effectiveness and environmental friendliness [3-5]. 

These plant extracts, referred to as green corrosion inhibitors, are highly regarded due to 

their natural and biodegradable qualities, offering a sustainable alternative to toxic 

inhibitors. Plant extracts establish a protective barrier over the metal surface. This barrier 

effectively obstructs corrosive agents from attacking and inducing damage [6]. 



 

4 
 

The efficacy of these extracts as corrosion inhibitors is directly related to the complexity 

and variety of their constituent chemical species, which contain various active 

constituents that have an affinity for the metal surface, thereby enhancing protection. 

Among the diverse array of anti-corrosion agents, plant extracts have demonstrated 

superior inhibition performance at low concentrations [7]. This exceptional performance 

can be attributed to their ability to develop a robust and durable film covering the metal, 

as well as their environmentally friendly nature. 

The phytochemicals produced by leaves through photosynthesis are essential in the 

creation of this protective barrier. These phytochemicals are characterized by polar 

functional groups, specifically amide, hydroxyl, ester, carboxylic acid, and amino groups, 

which facilitate their adsorption [8, 9]. However, a significant limitation of this class of 

inhibitors is the uncertainty regarding the specific constituent responsible for their 

inhibitory activity. Researchers have, across a multitude of studies, investigated the 

practical uses of natural extracts, originating from plants, weeds, shrubs, and herbs, as 

renewable inhibitors for the protection of CS and other metals [10]. Lavanya et al. 

reported 88.9% inhibition efficiency using Pterocarpus marsupium extract [11]. Pahuja et 

al. achieved 97.5% efficiency with Cuscuta reflexa [12]. Doumane et al. obtained 95.8% 

efficiency using Citrullus colocynthis seed oil extract [13]. Berrissoul et al. recorded 90% 

inhibition with Artemisia Stems extract [14]. Kotupalli et al. reached 90.98% using 

Plumeria rubra extract [15]. Ezugha et al. confirmed the inhibitory effect of Solanum 

macrocarpon reached 91.4% [16]. Ezzat et al. observed 90.5% inhibition with silver 

nanoparticles based on Anacardium occidentale leaf extract [17]. 
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Cistanche tubulosa is a perennial, holoparasitic herb characterized by fleshy, yellowish to 

yellow-brown stems that often exhibit a purplish hue. Plants typically range in height 

from 15 to 40 cm. The stem is simple, erect, and varies from glabrous to sparsely 

puberulous, frequently broader at the base. It is densely covered with overlapping, 

triangular to lanceolate scale-like leaves, each measuring 1-4 cm in length. The 

inflorescence forms a dense and conspicuous cylindrical spike, measuring 10-20 cm in 

length. Flowers are tubular, ranging from bright yellow to pinkish-yellow or violet, and 

measure 3–4.5 cm in length. The calyx comprises five oblong-ovate lobes, 1-1.5 cm long. 

The corolla is funnel-shaped, extending 4–5 cm in length. Staminal filaments are 

accompanied by densely hairy anthers, which are woolly at the base and exhibit rounded 

to blunt apices. The fruit is an ovoid-oblong capsule, laterally compressed, 20–25 mm 

long, beaked at the tip, and contains numerous seeds. The seeds are dark-colored, pitted, 

and approximately 1 mm in length [18-20]. 

In this study, Cistanche tubulosa extract was prepared by ethanol maceration, followed 

by concentration through evaporation. The anticorrosive efficiency of this natural extract 

was evaluated for the protection of carbon steel in 1 M HCl solution using a combined 

approach, including gravimetric tests (weight loss), electrochemical analyses 

(potentiodynamic polarization and electrochemical impedance spectroscopy), as well as 

surface characterizations by scanning electron microscopy (SEM) and Fourier-transform 

infrared spectroscopy (FTIR). The influence of various experimental parameters, 

including inhibitor concentration, temperature, and immersion time, was systematically 

investigated to gain a deeper understanding of the adsorption behavior and inhibition 

mechanism of the plant extract on the carbon steel surface. 
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2. Experimental 

2.1.  Inhibitor preparation 

In March 2024, Cistanche tubulosa leaves were collected from the Azilal mountains in 

Morocco. After drying in the shade for 10 days, the leaves were ground into a fine 

powder. This powder was then subjected to maceration in ethanol for 24 hrs. The 

resultant solution was filtered to separate the extract from the plant residues. The 

resulting filtration was then concentrated by rotary evaporation to remove the ethanol, 

yielding a concentrated extract in the form of a black powder. 

 

2.2. Samples and corrosion medium 

In this work, a carbon steel (CS) sample with the following elemental composition 

(wt.%) was investigated: C(0.19), Si(0.20), Mn(0.81), S(0.0027), Cr(0.12), P(0.001), 

Ni(0.11), Cu(0.18), Al(0.032), and Fe (balance). A 1 M HCl aggressive solution was 

obtained by diluting concentrated hydrochloric acid (37%, Sigma-Aldrich). For 

electrochemical tests, 0.5 cm2 CS samples were polished with #400 to #2000 SiC paper, 

rinsed, degreased, and air-dried. The 1 M HCl solution was then used with various 

concentrations of inhibitory substances for each test. 

 

2.3. Weight loss method 

The efficacy of a potential corrosion inhibitor was assessed using a weight loss method. 

CS specimens with a surface area of 12 cm² were immersed in 1 M HCl for a 

predetermined duration to assess the inhibitor's performance. Prior to immersion in 100 

mL of 1M HCl solution, quantitatively varied concentrations, the specimens were 

carefully cleaned and weighed. After exposure, the specimens were meticulously cleaned 
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(distilled water and acetone), then dried. The change in weight (Δm) of each specimen 

was calculated in milligrams to evaluate the inhibitor's effectiveness under aerated 

conditions. The rate of metal loss (Wcorr) and inhibition efficiency (Ew%) were obtained 

through the application of equations 1 and 2 [21, 22]: 

                                                        (1) 

                   (2) 

 

In these equations, Δm (mg) denotes the change in specimen weight resulting from 

immersion, Wcorr and Wcorr(inh) represent the corrosion weight loss rates (mg/cm2.h) of CS 

in the reference test solutions and the solutions modified by inhibitor, in that order, S 

signifies the surface area of the CS specimen (cm2), and t indicates the duration of contact 

(h). 

 

2.4. Instrumentation 

This study employed a three-electrode cell with an OrigaMaster electrochemical 

workstation (OrigaStat 100 potentiostat, manufactured by OrigaLys Electrochem SAS, 

France) to monitor CS corrosion using EIS and PDP. A platinum counter electrode 

(surface area 1 cm²) and a Hg/Hg₂Cl₂/KClₛₐₜ (SCE) reference electrode were used. 

Preliminary to the measurements, the CS as working electrode was immersed with the 

SCE in the solution for 0.5 hours to establish an equilibrium OCP. 

EIS data were acquired at frequencies ranging from 100 kHz to 10 mHz with a 10 mV 

peak-to-peak sinusoidal potential. Analysis of the resulting impedance diagrams provided 

insights into various processes related to the impedance of corrosion capabilities of the 

investigated inhibitors. The percentage of protection (%) was subsequently determined 
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based on the obtained impedance data. PDP techniques were used to capture current-

potential curves within a potential range of -750 mV to -100 mV at a scan rate of 0.5 

mV/s. Each electrochemical parameter given is the average value obtained from three 

independent tests conducted under equivalent conditions. 

Fourier Transform Infrared spectroscopy (Thermo Scientific Nicolet IS50 

spectrophotometer, manufactured in the USA) was used to identify the chemical 

interactions between pure leaf extracts and the CS surface in inhibited acidic solutions. 

FTIR spectra were acquired over the spectral range of 600-4000 cm⁻¹ to identify 

characteristic vibrational bands associated with the interaction of inhibitor molecules with 

the CS surface. By analyzing the spectral data, insights into the type of chemical bonds 

formed at the interface between CE and CTE can be gained. 

The surface morphology of the specimen was characterized using SEM analysis 

(Model JSM-IT10, manufactured by JEOL Ltd., Japan) both before and after exposure to 

an aggressive medium of 1 M HCl for 24 hours. The study evaluated the optimal 

concentration of the reducing agent (CT) at 2.5 g/L in comparison to the aggressive 

medium alone. This analysis yielded detailed morphological information from SEM 

imaging. 

 

3. Results and Discussion  

3.1. FTIR analysis  

Figure 1 provides the FTIR data for Cistanche tubulosa leaf extract. The vibrational 

spectrum reveals an absorption band centered at 3279 cm−1 (O-H and N-H) [23], and the 

bands at 2924 cm−1 and 2853 cm-1 were due to CH2 symmetric and asymmetric 
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stretching. [24,25], 1736 cm−1 (C=O), 1682 cm−1 (C=O,), 1645 cm−1 (C=C), 1596 cm−1 

(C=C and C=N), 1513 cm−1 (C=C), 1416 cm−1(C-O-H), 1369 cm−1(C-H), 1262 cm−1(C-

O), 1027 cm−1 (C-N and C-O) [26]. Additionally, the defining absorption features of C-H 

of the aromatic and aliphatic groups are identified as being below 1000 cm−1[27]. These 

findings demonstrate that CTE exhibits multiple functional groups, including hydroxyl 

and carbonyl groups, carbon-carbon double bonds, carbon-nitrogen double bonds, 

carbon-nitrogen bonds, carboxylic groups, and aromatic rings, all of which are considered 

key adsorption sites in effective corrosion protectors [28, 29]. 
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Figure 1: FTIR spectra of CTE 

 

3.2. Gravimetry weight loss 

Gravimetric tests were performed to evaluate the reduction in CR and the associated 

inhibition efficiency (IE%) of Cistanche tubulosa leaf extracts on CS after a 6hrs 

immersion in 1 M HCl solutions at 298 K. Figure 2 and table1 illustrate the variation of 

corrosion kinetics with four extract concentrations compared to the reference solution 
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throughout the assessment. In the absence of inhibitors, the unprotected carbon steel 

showed the highest weight loss of 48.24 mg, corresponding to a CR of 0.67 mg/(cm2.h). 

The introduction of CT extracts led to noticeable improvements, even at the lowest 

concentration tested, indicating the development of protective surface layers that inhibit 

steel oxidation. Further increases in extract concentration progressively decreased the 

corrosion rate, attaining the highest observed IE% of 85% at 2.5 g/L. This concentration 

marked the point beyond which no significant improvement occurred, reasonably 

ascribed to saturation of available adsorption sites [30].  

 

Table 1: CR variations of CS samples dependent on concentration in 1M HCl at 298 K 

during 6 hours. 

C (g/L) 
Δ𝑚 

(mg/cm2) 
CR(mg cm-2 h-1) Inhibition Efficiency(%) 

0 48.24 0.67 ------- 

0.5 14.40 0.20 70 

1 12.24 0.17 75 

2 10.08 0.14 79 

2.5 07.20 0.10 85 
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Figure 2: CTE concentration effects on CS weight loss in 1M HCl (298K). 

 

The investigations were further conducted under four discrete temperature conditions 

(298 K, 308 K, 318 K, and 338 K) using an extract concentration of 2.5 g/L. As 

demonstrated in Figure 3a, both temperatures had an influence on the results. At the 

critical concentration of 2.5 g/L, the inhibition efficiency decreased from 85% at 298 K to 

68% at 338 K, resulting from the rapid deterioration caused by corrosion at higher 

temperatures, which reflects that the extract's efficacy is influenced by temperature [31].  

 

Figure 3: Effect of temperature (a) and immersion time (b) on the inhibition efficiency of 

2.5 g/l CTE concentration towards CS corrosion across 1 M HCl. 
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Figure 3b shows how the inhibition efficiency changed over time at the optimum of 2.5 

g/L. The data reveal a reduction in inhibition efficiency during the initial period (from 30 

minutes to 2 hours), followed by a gradual increase in IE (%), which stabilizes at 85%. 

The impact of immersion time, considering the seven durations examined, revealed a 

small difference in IE(%) values, spanning only 4%. This suggests that this Cistanche 

tubulosa (CT) extract can effectively inhibit CS corrosion in hydrochloric acid solutions, 

even with extended immersion. 

 

3.3. Inhibition effect study 

3.3.1. Open Circuit Potential 

 In free corrosion conditions, the OCP of CS immersed in a 1M HCl medium was 

measured over time until a stable potential state (Figure 4 at 298 K). Without CTE, the 

potential increases for 1800 seconds and then becomes stable. This could result from the 

formation of a protective film, leading to surface passivation. Upon the addition of the 

inhibitor, the electrode potential achieves a state of dynamic equilibrium at 480 mV vs. 

ECS at an inhibitor concentration of 2.5 g/L CT. This variation is attributable to the 

interface modification, and a stable state is reached after 30 minutes. This was when EIS 

and PDP measurements were executed. 
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Figure 4: The OCP curves of CS in a 1.0 mol/L HCl with and without CTE inhibitor at 

298K. 

 

3.3.2. Electrochemical polarization 

Figure 5 displays the electrochemical polarization curves of the electrode soaked for 

30 minutes in 1 M HCl, with varying concentrations of CTE inhibitor applied. As shown 

in Figure 5, the introduction of CTE into the HCl(1M) results in a notable diminution of 

current densities as compared to the uninhibited electrolyte, with this effect being 

markedly more in the anodic than in the cathodic branch. At the cathode, the curves run 

parallel, revealing that the cathodic mechanism (hydrogen reduction: 2H+ + 2e− → H2) 

[32] is unaffected by the inhibitor [33]. Conversely, in the anodic branch, introducing the 

inhibitor leads to a significant change in the curve, suggesting an alteration in the anodic 

reaction mechanism (metal dissolution: Fe → Fe2+ + 2e−) [34]. 
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Figure 5: The electrochemical polarization curves of the CS with and without CTE at 298 

K. 

In the anodic branch, a notable change in slope was observed between the corrosion 

potential of -400 mV/ECS and -320 mV/ECS. Beyond this region, a notable increment in 

current density was observed, indicative of the desorption of inhibitors from the electrode 

surface [35]. This phenomenon, known as desorption, is characterized by a desorption 

potential of -300 mV/ECS. 

The corrosion potential exhibited negligible variation with the inhibitor included. Potential 

deviations from the reference were ≤ 85 mV across inhibitor concentrations, indicating 

that the inhibition mechanism type is mixed, with anodic predominance [36]. The 

parameters corrosion potential, Tafel slopes, and current densities were calculated and are 

listed in Table 2, The performance of the inhibitor, denoted as η%, was determined using 

the following equation 3 [37]: 

 

       (3) 
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Table 2 shows a decrease in Icorr with the addition of CTE vis-à-vis the blank, with the 

current density decreasing from 174.4 μA/cm² to 14.82 μA/cm² with the addition of 2.5 

g/L of CT extract. Inhibition efficiency increases proportionally to the inhibitor 

concentration, reaching a peak of 92% at a concentration of 2.5 g/L. 

These results demonstrate the inhibitor's good protection of the electrode surface against 

aggressive attacks; this is likely a result of CTE molecules being adsorbed [38]. The high 

level of inhibition is associated with the presence of donor and acceptor sites within the 

molecular structure of the inhibitor [39].  

To better contextualize the efficiency of the Cistanche tubulosa extract compared to other 

reported inhibitors in the literature, Table 3 presents a comparison of inhibition 

performance under similar conditions. This comparison highlights the remarkable 

efficiency of the studied extract, particularly in terms of reduced corrosion current density 

and high inhibition efficiency (IE%). 

 

Table 3. Comparison of the inhibition efficiency of CTE with other reported inhibitors 

under similar conditions. 

C (g/L) -Ecorr (mV/SCE) Icorr (µA.cm-2) βc (mV.dec-1) βa (mV.dec-1 ) η (%) 

CT 

0 525.7 174.4 58.6 88.6 ---------- 

0.5 494 31.4 56 64 82 

1 490 24.42 51 62.4 86 

2 478 19.18 52 62.8 89 

2.5 477 14.82 49 61 92 

EIS tests were carried out for a more detailed study. 

 

3.3.3. Electrochemical impedance characterization 

Figure 6 visualizes the Nyquist diagrams of CS immersed in a 1 M HCl solution, with and 

without the introduction of extract at different concentrations. The observed impedance 
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spectra don't exhibit the perfect semicircular shape. This deviation from the ideal form can 

result from the dispersion of the interfacial impedance as a function of frequency. This 

dispersion is related to the heterogeneity of the electrode surface, which can originate from 

various factors, such as roughness, the presence of impurities, and the deposition of the 

inhibitor, resulting in the formation of a porous layer [43]. 

 

 
Figure 6: EIS of CS in 1M HCl Solution with varying concentrations of CTE at 298K. 

 

Each of these diagrams presents a deformed capacitive loop. The loop's area expands 

with higher extract concentrations, as confirmed by the increase in polarization 

resistance. Figure 7 presents the electrical analogue used to simulate the EIS data. Table 4 

summarizes the electrochemical parameter values and the EI% determined by EIS for 

different concentrations of the CT extract. Inhibition efficiency can be expressed in a 

multiplicity of ways, the prevailing expression defined by the following equation 4 [44]: 
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Where: 

RP,inh and RP,blank are the charge transfer impedance of CS after immersion with and free 

from of the CTE, respectively. 

 

Table 4: EIS parameters were utilized to evaluate the effectiveness of corrosion inhibitors 

for protecting CS electrodes dipped in HCl(1.0 M) at 298 K. According to the table data, 

the increase in Rp indicates the performance of the extract against corrosion, which is 

already confirmed through the diminution of icorr. The act of raising inhibitor 

concentration leads to a decline in Cdc. This reduction is attributed to the adsorption of 

inhibitor molecules onto the CS surface, which creates a protective barrier that hinders 

charge transfer at the metal-solution interface [45]. Indeed, the more the extract adsorbs 

onto the CS surface, the thicker the protective layer formed becomes, which further 

decreases the capacitance of the electrical double layer. The concordance of the results 

obtained by EIS and PDP tests attests to the reliability and consistency of the data on the 

corrosive properties of the extract. 

 

Figure 7: The adopted circuit model. 
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Table 4: EIS parameters were utilized to evaluate the effectiveness of corrosion inhibitors 

for protecting CS electrodes dipped in HCl(1.0 M) at 298 K. 

C(g/L) Rs(Ω/cm²) Rct(Ω/cm²) Cdl(µf/cm²) n Qdl Ƞ(%) 

CT 

0 0.62 73.78 211.3 0.88 340 ---- 

0.5 1.02 461.00 100.0 0.76 120 84 

1.0 2.30 546.00 87.0 0.91 99 87 

2.0 2.70 683.00 45.0 0.83 43 89 

2.5 2.83 941.00 21.0 0.86 37 92 

 

3.4. The temperature variation effects 

To understand the Temperature's impact on steel in a corrosive environment, similar 

tests were conducted in a 1 M hydrochloric acid solution, both 0 and 2.5 g/L of CTE, at a 

selection of temperatures. Polarization measurements were conducted to examine the 

corrosion-resistant effectiveness of CTE at 298, 308, and 318 K. Figure 8 illustrates the 

Tafel polarization curves of working electrodes (CS) immersed in 1.0M HCl media 

containing 0 and 2.5 g/L CTE at various temperatures. Relevant experimental parameters 

are summarized in Table 5. 

 

Figure 8: The PDP plots of CS in 1M HCl w/o 2.5g/L at different temperatures 

 

The information conveyed in Figure 8a indicates that the curves for both the anodic and 
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cathodic regions are approximately parallel, suggesting that temperature does not alter the 

fundamental anodic and cathodic reactions, but rather influences their reaction rates. 

However, in a solution containing the inhibitor (Figure 8b), the curves remain roughly 

parallel in the cathodic region but not in the anodic region. This suggests that, when the 

inhibitor is present, temperature influences both the anodic corrosion mechanism and the 

intensity of corrosion [46]. 

 

Table 5: Electrochemical parameters are measured for CS electrodes in 1.0 M HCl 

solution at various T, with and without the presence of 2.5g/L CTE concentrations 

T (K) C (g/L) -Ecorr(mV/SCE) Icorr (µA/cm2) βc(mV/dec1) βa (mV/dec1 ) Ƞ (%) 

298 
0 525.7 174.4 58.6 88.6  

2.5 477 14.82 49 61 92 

308 
0 494.7 269.04 96.8 115.5  

2.5 459 34.97 63 71 87 

318 
0 494.5 373.61 110.2 121.4  

2.5 436 63.51 69 83 83 

328 
0 476.51 595.89 93.1 114.1  

2.5 415 119.16 72 88 80 

 

As the temperature increased, both the reference solution and inhibited solutions 

exhibited alterations in the PDP plots, shifting toward higher corrosion current densities, 

which led to an increase in the icorr value. This trend indicates that the corrosion rate of 

CS accelerates with rising temperature, likely due to enhanced thermal agitation of CT 

molecules, which destabilizes the adsorption layer and accelerates corrosion. 

In opposition to the reference solution, the inclusion of 2.5 g/L CTE at each discrete 

temperature significantly reduced the icorr value, indicating effective inhibition of CS 

corrosion. However, the protective quality of the CT adsorption film weakened with 
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increasing temperature, as evidenced by the decrease in the EI% from 92% at 298 K to 

80% at 328 K. Despite the accelerating effect of temperature on corrosion, CT still 

demonstrated excellent inhibition performance at 328 K. 

 

3.5. Immersion time's effect on inhibition 

To test the quality of CTE and the surface film created on the CS, the Rct was measured at 

discrete immersion times (0.5, 1, 2, 4, 8, 10, 12, 24h) in a 1M HCl solution, containing and 

lacking 2.5g/L of CTE at 298K. The results, presented in the form of electrochemical 

impedance diagrams (Figure 9), enabled the extraction of electrochemical corrosion 

parameters, which are detailed in Table 6. 

 

Figure 9: EIS Nyquist plots of CS for: a) 1 M HCl and b) 1 M HCl + 2.5 g/L CTE, with 

varied immersion durations, at 298 K. 

 

After a 30-minute immersion, a slight decrease in the interfacial reaction impedance 

values is observed. The mechanism behind this phenomenon is the desorption of 

protective molecules from the CS surface, resulting from conditions associated with 

increased surface roughness during exposure [47]. 
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Subsequently, the charge transfer resistance values remain stable and equal to the initial 

measurement. The results obtained corroborate the durability of the inhibiting layer, 

indicating that CTE is effective for protecting CS from corrosion in hydrochloric media 

even at long immersion times. 

 

Table 6: CS electrochemical parameters changes with immersion time in 1.0 M HCl 

containing 2.5 g/L CT extract, at 298K. 

Medium Immersion time Rs 

(Ω/cm2)  

Rct  

(Ω/cm2)  

Cdl(μF/cm2)  n Qdl 

(μω1/cm2.Sn) 

IE (%)  

 

HCl 1M 

30 min 0.62 73.78 211.3 0.88 340 ------ 

1h 0.20 57.86 118.6 0.84 247.6 ------ 

2h 0.95 45.99 261 0.92 363.4 ----- 

4h 1.06 39.91 365.2 0.96 425.9 ------- 

8h 0.69 35.64 472.5 0.91 669.6 ------ 

12h 0.552 31.6 760.8 0.89 1110 ------ 

24h 0.543 27.36 1510 0.87 2301 ------- 

CT 

(2.5g/L) 

30 mn 2.83 941 21 0.86 37 92 

1h 3.06 644 23 0.8 36.7 91 

2h 5.8 490 32 0.86 40.6 91 

4h 1 470 25 0.79 41.1 91 

8h 0.9 444 28 0.81 44.3 92 

12h 1 418 28 0.9 50.4 92 

24h 2 380 29 0.87 49.8 92 

 

3.6. Adsorption isotherms 

The effectiveness of a corrosion inhibitor largely depends on its ability to adsorb onto the 

metal surface. Adsorption isotherms are essential tools for analyzing this process, as they 

offer insight into the interactions between adsorbed species and the metal surface, as well 

as among the adsorbed particles themselves. Understanding the adsorption mechanism is 

therefore crucial, as it reveals key aspects of the reactivity between the inhibitor and the 

metal substrate [48]. To identify the most appropriate adsorption isotherm, several 

models, including the Langmuir, Freundlich, and Flory–Huggins adsorption isotherms, 

were investigated. These isotherms show the relationship between the inhibitor 

concentration (Cinh) and adsorption, and are described by the following equations in 
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Table 7. Figure 10 shows the set of isotherms obtained for the extract CT in 1 M HCl 

solution. For each plot, a linear regression analysis was performed using the 

corresponding data. 

 

Table 7: Summary of adsorption isotherm models applied in corrosion inhibition studies. 

Isotherm 

model  

Linear equation Descriptions Ref. 

Langmuir 
 

C: The inhibitor concentration 

qmax: The maximum adsorption 

capacity (mg/g) 

KL: The Langmuir constant 

(L/mg) 

[49] 

Freundlich 
   KF: Freundlich constant (L/mg) 

1/n: adsorption intensity 
[50] 

Flory–

Huggins 

 
KFH: Flory–Huggins constant 

(L/mg)  

n: adsorption intensity(J/mol) 

[51] 

 

 
Figure 10: Adsorption isotherms using CTE for CS in 1 M HCl at 298 K. 

 

Table 8 presents the parameters of the Langmuir, Freundlich, and Flory–Huggins 

isotherm models, obtained by fitting the experimental data, along with their coefficients 

of determination (R²). 
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Table 8: The parameters of the Langmuir, Freundlich, and Flory–Huggins isotherm 

models. 

 Langmuir Freundlich Flory-Huggins 

Parameters 
 mq

(mg/g) 
L K

(L/mg) 
2R F K

(L/mg) 
n 2R 

 FHK

(L/mg) 
n 2R 

values 1.208 1.221 0.99566 0.642 0.48089 0.99814 1.154 0.48715 0.91773 

 

The interpretation of the isotherm data presented in Table 8 and Figure 10 reveals 

significant insights into the adsorption behavior of CTE. According to the Langmuir 

model, Ɵmax, is 1.208 mg/g, with an adsorption constant KL of 1.221 L/mg, and a high 

correlation coefficient (R² = 0.99566), reflecting a well-fitted monolayer adsorption on a 

homogeneous surface. The high KL value indicates a strong affinity between inhibitor 

molecules and the metal surface, suggesting a predominantly chemisorption process. 

In contrast, the Freundlich model shows an excellent statistical fit (R² = 0.99814), 

demonstrating strong agreement with the experimental data. However, the Freundlich 

constant n = 0.48089 (< 1) indicates unfavorable energetic conditions for adsorption, 

often associated with multilayer formation on a heterogeneous surface. Despite the strong 

statistical fit, the physical interpretation suggests limited surface coverage at higher 

concentrations. The Flory–Huggins isotherm further supports the physical nature of the 

interaction, with a correlation coefficient of R² = 0.91773 and a value of n = 0.48715, 

indicating that each inhibitor molecule displaces less than a water molecule. This 

suggests a relatively weak, predominantly electrostatic adsorption process. 

Overall, while the Freundlich model shows the best statistical fit, the Langmuir model 

offers a more realistic representation of the adsorption mechanism, emphasizing strong 

specific interactions at well-defined sites. The Flory–Huggins analysis confirms the 

partial physical character of the inhibitor's adsorption on the metal surface. 
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3.7. SEM surface morphology analysis 

SEM imaging was conducted at 298 K to determine the CS morphology with and 

without CTE in a 1.0 M HCl solution. The CS sample had dimensions of 30 mm × 30 mm 

× 20 mm. A visual display of the findings is provided in Figure 11. Figure 11a illustrates 

the surface of the polished steel before exposure to the corrosive solution, where distinct 

parallel lines, associated with abrasion marks from the polishing process, are observable. 

Figure 11b shows a CS sample immersed in a 1M HCl for 24 hours at 298 K. The CS 

surface appears rough and irregular. Indicating significant CS corrosion in the uninhibited 

solution. Figure 11c shows the CS surface immersed in a 1M hydrochloric acid solution 

with a corrosion inhibitor (CT). The addition of CT extract results in a visibly smoother 

CS surface effectively suppressing sample corrosion. This observation suggests that a 

CTE adsorption layer is generated on the CS surface. 
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Figure 11: SEM images of carbon steel (a) polished only, (b) exposed to HCl, (c) exposed 

to HCl + 2.5 g/L CTE. 

 

4. Conclusion 

Gravimetric, electrochemical, and surface analytical methods were employed to 

assess the inhibitory capacity of Cistanche tubulosa. The CTE contains several functional 

groups deployed as a biodegradable inhibitor for CS in 1.0 M HCl medium. The mass 

loss method indicates that Cistanche tubulosa is suitable as a natural inhibitor in acidic 

medium at low concentrations, high temperature, and prolonged immersion time. The 

Tafel polarization technique demonstrated a maximum inhibition efficacy of 92% in 1.0 

M HCl with 2.5 g/L CTE at a temperature of 298 K. The CT extract acts as a mixed-type 
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corrosion inhibitor, and its adsorption behavior follows the Langmuir isotherm model. 

The adsorption of its phytochemical constituents onto the metal surface occurs primarily 

through chemisorption. Although a decrease in inhibition efficiency was observed with 

increasing temperature (80% at 328 K), this reduction remains moderate, suggesting that 

CTE still offers considerable protection at higher temperatures. Therefore, while 

temperature does affect inhibition performance, the extract maintains acceptable efficacy, 

confirming its potential as a practical corrosion inhibitor under varying thermal 

conditions. EIS testing confirmed that as immersion time increased. Surface coverage 

improved, and high inhibitor efficiency was maintained. The surface morphology 

analysis reveals that the degradation of CS is greatly limited by the adsorption of CTE 

components on the surface, forming a protective film, which manifests the protective 

action of CTE in 1.0 M HCl. There is good agreement between the findings achieved by 

the three techniques. It can be concluded that the CT extract is an effective, economical, 

and good plant-based inhibitor for limiting corrosion on the CS surface in HCl medium.  
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