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1. Introduction 

Iron and its alloys are one of the most consumed metals for constructional and industrial applications [1]. 
However, especially in acid media, they are highly susceptible to corrosion. The employment of inhibitors is 
one of the most effective methods for protection of metals against corrosion [2–10]. Synthetic corrosion 
inhibitors are highly efficient, despite of their high operating cost and hazardous environmental effects. For 
these reasons, scientists have focused their research on naturally occurring, green corrosion inhibitors in recent 
years [11–19]. Researchers have reported several natural products as corrosion inhibitors finding  that they are 
highly effective in protecting metals and alloysin various corrosive media. Natural products such asplants, fruits 
and their peels, are a great source of organic compounds and cheaper than any other synthetic chemicals. 
Thus,the use of natural sources of bioactive compounds is not only costeffective but also eco-friendly.Shiitake 
(Lentinula edodes) is one of the most popular mushrooms in world, with a production worldwide of around 7.5 
million ton in 2000 [20]. In addition to this, L. edodespresent antitumor, antioxidant, antimicrobial and 
hypocholesterolemic properties which that havebeen intensively investigated [21-25]. Interest in L. edodes is 
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Abstract 

An evaluation of  Lentinula edodes (L. edodes) extract as a green corrosion inhibitor 
for 1018 carbon steel in 0.5 M H2SO4 was carried out by using weight loss tests, 
potentiodynamic polarization curves and electrochemical impedance spectroscopy 
measurements. These tests were complemented by electronic microscopy analysis, 
infrared and UV-vis spectroscopy as well as mass chromatography. It has been found 
that L. edodes is an efficient, mixed type of inhibitor, which increases with its 
concentration and immersion time, but decreasing with the testing temperature. The 
way that L. edodes adsorbs on to the metal surface is chemical by following a 
Langmuir  type of adsorption isotherm, to form protective corrosion products due to the 
existence of compounds, with heteroatoms such as C, O and N, in functional groups 
such as amine, which are the responsible for the corrosion protection 
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increasing due to its high nutritional value and medicinal properties [26].Some compounds produced by L. 
edodessuch as the polysaccharide named lentinan, lentinacin, and lentysineare attributed to have antitumor, 
antiviral and antimicrobial properties [2-30] with no serious side effects.Additionally, it has been proved an 
improvement in the liver function and a reduction of viremia in patients with chronic hepatitis B [31-33] as well 
as an inhibition of human immunodeficiency virus infection in vitro [34] in the use ofL. edodes extract. Thus, 
the goal of this research paper, is to evaluate the possibility of using L. edodes as a green corrosion inhibitor for 
1018 carbon steel in sulfuric acid. 
 

2. Experimental procedure 
2.1 Testing solution 
L. edodeswas grown in the Faculty of Biology of our university and then soaked in ethanol during 20 days; 
after, that, all the remaining ethanol was evaporated and, finally, a fixed amount of the obtained solid paste was 
dissolved again in 2.5-5 mL of ethanol and used as stock solution. As corrosive solution, 0.5 M sulfuric acid 
(H2SO4) by using analytical grade reagents. Inhibitor concentrations included 0,1, 2, 3, 4 ,5 and 7 ml. Each ml of 
inhibitor stock solution is equivalent to 0.318 g/L according to table 1. 
 
2.2 Testing material 
For the corrosion tests, a 6.00 mm diameter rode of 1018 carbon steel was used. Specimens were encapsulated 
in commercial polymeric resin, ground down to 600 grade emery paper, washed and degreased with acetone. 
Tests were performed at room temperature, around 25 0C, 40 and 60 0C by using a water bath. 
 
2.3 Electrochemical techniques 
Employed electrochemical techniques included potentiodynamic polarization curves and electrochemical 
impedance spectroscopy (EIS) measurements. A conventional three-electrode glass cell with a saturated calomel 
and a graphite rode were used as reference and auxiliary electrodes respectively. Before starting the tests, 
specimens were left immersed in to the solution until the free corrosion potential value, Ecorr, reached a steady 
state value, normally after 30 minutes. For the polarization curves, specimen was polarized form the cathodic to 
the Ecorr value and then towards the anodic direction, starting from -1000 to +1500 mV  with respect to the Ecorr 
value, at a scan rate of 1 mV/s. Corrosion current density value, Icorr, were calculated by using Tafel 
extrapolation. EIS testswere performed at the Ecorr valueby applying a signal with an amplitude of  10 mV in a 
frequency interval of 20 KHz-0.05 Hz. 
 
2.4 Weight loss tests 
Cylindrical specimens 6.00 mm diameter and 30 mm long were cut for the weight loss tests. They were ground 
down to 600 grade emery paper, washed and degreased with acetone. Before and after the corrosion tests, the 
mass of the specimen, m1 andm2, and the exposed area of the specimen, A, were measured, and, by using 
following equation:  
    ΔW = (m1 – m2) / A       (1) 

the weight loss value per unit area, ΔW, was calculated. 
By knowing the weight loss without and with inhibitor, ΔW1 and ΔW2 respectively, Inhibitor efficiency, IE, was 
calculated as follows:   

 IE (%) = 100 (ΔW 1 - ΔW 2)/ ΔW1      (2) 

Selected specimens were observed in a LEO 1450VP scanning electron microscope (SEM) for their analysis. 

2.5 FTIR Spectroscopic analysis 

The green corrosion inhibitor as well the corrosion products were examined under FTIR analysis by using a 
Bruker equipment in KBr pellet in the 4500-570 cm-1 interval. The peak values of the FTIR were recorded. Each 
analysis was repeated twice to detect the characteristic peaks and their functional groups. 
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Table 1: Concentrations of L. edodes used in this work. 

Volume of inhibitor stock 
solution (ml) 

Total volume of 
electrolyte (ml)  

Equivalent inhibitor 
concentration (g/L) 

1 50 0.318 
2 50 0.636 
3 50 0.954 
4 50 1.272 
5 50 1.590 
7 50 2.226 
 

3. Results 

3.1 Weight loss tests 

A summary of the weight loss results, including, inhibitor efficiency and  the metal surface coverage area, θ, for 
1018 carbon steel in 0.5 M H2SO4 solution at different L. edodes concentrations and temperatures is given in 
table 2. It can be seen that at all  different testing temperatures the weight loss decreases whereas the inhibitor 
efficiency value increases as the inhibitor concentration increases, reaching a highest efficiency value of 98.5% 
with 7 ml of inhibitor.  

Table 2:Weight loss, inhibitor efficiency and surface coverage area results for 1018  carbon steel in 0.5 M 
H2SO4 in presence of L. edodes. 

Cinh (ml) ΔW (mg/cm2) I.E. (%)  Θ 
25 0C 0 384.9 ----- ----- 
            1 
            2 
            3 
            4 
            5 
            7 

52.8 86 0.86 
22 92 0.92 
20 94 0.94 
17 96 0.96 
15 97.5 0.975 
12.8 98.5 0.985 

40 0C 0 470.7 ---- ----- 
              1 
            2 
            3 
            4 
            5 
            7 

340.9 27.6 0.276 
274.2 41.3 0.413 
150.6 68.2 0.682 
75.7 83.6 0.836 
50.5 89.5 0.895 
32.7 94.6 0.94 

60 0C 0 646.6 ---- --- 
 1 611.7  5.5 0.055 
 2 511  21.5 0.215 
 3 397.7 38.5 0.385 
 4 368 43.1 0.431 
 5 330.1 49.8 0.498 
 7 300.8 53.6 0.536 

 

The surface coverage area also increases with increasing the inhibitor concentration, which indicates that the 
decrease in the weight loss is due to an increase in the adsorption of  L. edodes on the steel surface. Thus, the 
increase in the inhibitor efficiency with increasing the inhibitor concentration can be interpreted on the basis that 
the adsorption amount and the coverage of inhibitor molecules increases with increasing concentration [35, 36]. 
When the temperature increases, the weight loss increases, obtaining the highest weight loss and the lowest 
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inhibitor efficiency at 60 0C indicating that the protectiveness given by the formed corrosion products decreases 
with an increase in the testing temperature. 

In order to be sure that the corrosion inhibition is due to the inhibitor adsorption on to the steel surface, 
several adsorption isotherms were calculated (Temkin, Frumkin and Langmuir isotherm),  but, as shown in 
Figure 1, the best fitting was obtained with the  Langmuir type of  isotherm. The Langmuir isotherm is given by:  

Cinh/θ = 1/Kads+ Cinh                                                       (3) 

Where θ is the metal surface covered by the inhibitor, given by the inhibitor efficiency divided by 100, C the 
inhibitor concentration and Kads is the equilibrium constant of adsorption process. The Kads value may be taken 
as a measure of the strength of the adsorption forces between the inhibitor molecules and the metal surface [37]. 
Large values of Kads imply more efficient adsorption and hence better inhibition efficiency [38]. By using 
Figure1, the Kadsvalue  can be calculated, which is 19.9, and the standard free energy of adsorption for the 
inhibitor ΔG0 was estimated by using  the equation [39]: 

!"#$%° = −)* +,(55.501)                                (4) 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 1: Langmuir adsorption isotherm obtained for 1018 carbon steel in 0.5 M H2SO4 in presence of L. 
edodes at 25 0C. 

Since the natural extract contains infinite compounds at various percentages, we assume that the inhibition 
process is essentially due to the synergistic intermolecular phenomenon between molecules of natural product at 
major levels [40,41]. Recent works show that the ethanolic extract of Lentinula edodes was partially analyzed 
and then characterized. Polyphenols determined to be the major antioxidant component in the extract, followed 
by flavonoids, β-carotene and lycopene [42,43] play an essential role in inhibiting effect of corrosion process. 
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3.2 Polarization curves 

Polarization curves  for 1018 carbon steel in 0.5 M H2SO4 solution at 25 0C  and different L. edodes 
concentrations is given in Figure2. For the uninhibited solution, steel display an active behavior, without 
evidence of formation of a passive layer. However, when L. edodes was added, a passive region appears for 
inhibitor concentrations lower than 5  ml.  Electrochemical parameters are given in table 3. The Ecorr value 
shifted towards more active values and the Icorr value decreased with the addition of L. edodes, reaching its 
lowest value with the addition of 7 ml. Inhibitor efficiency values increased with increasing the inhibitor 
concentration, reaching its highest value at 7 ml. Anodic Tafel slope increased when the inhibitor was added 
only for inhibitor concentrations lower than 5 ml, perhaps due to the presence of the passive layer, whereas the 
cathodic slope decreased. For inhibitor concentrations higher than 5 ml, both the anodic and cathodic Tafel 
slopes were very similar to those obtained in absence of the inhibitor. Thus, L. edodes is a mixed type of 
inhibitor, affecting anodic reaction with the formation of a passive, protective film at concentrations lower than 
5 ml, but alsoaffecting the cathodic hydrogen evolution reaction, maybe by a blocking effect. 

 

 

 

 

 

 

 

 

 

 
 

Figure 2: Effect of L. edodes concentration in 
the polarization curves for 1018  carbon steel in 0.5 M H2SO4. 

Table 3: Electrochemical parameters obtained from polarization curves for1018  carbon steel in 0.5 M H2SO4 in 
presence of L. edodes. 

Cinh (ml) Ecorr (V) Icorr (A/cm2) βa (mV/Dec) −βc 
(mV/Dec) 

Ipas 
(A/cm2) 

I.E. (%) 

0 -0.450 5.5E-4 40 125 ---- ---- 
1 -0.566 5.25E-4 152 108 3.5E-4 5.4 
2 -0.502 4.37E-4 160 110 2.8E-4 20.4 
3 -0.571 3.27E-4 170 114 2.4E-4 40.5 
4 -0.583 2.63E-4 173 117 2.18E-4 52.2 
5 -0.490 1.51E-4 56 135 ---- 72.5 
7 -0.566 8.14E-5 50 130 ---- 85.1 

 

3.3 Electrochemical impedance spectroscopy measurements 

Nyquist plots for 1018 carbon steel in 0.5 M H2SO4 solution at 25 0C at differentL. edodes concentrations is 
given in Figure3, where it can be seen that data describe a single loop at all the frequency values, with its center 
in the real axis. At low frequency values, some tales or elongations can be seen, which is due to the 
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accumulation or adsorption of some species at the metal/solution interface [44, 45]. The  corrosion protection is 
given by the L. edodesadsorption since the diameter semicircle increases with its concentration, which indicates 
that the degree of metal covered by the inhibitor,θ, increases, as shown by table 1, where an increase in θ  with 
increasing L. edodesconcentration can be seen. Electrochemical parameters obtained from Nyquist diagrams are 
given in table 4. In this table, Rsis the solution resistance, Rct the charge transfer resistance, and Cdl the double 
layer capacitance. It can be seen from this table that Rct increases whereas the double layer capacitance value, 
Cdl, decreases with an increase in the L. edodes concentration due to the adsorption of L.edodes. 

In addition, the values of the double-layer capacitance (Cdl) decrease by adding inhibitor in to corrosive 
solution. An alternative way to calculate double-layer capacitance is: 

 Cdl = εε0A/δ                                                   (5) 

whereε is the double layer dielectric constant, ε0 the vacuum electrical permittivity, δ  the double layer 
thickness, and A the surface area. Thus, the decrease in the Cdl value is due to the replacement 

 

 

 

 

 

 

 

 

 

 

Figure 3: Effect of L. edodes concentration in the Nyquist diagrams for 1018  carbon steel in 0.5 M H2SO4. 

of water molecules at the surface metal, which have lower dielectric constant, by the inhibitor [47-48]. This 
point suggest that the role of inhibitor molecules is preceded by its adsorption at the metal–solution interface. 

Table 4: Electrochemical parameters obtained from Nyquist diagrams curves for1018  carbon steel in 0.5 M 
H2SO4 in presence of L. edodes. 

Cinh(ml) Rs (Ω cm2) Rct (Ω cm2) Cdl (µF cm-2) I.E.  % 

0 3.60 37 3.46E-05 --- 
1 3.71 218 2.31E-05 83.25 
2 4.16 225 2.24E-05 83.79 
3 3.81 382 1.67E-05 90.60 
4 3.67 388 1.60E-05 90.43 
5 4.23 395 1.31E-05 90.76 
7 4.27 402 1.12E-05 90.91 

 

Since the corrosion protection is given by the film formed by L. edodeson to the steel surface, the time 
that this film remains on the surface was evaluated by carrying out some EIS measurements during long periods 
of timewithout and with 7 ml of L. edodes. Evolution of Nyquist diagrams for both uninhibited solution are 
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shown in Figure. 4, whereas that for the solution containing7 ml of L. edodes is given in Figure5.It can be seen 
that, at all testing times, data display a capacitive loop at all frequency values. The presence of a single loop 
regardless of the testing time, indicates that the corrosion process is under charge transfer control and it does not 
change with  time. For the uninhibited solution, the loop diameter increases only during the first 3 hours, and 
decreases after that time, whereas for the solution containing 7 ml of L. edodes, the loop diameter increases 
monotonically as time increases, for times as long as 144h, indicating that the L. edodes adsorption increases 
with time. For times longer than 144 h, the semicircle diameter decreases, indicating the desorption of L. edodes 
from the steel surface. 

 

 

 

 

 

 

 

 

 
 

Figure 4: Nyquist diagrams at different exposure times  for 1018  carbon steel in uninhibited 0.5 M H2SO4 
solution. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5:Nyquist diagrams at different exposure times  for 1018  carbon steel in 0.5 M H2SO4 solution 
containing 7 ml of L. edodes. 

3.4 SEM images 
Some SEM micrographs of specimens corroded in absence and presence of L. edodesare shown in Figure6. For 
specimens corroded without addition of L. edodes, Figure 6 a, c and e, the corrosion products formed film 
present a big amount of porous and micro cracks, which allow the corrosive solution to penetrate the film and 
corrode the underlying metal. As the temperature increases, the number of defects such as micro cracks 
increase, making less protective the formed film. On the other hand, for the specimens corroded in presence of 7 
ml of L. edodes, Figure 6 b, d and f, the formed film on top of the steel surface is much more compact than that 
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formed in the uninhibited solution, without defects such as porous and micro cracks, which makes the film to be 
more protective against the ingress of the corrosive solution. 
 

  

  

  
Figure 6:SEM micrographs of 1018 carbon steel samples corroded at 25 0C, a) and b), 40 0C, c) and d) and 60 
0C, e) and f) containing 0 ml, a), c) and e) and 7 ml  , b), d) and f) of L. edodes. 
 

3.6 Infrared Spectroscopy. 
FTIR spectrum for L. edodesextract is shown in Figure7, where a typical signal of the O-H link, which is known 
to passivate metals, can be seen at 3382 cm-1, whereas a strong signal at 2978 cm-1is observed which 
corresponds to the N-H links, very likely to the amine group;  another signal can be  seen at   2900 cm-1 
corresponds to the methil, -CH3, group,  whereas a strong signal at  1643 cm-1 isfor the C-O link, which is 
evidence of the presence of  carboxylic acid. On the other hand, observed signal at 1390 cm-1 corresponds to the 
vibrations for the  C-C link, characteristic for aromatic rings, and the signal at 1046 cm-1has been assigned to the 
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C-N group, whereas the signal observed at  872 cm-1 corresponds to the vibrations  of the C-H group. On the 
other hand, FTIR spectrum for the corrosion products formed on 1018 carbon steel exposed to 0.5 M H2SO4+ 7 
ml of L. edodes is given in Figure8, where the presence of the N-H link, from the amine group and that for the 
C-N group can be observed at 2978 and 1046 cm-1 respectively, same functional groups found in the pure L. 
edodesextract. The signal observed at 469 cm-1 corresponding to the vibration of the Fe-O group, is very likely 
to correspond to the iron oxides formed on to the steel surface. Thus, this is an evidence that the amine  group 
present in the amino acids, is one of themain responsible for the corrosion protection given by L. edodes to 
1018carbon steel in sulfuric acid.The [Fe-L. edodes] complex may be a stable complex adsorbed on the steel 
surface, forming covalent or coordinate bonds between the anionic components of L. edodes extract and vacant 
Fe d-orbital. The metal/inhibitor bond usually leads to corrosion inhibition through adsorption [51]. Also, the 
functional groups of the formed complex by released Fe2+ ions and  L. edodesextract may be  soluble leading to 
a catalytic effect, thus accelerating corrosion, as shown in table 2 at 40 and 60 0C. The plant extract biomass is 
composed of many chemical compounds with a probability of both mechanisms operating concurrently. The 
inhibiting effect of L. edodescan be attributed to the resultant effect of both corrosion accelerating and retarding 
mechanisms. The corrosion retarding mechanism through stable complex formation dominates at increasing 
concentration till a critical concentration is reached where formation of soluble complex dominates. This trend 
has been previously reported [52]. 
 
 

 

 

 

 

 

 

 

 

Figure 7: FTIR spectrum of pure L. edodes extract. 
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Figure 8: FTIR spectrum of corrosion products formed on top of 1018 carbon steel corroded in in 0.5 M H2SO4 
solution containing 7 ml of L. edodes. 

Conclusions 

An evaluation of L. edodesas a green corrosion inhibitor for 1018 carbon steel in 0.5 M H2SO4 has been carried 
out. It was found that  L. edodes is a good corrosion inhibitor with an efficiency increasing with its 
concentration and exposure time, but it decreases with an increase in the temperature. L. edodesacts as a mixed 
type of inhibitor, which adsorbs chemically on to the steel by following a Langmuir type of adsorption isotherm 
to form a protective corrosion products layer onthe steel. This protection is given due to the existence of 
compounds which contain heteroatoms such as C, N and O, present in the amino acids, forming covalent or 
coordinate bonds between the anionic components of L. edodes extract and vacant Fe d-orbital. 
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