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Utilizing birch leaf extract 
in pickling liquid as a sustainable 
source of corrosion inhibitor 
for pipeline steel
Q. Mohsen 1 & M. A. Deyab 2*

This study set out to determine the effectiveness of birch leaves extract (BLE) as a corrosion inhibitor 
against X52 pipeline steel in the pickling solution. Chemical and electrochemical techniques, as well 
as scanning electron microscope (SEM), Fourier-transform infrared (FT-IR), and adsorption isotherms 
were used in the research. Various triterpenoids, including betulin, betulinic acid, oleanolic acid, 
sitosterol, and kaempferol, are unquestionably involved in the corrosion inhibition mechanism, 
according to the high-performance-liquid-chromatography (HPLC) analysis. The 95% efficiency of the 
produced BLE extract (at optimum concentration 400 mg L−1) significantly reduced the corrosion rate 
of X52 pipeline steel in the pickling solution. The adsorption of BLE extract molecules on the X52-steel 
surface was demonstrated by SEM and FT-IR analysis. The adsorption activity follows the Langmuir 
adsorption theory.

Steel is a popular choice for oil and gas pipeline fabrication because of its excellent durability and mechanical 
power1. Petroleum internal pipeline corrosion is caused by a variety of reasons including O2 concentration, 
chlorine ions, sulphur dioxide ions, and hydrogen sulphide2,3. Corrosion defects have a variety of risks, includ-
ing fatal accidents, environmental negative effects, pollutants, and shutdowns. To eliminate oxides from the 
pipelines surface, acid solutions are utilized. Pickling chemicals like as hydrochloric acid are primarily used to 
clean petroleum pipelines of oxide layer4. When compared to sulfuric acid, the benefits of utilizing HCl include 
shorter pickling times, less temperatures, and improved surface smoothness with lower pickling degradation. The 
corrosive nature of the pickling chemicals causes the pipelines to deteriorate in general5. Insight into the mecha-
nisms of corrosion and utilizing corrosion inhibitors can dramatically lessen the negative impacts of pickling 
chemicals6–8. Organic chemicals, which contain hetero-atoms including S, N, and O, are effective inhibitors9–11.

Toxic chemicals’ use as corrosion inhibitors has recently been restricted due to environmental concerns. 
As a result, natural inhibitors have re-emerged as significant due to their ecologically benign character, ease of 
production, and renewable origins12–15. According to a review of the literature, there are several attempts at this 
issue. Su et al.16 extracted the active ingredients from gingko leaves using an ultrasonic device. The anti-corrosion 
effectiveness reached 84.7%. Sun et al.17 created corrosion inhibitors using pomelo peel. They investigated the 
corrosion of N80 inside a 3.5 wt% saline solution saturated with CO2. The investigation demonstrated that physi-
cal adsorption was indeed the primary adsorption tendency, with maximum effectiveness of about 87%. Arash 
et al.18 investigated the corrosion protection of lemon verbena leaves in a mixed HCl and H2S solution. There 
was evidence of physical adsorption. The greatest efficiency was 95.61% at the concentration reached 2.7 g L−1. 
Hassannejad et al.19 examined the corrosion control of sunflower seed husk extracts in hydrogen chloride for 
carbon steel. This extract appears to contain the O, N, and aromatic ring groups. After the extract was added, 
the inhibition rate increased to 98.5%. As a result, the strategic goal of this study was to evaluate the birch leaves 
extract (BLE) to reduce the corrosion of X52 pipeline steel (X52-steel) in pickling solution (1.0 M HCl).

Birch leaves are found in northern temperate and boreal climes most of the time. They are modest in cost and 
contain high amounts of organic chemicals. It is also less expensive than other plants. Furthermore, no previous 
research has been conducted on the use of Birch leaves as a corrosion inhibitor in pickling solutions.
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Experimental details
Materials.  The chemical content of the X52 pipeline steel (X52-steel) was as follows (wt. %): C(0.24%), 
P(0.023%), S(0.024%); Mn(1.2%), Ni (0.240%), Cr(0.34%), Cu (0.40%), Fe(balance%). It comes from an Egyp-
tian petroleum company. The X52-steel surface was physically scraped away with increasing grit SiC sheets 
before each experiment, then ultrasonically washed in ethanol, fully washed with water, and air dried. 1 M HCl 
(AR grade 37%) solution was used to make the pickling solution.

Birch leaves powder was delivered by an Egyptian herbal family group. For 5 h, 25 g of birch leaves powder 
was refluxed in 100 ml of the stock mixture (70% C2H5OH + 10% ethyl acetate + 20% distilled H2O) at 358 K. 
Following that, the refluxed mixture was filtered using a separator funnel. The mixture was then concentrated 
in a rotary vacuum evaporator and dried in a pressure dry oven at 333 K for 24 h. Lastly, the precipitate was 
left to dry in a desiccator. Liquid chromatography (shimadzu co. japan) and FTIR (Perkinelme co.) were used 
to determine the major components of BLE extract. The BLE extract is completely soluble in pickling solution.

Corrosion rate tests.  Both chemical and electrochemistry approaches were used to assess the corrosion 
rates of the X52-steel in testing solutions.

Weight loss assessments were taken by weighing the dry X52-steel (dimension 3.0 × 3.0 × 0.1 cm) on an elec-
tronic balance and immersing it in testing solutions for 5.0 h. The weight loss was estimated by subtracting the 
weight of the sample before and upon immersion in the investigated solutions.

The electrochemical investigations were conducted using a Gamry 3000 electrochemical station outfitted with 
a standard three-electrode setup. The working electrode was an X52-steel piece (electrode area = 0.445 cm−2), the 
counter electrode was a platinum plate, and the reference electrode was a saturated calomel electrode (SCE). The 
tests were conducted out in a temperature-controlled water bathtub. On the EOCP, electrochemical impedance 
spectroscopy (EIS) was used. A 10 mV peak-to-peak sinusoidal wave in the frequency region of 100,000–0.01 Hz 
was used. Gamry’s software was used to fit and analyze the EIS data.

Surface characterization.  SEM (ZEISS/EVO) equipped with an EDX analyzer was used to examine the 
morphologies of X52-steel surfaces in pickling solutions.

Results and discussion
Major components of BLE extract.  The HPLC (Fig.  1) showed that the major components of BLE 
extract are (77.9%) triterpenoids (i.e. betulin, betulinic acid, oleanolic) and (2.3%) sitosterol, and (1.3%) kaemp-
ferol. Figure 2 depicts the chemical structures of the key components of BLE extract.

The FT-IR spectrum of BLE extract is presented in Fig. 3. A broad band at 3375 cm−1 assigned to hydrogen-
bonded O–H stretching, the bands at 1684, 1528, 1453, 1267, 1250, 1170, 730, and 686 cm−1 are due to C=O, 
C=C, C–C, C–H in-plane bending, C–H out plane bending, C–O–C stretch, aromatic bending zone, and ring 
deformation out of the plane, respectively.

Weight loss study.  Weight loss studies were done to examine the influence of BLE extract on X52-steel cor-
rosion in pickling solution (1.0 M HCl). Different doses of the BLE extract were injected into the experimental 
solution for an estimation of the inhibition activity, and the test was conducted at temperatures of 298 K. Table 1 
displays the results. The next formulas are used to compute the experiment variables of corrosion rate (v), inhibi-
tion efficiency (ηW%), and surface coverage (θ)20–22.

(1)ν =
W

St

(2)θ =
ν0 − ν

ν0

Figure 1.   HPLC of BLE extract.
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Figure 2.   Chemical structures of the key components of BLE extract.

Figure 3.   FT-IR spectrum of BLE extract.
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where W = weight loss, S = total surface area of X52-steel, t = immersion time, v0 and v are the corrosion rate 
without and with BLE extract, respectively.

According to Table 1, raising the concentration of BLE extract decreases the corrosion rate, increases the 
inhibitor effectiveness, and increases the coverage, indicating that an increase in the BLE extract concentration 
leads to a higher degree of adsorption23. The inhibitor power of BLE extract increases to 94.4% when the con-
centration approaches 300 mg L−1, confirming that BLE extract is an efficient inhibitor of X52-steel corrosion 
in the pickling solution. When the concentration of BLE extract approaches 400 mg L−1, there is no appreciable 
decrease in corrosion rate.

Polarization study.  In pickling solution (1.0 M HCl), X52 steel corrosion is essentially a combined electro-
chemical reaction between anodic (Eq. 4) and cathodic (Eq. 5) reactions.

The open circuit potential (OCP) vs. time for different BLE extract concentrations is depicted in Fig. 4. They 
have been compared to a blank curve produced under comparable environments. The OCP is clearly balanced 
after 30 min, as shown in Fig. 4, and the process also seems to have achieved steady state. The change of the 
curve towards the negative potential area caused by the high concentrations of BLE extract (100 mg L−1) in the 
solution showed that BLE extract has an impact on cathodic reaction.

The polarization curves for X52-steel corrosion in pickling solution (1.0 M HCl) with and without varying 
concentrations of BLE extract at 298 K and a scan rate of 0.125 mV s−1 are seen in Fig. 5. Table 2 shows the 
electrochemical variables of corrosion potential (Ecorr), corrosion current density (jcorr), Tafel slopes (βa, βc), 
assessed using Tafel extrapolation, as well as the inhibition efficiency (ηj%) calculation by the following formula24.

(3)ηw% =
ν0 − ν

ν0
× 100

(4)Fe → Fe2+(aq.) + 2e

(5)H2+
(aq.) + 2e → H2

(

g
)

(6)ηj% =
jcorr(0) − jcorr

jcorr(0)
× 100

Table 1.   Percentage corrosion inhibition efficiency of varied concentrations of BLE extract for X52-steel in 
1.0 M HCl at 298 K calculated by weight loss method.

BLE (mg L−1) ν (μg cm−2 min−1) θ ηW%

Blank 20.23 ± 0.43 –

25 15.80 ± 0.40 0.217 21. 7

50 12.77 ± 0.32 0.368 36.8

100 5.81 ± 0.29 0.712 71.2

200 2.16 ± 0.30 0.893 89.3

300 1.13 ± 0.22 0.944 94.4

400 1.09 ± 0.13 0.946 94.6

Figure 4.   OCP–time curves for X52-steel corrosion in pickling solution (1.0 M HCl) with and without varying 
concentrations of BLE extract at 298 K.
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where the jcorr(0) is the corrosion current density without BLE extract.
Table 2 clearly shows that as the content of BLE extract grew, the inhibition efficiency (ηj%) improved while 

the value of corrosion current density (jcorr) reduced rapidly, particularly at higher concentrations. Table 2 illus-
trates that the change values of Ecorr versus blank solution were less than 85 mV, revealing that the BLE extract 
becomes a mixed-type inhibitor25,26. The fact that the injection of BLE extract has no strong influence on the 
Tafel slopes (a, c) implies that the BLE extract’s inhibitor has no direct impact on the corrosion mechanism27,28.

Once the BLE extract concentration was raised to 400 mg L−1, the ηj% value attained 95.1%, indicating that 
the BLE extract has a strong anti-corrosion ability.

EIS study.  To verify the polarization results, impedance tests for X52-steel corrosion in pickling solution 
(1.0  M HCl) with and without BLE extract were investigated (see Fig.  6). The Nyquist plot (Fig.  6a) reveals 
a depressing capacitive circle, and as the BLE extract concentration increases, the size of the capacitive circle 
expands, implying that the BLE extract significantly restricts charge transfer between the pickling solution and 
X52-steel29. Furthermore, the fact that the pattern of the impedance spectra does not vary with the presence of 
BLE extract implies that the addition of the BLE extract does not affect the corrosion mechanism30–32. Figure 6b 
depicts phase angle plots for X52-steel corrosion in pickling solution (1.0 M HCl) with various concentrations of 
BLE extract. The phase angle plot demonstrates a growing trend as the concentration of BLE extract increases. 
The results revealed that increasing the BLE extract content up to 400 mg L−1 strengthened the protective barrier 
qualities of the BLE extract layer33. The appearance of a high and low-frequency plateau can be seen in the Bode-
modulus graphs (Fig. 6c). The radii of the capacitive semicircles and the values of the low-frequency plateau are 
both consistent.

The equivalent circuit type with and without BLE extract can be seen in Fig. 7 by fitting the results were 
significant, which includes the solution resistance (RS), and polarization resistance (Rp). Furthermore, CPE is 
a constant phase that represents the double layer capacitance (Cdl) at the contact of the X52-steel and pickling 
solution. To produce a more precise fit of the experimental given data, CPE was incorporated34. Equation (7) 
provided estimates for the Cdl values.

(7)Cdl =

[

Y0R(1−n)
p

]1/n

Figure 5.   Polarization curves for X52-steel corrosion in pickling solution (1.0 M HCl) with and without 
varying concentrations of BLE extract at 298 K.

Table 2.   Percentage corrosion inhibition efficiency and polarization parameters of varied concentrations of 
BLE extract for X52-steel in 1.0 M HCl at 298 K calculated by polarization method.

BLE (mg L−1) Ecorr. mV (SCE) jcorr. (μA cm−2) βa (mV dec−1) − βc (mV dec−1) ηj%

Blank − 471 629.3 72.4 165.6 –

25 − 470 422.2 84.3 173.7 32.9

50 − 464 368.1 87.8 134.7 41.5

100 − 484 145.9 92.8 188.7 76.8

200 − 482 61.6 98.8 182.5 90.2

300 − 485 32.0 101.3 178.9 94.9

400 − 488 30.6 105.3 189.4 95.1
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where Y0 = admittance.
Table 3 presents the EIS parameters of various concentrations of BLE for X52-steel in 1.0 M HCl at 298 K, 

and the inhibitory efficacy (ηR%) was computed using the Eq. (8).

where the Rp(0) is the polarization resistance without BLE extract.
Table 3 displays that as the concentration of BLE extract rose, the values of Rp increased and Cdl decreased, 

implying that the production of a protective film on the X52-steel surface can lead to the creation of a more uni-
form protective layer to delay the transmission of corrosive species. Furthermore, when compared to the blank 
experiment, the value of CPE with various BLE extract concentrations drops dramatically, which is believed to 
be due to the BLE extract molecules going to replace the water molecules adsorbed on the X52-steel surface, 
indicating a thicker layer between X52-steel and solution35.

The equivalent circuit fitted is valid based on the obtained minimum goodness of fit (chi-square = χ2) value. 
Table 3 reveals that the values of n (surface heterogeneity) rise in comparison to the control solution, which can 
be attributed to the adsorbed BLE extract molecules’ ability to form more homogeneous surface species.

(8)ηR% =
[(

Rp − Rp(0)
)

/
(

Rp
)]

× 100

Figure 6.   Impedance spectra includes (a) Nyquist, (b) Bode-phase angle and (c) Bode-module plots for X52-
steel corrosion in pickling solution (1.0 M HCl) with and without varying concentrations of BLE extract at 
298 K.

Figure 7.   The equivalent circuit for fitting of the impedance data.

Table 3.   Percentage corrosion inhibition efficiency and EIS parameters of varied concentrations of BLE 
extract for X52-steel in 1.0 M HCl at 298 K calculated by EIS method.

BLE (mg L−1) Rp (ohm cm2) CPE (Y0 × 106 (Scm−2 Sn2) n χ2 Cdl (µF cm−2) ηR%

Blank 53. 7 85.8 0.754 1.43 × 10−3 527.3 -

25 84.3 74.2 0.877 1.94 × 10−3 467.2 36.2

50 234.6 55.2 0.886 2.03 × 10−3 332.6 77.1

100 295.7 35.6 0.891 1.61 × 10−3 203.5 81.8

200 345.8 25.8 0.823 1.09 × 10−3 145.3 84.4

300 799.2 23.5 0.811 2.15 × 10−3 128.4 93.2

400 855.8 9.6 0.893 1.20 × 10−3 60.6 93.7
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In the presence of 400 mg L−1, the inhibition efficiency (ηR%) achieved a maximum of 93.7%, indicating that 
the BLE extract has a clear inhibitory action owing to adsorption on the X52-steel surface.

Adsorption isotherms.  To establish relevant insights on the interaction of BLE extract and X52-steel sur-
faces, adsorption isotherms are used. Based on the adsorption concept, the replacement of BLE extract mol-
ecules BLE(sol) for water molecules occurs during the adsorption of BLE extract on X52-steel surfaces36:

As a result, the data collected from the weight loss approach (see Table 1) was used to simulate four isotherms: 
Langmuir, Freundlich, Temkin, and Frumkin. The Langmuir isotherm, which may be described by Eq. (10), is 
the result that best fits.

where Cinh = BLE extract concentration, Kads = constant equilibrium of adsorption.
The model using Langmuir isotherm is shown in Fig. 8. The adsorption activity follows the Langmuir adsorp-

tion theory, as indicated by the correlation coefficient (R2 > 0.97), establishing a protecting mono-layer of BLE 
extract molecules on the X52-steel surface.

Indeed, merely using R2 values to fit experimental data to the Langmuir adsorption is insufficient. This issue 
could be overcome by including a "dimensionless separation constant," (KL) (see Eq. 11)37.

The adsorption operation is regarded favourable since the values of KL are less than one (see Table 4), and the 
experimental results satisfy the Langmuir adsorption isotherm.

The small Kads value (0.0124 L/mg) validates BLE extract’s physical adsorption activity38. Because the molecu-
lar mass of BLE extract molecules is uncertain, it is not feasible to assess the free standard adsorption energy, as 
stated by numerous other studies39.

(9)BLE(sol) +n H2O/X52− steel ↔n H2O(sol) + BLE/X52 - steel

(10)
Cinh

θ
=

1

Kads
+ Cinh

(11)KL = 1/(1+ KadsCinh)

Figure 8.   Langmuir isotherm for the studied BLE extract at 298 K.

Table 4.   Dimensionless separation factor (KL) varied concentrations of BLE extract for X52-steel in 1.0 M HCl 
at 298 K.

BLE (mg L−1) KL

25 0.783

50 0.617

100 0.446

200 0.287

300 0.211

400 0.187
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Surface morphologies.  SEM was used to examine the surface morphology of X52-steel surfaces that had 
been immersed in the pickling solution for 5.0 h without and with (400 mg L−1) BLE extract. The pickling solu-
tion significantly damages the surface of the X52-steel surface, as seen in Fig. 9a: pores form on the X52-steel 
surface plate, which is accompanied by surface roughness. SEM images of specimens dipped in BLE extract-
treated BLE extract, on the other hand, reveal a better uniform and clean texture (Fig. 9b).

We analyzed the FT-IR spectra of the scratched layer generated on the X52-steel surface upon electrode soak-
ing in pickling solution including 400 mg L−1 of BLE extract to reveal the adsorption procedure of BLE extract 
molecules on the X52-steel surface (Fig. 10). The adsorption of BLE extract molecules on the X52-steel surface 
is recognized by matching the FT-IR spectra in Figs. 3 and 10. The majority of the typical bands in Fig. 3 are 
found at comparable frequencies in Fig. 10, but with different signal strengths. This variance might be caused 
by the interaction of certain bioactive constituents of BLE extract molecules with the X52-steel, which results 
in the formation of a protective layer40.

Inhibition mechanism.  The various data (chemical and electrochemical techniques, SEM, FT-IR, and 
adsorption isotherms) demonstrate that the adsorption of bioactive chemical constituents in the BLE extract 
is the principal cause of corrosion protection of the X52-steel in the pickling solution. The HPLC examina-
tion identified several triterpenoids (betulin, betulinic acid, oleanolic), sitosterol, and kaempferol that are likely 
participating in the corrosion inhibition process. These molecules have O-bearing groups which possess a high 
binding affinity for Fe on the surface of X52-steel. Besides, the binding of aromatic rings, these molecules are 
attached through physisorption at the steel surface via partial exchange of O electrons and the creation of double 
bonds41. The organic compound-adsorbed layer acts as a shield between the metallic surface and the pickling 
solution42,43. The majority of the chemicals contained in BLE extract in 1.0 M HCl are neutral or cationic com-
pounds. X52-steel, on the other hand, is expected to be positively chargeable in 1.0 M HCl. As a result, at 1.0 M 
HCl, the X52-steel surface will initially bind anionic ions that may cover the surface; however, in a second stage, 

Figure 9.   SEM images for X52-steel corrosion in pickling solution (1.0 M HCl) without (a) and with (b) 
400 mg L−1 of BLE extract at 298 K.

Figure 10.   FT-IR spectra of the film formed on the surface of X52-steel in the inhibited solution (1.0 M 
HCl + 400 mg L−1 of BLE extract).
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the association of these anionic charges can assist in the adsorption of BLE cationic compounds. Because the 
organic molecules in BLE extract have greater dipole moments than water, they readily substitute water mol-
ecules at the surface of the X52-steel44. Table 5 compares the current study’s findings to previous work done by 
other researchers and demonstrates that the BLE extract can be highly efficient anti-corrosive agents at lower 
dosages14,15,39,45,46.

Conclusions
In pickling solution, BLE extract indicates an effective inhibitor for corrosion of X52 pipeline steel. The pres-
ence of triterpenoids (betulin, betulinic acid, oleanolic), sitosterol, and kaempferol were identified by the chro-
matogram. The physisorption of the compounds included in the BLE extract is the cause of inhibition. These 
compounds protect the surface of X52-steel sheets, minimizing pickling solution corrosive damage. The EIS plots 
imply that the inhibitory effect improves with rising BLE dosage: the Rct increases significantly while the CPE 
declines dramatically. Importantly, the polarization findings show that the BLE extract acts as a mixed inhibi-
tor. The adsorption activity of BLE extract is consistent with the Langmuir adsorption theory, as evidenced by 
SEM and FTIR spectra. This research opens up a new avenue for environmentally corrosion inhibitors (i.e. BLE 
extract).for pipe steel that must be cleaned using acid chemicals.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 4 August 2022; Accepted: 25 October 2022

References
	 1.	 Nykyforchyn, H. et al. Susceptibility of carbon pipeline steels operated in natural gas distribution network to hydrogen-induced 

cracking. Proc. Struct. Integr. 36, 306–312 (2022).
	 2.	 He, G., Zou, Q., Liao, K., Leng, J. & Zhao, S. Corrosion mechanism of high temperature and O2 content in steamed CO2/O2/SO2 

system and failure behavior of 20G steel on steam-injection pipelines. Process Saf. Environ. Prot. 163, 528–542 (2022).
	 3.	 Foad El-Sherbini, E., Abd El-Wahab, S.M., & Deyab, M.A. Electrochemical behavior of tin in sodium borate solutions and the 

effect of halide ions and some inorganic inhibitors. Corros. Sci. 48, 1885–1898, (2006).
	 4.	 Aslam, R., Mobin, M., Zehra, S. & Aslam, J. A comprehensive review of corrosion inhibitors employed to mitigate stainless steel 

corrosion in different environments. J. Mol. Liq. 364, 119992 (2022).
	 5.	 Silva, M. G. et al. Inhibition effects of ionic and non-ionic derivatives of imidazole compounds on hydrogen permeation during 

carbon steel pickling. J. Mater. Res. Technol. 16, 1324–1338 (2022).
	 6.	 Punitha, N., Sundaram, R. G., Vijayalakshmi, K., Rengasamy, R. & Elangovan, J. Interactions and corrosion mitigation prospective 

of pyrazole derivative on mild steel in HCl environment. J. Indian Chem. Soc. 99, 100667 (2022).
	 7.	 Cheng, S., Chen, S., Liu, T., Chang, X. & Yin, Y. Carboxymenthylchitosan as an eco-friendly inhibitor for mild steel in 1 M HCl. 

Mater. Lett. 61, 3276–3280 (2007).
	 8.	 Benabdellah, M., Benkaddour, M., Hammouti, B. B. & M., Aouniti, A.,. Inhibition of steel corrosion in 2 M H3PO4 by artemisia 

oil. Appl. Surf. Sci 252, 6212–6217 (2006).
	 9.	 Özcan, M., Solmaz, R., Kardas, G. & Dehri, I. Adsorption properties of barbiturates as green corrosion inhibitors on mild steel in 

phosphoric acid. Colloids Surf. 325, 57–63 (2008).
	10.	 Wang, L. Inhibition of mild steel corrosion in phosphoric acid solution by triazole derivatives. Corros. Sci. 48, 608–616 (2006).
	11.	 Ramesh, S., Rajeswari, S. & Maruthamuthu, S. Effect of inhibitors and biocide on corrosion control of mild steel in natural aqueous 

environment. Mater. Lett. 57, 4547–4554 (2003).
	12.	 Afidah, A. R., Rocca, E., Steinmetz, J. & Kassim, M. J. Inhibitive action of mangrove tannins and phosphoric acid on pre-rusted 

steel via electrochemical methods. Corros. Sci. 50, 1546–1550 (2008).
	13.	 Zucchi, F. & Omar, I. Plant extracts as corrosion inhibitors of mild steel in HCl solutions. Surf. Technol. 24, 391–399 (1985).
	14.	 El-Etre, A. Y. Inhibition of acid corrosion of carbon steel using aqueous extract of olive leaves. J. Colloid Interface Sci. 314, 578–583 

(2007).
	15.	 Ostovari, A., Hoseinieh, S. M., Peikari, M., Shadizadeh, S. R. & Hashemi, S. J. Corrosion inhibition of mild steel in 1 M HCl solu-

tion by henna extract: A comparative study of the inhibition by henna and its constituents (lawsone, gallic acid, a-d-glucose and 
tannic acid). Corros. Sci. 51, 1935–1949 (2009).

	16.	 Su, F., Gu, M., & Zhao, J. Inhibition of carbon steel corrosion in solution saturated with CO2 by ginkgo leaves extract, Journal of 
Hebei University(Natural Science Edition), 36, 264–268 (2016).

	17.	 Sun, Z., Singh, A., Xu, X., Chen, S., Liu, W., & Lin, Y. Inhibition effect of pomelo peel extract for N80 steel in 3.5% NaCl saturated 
with CO2 solution. Res. Chem. Intermed. 43, 6719–6736 (2017).

	18.	 Fattah-alhosseini, A. & Noori, M. Corrosion inhibition of SAE 1018 carbon steel in H2S and HCl solutions by lemon verbena leaves 
extract. Measurement 94, 787–793 (2016).

Table 5.   Comparative studies have been done on extract green inhibitors for steel in acidic solutions.

Studied extract Solutions Extract concentrations % Inhibition efficiency Ref

Moluccensis extract 1 M HCl 500 mg L−1 68% 45

Terminalia arjuna leaves extract 0.2 M HCl 5 g extract/100 solution 64.1% 46

Olive leaves extract 2 M HCl, 900 mg L−1 93% 14

Henna extract 1 M HCl 1.2 g L−1 92.06% 15

Crude extract of a marine sponge 1 M HCl 2.0 g L−1 82% 39

BLE extract 1 M HCl 400 mg L−1 95.1% This work



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19307  | https://doi.org/10.1038/s41598-022-23037-8

www.nature.com/scientificreports/

	19.	 Hassannejad, H. & Nouri, A. Sunflower seed hull extract as a novel green corrosion inhibitor for mild steel in HCl solution. J. Mol. 
Liq. 254, 377–382 (2018).

	20.	 Deyab, M. A. Efficiency of cationic surfactant as microbial corrosion inhibitor for carbon steel in oilfield saline water. J. Mol. Liq. 
255, 550–555 (2018).

	21.	 Hu, K. et al. Influence of biomacromolecule DNA corrosion inhibitor on carbon steel. Corros Sci. 125, 68–76 (2017).
	22.	 Hamani, H., Douadi, T., Daoud, D., Al-Noaimi, M., Rikkouh, R.A., & Chafaa, S. 1-(4-Nitrophenylo-imino)-1-(phenylhydrazono)-

propan-2-one as corrosion inhibitor for mild steel in 1 M HCl solution: Weight loss, electrochemical, thermodynamic and quantum 
chemical studies. J. Electroanal. Chem. 801, 425–438.

	23.	 Abd El-Rehim, S. S., Hassan, H. H., Deyab, M. A., & Abd El Moneim, A. Experimental and theoretical investigations of adsorp-
tion and inhibitive properties of Tween 80 on corrosion of aluminum alloy (A5754) in alkaline media. Z. Phys. Chem. 230, 67–78 
(2016).

	24.	 Zaky, M. T., Nessim, M. I. & Deyab, M. A. Synthesis of new ionic liquids based on dicationic imidazolium and their anti-corrosion 
performances. J. Mol. Liq. 290, 111230 (2019).

	25.	 Kumar, C. B. P. & Mohana, K. N. Corrosion inhibition efficiency and adsorption characteristics of some Schiff bases at mild steel/
hydrochloric acid interface. J. Taiwan Inst. Chem E. 45, 1031–1042 (2014).

	26.	 Alagta, A., Felhösi, I., Bertoti, I. & Kálmán, E. Corrosion protection properties of hydroxamic acid self-assembled monolayer on 
carbon steel. Corros. Sci. 50, 1644–1649 (2008).

	27.	 Issaadi, S. et al. Novel thiophene symmetrical Schiff base compounds as corrosion inhibitor for mild steel in acidic media. Corros. 
Sci. 53, 1484–1488 (2011).

	28.	 Zhang, J., Song, Y., Su, H., Zhang, L., & Chen, G. Investigation of DiospyrosKaki L.f husk extracts as corrosion inhibitors and 
bactericide in oil field. Chem. Cent. J. 7, 109 (2013).

	29.	 Deyab, M. A. Ionic liquid as an electrolyte additive for high performance lead-acid batteries. J. Power Sources 390, 176–180 (2018).
	30.	 Yadav, M., Behera, D. & Sharma, U. Nontoxic corrosion inhibitors for N80 steel in hydrochloric acid. Arab. J. Chem. 9, S1487–S1495 

(2016).
	31.	 Ma, Q., Qi, S., He, X., Tang, Y. & Lu, G. 1,2,3-Triazole derivatives as corrosion inhibitors for mild steel in acidic medium: Experi-

mental and computational chemistry studies. Corros. Sci. 129, 91–101 (2017).
	32.	 Deyab, M.A., Hamdi, N., Lachkar, M., & El Bali, B. Clay/Phosphate/Epoxy nanocomposites for enhanced coating activity towards 

corrosion resistance. Prog. Org. Coat. 123, 232–237 (2018).
	33.	 Taheri, M., Naderi, R., Saremi, M. & Mahdavian, M. Development of an ecofriendly silane sol-gel coating with zinc acetylacetonate 

corrosion inhibitor for active protection of mild steel in sodium chloride solution. J. Sol. Gel Sci. Technol. 81, 154–166 (2017).
	34.	 Wang, X., Yang, H. & Wang, F. An investigation of benzimidazole derivative as corrosion inhibitor for mild steel in different 

concentration HCl solutions. Corros. Sci. 53, 113–121 (2011).
	35.	 Hu, J., Huang, D., Zhang, G., Song, G. & Guo, X. Research on the inhibition mechanism of tetraphenylporphyrin on AZ91D 

magnesium alloy. Corros. Sci. 63, 367–378 (2012).
	36.	 Chauhan, L. R. & Gunasekaran, G. Corrosion inhibition of mild steel by plant extract in dilute HCl medium. Corros. Sci. 49, 

1143–1161 (2007).
	37.	 Eduok, U. M. & Khaled, M. Corrosion inhibition for low-carbon steel in 1 M H2SO4 solution by phenytoin: Evaluation of the 

inhibition potency of another “anticorrosive drug”. Res. Chem. Intermed. 41, 6309–6324 (2015).
	38.	 El-Taib Heakal, F., Deyab, M.A., Osman, M.M., Nessim, M.I., Elkholy, A.E. Synthesis and assessment of new cationic Gemini 

surfactants as inhibitors for carbon steel corrosion in oilfield water. RSC Adv. 7, 47335–47352 (2017).
	39.	 Fernandes, C. M. et al. Ircinia strobilina crude extract as corrosion inhibitor for mild steel in acid medium. Electrochim. Acta 312, 

137–148 (2019).
	40.	 Garai, S., Jaisankar, P., Singhc, J. K. & Elango, A. A comprehensive study on crude methanolic extract of Artemisia pallens (Aster-

aceae) and its active component as effective corrosion inhibitors of mild steel in acid solution. Corros. Sci. 60, 193 (2012).
	41.	 El Hamdani, N., Fdil, R., Tourabi, M., Jama, C. & Bentiss, F. Alkaloids extract of Retama monosperma (L.) Boiss. seeds used as 

novel eco-friendly inhibitor for carbon steel corrosion in 1 M HCl solution. Appl. Surf. Sci. 357, 1294–1305 (2015).
	42.	 Bentiss, F., Traisnel, M. & Lagrenee, M. The substituted 1,3,4-oxadiazoles: A new class of corrosion inhibitors of mild steel in acidic 

media. Corros. Sci. 42, 127–146 (2000).
	43.	 Obot, I. B., Obi-Egbedi, N. O. & Odozi, N. W. Acenaphtho 1, 2-b quinoxaline as a novel corrosion inhibitor for mild steel in 0.5 

M H2SO4. Corros. Sci. 52, 923–926 (2010).
	44.	 Anupama, K. K., Ramya, K., Shainy, K. M. & Joseph, A. Adsorption and electrochemical studies of Pimenta dioica leaf extracts as 

corrosion inhibitor for mild steel in hydrochloric acid. Mater. Chem. Phys. 167, 28–41 (2015).
	45.	 Prifiharni, S. et al. Extract sarampa wood (Xylocarpus Moluccensis) as an eco-friendly corrosion inhibitor for mild steel in HCl 

1M. J. Indian Chem. Soc. 99, 100520 (2022).
	46.	 Hossain, N., Chowdhury, M. A., Rana, M., Hassan, M. & Islam, S. Terminalia arjuna leaves extract as green corrosion inhibitor 

for mild steel in HCl solution. Res. Eng. 14, 100438 (2022).

Acknowledgements
Taif University Researchers Supporting Project number (TURSP—2020 /19), Taif University, Saudi Arabia.

Author contributions
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19307  | https://doi.org/10.1038/s41598-022-23037-8

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022, corrected publication 2023

http://creativecommons.org/licenses/by/4.0/

	Utilizing birch leaf extract in pickling liquid as a sustainable source of corrosion inhibitor for pipeline steel
	Experimental details
	Materials. 
	Corrosion rate tests. 
	Surface characterization. 

	Results and discussion
	Major components of BLE extract. 
	Weight loss study. 
	Polarization study. 
	EIS study. 
	Adsorption isotherms. 
	Surface morphologies. 
	Inhibition mechanism. 

	Conclusions
	References
	Acknowledgements


