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N1, N2-Bis (furan-2-ylmethylene) benzene-1,2-diamine (SB) was synthesized and investigated as a 

20# carbon steel inhibiter in 1 M hydrochliric acid. Electrochemical and weight loss (WL) 

measurements were employed for evaluating the inhibition properties of SB. It was shown that SB 

acted as a mix-type corrosion inhibitor during the process, and the charge transfer resistance increased, 

while the double layer capacitance decreased with the increasing SB concentration. The results implied 

that the inhibiting effect of SB was attributed to the covering layer formed on the steel surface that 

replaced the water molecule. The thermodynamic adsorption parameters obtained from the WL 

measurements demonstrated that the adsorption process is exothermic and spontaneous, and the 

adsorption of SB obeys a Langmuir adsorption isotherm. The calculated values of ΔG
o
ads revealed that 

the adsorption mechanism of SB on the steel surface is a combination of physical and chemical 

processes. 
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1. INTRODUCTION 

As a constructional material, carbon steel is used extensively in many industries due to its 

stiffness and high strength-to-weigh ratios. It is susceptible to attack when exposed to an aggressive 

medium, such as industrial cleaning, acid derusting and petrochemical industry [1-3]. Therefore, the 

corrosion protection of carbon steel in corrosive medium has attracted considerable interest. Several 
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approaches are used to prevent metals from corroding, such as anodic or cathodic protection, coatings, 

oxidizing or phosphating treatments and corrosion inhibitors [4]. Among them, the use of corrosion 

inhibitors is considered to be the most convenient and cost-effective method for aqueous acidic 

corrosive media. 

Corrosion inhibitors can slow down the reaction between metals and aggressive media when 

added at proper concentrations. In recent years, many inhibitors have been investigated for exploring 

the relationship between inhibition efficiency and the molecular structure of the inhibitor [5, 6]. Many 

researchers [7, 8] have reported that organic compounds containing multiple bonds as well as aromatic 

rings and/or heteroatoms (such as N, O, S) generally exhibit good inhibitive properties. Schiff bases 

are organic compounds derived from the condensation reaction between aldehydes and amine, and 

they have been applied effectively against the corrosion of steel [5, 9-11], aluminum [12, 13], copper 

[14-16], magnesium[17] and other alloy materials[18, 19] in acidic environments. The effective 

corrosion inhibition properties originated from the presence of double bonds and heteroatoms in the 

molecules. Moreover, numerous Schiff bases can be synthesized easily using relatively cheap 

aldehydes and amines. 

In the present work, a Schiff base named N1, N2-bis (furan-2-ylmethylene) benzene-1, 2-

diamine was synthesized, which consists of an aromatic ring, double bonds and heteroatoms. This 

chemical structure (as shown in Fig. 1) provides a scientific theoretical foundation for corrosion 

inhibition properties. The inhibition performance of SB on 20# carbon steel in 1 M hydrochloric acid 

was evaluated using electrochemical and weight loss measurements. The adsorption mechanism of SB 

on the carbon steel surface was explored in detail. 

 

 

Figure 1. Chemical structure of N1, N2-bis (furan-2-ylmethylene) benzene-1,2-diamine (SB) 

 

 

2. EXPERIMENTAL 

2.1 Synthesis of the Schiff base 

The furfuraldehyde was purified through vacuum distillation before use, and the other reagents 

were used without any pretreatment. First, the ethanolic solution of furfuraldehyde (4 mmol) was 

added to an ethanolic solution of o-phenylenediamine (2 mmol) and then refluxed with stirring for 4 h 

at room temperature. The obtained deep red oily product was taken out and stored at room temperature 

until the solvent was completely volatilized. A light-yellow product was obtained after dissolving and 
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purifying the product through hot cyclohexane. The Schiff base (SB) was added to the 1 M 

hydrochloric acid at concentrations of 0.04 g L
-1

, 0.2 g L
-1

, 1 g L
-1

, and 5 g L
-1

. 

 

2.2 Electrochemical method 

Working electrodes were prepared using a 20# carbon steel sheet (diameter=0.8 cm) with a 

composition (wt %) of C 0.17~0.23, Mn 0.35~0.65, Si 0.17~0.37, S≤0.035, P≤0.035, Ni≤0.30, 

Cr≤0.15, Cu≤0.25, and Fe (balance). The 20# carbon steel sheets were embedded in epoxy resin. 

Then, the samples were polished to a mirror finish using abrasive paper (grade 200-400-800-1200-

2000) in order to gain the exposed and flat surface of the electrode. Finally, the working electrodes 

were degreased with  acetone, and dried under warm air flow.  

The electrochemical measurements were conducted using a CHI 660A Electrochemical 

Workstation (Chenhua, China) in a three-electrode cell at (20±1) 
o
C, a platinum foil was employed as 

the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. Before each 

electrochemical measurements, the samples were placed in 1 M hydrochloric acid for 30 minutes to 

record the open circuit potential (OCP). All the chemicals were of analytic grade.  

The potentiodynamic polarization measurements were carried out in the potential between -900 

and -200 mV vs. SCE with a scanning rate of 0.5 mV S
-1

 at 20 
o
C. The values of inhibition efficiency 

(IE %) and surface coverage (θ) were calculated according to equations (1) and (2), respectively[20, 

21]. Where i
0

corr and icorr are the corrosion current densities of the 20# carbon steel without and with 

the inhibitor in 1 M hydrochloric acid, respectively.  

100%
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
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
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Electrochemical impedance spectroscopy (EIS) experiments were performed in a frequency 

range from 10
5
 to 10

-2
 Hz with an amplitude of 10 mV peak-to-peak using AC signals at the OCP. 

Each impedance data was analyzed with the software ‘‘ZViewII’’. The IE% of the used inhibitors 

obtained from EIS was calculated by applying the following relation [22], where R’ct and Rct are the 

charge transfer resistances in the presence and absence of the inhibitor, respectively. 
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2.3 Weight loss measurements 

The 20# carbon steels with rectangular forms (35×10×1.5 mm) were weighed using an 

electronic balance, and then suspended in a 1 M hydrochloric acid containing SB with different 

concentrations in a thermostatic bath; the samples were immersed for 3 h at 293, 303, 313 and 323 K, 

respectively. After that, the surfaces of the specimens were cleaned using double distilled water (the 

app:ds:diameter
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corrosion products, if present, were removed), rinsed by acetone, dried, and then weighed again. To 

ensure good reproducibility, experiments were made in triplicate. The values of the corrosion rate 

(CR), θ, and IE % were calculated according to the following equation [23, 24], where ΔW means the 

average weight loss of three specimens (mg), s means the surface area of one specimen (cm
-2

), t means 

the immersion time (h), and CR0 and CR (mg cm
-2

 h
-1

) are the corrosion rates of the 20# carbon steel in 

the 1 M hydrochloric acid with and without SB, respectively. 

st

W
CR




                                        (4)                                                                                                           
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3. RESULTS AND DISCUSSION 

3.1 Potentiodynamic polarization measurements 

The polarization diagram for the corrosion of 20# carbon steel in the 1.0 M hydrochloric acid 

solution containing inhibitors with different concentrations are presented in Fig. 2. The corrosion 

parameters like corrosion current density (icorr), corrosion potential (Ecorr), anodic and cathodic Tafel 

slopes (βa, βc ), surface coverage and corrosion inhibitor efficiency are calculated and demonstrated in 

Table 1. It  is evident that both the cathodic and anodic current dropped with the addtion of SB in the 

acidic environment, implying that SB was a mixed-type inhibitor and could reduce the anodic 

dissolution and supress the cathodic hydrogen evolution via covering the surface active sites on carbon 

steel [2, 3, 25]. It was previously reported that, if the displacement in Ecorr is more than ±85 mV 

relative to the Ecorr of the blank, the inhibitor can be regarded as a cathodic- or anodic-type inhibitor 

[26]. As could be seen from Table 1, the maximum displacement in Ecorr is 39 mV, indicating that SB 

is a mixed-type corrosion inhibiter. The Ecorr values shifted slightly toward the positive direction, 

suggesting that the adsorption of SB on the steel had a prevailing effect at the anodic site. Additionally, 

the slight shift in Ecorr indicates that the inhibition probably resulted from a geometric blocking effect 

of the inhibitive species adsorbed on the surface of the corroding metal [27]. It is evident that the 

inhibition efficiency increased while the icorr values decreased as the concentration of SB increased. 

This result discloses that SB acts by adsorbing on the metal surface to form a protective film. 

Moreover, the values of the anodic and cathodic Tafel slopes changed slightly with various 

concentrations of SB, showing that SB interfered with both the cathodic and  the anodic reactions. This 

result provided further evidence that the behavior of SB was mixed.  
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Figure 2. Potentiodynamic polarization curves for the 20# carbon steel in 1.0 M hydrochloric acid 

without and with different concentrations of SB 

 

Table 1. Electrochemical polarization parameters for the 20# carbon steel in 1 M hydrochloric acid 

without and with different concentrations of SB 

 

C (g/L) -Ecorr/mV 10
6
icorr/(A.cm

2
) βa (mV/dec) -βc(mV/dec) θ IE% 

0 527.0 1638.0 96 103   

0.04 494.0 748.6 98 101 0.5430 54.30 

0.2 505.0 526.4 87 97 0.6786 67.86 

1 492.6 510.2 82 86 0.6891 68.91 

5 488.7 268.4 75 79 0.8361 83.61 

 

3.2 Electrochemical impedance spectroscopy 

The electrochemical impedance was applied to assess the inhibition property of SB. The 

influence of SB concentration on the impedance behavior of the 20# carbon steel is displayed in Fig. 3. 

It is obvious that the shapes of all plots are similar, and the semicircle radii in these plots vary 

significantly. The shape was maintained after the addition of SB, indicating that the mechanism of 

steel dissolution did not change in contrast to the blank solution. The semicircle radii of the Nyquist 

plot increased with the increasing concentration of SB. This implies that a protective layer formed after 

SB adsorbed on the steel surface. 

It should be noted that the Nyquist plots display a single slightly depressed capacitive 

semicircle, indicating that the dissolution process at the electrode/solution interface was controlled by 

charge transfer reactions. Meanwhile, the depression of Nyquist semicircles, as mentioned in previous 

literature [28, 29], is generally ascribed to the roughness, impurities, dislocations of metal surfaces. 

The electrical equivalent circuit is presented in the inset of Fig. 3, where Rs means the solution 

resistance, Cdl means the double layer capacitance and Rct means the charge transfer resistance. The 

resistor Rs is in series with the Cdl and Rct, while Cdl is in parallel with the Rct. The electrochemical 
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parameters, such as Rs, Cdl ， Rct and IE % calculated from EIS are displayed in Table 2. It is obvious 

that Rct values increased with the addition of SB, and this effect was reinforced with the increase in SB 

concentration.  

 

 
 

 

 

Figure 3. Nyquist plots for 20# carbon steel in 1.0 M hydrochloric acid containing SB with different 

concentrations. The inset shows the electrical equivalent circuit diagram for EIS experimental  

 

Table 2. Electrochemical impedance spectroscopy results for 20# carbon steel in 1 M hydrochloric 

acid containing SB with various concentrations  

 

C (g/L) Rs 10
5
Cdl/F.cm

-2
 Rct/Ω.cm

-2
 θ IE % 

0 6.56 10.25 132.76   

0.04 7.31 9.05 344.4 0.6145 61.45 

0.2 7.79 8.09 399.2 0.6674 66.74 

1 7.22 6.03 400.4 0.6684 66.84 

5 7.20 7.53 526.4 0.7478 74.78 

 

The results reveal that SB molecules adsorbed on the carbon steel, and the coverage of the 

metal surface increased with the increasing SB concentration. In contrast, the Cdl values decreased, 

which was ascribed to the drop in the local dielectric constant and/or a rise in the thickness of the 

electrical double layer. The results prove that SB molecules functioned by forming a protective layer 

through gradually replacing water molecules on the 20# carbon steel surface[23]. This protective layer 

reduced the active surface area of the carbon steel and suppressed the anodic reaction in 1 M 

hydrochloric acid.   
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From Tables 1 and 2, SB can decreases the corrosion rate of carbon steel at increased 

concentrations in 1 M hydrochloric acid, however, the IE % of SB is inferior to that of other Schiff 

bases[3, 25]. It is well known that the IE % is closely related to the adsorption of inhibition molecules. 

As seen from Fig. 1, SB should be a good inhibitor that can interact with the metal surface due to its 

aromatic rings (π-electron) and heteroatoms (N, O). However, it is obvious that the degree of surface 

coverage was low, from Tables 1 and 2. We believe that steric hindrance is one of the crucial factors 

that affected the interaction between SB and carbon steel surface. 

 

3.3 Weight loss measurements 

 

Figure 4. Plots of the corrosion rate against SB concentration for the 20# carbon steel in 1 M 

hydrochloric acid for wight loss measurements at different temperatures  

 

Table 3. Calculated corrosion parameters for the 20# carbon steel in 1 M hydrochloric acid without 

and with various concentrations of SB for weight loss measurements at different temperatures 

 

C (g/L) CR (mg.cm
-2

.h
-1

)  θ IE % 

293K 303K 313K 323K 293K 303K 313K 323K 293K 303K 313K 323K 

0.00   

0.04                    

1.5748 

0.5721 

1.6947 

0.6469 

1.8032 

0.7352 

1.9741 

0.8643 

 

0.6367 

 

0.6183 

 

0.5923 

 

0.5549 

 

63.67 

 

61.83 

 

59.23 

 

55.49 

0.20   0.4750 0.5598 0.6634 0.7992 0.6984 0.6697 0.6321 0.5884 69.84 66.97 63.21 58.84 

1.00   0.3633 0.4599 0.5514 0.6557 0.7693 0.7286 0.6942 0.6623 76.93 72.86 69.42 66.23 

5.00   0.2077 0.2839 0.3302 0.3953 0.8681 0.8325 0.8169 0.7964 86.81 83.25 81.69 79.64 

 

Figure 4 shows the corrosion rate (CR) against SB concentration plots of 20# carbon steel in 

the 1 M hydrochloric acid at different temperatures. It is obvious that the CR of 20# carbon steel in the 

acid corrosive environment decreased with the increase of SB concentration at all the studied 

temperatures. It can also be found that the CR increased more rapidly with the increased temperature in 

both the inhibited and uninhibited solutions. This indicates that the adsorption process of SB reduced 

the number of active sites on the metal surface. Therefore, the adsorption process became weakened 

with the increase in the temperature. It is well known that the adsorption and desorption processes took 
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place in opposite directions simultaneously at equilibrium. Multifarious factors, such as the 

concentration of inhibitor and the temperature of corrosive media, shifted the direction of the 

equilibrium. At higher temperatures, more of SB desorbed from the metal/solution interface which lead 

to increased corrosion rate and poor inhibition performance.  

The values of CR, θ and IE% calculated from WL measurements are shown in Table 3. It can 

be observed that CR obviously decreased when the inhibitor was added at all temperatures. This result 

displayed that SB is an effective inhibitor for 20# carbon steel in 1 M hydrochloric acid. Meanwhile, it 

was also noted that θ and IE % increased with the increased concentration and decreased temperature. 

The results are consitent with the abovementioned results of the electrochemical measurements. 

 

3.4 Adsorption isotherm 

Generally speaking, it is considered that inhibitor molecules establish their inhibition action 

through adsorbing onto the metal surface. Therefore, adsorption isotherms can be investigated to 

explore degree of interaction between the inhibitor and metal surface in the corrosive system. To 

obtain detailed information about adsorption process, experimental data obtained from WL 

measurements were tried to fit several isotherms like Langmuir, Freundlich, Temkin, Frumkin and 

Flory-Huggins isotherms. It is found that the correlation coefficients of the Langmuir adsorption 

isotherm vary between 0.9990 and 0.9996 for all temperatures, the results show that the adsorption of 

SB on the 20# carbon steel surface obeys Langmuir adsorption isotherm. Such isotherms suggest that 

each adsorbed molecule remains in one active site on the metal surface and the adsorbed species do not 

interact with each other [30]. Langmuir adsorption is shown according to the following equation (6),  

C
K

C

ads


1


                                            (6) 

 

where C is the molar concentration of SB, Kads is the equilibrium constant of adsorption-

desorption process, and θ was calculated from WL experimental results using Equation 5. The values 

of C/θ against the SB concentration (C) between 293 K and 323 K are displayed in Fig. 5. The Kads 

values were calculated from the intercept of the plotted lines in Fig. 5.  

The thermodynamic parameters of the adsorption process, such as the standard free energy 

(ΔG
o
ads) ,enthalpy (ΔH

o
ads) and entropy (ΔS

o
ads),  were calculated using the following equations, 

respectively[24]: 

)exp(
5.55

1

RT

G
K

o

ads
ads


                             (7) 

tcons
RT

H
K ads

ads tanln
0




                       (8) 

000

adsadsads STHG                                  (9)  

where R is the gas constant and T is the absolute temperature. Fig. 6 shows the plots of lnKads 

versus 1/T in 1 M hydrochloric acid containing various SB concentrations  for 20# carbon steel. The 

value of ΔH
o
ads was obtained from the slope of plotted straight line. 
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All the thermodynamic parameters obtained from the data of WL measurements are displayed 

in Table 4. As observed, the Kads values decreased with the increasing temperature, suggesting that SB 

molecules were physically adsorbed on the surface of carbon steel, and the adsorption ability of SB on 

the carbon steel surface weakened with the increasing temperature. Furthermore, the relatively higher 

negative value of ΔG
o

ads indicated that the adsorption was a spontaneous process, and strong inhibition 

interactions occurred with the 20# carbon steel surface in the 1 M hydrochloric acid. It is widely 

accepted that ΔG
o

ads values near or higher than -20 kJ mol
-1

 indicate physisorption, and these 

adsorption processes are associated with electrostatic interactions
 
between charged molecules and 

charged metal surfaces[31]. For ΔG
o

ads values near -40 kJ mol
-1

, the type of adsorption can be 

considered as chemisorption, which involves charge sharing or transfer from organic
 
molecules to 

metal surfaces to form a coordinate-type of metal bond during the process[4, 31].
 
The data of  ΔG

o
ads 

presented in Table 4 are in the range of -29.75 to -31.46 kJ mol
-1

. The ΔG
o

ads values are between the 

threshold values for physical adsorption and chemical adsorption, indicating that the adsorption of SB 

on the 20# carbon steel surface is a mixed type of physical and chemical adsorption. 

The adsorption enthalpy is also a valuable tool for understanding the adsorption behavior of an 

inhibitor. For ΔH
o

ads ＞ 0, the positive heat of adsorption is ascribes explicitly to chemisorption, and for 

ΔH
o

ads＜0, the negative heat of adsorption may be concerned with either physisorption or 

chemisorption and/or a mixture of both process[32]. The ΔH
o
ads values from the weight loss 

measurements are negative which indicated that the adsorption process is somewhat unfavorable at 

elevated temperatures. In another words, the corrosion inhibition efficiency declined with the 

temperature rise. In an exothermic process, physisorption is easily distinguished from chemisorption 

according to the absolute value of ΔH
o

ads. If the absolute value is lower than 41.86 KJ mol
-1

, a 

physisorption mechanism or mixture of physisorption and chemisorption mechanism operates, while 

for values close to 100 KJ mol
-1

, a chemisorption mechanism acts[30]. The calculated values of ΔH
o

ads 

is -13.36 kJ mol
-1

, suggesting that the adsorption of SB on the carbon steel surface can be considered 

as a physisorption or a mixture of a physisorption and chemisorption.  

 
 

 

Figure 5. The corrosion data used to fit Langmuir isotherm adsorption for 20# carbon steel in 1 M 

hydrochloric acid at different temperatures 
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Figure 6. LnKads against 1/T curves in 1 M hydrochloric acid containing different concentrations of SB 

for 20# carbon steel  

 

Table 4. Adsorption thermodynamic parameters of SB on 20# carbon steel surface in 1 M 

hydrochloric acid at different temperatures 

 

Temperature(K) R
2
 Kads (L mol

-1
) ΔG

o
ads (KJ mol

-1
) ΔH

o
ads (KJ mol

-1
) ΔS

o
ads (J K

-1
 mol

-1
) 

293 0.9992 3623.66 -29.7475 -13.3581 55.9337 

303 0.9990 3265.91 -30.5010 -13.3581 56.5772 

313 0.9984 2632.13 -30.9226 -13.3581 56.1166 

323 0.9980 2206.74 -31.4615 -13.3581 56.0477 

 

 

Based on the results obtained from the values of ΔG
o

ads, it can be concluded that the adsorption 

mechanism is combined physisorption with chemisorption existing between SB and carbon steel 

surface. From the table 4, the positive sign of ΔS
o

ads means an increase in disorder in the system, which 

was attributed to more water molecules being replaced by inhibitor molecules. 

 

 

 

4. CONCLUSIONS 

The inhibition effect of SB as an inhibitor of 20# carbon steel in 1 M hydrochloric acid was 

evaluated through electrochemical and weight loss measurements. Based on the results of above 

mentioned study,  conclusions were drawn as follow: 

1) SB is an effective inhibitor, and it acts as a mixed-type inhibitor for 20# carbon steel in 1 M 

hydrochloric acid, which inhibits the corrosion of carbon steel by blocking the active sites of the metal 

surface. 

2) The impedance curves indicated that the Rct values rised, while the Cdl values droped with 

the increasing concentration of inhibitor.  

3) The inhibition efficiency increased with the increasing SB concentration and decreased with 

an increase in the temperature. 
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4) The IE % obtained from the weight loss experiments had the same variation trend as that 

obtained from potentiodynamic polarization and electrochemical impedance spectroscopy 

measurements. 

5) The adsorption of SB on the 20# carbon steel obeys the Langmuir adsorption isotherm. The 

negative value of ΔG
o

ads indicates that SB was adsorbed on the surface of carbon steel, and this 

adsorption was a spontaneous process. 

6) The calculated ΔG
o

ads values are in the range of -29.75 to -31.46 kJ mol
-1

, revealing that the 

adsorption process is a cooperation phenomenon between physisorption and chemisorption. 
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