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Highlights:

 Sodium folate was found as an effective copper corrosion inhibitor in chloride media
 Effect of temperature, time and concentration on the inhibitor efficiency was studied
 Various measurement methods were applied to investigate the nature of inhibiting

action

Abstract: Folic acid salt (sodium folate) was studied as an eco-friendly and non-toxic copper 
corrosion inhibitor in 3.5% NaCl solution. Electrochemical impedance spectroscopy, 
polarization resistance and weight-loss measurements show that the inhibitor efficiency 
increases with concentration (the highest value- approx. 96% was reported for the solution 
containing 16 mM sodium folate after 24 h). EIS data and Tafel plots indicate that sodium folate 
is a barrier, mixed-type (with predominant cathodic character) inhibitor. Inhibitor efficiency 
decreases with temperature, which suggests that adsorption has physical character rather than 
chemical one - adsorption free energy calculated using the Langmuir model is consistent with 
this statement. Activation energy determined from the Arrhenius plot increases as a result of 
inhibitor presence. Efficiency of the inhibitor increases systematically during the first 12 hours 
of immersion. Potential chemical changes in sodium folate solution were investigated using 
UV-VIS spectroscopy. Furthermore, copper surface after immersion in the presence and 
absence of inhibitor was characterized with scanning electron microscopy, energy-dispersive 
X-Ray spectroscopy and microscopic photographs.
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1. Introduction
Copper is one of the most widely used metals. Its global production systematically 

increases and in 2022 reached 48000 metric tons [1]. Because of their numerous useful 
properties, such as good thermal and electrical conductivity, relatively high corrosion resistance 
and malleability, copper and its alloys are commonly applied in many fields, for instance 
pipelines, heat exchangers, ship building, electronics and sea water desalinations [2]. When 
used in the marine industry, copper is exposed to aggressive chloride ions and the occurring 
corrosion process can lead to costly damages, hence appropriate protection of the metal 
elements (for example by using corrosion inhibitors) is required [3]. 

The most important group of copper corrosion inhibitors in chloride solutions consists 
of azole compounds. For instance, inhibiting effects of benzotriazole [4], indazole derivatives 
[5], 2-mercaptobenzothiazole [6], tetrazole derivatives [7], 1,2,4-triazole derivative [8] and 1-
hydroxybenzotriazole [9] have been described. Schiff bases have also been extensively studied 
in this field [10, 11]. In the last few years non-toxic and environmentally friendly inhibitors 
have been gaining scientists’ attention. In addition to synthetic compounds (for example amino 
acids [12, 13], phytic acid [14] or vanillin derivative [15]), also natural products have been 
reported as copper green corrosion inhibitors in chlorides. In this case, blackberry leaf [16], 
olive leaf [17], and turnip peel [18] extracts, chitosan [19], propolis extract [20] or inhibitor 
synthesized from coffee bagasse oil [21] can be given as examples. However, in comparison to 
steel, the number of green corrosion inhibitors for copper is rather small and needs to be 
increased. 

Vitamin B9 (folate) is a general term used for folic acid and some related compounds 
[22]. It occurs naturally in plant leaves (lat. folium- leave), moreover, dietary sources of vitamin 
B9 are green vegetables, rice, corn and liver. It is a micronutrient that plays an important role 
in human metabolism [23]. Lack of folate increases the risk of neural tube birth defects, 
cognitive and psychiatric dysfunction, cancer, and cardiovascular disease. Natural forms of 
folate are relatively unstable; hence, there is a need, mainly concerning pregnant women, to 
supplement synthetic folic acid [22]. In many countries, bread and grain products are fortified 
with this compound [24], furthermore, it is used as a typical nutritional supplement and in 
cosmetics industry [25]. A wide spectrum of nanoparticles with potential applications in 
different fields, such as cancer nanotechnology [26, 27] or drug delivery [28, 29], have been 
synthesized using folic acid. Importantly it has also been described as a corrosion inhibitor for 
steel in chloride solutions (folic acid itself [30] and as part of a phosphonate-based system [31]), 
phosphoric acid [32] and washing water from crude oil [33]. Potassium folate inhibiting action 
for copper in Na2SO4 has been also reported [34]. Some authors have suggested that the 
presence of folic acid in plant extracts is responsible for the observed inhibiting effects [35–
37].

The non-toxic and environmentally friendly nature of vitamin B9, the presence of 
potentially donor nitrogen atoms and π-electron systems in its structure, and the results 
mentioned above suggest that it will act as a green corrosion inhibitor for copper in chloride 
solutions. Due to the low solubility of folic acid in neutral and acidic environments (between 
10-4

 and 10-5 M in slightly acidic NaCl solutions at 298 K [38]), it was used as a salt - sodium 
folate (Na2HFol, 

Figure 1
Figure 1). The aim of this study was to examine its efficiency under different conditions 

and explain the mechanism of inhibiting phenomenon using various measurement techniques.

2. Material and methods
2.1. Samples and solutions 

The working electrodes were made from a copper rod (99.96% Cu, 0.02% Zr, 0.01% Co, trace 
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amounts of Zn, Sn and Pb, confirmed by X-Ray Fluorescence with Bruker S1 Titan analyzer), 
which was cut and embedded in epoxy resin (the area exposed to the solution was 1 cm2). Before 
each measurement, the electrodes were polished using emery paper (in sequence 240, 600, 1200 
and 2500 grit size), rinsed with demineralized water, degreased with acetone and air-dried. 
Specimens used for weight-loss method test were rectangular (approx. 20x50 mm) coupons 
(99.97% Cu, 0.02% Co, trace amounts of Fe, Zn, Sn and Pb, confirmed by X-Ray Fluorescence).
Sodium folate solutions were made by adding a suitable amount of folic acid and sodium 
hydroxide (molar ratio 1:2) to 3.5%(w/w) NaCl solution prepared before.
All reagents and chemicals used were of analytical grade. 

2.2. Electrochemical measurements 
Electrochemical measurements were carried out using a three-electrode cell (the working 
electrode, saturated calomel electrode (SCE) as a reference and the platinum mesh as an 
auxiliary electrode), Gamry Reference 600 potentiostat-galvanostat and Gamry software. The 
experiments were carried out in a thermostat at 298 K (if not specified otherwise). 
Electrochemical impedance spectroscopy (EIS) measurements were performed in the frequency 
range from 10000 to 0.1 Hz (AC perturbation voltage 10 mV/ms, 8 points/decade). EIS data 
were analyzed using ZSimpWin software. Inhibitor efficiency (η) values were calculated using 
the following formula [5, 13]:

𝜂 =
𝑅𝑖𝑛ℎ

𝑐𝑡 ― 𝑅0
𝑐𝑡

𝑅𝑖𝑛ℎ
𝑐𝑡

∗ 100 Eq. 1

where Rct
0 and Rct

inh are the charge-transfer resistance values obtained without or with inhibitor, 
respectively, under the same conditions.
Linear polarization was performed in the potential range ±0.02 V vs. open circuit potential (scan 
rate 0.125 mV/s). Polarization resistance values (Rp), given by the equation:

𝑅𝑝 = (𝑑𝐸
𝑑𝑖 )

𝐸𝑐𝑜𝑟𝑟
Eq. 2

where E stands for the potential, Ecorr- corrosion potential, i- exchange current density, were 
determined by estimating the slopes of the obtained polarization curves near to i=0 [39,40]. 
Moreover, inhibitor efficiency values were calculated using the formula [41]:

𝜂 =
𝑅𝑖𝑛ℎ

𝑝 ― 𝑅0
𝑝

𝑅𝑖𝑛ℎ
𝑝

∗ 100 Eq. 3

where Rp
inh and Rp

0 stand for polarization resistance with or without inhibitor, respectively.
Potentiodynamic polarization measurements [42] were carried out in the potential range ±0.250 
V vs. open circuit potential (scan rate 1 mV/s). 
To ensure repeatability, experiments were carried out 2-3 times. 

2.3. Weight-loss measurements
Copper coupons were pickled in 63% nitric acid solution for 10 seconds, rinsed carefully with 
demineralized water and air-dried, then weighed three times on analytical balance and 
immersed in 3.5% NaCl solutions with or without Na2HFol in different concentrations. After 
20 days of immersion at room temperature, the specimens were removed from the solutions, 
rinsed with demineralized water, pickled for 10 minutes in 10% sulfuric acid solution to remove 
corrosion products, rinsed with demineralized water, air-dried and weighed three times again 
[43]. The weight of each specimen after immersion and removal of corrosion products was 
compared to the value before and inhibitor efficiency values were calculated using the 
following formula:
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𝜂 =

Δ𝑚0
𝑆0

―
Δ𝑚𝑖𝑛ℎ

𝑆𝑖𝑛ℎ

Δ𝑚0
𝑆0

∗ 100 Eq. 4

where ∆m0, ∆minh are differences between specimen mass before and after immersion in the 
solution without or with inhibitor respectively and S0, Sinh stand for corresponding coupons’ 
surface areas.

2.4. UV-VIS spectroscopy
The measurements were performed on Merck Spectroquant Prove 100 UV-VIS 
spectrophotometer in the wavelength range from 200 to 1100 nm, using 10x10 mm quartz 
cuvette and demineralized water as “zero” solution. All solutions were diluted 25 times before 
the measurement. Copper coupons immersed in the solutions were prepared using the procedure 
described for weight-loss measurements. 

2.5.  Surface analysis
Cylindric specimens made from the copper rod were polished using emery paper (in sequence 
240, 600, 1200 and 2500 grid size), rinsed with demineralized water and immersed in 3.5% 
NaCl solution without or with Na2HFol at a concentration of 12 mM. After this time, the 
specimens were removed, rinsed with demineralized water, dried under reduced pressure and 
analyzed. Microscopic photographs were taken using inverted microscope with episcopic 
illumination Nikon ECLIPSE MA200. Scanning electron microscope (SEM) images and 
energy-dispersive X-Ray (EDX) spectra were obtained with Hitachi S-3400N microscope with 
ThermoFisher Scientific EDS detector. EDX measurements were repeated 3-4 times at different 
places of each specimen to ensure the validity of the obtained results.

3. Results and discussion
3.1.  Effect of concentration

3.1.1. Electrochemical impedance spectroscopy
The first method applied to examine efficiency of Na2HFol inhibiting action in different 
concentrations was electrochemical impedance spectroscopy. To ensure the stability of the 
investigated system, all measurements were carried out after 24h of immersion of the working 
electrode in the solution with or without appropriate Na2HFol concentration. At the center of  
the obtained impedance spectra in the Nyquist projection (reactance Zimag vs. resistance Zreal, 
Figure 2a), a part of a semicircle, which can be attributed to the charge-transfer resistance and  
the electrical double layer capacitance is observed. The diameter of the semicircle increases 
significantly with the concentration of Na2HFol – it indicates an increase in charge-transfer 
resistance and deceleration of the corrosion process. At lower frequencies one can find the 
straight line corresponding to the Warburg impedance. For higher concentrations of Na2HFol it 
disappears, presumably as a result of the adsorption of folate and blocking the diffusion of 
reactants to and from the electrode. Moreover, at high frequencies, a part of a smaller semicircle 
corresponding to the resistance and constant phase element of the film on the electrode surface 
also occurs [39, 40]. The spectra obtained for the blank solution and the solution with the lowest 
concentration of Na2HFol were analyzed using an electrical equivalent circuit presented in 
Figure 3a, whereas the spectra measured for higher Na2HFol concentrations were fitted to the 
circuit shown in Figure 3b. The elements of the circuits are the solution resistance (Rs), film 
resistance (Rf) and constant phase element (Q1, n1), charge-transfer resistance (Rct) and constant 
phase element corresponding to the electrical double layer capacitance (Q2, n2). The first circuit 
contains also Warburg diffusion element [41, 42]. The calculated values of all parameters listed 
above and χ2 values representing the quality of model fitting are presented in Table 1. Rs values 
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are only slightly lower in the presence of Na2HFol (conductivity of the solution depends rather 
on NaCl concentration than the concentration of large folate anions). The film capacitance (Cf) 
is given by the equation [48]:

𝐶𝑓 =
𝐹2𝑆
4𝑅𝑇

Eq. 5

where F is Faraday’s constant, S- electrode surface exposed to the solution, R- gas constant and 
T- absolute temperature. Due to the electrode surface imperfection, Cf is represented by 
constant phase element Q1, which decreases with Na2HFol concentration. This can be explained 
by covering the electrode surface with folate and reducing “active” surface area S. Furthermore, 
Rf increases with Na2HFol concentration as a result of adsorbing a higher amount of folate 
anions on the surface. The electrical double layer capacitance, described by the formula [48]:

𝐶𝑑𝑙 =
𝜀0𝜀𝑆

𝑑
Eq. 6

where ε0 is vacuum permittivity, ε- local dielectric constant, d- electrical double layer thickness, 
is represented by constant phase element Q2. The decrease in its value can be explained by a 
combination of three effects caused by the adsorption process: replacing water molecules 
adsorbed on the electrode surface by folate, which results in ε decrease, reducing S value as 
described before, and some changes in the electrical double layer geometry, leading to an 
increase in its thickness. Charge transfer resistance increases with Na2HFol concentration- it 
results in the increase in inhibitor efficiency, which reaches a maximum value of 95.8% for 16 
mM. Additionally, W value for the solution containing 4 mM Na2HFol is lower than that for 
the blank solution, which confirms that the addition of sodium folate limits the mass transport 
process [49]. All these results indicate that Na2HFol inhibits corrosion of copper by adsorption 
on its surface and diffusion barrier formation. 

3.1.2. Linear polarization resistance 
To verify the results obtained by EIS, linear polarization experiments were performed under 
the same conditions. Polarization resistance (Rp) values are presented in Table 2. It can be easily 
observed that Rp increases with inhibitor concentration. The obtained inhibitor efficiency values 
are in a good agreement with those calculated from EIS data. Polarization curves (potential E 
vs. exchange current density i) are presented in Figure 2b. 

3.1.3. Potentiodynamic polarization 
Potentiodynamic polarization is another method commonly used in corrosion inhibitor 
efficiency studies. All measurements were carried out after 24 h conditioning of the 
experimental setup. Analyzing the obtained curves (potential E vs. current density module |i|, 
Error! Reference source not found.c), one can easily notice that the shape of cathodic 
branches indicates diffusion control of the oxygen reduction process. For lower E values 
(between -0.35 and -0.40 V vs. SCE), a current increase is observed. It can be explained by the 
hydrogen evolution process, which remains under activation control [9]. Moreover, for the 
solutions containing inhibitor, strong concentration polarization is also visible on anodic 
branches and becomes more pronounced with Na2HFol concentration increase. This can be 
interpreted as further proof of diffusion barrier formation on the electrode surface by inhibitor 
molecules. The visible deformation of the anodic branches may be attributed to the complexity 
of the copper oxidation process (at different potentials different reactions can occur with various 
rates) and/or inhibitor desorption. As a result of the fact that the investigated processes are not 
under pure activation control, cathodic and anodic (besides the measurement for the blank 
solution) branches do not show a clearly defined Tafel region; hence, Tafel curves extrapolation 
is not a suitable method for determining the corrosion current - the obtained values might be 
incorrect. However, visual assessment may lead to the observation that the current decreases 
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with inhibitor concentration increase [6, 47]. Nevertheless, it is worth noticing that the corrosion 
potential shifts down slightly with inhibitor concentration increase - regarding that in the 
solutions containing Na2HFol both cathodic and anodic branches are changed in comparison to 
the blank solution, it can be stated that sodium folate acts as a mixed-type inhibitor, with 
predominant cathodic character [51]. 

3.1.4. Weight-loss method
Efficiency of the inhibiting action under long-term exposure conditions can be different from 
that after short-term immersion due to several factors. The simplest way to obtain this value is 
the weight-loss method. After 20 days of immersion, the surface of the specimen exposed to 
the solution without Na2HFol was visibly changed and covered with red corrosion products. 
After removing it from the solution, the color of formed film slowly changed to grey-blue (see 
Supplementary material), probably as a result of the oxidation of Cu2O to Cu(OH)2 and CuO 
with oxygen from the air [3]. The surfaces of specimens exposed to the solution with inhibitor 
seemed to be uncorroded; however, their appearance is slightly different for each concentration, 
which also indicates the effect of inhibitor concentration on its efficiency. It can be noticed that 
η values increase with inhibitor concentration but are noticeably lower than those obtained in 
electrochemical measurements after short-time immersion. The main reason for this is the 
formation of the corrosion products layer on the specimen immersed in blank solution. It plays 
a protective role and causes an increase in copper corrosion resistance, hence ∆m0 cannot be 
treated as the value for completely unprotected copper as in the case of previous measurements. 
Simultaneously, the film of corrosion products is not observed on the specimens exposed to the 
solution containing inhibitor. Therefore, it must be emphasized that a lower value of the 
calculated inhibitor efficiency does not mean that inhibitor adsorption decreased to the same 
extent. The second cause of the η decrease in time are potential chemical changes in the solution, 
which were also investigated in the further part of the paper (see Chapter 3.4). Different 
chemical compositions of used copper specimens can also affect the adsorption process, but in 
comparison to the factors described above its impact is rather deniable. 

3.1.5. Adsorption isotherm 
The most common method for determination of the adsorption isotherm for corrosion inhibitors 
is based on the statement that the surface coverage coefficient θ is equal to the inhibitor 
efficiency η. For the studied system, η values obtained from EIS were used to fit some 
adsorption isotherm models: Langmuir, Temkin, Freundlich, Frumkin, Flory-Huggins, and El-
Awady [52-54] using linear relationships presented in Table 3. For the Langmuir model, the 
coefficient of determination (R2) reaches the highest value, therefore, the further calculations 
were performed in relation to this model. Its graphical representation is shown in Figure 4 (other 
figures are available in Supplementary material). The equilibrium constant of the adsorption 
process (K) was extracted from the intercept of the obtained linear function and standard 
adsorption free energy (∆Go) was calculated using the formula [13, 54]:

∆𝐺𝑜 = ―𝑅𝑇𝑙𝑛(55.5𝐾) Eq. 7
where R stands for ideal gas constant (8.314 J/(mol K)) and 55.5 is approximated water molar 
concentration in diluted solutions. The obtained ∆Go value is -27.4 kJ/mol. It is usually assumed 
that ∆Go higher than -20 kJ/mol indicates that the physisorption occurs, while values more 
negative than -40 kJ/mol are typical for the chemisorption [52]. Referring to this, it can be stated 
that Na2HFol adsorption is mixed-type, possibly with predominant physical character, however, 
it should be noted that the assumption about the equality of θ and η is approximate (the 
exemplary reason of the possible deviation from this model is the formation of protective 
corrosion products layer on the metal surface). Moreover, the mentioned limit ∆Go values 
should be regarded as indicative only and sometimes may lead to the incorrect conclusions [56]. 
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Therefore, some experiments need to be done to better understand the nature of occurring 
adsorption process (see Chapter 3.3). 

3.2.  Effect of time

Changes in the investigated system during the first 12 hours of immersion in the blank solution 
and the solution containing 12 mM Na2HFol were studied using electrochemical impedance 
spectroscopy. The spectra were measured at 1-hour intervals and are presented in Figure 5a. 
Capacitive loops measured for the inhibited system have bigger diameters than obtained for the 
blank solution. Furthermore, straight line corresponding to Warburg diffusion element is not 
visible in the presence of Na2HFol. Selected EIS data are listed in Table 4 (all data are available 
in Supplementary material). Rct value (Figure 5b) for copper electrode immersed in blank 
solution firstly decreases from over 1000 ohms to about 700 ohms, which corresponds to the 
initiation of corrosion process. After 8 hours of immersion, it begins to increase slightly, 
probably as a result of the formation of protective layer of corrosion products.  In the solution 
containing inhibitor, Rct value (Figure 5b) increases significantly during the first 8 hours. 
Further changes are smaller, but also lead to Rct growth. This fact can be explained by 
progressing adsorption of inhibitor on Na2HFol surface, which corresponds also to the decrease 
in Q1 and Q2 values. Rct values are remarkably higher in the presence of inhibitor, the efficiency 
calculated from eq. 3 (Figure 5b) increases in time during the first 8 hours of immersion and 
then remains almost unchanged. It is worth noticing that n1 values are closer to 1 for the 
solutions containing inhibitor - it indicates that species on the electrode surface are more 
organized than in the case of blank solution. 

3.3.  Effect of temperature 

3.3.1. Electrochemical impedance spectroscopy
To determine how temperature affects the efficiency of Na2HFol inhibiting action, two series 
of impedance measurements were performed: one for the blank solution and the second for the 
solution containing 16 mM inhibitor, at 25, 40, 60 and 80oC in each case. The measured spectra 
(Figure 6a) are similar to those obtained in previous measurements. Analyzing the calculated 
data (Table 5), one can notice that, as might be assumed, Rs decreases with temperature. In both 
solutions Rct value decreases with temperature, which indicates that the corrosion process 
speeds up; moreover, the values obtained for the solution containing inhibitor are higher. The 
inhibitor efficiency given by Eq. 3 decreases with temperature - the decrease in Rf value and 
increase in Q1 and Q2 suggest that it is a result of smaller adsorption of inhibitor on the electrode 
surface. These facts clearly indicate that the adsorption process has a physical (or mixed with 
predominant physical) character [57]. Furthermore, possible chemical changes in the solution 
as a result of exposure to relatively high temperatures are another important factor that can 
affect the adsorption process and inhibitor efficiency (see Chapter 3.4).

3.3.2. Arrhenius plot
For small overpotentials, the exchange current (i) is related to charge-transfer resistance with 
the following equation:

𝑖 =
𝑅𝑇

𝑧𝐹𝑅𝑐𝑡
Eq. 8

where z is the number of transferred electrons. The linearized Arrhenius equation for the 
electrochemical process can be presented as:

ln(𝑖) = 𝑙𝑛𝐴 ―
𝐸𝑎

𝑅𝑇
Eq. 9
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where A is a constant and Ea is the activation energy of the reaction. Therefore, ln(T/Rct)=f(1/T) 
plot can be used to determine the activation energy from EIS measurements performed at 
different temperatures [58, 59]. Ea value calculated from the obtained line slope (Figure 6b) for 
the blank solution is 18.6 kJ/mol, which is comparable to the values reported by other authors 
[60–63]. Activation energy determined for the solution containing inhibitor is 34.3 kJ/mol, 
which proves that the presence of Na2HFol in the solution results in the activation energy 
increase. 

3.4. UV-VIS spectroscopy
Analysis of folic acid molecular structure suggests that it might be unstable in water solution, 
especially at higher temperatures, but also on contact with UV-light and oxygen [64]. The 
formation of new compounds and a significant decrease in Na2HFol concentration as a result 
of its decomposition can affect the adsorption process and make the obtained results invalid. 
To investigate the potential chemical changes in Na2HFol solution, a series of UV-VIS 
measurements was performed. The obtained spectra (Figure 7) consist of two absorption bands 
with the maxima at approximately 300 and 350 nm wavelengths and are similar to the spectra 
of water solutions containing HFol2- anions reported in the literature [65]. Maximum 
absorbance values are listed in Table 6 for clarity. Spectrum A was measured just after the 
preparation of 4 mM solution of Na2HFol. The solution was then divided between four beakers. 
The solution in the first beaker was heated to 80oC and stirred for 1 hour, and spectrum B was 
measured. The absorbance value was almost unchanged, therefore it can be stated that no 
significant changes occurred in the inhibitor structure as a result of heating. Further three 
beakers were left for 24 hours at room temperature, and measurements were carried out. In the 
first of them (spectrum C) was only the solution of Na2HFol. Absorbance values are slightly 
lower, but comparable to those obtained for spectra A and B, hence the changes observed after 
short-time immersion are not significant in the context of adsorption process. The second 
(spectrum D) contained a copper coupon and no important difference in absorbance was 
observed in comparison to spectrum C. The last beaker (spectrum E) contained a copper coupon 
and 3.5% NaCl. It is worth noticing that the solution was visibly darker than the others. While 
the absorbance value for λ=300 nm is similar to that measured in spectra C and D, the value for 
λ=350 nm is lower and the absorption band is deformed, which corresponds to the color change 
and can be attributed to the interaction (for instance the formation of coordination compound) 
between some folate molecules and Cu2+ ions unchained from the metal surface during the 
corrosion process caused by the presence of chlorides.

3.5. Surface analysis
3.5.1. Microscopic photographs

The inhibiting action of sodium folate can be observed even with unaided eye (see 
Supplementary material) and in microscopic photographs (Figure 8). On the surface of copper 
specimen after polishing (1A) some scratches from emery paper are visible. In the case of the 
specimen immersed in the solution without Na2HFol (2A), orange, red and green corrosion 
product are present. Changes observed on the surface of inhibited one (3A) are noticeably 
smaller, which proves that the corrosion process is slower. 

3.5.2. Scanning electron microscopy
SEM images of copper specimens are presented in Figure 8. In comparison to the polished 
copper specimen (1B), the surface of specimen immersed in 3.5% NaCl solution (2B) is 
severely damaged and corrosion products are visible. The specimen immersed in the solution 
containing Na2HFol (3B) is also corroded (structural changes such as corrosion centers can be 
observed) but significantly less than the uninhibited one, several scratches from emery paper 
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are still visible. 

3.5.3. Energy-dispersive X-Ray Spectroscopy
EDX spectroscopy was used to determine the elemental composition of the copper surface after 
polishing and immersion in the solution with or without inhibitor. The obtained results are 
presented in Table 7. Copper content in immersed specimens is lower than in the freshly 
polished one, whereas oxygen and chlorine content is higher as a result of the corrosion products 
formation. However, the content of chlorine and oxygen is significantly lower for the inhibited 
specimen than for uninhibited, which confirms that the larger amount of copper chlorides and 
oxides was formed in the inhibitor absence (the corrosion rate was higher). Carbon content in 
the polished specimen and in the one exposed to the solution without inhibitor is similar. 
Noticeably higher value reported for the specimen immersed in the solution with Na2HFol may 
be attributed to the presence of sodium folate molecules on the metal surface. 

3.6. Conclusions
Thorough analysis of the results described above leads to the following conclusions:

 Sodium folate acts as an effective, mixed-type (with predominant cathodic 
character), barrier corrosion inhibitor for copper in 3.5% NaCl.

 Inhibitor efficiency increases with concentration.
 During first 12 hours of immersion, inhibitor efficiency increases, however, 

efficiency values after long-term (20 days) immersion are significantly lower due to 
the protective corrosion products layer formation on the copper surface in 
uninhibited solution.

 Langmuir adsorption model showed the best fit for the obtained data, calculated 
Gibbs free energy of adsorption indicates mixed-type or physical adsorption 
character, which is in agreement with the temperature effect on inhibitor efficiency 
(temperature increase results in efficiency decrease).

 Inhibitor presence in the solution results in the activation energy increase.
 No significant chemical changes were observed due to heating or 24 h storage of 

inhibitor solution, however the interaction between folate anions and Cu2+ ions 
migrating to the solution from the corroding surface was reported.

 In the presence of inhibitor electrode surface is in significantly better condition than 
after immersion in uninhibited solution.

Taking into account the promising results presented and discussed in this paper, further studies 
may be carried out to apply the inhibitor in other environments and to find potential synergistic 
effects between sodium folate and other (especially green) copper corrosion inhibitors. 
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Figure 1. Sodium folate structure.
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Figure 3. Electrical equivalent circuits used for EIS data fitting.

Figure 4. Graphical representation of Langmuir adsorption isotherm.

Figure 2. (a) EIS spectra in Nyquist projection (b) linear polarization curves (c) potentiodynamic polarization curves 
obtained for different concentrations of inhibitor.
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Figure 5. (a) EIS spectra obtained for inhibited and uninhibited system during 12h of immersion (b) 
charge transfer resistance (Rct) and inhibitor efficiency (η) changes in time.
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Figure 6. (a) EIS spectra obtained for inhibited and uninhibited system at different temperatures (b) 
Arrhenius plots.
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Figure 7. UV-VIS spectra.

Figure 8. Microscopic photographs (A) and SEM images (B) of copper specimens after polishing with 
emery paper (1) and after 7 days of immersion in the solution without (2) and with (3) sodium folate.

C 
(mM)

Rs 

(ohm)
Q1

(S⋅sn)
n1 Rf 

(ohm)
Q2

(S⋅sn)
n2 Rct

(ohm)
W

(S⋅s0.5)
χ2⋅104 η

(%)
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0 54.44 1.25⋅10-4 0.58 36 2.71⋅10-4 0.69 798 3.76⋅10-3 2.79 -
4 53.86 3.26⋅10-5 0.79 594 1.58⋅10-4 0.40 4971 1.60⋅10-3 8.77 83.9
8 53.81 2.36⋅10-5 0.83 777 8.55⋅10-5 0.48 7574 - 3.38 89.5

12 53.67 2.29⋅10-5 0.85 1939 8.33⋅10-5 0.40 10270 - 2.07 92.2
16 52.94 1.99⋅10-5 0.81 2141 3.38⋅10-5 0.51 18840 - 2.30 95.8

Table 1. EIS data obtained for different inhibitor concentrations.

Linear polarization resistance Weight-loss method 
C (mM) Rp (kohm) η (%) C (mM) ∆m (mg) ∆m/S

(mg/cm2)
η (%)

0 1.731 - 0 40.70(±0.33) 1.881(±0.021) -
4 12.58 86.2 4 27.50(±0.22) 1.269(±0.014) 32.5(±1.5)
8 19.38 91.0 8 19.20(±0.27) 0.887(±0.014) 52.8(±1.3)

12 26.56 93.5 12 15.70(±0.37) 0.727(±0.018) 61.3(±1.4)
16 50.12 96.5 16 11.90(±0.29) 0.551(±0.014) 70.7(±1.1)

Table 2. Results obtained with linear polarization resistance and weight-loss method.

Adsorption isotherm Linearized equation R2

Langmuir 𝐶
𝜃 =

1
𝐾 + 𝐶 0.999

Freundlich 𝑙𝑜𝑔𝜃 = 𝑛𝑙𝑜𝑔𝐶 + 𝑙𝑜𝑔𝐾 0.992
Temkin 𝜃 = 𝑙𝑛𝐶 + 𝐾 0.990

El-Awady 𝑙𝑜𝑔
𝜃

1 ― 𝜃 = ylogC + K’ where 𝐾′ = 𝐾𝑦 0.923

Flory-Huggins 𝑙𝑜𝑔
𝜃
𝐶 = 𝑏𝑙𝑜𝑔(1 ― 𝜃) + 𝑙𝑜𝑔𝐾 0.908

Frumkin log (𝐶
𝜃

1 ― 𝜃) = 2𝛼𝜃 + 2.303𝑙𝑜𝑔𝐾 0.996

Table 3. Examined adsorption isotherm models with obtained determination coefficients (n, y, 𝛼 are 
constants).

C
(mM)

t
(h)

Rs 

(ohm)
Q1

(S⋅sn)
n1 Rf 

(ohm)
Q2

(S⋅sn)
n2 Rct

(ohm)
W

(S⋅s0.5)
χ2⋅104 η

(%)
1 55.97 5.34⋅10-5 0.67 34 2.47⋅10-4 0.57 1011 2,63⋅10-3 6.11 -
4 55.37 3.81⋅10-4 0.51 87 1.27⋅10-4 0.71 672 3.18⋅10-3 1.83 -
8 57.2 2.87⋅10-4 0.55 52 2.14⋅10-4 0.69 644 3.57⋅10-3 1.95 -

0

12 57.0 1.73⋅10-4 0.59 43 2.47⋅10-4 0.69 706 3.80⋅10-3 0.99 -
1 57.83 2.82⋅10-5 0.85 1659 1.83⋅10-4 0.50 3868 - 2.33 73.9
4 56.97 2.30⋅10-5 0.88 2194 1.49⋅10-4 0.47 4930 - 2.37 86.4
8 57.29 1.81⋅10-5 0.90 3167 1.08⋅10-4 0.43 6783 - 2.61 90.2

12

12 57.4 1.62⋅10-5 0.90 2612 7.10⋅10-4 0.46 7687 - 2.66 90.8
Table 4. Selected EIS data obtained for inhibited and uninhibited system during 12h immersion.
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C
(mM)

T
(oC)

Rs 

(ohm)
Q1

(S⋅sn)
n1 Rf 

(ohm)
Q2

(S⋅sn)
n2 Rct

(ohm)
W

(S⋅s0.5)
χ2⋅104 η

(%)
25 55.97 5.34⋅10-5 0.67 34 2.47⋅10-4 0.57 1011 2,63⋅10-3 6.11 -
40 56.54 7.79⋅10-5 0.65 39 2.36⋅10-4 0.72 719 2.99⋅10-3 6.35 -
60 48.37 1.92⋅10-3 0.22 7 1.26⋅10-3 0.58 432 3.54⋅10-4 9.44 -

0

80 46.49 2.95⋅10-6 0.92 6 1.30⋅10-3 0.44 391 1.81⋅10-3 44.4 -
25 57.40 1.89⋅10-6 0.87 1793 5.37⋅10-5 0.66 7749 - 2.29 87.0
40 40.35 2.11⋅10-5 0.87 1075 8.60⋅10-5 0.54 4108 - 2.89 82.5
60 32.30 3.01⋅10-5 0.84 647 1.53⋅10-4 0.53 1605 - 9.34 73.0

16

80 27.28 4.02⋅10-5 0.81 592 1.92⋅10-4 0.62 1146 - 3.10 65.9
Table 5. EIS data obtained for inhibited and uninhibited system at different temperatures.

Spectrum A300 A350

A 2.616 0.959
B 2.6 0.962
C 2.534 0.942
D 2.533 0.934
E 2.528 0.896

Table 6. Absorbance (A) values measured for wavelength 300 and 350 nm.

Elemental composition of the specimen (wt. %)
Element

After polishing With inhibitor Without inhibitor
Cu 97.252(±0.013) 93.66(±0.38) 78.78(±0.42)
O 0.957(±0.060) 1.95(±0.08) 10.12(±0.13)
Cl - 0.26(±0.06) 8.16(±0.22)
C 1.790(±0.068) 3.27(±0.07) 1.50(±0.13)
N - 0.86(±0.10) 0.70(±0.15)
K - - 0.74(±0.10)

Table 7. Elemental composition of copper specimens determined with EDX spectroscopy.

Glossary 
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Field-specific terms used in the article are listed and shortly described below. Terms that are 
commonly used in physical chemistry and materials science (e.g. “adsorption” or “corrosion”)  
were ommited.

Corrosion inhibitor A substance that added to a corrosive medium in small amounts 
causes a significant corrosion rate decrease

Barrier inhibitor Corrosion inhibitor that adsorbs on the metal surface and forms a 
protecting film, which limits mass exchange processes to and from 
the surface

Anodic inhibitor Corrosion inhibitor that added to the solution significantly shifts up 
the potential

Cathodic inhibitor Corrosion inhibitor that added to the solution significantly shifts 
down the potential

Mixed-type 
inhibitor

Corrosion inhibitor that added to the solution does not cause potential 
changes or the observed potential changes are small

Working electrode An electrode on which the studied process occurs
Reference 
electrode

An electrode with defined and maintained potential, which is used as 
a reference for measurement by the working electrode

Auxiliary electrode An electrode used in three-electrode electrochemical cell to allow the 
current flow in the system and to stabilize an interfacial potential

Inhibitor efficiency Value that quantifies the inhibiting action by comparing the corrosion 
rates with and without inhibitor (expressed in percents)

Open circuit 
potential

Potential value measured when the current does not flow through the 
system 

Charge-transfer 
resistance

Value that expresses the difficulty of electron transfer process 

Double layer 
capacitance

Value that provides a characteristics of the electrical double layer on 
the electrode surface 

Tafel region A part of the polarization curve (potential E vs. current in logarithmic 
scale log|i|) that is linear (it follows Tafel’s law)

Tafel extrapolation A method for determination of an exchange current based on Tafel’s 
law
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