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Abstract: In this paper, sodium citrate was used as a corrosion inhibitor for carbon steel in a 125 ppm 

of chloride solution at pH= 6 to simulate a typical cooling water. In both cases, on the anodic and 

cathodic side, the presence of the inhibitor caused an increase in the Tafel coefficient, possibly due to 

the change in the alpha value. According to adsorption measurements, the corrosion inhibition by citrate 

can be characterized as a mixture of chemisorption and physisorption. Thermodynamic values for the 

activated complex also indicate a mixed mechanism. Furthermore, the increased free Gibbs energy for 

activating complex value shows that the corrosion process is less spontaneous when using sodium 

citrate as a corrosion inhibitor. Through XRD measurements for a steel sample immersed in the citrate 

solution, there is a clear reduction in the intensity of the peaks in the diffractogram due to the smaller 

amount of corrosion product formed. Furthermore, EDX and SEM measurements corroborate the 

formation of a thin inhibitor layer on the steel. 
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1. Introduction 

In the industrial, the process of pasteurization requires a large amount of water, with an 

efficient temperature control system. There is a range of materials available for industrial 

piping; however, carbon steel alloys are the main ones used due to their variety of applications 

and advantageous properties [1-11]. Despite being widely used, most carbon steel cannot resist 

corrosion in the environment where it is used, where it naturally tends to deteriorate. Therefore, 

strategies must be used to mitigate corrosion. In this sense, corrosion inhibitors can be applied 

to practically any cooling system. The search for natural and biodegradable compounds plays 

a satisfactory role in corrosion inhibition [1-5]. Thus, studying citric acid or sodium citrate 

becomes very promising [7, 12-21]. In the food and beverage industry, citric acid is mainly 

used due to its antioxidant properties, which are used to preserve food or as an acidifier [7,12-

21].  

According to the literature, adding sodium citrate increases corrosion due to the 

displacement of Fe+2 ions from the passive layer [22]. In this proposal, the corrosion 

mechanism is accentuated by the adsorption of citrate ions [22]. However, when using 

chlorides, pitting corrosion is partially blocked by the presence of sodium citrate [23]. In this 

mechanism, the diffusion of complexed Fe+2 ions is smaller than its metal aquo complex. In 

this way, diffusion limits corrosion, which decreases the corrosion rate (CR) [23]. Ashassi et 
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al. [24] showed that diffusion using a rotating electrode strongly influences sodium citrate's 

anticorrosive effect. However, from a rotation of 2000 rpm, there is a decrease in the inhibition 

promoted by sodium citrate [24]. 

Thus, in this work, the electrochemical corrosion of carbon steel in an aqueous medium 

with 125 ppm chloride and pH = 6.00 simulates a typical cooling water. Furthermore, the effect 

of sodium citrate as a corrosion inhibitor was studied.   

2. Materials and Methods 

In this study, a cell with three electrodes was used. The auxiliary electrode consisted of 

Pt (4 cm2). The reference electrode was the saturated Ag/AgCl, and the working electrode was 

carbon steel. The working electrode was sanded with 1500 water sandpaper, washed with 

deionized water and alcoholic solution, and dried at room temperature. The exposed area of the 

electrode for linear polarization analysis was 1 cm². The linear polarization measurements were 

performed on an Autolab PGSTAT potentiostat. The curves were treated using the NOVA©68 

software, where the linearization of the anodic and cathodic curves was performed, around ± 

30 mV in relation to open circuit potential (OCP), and the potential scan rate used was 0.16 

mVs-1. The electrolyte was prepared with the addition of 125 ppm of NaCl adjusted with pH = 

6.00 with a stock solution of clorhidric acid 1x10-3M. The corrosion inhibitor tri-sodium citrate 

(Na3Cit) dehydrate (Sigma-Aldrich) was added at different concentrations to study its effect as 

a corrosion inhibitor. The corrosion rate was calculated using the Faraday Law (Equation 1), 

and the coverage degree was calculated using Equation 2. To study the effect of temperature 

on steel corrosion with and without Na3Cit, the electrochemical cell was kept in a thermostatic 

water bath (Láctea cientifica LAC – F30/CD) in temperatures 288, 298, and 308 K.  

𝐶𝑅 =
𝑀𝑀. 𝑖𝑐𝑜𝑟𝑟

𝑧𝐹𝜌
        (𝐸𝑞. 1) 

𝜃 =
𝑖𝑐𝑜𝑟𝑟 − 𝑖𝑐𝑜𝑟𝑟

𝑐

𝑖𝑐𝑜𝑟𝑟
       (𝐸𝑞. 2) 

Where: 𝑖𝑐𝑜𝑟𝑟
𝑐 , 𝑖𝑐𝑜𝑟𝑟 are corrosion currents: with and without  Na3Cit, respectively;  is 

the coverage degree; Z is the electric charge of the ion; F is the Faraday's constant (96500 C 

/mol); and 𝜌 is the metal density. 

The XRD analyses were obtained by measures in the Shimadzu XRD-6000 

diffractometer, operating in current scan mode (20º-70º), with Cu Kα radiation (λ = 1.54086 

Å), generated at 30 kV and with 30 mA, with steps of 1ºs-1. SEM analyses were performed at 

the UFMG microscopy center. Micrographs were fitted on a Bruker Nano Berlin, Germany 

microscope with a secondary electron detector, backscattered, and EED with high vacuum 

mode operating between 10-6 and 10-7 torr and low vacuum mode operating at 10-2 torr. 

3. Results and Discussion 

Figure 1 shows the corrosion rate behavior of carbon steel in different sodium citrate (Na3Cit) 

concentrations. 
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Figure 1. Corrosion rate behavior of carbon steel in different sodium citrate (Na3Cit) concentrations in pH = 

6.00 and 125ppm of chloride. 

The Na3Cit promotes a reduction of around 80% of corrosion rate. The corrosion 

inhibition effect promoted by citrate can be elucidated electrochemically. According to the 

literature [25], Tafel analysis can provide relevant aspects of electrochemical reactions. The 

well-known Tafel (Equation 3) and Tafel coefficient (Equation 4) relation can be used to 

resolve the reaction mechanism or even to determine the reaction determinant step (rds) of the 

electrochemical reaction. 

𝜂 = 𝑎 +
2.303𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔𝑖𝑐𝑜𝑟𝑟    (𝐸𝑞. 3) 

𝜕𝜂

𝜕𝑙𝑜𝑔𝑖𝑐𝑜𝑟𝑟
=

2.303𝑅𝑇

𝛼𝑛𝐹
             (𝐸𝑞. 4) 

Where 𝜂 is the overpotential, 𝛼 is the Symmetry coefficient, and 𝑛 is the exchange 

electron number. 

In the cathodic region, we have the electrochemical evolution of gaseous hydrogen. 

Considering the value of the Tafel coefficient close to 118 mV/dec, we have reaction 

determinant step (rds) described by the Volmer pathway, such as in Equations 5 and 6 [26,27]. 

However, with a coefficient of around 60 mV/dec, step 2 is the most likely [27]. As can be seen 

from Figure 2, the coefficient of anodic Tafel without the addition of inhibitor has a value of 

62 mV/dec. This Tafel coefficient is theoretically compatible with a chemical step (Tafel 

pathway such as equation 7) representing the slow step of the hydrogen evolution reaction. 

With the addition of the inhibitor, this value increases to 80 mV/dec. According to the literature, 

an increase in the Tafel coefficient can mean a variation in the 𝛼 [25].  

  

Figure 2. Tafel plot of carbon steel in pH = 6.00 and 125ppm of chloride, with and without the addition of 

Na3Cit. 

𝐻(𝑎𝑞)
+ + 𝑒− → 𝐻𝑎𝑑𝑠             (𝐸𝑞. 5)    
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𝐻(𝑎𝑞)
+ + 𝑒− + 𝐻𝑎𝑑𝑠 → 𝐻2(𝑔)      (Eq. 6)  

𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2(𝑔)               (Eq. 7)  

On the anodic side, the obtained Tafel coefficient is 118mV/dec. This coefficient 

appears consistent with rds related to the oxidation shown in Equation 8 [28], with a subsequent 

step represented by Equation 9. Similarly to what was discussed for the cathode part, a change 

in the charge transfer coefficient caused by the adsorption of the inhibitor can cause an increase 

in the Tafel coefficient, as shown in Figure 2. 

𝐹𝑒(𝑠) + 𝑂𝐻(𝑎𝑞)
− → 𝐹𝑒𝑂𝐻(𝑎𝑞)

+ + 2𝑒−      (Eq. 8)  

𝐹𝑒𝑂𝐻(𝑎𝑞)
+ → 𝐹𝑒(𝑎𝑞)

2+ + 𝑂𝐻(𝑎𝑞)
−        (Eq. 9)  

 

Figure 3 shows the fraction of species originating from citrate in relation to the pH 

value. Using the acid constant values of citric acid in 298 K (Ka1 = 7.4 x10-4, Ka2 = 1.7 x10-5, 

and Ka3 = 7.4 x10-7[10]), we can calculate the fraction of species originating from citrate in 

relation to the pH value. 

 
Figure 3. Fraction of species originating from citrate in relation to the pH. 

For a polyprotic citric acid (H3Cit), the equations that represent the percentage mole 

fraction of H3Cit (𝛽1), H2Cit- (𝛽2), HCit-2 (𝛽3), and Cit-3 (𝛽4), are respectively the Equations 

10,11,12 and 13.  

𝛽1 =
100[𝐻+]

[𝐻+] + [𝐻+]2𝐾𝑎1 + [𝐻+]𝐾𝑎1𝐾𝑎2 + 𝐾𝑎1𝐾𝑎2𝐾𝑎3
    (𝐸𝑞. 10) 

𝛽2 =
100[𝐻+]2𝐾𝑎1

[𝐻+] + [𝐻+]2𝐾𝑎1 + [𝐻+]𝐾𝑎1𝐾𝑎2 + 𝐾𝑎1𝐾𝑎2𝐾𝑎3
    (𝐸𝑞. 11) 

𝛽3 =
100[𝐻+]𝐾𝑎1𝐾𝑎2

[𝐻+] + [𝐻+]2𝐾𝑎1 + [𝐻+]𝐾𝑎1𝐾𝑎2 + 𝐾𝑎1𝐾𝑎2𝐾𝑎3
    (𝐸𝑞. 12) 

𝛽4 =
100𝐾𝑎1𝐾𝑎2𝐾𝑎3

[𝐻+] + [𝐻+]2𝐾𝑎1 + [𝐻+]𝐾𝑎1𝐾𝑎2 + 𝐾𝑎1𝐾𝑎2𝐾𝑎3
  (𝐸𝑞. 13) 

The percentage of citrate species at pH = 6 is approximately 69% of HCit-2, 6% of 

H2Cit- and 25% of Cit-3. This complex distribution makes it difficult to analyze the 

anticorrosive effect of citrate in solution. A study using adsorption isotherms was carried out 

to discuss the inhibition of Na3Cit through chemisorption or physisorption. 

3.1. Adsorption isotherms and kinetic analysis. 

Initially, the first step to inhibit corrosion begins with an adsorption of the inhibitor on 

the active surface of the metal. The Langmuir adsorption model considers that inhibitors adsorb 
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through a monolayer, where the adsorption enthalpy variation (∆𝐻𝑎𝑑𝑠) does not change with 

the advancement of adsorption. Considering citrate anions (Na3Cit) as a corrosion inhibitor, in 

this case, the Langmuir isotherm for adsorption is given by Equation 14. 

[Na3Cit]𝑒𝑞

𝜃
=

1

𝑘𝑎𝑑𝑠
+ [Na3Cit]𝑒𝑞        (Eq. 14) 

where Kads is the adsorption constant 

 
Figure 4. The linear fit of Languimir isotherm for carbon steel immersed in a solution at pH = 6.00 with 

different values of Na3Cit concentration. 

Figure 4 shows the linear fit using Equation 13 for carbon steel immersed in a solution 

at pH = 6.00 with different values of Na3Cit concentration. The value of ∆Gads can be obtained 

from 𝑘𝑎𝑑𝑠 (Equation 15).  

𝑘𝑎𝑑𝑠 = (
1

55.5
) 𝑒

−∆Gads
𝑅𝑇                             (𝐸𝑞. 15) 

Where: R is the gas constant (8.3144621 JK−1mol−1 ); T is the temperature in Kelvin, 

and ∆Gads is the Free Gibbs energy of adsorption. 

Ea is the activation energy, T is the temperature in Kelvin, and A is the exponential 

factor. 

According to the literature, values lower in modulus than -20 kJ/mol for energy 

adsorption are related to physisorption. On the other hand, values close to -40 kJ/mol are 

reported as chemisorption [5]. We see a mixed behavior in this case since the values are 

between 20 and 40 kJ/mol (table 1).  

Table 1. Linear fit using the Langmuir isotherm for carbon steel immersed in a solution at pH = 6.00 and 125 

ppm of Cl- with different values of Na3Cit concentration. 
pH Kads Angular coefficient R2 ∆𝑮𝒂𝒅𝒔 (kJ/mol) 

6.00 5.58 x103 1.15 0.999 -31,32 

One can analyze the corrosion results with temperature variation using the transition 

state theory, which corresponds to an alternative approach to the Arrhenius formulation (16) 

[30-32]. This result is shown in Figure 5. 
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Figure 5. The Arrhenius plot for carbon steel in pH = 6.00 and 125ppm of chloride, with and without the 

addition of Na3Cit. 

𝑙𝑛 (
𝐼𝑐𝑜𝑟𝑟

𝑇
) = 𝑙𝑛

𝑅

𝑁ℎ
−

∆𝑆#

𝑅
−

∆𝐻#

𝑅𝑇
           (𝐸𝑞. 16) 

Where: N: Avogadro's number (6.02214179 x 1023); h: Planck's constant; ΔH# and ΔS#: 

are Enthalpy and Entropy variation for activated complex formation, respectively. 

It is observed that, with inhibitor addition, the ΔH# value subtly decreases from 70.50 

to 68.44 kJ/mol (Table 2). This feature shows that in the corrosion process, the adsorption of 

inhibitor molecules occurs mainly through chemisorption [30]. Several theories are used in the 

literature to explain this phenomenon. According to Riggs and Hurd [31], with high 

concentrations of inhibitors, the corrosion reaction shifts to covered regions of the electrode 

surface, which causes a decrease in the activation energy [30]. Based on the studies by Schmid 

and Huang [30], we propose the possibility that citric acid, formed at the electrified interface, 

can inhibit the cathodic and anodic reaction by changing the symmetry coefficient. According 

to the literature for the most negative entropy values, implications that the slow step of the 

reaction is more related to the formation of the activated complex rather than its dissociation 

[32]. Furthermore, the increased ΔG# value of 70.57 to 100.13 kJ/mol (Table 2) using the 

corrosion inhibitor shows that the process becomes less spontaneous for forming the activated 

complex. 

Table 2. Linear fit using the Langmuir isotherm for carbon steel immersed in a solution at pH = 6.00 and 

125ppm of Cl- with different values of Na3Cit concentration. 

Inhibitor concentration in ppm ∆𝑯#(kJ/mol) ∆𝑺#(J/Kmol) ∆𝑮#(kJ/mol) 

0 70.50 -77.05 ´70.57 

3000 68.44 -106.37 100.13 

3.2. X-ray diffraction and SEM and EDS. 

Figure 6 shows the XDR measure of carbon steel after 2h in a 125ppm Cl- solution at pH = 6, 

with and without the addition of Na3Cit. 

After corrosion, it is noted CCC (body-centered cubic), with crystallographic planes 

[110] and [200] at 44.93º and 65.49º, respectively, in both with and without Na3Cit. In the 

sample without adding Na3Cit, the corresponding peaks of the Fe3O4, 𝛽 −FeOOH, and FeCO3 

phases are found. According to the literature, an 𝛽 −FeOOH phase is strongly influenced by 

the presence of chloride ions. It is clearly noted that with the addition of Na3Cit, the formation 

of the 𝛽 −FeOOH phase is strongly suppressed. According to the literature [33], the formation 

of complexes with Fe+3 can influence the formation of the 𝛽 −FeOOH phase. 
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Figure 6. XDR measure of carbon steel after 2 h in a 125ppm Cl- solution at pH = 6, with and without the 

addition of Na3Cit. 

Moreover, for a steel sample that was immersed in the citrate solution, a clear reduction 

in the intensity of the peaks in the diffractogram can be noted. This reduction is due to the 

smaller amount of corrosion product formed as a result of the decrease in the corrosion rate 

caused by citrate inhibition.  

Figure 7 shows the SEM of carbon steel after 2 h in a 125 ppm Cl- solution at pH = 6, 

with and without the addition of Na3Cit. 

  
(a) (b) 

  
(c) (d) 

Figure 7. SEM of carbon steel after 2h in a 125ppm Cl- solution at pH = 6: (a) with the addition of Na3Cit, in 

50 µm; (b) with the addition of Na3Cit, in 10 µm; (c) without the addition of Na3Cit, in 50 µm; (d) without the 

addition of Na3Cit, in 10 µm. 
 

There is a clear difference between the sample with and without the corrosion inhibitor 

(Figure 7). In the sample without the inhibitor, a typical surface of a corrosion process is 

presented, with an irregular surface due to the action of cathode and anode sites. On the other 
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hand, from the sample with the corrosion inhibitor, a surface presents more smoothly due to a 

possible formation of a tiny film not detectable by SEM [34].  

 
Figure 8. EDX of carbon steel after 2h in a 125ppm Cl- solution at pH = 6, with and without the addition of 

Na3Cit. 

The chemical composition of the surface was also studied using the EDX measures 

(Figure 8). It is noted that the amount of oxygen on the sample's surface is significantly less in 

the sample with the corrosion inhibitor. Moreover, the amount of surface carbon increases in 

the sample with the inhibitor. This could be an indication of an inhibitor film adhered to the 

surface due to the chemisorption process.  

4. Conclusions 

The Na3Cit promotes a reduction of around 80% of the corrosion rate of carbon steel at 

125ppm Cl- at pH =6. In the anodic region, the Tafel coefficient is theoretically compatible 

with the Tafel pathway for hydrogen evolution. On the anodic side, the obtained Tafel 

coefficient is compatible with a mechanism that passes through an intermediary 𝐹𝑒𝑂𝐻(𝑎𝑞)
+ . In 

both cases, the presence of the inhibitor caused an increase in the Tafel coefficient, possibly 

due to the change in the alpha value. According to adsorption measurements, the carbon steel 

inhibition process in citrate can be characterized as a mixture of chemisorption and 

physisorption. Thermodynamic values for the activated complex also indicate a mixed 

mechanism. Furthermore, the increase in ΔG# value shows that the corrosion process is less 

spontaneous when using Na3Cit as a corrosion inhibitor. Through XRD measurements for a 

steel sample immersed in the citrate solution, there is a clear reduction in the intensity of the 

peaks in the diffractogram due to the smaller amount of corrosion product formed. 

Furthermore, EDX and SEM measurements corroborate the formation of a thin inhibitor layer 

on the steel.  
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