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Abstract 

The work investigates the extract of the green coffee bean as a green corrosion 

inhibitor for aluminum in the artificial acid rain at different temperatures. 

Corrosion rate, degree of surface coverage, and inhibition efficiency were 

determined using electrochemical measurement (Tafel polarization). The results 

revealed that the green coffee bean extract served as a good inhibitor for 

reducing corrosion attack of aluminum in the tested medium. In addition, the 

inhibition efficiency reached maximum level at 8.0 g/L of 84.4, 97.4 & 98.1% 

for 300, 313, & 323 K, respectively. The findings proved that the Langmuir 

isotherm was the best model for the adsorption on the tested metal.  ANOVA 

test demonstrated that concentration of the green coffee extract plays significant 

role in corrosion inhibition of aluminum, while there is no significant 

differences of temperature changes. 

Keywords: Green Coffee, Eco-friendly, Metal, Acid rain, Adsorption, 

Polarization. 
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List of symbols and Abbreviation  

Absolute temperature T 

Adsorptive equilibrium constant 𝐾𝑎𝑑𝑠  

Concentration of the inhibitor C 

Corrosion Current Density  icorr 

Corrosion Potential  Ecorr 

Corrosion Rate  CR 

Counter electrode CE 

Standard free energy of adsorption ∆𝐺𝑎𝑑𝑠 

Degree of surface coverage θ 

Green Coffee Extract  GCE 

Inhibition Efficiency  IE 

Polarization resistance Rp 

Reference electrode RE 

Universal constant gas R 

Working electrode WE 

 

1. INTRODUCTION  

Coffee has been for decades one of the most commercialized food products and most 

widely consumed beverages in the world [1,2].  Green coffee extract (GCE), prepared 

from green or raw (unroasted) coffee beans, is one of the most common, traditional 

forms of coffee. GCE is also present in roasted coffee, but much of this is destroyed 

during the roasting process [3]. There has been a significant global increase in coffee 

consumption in recent years; 2010 saw coffee production reach 8.1 million tons 

worldwide. Furthermore, per capita consumption in North European countries may 

reach 8 kg/year; more than double that of the United States or Brazil [4]. 

Scientifically, the coffee tree belongs to the Rubiaceae family, genus Coffea. Although 

more than 80 coffee species have been recognized globally, only two are economically 

important: Arabica coffee (Coffea arabica) and Robusta coffee (Coffea canephora). 
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The former is responsible for approximately 70% of the global coffee market, whilst 

the latter accounts for the remaining 30% [4]. 

Toci & Farah, [5] reported that unroasted coffee seeds contain a poor volatile fraction, 

this gives them a weak but characteristic aroma. Around 100 different volatile 

compounds have been studied in green coffee seeds, including ketones, pyrazines, 

furans, and sulphur; however, the most abundant classes of volatile compounds are 

alcohols, esters, hydrocarbons, and aldehydes.  

GCE has been introduced as a rich source of chlorogenic acid [3,6], it is also a major 

source of chlorogenic acid in nature (5–12 g/100 g). Chlorogenic acids are phenolic 

compounds formed by the esterification of cinnamic acids such as caffeic, ferulic and 

p-coumaric acids with (-)-quinic acid [7,8]. This compound is known as an antioxidant 

and may slow the release of glucose into the bloodstream after a meal [9]. Potatoes [10], 

the flesh of eggplant [11], and prunes [12] all contain isomers of chlorogenic acid; 

however, the richest source of chlorogenic acid is green coffee bean extract [3].   

During this study, a methanolic extract of Arabica coffee (Coffea arabica) was used as 

a green corrosion inhibitor for aluminum in the artificial acid rain. The green coffee 

beans were obtained from Berkat Madinah Sdn. Bhd.  

 

2. METHODOLOGY  

2.1.Preparation of Aluminum coupons 

Aluminum coupons were used as working electrode, with area 1.0 cm2. For 

electrochemical testing, the coupons must be prepared in bulk of cold mounting, and 

finally, one side will contact with the medium. The coupons were degreased by washing 

with ethanol, cleaned with acetone, and left to dry prior testing. 

 

2.2.Plant extraction 

The green coffee beans were obtained from Berkat Madinah Sdn. Bhd. The collected 

beans grounded to form a powder. 500g of dried of grounded beans was then extracted 

using 750 mL of 99.8% methanol for 48 hours at room temperature. The solution was 

filtered twice and the residue extracted agian. The solvent was evaporated using a rotary 

evaporator model EYELA. The resultant, a light green crude of methanolic extract, was 

stored at 4°C for further use.    

 

2.3.Electrochemical tests 

The electrochemical method is fundamentally used for evaluating the efficiency of 

corrosion inhibitors (IE). Current-potential curves were measured using a conventional 

three-electrode cell, including a working electrode (WE) containing aluminum, a 

counter electrode (CE) made from a platinum sheet, and the reference electrode (RE) 

consisting of Ag/AgCl. The electrolyte was prepared as in a previous study [13] with 



174 Fadel M. BinYehmed, Ahmad M. Abdullah, Zulkarnain Zainal, Ruzniza. M. Zawawi 

modification, it was acidified with H2SO4 and NHO3 to obtain pH 4.5. This simulated 

acid rain which is commonly found in polluted, urban environments. The experiments 

were performed both in the absence and presence of 0.25, 0.5, 1.0, 2.0, 4.0 & 8.0 g/L 

of the inhibitor. The experiments were run at different temperatures (300, 313 & 323 K). 

The electrochemical corrosion current density was evaluated using the well-known 

Stern-Geary   equation: 

𝑖𝑐𝑜𝑟𝑟 =
𝛽𝑎×𝛽𝑐

2.303(𝛽𝑎+𝛽𝑐)
×

1

𝑅𝑝
                                                 (1) 

Where, icorr is the corrosion current density; 𝛽𝑎is the anodic Tafel constant; 𝛽𝑐 is the 

cathodic Tafel constant and Rp is the polarization resistance. 

Corrosion current density (icorr) was estimated from intercept of cathodic and anodic 

Tafel lines, and the inhibition efficiency (IE %) was calculated using the following 

equation: 

𝜃 =
𝑖𝑐𝑜𝑟𝑟

0 −𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
𝑜                                                           (2) 

where, 𝜃 is the degree of surface coverage of the metal surface  𝑖𝑐𝑜𝑟𝑟 and 𝑖𝑐𝑜𝑟𝑟
0   are the 

corrosion current density with and without the inhibitor, respectively. It can also be 

estimated using obtained corrosion rate values as following: 

𝜃 =  
𝐶𝑅𝑜−𝐶𝑅

𝐶𝑅0                                                                (3) 

where, 𝜃 is the degree of surface coverage of the metal surface, and CR and CR0 are the 

corrosion rate with and without the inhibitor, respectively. The inhibition efficiency (IE 
%) can be calculated from the following equation: 

𝐼𝐸% = 𝜃 × 100                                                             (4) 

The standard free energy of adsorption (∆𝐺𝑎𝑑𝑠) can be calculated from equation (5): 

∆𝐺𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛(55.5 × 𝐾𝑎𝑑𝑠)                                        (5) 

where, R is the universal constant gas, T is absolute temperature, and the value of 55.5 

is the concentration of water in solution expressed in mol/L.  

 

 

3. RESULTS AND DISCUSSION   

3.1.Inhibition Efficiency 

Corrosion rate, degree of surface coverage and inhibition efficiency of the effect of 

GCE on the aluminum specimen are tabulated in Table 1.  
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Table 1. Tafel parameters and inhibition efficiency obtained from the effect of GCE 

on aluminum in artificial acid rain solution 

T 
K 

C 
g/L 

Ecorr 

mV 
icorr 

µA/cm2 
Rp 
KΩ 

CR 
µm/year 

𝜃 IE 
% 

300 0 -684.5 9.996 26.11 86.93   

0.25 -649 7.635 28.52 65.15 0.2505 25.05 

0.5 -623.5 6.685 45.31 46.68 0.4629 46.29 

1 -600.4 6.319 58.25 41.42 0.5235 52.35 

2 -590.4 3.306 56.46 25.81 0.7030 70.30 

4 -537.2 4.635 49.54 19.26 0.7784 77.84 

8 -470.3 2.158 51.36 12.71 0.8537 85.38 

313 0 -678.8 10.59 19.76 105.08   

0.25 -643.1 1.167 34.05 47.42 0.5487 54.88 

0.5 -599.3 1.327 47.99 15.45 0.8529 85.29 

1 -570.8 0.8312 56.92 8.15 0.9224 92.24 

2 -542.1 0.7464 70.64 6.69 0.9363 93.64 

4 -530.3 0.3909 99.24 3.99 0.9619 96.19 

8 -521.8 0.2398 119.3 2.73 0.9739 97.39 

323 0 -731.4 11.12 20.51 125.57   

0.25 -644.5 1.367 26.8 40.42 0.6780 67.81 

0.5 -578.4 1.336 35.9 14.23 0.8866 88.66 

1 -546.8 1.325 47.56 16.14 0.8714 87.14 

2 -531.4 0.7701 62.0 7.38 0.9412 94.12 

4 -518.8 0.3971 85.77 4.31 0.9656 96.56 

8 -502.1 0.2688 110.5 2.41 0.9808 98.08 

 

From results obtained, obviously, it can be observed that the GCE performed as a good 

green inhibitor for aluminum in the artificial acid rain. The corrosion rate decreased 

significantly with increasing of the inhibitor concentrations, and in contrary, the 

inhibition efficiency increased with the increase concentration inhibitor. As shown in 

Table 1, the corrosion rate decreased from 86.9 to 12.7 µm/year, and the maximum IE 

achieved 85.4% at a concentration of 8.0 g/L at 300K. In addition, at 313K the corrosion 

rate decreased from 105.1 to 2.7 µm/year and the maximum IE reached 97.4% at 8.0 

g/L. At a temperature of 323K, the corrosion rate decreased from 125.6 to 2.4 µm/year, 

and the maximum IE reached 98.1% at 8.0 g/L. It can be observed that at all tested 

temperatures, the maximum IE was be reached at 8.0 g/L 

Fig. 1 (a) & (b) shows the plots of corrosion rate and IE against GCE concentrations at 

different temperatures. Fig. 1(a) illustrates the effect of GCE on the corrosion rate of 

aluminum at different temperatures, while Fig. 1(b) shows the inhibition efficiency. It 
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can observe that the investigated inhibitor acts as a good green inhibitor at a higher 

temperature, while it has a lower efficiency at 300K. The effect of temperature on 

inhibition reaction is highly complex, because many changes may occur on the metal 

surface such as rapid etching, rupture, desorption of inhibitor and the decomposition 

and/or rearrangement of inhibitor. Apparently, the GCE has a good efficiency at 323 

and 313K compared to 300K, as shown in Fig. 1.  

 

 

 

 

Fig. 1 Corrosion rate (a) and inhibition efficiency (b) of Aluminum in AAR in the 

presence and absence of GCE at different temperatures 
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3.2.Potentiodynamic polarization measurements  

The kinetics of the anodic and cathodic reactions occurring on the aluminum electrode 

in AAR solution with different GCE concentrations were studied using the polarization 

measurements. The complete potentiodynamic polarization curves are shown in Fig. 2.  

  

(a) 

 

(c) 

 

(c) 

Fig. 2 Tafel polarization curves for aluminum in AAR at different concentrations of 

inhibitor GCE at (a) 300 K, (b) 313 K & (c) 323 K 
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The electrochemical parameters, i.e. corrosion potential (Ecorr), corrosion current 

density (icorr), and polarization resistance (Rp), shown in Table 1, were derived from 

Tafel plots. The potentiodynamic polarization curves, clearly illustrate that the Ecorr 

values shifted to more negative potentials with an increase in GCE concentration. This 

effect may be related to the adsorption of the organic compound at the active sites on 

the electrode surface, retarding the corrosion reaction. The increase in GCE 

concentration caused a clear decrease in the cathodic current density, this indicates that 

the hydrogen evolution reaction is reduced exclusively by the surface blocking effect 

[14] of GCE. The data are shown in Table 1 clearly shows that the icorr values decreased 

and, as expected, the Rp values increased in the presence of GCE; this indicates that the 

corrosion process was suppressed with the increase in inhibitor concentration. 

 

3.3.Adsorption Isotherm  

Organic compounds as green corrosion inhibitors decrease the corrosion of metal 

through the adsorption on the metallic surface followed by forming a protective layer 

[14]. In order to understand the mechanism of corrosion inhibition, the adsorption 

behavior of the adsorbate on the aluminum surface must be known. The information on 

the interaction between the inhibitor molecules and the metal surface can be provided 

by adsorption isotherm. The degree of surface coverage (𝜃) for different concentrations 

of inhibitor was evaluated from potentiodynamic polarization measurements. The data 

was applied to various isotherms including Langmuir, Temkin and Frumkin. It was 

found that the data best fits the Langmuir adsorption isotherm. This model can be 

calculated from equation (6): 

𝐶

𝜃
=  

1

𝐾𝑎𝑑𝑠
+ 𝐶                                                      (6) 

where, θ is the degree of surface coverage, C is the concentration of the inhibitor, and 

𝐾𝑎𝑑𝑠 is the adsorptive equilibrium constant. 

For an ideal Langmuir adsorption phenomenon, the plot of (C/𝜃) vs. C gives a straight 

line with (1/𝐾𝑎𝑑𝑠) as the intercept and slope equal to unity. The Langmuir adsorption 

isotherms for the adsorption of GCE on surface at different temperatures are presented 

in Fig. 3. The plots exhibited linear behaviour; however, the slopes are close to unity. 

The linear regression coefficients (R2) were 0.999, 0.9998 and 0.9999 for 300, 313 and 

323K, respectively, as represented in Table 2. 

Table 2. Adsorption parameters for the adsorption of GCE in AAR on aluminum at 

different temperatures 

T ∆𝐺𝑎𝑑𝑠 Kads Slope R2 

300 -10.2 1.4 1.1 0.999 

313 -15.9 8.4 1.0 0.9998 

323 -16.8 9.3 1.0 0.9999 
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Fig. 3. Linear fitting of GCE to Langmuir adsorption  

isotherm at (a) 300, (b) 313, & (c) 323 
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The standard free energy of adsorption (∆𝐺𝑎𝑑𝑠) is related to 𝐾𝑎𝑑𝑠 by the reaction 

isotherm equation (5). From these parameters, some valuable information about overall 

process of adsorption can be derived. The values of ∆𝐺𝑎𝑑𝑠 are -10.2, -15.9 and -16.8 

kJ/mol. The negative values of ∆𝐺𝑎𝑑𝑠 implied that the process of adsorption of GCE 

was spontaneous and GCE as an adsorbed layer on the aluminum surface was stable. 

Usually, physisorption processes were accompanied with lower ∆𝐺𝑎𝑑𝑠values below -

20 kJ/mol and chemisorption, on the other hand, involves a higher ∆𝐺𝑎𝑑𝑠 above -40 

kJ/mol. 

In addition, Table 3 exhibits the comparison of Langmuir isotherm with other models 

such as Temkin and Frumkin. The tests revealed that the best isotherm for the 

adsorption of GCE on aluminum surface was the Langmuir isotherm.  

Table 3. Correlation coefficient and slope values of three types of adsorption 

isotherms 

T Langmuir Temkin Frumkin 

Slope R2 Slope R2 Slope R2 

300 1.09 0.999 0.17 0.9669 -0.46 0.6026 

313 1.01 0.9998 0.10 0.6698 0.29 0.0733 

323 1.01 0.9999 0.07 0.7659 -0.27 0.0474 

 

In fact, Langmuir adsorption isotherm model assumes that the mechanism of the 

adsorption occurs on definite homogenous sites on the surface of metal and it is used to 

great effect in several monolayer adsorption processes [14]. 

Fouda et al., [15] studied the inhibition action of coffee husk extract on the corrosion 

of aluminum in HCl medium at different temperature using weight loss, 

potentiodynamic polarization, electrochemical impedance spectroscopy and 

electrochemical frequency modulation methods. The results revealed that the coffee 

husk performed as a good inhibitor for aluminum corrosion in 0.5 M HCl medium. The 

adsorption of the investigated inhibitor on aluminum surface followed the Langmuir 

and Temkin adsorption isotherm. The values of the standard of free energy were -15.54 

and -15.92 kJ/mol at 25 and 45oC, respectively, and the negative values of 

∆𝐺𝑎𝑑𝑠 showed the spontaneity of the adsorption. 

The most obvious finding to emerge from this study is that a green coffee bean extract 

severs a good green corrosion inhibitor for aluminium in artificial acid rain, this action 

may be attribute to the various chemical constituents of the green coffee. Cholorogenic 

acid as phenolic compounds may mitigate corrosion process through the formation of 

a protective layer on the surface of aluminum, and then blocks the one or both of active 

sites. In addition, the coffee contains many of oxygen atoms in functional groups (e.g. 

O-H, C=O, C-O, O-heterocyclic ring) and conjugated double bonds or aromatic rings 

which are the major characteristic for corrosion inhibitors. Based on the results of 

thermodynamic parameters, the adsorption is mainly electrostatic. Physical adsorption 

requires presence of both electrically charged surface of the metal and charged species 
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in the bulk of the solution. In acid solution, the molecules of green coffee bean 

components could be protonated in the acid media due to the interaction between O and 

H+. Aluminium surface is positively charged due to the accumulation of Al-OH2
+ 

species in the acidic solution. The presence of acid anions (in AAR medium) adsorb 

electrostatically on the positively charged, giving rise in for a net negative charge on 

the metal surface; and the organic cations are physically attracted to the anions layer 

which is formed on the metal surface, forming an electrostatic protective layer on 

aluminum. 

 

3.4.Differences in GCE corrosion inhibition on aluminum based on temperature 

and concentration 

One-way analysis of variance test was used to examine the significant difference in 

corrosion inhibition by green coffee bean extract (GCE) based on difference of 

temperature and concentration. The results showed that, there was no significant 

difference in corrosion rate (p >0.01) based on the three temperatures conditions T=300, 

(M = 42.57, SD = 26.49), T=313, (M= 27.07, SD=37.71), T=323 (M=30.07, 

SD=44.00.), F (2, 18) = .349, p = 0.710. Nevertheless, the ANOVA result for the 

concentration has shown that there was significant difference in corrosion inhibition by 

GCE, F (6, 14) = 18.692, p = .000. The Post Hoc analysis further shows that, at 0.00 

concentration, the corrosion rate (M=105.86, SD=19.33) significantly differ from that 

of 0.25 Conc (M=50.99, SD=12.75), 0.50 Conc (M=25.45, SD=18.39), 1.00 Conc 

(M=21.90, SD= 17.37), 2.00 Conc (M=13.29, SD= 10.85), 4.00 Conc (M=9.19, 

SD=8.73) and lastly, the 8.00 Conc (M=5.95, SD=5.86). Thus, it has been observed that 

temperature change did not play significant role in corrosion inhibition by green coffee 

bean extract on aluminum, but the concentration did. 

 

4. CONCLUSION  

The study has been investigated the effect of green coffee bean extract on aluminum 

corrosion in an acidic polluted medium such as artificial acid rain. The key factor here 

was the inhibition efficiency, which derived from the results of corrosion rate using 

electrochemical test. The findings obtained exhibited that the green coffee bean extract 

acted as a good corrosion inhibitor for aluminum in tested medium, and it can be 

observed that the maximum inhibitor efficiency reached at 8.0 g/L. Langmuir 

adsorption isotherm was found the best model to understand the type of adsorption, and 

the values of standard free energy of adsorption revealed the type of adsorption was 

physical adsorption. ANOVA test proved that the temperature changes did not play 

significant role in corrosion inhibition by green coffee bean extract on aluminum, but 

concentration did. 
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