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Abstract 

The effect of the phenolic (OOMW-Ph) and non-phenolic (OOMW-NPh) fractions of 

the extract of olive oil mill wastewaters was evaluated as corrosion inhibitor of steel in 

molar hydrochloric using weight loss measurements and electrochemical polarisation. 

The results obtained reveal that the referred compounds reduce the corrosion rate.  The 

inhibiting action increases with the concentration of the extract compounds to attain 

88.9% and 89.1% of OOMW-Ph and OOMW-NPh, respectively. The increase in 

temperature leads to a decrease in the inhibition efficiency of the compounds in the 

temperature range 303 at 333 K. The adsorption isotherm of the inhibitors on the steel 

surface has been determined. The thermodynamic data of activation and adsorption are 

determined as well.  

The phenolic compound (bioactive) most abundant in OOMW extracts is 

hydroxytyrosol (4 - (2-hydroxyethyl) -1, 2-benzenediol), playing an important role in 

the effect of the anti-corrosion, either alone or in synergy with other two compounds 

(tyrosol and oleuropein (4 - (2-hydroxyethyl) phenol) which are present with 

considerable amounts. 

 

Keywords: phenolic fraction, non-phenolic fraction, extract of olive oil mill 

wastewaters, inhibition, corrosion, steel, acid, hydroxytyrosol, oleuropein, tyrosol. 
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Introduction 

The industrial sector is strongly affected by corrosion which can cause waste of 

raw materials and energy, creates accidents with serious consequences, and 

contributes to the pollution of the natural environment [1]. Among various 

methods of protection, the use of inhibitors which play an important role in the 

fight against corrosion, protecting and mitigating strategies to reduce the rate of 

dissolution of metals [2], that is to say, to reduce the rate of either anodic 

oxidation or cathodic reduction or both, the organic compounds containing hetero 

atoms (N, O, P or S) are effective corrosion inhibitors for corrosion of various 

some synthetic corrosion inhibitors have been identified to be toxic and non-eco-

friendly [11-12], due to the several negative effects they have caused in the 

environment [13]. The toxic effect does not only affect living organisms, but also 

poisons the environment [14]. Thus, search for eco-friendly and non-toxic 

corrosion inhibitors of natural sources has been considered to be more important 

and desirable [15]. On account of its availability in the main producing countries 

of olive oil, and its effectiveness in the struggle against corrosion, olive oil mill 

wastewater may replace synthetic inhibitors that are known by their toxic effects 

[16]. The results of the anticorrosion effect obtained from olive oil mill 

wastewater [16], encouraged us to test the extracts of phenolic and non-phenolic 

fractions. To the best of our knowledge, there is no report of the effect of the 

addition of the extract of the olive oil mill wastewater on the corrosion of C38 

steel alloy in HCl solution.   

Important quantities of phenolic wastes are produced from several industrial 

processes in Mediterranean countries each year during the season of production 

of olive oil. Olive mill wastewater (OMW) is a natural source with high amounts 

of bioactive substances with attractive properties [17], such as polyphenolic 

mixtures (4–10 g. L
-1

) with different molecular weights [18]. 

The olive fruit is very rich in phenolic compounds. Enzymatic and/or chemical 

reactions occurring along the olive oil extraction process result in several 

modifications of the phenolic compounds. The hydrolysis of the glycosidic bonds 

and the opening of secoiridoids ring are commonly reported [19-20]. The 

phenolic fraction of OMW is extremely complex, as demonstrated by several 

authors such as [17, 21-24]; many compounds are still unidentified, and more 

than twenty biphenyl have been identified recently via LC–MS–MS techniques, 

including,  cinnamic acid derivatives (such as caffeic, coumaric and ferulic acid), 

benzoic acid derivatives (such as protocatechuic, hydrobenzoic, vanillic and 

gallic acid) and β-3,4-dihydroxyphenyl ethanol derivatives (such as p-tyrosol and 

hydroxytyrosol [22, 25-29].  After the olive oil extraction process, only 1 to  2% 

of the total phenolic contents of the olive fruit passes in the oil phase, while the 

most part of the olive phenols, about  98% , in fact remain in the wastewater and 

also in solid wastes.  In olive mill waste (OMW) (approximately 53%) and in the 

pomace (approximately 45%) [30-34], hydroxytyrosol, tyrosol, oleuropein and 

caffeic acid are the major phenolic components [17]. 
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The objective of this research is to determine and compare the anti-corrosive 

effect for both phenolic and non-phenolic fractions of olive oil mill wastewater 

(OOMW) as inhibitor of corrosion of steel in an acid medium (HCl 1 M). The 

electrochemical behavior of C38 steel in HCl medium in the absence and 

presence of OOMW was studied by gravimetric and electrochemical techniques 

such as potentiodynamic polarization, linear polarization and impedance 

spectroscopy (EIS). The effect of temperature is also studied; it was also the aim 

of this study to test the experimental data with several adsorption isotherms at 

different temperatures to determine the standard free energy (Ea) of the 

adsorption process and get more information about the mode of inhibitor 

adsorption on the electrode surface (adsorption isotherm). 

 
Table 1. Physicochemical characterization of olive mill wastewaters (OOMW) used in 

the corrosion experiments. 

Parameters Unit value 

Humidity % 87 

pH (25 °C) ** 4.85 

Density g/L 1.03 

Electric conductivity (EC) ms/cm à 25 °C 28.5 

Mineralization g/L 27.01 

Turbidity TNU 2655 

Dissolved oxygen mg/L 0.1 

Total suspend solid (TSS) (g/L) mg/L 19 

MMS (Ash) mg/L 14.25 

MVS mg/L 4.75 

BOD5 g d'O2/L 18 

Total COD g d'O2/L 100 

Dissolved COD g d'O2/L 89 

Biodegradability DB05/DCO **** 0.2 

Oxidizable materials **** 41.67 

Total phenols (TPh) g/L 1.66 

Tannins g/L 0.29 

Orthophosphate mg/L 4.22 

Nitrate g/L 1.35 

Total sugars g/L 3.2 

Fats g/L 21.6 

Chloride (Cl
−
) g/L 1.85 

Sulfates g/L 4.52 

Potassium  K
+
 g/L 2.75 

Sodium  Na
+
 g/L 0.76 

Calcium  Ca
2+

 g/L 0.10 

Magnesium  Mg
2+

 g/L 0.11 
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Experimental details 

Samples and materials 
The aggressive solution (1 M HCl) was prepared by dilution of analytical grade 

37% HCl with bidistilled water; steel samples containing 0.09 % P, 0.38 % Si, 

0.01 % Al, 0.05 % Mn, 0.21 % C, 0.05 % S and the remainder iron were used; 

prior to all measurements, the steel samples have been polished with different 

emery papers up to 1200 grade, washed thoroughly with bidistilled water, 

degreased, and dried with ethanol acetone. 

The olive oil mill wastewaters (OOMW) samples used in this study were taken 

from a three phase olive mill located in the region of Taourirt, eastern of   

Morocco. The sample of OOMW has been obtained from olives well ripened, 

collected in November 2013. The effluent was subject to several consecutive 

filtrations to remove most of the suspended solids (TSS) and its main properties 

are given in Table 1. 

Gravimetric measurements are carried out in a double walled glass cell equipped 

with a thermostatic cooling condenser. The solution volume is 100 cm
3
. The steel 

specimens used have a rectangular form (2 cm x 1.8 cm x 0.3 cm). 

Electrochemical trends are carried out in a conventional three electrode 

cylindrical glass cell. The working electrode, in the form of a disc cut from steel, 

has a geometric area of 1 cm
2
. A saturated calomel electrode (SCE) and a 

platinum electrode are used as reference and auxiliary electrodes, respectively. 

The temperature is thermostatically controlled at 308 K. The polarisation curves 

are recorded with a potentiostat type EG and G 273, at a scan rate of 30mV/min. 

The steel electrode was maintained at corrosion potential for 30 min and 

thereafter pre-polarised at − 800 mV for 10 min. The potential was swept to 

anodic potentials. The test solution is de-aerated for 30 min in the cell with pure 

nitrogen which is maintained throughout the experiments 

 

Extraction of phenolic compounds from OMWW 
Several protocols have been developed for extract the phenolic compounds from 

olive oil mill wastewaters (OOMW). They are different from each other by the 

complexity of the protocol used and efficiency; liquid-liquid extraction was 

chosen for its simplicity and convenience [17]. The liquid-liquid extraction of the 

samples of olive mill waste water from its transformation with continuous olive 

ethyl acetate was carried out according to the protocol described by [35], but 

modified to meet our objective in the study of corrosion; 50 mL of (OMWW) 

centrifuged for 30 min at 4600 rpm in order to remove the total suspend solid 

(TSS) have been used; the supernatant was acidified to pH 2 with HCl and 

washed with hexane in order to remove the lipid fraction; the mixture was 

vigorously shaken and centrifuged for 30 min at 4600 rpm; the phases were 

separated and the washing was repeated successively three times; extraction of 

phenolic compounds was then carried out with ethyl acetate:  20 mL of the 

OMWW samples preventively washed were mixed with 10 mL of ethyl acetate; 

the mixture was vigorously shaken and centrifuged for 30 min at 4600 rpm; the 

phases were separated and the extraction was repeated successively three times. 

The ethyl acetate was evaporated under vacuum, the dry residue was dissolved in 
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10 mL of water bidistilled and this solution was used for study of the corrosion in 

1 M HCl medium. 
 

Extraction yield 
The extraction yield is calculated by the formula given by Falleh et al. [36], Eq. 

(1): 














−×=

)(

1100(%)
OOMWsample

Extract

M

M
R    (1) 

      

where R is the yield %, M (extract) is the mass of the extract after evaporation of 

the solvent in mg, and M (sample) is the dry mass of the plant sample in mg; 

Niaounakis & Halvadakis reported the phenolic extraction yield was equal to 1–

2% of wastewater [34]: we reached the extraction yield of 1.7%.  

 

Dosage of the polyphenols 
The total phenol content of olive oil mill wastewaters was determined 

calorimetrically using the Folin–Ciocalteu reagent [37]. An aliquot of the sample 

of the olive oil mill wastewaters standard was diluted, then mixed with the Folin–

Ciocalteu reagent and 1 mL of a sodium carbonate saturated solution. The final 

solution was left in the dark for 1 h, after which the absorbance of the solution 

was measured at 725 nm and compared against a blank prepared following the 

same protocol but without any sample. A range of gallic acid concentrations from 

0.0005 to 0.02 g/mL was used to prepare the calibration curves; total phenol 

values were expressed as gallic acid equivalents mg/L. 

 
Table 2. Gravimetric results of steel in 1 M HCl with and without addition of the 

(OOMW-Ph) and (OOMW-NPh) fractions at various concentrations, at 308 K. 

Inhibitor Concentration mL/L W (mg.cm
-2

.h
-1

) E% 

Blank 1 M 1.1177 * 

OOMW-Ph fraction 

1.00E-02 0.2842 74.6 

2.00E-02 0.2487 77.7 

3.00E-02 0.1914 82.9 

4.00E-02 0.1361 87.8 

5.00E-02 0.1242 88.9 

OOMW-NPh fraction 

2.00E-03 0.1621 85.5 

3.00E-03 0.1576 85.9 

4.00E-03 0.1408 87.4 

5.00E-03 0.1304 88.3 

6.00E-03 0.1223 89.1 

 

 

Results and discussion 

Weight loss measurements 
Table 2  resumes the corrosion rate obtained in 1 M HCl (W

0
corr) and at various 

contents of the phenolic fraction (OOMW-Ph)  and the non-phenolic fraction 

(OOMW-NPh) of the extract of olive oil mill wastewaters (Wcorr) determined at 
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308 K after 6h of immersion rate; the inhibition efficiencies Ew were determined 

by the relation (Eq. (2)): 

 









−×=

Corr

Corr
w

W

W
E

�

1100%     (2) 

 

Wcorr and W°corr are the corrosion rates of steel with and without (OOMW-Ph) 

and (OOMW-NPh) fractions of olive oil mill wastewaters, respectively. 

The additions of both phenolic and non-phenolic fractions reduce the corrosion 

rate in HCl solution. The inhibitory effect increases with the increase of fractions 

concentration; E% reaches a maximum of 88.9 % at 5.10
-2 

mL/L and 89.1% at 

6.10
-3 

mL/L for (OOMW-Ph) fraction and (OOMW-NPh) fraction, respectively. 

The effectiveness of the (OOMW-Ph)  and (OOMW-NPh) fractions is due to the 

presence of heteroatoms such as N, O, S. Because, on the one hand, the 

physicochemical composition of olive oil mill wastewater is rich in organic 

matter, and secondly, even if the phenolic compound, that is rich in heteroatoms, 

is isolated, the non-phenolic fraction is still rich in these compounds as protein 

fraction. However, we can classify two fractions tested according to the 

efficiency of growth inhibition as follows: (OOMW-Ph)< (OOMW-NPh). 

Finally, we can conclude that both phenolic and non-phenolic fractions of olive 

oil mill wastewaters extract are good inhibitors of corrosion of steel in 1 M HCl. 

The non-phenolic fraction achieves high efficiencies even at low concentrations. 

Therefore, this fraction also contains components playing the role corrosion. If 

we compare the effectiveness of two fractions for the same concentrations, we 

can say, in general, that the phenolic fraction participates with 15 to 20 % in the 

corrosive effect of olives oil mill wastewaters. 

 

 
Figure 1. Typical polarisation curves of steel in 1 M HCl for various concentrations of 

OOMW-Ph and OOMW-NPh fractions of olive oil mill wastewaters at 308 K. 

 

Electrochemical polarisation measurements 
The cathodic and anodic polarization curves of C38 steel in 1 M HCl in the 

absence and presence of  both phenolic (OOMW-Ph) and non-phenolic fractions 

(OOMW-NPh) of olive oil mill wastewaters (OOMW) at different 

concentrations, at 308 K, are presented in Fig. 1. 
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Table 3 gives the values of corrosion current (Icorr), corrosion potential (Ecorr), and 

cathodic Tafel slope (βc) for both phenolic and non-phenolic fractions of olive oil 

mill wastewaters in 1 M HCl. In the case of polarisation method, the relation (3) 

determines the inhibition efficiency (E %): 

 









−×=

Corr

Corr

I

I
E

�

1100%

    

(3)  

 

I°corr and Icorr are the uninhibited and inhibited corrosion current densities, 

respectively, determined by extrapolation of the cathodic Tafel lines to corrosion 

potential. 
 

Table 3. Polarisation parameters for steel in 1 M HCl at different contents of OOMW-

Ph and OOMW-NPh, at 308 K, and at various concentrations. 

Samples Concentration mL/L 

Tafel plots 

Ecorr (mV/s) βa (mV/dec) -βc (mV/dec) I corr (mA/cm
2
) E (%) 

Blank 1 M HCl -450.5 63.1 87.4 0.3786 - 

OOMW-Ph 

1.00E-02 -458.2 65.2 133.6 0.0345 90.9 

2.00E-02 -463.7 61.4 133.1 0.0474 87.5 

3.00E-02 -442.6 53.4 153.1 0.0722 80.9 

4.00E-02 -460.5 72.3 157 0.0841 77.8 

5.00E-02 -448.4 55.7 153.9 0.0912 75.9 

OOMW-NPh 

2.00E-03 -444.4 58.1 135.1 0.0466 87.7 

3.00E-03 -446.4 60.7 108.1 0.0491 87 

4.00E-03 -443.1 60.9 134.4 0.0621 83.6 

5.00E-03 -439.3 57.5 140 0.0688 81.8 

6.00E-03 -436.8 58 157.3 0.0838 77.9 

 

The recording of the anodic and cathodic polarization curves has been conducted 

to obtain information about the action of the inhibitor on the partial corrosion 

processes; the examination of Fig.1 and Table 3 shows that the addition of 

OOMW-Ph and OOMW-NPh fractions decreases the current density. The 

decrease is more pronounced with the increase of the inhibitor concentration; 

Tafel plots indicate that the mechanism of hydrogen reduction is activation 

control; the presence of OOMW does not affect the anodic Tafel slope, indicating 

that the mechanism of H
+
 oxidation is not modified with the OOMW-Ph and 

OOMW-NPh concentration.  

The polarization curves of steel in molar HCl with and without the phenolic and 

non-phenolic fractions of the olive mill wastewaters show that the addition of the 

inhibitor decreases low the anodic current densities in the studied domain of 

potential for the phenolic fraction (OOMW-Ph), but not for non-phenolic 
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fraction(OOMW-NPh). It could be concluded that the presence of OOMW don't 

affect the anodic dissolution of steel. The mode of action for phenolic fraction is 

slightly but significantly anode-cathode, that is to say, slightly mixed, but for the 

non-phenolic fraction the mode of action of the inhibitor is perfectly cathodic. 

The inhibition efficiency reaches 90.9 % at 10
-2

 mL/L concentration and 87.7 % 

at 2*10
-3

 mL/L of OOMW-Ph and OOMW-NPh, respectively, This phenomenon 

is interpreted by the adsorption of both fractions on steel surface leading to the 

increase of the surface coverage, θ, defined by E% / 100. E% increases with the 

compound concentration. We may conclude that OOMW-Ph and OOMW-NPh 

are effective inhibitors of steel corrosion in molar HCl. 

 

 
Figure 2. Nyquist diagrams for steel electrode with and without phenolic (OOMW-Ph) 

and non-phenolic (OOMW-NPh) fractions after 30 min of immersion in 1 M HCl for 

various concentrations. 

 

Electrochemical impedance spectroscopy measurements (EIS) 
The corrosion behavior of steel in acidic solution 1 M HCl in the absence and 

presence of the phenolic fraction (OOMW-Ph) and non-phenolic fraction 

(OOMW-NPh) of olive mill wastewater was also investigated by (EIS) method, 

at 308 K, after 30 min of immersion. 

The inhibition efficiency can be calculated by the following formula: 

 








 °
−×=

Rt

tR
ERt 1100%

     

(4) 

where Rt and R
°
t are the charge transfer resistances in inhibited and uninhibited 

solutions, respectively. 

The values of the polarization resistance were calculated by subtracting the high 

frequency intersection from the low frequency intersection [38]; double layer 

capacitance values were obtained at maximum frequency (fm), at which the 

imaginary component of the Nyquist plot is a maximum, and calculated using the 

following equation: 

 

fmRt
Cdl

π2

1
=

      

(5) 

with Cdl double layer capacitance (µF.cm
-2

), fm maximum frequency (Hz), and Rt 

charge transfer resistance (Ω.cm
2
). 
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The impedance parameters derived from these investigations are listed in the 

Table 4. 

 
Table 4. Impedance parameters of steel in acid at various samples of OOMW-Ph and 

OOMW-NPh. 

Samples 
Concentration 

mL/L 

Rp 

(Ω.cm
2
) 

Fmax 

(Hz) 

Cdl 

(nF/cm
2
) 

E% 

Polarisation 

E% 

Impedance 

(EIS) 

E% 

gravimetric 

Blank 

HCl 
1M 23.45 125 0.05 * * * 

OOMW-

Ph 

1.00E-02 134 10 0.12 90.9 82.5 74.6 

2.00E-02 176.2 15.823 0.06 87.5 86.7 77.7 

3.00E-02 214 7.9365 0.09 80.9 89 82.9 

4.00E-02 248.4 6.3291 0.1 77.8 90.6 87.8 

5.00E-02 312.2 6.3291 0.08 75.9 92.5 88.9 

OOMW-

NPh 

2.00E-03 211 10 0.08 87.7 88.9 85.5 

3.00E-03 216.2 10 0.07 87 89.2 85.9 

4.00E-03 225.7 7.9365 0.09 83.6 89.6 87.4 

5.00E-03 238.6 7.9365 0.08 81.8 90.2 88.3 

6.00E-03 539.2 10 0.03 77.9 95.7 89.1 

 

It is visible from Fig. 2 that the obtained impedance diagrams for both phenolic 

and non-phenolic fractions of olive oil mill wastewaters have a semi-circular 

appearance, indicating that a charge transfer process mainly controls the 

corrosion of steel [39]. In fact, the presence of phenolic and non-phenolic 

fractions enhances the value of the transfer resistance in acidic solution; EIS 

study shows that both fractions tested are efficient inhibitors. 

The general shape of the curves is almost similar for both fractions; the shape is 

maintained throughout the whole concentration, indicating that almost no change 

in the corrosion mechanism occurred due to the inhibitor addition [40]; Rt values 

increased with the increase of the concentration of the OOMW-Ph and OOMW-

NPh fractions of olive oil mill wastewaters. The results obtained from the 

polarization technique in acidic solution were in good agreement with those 

obtained from the electrochemical impedance spectroscopy (EIS). Also, 

inhibition efficiency values obtained from the gravimetric method agree with 

those obtained from the Tafel extrapolation (Table 4). 
 

Effect of temperature 
Weight loss, corrosion rates and inhibition efficiency 

The composition of the medium and its temperature are essential parameters 

affecting the phenomenon of corrosion. The effect of the absence and presence of 

both phenolic and non-phenolic fractions (OOMW-Ph and OOMW-NPh) of the 

olive oil mill wastewaters tested at various concentrations during 1 h of 

immersion on the corrosion of steel in 1 M HCl solution was studied by using 

weight-loss method from 303 K to 333 K. The inhibition efficiency Ew(%) is 

calculated at various concentrations as follows (Eq.(6)). The corresponding data 

are shown in Tables 5 and 6. 
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






 −
×=

Corr

CorrCorr

W

WW
E

�

100%

     

(6) 

where both Wcorr and W°corr are the corrosion rate of steel in 1 M HCl in the 

absence and presence of OOMW-Ph and OOMW-NPh inhibitors, respectively. 
 

Table 5. Effect of temperature on the corrosion rate of steel at various concentrations of 

OOMW-Ph fraction at 1 h. 

 

Inhibitor Temperature (K) Concentration (mL/L) W (g.cm
-2

.h
-1

) %E 

Blank HCl 

303 

1 M 1.18 **** 

Phenolic fraction 

1.00E-02 0.26 78.01 

2.00E-02 0.22 80.89 

3.00E-02 0.21 82.26 

4.00E-02 0.18 84.51 

5.00E-02 0.12 90.19 

Blank HCl 

308 

1 M 1.63 **** 

Phenolic fraction 

1.00E-02 0.46 72.02 

2.00E-02 0.42 74.09 

3.00E-02 0.41 75.07 

4.00E-02 0.33 79.76 

5.00E-02 0.31 80.79 

Blank HCl 

313 

1 M 2.02 **** 

Phenolic fraction 

1.00E-02 0.66 67.49 

2.00E-02 0.53 73.55 

3.00E-02 0.51 74.91 

4.00E-02 0.45 77.84 

5.00E-02 0.4 79.94 

Blank HCl 

323 

1 M 3.45 **** 

Phenolic fraction 

1.00E-02 1.16 66.27 

2.00E-02 0.94 72.7 

3.00E-02 0.89 74.35 

4.00E-02 0.79 77 

5.00E-02 0.72 79.27 

Blank HCl 

333 

1 M 4.93 **** 

Phenolic fraction 

1.00E-02 2.62 46.98 

2.00E-02 2.32 53.05 

3.00E-02 2.09 57.71 

4.00E-02 2 59.53 

5.00E-02 1.67 66.1 

 
Results in Tables 5 and 6 show that the corrosion rates of steel in 1 M HCl are 

lower in the presence of both phenolic and non-phenolic fractions of the olive oil 

mill wastewaters compared to the blank acid solution; also, the corrosion rate 

increases with increase in temperature with the highest values obtained at 333 K; 

the inhibition efficiency decreases with increasing temperature, indicating that at 

higher temperatures, dissolution of steel predominates on inhibitor adsorption. 

E% is still significant even at high temperature (66.1% for phenolic fraction at a 

concentration of 5.00E-02 mL/L, and 66.6% for the non-phenolic fraction a 
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concentration of 6.00E-03 mL/L at 333 K); this suggests possible desorption of 

some of the adsorbed inhibitors from the metal surface at higher temperatures. 

Such behavior shows that the additive was physically adsorbed on the metal 

surface [40-42]. Corrosion inhibition is initiated by the displacement of adsorbed 

water molecules by the bioactive species presented specially in the phenolic 

fraction such as hydroxytyrosol and tyrosol, leading to specific adsorption on the 

metal surface [43]. 
 

Table 6. Effect of temperature on the corrosion rate of steel at various concentrations of 

OOMW-NPh at 1 h of immersion. 

 

Inhibitor Temperature (K) Concentration (mL/L) W (g.cm
-2

.h
-1

) % E 

Blank HCl 

303 

1 M 1.18 **** 

non-phenolic fraction 

2.E-03 0.23 80.14 

3.E-03 0.2 83.02 

4.E-03 0.18 84.38 

5.E-03 0.16 86.64 

6.E-03 0.09 92.32 

Blank HCl 

308 

1 M 1.63 **** 

non-phenolic fraction 

2.E-03 0.43 73.55 

3.E-03 0.4 75.62 

4.E-03 0.38 76.6 

5.E-03 0.31 81.29 

6.E-03 0.29 82.32 

Blank HCl 

313 

1 M 2.02 **** 

non-phenolic fraction 

2.E-03 0.63 68.73 

3.E-03 0.51 74.79 

4.E-03 0.48 76.15 

5.E-03 0.42 79.08 

6.E-03 0.38 81.18 

Blank HCl 

323 

1 M 3.45 **** 

non-phenolic fraction 

2.E-03 1.14 67 

3.E-03 0.92 73.42 

4.E-03 0.86 75.07 

5.E-03 0.77 77.73 

6.E-03 0.69 79.99 

Blank HCl 

333 

1 M 4.93 **** 

non-phenolic fraction 

2.E-03 2.59 47.48 

3.E-03 2.29 53.55 

4.E-03 2.06 58.22 

5.E-03 1.97 60.04 

6.E-03 1.65 66.61 
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Figure 3. Typical Arrhenius plots for logW vs. 1000 / T for steel in 1 M HCl at 

different concentrations of OOMW-Ph. 

 

Thermodynamic parameters 
To calculate activation thermodynamic parameters of the corrosion reaction at 

various temperatures (303–333 K) in the presence and absence of various 

concentrations of the phenolic and non-phenolic fractions of olive oil mill 

wastewaters at 1 h of immersion, such as the energy Ea, the entropy ∆S
°
ads and 

the enthalpy ∆H
°
ads of activation, Arrhenius Eq. [7-8] and its alternative 

formulation called transition state Eq. [9-10] were used [44- 45]. 
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where T is the absolute temperature, K is a constant, Ea is the apparent activation 

corrosion energy, R is the universal gas constant, h is Plank’s constant, N is 

Avogadro’s number, ∆S
°
a is the entropy of activation and ∆H

°
a is the enthalpy of 

activation. 

Fig. 3-6 show the Arrhenius plots for mild steel corrosion in 1 M HCl in the 

absence and presence of different concentrations of phenolic and non-phenolic 

fractions. The activation energy Ea is calculated from the slope of the plots of 

Ln(Wcorr) vs. 1/T [Fig. 3 and 5] for both phenolic and non-phenolic fractions. 

Plots of Ln(Wcorr/T) vs. 1/T give a straight line with a slope of ∆H°/R and an 

intercept of (Log(R/Nh) + ∆S°/R), as shown in [Fig. 4 and 6]; the values of Ea, 

∆H° and ∆S° are listed in Table 7. Inspection of the data shows that the 

activation energy is higher in the presence of both phenolic and non-phenolic 

fractions of the olive oil mill wastewaters than in its absence; the increase in Ea 
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with phenolic and non-phenolic fractions concentration as shown in Table 7 is 

typical of a physisorption mechanism [46]. The decrease of the OOMW-Ph and 

OOMW-NPh efficiencies with temperature rise leading to a higher value of Ea, 

when compared to that in an uninhibited acid, is interpreted as an indication for 

an electrostatic character of the inhibitor’s adsorption [47]. But Ea variation is 

not the unique parameter to affirm such mode of adsorption; free adsorption 

enthalpy ∆G
°
ads and enthalpy ∆H

°
ads, must also be considered. The positive values 

of ∆H
°
ads both in the absence and presence of additives of both phenolic and non-

phenolic fractions indicate the endothermic nature of the activation process [48]. 

It is also seen in the tables that Ea and ∆H
°
ads vary in the same manner; however, 

the values of ∆H
°
ads are lower than those of Ea. Also, the entropy ∆S° increases 

more positively with the presence of the inhibitor than in the presence of the non-

inhibited one. This reflects the formation of an ordered stable layer of the 

inhibitor on the steel surface [49].  From the previous data, we can conclude that 

OOMW-Ph is an effective inhibitor. This phenomenon is often interpreted with 

physical character and formation of an adsorption film of electrostatic character 

[50]. 

 

 
Figure 4. Relation between log (W / T) vs. 1000 / T for steel at different concentrations 

of OOMW-Ph. 

 

 
Figure 5. Typical Arrhenius plots for logW vs. 1000 / T for steel in 1 M HCl at 

different concentrations of OOMW-NPh. 

 

Adsorption isotherm 
The adsorption isotherms are usually used to describe the adsorption process, 

which is dependent on electronic properties of the inhibitor, the nature of the 

metal surface, the temperature, and the steric effects of different degrees site 

activity [51]. The establishment of adsorption isotherms that describe the 

adsorption of a corrosion inhibitor can provide important information to the 

nature of the metal–inhibitor interaction. Adsorption of the phenolic fraction 
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occurs as the interaction energy between molecule and metal surface is higher 

than that between the water molecule and the metal surface [52]. 

 

 
Figure 6. Relation between log (W / T) vs. 1000 / T for steel at different concentrations 

of OOMW-NPh. 

 

In order to obtain the adsorption isotherm, the degree of surface coverage (Ɵ) for 

various concentrations of the phenolic fraction has been calculated at a 

temperature range from 303 to 333 K from the weight loss measurements. The 

results obtained for OOMW-Ph in 1 M HCl solution fit well Langmuir 

adsorption isotherm given by Eq. (1)[53-54]: 
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(11) 

 

where Ɵ is the degree of surface coverage, Cinh is the inhibitor concentration in 

the electrolyte, and Kads is the equilibrium constant of the adsorption process and 

is related to the standard Gibbs energy of adsorption, ∆G
o
ads, according to [55]: 
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where R is the universal gas constant and T is the absolute temperature; the value 

55.5 in the above equation is the concentration of water in solution in mol/L. 

The plot of Cinh/Ɵ vs. Cinh gave a straight line with an intercept of 1 K–1; the 

Langmuir adsorption isotherms for the adsorption of inhibitor (OOMW-Ph) on 

the steel surface are shown in Fig.7. 
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Table 7.  Activation parameters of the dissolution of mild steel in 1 M HCl in the 

absence and presence of different concentrations of phenolic and non-phenolic fractions 

of olive oil mill wastewaters at various temperatures (303 to 333 K). 

Samples Concentration mL/L Ea (kJ/mol) ∆H
°
ads (kJ/mol) ∆S

°
ads (J/mol.K) Ea-∆H

°
ads (kJ/mol) 

Blank 1 M 39.5 36.8 1.21 2.7 

OOMW-Ph 

1.-00E-02 61.7 59 1.27 2.7 

2.00E-02 60.9 58.2 1.26 2.7 

3.00E-02 59.8 57.1 1.26 2.7 

4.00E-02 63.1 60.4 1.27 2.7 

5.00E-02 67.6 64.9 1.29 2.7 

OMWNPh 

2.00E-03 64 61.3 1.27 2.7 

3.00E-03 63.5 60.8 1.27 2.7 

4.00E-03 62.6 59.9 1.27 2.7 

5.00E-03 66.5 63.8 1.28 2.7 

6.00E-03 72.7 70 1.30 2.7 

 

The strong correlation shows that the phenolic fraction tested was adsorbed on 

the steel surface electrode according to the Langmuir isotherm [56].  

The values of ∆Gads are all negative indicating that the phenolic fraction is 

strongly adsorbed on the steel surface [57]. The negative values of ∆Gads indicate 

that the adsorption is spontaneous [58]. When the absolute value of ∆Gads is 

higher than 40 kJ /mol, the adsorption could be seen as chemisorption. In this 

process, the covalent bond is formed by the charge sharing or transferring from 

the inhibitor molecules to the metal surface [59-60]; the calculated K values are 

shown in Table 8, suggesting the formation for the phenolic fraction of a 

chemisorbed film on the surface of the steel [61]; the phenolic fraction is 

adsorbed on the surface of steel according to Langmuir isotherm with interaction 

between the adsorbed molecules. 

 
Table 8. Thermodynamic parameters of adsorption of phenolic fraction on the mild 

steel surface at different temperatures in 1 M HCl. 

Samples Tp K ∆G
°
ads (kJ/mol) ∆H

°
ads (KJ/mol.K) ∆S

°
ads (kJ/mol) 

OOMW-Ph 

303 3.36E+07 -53.8 

-45.1 

28.7 

308 3.36E+07 -54.7 31.2 

313 3.36E+07 -55.6 33.5 

323 1.12E+07 -54.4 28.8 

333 8.40E+06 -55.3 30.6 

 

Comparison of the inhibition efficiencies obtained by gravimetric method for the 

two phenolic and non-phenolic fractions (88.9 %) OOMW-Ph and OOMW-NPh 

(89.1 %) reveals that we assist really to an intermolecular synergistic effect. In 

addition to the principal active constituent, the extracts contain other heterocyclic 

compounds as well. Therefore it is recommended not to determine ∆Gads values 

in such situations [62]. 
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Figure 7. Langmuir adsorption isotherms for the adsorption of phenolic fraction of the 

olive oil mill wastewater in 1.0 M hydrochloric acid at different temperatures. 

 

Non-phenolic fraction (OOMW-NPh) 

From the results of this research, it should be noted that an extract of olive oil 

mill wastewaters is complex and therefore it is always higher than the pure 

phenolic compound. Non-identified compounds as other phenolic compounds, 

proteins, amino acids, and sugars, are present in substantial quantities of low 

potential of the reinforcing heavier molecules such as hydroxytyrosol. 

Anticorrosive compounds, whatever their content, mode in a reaction cell (olive 

fruit) in olive oil by-product mill wastewaters, do not act independently; they 

interact in redox equilibria involving regeneration of new compounds with very 

large quantities in the case of hydroxytyrosol whatsoever coming from the 

hydrolysis of oleuropein or secoiridoid derivatives. 
 

Phenolic fraction (OOMW-Ph) 

The most abundant phenol in olives is oleuropein, formed from elenolic acid, 

glucose and hydroxytyrosol [31; 63-67]. During the olive ripening, oleuropein 

decreases, while its free components increase. In the ripe olive, hydroxytyrosol is 

present in quantities ranging from 1 to 3 g per 100 g
-1

 of dried weight [68-70] 

while oleuropein is fully transformed. In the extract OMWW oleuropein was 

present only in traces. This fact was foreseeable, as a very small amount of 

oleuropein is generally present in olive mill wastewaters, because enzymatic 

reactions degrade during olive ripening or processing [67]; the most abundant 

phenolic compound present in the OMWW extracts resulted to be 

hydroxytyrosol, which is formed as a result both of hydrolysis of oleuropein 

during oil extraction [71] and of acid hydrolysis of secoiridoid derivatives caused 

by the addition of HCl to the OMWW. In general, [72] the major phenolic 

compounds of olive oil mill wastewater contain hydroxytyrosol (70.93%) and 

tyrosol (16.55%), and the minor one contains, respectively, homovanillyl 

alcohol, protocatechuic acid, caffeic acid, 4-hydroxybenzoic acid, vanillic acid 

and 3,4-dihydroxyphenylglycol. Similar composition from OMW was 

determined by several authors [35; 67; 73]. 
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Figure 8. Structures of bioactive phenolic present in the OOMW (from left to right): 

oleuropein; hydroxytyrosol (4-(2-hydroxyethyl)-1,2-benzenediol), and tyrosol (4-(2-

hydroxyethyl)phenol). 

 

From one liter of OMWW it is possible to obtain an extract containing 1.2 g of 

hydroxytyrosol and about 0.4 g of flavonoids, which in turn can be fractionated 

with the consequent production of 1 g of purified hydroxytyrosol (87% of the 

total amount in the extract) from one liter of OMWW [35]. 

Fig.8. shows the most bioactive of phenolic content presented in the olive oil mill 

wastewaters. 

 

 

Conclusions 

From the overall experimental results the following conclusions can be deduced: 

The phenolic and non-phenolic fractions of the olive oil mill wastewaters are 

efficient inhibitors for the corrosion of steel in 1 M HCl. 

The inhibition efficiency of both OOMW-Ph and OOMW-NPh increases with 

the concentration to attain a maximum value of 88.9% at the concentration 0.05 

mL/L, and 89.1% at the concentration of 0.006 mL/L of phenolic and non-

phenolic fractions, respectively. 

OOMW-Ph and OOMW-NPh act as cathodic inhibitors by modifying the 

hydrogen reduction mechanism. 

The inhibition efficiency of both fractions decreases with the rise of temperature. 

The perfect valorisation of olive oil extraction products (Olive Oil Mill 

Wastewaters) requires treatment of the extracted fraction. 
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