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Abstract
A study on the use of methanolic extract of Thymus vulgaris leaves as green corrosion inhibitor for bronze in simulated 
acid rain has been carried out using gravimetric and electrochemical tests. Electrochemical tests included potentiodynamic 
polarization curves and electrochemical impedance spectroscopy. Inhibitor concentrations were in the range 0–1000 ppm, 
whereas testing temperatures included 25, 40 and 60 °C. The results indicate that T. vulgaris is a good, anodic type of inhibi-
tor with an efficiency that increased with the inhibitor concentration, reaching its maximum value, higher than 90%, at a 
concentration of 800 ppm, but it decreased as the temperature increased from 25 down to 60 °C. The inhibitor is physically 
adsorbed onto the metal surface according to a Langmuir adsorption isotherm at the different testing temperatures. The extract 
contains many antioxidants being the most abundant ones phenol, 2-metil-5-(1-metilethyl)- and d, α-tocopherol which give 
to the extract its inhibitory properties.

Keywords Bronze · Acid rain corrosion · Green corrosion inhibitor

1 Introduction

Bronze is a Cu–Sn alloy widely used for sculptures and 
architectonic structures exposed to the atmosphere due to 
excellent properties such as hardness, tenacity, malleabil-
ity and high corrosion resistance [1]. Its high-corrosion 
resistance is due to a passivating layer formed on top of its 
surface known as “patina” which protects the alloy from 
atmospheric [1–4]. However, due to the increase in the emis-
sions of Greenhouse effect gases and the use of fossil fuels, 
an increase in the acid rain has been observed in last years. 
When acid rain gets in contact with brass a rapid metal deg-
radation occurs with a subsequent damage of sculptures and 
architectonic structures [5–7]. One of the most popular ways 
to fight corrosion is using corrosion inhibitors since they 
offer an efficient alternative to control metals degradation. 

In the last decade, the use of extracts from plants has been 
widely used to protect metals from corrosion in acidic envi-
ronments such as acid rain due to many advantages they 
offer has been reported [8]. These studies reveal that the 
inhibition properties of these extracts is due to the presence 
of heteroatoms such as S, O and N as well as to the aro-
matic rings and conjugated links in their molecular structure 
[9–13].

BinYehmed et al. [14] studied the green coffee bean 
extract as corrosion inhibitor for Al in simulated acid 
rain using potentiodynamic polarization curves. Results 
showed the inhibitor efficiency increased with the inhibitor 
concentration and the testing temperature. Abbout et al. 
[15] used weight loss tests, potentiodynamic polarization 
curves and electrochemical impedance spectroscopy meas-
urements and found that Ceratonia siliqua L. seed oil acts 
as a good corrosion inhibitor for iron in simulated acid rain 
with a maximum efficiency 98.6% at the highest inhibitor 
concentration, 750 ppm. On the other side, Pilić et al. [16] 
evaluated Helichrysum italicum leaves extract obtaining an 
efficiency of 50%. Varvara et al. [17] evaluated the etha-
nolic extract of Aesculus hippocastanum L. as a corrosion 
inhibitor of brass in acid rain, obtaining an efficiency of 
94% with a concentration of 0.5 g/L. Rehioui et al. [18] 
studied the inhibitory effect of Opuntia dillenii seeds for 
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iron in simulated acid rain obtaining an efficiency of 99% 
at a concentration of 750 ppm. Chraka et al. [19] evaluated 
essential oil and hydrosol extract of Thymbra capitata as 
green corrosion for brass in 3.5% NaCl. They found that 
in both cases, inhibitor efficiency increased with their con-
centration, but that for hydrosol extract was higher (93%) 
than that for essential oil (84%) and that the responsible 
compounds for that inhibition were carvacrol and euge-
nol contained in T. capitata. Fouda et al. [20] evaluated 
methanolic extract of C. siliqua as green corrosion inhibi-
tor for cooper and brass in nitric acid, finding that inhibitor 
efficiency increased with its concentration but decreased 
with testing temperature. Some corrosion inhibitors for 
bronze in alkaline media have been studied, as Aloe vera 
and Robinia pseudoacania [21] obtaining efficiency val-
ues of 89% and 92%, respectively. Abdel-Karim [22] did 
an excellent review on the use of non-toxic inhibitors for 
protecting metals from acid rain corrosion, making special 
discussion in their adoption process. Some other research-
ers which evaluated green inhibitors using immersion tests 
in simulated acid rain solution are Tasić [23, 24], Rehioui 
[18] and Biswal [25]. All these research works have used 
immersion tests in a solution that tries to simulate an envi-
ronment found in a corrosive atmosphere, finding suitable 
corrosion inhibitors whose mechanism is by adsorption, 
and although in a real atmosphere corrosion depends, 
among other factors, on wetting–drying cycles, tempera-
ture and humidity regimes or the presence of stronger oxi-
dizing species and it is difficult to extrapolate the results 
to real conditions, these tests are as a first approach to find 
a suitable non-toxic corrosion inhibitor to try to reduce 
corrosion aggressiveness of a given atmosphere.

Thymus vulgaris is an aromatic plant which belongs 
to the Lamiaceae family, endemic from the Mediterra-
nean region but it also grows in some other regions and 
is widely used for both culinary and medicinal [26–28]. 
Some research works have shown that T. vulgaris possess 
antioxidant, anti-inflammatory, anticoagulants, antibacte-
rial and antifungal properties due to the presence of phe-
nolic compounds present in thymol and carvacrol, which 
together with rosmarinic acid are some of the main com-
pounds reported in T. vulgaris [29–34]. Thus, due to the 
presence of antioxidants within its internal structure, the 
goal of this research work is to evaluate the use of T. vul-
garis L. extract as a green corrosion inhibitor for bronze 
in synthetic acid rain. For this purpose, both gravimetric 
and electrochemical tests will be used.

2  Experimental Procedure

2.1  Testing Material

Employed testing material includes commercial bar bronze 
10 mm in diameter with chemical composition as given in 
Table 1. This table shows that the main chemical elements of 
this alloy are Cu, Sn and Zn, with more than 97% of the total 
contents of the alloy, followed by 1.93% Al.

2.2  Inhibitor Synthesis

Thymus vulgaris leaves (60 g), which were obtained in a local 
market, were ground and soaked in methanol (120 ml) at room 
temperature for 14 days. After this, the solution was filtered 
and the methanol was allowed to evaporate at room tempera-
ture obtaining a green, sticky extract which was added in to 
the working electrolyte at different concentrations including 0, 
100, 200, 400, 600, 800 and 1000 ppm. The extract was ana-
lysed by using the fast Fourier infrared spectroscopy (FTIR) 
technique by using a Bruker equipment in KBr pellet in the 
4000–470  cm−1 interval. To detect the majority of organic 
natural compounds contained in the methanol extract, a Gas 
Chromatography Agilent 6890 System Plus coupled to Agilent 
5973 Network Mass selective detector.

2.3  Testing Solution

As a working electrolyte, a simulated acid rain containing Sul-
furic acid (0.06 ml/L), Nitric acid (0.02 ml/L), Sodium nitrate 
(0.0265 g/L), Ammonium sulphate (0.0462 g/L), Sodium sul-
phate (0.0345 g/L), and Sodium chloride (0.0875 g/L) was 
used. Deionized water was used for this purpose, whereas all 
reactants were analytical grade from Sigma-Aldrich.

2.4  Gravimetric Tests

For weight loss experiments, cylindrical specimens measuring 
10 mm in diameter and 3 mm in thickness were used. They 
were polished up to 600 grade SiC emerging paper, washed 
with water, rinsed with acetone and dried with hot air. Tests 
were carried out at different inhibitor concentrations at room 
temperature, close to 25 °C. 40 and 60 °C during 72 h. Three 
specimens were used for each inhibitor concentration. Before 
starting the experiments, the total area and initial weight for 
each one of the specimens were measured. After the experi-
ments, corrosion products were removed from the specimens 

Table 1  Chemical composition 
of testing bronze, wt%

Element Cu Sn Zn Ni Pb Fe Al

% 85.06 7.83 4.23 1.93 0.80 0.10 0.06
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and the final weight was measured. Metal weight loss, ∆W, 
was calculated according to [35]:

where Mi and Mf are the specimen’s initial and final mass, 
Ai the initial exposed area, and T is the total exposure time, 
72 h. Inhibitor efficiency. IE was calculated using the fol-
lowing expression [35]:

where ∆Wb is the weight loss for the blank, uninhibited solu-
tion, and ∆Winh the weight loss for the inhibitor-containing 
solution, respectively. Inhibitor efficiency data were used to 
calculate the metal surface area covered by the inhibitor, θ, 
according to:

Selected specimens were observed in a low vacuum LEO 
Scanning electronic microscope (SEM) whereas micro-
chemical analysis was carried out using an energy-dispersive 
X-ray analyser (EDX) attached to it.

2.5  Electrochemical Techniques

Electrochemical techniques used included potentiody-
namic polarization curves and electrochemical impedance 
spectroscopy. The open circuit potential value (OCP) was 
monitored during the whole experiment as well. An elec-
trochemical cell containing the bronze specimen as work-
ing electrode, a 6.00 mm graphite rod as counter electrode 
and a silver/silver chloride reference electrode was utilized. 
Specimens measuring 10 mm in diameter and 3 mm in thick-
ness were spot welded to a copper wire and encapsulated in 
commercial polymeric resin. Potentiodynamic polarization 
curves were started by cathodically polarizing the specimen 
1000 mV more cathodic than the free corrosion potential 
value,  Ecorr, and scanned towards the anodic direction at a 
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scan rate of 1 mV/s and ending at a potential value 1000 mV 
more anodic than  Ecorr. Corrosion current density value, Icorr, 
was calculated using Tafel extrapolation. Electrochemical 
impedance spectroscopy experiments (EIS) were performed 
by applying an AC signal ± 15 mV peak-to-peak at the Ecorr 
value in a frequency interval 0.01–100,000 Hz. A Gamry 
potentiostat was used for these experiments.

3  Results and Discussion

3.1  Inhibitor Characterization

Chromatogram of the T. vulgaris extract is given in Fig. 1 
which shows a peak at a retention time of 9.45 min and cor-
responds to borneol; phenol was detected at retention times 
of 10.91, 11.09 and 11.33 min. 2-metil-5-(1-metilethyl) 
was detected at a retention time of 12.42 min, whereas the 
peak shown at 12.98 min corresponds to 1,4-benzenodiol. 
Caryophyllene was found at a retention time of 15.04 min, 
caryophyllene oxide at 17.67  min, Tetramethyl-2-hex-
adecen-1-ol at 3, 7,11 and 15 min. The peak detected at 
18.56 min corresponds to the dexadecanoic acid, phytol at 
20.37 min, d, α-tocopherol (vitamin E) at a retention time of 
32.77 min and β-Sitosterol was detected at a retention time 
of 35.78 min. The most abundant compounds were phenol, 
2-metil-5-(1-metilethyl)- and d, α-tocopherol, therefore, 
it can be said that phenolic compounds are present in the 
methanolic extract of T. vulgaris, all of them containing 
C within their chemical structure, which provides to this 
extract antioxidant properties. In fact, α-tocopherol has been 
reported as a corrosion inhibitor also for Cu and a Cu–40Zn 
alloys in acid rain, having an efficiency value of 90% [36] 
The inhibitory properties of these components is due to the 
presence of functional groups such as O–H, C–H, C=C and 
C–O among others as reported by other researchers [37, 
38]. In both works, the authors declare that the inhibitory 
characteristics of the extracts they used as green corrosion 

Fig. 1  Chromatogram of metha-
nolic T. vulgaris extract
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inhibitors, Spirogyra algae and Brassica oleracea was due 
to the presence of hydroxyl, amino and carboxyl groups in 
the extracts. In fact, some of these functional groups were 
detected in the T. vulgaris extract, as shown in the FTIR 
diagram shown in Fig. 2, which shows the presence of the 
hydroxyl group (O–H), in a wide interval between 3436 
and 3206  cm−1, at 2927  cm−1 the C–H group is detected, at 
1615  cm−1 appears the presence of the C=C group, whereas 
at 1047  cm−1 the C–O group is present. The presence of 
heteroatoms such C and O directly attached to the aromatic 
ring enhances the availability of π-electrons to get bonded 
to the vacant d-orbital of Cu.

3.2  Gravimetric Tests

The effect of T. vulgaris concentration and testing tempera-
ture on the weight loss, inhibitor efficiency and metal sur-
face area covered by the inhibitor for bronze in synthetic 
acid rain is shown in Table 2. This table shows that, at a 
fixed temperature, the metal weight loss decreases with an 
increases in the T. vulgaris concentration up to a concentra-
tion of 800 ppm, and a further increase in its concentration 
brings an increase in the alloy weight loss. In a similar way, 
inhibitor efficiency increases with increasing its concentra-
tion up to an inhibitor concentration of 800 ppm, obtaining 
a value of 90.1%, decreasing with a further increase in the 
T. vulgaris concentration. The decrease in the weight loss 
and the increase in its inhibitor efficiency with the inhibitor 
concentration is due to its adsorption on the metal surface as 
indicated by the increase on the metal surface area covered 
by the inhibitor, θ, which increases with the inhibitor con-
centration up to an inhibitor concentration and it decreases 
with a further increase in the T. vulgaris concentration. As 
the testing temperature increases, the metal weight loss 

increases and the inhibitor efficiency decreases, but at the 
different testing temperatures, the maximum efficiency was 
reached at an T. vulgaris concentration of 800 ppm, reach-
ing values of 85.1 and 78.3 at 40 and 60 °C, respectively. 
Benzidia et al. [21] obtained similar results with the use 
of A. vera with a Cu- 5–21 Sn with less than 1% Zn in 3% 
NaCl solution, using only 50, 100 and 150 ppm of inhibitor, 
and reaching its maximum efficiency of 98% with 150 ppm.

To get more information on the way that T. vulgaris 
extract is adsorbed on to the metal surface area, different 
adsorption isotherms were used and, as it can be seen in 
Fig. 3, Langmuir type of adsorption isotherm gave the best 
fit [39] which relates the metal surface area covered by the 
inhibitor and its concentration,  Cinh, according to following 
expression [39]:

where Kads is the adsorption constant and can be calculated 
by using [40]:

where ΔG0

ads
 is the standard free energy, R the universal gas 

constant, and T is the absolute temperature. According to 
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Fig. 2  FTIR diagram of methanolic T. vulgaris extract

Table 2  Effect of T. Vulgaris concentration and testing temperature 
on the weight loss, inhibitor efficiency and metal surface area covered 
by the inhibitor for brass in synthetic acid rain

Temp. (°C ) Cinh (ppm) ∆W (mg/cm2 h) I.E. (%) θ

25 0 0.86 – –
100 0.47 46.2 0.46
200 0.37 78.3 0.78
400 0.20 83.6 0.83
600 0.12 87.9 0.88
800 0.086 90.1 0.90

1000 0.20 84.0 0.84
40 0 4.8 – –

100 2.6 42.5 0.42
200 1.0 69.3 0.69
400 0.82 73.1 0.73
600 0.67 78.1 0.78
800 0.33 85.1 0.85

1000 0.53 81.1 0.81
60 0 11.8 – –

100 7.1 35.3 0.35
200 5.3 58.1 0.58
400 4.2 63.3 0.63
600 3.5 69.6 0.69
800 1.56 78.3 0.78

1000 2.68 71.7 0.72
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[40] for values of ΔG0

ads
  around or less negative than 

− 20 kJ/mol, the relation between inhibitor and metal sur-
face is physical-type, ie, electrostatic attraction. From data 
given in Fig. 1 and knowing that according to Eq. (4) the 
intercepts of the straight line is 1

Kads

 , the obtained values for 
ΔG0

ads
 were − 23.52, − 19.42 and − 15.71 kJ/mol at 25, 40 

and 60 °C respectively, indicating a mixed physical and 
chemical adsorption mechanism dominated by a weak, phys-
ical mechanism.

From data given in Table 2 it can be seen that the metal 
weight loss increases as the temperature increases, and 
the relationship between weight loss and the testing tem-
perature is given by Arrhenius equation given by [41]:

where A is the Arrhenius pre-exponential factor, Ea the 
apparent activation energy (J/mol), R the gases universal 
constant (8.314 J  mol−1  K−1), and T the absolute temperature 
(K). By plotting log (∆m) versus 1/T, as given in Fig. 4, the 
apparent activation energy values for each inhibitor concen-
tration can be calculated as shown by data given in Table 3. 
This table shows that the apparent activation energy values 
increase in presence of T. vulgaris extract and with its con-
centration up to an inhibitor concentration of 800 ppm, but 
it decreases again at 1000 ppm. The increase in the apparent 
activation energy values indicates that the corrosion process 
is more difficult in presence of T. vulgaris; the highest values 

(6)ΔW = Ae

(

−E
a

RT

)

were obtained at 800 ppm, where the highest T. Vulgaris 
efficiency values were obtained [42].

3.3  Electrochemical Tests

The effect of T. vulgaris concentration on the OCP value 
for bronze in simulated acid rain is shown in Fig. 5. For 
the solution in absence of inhibitor, the OCP value was the 
noblest during the first 6 h of testing and remained more 
or less constant around a value of- 25 mV. With the addi-
tion of T. vulgaris, the OCP value reached values between 
− 225 and − 125 mV, but it rapidly shifted towards nobler 
values regardless the inhibitor concentration, reaching a 
steady state after a period that fluctuated between 6 and 
10 h depending on the T. vulgaris concentration. This shift 
in to the noble direction is due to the adsorption of T. Vul-
garis and to the formation of a protective layer of corro-
sion products. After 10 h of testing, the noblest OCP value 
was reached with the addition of 800 and 1000 ppm, pre-
cisely where the highest inhibitor efficiency values were 
obtained. Lower inhibitor than 800 ppm induced more 
active OCP values than that obtained in the uninhibited 
solution, indicating that there was not a clear trend on the 
OCP value with the inhibitor concentration.

Potentiodynamic polarization curves for bronze in syn-
thetic acid rain containing different amounts of T. Vulgaris 
are shown in Fig. 6, whereas electrochemical parameters 
such as Ecorr, Icorr, anodic and cathodic Tafel slopes, βa 
and βc, respectively, together with inhibitor efficiency, are 
shown in Table 4. In this case, inhibitor efficiency values 
were calculated using following expression [35]:
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where Icorr1 and Icorr2 are the corrosion current density values 
without and with inhibitor, respectively. In absence of T. 
vulgaris, data display an active–passive behavior with two 
passive regions in the anodic branch of the curve, the first 

(7)IE =
(

I
corr1

− I
corr2

)

∕ I
corr1

× 100

zone starts at a potential value of -500 mV and finishes at 
a pitting potential value close to -340 mV, and a second 
region between 15 and 55 mV. On the cathodic branch of 
the curve the increase in the current density is due to the 
oxygen reduction reaction. It is evident from curves dis-
played in Fig. 6 that the addition of different concentrations 
of T. vulgaris decreases both the anodic and cathodic cur-
rent density values, indicating that this extract affects both 
bronze anodic dissolution and oxygen reduction reactions 
by forming protective corrosion products layers, since the 
passive zone is shown even in presence of the inhibitor. The 
addition of T. vulgaris decreased the  Icorr value in absence 
of inhibitor from 0.016 down to 0.0004 mA/cm2, the lowest 
value obtained with the addition of 800 ppm of inhibitor, a 
decrease in almost two orders of magnitude, and an inhibi-
tor efficiency value of 97.5%, as shown in Table 4, which 
decreased with a further increase in the inhibitor concentra-
tion of 1000 ppm, similar to the gravimetric results. Similar 
results were obtained with the use of Sulfamethoxazole [19, 
20]. There was not a clear trend of the  Ecorr value with the 
addition of T. vulgaris, since for all the inhibitor concentra-
tions except 600 ppm, this parameter shifted towards nobler 
values, whereas with the addition of 600 ppm of inhibitor, 
the  Ecorr value became more active than the value obtained 
in absence of T. vulgaris. However, anodic Tafel slope was 
increased whereas the cathodic Tafel slope was decreased 
with the addition of T. vulgaris, thus having a more pro-
nounced effect on the anodic bronze dissolution than in the 
cathodic hydrogen evolution reactions, behaving thus as an 
anodic type of inhibitor. The metal surface area covered by 
T. vulgaris increased with an increase in the inhibitor up to 
a value of 800 ppm and decreases when this concentration 
increases further to 1000 ppm due to the inhibitor desorption 
from the metal surface. These findings are consistent with 
the formation of protective corrosion products layer by the T. 
vulgaris compounds which are able to be adsorbed onto the 
bronze surface and slow down both anodic dissolution and 
cathodic hydrogen evolution reactions with a higher effect 
on the anodic one.

EIS data in both Nyquist and Bode formats for bronze 
in simulated acid rain containing different concentrations 
of T. vulgaris are given in Fig. 7. Nyquist data for inhibitor 
concentration lower than 200 ppm, Fig. 7a insert, describe 
a depressed, capacitive semicircle at high and intermedi-
ate frequency values followed by what looks like a second, 
unfinished semicircle. Such a behaviour has been reported 

Table 3  Effect of the T. 
Vulgaris concentration on the 
apparente activation energy 
values for bronze in simulated 
acid rain at 25 °C

Cinh
(ppm)
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Ea
(J/mol)

27.2 32.1 33.2 33.7 34.0 39.4 38.0
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Fig. 5  Effect of the T. vulgaris extract on the OCP value for bronze in 
synthetic acid rain
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Table 4  Electrochemical 
parameters obtained from 
polarization curves for bronze in 
synthetic acid rain in presence 
of T. Vulgaris 

Cinh
(ppm)

Ecorr
(mV)

Icorr
(mA/cm2)

βa
(mV/dec)

βc
(mV/dec)

IE
(%)

θ

0 − 595 0.016 125 415 – –
100 − 215 0.005 180 400 68 0.68
200 − 180 0.004 200 375 75 0.75
400 − 250 0.002 220 260 87.5 0.87
600 − 635 0.001 250 345 93.7 0.94
800 − 325 0.0004 180 260 97.5 0.98
1000 − 350 0.0008 260 250 95 0.95

Fig. 7  a Nyquist and b bode 
plots for bronze in synthetic 
acid rain containing different 
concentrations of T. vulgaris 
extract
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for Copper and its alloys in acidic solutions, as for instance 
by Tasić et al. [23], when using Ibuprofen a corrosion inhibi-
tor for Copper in synthetic acid rain. The presence of the 
low-frequency semicircle was much clearer for inhibitor con-
centrations higher than 200 ppm, where Nyquist diagrams 
describe a depressed semicircle at high and intermediate 
frequency values, followed by a second semicircle at lower 
frequency values, indicating a charge-transfer controlled 
corrosion process. The semicircle diameter increases with 
the T. vulgaris concentration, reaching its highest value at a 
concentration of 800 ppm, decreasing with a further increase 
in the inhibitor concentration of 1000 ppm. The high and 
intermediate frequency semicircle is related with the elec-
trochemical reactions taking place at the metal/double elec-
trochemical layer interface, whereas the low-frequency loop 
is related to the redox processes taking place at the metal/
corrosion products layer interface [18–20, 41]. Bode dia-
grams in the Modulus format, Fig. 7b, show an increase 
in the impedance modulus as the T. vulgaris concentration 
increases, reaching its highest value at a concentration of 
800 ppm due to the bronze corrosion inhibition by the inhib-
itor. Additionally, phase angle plots show an increase in this 
value in presence of the inhibitor than in its absence, which 
implies the metal dissolution inhibition by the T. Vulgaris 
compounds.

Experimental EIS results were fitted with the use of 
equivalent electric circuits shown in Fig. 8. In these cir-
cuits, Rs represents the electrolyte resistance, Rct the charge 
transfer resistance, Cdl and Cf are the double electrochemical 
layer and corrosion products film capacitances, respectively. 
Due to surface heterogeneities due to surface imperfections, 

roughness due to metal dissolution, ideal capacitances such 
as Cdl and Cf are replaced by constant phase elements, CPE, 
whose impedance is calculated by:

where i = −  11/2, ω the angular frequency and n is a physical 
parameter that gives interphase properties of the working 
electrode such as roughness, inhibitor adsorption, etc. The 
resulting parameters from the use of circuits given in Fig. 8 
for tests at different temperatures are shown in Table 5. This 
table clearly shows that the Rct values are much lower than 
those for Rf, and, thus, the corrosion products film resistance 
is responsible for the corrosion resistance of the alloy. Value 
for Rf increases with an increase in the T. vulgaris concentra-
tion, reaching its highest value at an inhibitor concentration 
of 800 ppm, and then it decreases at 1000 ppm, similar to the 
behaviour observed in gravimetric tests and in the Icorr val-
ues. Values for Rf, Rct,  CPEf and  CPEdl are typical of copper 
and its alloys in simulated acid rain solutions [18, 19, 40]. 
Conversely to the Rct behaviour,  CPEdl values decreased with 
an increase in the inhibitor concentration due to the fact that 
T. vulgaris molecules, which have lower dielectric constant, 
ε, than that for water molecules that are replaced by the 
inhibitor molecules [43, 44]. Relationship between double 
electrochemical layer capacitance, Cdl, dielectric constant 
and double layer thickness, δ, is given by:

where ε0 is the vacuum electrical permittivity, and A the 
surface area. Thus, if the dielectric constant decreases or 
the thickness of the double-layer increases, the capacitance 
value decreases. In this case, inhibitor efficiency values, IE, 
were calculated by using the following equation:

where Rp and Rp/inh are the polarization resistance without 
and with inhibitor, which is the sum of Rs + Rf + Rct, the 
resistance values across the metal/double electrochemical 

(8)Z
CPE

= 1∕[C(iw)n]

(9)C
dl
= ��

0
A∕�

(10)IE =
Rp∕inh − Rp

Rp∕inh

× 100

Fig. 8  Electric circuit used to simulate EIS data

Table 5  Electrochemical 
parameters obtained from fitting 
EIS data

Cinh
(ppm)

CPEdl
(F/cm2)

ndl Rdl
(ohm  cm2)

CPEf
(F/cm2)

nf Rf
(ohm  cm2)

IE
(%)

0 5.8 ×  10–4 0.6 623 8.1 ×  10–4 0.5 790 –
100 1.3 ×  10–4 0.6 768 5.3 ×  10–4 0.6 1090 27
200 7.9 ×  10–5 0.6 916 1.1 ×  10–4 0.7 1125 30
400 6.7 ×  10–6 0.7 1656 6.4 ×  10–5 0.7 23,912 88
600 1.3 ×  10–8 0.8 2749 5.2 ×  10–5 0.8 32,790 91
800 1.5 ×  10–8 0.8 2907 3.7 ×  10–5 0.9 51,640 98
1000 1.5 ×  10–8 0.8 3425 2.9 ×  10–5 0.8 48,785 94
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layer/corrosion products film interfaces. Similar values for 
Rf and Rct have been reported for copper and its alloys in 
synthetic acid rain solutions [18–20]. It can be seen from 
data shown in Table 5 that inhibitor efficiency increases with 
its concentration obtaining a maximum value of 98% with 
an inhibitor concentration of 800 ppm. An increase in the T. 
vulgaris concentration up to 1000 ppm brings a decrease in 
the inhibitor efficiency value as given by the weight loss and 
polarization curves results above.

3.4  Corroded Surfaces Characterization

SEM micrographs of corroded bronze specimens in simu-
lated acid rain solution in absence and presence of 800 ppm 
of T. vulgaris are shown in Fig. 9 whereas the chemical com-
position of the corrosion products is given in Fig. 10. Speci-
men corroded in the uninhibited solution, Fig. 9a, exhibits a 
surface metal without the formation of a complete corrosion 
product film together with some localized type of corrosion 
such as pits. EDX microchemical composition of the corro-
sion product film, Fig. 10a and Table 6, shows the presence 
of chemical elements either from the alloy, such as Cu, O, 
Zn, Pb, S and Al. On the other hand, specimen corroded in 

Fig. 9  SEM micrographs of specimens corroded in synthetic acid rain solution containing a 0 and b 800 ppm of T. vulgaris extract

Fig. 10  EDX micro chemical 
analysis of corrosion products 
found on specimens corroded 
in synthetic acid rain solution 
containing a 0 and b 800 ppm 
of T. vulgaris extract
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presence of 800 ppm of T. vulgaris, Fig. 9b and Table 6, 
shows the presence of a more compact, more uniform layer 
of corrosion products film, with some uncovered parts of the 
metal by this film, indicating why the inhibitor efficiency 
values were lower than 100%. Chemical composition of this 
layer, Fig. 10b, shows the same chemical elements found 
in specimen corroded in the uninhibited solution, i.e., Cu, 
O, Zn, Pb, S and Al in addition to the presence of C, which 
comes from an organic compound such as those contained in 
T. vulgaris. For specimen corroded in the uninhibited solu-
tion, main chemical elements were Cu and O, indicating 
the formation of a copper oxide, responsible for the passive 
layer found in the polarization curves, Fig. 6, that gives some 
corrosion protection under these conditions. On the other 
hand, corrosion products found on specimen corroded in 
presence of 800 ppm of T. vulgaris, the presence of C indi-
cates that compounds found in the extract are adsorbed on 
to the metal surface, since all of them contain C within their 
chemical structure. The contents of O and Cu are lower than 
that found for specimen corroded in absence of inhibitor, 
due to the adsorption of extract rather than formation pas-
sive film. In addition to this, the Zn and Sn in the corrosion 
products film corroded in presence of inhibitor is higher than 
that for metal corroded in its absence. Some metals decrease 
because of their dissolution and others increase due to form 
metal–extract complexes.

4  Conclusions

1. The goal of using extract of T. vulgaris leaves as cor-
rosion inhibitor for bronze in simulated acid rain solu-
tion was certainly achieved, since it was found to be a 
good inhibitor with an efficiency that increases with the 
inhibitor concentration up to 800 ppm, reaching values 
higher than 90%, and decreases with a further increase 
inhibitor concentration and with the testing temperature.

2. Thymus vulgaris extract behaved as an anodic type of 
inhibitor, affecting the anodic bronze dissolution more 
than the cathodic hydrogen evolution reactions.

3. Extract formed a layer of corrosion products film due to 
its adsorption on to the metal surface following a Lang-
muir type of adsorption isotherm in a physical–chemical 
mixed type of adsorption mechanism dominated by the 
weak, physical type of adsorption.

4. Main compounds detected in the extract included phe-
nol, 2-metil-5-(1-metilethyl)- and d, α-tocopherol, which 
provide inhibitory properties to the extract due to the 
presence of heteroatoms, mainly C and O, within its 
chemical structure.
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