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The use of Curcuma (Curcuma longa L.) extract as a green corrosion inhibitor for 1018 carbon steel in
0.5 M H2S04 solution has been evaluated by using weight loss tests, potentiodynamic polarization curves
and electrochemical impedance spectroscopy measurements. Results have shown that Curcuma longa
L. decreased the weight loss by one and the corrosion current density values by two orders of magnitudes.
Results of free energy suggest physical adsorption on to the steel surface obeying a Langmuir type of
adsorption isotherm. Polarization studies give evidence that Curcuma longa L. extract behaves as a
predominantly cathodic type of inhibitor, and its efficiency increases with increasing its concentration,
reaching a maximum value of 90%.
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1. INTRODUCTION

Corrosion of metals is a phenomenon that humankind has to deal with every single day since it
affects all metals exposed to an aqueous solution. One of the situations where corrosion is present is in
the chemical cleaning and pickling where a rapid deterioration of metals in contact with acids such as
hydrochloric, sulfuric or nitric due to their aggressiveness. Therefore, different ways to fight metals
corrosions is of big concern due to the big economical loses and accidents caused by metals degradation.
One of the most popular methods to mitigate corrosion is the use of organic inhibitors containing
heteroatoms, such as nitrogen-base materials and their derivatives. Sulphur-containing compounds,
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aldehydes, thioaldehydes and acetylenic compounds containin heteroatoms and lone electron pairs,
which allow for their adsorption on to the steel surface [1-5]. Here it should be noted that some inhibitors
contain nitrogen and sulphur functionalities that can induce some harmful impacts on the public health
and environment [2-5]. Moreover, these inhibitors are quite expensive. Considering the existing
environmental regulations, it can be stated that the development of cheap, non-toxic and environmental-
friendly natural products as green corrosion inhibitors is very important and challenging [6-12] since
they contain heteroatoms which can shear their electrons with the empty orbitals of metal ions to form
compounds which are adsorbed on the metallic surface.

Curcuma longa L. also known as “turmeric” is an herbaceous plant originally from South and
Southeast tropical-Asia [13]. It contains commercially interesting compounds based on the production
of natural pigment (curcumin), oleoresins, and used as a spice [14]. The dry rhizome of Curcuma longa
L. contains around 2-5% of essential oil and between 0.02—2% of curcumin. Curcuma longa L. has been
used for a very long time as spice and agent to give cooler as well as popular medicine for the treatment
of several diseases. Turmeric rhizome extracts have medicinal properties that prevent various diseases
due to its antioxidant [15] antimicrobial [16] anti-viral properties [17] showing also fungicidal activity
[18, 19], anti-Alzheimer [20] anti-mutagenic and anti-carcinogenic qualities [21]. What is more it has
been also reported that Curcuma longa L. extracts have been used to treat snake bites [22]. Curcumin
(C21H2006), is the main polyphenol found in the Curcuma longa L. and it is the main responsible for its
medicine and pharmaceutical properties, and it is present together with desmethoxycurcumin and
bisdemethoxycurcumin, which have chemical structures as given in Fig. 1. Thus, the goal of this
research is to evaluate the use of Curcuma longa L. extract and Curcumin as green corrosion inhibitors
for carbon steel in sulfuric acid.
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Figure 1. Chemical structure of main compounds contained in Curcuma longa L.

HO

2. EXPERIMENTAL PROCEDURE

2.1 Testing material

Material used in this research work includes 1018 carbon steel bars having 6.00 mm in diameter
and 10.00 mm long containing containg 0.14%C, 0.90% Mn, 0.30%S, 0.030% P and as balance Fe. For
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the electrochemical tests, specimens were encapsulated in a polymeric resin, abraded with 600 grade
emerging paper, washed, and degreased with acetone.
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Figure 2. *H-NMR spectrum in CDClI3 for curcumin.
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2.2 Testing solution

Solution used for this work includes 0.5 M H2SO4 prepared with analytical grade reagents at
room temperature, around 25°C. Curcuma longa L. extract was added in different concentrations to this
solution. To obtain the extract, fresh Curcuma longa L. bulbs were obtained in a local market. They
were crushed and macerated in methanol during 30 days until methanol was evaporated, obtaining a
solid paste. After this, a small amount of methanol was added to this solid and used as a stock solution
and used then for preparation of the desired concentrations by dilution. The powder belonging to the
turmeric rhizome (920 g) was used for the extraction of Curcumin by maceration, using ethanol as
solvent. The solvent was removed by using an evaporator then, the solid was recrystallized in ethanol
(80 mL), at the end it was filtered to obtain an orange-red solid which was dried completely, the yield
obtained was 6 g. Molecule characterization by H1 and C13 NMR, was performed in a Bruker Avance
I11 de 400 MHz equipment. For the weight loss experiments, specimens were immersed in the electrolyte
during 72 hours. Tests were performed by triplicate at room temperature (25 °C), by using a hot plate.
To calculate the weight loss measurements, AW, it was used following equation:

AW=(mi—m2)/A (1)

were my is the mass of the specimen before corrosion, m, the mass of the specimen after
corrosion, and A the exposed area of the specimen. For the weight loss tests, inhibitor efficiency, IE, was
calculated as follows:

IE (%) =100 (AW 1 - AW2)/ AW 2)
were AW is the weight loss without inhibitor, and AW> the weight loss with inhibitor.
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Figure 3. Weight loss results as a function of Curcuma longa L. and Curcumin for 1018 carbon steel in

0.5 M H2S0O4.
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Figure 4. Inhibitor efficiency values as a function of Curcuma longa L. and Curcumin for 1018 carbon
steel in 0.5 M H2SOa.

2.3 Electrochemical tests.

Electrochemical techniques employed included potentiodynamic polarization curves and
electrochemical impedance spectroscopy measurements, EIS. For this, a three electrodes cell was used,
with a Saturated calomel electrode (SCE) and a graphite rod as reference and auxiliary electrodes
respectively. Before starting the tests, specimens was allowed to reach a stable open circuit potential
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value, Ecor. Polarization curves were started by polarizing the specimen catholically, 500 mV more
cathodic than the Ecorr value, and it ended 500 mV more anodic, recorded at a constant sweep rate of 1
mV/s. Corrosion current density values, lcorr, were obtained by using Tafel extrapolation.
Electrochemical impedance spectroscopy tests were carried out at the open circuit potential value by
applying a sinusoidal signal 10 mV peak to peak in a frequency interval of 100 mHz-100 KHz. An ACM
potentiostat controlled by a desk top computer was used for the polarization curves, whereas for the EIS
measurements, a model PC4 300 Gamry potentiostat was used. After the experiment, surface specimens
were analyzed in a LEO VP 1450 high vacuum Scanning electron microscope (SEM) whereas micro
chemical analysis was carried out with an X ray energy analyzer (EDX) attached to it.
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Figure 5. Langmuir type of adsorption isotherm for 1018 carbon steel in 0.5 M H2SOa corroded in
presence of Curcuma longa L. and Curcumin.

3. RESULTS AND DISCUSSION

3.1 Curcumine characterization

Fig. 2. shows the *H NMR spectrum for curcumin, in which Hydrogens atoms position is
expressed through the chemical shifts of the signals, as well as the corresponding coupling constants. As
observed in Fig. 2. the signal for H-1 was shifted of & 5.80 ppm as singlet, the H-3 signal is observed in
8 6.47 ppm as a doublet with a coupling constant of 15.76 Hz. In comparison the signal for H-4 is shifted
to 6 7.590 ppm with the same constant. Finally, the signals for the aromatic hydrogens are shifted from
6.90 to 7.15 ppm.
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3.2 Weight loss tests.
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Figure 6. Effect of Curcuma longa L. concentration on the polarization curves for 1018 carbon steel in

0.5 M H2S0Oa.
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Figure 7. Effect of Curcumin concentration on the polarization curves for 1018 carbon steel in 0.5 M
H2SOa.

The change in the weight loss and inhibitor efficiency for 1018 carbon steel with Curcuma longa
L. and Curcumin concentration is given in Figs. 3 and 4 respectively. It can be seen that in both cases,
the weight loss decreases whereas the inhibitor efficiency value increases as the inhibitor concentration
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increases, however, the weight losses obtained with Curcuma longa L. were lower than those obtained
with Curcumin, and, thus, obtaining higher inhibitor efficiency values for the formes, obtaining a
maximum efficiency of 90% with the addition of 1000 ppm and 85 for Curcuma longa L. and Curcumin
respectively. This is due to the existence of compounds with heterocyclic structures which contain
heteroatoms such as carbon and oxygen, as shown in Fig.1, which form compounds which are adsorbed
on to the steel surface [15-22]. Kairi and Kassim [23] evaluated the effect of Curcuma longa L.
concentration (0-100 ppm) on the weight loss of mild steel in hydrochloric acid at different temperatures
(35-55°), finding that the corrosion rate decreases with increasing the inhibitor concentration but it
increases with increasing the temperature. On the other hand, Al-Fakih [24] evaluated the effect
Curcuma longa L. concentration (0-10000 ppm) on the weight loss of mild steel in hydrochloric acid at
different temperatures (35-65°), finding similar results.

Table 1. Electrochemical parameters obtained from the polarization curves in presence of Curcuma

longa L.
Cinn Ecorr lcorr Ba -Be LE. ©
(ppm) (MV) (uAlcm?) (mV/dec) mV/dec (%)
0 -464 150 31 75 -- -

100 -510 80 45 159 47 0.47
200 -453 40 49 190 70 0.70
400 -445 20 35 200 86 0.86
600 -445 10 43 206 93 0.93
800 -462 5 24 207 97 0.97
1000  -491 1 34 267 99 0.99

Table 2. Electrochemical parameters obtained from the polarization curves in presence of Curcumin.

inh Ecorr lcorr a 'Bc I.E. 0
(ppm)  (MV)  (pA/cm?)  (mV/dec) mV/dec (%)

0 -464 150 31 75 - -
100 -400 40 70 240 65 0.65
200 -430 32 60 300 70 0.70
400 -480 30 55 350 80 0.80
600 -450 20 50 370 85 0.85
800 -440 16 50 350 89 0.89

1000 -440 10 40 300 93 0.93

Since we are assuming that the decrease in the corrosion rate of 1018 carbon steel is due to the
adsorption of both Curcuma longa L. and Curcumin onto its surface, very important information about
the interaction between Curcuma longa L. and metal surface can be provided by adsorption isotherms
[31]. The adsorption process of the inhibitor is a displacement reaction, where the molecules of the
inhibitor replace the water molecules on the metal surface, which can be expressed according to the
following equation,

Irlh(sol) + HZO(ads) « Irlh(ads) + HZO(sol) (3)
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where Inhory and Inhggs) are the inhibitor added in the aqueous solution and adsorbed on the

metal surface, respectively.
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Figure 8. Effect of Curcuma longa L. concentration on the a) Nyquist and b)Bode diagrams for 1018

carbon steel in 0.5 M H2SO..

As observed in data presented in Figure 5, the best fitting was obtained with the Langmuir type
of adsorption isotherm. By using Eq. 4 which describes the relationship between the surface coverage,
0, which is obtained by dividing the inhibitor efficiency by 100, and the concentration of the inhibitor
(Cinn), the adsorption process at room temperature was found to follow the Langmuir adsorption

isotherm:
Cinh
0

Kads

+ Cinh

(4)
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Kags In Eq. 4 is the equilibrium constant of the adsorption process, which can be calculated from
the intercept of the fitted line in Fig. 5 Kags is related to the standard free energy of adsorption (AG2,s)
according to the following equation:

AGY;, = —RT In (10° K,45) (5)

ads
where R is the universal gas constant, T is the absolute temperature, and 106 is the concentration

of water in the solution in mg/L. The calculated values for AG?

ads

19.8 kJ mol* for Curcumin and Curcuma longa L. respectively. It has been generally accepted that for

values of AGY,, which lie between —20 and -40 kJ mol the process involved is a weak, physical type

of adsorption. On the other hand, for values of AG2; more negative than —40 kJ mol™ involve a strong
type of adsorptio, i.e., chemisorption [31].Therefore, a physical type of adsorption, seems to be

responsible for the adsorption process of Curcumin and Curcuma longa L. on carbon steel.

at room temperature are —16.84 and -

Table 3. Electrochemical parameters used to fit the EIS data obtained in presence of Curcuma longa L.

Cinh Rs Rt Cai I.E.
(ppm) (ohmcm?) (ohmcm?)  (Fcm?) %
0 9 80 3.9E-05
100 11 146 3.4E-05 45
200 13 190 3.2E-05 57
400 14 196 3.2E-05 59
600 15 400 1.6E-05 80
800 21 510 1.5E-05 84
1000 28 845 1.2E-05 90

3.3 Electrochemical measurements

Polarization curves for 1018 carbon steel in 0.5 M H2SO4 containing different Curcuma longa L.
and Curcumin concentrations are given in Figs. 6 and 7 respectively whereas their electrochemical
parameters are given in tables 1 and 2. It can be seen that in both cases anodic branch of the curves
display an active behavior without evidence of the formation of a passive layer. The addition of the
inhibitor had a marginal effect on the anodic current density value, however, the cathodic current density
decreased for almost two orders of magnitude when the Curcuma longa L. was added whereas it
decreased only one order of magnitude with the addition of Curcumin. The Ecorr value had a marginal
effect with the addition of both inhibitors. also, since it fluctuated between -445 to -510 mV with the
addition of Curcuma longa L. and between -445 to -480 mV for the addition of Curcumin, as shown in

tables 1 and 2. Inhibitor efficiency, I.E., was calculated by using:
Ieorr — lcorr

LE. (%) = I—W X 100 6)

corr

where lcorr and lcorrinh are the corrosion current density values obtained in absence and presence
of the inhibitor. Inhibitor efficiency values increased with an increase in the inhibitor concentration,
obtaining a value of 99% with the addition of 1000 ppm of Curcuma longa L. and 90% when Curcumin
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was added, similar to the results obtained with the weight loss tests. The surface area of metal covered
by the inhibitor increases with increasing its concentration also, which indicates that the corrosion
inhibition is due to its adsorption on the metal surface.
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Figure 9. Effect of Curcumin concentration on the a) Nyquist and b)Bode diagrams for 1018 carbon
steel in 0.5 M H2SOx4.

Anodic Tafel slopes were marginally affected by the addition of both inhibitors, however the
cathodic ones were dramatically affected. It has been established [26, 27] that if the change in Ecorr Value
induced by the inhibitor addition is more than 85 mV, such a compound could be identified as an anodic
or a cathodic type inhibitor. On the contrary, if the shift in the Ecor value is less than 85 mV, then the
compound can be considered as mixed type of inhibitor. In our case, the largest shift in the Ecorr value is
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50 mV when Curcuma Longa L. was added, whereas when Curcumin was added, the maximum shift in
the Ecorr Value was 65 mV, which indicates that the tested extracts performed as mixed-type inhibitors
with a predominant cathodic effect as data in tables 1 and 2 indicate. This indicates that both Curcuma
longa L. and Curcumin diminish the steel anodic dissolution and also retards the hydrogen evolution
reaction through blocking the active reaction sites on the steel surface.
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Figure 10. Electric circuits used to fit the EIS data for 1018 carbon steel corroded in presence of a)
Curcuma longa L. and b) Curcumin.

Table 4. Electrochemical parameters used to fit the EIS data obtained in presence of Curcumin.

Cinn Rs Ret Cal L.E. RL L
(ppm) (ohmcm?) (ohmem?) (Fem?) 9%  (ohmcem?)  (Hcm?)
0 9 80 3.9E-05 -- -- --
100 11 140 3.7E-05 43 13 7
200 13 180 3.2E-05 53 52 29
400 14 230 2.8E-05 65 74 41
600 15 280 1.6E-05 70 79 48
800 21 375 1.4E-05 75 90 59
1000 28 540 1.2E-05 85 107 70

Several researchers have reported different results. Thus, Al-Fakih [24] found that Curcuma
longa L. decreased the lecor value for mild steel in hydrochloric acid from 1587 pA/cm? down to
113 pA/cm? (an efficiency value of 93%) with the addition of 10,000 ppm of inhibitor but it affected
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both the anodic and cathodic Tafel slopes, behaving, thus, as a mixed type of corrosion inhibitor. On the
other hand, results obtained by Shahba [28] for mild steel in hydrochloric acid showing a decrease in the
lcorr Value from 120 down to 44 pA/cm?with the application of 300 ppm of Curcuma longa L., obtaining,
thus, an inhibitor efficiency value of 63%. However, the inhibitor behaved as a mixed type of inhibitor
affecting mainly the anodic Tafel slope. In our case, the maximum efficiency value, 99%, was obtained
with the addition of 1000 ppm of Curcuma longa L., but it behaved as a cathodic-dominant mixed type
of inhibitor. On the other hand Al-Amiery [29] evaluated the addition of a curcumin derivative, i.e.
(1E,4Z,6E)-5-chloro-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,4,6-trien-3-one (chlorocurcumin), as
corrosion inhibitor for mild steel in hydrochloric acid, obtaining efficiency values as high as 78%,
behaving as a mixed type of inhibitor. Inhibitor efficiency increased with increasing the inhibitor
concentration but it decreased with rising the testing temperature. In addition to this, in another work
[30] used different curcumin derivatives, i.e.1,7-Bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-4-
arylazo-3,5-dione in the corrosion inhibition of brass in nitric acid. They found that the inhibitors
efficiency increased with their concentration and they were adsorbed on to the metal Surface according
to a Frumkin type of adsorption isotherm. Inhibitors behaved as mixed type but affecting mainly the
cathodic electrochemical reactions.
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Figure 11. SEM micrographs of 1018 carbon steel samples corroded in 0.5 M H2SO4 solution in
presence of a) 0 ppm, b) 1000 ppm of Curcuma longa L. and c) 1000 ppm of Curcumin.
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EIS data in both Nyquist and Bode formats for 1018 carbon steel in 0.5 M H2SO4 containing
different concentrations of Curcuma longa L. and Curcumin are given in Figs. 8 and 9. Nyquist diagrams
for the tests with Curcuma longa L. extract, Fig. 8 a, display a single capacitive loop at all frequency
values with their centers at the real axis, indicating a charge transfer controlling process which is not
affected by the presence of the inhibitor. On the other hand, Nyquist diagrams in presence of Curcumin,
Fig. 9 a, display a capacitive semicircle at high and intermediate frequency values followed by an
inductive loop at lower frequency values, indicating that the corrosion process is under controlled by the
adsorption/desorption of some intermediate species work [31, 32]. The diameter loop increases as the
inhibitor concentration increases, which is due to the adsorption of the inhibitor and the formation of a
protective film, reaching its maximum value with 1000 ppm of inhibitor. In some inhibitor
concentrations, it can be seen that the real impedance increases whereas the imaginary part remains
constant, which is due to the accumulation of corrosion products at the steel [31, 32].The semicircles are
not perfect which is due to dispersion effects due to roughness and inhomogeneous of the surface
electrode. In addition to this, it can be seen that the real axis intercept at high frequencies in the presence
of inhibitor is bigger than that in the absence of inhibitor (blank solution) and increases as the inhibitor
concentration increases. This indicates that the impedance of inhibited substrate increases with
increasing the inhibitor concentration. On the other hand, Bode diagrams, Fig. 8 b and 9 b, show only
one peak around 100 or 200 Hz, and thus, only one time constant. This peak increases in its phase angle
value and the frequency interval is broader as the inhibitor concentration increases. EIS data can be
modeled by using electric circuits shown in Fig. 10. In these figures, Rs is the solution resistance, R¢tthe
charge transfer resistance and Cq the double layer capacitance, L the inductance and Ry its resistance.
Electrochemical parameters used to fit EIS data by using circuits shown in Fig. 10 are given in tables 3
and 4. it can be seen that Rt increases, which is due to more impediment of the active area at the metal
surface as a result of the increase in inhibitor concentration [29, 30], whereas the Cq value decreases
with the inhibitor concentration. This result is somehow expected since Rqt and Cq are inversely
proportional according to:

Ca = (27'l?fmacht)_l (7)
where fmax is the frequency value where the maximum value of imaginary impedance is found.
On the other hand, an alternative way to calculate Cq is by using following equation:
Cual = €€0A/d (8)
where ¢ is the double layer dielectric constant, eo the vacuum electrical permittivity, 6 the double
layer thickness, and A the surface area. A decrease in the Cqivalue can be due to a decrease in the double
layer dielectric constant, a decrease in the surface area or to an increase in the double layer thickness.
Due to the fact that the process is not under diffusion control, the later is not possible, and the surface
area is, in this case, constant, therefore the decrease in the Cq value is attributed to the replacement of
the adsorbed water molecules at the surface metal by the inhibitor having lower dielectric constant [33]
which indicates that the adsorption of the inhibitor molecules is necessary to decrease the steel corrosion
rate.
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3.4 Surface characterization

Micrographs of corroded 1018 carbon steel specimens in absence and presence of 1000 ppm of
Curcuma longa L. and Curcumin are shown in Fig. 11, whereas micro chemical analysis of the corrosion
products film are given in Fig. 12.
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Figure 12. EDX chemical analysis of the corrosion products for specimens corroded in a) absence and
b) presence of 1000 ppm of Curcuma longa L.

For specimen corroded in the uninhibited solution, Fig. 11 a, corrosion products film present a
big amount of micro cracks and pores which form paths for the aggressive solution to penetrate it and
corrode the underlying metal. On the other hand, corrosion products film formed on top of specimen
corroded in presence of 1000 ppm of Curcuma longa L. and Curcumin, Fig. 11 b and c, are more
compact, with a much less amount of micro cracks and micro pores, protecting, thus, the underlying
metal from the aggressive action of electrolyte. Micro chemical analysis carried out on the corrosion
products formed on top of specimen corroded in the uninhibited solution, Fig. 12 a, indicates the
presence of Fe, O, and S, elements present either on the steel or in the electrolyte. For specimen corroded
in presence of Curcuma longa L. extract, Fig. 12 b, chemical analysis shows that in addition to the
elements from the environment or in the steel, there is the presence of C, which is only present in an
organic compound, in this case, the Curcuma longa L. extract. This confirms the fact that the reduction
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in the corrosion rate of 1018 carbon steel in 0.5 M H2SQOg4 solution is due to the adsorption of a protective
film containing Curcuma longa L. on top of the steel.

4. CONCLUSIONS

The present study has revealed that extract of Curcuma longa L. as well as Curcumin are good
corrosion inhibitors for 1018 carbon steel in 0.5 MH2SO4 solution since they efficiently decreased the
steel corrosion rate by forming a protective film which is physically adsorbed on top of the steel surface
following a Langmuir type of adsorption isotherm. Both inhibitors affected both anodic and cathodic
reactions, but they had a stronger effect on the later, behaving thus, as a mixed type of inhibitors with a
dominant cathodic effect. Inhibitor efficiency increased with an increase in its concentration, reaching
higher values with Curcuma longa L. than those for Curcumin. The inhibition efficiency of both
inhibitors is due to the presence of heteroatoms present in these compounds.
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