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Abstract: Citrus sinensis extract is considered a good inhibitor to protect the carbon steel in half of
molar of sulfuric acid from corrosion, as it was found from the results of chemical methods such as the
weight loss (ML) method and also from the results of electrochemical methods such as potentiodynamic
polarization (PP), electrochemical impedance spectroscopy (EIS) and electrochemical frequency
modulation (EFM). The polarization curves indicated that this extract acts as a mixed kind inhibitor.
The adsorption of this extract on the carbon steel surface is of mixed type physisorption and
chemisorption, but chemisorption is the most effective one and followed Temkin adsorption isotherm.
Several tests have proved a layer that protects carbon steel from corrosion.
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1. Introduction

Corrosion is a natural process in which an unstable metal is transformed into a
chemically stable form, such as oxide and hydroxide forms, by reacting the mineral chemically
or the electrochemical with the surrounding environment [1]. Corrosion is an undesirable
phenomenon as it destroys the beneficial properties of the mineral [2]. Metals do not corrode
similarly; for example, aluminum metal does not corrode easily like other metals because there
is an oxide layer on its surface because it is reactive [3]. Some factors affect corrosion:
temperature, impurities such as salts, exposure of minerals to gases such as carbon dioxide, and
exposure of minerals to acids in the atmosphere. Most corrosion inhibitors are synthetic
chemicals, expensive, and hazardous to the environment. So, the need to use sources of
environmentally safe corrosion inhibitors is being required [4, 5]. Green corrosion inhibitors
are compounds of plant origin, hence are cheap, biodegradable, and do not contain heavy
metals or other n toxic substances. The action of plant extracts on the metal surfaces is the
adsorption of the phytochemicals present in the plant onto the metal surface [6, 7], thus
preventing the corrosion process from taking place [8-17].

2. Materials and Methods
2.1. CS samples.

The carbon steel composition is shown in Table 1.
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Table 1. Chemical composition (weight % ) of carbon steel

Material | C

S | Fe

(Wt.%) | 0.610 | 0.754 | 0.013 | 0.254 | Balance

2.2. Plant extract.

Citrus sinensis is used as plant extract in order to protect carbon steel from corrosion.

2.2.1. Chemical composition.

List of some phytochemical constituents isolated from Citrus sinensis extract as

reported in Table 2:

Table 2. Chemical constituents of Citrus sinensis extract.

Name

Structure

Cyanidin 3-(6”-malonylglucoside)
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2.3. Solutions.

Ethyl alcohol, DMF, H2SO4, all of the Analar grades, distilled water.

2.4. ML test

The carbon steel metal is divided into pieces of equal length and width and is sanded
using sandpaper in degrees of 150, 400, 600, 1000, and 1200, then weighed, and then placed
in a half-molar solution of sulfuric acid with and without various doses of the plant extract and
then measuring the weight after immersion every half hour for a period of three hours after
drying it. Then calculate the percentage of inhibition (%IE) and also surface coverage (6) by

using this equation:
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Winh

] x 100 (1)
Wfree
Where Whn is the weight of carbon steel pieces in the existence of extract
Wiree IS the weight of carbon steel pieces in the absence of extract

%IE=0X 100=[1—

2.5. Electrochemical methods.

This kind of dissolution is caused between the medium and the metal or the
composition, accompanied by the transfer of electrons between two sites on the surface, one of
which has a high electron density and another with a low density, or between two points, one
of which is of low voltage and the other with a high voltage in the presence of an electrolyte.
These methods are the Tafel extrapolation method, linear polarization method, and impedance
method. The advantages of these methods are that they take a short time with the highest
accuracy [18-21].

The protection efficiency (%IE ) and surface coverage (0) obtained from
potentiodynamic polarization (PP) are given by :

% IE=0 X 100 = [ 1 — <27 15100 2)

icorr(free)
Where icorr(inhy IS the corrosion current density in the existence of the extract.
icorr(free) IS the corrosion current density in the absence the extract

2.6. Surface characterization.
2.6.1. Atomic forced microscopy (AFM) analysis.

This method is used to determine the morphology of the carbon steel surface in
existence and lack of the extract. Carbon steel parts are dipped in solutions that are prepared in
the same way as weight loss in the absence and the highest dose of the extract for a day at room
temperature. After this period has passed, these pieces are taken after washing with distilled
water and then drying. The surface of carbon steel was analyzed by AFM in contact mode using
silicon nitride probe model MLCT manufactured by Bruker, using prosan 1.8 software to
control the scan parameters and 1P2.1 software.

2.6.2. Fourier Transform Infrared Spectroscopy (FTIR) analysis.

This technique is performed on the extract only and on the layer that protects the carbon
steel surface immersed in a half-molar solution of sulfuric acid and the highest dose of the
extract for a day.

3. Results and Discussion

3.1. ML method.

The carbon steel strip is divided into 7 equal parts. They are sanded, then weighed. The
first piece is placed in a half-molar solution of sulfuric acid, and the rest of the pieces are placed
in different doses of the extract from a dose of 50 to 300 ppm for a period of three hours, noting
that every half hour, these pieces are taken out after washing with distilled water, then dried
and weighed [22-25]. By raising doses, the kcoo decreased (®), %IE increased as in Table 3.
From Fig. 1 the curves in the presence of various doses of extract lie below that in its absence.
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The ML-time curves are approximately lines indicating the absence of oxide film on
the carbon steel surface.

Table 3. The rate of corrosion (Keor), surface coverage (®), and the efficiency of protection (% IE) at various
doses of Citrus sinensis extract for carbon steel dissolution after two hours of immersion in 0.5 M H,SO, at

25°C.

Inhibitor Con.(ppm) Keorr,(mg cm™ min %) () 1IE%
Blank 0.5 M 2S04 0.0212 -—-- ———
Citrus sinensis 50 0.01579 0.65 65%
100 0.006 0.696 69.6%
150 0.00473 0.777 771.7%
200 0.0043 0.793 79.3%
250 0.00384 0.819 81.9%
300 0.0036 0.836 83.6%
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Figure 1. ML- time curves for carbon steel corrosion in 0.5 M H2SO4 with and without
various concentrations of Citrus sinensis extract at 25°C

3.2. Effect of temperature.

Table 4 shows that, by raising the temperature, kcorr decreased, (0) and %IE increased,
indicating that the adsorption process is chemisorption [26].

Table 4. The (Keorr), (0), and the (%IE) at various doses of Citrus sinensis for C-steel corrosion after immersion
of two hours in half of the molar of sulfuric acid.

Conc., ppm Temp., °C Keorr , 0 WIE
mg cm?min?t

50 25 0.01569 0.65 65%
30 0.0222 0.677 67.7%
35 0.0459 0.734 73.4%
40 0.0481 0.735 73.5%
45 0.1446 0.794 79.4%

100 25 0.006 0.696 69.6%
30 0.0082 0.747 74.7%
35 0.011 0.844 84.4%
40 0.0164 0.855 85.5%
45 0.0275 0.879 87.9%

150 25 0.00473 0.777 77.7%
30 0.0044 0.872 87.2%
35 0.0067 0.905 90.5%
40 0.0072 0.937 93.7%
45 0.01016 0.944 94.4%

200 25 0.0043 0.793 79.3%
30 0.0042 0.876 87.6%
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Conc., ppm Temp., °C Keorr , 0 %IE
mg cm?mint

35 0.0054 0.924 92.4%
40 0.0061 0.946 94.6%
45 0.0084 0.954 95.4%

250 25 0.00384 0.819 81.9%
30 0.004 0.877 87.7%
35 0.0048 0.932 93.2%
40 0.0059 0.948 94.8%
45 0.00787 0.957 95.7%

300 25 0.0036 0.836 83.6%
30 0.0037 0.889 88.9%
35 0.0047 0.933 93.3%
40 0.0056 0.951 95.1%
45 0.0072 0.961 96.1%

3.2.1. Thermodynamic corrosion parameters.

From Arrhenius equation (Fig. 2) Eq. 3, one can calculate Ea"while from the transition
—state equation Eq.4 (Fig. 3), one can determine AH" and AS™ for carbon steel in half of molar
of sulfuric acid with and without the extract at different temperatures.

Log (Kcorr) = log A - Ea" /2.303 RT (3)

A log keorr plot versus 1/ T provided straight lines with slope equivalent- AEa " /2.303
RT from which (AEa) values were determined (Fig. 2) by applying the transition-state
equation:

log(Keorr/T) = [log(R/Nh) + ((AS”/2.303R) — (AH"/2.303RT) ] (4)

A log plot (keor / T) versus 1/ T should give a straight line with a slope of (-H72.303R)
and an intercept of [log (R / Nh)+ (AS"/2.303R] (Fig. 3), respectively, the AH" and AS” values
were calculated. From the following table, we found that: 1-The lowest values of Ea" and AH”
in the presence of extract than inits absence indicate that chemical adsorption of extract occurs
on the carbon steel surface. 2- Negative AS”™ values indicate that the adsorbed molecules
(products) on carbon steel surface are ordered than in the solution (reactants).
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Figure 2. Arrhenius plots for corrosion of carbon steel (Keorr) after two hours immersion in 0.5 M HSO4 with
and without various doses of Citrus sinensis
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Figure 3. Transition-state log plots (Keorr/ T) vs. 1/ T for carbon steel in 0.5 M H,SO., with and without various
doses of Citrus sinensis extract.
Table 5. Activation parameters for corrosion with carbon steel in the absence and existence of various extract
doses at 0.5 M H,SO4

Compound [inh] Ea" “AH -AS”
ppm kJ mol kJ mol* J mol! K

Blank 0 86.6 80.5 6.8

Citrus Sinensis 50 81.6 75.4 26.8
100 43.3 40.7 159.3
150 31.9 29.3 195.9
200 30.2 27.7 202.4
250 32.6 30.1 195.9
300 26.7 24.2 213.9

3.3. Adsorption isotherms

It is found that: This plant extract obeys Temkin adsorption isotherm. Temkin
adsorption isotherm is given by the following equation [27]:
Ocoverage = (2.303a)[Log Kads +Log C] (5)
Where o:is the surface coverage. Kads: is the adsorption equilibrium constant .a: Heterogeneous
factor of CS.
A plot of © versus log C (Fig. 4) should give straight lines with slope equals (2.303\a),
and the intercept is (2.303\a) Log Kads. The AG" ads can be measured by this equation :
Kads =(1\55.5)exp(- AG®ads \RT) (6)
Where 55.5: The dose of water at the interface in M.
The adsorption heat (AH®ads) can be calculated according to Van't Hoff’s formula, as
shown in Fig. 5.
logKads= (- AH®ads/ 2.303RT) + constant @)
By plotting log Kads against 1/T as shown in Fig. 5, the straight line was obtained with
a slope equal to (-AH®ads /R). With the fundamental equation (8) we can calculate AS®ads at
various temperatures.
AG°ads= AH®ads — TAS ads (8)
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https://doi.org/10.33263/BRIAC116.1400714020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1400714020

0.95 -
0.90 - /"
0.85 4
< 0.80 -
0.75 m 25°C,R?=0.999
® 30°C,R?=0.999
4 35°C,R%=0.999
0.70 - '
v 40°C,R?=0.999
45°C,R?=0.999
0.65 -
T T T T T T T T T 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4

logC, M

Figure 4. Temkin Adsorption isotherm curves to adsorb Citrus sinensis extract on carbon steel at different
temperatures in 0.5 M H,SO,
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Figure 5. Plots of log Kags vs. 1/ T (Vant Hoff Eq.) for corrosion of carbon steel in 0.5 M H,SO4in the absence
and presence of different doses of Citrus sinensis extract

Table 6. Thermodynamic parameters of adsorption of Citrus sinensis extract at various temperatures on the
carbon steel surface in 0.5 M H,SO4

Inhibitor Temperature -AGP®ads -AH®ads -AS° ads
K kJ mol*! kJ mol! Jmol1K!
298 31.2 396.4
303 31.9 405.4
Citrus sinensis 308 34.2 88.92 393.4
313 34.8 401.7
318 40.7 407.6

From this Table 6, It is found that: The negative values of AG®°ags indicate that the
adsorption process is spontaneous.

The negative values of (AH®ads) indicate that the adsorption process is exothermic. i.e.,
the adsorption may be chemical or physical. The value of AH®agsis close to 100 kJ mol™, so it
is a chemical reaction.
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3.4. Electrochemical methods.

3.4.1. EIS method.

The advantages of this method are: It doesn't involve a potential scan. It can be applied
to low conductivity media. Fig. 6 represents the equivalent circuit used to fit EIS data. In this
method, the results have been depicted graphically by Nyquist plots Figs. (7 &8). As reported
before [28], a semicircular impedance spectra in a higher frequency region were depicted in
response to the charge transfer, frequency dispersion, mass transfer, and occurrence of a thin
protective layer on meta’s surface. The charge transfer resistance (Rct) was used to calculate
%IE. The double-layer capacity (Cai) is defined as:

Cai= Yo (omax) " (9)
Where Y, is the CPE constant and ® = 2xfmax is the angular frequency (rad/s), f is maximum
frequency, and n is the parameter deviation for the CPE: — 1 <n <1

_....

W.E.

Figure 6. Circuit model used to match experimental EIS

The %IE was calculated as below:

%IE = [1- Rct(inho /Rt (free)] X 100 (10)

The quantitative results obtained from this st6udy are recorded in Table 7. A noticeable
increase in %IE is seen in increasing the dose of extract. As reported before [29], by increasing
doses of extract, the Rct values increase, and Cai values decrease, which may be ascribed toward
the extract's adsorption on the carbon steel surface.
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Figure 7. Nyquist plots for carbon steel corrosion in half of the molar of sulfuric acid without and with various
Citrus sinensis doses at 25°C
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Figure 8. Bode plots for carbon steel corrosion in half of the molar of sulfuric acid with and without various
Citrus sinensis doses at 25°C.

Table 7. EIS for carbon steel corrosion in half of the molar of sulfuric acid with and without various Citrus
sinensis doses at 25°C

Conc., ppm Ret Cal 0 %IE
Q em? uF cm?

Blank 26 214 - --

50 90.66 168 0.713 71.3
100 93.50 145 0.722 72.2
150 93.76 132 0.723 72.3
200 100.5 111 0.741 74.1
250 125.4 91.9 0.793 79.3
300 131.4 89.9 0.802 80.2

3.4.2. PP technique.

This method determines the rate of metal corrosion quickly. When carbon steel is
dipped in the acid solution, which is considered a corrosive medium, oxidation and reduction
processes occur on its surface. Tafel is used to describing the mechanism of dissolution of
carbon steel in the absence and the existence of the extract [30].

From the following table, we found that:

1-From the small changes in the values of Ecorr (Iess than £85 mV), It shows that the extract is
of mixed type [31] (affect on anodic and cathodic reactions) of carbon steel in half of the molar
of sulfuric acid as in Table 8.
2-The protection efficiency rises with rising the dose of the plant extract, but the density of the
corrosion current (icorr) decreases, as in Table 8. This indicates that the extract reduces the
dissolution of carbon steel in half of the sulfuric acid.
3- Values of Bc, Ba change slightly with rising the dose of the plant extract, meaning that the
extract affects the dissolution of the metal and also the hydrogen evolution (i.e., mixed type
inhibitor), and the parallel Tafel lines (Fig. 9) indicates that there is no change in the mechanism
of the process in presence and absence of the extract [32].

Table 8. Impact of doses of Citrus sinensis on (Ecorr), (icorr), (Be, Ba), (Kcorr), (6) and (% IE) in 0.5 M H,SQ,.

Conc. icorr -Ecorr Be Ba Keorr 0 %IE
Ppm WA cm? mVvs SCE mVdec™! mVdec™! mpy

0.0 156 549 228.2 71.90 345.4 -- --
50 149 547 169.2 79.70 68.03 0.803 80.3
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Conc. icorr -Ecorr Be Ba Kcorr 0 %IE
Ppm LA cm2 mVvs SCE mVdec™ mVdec™ mpy
100 146 543 124.9 86.40 67.04 0.806 80.6
150 140 541 117.4 54.60 66.92 0.815 81.5
200 123 536 1725 87 64.01 0.837 83.7
250 102 533 103.4 77.30 56.41 0.865 86.5
300 90 516 157.2 87.60 46.46 0.881 88.1
0.1 E
0.01 E
N 3
% 0.001
< 3
= :
2 164
1E-5
1E-6 . . . . . . . : . : . :
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

E, V vs. (SCE)

Figure 9. PP curves for the dissolution of carbon steel in half of molar of sulfuric acid with and without various

doses of Citrus sinensis extract at 25°C.

3.4.3. EFM technique.

This is a non-destructive method for measuring the corrosion of metals in the corrosion

medium, and we can also directly calculate the corrosion current. We do not need to know
Tafel constants. The corrosion current density (icorr) reduces with raising the plant extract's
dose, so the efficiency of the extract increases, as in Table 9. Measured results are of a high

quality

due to the causality factors' values near their theoretical values (2 &3) as in Table 9.

Fig. 10 shows the intermodulation spectra of carbon steel without and with 300 ppm extract at

25°C.

Table 9. Electrochemical kinetic parameters obtained from EFM technique for carbon steel corrosion in 0.5 M

H,SO,4 without and with various Citrus sinensis extract doses at 25°C

COI’]C., icorr., Ba, Bc, Keorr

ppm pA cm? mV dec?!  mV dec?! mpy CF-2 CF-3 © %IE
Blank 520 77.2 110.4 122.7 1.854 2.630

50 | 240.2 | 704 | 1595 [ 1038 | 1.869 | | 2664 | 0538 | 538
100 214.1 104.4 119.6 97.81 2.223 2232 0.588 58.8
150 | 186 | 764 | 1142 | 8 [ 1801 | | 3093 | 0642 | 642
200 159.1 89.4 110.7 72.69 1.568 3124  0.694 69.4
250 | 135.4 | 882 | 9937 | 6791 | 1686 | | 3755 | 0740 | 740
300 104.9 96.1 121.2 61.88 1.649 3243  0.800 80.0

3.5. Surface morphology.

3.5.1. AFM technique.

The AFM images of carbon steel in 0.5 M H2SO4 and 300 ppm of the extract are

presented in Fig. 11 a-c. The average roughness of carbon steel in 0.5 M H2S0O4 (933.76) is
more than the average roughness of carbon steel in 0.5 M H2SO4 and the extract's existence
(39.767) as in Table 10. This indicates that the surface of the carbon steel has become smooth
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due to the formation of a protective layer on its surface from the extract, which leads to the
reduction of the corrosion of carbon steel.
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Figure 10. C-steel EFM spectra in 0.5 M H,SO4 without and with 300 ppm Citrus sinensis extract dose at 25°C.

Table 10. Roughness data obtained for CS by AFM technique [31, 32].

Sample Average roughness(Sa) [nm]
Polished CS 17.465

CS immersed in 0.5 M H2SO4 993.76

CS immersed in 0.5 MH2SO4 + 300 39.767

ppm of Citrus Sinensis

3.5.2. FTIR technique.

This technique provides two spectra in the range from 4000 to 400 cm™. The first
spectrometer is the extract alone. While the second one is the carbon steel in the presence of
this extract. By comparing the two spectra, we found that there is an interaction between the
organic compounds present in the extract and the carbon steel surface forming a layer on the
metal surface, and hence, the rate of corrosion decreased.

Z-Aws - Scan forward_Line fit Z-Ads - Scan forward_Line it ZAxis - Scan forward _Line fit

42n

-351n

In the presence of an inhibitor Blank Free
Figure 11. AFM images for carbon steel in (a) inhibited solution of extract (b) blank and (c) free sample.

3.7. Mechanism of inhibition.

The mechanism of inhibition action can be explained based on the mode of adsorption.
Adsorption is influenced by the chemical structure of extract, its nature and surface charge, the
distribution of charge in the molecule [33].
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Figure 12. FT — IR spectrum of Citrus sinensis before and after adsorption on the carbon steel surface.

Citrus Sinensis extract has electronegative donor atoms N, O, and n-electrons of the
aromatic ring. These cause the extract's efficient adsorption on carbon steel surface by sharing
lone pair of electrons from these donating atoms to d-orbitals of iron, forming chemical
adsorption. Also, the protonated extract molecules tend to adsorb onto the metal surface via
electrostatic interaction between the positively charged molecules and the negatively charged
metal surface, thus facilitating physical adsorption of the extract molecules, forming a
protective film that displaces water molecules from the metal surface and protects it against
dissolution.

4. Conclusions

Citrus sinensis extract acts as a good inhibitor for carbon steel corrosion in a 0.5 M
H2SO4 solution. The inhibition efficiency increased, and the corrosion rate decreased by
increasing dose and temperature. The inhibition efficiency of all electrochemical and ML tests
was in good agreement. PP measurements demonstrated that the Citrus sinensis extract might
be a mixed-type inhibitor. EIS measurements showed that the charge transfer resistance
increased. The double layer capacitance decreased by increasing Cirtus sinensis extract dose
and, hence, increasing in % IE. These results can be attributed to the increase in the protective
film's thickness formed on the carbon steel surface. The adsorption of Citrus sinensis extracts
on the carbon steel surface obeyed Temkin adsorption isotherm. The related kinetic and
thermodynamic parameters values obtained suggested that both physisorption and
chemisorption mechanisms at low temperature while at higher temperature chemisorption
mechanism is preferred. The negative sign of AG®ads Values indicated that the adsorption of
Citrus sinensis extracts molecules on the carbon steel surface spontaneously.
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