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The inhibitory action of Red onion seeds and peels extracts (ROSE & ROPE) was testing and
comparing on the corrosion of steel in 0.75 M H3PO, using chemical measurements (hydrogen
evolution, HE and mass loss, ML) and SEM technique. The effect of temperature on the corrosion of
steel in 0.75 M H3PO, without and with certain concentration of each extract was studied in the
temperature range of 303—-333 K. Generally, the inhibition efficiency (i.e. surface coverage) increases
with extracts concentration and fits the Langmuir adsorption isotherm. The results of HE, ML and
SEM showed that ROSE has a capability to protect steel surface in 0.75 M H3PO,4 more than ROPE.
Good agreement between HE and ML measurements was obtained. Temperature coefficients without
and with each extract revealed somewhat chemisorptive and physiosorptive behavior of ROSE and
ROPE, respectively. Good correlation between the major effective constituents of each extract and the
inhibition mechanism was obtained.
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1. INTRODUCTION

Steel is the base metal alloy extensively used in manufacturing today around the world in
nearly every industry [1]. For long-term structural applications like pipes, bridges, trains and ships,
corrosion is the most important problem that should be overcome in order to use steel safely. Corrosion
of steel is electrochemical in nature [2]. Four essential elements include the anode, the cathode, an
electrical path and an electrolyte are necessary to operate a corrosion cell. In the light of this, aqueous
acid solutions are superior environment for steel corrosion as it reacts with hydrogen ion and serves as
both the anode and the cathode according to the following equation:
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Hydrogen bubbles evolved at the cathode while the iron is oxidized at the anode and
consequently lost its weight. The rate of anodic reaction is usually controlled by the rate of the
cathodic reaction. So, high concentration of H* ions (i.e., concentrated acid) promotes the corrosion
rate, because there is a large capacity for consuming electrons [3]. Various acid solutions are used for
metal surface treatment to remove impurities, such as stains, inorganic contaminants, rust or scale.
The use of acid solutions to clean metal products is called pickling [4]. Generally, phosphoric acid
(H3POy,) is used in surface cleaning of steel such as chemical and electrolytic polishing, chemical and
electrochemical etching and removal of oxide layers [5]. In view of the fact that H3PO, reacts with the
treatable steel, acid concentrations and solution temperatures must be kept under control to assure
desired pickling rates. Moreover, acid pickling inhibitors are used majorly in pickling baths to prevent
metal corrosion and the subsequent hydrogen evolution [6]. In general, the use of corrosion inhibitors
has become one of the foremost methods for reducing corrosion rate [7]. Nowadays, according to the
literature, corrosion inhibitors can be classified into two categories: (i) synthetic inorganic and/or
organic compounds and (ii) natural products such as plant extract, essential oils and isolated purified
compounds. The use of natural products as corrosion inhibitors reflects well the so called green
chemistry and give a wide spectrum of environmentally friendly inhibitors. Nevertheless, the inhibitor
choice and design process for a particular corrosion system as a rule follows a common process of
identifying the corrosion threats, assessing the possible rate and risks and the necessary inhibitor
performance requirements [8]. To achieve these goals enormous number of scientific investigations
had been done and listed in the literature which based on testing of various inhibitors for steel
corrosion in acidic solutions. By reviewing these investigations, it was found that the corrosion
inhibition of steel in H3PO, solutions using either organic compounds [9-19] or natural products [20-
29] had been covered fairly. Regardless the type of inhibitor, most of the authors discussed the
inhibition data on the bases of adsorption mechanism (physical adsorption and/or chemisorption) for
the inhibitor species on the metal surface via their active centers. Thus the adsorbed film acts as a
barrier between metal surface and the aggressive solution. Consequently the corrosion rate is reduced.

The present work aimed to test and compare the inhibitory action of red onion seeds extract
(ROSE) and red onion peels extract (ROPE) on the corrosion of steel in 0.75 M H3PO, using chemical
measurements (hydrogen evolution, HE, and mass loss, ML). Surface morphology of steel without and
with certain concentration of each extract is studied using Scanning Electron Microscopy (SEM)
technique. The effect of solution temperature on the inhibition efficiency is also evaluated. A possible
inhibitive mechanism is suggested from the viewpoint of adsorption.

2. MATERIALS AND METHODS

2.1. Materials

Steel (0.280% C, 0.220% Si, 0.730% Mn, 0.015% P, 0.006% S, 0.007% N and the remainder
Fe) is used. The aggressive solution (0.75 M H3PO,) is prepared by dilution of AR grade (85% )
HsPO, with deionized water. Red onion seeds, Fig. 1-a, were purchase from natural products market.
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Fresh red onions were obtained from local supermarket in Jeddah city. Onions were carefully pealed
and the outermost solid rings were collected (Fig. 1-b) and kept in dry place at room temperature.

Figure 1. Red onion (a) seeds and (b) peels.

2.2. Methods

2.2.1. Preparation of ROSE and ROPE

The dried red onion seeds and peels were crushed and 25 g of each material individually was
mixed with 250 mL of deionized water in round flask and placed on boiling water bath for 1 hour.
Stirring the mixture during this interval enhances the extraction. Both extracts were left all night and
then filtered and completed to 250 mL by deionized water [30]. The inhibited solutions are prepared by
adding appropriate volume of the inhibitor extract to the acid solution during dilution in 100 mL
measuring flask. The tested concentrations of ROSE and ROPE are in the range from 0.25 to 25 mL%
(VIV%).

2.2.2. Preparation of steel sample

Steel samples of: (i) 1 cm in diameter and 5 cm in length (chemical study) and (ii) 1 cm in
diameter and 0.5 cm in length (SEM) were cut. Before measurements, the steel samples were
mechanically abraded using a series of emery papers starting with a coarse one and proceeding in steps
to fine grade, rinsed with deionized water, degreased with ethanol and finally dried with a stream of
air.

2.2.3. Chemical measurements

Figure 2 illustrates the apparatus used for chemical measurements (HE and ML). Fifty mL of
0.75 M H3POy solution without or with certain concentration of inhibitor was introduced in a cell of
Mylius type and a degreased, weighed steel sample was carefully dropped into the studied solution and
the cell was quickly closed to ensure that no hydrogen gas escape during the experiment. The evolved
H, gas was collected by downward displacement of water and its volume was recorded at different
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time intervals. A plot of evolved H, gas per unit area (mL.cm™) versus time (min.) gives a straight
line.
The slope of the straight line represents the rate of H,; evolution
(pe =dV /dt) [31]. At the end time of each experiment, the steel sample was separated from the
tested solution, washed thoroughly with deionized water followed by ethanol and dried with a stream
of air, then weighed again. Using the difference between the mass of the studied sample before and
after immersion (Am) as well as the end time (t, ), the rate of mass loss ( p,, ) can be calculated as
follows [31]:
_Am
St,
where S is the surface area of steel sample. All experiments were conducted in stagnant
solutions at 298 K except otherwise stated.

PmL (2)

Figure 2. The system used for chemical measurements: (A) Thermostat (+ 0.1°C), (B) Steel sample,
(C) Mylius cell, (D) Polyethylene tube, (E) Calibrated burette filled with water and (F) Beaker
(1L) half filled with water.

2.2.4. SEM

An electron microscope Quanta FEG 450 was used to examine the surface morphology of steel
after immersion for 90 min. in 0.75 M H3PO, solution without and with certain concentration of ROSE
and ROPE at 298 K. The samples were rinsed gently with deionized water, degreased with ethanol,
then dried carefully with a stream of air and subjected to scanning electron microscopic examination
with no further treatment.
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3. RESULTS AND DISCUSSION

3.1. Effect of ROSE and ROPE concentration

The variation of the evolved hydrogen gas as a function of contact time when steel samples
were immersed in 0.75 M H3PO, solution without and with various concentration of each extract was
illustrated in Fig. 3.
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Figure 3. Variation of hydrogen evolved as a function of time for steel in 0.75 M H3PO,4 without and
with different concentrations of ROSE and ROPE.

Table 1. Steel corrosion rates in 0.75 M H3PO, without and with different concentrations of ROSE and

ROPE
CeXtraCt ROSE 3 5 CeXtraCt ROPE 3 5
(mL%) Pre chz) . P <10 (mL%) Pre chz) . P <10
(mL.cm™.min®) (g. cmZmin?) (mL.cm™min®)  (g. cm2min?)
0.00 14.85 3.40 0.00 14.85 3.40
0.25 11.42 2.46 2.50 11.88 2.52
0.50 7.63 1.84 5.00 7.71 1.82
1.50 4.20 1.16 10.00 6.87 1.49
2.50 2.05 0.63 15.00 4.93 1.33
5.00 1.45 0.45 20.00 3.90 1.01
10.00 0.89 0.37 25.00 3.87 0.86

It is clear that the addition of both extracts inhibits hydrogen evolution as all related solutions
give lines placed under the blank solution and befall far away with increasing extract concentration.
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Inspection of Fig. 3 shows the existence of incubation period ( may be due to oxide film formed
naturally on the steel surface) follows by an increase in the volume of hydrogen evolved with time
linearly [32]. This period was found to increase with increasing the concentration of both extracts
(more pronounced in the case of ROSE), indicating the inhibitory action of both extracts against steel
corrosion in 0.75 M H3PO, solution and its dependence on the extract concentration.

Table 1 gives the estimated values of steel corrosion rate in 0.75 M H3PO, solutions without
and with various concentrations of ROSE and ROPE using HE and ML measurements. The values of
inhibition efficiency percentage (IE%) at various inhibitor concentrations were calculated by the
general equation:

Yo,
where p°and o are the corrosion rates without and with certain concentration of inhibitor. The effect
of ROSE and ROPE on IE% is graphically represented in Figure 4.
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Figure 4. Variation of 1IE% as a function of extract concentration for steel in 0.75 M H3PO, with
different concentrations of ROSE and ROPE.

Results obtained from Table 1 and Fig. 4 revealed good agreement between HE and ML
measurements and as the concentration of each extract increases, the corrosion rate (p.e, Pu)
deceases and the corresponding value of IE% increases. The overall results indicate that under
identical concentrations of both extracts (2.50%, 5.00%, and 10.00 mL%), as compared to ROPE,
ROSE shows superior performance as corrosion inhibitor. More confirmation for this result can be
obtained by examining steel surface after immersion in 0.75 M H3PO, solution without and with
identical concentration (5.00 mL%) of ROSE and ROPE for 90 min. using SEM of the same
magnification, see Fig. 5. Figure 5-a shows that steel surface exposed to the aggressive solution
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without inhibitor was severely attacked as indicated by the accumulation of irregular, thick corrosion
products on the surface.

Figure 5-b shows dramatically decrease in the solution corresivity with the addition of 5.00
mL% of ROSE (IE% = 86.18). In this case the surface is nearly undamaged as even the scratches of

surface pretreatment can be observed. On the other hand, with the addition of 5.00 mL% of ROPE the
corrosion rate decreases somewhat (1IE% - 47.06) and the corrosion products layer seems smoother

than that without inhibitor, see Fig. 5-c. The observed features of steel surface after immersion in 0.75
M H3PQO, solution with ROSE and ROPE (5.00 mL%) indicates that ROSE has higher capability to
protect steel surface than ROPE.

IE 7%= 86.18%

Figure 5. SEM for steel surface in 0.75 M H3PO, (a) without inhibitor, (b) with 5 mL% of ROSE and
(c) with 5 mL% ROPE.

3.2. Adsorption isotherm

Fundamentally, for solid—liquid adsorption system, adsorption isotherm is important to explain
how adsorbate interacts with adsorbents. The variation of the surface coverage (6 =1E%/100) with
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the concentration of extract (Cg,.,.) can be tested by various adsorption isotherm models. It is

imperative for understanding the adsorption behavior to distinguish the most proper adsorption
isotherm model.

Figure 6 indicates that the adsorption data fit well the Langmuir adsorption isotherm model

[16]:
1
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Figure 6. Langmuir adsorption isotherm of ROSE and ROPE on steel from 0.75 M H3PO,.

where K., is the equilibrium constant of adsorption. K,q4s values are calculated from the

intercept of the plot for adsorption process and related to the standard free energy of adsorption by the
following equation [24]:

1 Angs.
Kads Cwater eXp( RT ) (5)
where C,,. IS the concentration of water molecules (has similar unit of C_,.,), R is the
universal gas constant and T is the absolute temperature. The linear regression between C,,./6¢ and
Ceuaer LANGMUIr parameters and standard free energy of adsorption are estimated and listed in Table

2.

The isotherm was found to be linear over the entire concentration range of both extracts and the
correlation coefficients (r*) and slope values were approximately equal to unity, confirming that the
adsorption of ROSE and ROPE on the steel surface obeys the Langmuir adsorption isotherm by

forming adsorption layer of one molecule thickness. The Langmuir model refers to monolayer
adsorption onto surfaces containing a set number of identical sites [33]. Inspection the values of K

ads. !

it was found that ROSE has higher affinity to adsorb on steel surface than ROPE. It was reported that
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the higher values of K, , the stronger and more compact adsorbed layer is formed which results in the
higher surface coverage (i.e. IE%) [12]. AG;,, values are negative, indicating favorable adsorption of

extracts species on steel surface and feasibility and spontaneous nature of adsorption with high
preference of ROSE on steel surface as compared to ROPE. Once again the data in Table 2 give good
consistency between HE and ML measurements.

Table 2. Langmuir's adsorption parameters for ROSE and ROPE on steel surface from 0.75 M H3PO,

The extract The Langmuir's adsorption parameters
The slope Kags (L.mL™) —AG,4s (kJ. mol™)
HE ML HE ML HE ML
ROSE 1.01 1.06 0.20 0.18 13.34 13.08
ROPE 1.11 1.13 0.02 0.02 7.54 7.54

3.3. Effect of temperature

Temperature is an important factor governing the rate of corrosion in acid solutions without
and with inhibitors. The increase of corrosion rate can be described by Arrhenius equation and may be
used to predict the manners of inhibitor adsorption on metal surface.

Table 3. Steel corrosion rates in 0.75 M H3zPO,4 without and with certain concentration of ROSE and
ROPE at different temperatures

Temperature 0.75 M H3PO, 0.75 M H3PO4 + 0.75 M H3PO4 +
(K) 1.50 mL% ROSE 20.00 mL% ROPE
P x107°(g.cmZ.min’) oy 107 (@.cm®min®)  p,, x107 (g.cmZ.min?)
303 3.40 1.14 1.01
313 7.82 1.20 1.86
323 15.51 2.76 4.05
333 27.43 8.03 11.40

Table 3 represents the values of steel corrosion rate ( p,, ) in 0.75 M H3PO,4 without and with

certain concentration of ROSE (1.50 mL%) and ROPE (20.00 mL%) at different temperatures ranging
from 303 K to 333 K. In order to give fair study for the variation of inhibition efficiency with
temperature, the concentration of each extract was selected on the basis of comparable inhibition
efficiencies at 303 K, see Table 1. Analysis of data in Table 3 revealed strong positive correlation
between steel corrosion rate and solution temperature without and with inhibitor. Figure 7-a illustrates
that the corrosion rate increases exponentially as a function of temperature increase. This result
suggests that steel corrosion rate may be controlled by the metal oxidation process and that it may
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follow Arrhenius law [35]. Furthermore, the IE% values of both extracts are influenced with increasing
temperature as illustrated in Fig. 7-b.

It can be seen that the IE% values increase with increasing the solution temperature from 303
to 313 K, then decrease with increasing temperature up to 333 K. Raising solution temperature may
influence the acid-metal reactions in a complex manner, since many changes may occur on the metal
surface such as rapid etching, desorption and/or decomposition of inhibitor and increase in the
solubility of inhibitor that may enhance adsorption process [36, 37].
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Figure 7. Variation of (a) p,, and (b) IE% with solution temperature for steel in 0.75 M H3PO,
without and with certain concentration of ROSE and ROPE at different temperatures.
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Apparent activation energy (E, ) of corrosion process is calculated using the linearized form of
Arrhenius equation as follows [36]:
E
In py. =In A=z (6)

where A is the frequency factor. Fig. 8 shows plots of In p,, against T for steel corrosion in
0.75 M H3PO, without and with certain concentration of ROSE and ROPE. A straight lines are
obtained with a slope of _ERa and an intercept of InA from which the values of E, and A are

estimated, respectively (Table 4).

0.75 M H,PO,
m 075MH,PO,+150 mL% ROSE
e 0.75M H,PO,+20.00 mL% ROPE

2.95 3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35
T'x10° (T, K)

Figure 8. Arrhenius plots for steel corrosion in 0.75 M H3PO, without and with certain concentration
of ROSE and ROPE at different temperatures.

Table 4. Arrhenius parameters for steel corrosion in 0.75 M H3PO, without and with 1.5 mL% ROSE

and 20.0 mL% ROPE
The studied solution A x 10” (g.cm®min™) Ea (kJ. mol™)
0.75 M H3POq4 4.14 58.39
0.75 M H3PO4+ 1.5 mL% ROSAE 0.32 55.55
0.75 M H3PO4+ 20.0 mL% ROPAE 35.20 67.26

It was found that the addition of 1.50 mL% of ROSE decreases somewhat the value of E, as

compared to that without extract. Earlier study of Riggs and Hurd [38] reported that at higher levels of

inhibition the net corrosion reaction shifts from that on the uncovered part of the metal surface to the
covered one, so law values of E, was recorded. Others related this behavior to chemisorptions
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mechanism [39-41]. While the addition of 20.00 mL% of ROPE increases the value of E, as

compared to that without extract, indicating that the inhibitor retards the metal dissolution by
increasing the energy barrier of the corrosion reaction. Several studies on acid corrosion inhibition
explained this result by the occurrence of physical adsorption (i.e. electrostatic adsorption) for the
inhibitor species on the metal surface [22, 27, 42]. Equally, the frequency factor (A) has the same trend
that obtained for apparent activation energy [41].

3.4. Active constituents of ROSE and ROPE and inhibition mechanism

Onion (Allium cepa) is a resourceful vegetable that is consumed fresh as well as in the form of
processed products [43]. Red onion is one of the most important sources of different biologically
active phytochemicals e.g. phenolic acids, flavonoids, cepaenes, thiosulfinates and anthocyanins [44].
Chemical analysis of red onion seeds showed high concentrations of various S-cysteine derivatives
[45].

(@) (b)

(o] H3C\M H2
H
zNj)LOH i
(0) OH

R = CH,, CH,CH,, CH,CH,CH,,
CH,CH,OH or CH,CH=CH,

Figure 9. Effective constituents of ROSE: (a) S-Cysteine derivatives and (b) S-Alkenyl Cysteine
Sulfoxide.
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R1and R2 = H, OH or OCH3
R3 and R4 = H or sugar moiety

R3, R3 and R4 = H or sugar moiety

Figure 10. Effective constituents of ROPE: (a) Anthocyanin derivatives and (b) Quercetin derivatives.
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Moreover, S-Alkenyl Cysteine Sulfoxide was identified from the red onion seeds and its
antioxidant activity was evaluated [46]. While anthocyanin and quercetin derivatives are frequently
found concentrated in the peel (skin) of most onions where they impart respectively the red and
yellow/brown color [47-50]. So, the major effective constituents of ROSE and ROPE can be

summarized in Figs. 9 and 10, respectively. Obviously Fig. 9 illustrates that cysteine derivatives
possess three active centers. These are —SR, —NH, and —COOH. Depending on the pH value, it is

well known that cysteine can be found in three forms: (i) neutral (—NH, and —COOH), (ii)
zwitterionic (—NH; and —COO") and (iii) anionic (—COQ") [51]. Since the aggressive solution
under study is relatively high acidic, the impact of both zwitterionic and anionic form is ruled out and
the cationic form (— NH3) is the predominant [52]. Under such conditions, — NH; and the lone pair
of electrons on S atom play an important role for cysteine adsorption on steel surface. Figure 11

illustrates the proposed mechanism for the active constituent of ROSE on steel surface from 0.75 M
H3PO, solutions.

°c900®
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Figure 11. The suggested adsorption mechanism for ROSE effective constituents on steel surface from
0.75 M H3PO,.

For simplification the S-methyl cysteine (Figs. 11 a and b) and S-Alkenyl cysteine sulfoxide
(Fig. 11 c) were used as models for simulating the adsorption process. Since steel surface is positively
charged in acid solutions [53, 54], it was expected that the acid anion (i.e. phosphate ion) adsorbed
electrostatically and distributed randomly on the steel surface giving rise to net negative charge.
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Hence, the cysteins may adsorb electrostatically (physically) on the phosphate negative layer via
—NH; and it may adsorb chemically with the bare metal through the over lab of the lone pair
electrons on S atom and the vacant d orbital of Fe of steel surface (Fig 11a). If the — NH; group loses
its proton under the positive field of the bare metal, the N atom of the resultant — NH,group may
adsorb chemically on the steel surface (Fig. 11b) but much weaker than that in the case of S atom. In
Fig. 11c, the cysteine sulphoxide may adsorb electrostatically through the —NH; on the phosphate
layer that already adsorbed on the steel surface. In the light of these proposed models for cysteine
adsorption on the steel surface under the studied conditions, one can clarify the obtained results in
section 3.3. According to the suggested adsorption modes of ROSE species, increasing temperature
strengthens the chemisorption process while weakens the physical one, so the inhibition efficiency
decreases somewhat but still higher than that at 303 K. Corrosion inhibition study for steel in H,SO,
using L cysteine revealed that the adsorption of cysteine on the mild steel surface has a somewhat
chemisorptive character [55].

A
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Figure 12. The suggested adsorption mechanism for ROPE effective constituents on steel surface from
0.75 M H3PO,.

Figure 12 illustrates respectively the adsorption models a and b of anthocyanin and quercetin
(the major constituents of ROPE) on steel surface from 0.75 M H3PO, solution. For simplification the
R substituent (Fig. 10) is assumed to be H in all cases. Anthocyanin is already in the cationic form
while quercetin is converted to the cationic form by protonation (= OH™) as a result of acidic medium
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[56]. It was suggested that the positively charged species of anthocyanin (Fig. 12 a) and quercetin (Fig.
12 b) would be adsorbed cooperatively and electrostatically on the negatively charged layer of
phosphate ion that firstly adsorbed on the steel surface. This suggested model for the adsorption of
ROPE species on steel surface is in good agreement with the results obtained in section 3.3, which
revealed physical adsorption for ROPE.

4. CONCLUSIONS

Based on the chemical measurements (HE and ML) and SEM used for testing and comparing
the inhibitory action of ROSE and ROPE on the corrosion of steel in 0.75 M H3POy,, the following
conclusions can be drawn:

» The investigated ROSE and ROPE act as good inhibitors for the corrosion of steel in 0.75 M
H3PO, and the ROSE is more effective than the ROPE.

» The inhibition efficiency of both extracts increases with increasing concentration and gives
powerful fitting to the Langmuir adsorption isotherm with the highest adsorption affinity for
ROSE.

» The values of E, without and with inhibitor revealed chemisorption and physical adsorption
behavior for ROSE and ROPE, respectively, on the steel surface from 0.75 M H3PQO,.

» Good consistency between results obtained from HE and ML measuresments was obtained.

» The relation between the active adsorption centers of the major effective constituents of ROSE
and ROPE and the inhibition mechanism was fully discussed and emphasized the results
obtained from temperature effect.
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