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The aim of this work is to investigate the effectiveness of oak galls extract (OGE) as a green
corrosion inhibitor from natural resources to prevent the corrosion of archaeological iron artifacts in
atmospheric environments. The inhibition efficiency has been evaluated by measuring the weight loss
of the treated coupons after exposure to 85% RH in a humidity chamber, Potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) techniques. Also, the morphology of an adsorbed
film on the surface was investigated by scanning electron microscopy and optical microscope. The
influence of OGE on changing the original appearance of the surface was also evaluated using visual
examination and colorimetric measurements. The measurements results revealed that OGE gave high
inhibition efficiency reaching approximately 95% of 6% concentration. Based on the study results,
OGE can be proposed as an efficient green inhibitor for iron artifacts.
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1. Introduction

With the discovery of iron metal, many of the pieces
which were made of copper and its alloys have been
considered from this hard metal. However, this metal was
more susceptible to corrosion than other metals'. The ancients
likely conserved their iron tools against corrosion process
using natural materials obtained from animals and plants.
A few of these materials are still known in folklore and are
available at some herbal stores as protection substances for
ferrous metal. In Egypt, Afss Herb in the Arabic language
is one of these substances, information is widely diffused
between Egyptian Herbalists about the role of Afss herb in
the protection of iron and its alloys. Also, information is
circulated among chemists and archaeologist and has been
reported in few studies about the role of a medium containing
substances of a tannic nature like Affs in the preservation of
iron artifacts in burial environments?. In several archaeological
excavations, it was observed that iron artifacts remain in a
good state in burial environments when they were in contact
with some types of plants or woods containing tannins
as major compounds. As a typical site of this type, well-
preserved iron objects were found in a Saxon tannery in
York, although they were excavated after about 2000 years
from burial in the soil environment?3. Tannins are a group
of phenolic compounds found in many species of plants and
have a major role in protection against predation*’. Affs is
one of tannin-containing plants, and it mainly consists of
tannic and gallic acid as major compounds.

This herb - under the name of Affs in Egypt- is oak tree
galls and arises on young branches of the trees. This herb is
known as Quercus Infectoria in Botanical name, Manjakani
in Malaysia and Afss in Arabic countries. Oak trees belong
to the family of Fagaceae and grow in the Mediterranean
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area, especially in Syria, Iran, Greece, and Asia Minor®*.
Oak galls were one of the common ancient herbs in Egypt,
Iran, and Asia, and it have multiple therapeutic properties,
so they were widely used in folklore medicine®”?. This study
aimed to investigate oak galls as an environmentally friendly
corrosion inhibitor for iron artifacts. In recent years, several
studies were conducted to evaluate the inhibition efficiency
of some plants and herbals extracts. These studies revealed
the successful use of some herbs and plant extracts to inhibit
metals corrosion in several media®!*'3. Plant extracts provide
corrosion inhibitors termed as ‘Green inhibitors’. Those
inhibitors are non-toxic, eco-friendly and have proven to be
effective in controlling the corrosion of many iron alloys.
Oak galls were proposed to be tested as corrosion inhibitor
of iron artifacts in this study because of common data -
among chemists, archaeologists, and herbalists - about the
inhibition efficiency of natural substances containing tannin
as major compounds. Also, in addition to this data, the main
constituent of the oak galls (tannic acid) has been reported as
a corrosion inhibitor for protection of mild-steel'. So, oak
galls likely have good inhibition properties against corrosion
of iron and its alloys and they likely will show promising
results. The use of oak galls extract (OGE) as a new corrosion
inhibitor was proposed in only a previous study but was for
mild steel in cooling water systems'®. This study represents,
to our knowledge, the first actual evaluation of this extract
for the protection archaeological metallic heritage.

2. Materials and Methods

2.1 Preparation of Carbon steel Coupons

Carbon steel (high and mild) is one of the most common
iron used for archaeological and artistic objectives'®. Coupons
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of high carbon steel (HCS) (C 3.52 wt%) were cast for this
study. Generally, there are two issues during the manufacturing
process of metallic coupons for a scientific study; a thick slag
layer usually forms on coupons as a result of the hot-dip process
and the minimum thickness of samples is often greater than
the required thickness. Therefore, the thickness of coupons
was reduced by Lathe Machine from 1 cm to 2-4 mm and the
slag layer was removed during thickness reduction. Then, the
coupons were polished with different grades of emery papers
(1000-3000), degreased with acetone and rinsed in distilled
water before storage in a desiccator overnight.

The elemental analysis of the coupons was carried out
by Energy Dispersive X-Ray fluorescence (ED-XRF) JSX
3222 Model from Jeol company, carbon element was not
detected in the ED-XRF analysis (Figure 1) due to instrumental
limitations of this analysis (low concentration of C could
not be detected). So, carbon /sulfur analyzer in conjunction
with inductively coupled plasma (ICP) was used to measure
elemental carbon. The analysis parameters were as follows:
the model: ELTRA’s CS-2000, detection method: solid state
infrared absorption, Number of IR cells, 1-4: Material of IR
path: gold, time of analysis: 40 s, compressed air: 4 bar/60 psi,
and power: 230V, 50/60 Hz, max. 15 A, 3450 W. Finally, based
on the data of the engenders manufacturer and the carbon
/sulphur analysis and the ED-XRF analysis, the chemical
composition was C 2.52-2.9 wt% Si 0.825, Cr 0.093, Zn
0.043, Au 0.321 wt% and balance is of Fe. The coupons
cut according to each test; they were cut to a dimension of
(7.5x2.5%0.12 cm) for the environmental chamber test and
(2x2x1 cm) for potentiostatic studies.
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Figure 1. The elemental analysis by ED-XRF of the
experimental studies coupons.
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2.2 Artificial corrosion patina of the test coupons

The majority of archaeological iron artifacts are often
covered with a corrosion patina of oxides and hydroxides. Also,
there are many iron artifacts exposed to severe corrosion or
mineralization whether partial or complete!”. Accordingly, one
of the current tests was conducted on two types of coupons:
clean slandered coupons and corroded coupons with artificial
patina of oxides and hydroxides as more common corrosion
patinas. The oxidation or rusting occurs rapidly when the iron
is exposed to humidity and air'®. So, oxides and hydroxides
patina was formed on coupons by exposure to the humidity
chamber test. The coupons were hanged in desiccators and
exposed to 30 °C and 100% RH for 28 days'®>.

2.3 Preparation and characterization of
methanolic extract of Mazuj galls

Oak galls were purchased locally from an Egyptian
herbs’ store in Luxor city. After washing, the galls were
ground into a powder then were soaked in absolute methanol
with the ratio of 1 gram of powder with 10 ml of methanol
for 20 hours at room temperature. Then the mixture was
continuously shaken for three continuous days and at last
filtered. Methanol was evaporated from the soaking solution
of oak galls using an IKA rotary evaporator (Germany).
Finally, the yellowish powder extract was collected from
the inside of the flask of the evaporator and used for the
study as shown in Figure 2*'>2122, Three concentrations (2,
4, and 6%) with absolute methanol were prepared for this
study. Applying the inhibitor solution on the coupons was
with a single layer by a brush, since the double layer or the
use of higher concentrations caused a relative color change.
Reviewing some previous studies, that included the analysis of
oak galls, was used to identify the chemical composition and
determine constituents responsible for corrosion inhibition.

2.4 The effect of OGE on the original appearance
of surface

As a main requirement, coatings or inhibitors of
archaeological metallic should have little to no effect on the
surface appearance®. The corroded and un-corroded coupons
were treated with the extract and were visually observed in
order to record any color change of the surface appearance
after applying OGE. Also, colorimetric measurements were
carried out to evaluate a color change of the treated coupons.
The chromatic change AE was conducted using Optimatch
3100 device. The calculation of color change was performed
according to Equation 1%*:

Figure 2. The preparation stages of oak galls extract powder, (a and b) oak galls with natural gummy core, (c) the soaked oak galls in
absolute methanol on shaker, (d) during the extraction of the powder from methanol solution by rotary evaporator, (¢) OGE powder,

(f) the methanolic extract solution.
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AE* = JI(AL*Y +(Aa*)’ +(Ab*)] (M

L: Brightness, a: Change of color from red (+value) to green
(-value), b: Change of color from yellow (+value) to blue
(-value), AE: Total chromatic change of the treated and
untreated coupons.

2.5 Microscopic examination of the adsorbed
inhibitor layer on the surface

The examination of treated surfaces with a corrosion
inhibitor can reveal good evidences for the evaluation of
the inhibition efficiency and corrosion resistance as follows:

. Formation, Distribution and diffusion on a metal
surface

e The rate of covering and adsorption of inhibitor
molecules on the surface

*  Cracks and fissures in corrosion inhibitor layer

Therefore, microscopic examination can be used as
an initial evaluation method of the inhibition efficiency.
The investigation of studied inhibitor morphology on coupons
surfaces after treatment with the extract was carried out by
scanning electron microscope (SEM) model JEOL-JSM
5500 and polarized light microscope model an Olympus
BX51 with an Olympus DP70 camera.

2.6 Environmental chamber test

This test was carried out in order to determine the
percentage of inhibition and corrosion rate. Also, the test
provided direct results of the effect of atmospheric environment
on iron corrosion in the presence of OGE. In this test,
the strongest corrosion factors of metallic artifacts in an
indoor museum environment was simulated. The museum
environment provides metallic artifacts with the protection
against many damage factors that affect the artifacts in
the outdoor environment such as frost, dew, rain and high
concentrations of air pollutants®. Nevertheless, there are some
factors that can increase the activity of corrosion reaction
such as relative humidity - especially in storage rooms - and
some indoor pollutants®*?’, The corrosion of iron artifacts in
the museum environment depends on a chemical reaction
with the main compositions of air: oxygen, humidity, and
gaseous pollutants®’. So, the use of relative humidity as a
corrosive medium for the evaluation of inhibition efficiency
is more realistic of indoor museum environment especially
of humid storage conditions'. Acidic corrosive media,
which were used in many previous studies, is unsuitable for
archaeological objects?®! because most of these studies were
conducted in order to protect metals and alloys in industrial
conditions. These alloys are already exposed to acidic media
but archaeological artifacts which displayed or stored in
museums are not exposed to such media.

The basic methodology of this test can be found in
ASTM D1735-04%2, A desiccator (300 mm in diameter)
was used as a chamber for the humidity and temperature.
The minimum relative humidity necessary to promote the
oxidation process is 65%, but it can be lower in the presence
of corrosive factors'®. Relative humidity was adjusted
at about 84% by a 250 ml beaker containing a saturated

solution of potassium chloride". Three coupons were used
for each concentration as well as three untreated coupons.
The coupons were placed vertically in the middle of the
desiccator and kept at room temperature during the test period.
The experiment was stopped after 15 days when various
corrosion signs appeared on the untreated coupons. The stop
was decided based on the formation of corrosion patina on
the untreated surface, which helps the inhibition efficiency
can be evaluated. Finally, the coupons were removed from
the test chamber and weighed again to determine the total
weight loss of coupons.

The inhibitor efficiency of the extract after the humidity
chamber test was evaluated by weight loss measurements,
visual investigation, and microscopic examination of the
coupons’ surfaces using a polarized light microscope.
The weight loss measurements were obtained according to
ASTM G31-72 which is the standard methodology for this
technique in a laboratory'>. A sensitive electronic balance was
used to measure the weight before and after the exposure.
The weight loss (AW) of the coupons was calculated by
using Equation 22'.

Weight loss (AW )=W,—W, 2)

Where W, is the initial weight of the coupons before the
exposure to relative humidity and W, is the final weight after
the exposure. Once the weight loss value was measured, the
corrosion rate (CR) in (mg cm™ h™") was calculated according
to Equation 32!, The inhibition efficiency depends on the
degree of the surface coverage (0)*' and can be expressed
using Equation 4'°. The percentage of inhibition efficiency
(IE) was calculated from the weight loss (mg) (Equation 5)¥*3*
or corrosion rate (Equation 6)*3**, and the result was similar.

k= AAxWT 3)
CR° —CR'
9:% )
1E%:Mx100 = wao (5 and 6)
we CR°®

Where A W is the weight loss (mg), A is Area of metal exposed
to corrosive media (82 ¢cm?), T is the test period (360 h),
We and Wi are the weight loss in absence and presence of
inhibitor, CR° and CR! are the corrosion rate (mg cm? h')
in absence and presence the inhibitor.

2.7 Electrochemical measurements
(potentiodynamic polarization, electrochemical
impedance spectroscopy, EIS)

The electrochemical measurements were performed
using an [VIUMSTAT potentiostat-galvanostat operated
under computer control. A three-electrode electrochemical
cell was used: Platinum as counter electrode, Silver Silver
chloride [Ag/AgCl] as reference electrode and iron coupons
as a working electrode. The coupons were cut 2 cm? with
dimension for electrical connection. Tafel polarization
curves were obtained at a potential range of (-500) to (500)
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mV with a scan rate 0.001 V/s. A sinusoidal signal with
amplitude of 10 mV was used to conduct EIS measurements
at open-circuit potential over the frequency range of 35 kHz
down to 100 mHz. EIS’ circuit was CDC R1[C1[w1R2]]
model R1+C1*[W1+R2]. All experiments were performed
at room temperature. Each concentration was measured three
times at the same conditions for acquire reliable data, the
difference between values were smaller than 5%, indicating
good reproducibility. The average of the values was used for
the EIS data®'. To gain corrosive conditions similar to the
atmospheric environment, the electrochemical measurements
were performed in ASTM D1384-87 standard solution. It is
consisting of 148 mgl" Na,SO,, 138 mgl"' NaHCO, and
165 mgl'NaCl with tap water®. The presence of carbonate
ions and sulphate represents the natural composition of air
polluted by CO, and SO,. The inhibition efficiency IE%
from potentiodynamic polarization test was evaluated using
Equation 7213,

Icorr® — Icorr
IE = (7) %100 @)

Icorr’

Where, (Icorr®) and (Icorr) are corrosion current densities of
coupons in the absence and presence of the inhibitor. While,
The inhibition efficiency from EIS measurements IE% was
calculated using Equation 8%'.

R°-R

gxloo ®)

R®

IE =

Where, (R°) and (R) are the polarization resistance of coupons
in the absence and presence of the inhibitor.

3. Results and Discussion

3.1 The chemical composition of oak galls extract

Many studies analyzed oak galls using Gas chromatography—
mass spectrometry (GC-MS) and indicated that the main
constituents of oak galls are tannic acid C, H,,0, (50-70%),
gallic acid (2-4%) C H,O,, and ellagic acid C,,H,O, in
addition to small amounts of flavonoids, saponins, alkaloids,

carbohydrates, Gum, starch, and sugar!>2%37-3%,

3.2 Morphology of the adsorbed inhibitor on the
surface

The data micrograph in Figure 3 shows to promising
results of OGE as a good corrosion inhibitor. The examination

Materials Research

revealed many good properties of the deposited inhibitor layer
such as the distribution and diffusion on the surface, the rate
of coverage, the adsorption behavior of inhibitor molecules
on metal surface, thickness homogeneity of the deposited
layer, and small and well-packed structures morphology. Such
good properties should be present in corrosion inhibitors
for archaeological metals. So, this result is a good initial
evidence of the efficiency of OGE as a corrosion inhibitor.

3.3 The influence of OGE on the original surface
appearance

The main role of the coating or corrosion inhibitor of
archaeological metallic artifacts is the protection of surface
with no change in the original appearance®. The change
in surface appearance is not acceptable whether it is a bad
change or a good aesthetic change because the purpose of
the coating is the protection rather than decoration.

Although the color of OGE solution was light yellowish
(as shown in Figure 2f), the difference between treated and
untreated surfaces was only in the occurrence of a slightly
darkness color on the surface of treated coupons (as shown
in Figure 4). Thus, it did not induce a change in the surface
appearance of the samples, whether the surface was corroded
or un-corrode. Color change is expressed by the AE parameter
as shown in Table 1. It was found that the treated coupons
showed slight changes. The lowest change in color was at
4% concentration and AE value was 2.54.

Also, the visual investigation of the adsorbed film
revealed good results of some properties which must be
taken into consideration when choosing a corrosion inhibitor
for archaeological artifacts such as:

*  Low and uniform layer thickness.
*  Smooth texture produces uniform color.

*  Does not cause glossiness or luster of the surface

3.4 Environmental chamber test

3.4.1 Weight loss measurement

The results of weight loss measurements of the exposed
coupons (clean and corroded) to the humidity chamber test
in the absence and presence of OGE are shown in Table 2.
First, for the clean coupons, the results show that the three
concentrations inhibit the corrosion of clean coupons in the
humidity chamber test. The inhibition efficiency increased
with the increase in OGE concentration and thus the corrosion
rate and weight loss were decreased as shown in Table 2.

3 ggakay n e ah el > -1

Figure 3. SEM and PM show the morphology of OGE on the surface of high carbon steel coupons; the investigation reveals homogeneous

thickness and high coverage rate.
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Figure 4. The appearance of the studied coupons, (a) an artificial corroded coupon and (b) a clean coupon, the area above the arrow in

the two coupons is treated with OGE while the down is untreated.

Table 1. Values of the color change of treated coupons with OGE.

Un-corroded coupons

Color change of un-corroded

Corroded coupons Color change of Corroded

Con. coupons
L a b AL Aa Ab AE L a b AL Aa Ab AE
Untra. 35 -1 11 --- --- --- --- 20 14 13 --- --- ---
2% 33 17 20 18 9 20.2 28 8 4 8 -6 5 11.1
4% 30 12 15 13 4 14.5 28 7 4 8 -7 11.7
6% 33 17 20 18 9 20.2 26 5 5 -9 13.5
Table 2. Shows the results of humidity chamber test of the coupons with and without OGE.
Conc. corroded coupons clean coupons
Weight loss (g) 1E % Rcorr mg cm™ h! 0 Weight loss (g) 1E % Rcorr mg cm™ h! 0
Untre. 2.65 .0089 --- 1.21 --- 0.0040
2% 1.02 61.5 .0034 0.616 0.12 90 0.0004 0.90
4% 1.34 49.4 .0045 0.49.4 0.06 95 0.0002 0.95
6% 0.96 63.7 .0032 0.63 0.05 95 0.0002 0.95

The maximum value of inhibition efficiency was 95% at
4 and 6% concentrations. Increasing the concentration beyond
4% did not cause any significant increase in the inhibition
efficiency nor diminish its. This may be attributed to the
withdrawal of adsorbate back into the bulk solution when the
inhibitor concentrations exceeded the critical concentration®.
Second, for the corroded coupons, the values of inhibition
efficiency of the extract on corroded coupons were medium
and did not depend on extract concentration.

3.4.2 Surface appearance investigation

The photographic data of the coupons after a humidity
chamber test is shown in Figure 4. The comparison between
the surface appearance of the coupons before and after the
test revealed that:

*  Generally, treated clean coupons revealed significant
inhibition efficiency against humidity especially in
higher concentrations, while untreated clean coupons
were exposed to severe corrosion. The inhibitor
efficiency was also acceptable at concentrations of
2 and 4% where the corrosion process appeared in

a small area on one sample of each concentration
as shown in Figure 5.

e Allcorroded coupons were affected by moisture, and
the corrosion patina became wet and more powdery.

Polarizing microscope investigation of the treated
surface before a humidity chamber test revealed that the
absorbent inhibitor showed light color while the metallic
surface showed dark color (Figure 6a and b). After the test,
the investigation revealed that although the protection film
under the microscope became more darker, corrosion did not
occur especially in 6% concentration (Figure 6¢ and d). This
darkness decreased with an increase in inhibitor concentration.
Also, although few brown corrosion spots were noted on
a coupon due to exposure to concentrations of 2 and 4%,
(Figure 6e-g), the inhibition efficiency was high for both of
the two concentrations.

Corroded coupons showed inhibition efficiency lower
than clean coupons, the artificial patina has absorbed
moisture and turned into a fragile and grainy layer. Generally,
inhibition efficiency of the corroded coupons was weak and
the isolation process of the surface from the humidity was
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Figure 5. Treated and untreated coupons with OGE in the presence (left) and absence (right) of corrosion patina after the humidity
chamber test. All corroded coupons were affected by moisture, and the corrosion patina became wet and more powdery while the treated
clean coupons revealed high inhibition efficiency compared with untreated coupons.

not enough. Weak protection can not be attributed only to
the extract properties, but also to the nature of the patina
formed. Although various methods were used for simulation
archaeological corrosion layer, an artificial patina was not
comparable to an authentic layer formed on archaeological
objects. The synthetic patina on the surface showed weak
adhesion, granular texture, and easy exfoliation from the
surface. The formed patina on studied coupons did not
cover uniformly the surface of coupons and nor go deep
into the metallic core.

3.5 Electrochemical Measurements
(potentiodynamic polarization and
electrochemical impedance spectroscopy)

Figure 7 shows the polarization curves of OGE with and

without various concentrations. The Table 3 shows measured
polarization data such as the corrosion potential (E_ ), The

corr

corrosion current density (j_ ), The cathodic Tafel slope (B,),
the anodic Tafel slope (B,) and inhibition efficiency (IE%).

The calculated inhibition efficiency was based on j__ values
obtained in the absence and presence of the extract. It is clear
from the data in Table 3 that the increase in the concentration
of the extract decreased corrosion current density and increased
inhibition performance. The highest resistance (90%) occurred
at the highest concentration (i.e. 6%) and the lowest value
was at 2%. The order of the inhibition efficiency IE% was
6% (90) > 4% (88) > 2% (87.6%). The results showed that
the methanolic extract had good preventive properties against
iron corrosion. Furthermore, as shown in Table 3, the values
of the anodic and cathodic Tafel constants indicated that there
was no dominant effect in both electrodes in the suppressing
corrosion reactions, prevention of reaction occurred at both
electrodes (B, and B ), and the inhibition efficiency did not
increase significantly with increasing the concentration of
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Figure 6. PM of the coupons before and after humidity chamber test: (a) and (b) before the test, (¢) and (d) 6% con., (e) 4% con.,
(f) 2% con. and (g) and (h) untreated. The inhibitor on the surface appeared under the microscope in a light color while the original
surface showed a dark color. The reddish-brown color indicates the occurrence of the corrosion process.
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Figure 7. Polarization curves of the coupons in the absence and
presence of varying concentrations of OGE.

inhibitor. Thus, this suggested that the inhibitor behaved as
a mixed-type inhibitor*.

Table 4 and Figure 8 show the impedance data and Nyquist
plots of EIS in the absence and presence OGE, where R,
(R,) is the charge transfer resistance (can be defined also as
the polarization resistances) for uninhibited and inhibited
solutions, respectively. R is the electrolyte resistance (X cm?)
and (Cdl) is the double-layer capacitance. The general rate
of the polarization resistances of the three concentrations is
medium. The inhibition efficiency values (IE) of EIS test were
lower than both values of Potntiodinamic test and weight
loss with clean coupons (Figure 9). The highest value of
EIS was 70% at 6% concentration.

The Nyquist plots (Figure 8) are characterized by a
depressed semicircle. This shape of Nyquist plots appears
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Table 3. Electrochemical polarization parameters obtained from Tafel plots in the absence and presence of OGE with the three studied

concentrations.
Con. I, uA/cm? -E_/V B/V dec”! B/V dec’! C Rate mm/y E /%
Untrea. 3901 -0.1184 .096 .097 0.3302 ---
2% .0494 -0.1838 0.143 0.129 0.0373 87.6%
4% .0437 -0.190 133 112 .0405 88.7%
6% .0391 -0.222 .094 074 .0444 90%
Table 4. Shows electrochemical parameters calculated from EIS measurements.
Con. R (X cm?) Rv:Ra (Q cm?) Chi-square IE,,
Untre. 31.255 283.6 3.5E+00 ---
2% 40.14 768.2 6.7E+00 63
4% 15.30 676.9 2.4E+00 58
6% 29.73 973.6 7.4E+00 70
o 3.6 Mechanism of corrosion inhibition and the
/’:'_’_:- nature of adsorption
Z= The protection mechanism of corrosion inhibitors differs
L from a compound to another. Some mechanisms depend on
p the specific ability to react with the surface (iron cations)
Jg:_, of a metal and a protective film forms on the surface. This
g protective film is often an insoluble compound. This mechanism
M ---- untrea. clearly appears in compounds containing N, S, and O atoms
—2% and these inhibitors often have high inhibition efficiency.
;__"2;‘: These atoms are called heteroatoms and they represent the
3 . active center for the absorption process of inhibitors on a
10 100 100 metal surface. The inhibition efficiency should follow the

Zreal,ochm cm2

Figure 8. Nyquist plots for the coupons without and with various
concentrations of OGE: Untreated, 2%, 4% and 6% concentration.

Tafel EIS Weight Weight
loss clean loss
coupons corroded

coupons

Figure 9. bar diagram shows inhibition efficiency comparison of
OGE concentrations at the three tests.

when polarization is due to a combination of kinetic and
diffusion processes. The diffusion process of inhibitor’s
ions take place on metallic coupons surface after the
addition of the inhibitors especially green inhibitors.
This Diffusion process can also create impedance called
Warburg impedance. The impedance in this case depends
on the frequency of the potential perturbation, when
frequencies are high the Warburg impedance is low since
diffusing reactants do not have to move very far. While at
low frequencies, the Warburg-impedance is high due to
the far diffusion of the reactants.

sequence O <N < § < P44,

OGE contains many components and thus attributing
the inhibition efficiency to a compound or two is not
accurate, as the inhibition of most constituents of the
extract occurs simultaneously. The previous analysis of
the OGE powder reported that the extract mainly consists
of hydroxyl aromatic compounds containing OH group
and oxygen heteroatoms such as tannic and gallic acid,
flavonoids, and glycosides. Gallic, tannic, and ellagic
acid are considered the main active components of OGE.
The presence of a heterooxygen atom and OH group, as an
electronegative functional group, in the structure of those
compounds make it possible for adsorption and bonding
with the surface to be high. The adsorption is by coordinate
type linkage through the transfer of lone pairs of electron
of oxygen atoms and OH group to the surface giving a
stable chelate five-membered ring with ferrous ions (as
shown in Figure 10)>*-¢, At the end, a blockage occurs of
micro anodes. Therefore, the inhibitive effect of OGE is
attributed to the formation of insoluble complex compounds
between molecules of the extract compounds and and Fe?*
cations because these components are ligands®. Tannic acid
is thought to form a passivating layer of tannates on the
metallic surface especially at defective sites in surface or
its corroded patina. The coherent inhibitor layer on the
surface acts as a physical barrier to impede the attack of
the surrounding medium ions by preventing the electrolyte
reaction with the surface'®, Also, the inhibitor layer prevents
the adsorption of aggressive ions especially at defective
sites already existing on the surface or corrosion patina film.
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Figure 10. Skeletal representation of adsorption of the main active
components of OGE on the HCS surface: (a) Gallic acid C,HO
(b) ellagic acid C ,H O, and (c) tannic acid C,;H,,0
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3.7 Biocorrosion and prevention by green
inhibitors

Biocorrosion is related to the presence of microorganisms,
especially bacteria that adhere to surfaces and enhance the
occurrence of corrosion. Some authors have reported that
phenolic acids of oak galls such as gallic, tannic, and ellagic
acid have multiple biological effects and these compounds
have the ability to become antioxidant, antimicrobial,
antibacterial, and antifungal agent®!®’, So, the use of OGE
as green corrosion inhibitor will diminish the growth of
microorganisms and prevents the occurrence of biocorrosion
in addition to prevent the reaction with the surrounding
corrosion media.

4. Conclusion

The results of different tests are various but the main
conclusions are as follows:

*  Results suggest that OGE has good inhibition
properties as a green corrosion inhibitor against
corrosion of archaeological carbon steel artifacts
in an indoor museum environment.

. OGE is adsorbed on the metal surface and behaves
as mixed-type inhibitors.

e The results obtained from the polarization curves
demonstrated that OGE has high inhibition values.

e The humidity chamber test in 85% RH has shown
that the extract inhibits oxidation processes of high
carbon steel coupons and the inhibition efficiency
could be reached as high as up to 95%.

e Tannic, gallic, and ellagic are the major components
that are responsible for the inhibition action of OGE.

e The SEM analysis showed that the adsorption and
coverage of the tested inhibitor on the coupons
was very high.

*  OGE doesn’t cause a change in appearance or color
of high carbon steel coupons whether corroded or
un-corroded.

*  Previous studies reported that OGE has an
antimicrobial, antibacterial and antifungal agent.
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