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This work  covers the
effectiveness of the White tea
extract as a greem corrosion
inhibitor and is correlated to the
strength and stability bonding
between the phenolic molecule and
the Fe atoms in mild steel and how
this interaction can be studied by
altering the concentration and
temperature. White tea has received
considerable attention due to its
capability as a corrosion inhibitor
and has been extensively studied
using electrochemical techniques.
However, accurate and systematic
functional group identification
and surface modification have
been missing. Our study sought
to demonstrate the quantitative
measurement of electrochemical
impedance spectroscopy (EIS)
complemented by the FTIR (Fourier
transform infrared spectroscopy),
Total Phenolic Test, and Raman
Spectroscopy. The SEM (Scanning
Electronic Microscope) /EDX
(Energy-Dispersive X-Ray
Spectroscopy), and AFM (Atomic
Force Microscope) were used to
study the surface modification. The
EIS results show that the optimum
inhibition efficiency was 96 % in a
solution of 80 ppm at 60 °C. Acetone
70 % was used to extract White tea
and gives 14.17+0.25 % phenolic
compound. Spectroscopic studies
show -OH, Aromatic C=C, C=0 and
C-0-C become major contributors
in the adsorption process and are
Sound on the surface of metals as
corrosion protection. Meanwhile,
the thermodynamic calculation
shows the White tea was adsorbed
chemically. The nearness of R? to 1
shows the adsorption agrees with
the Langmuir adsorption isotherm.
Eventually, the surface modification
revealed that phenol molecules are
responsible to reduce the corrosion
rate at 16.38x103 mpy. Our results
are expected to provide a guideline
Jfor future research in White tea as a
green corrosion inhibitor

Keywords: catechin, green
corrosion inhibitor, chemisorption,
adsorption, surface modification,
Langmuir isotherm
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1. Introduction

tor. This inhibitor impairs the corrosion in mild steel under

The purpose of this study is to determine the effect of the
catechin molecule in White tea as a green corrosion inhibi-

acidic conditions. Commonly, this drawback occurred when
metal is exposed to a low pH environment, acidic pickling,
and acidification process and becomes one of the recurrent




challenges in oil wells. It also induces hydrogen embrittle-
ment and fastens the rate of corrosion [1]. Although corro-
sion is a slow electrochemical process and occurs naturally,
several protections, such as coating, cathodic protection,
material selection, and introduction of the inhibitor demon-
strate solutions to address the issue [2]. The presence of
inhibitors has shown that inhibition is linked to adsorption
processes. This strategy is frequently used and developed
due to the cost-effectiveness at a given low volume of inhib-
itor solution [3, 4].

Recently, there has been renewed interest in harnessing
the potential of the natural product (e.g. plants) as a green
corrosion inhibitor. Several works have investigated the
adsorption of plant extract exists in the formation of the
passive film and how the interaction between the adsorbate
and inhibitor influences the corrosion process in metal. For
instance, the use of Morinda citrifolia reduces the effect of
corrosive 3.5 % NaCl in low carbon steel [5], Pluchea indica de-
presses the electron activity at the anodic and cathodic sites [6],
Areca Flower decreases the corrosion rate in low carbon steel
through the interaction between polyphenolic/flavonoid com-
pounds with steel [7], and Sweet Potato interrupts the
oxidation process through the formation of chelating agent
in complex compound Fe-anthocyanin [8] and Fe-ascorbic
acids [9]. These examples of studies correlate to the ability
of organic components to form chemical bonding with metal.
Commonly, the high electronegativity atoms such as N, O,
S, and P, and the presence of conjugation of T and ¢ bond
are accountable for the strength of organic molecule (e. g
phenol) adsorption on the metal [10].

It has previously been observed that the content of phe-
nolic compounds in White tea is a key role to determine the
effectiveness of the adsorption. However, the link between the
total phenolic compound and the adsorbed functional groups
on the surface of the mild steel has not been confirmed quanti-
tatively and qualitatively. To address this issue and to fill this
gap, we use the total phenolic content and state-of-art FTIR
and Raman Spectroscopy to determine the type of bonding on
the surface of metals. Moreover, to verify the result of adsorp-
tion, the utilization of SEM/EDX complemented by AFM
has been made to confirm the adsorption process.

Therefore, studies that are devoted to this study are
the explanation of the chemisorption process and how this
chemical interaction correlates with the characterization re-
sults. It also unveils the formation of a dative covalent bond
between the catechin molecules and 3d orbital of Fe ions
based on the FTIR and Raman Spectroscopy data. Eventu-
ally, we will give a possible proposed inhibition mechanism
according to various advanced surface characterization
shreds of evidence that has been obtained thus far.

2. Literature review and problem statement

The papers [11, 12] present the result of the inorganic
inhibitor in 50 uM clozapine and 2-methylimidazole. It is
shown that clozapine has a high inhibition efficiency of
98 % while 2-methylimidazole reduces the corrosion current
density to 1.9 mA cm2. These results can be associated with
the ability of an inorganic inhibitor to modify the electro-
chemical reaction on the surface of metals. But there were
unresolved issues related to the toxicity of the inorganic
inhibitors. For instance, the improper utilization of clozap-
ine may affect the number of white blood cells in the human

body [13] while 2-methylimidazole affects human reproduc-
tion [14].

The result of the paper [15] acquires problems in prepar-
ing inorganic inhibitors, the cost to prepare the inhibitors,
and the renewability of the raw materials. Owing to the
presence of commercial 1,2,4-triazole (t) and imidazole, the
major drawback may raise the manufacturing cost of inhib-
itors. Also, the operating temperature of the synthesized
inhibition was only 40 °C. This shortcoming makes relevant
research impractical.

Many researchers use plants to prepare inhibitors since
plants are renewable materials and to prepare the extract
requires inexpensive apparatus and chemicals with simple
methodology. For instance, the results in [16] were used in
preparing the extract of Curcuma xanthorrhiza at 1,000 ppm.
The plant was extracted using 1M HCI with a single ex-
traction method. The Electrochemical Impedance results
analysis showed the inhibitor lowers the corrosion rate of the
API 5L X42 steel in 1M HCI. Secang Heartwood (caesalpin-
ia sappan l) extract was obtained using a mechanical process
and dissolving the raw material in methanol [17]. The result
shows the inhibitor achieved 53.18 % efficiency and behaves
as a mixed-type inhibitor in a 3.5 % NaCl solution. Another
extraction method shows that this plant can be extracted us-
ing isopropyl alcohol and water [18]. The inhibitor controls
the charge transfer process at surface metal and electrolyte
and gives high inhibition efficiency of 90 %. The anti-oxi-
dant and tannin properties of plants can be also used as a
potential candidate for green corrosion inhibitors. Recent
work from [19] shows the presence of manikara zapota; garcin-
ia mangostana L., and ipomea batatas can effectively reduce the
corrosion rate on the API 5L steel by the adsorption process of
their functional groups on the surface of the substrate. This
research finding was confirmed by [20] showing that the he-
teroatoms of oxygen in Epigallocatechin Gallate (EGCG),
which contains a phenolic compound and hydroxychavicol,
are accountable for the formation of the passive layer.

Despite several studies on White tea as an inhibitor are
available, only a few researchers considered the challenges
of their preparation when used at low concentrations. In
this study, we present a single step to extract White tea that
gives a high content of phenolic compound with slight mod-
ifications. Herein, we use acetone with high concentration
and longer infusion time. The reason for this is correlated
with the ability of phenolic compounds in White tea to
dissolve in a polar solvent. Without extraction modification,
the inhibitor would only exhibit low heteroatom reactivi-
ty [21] and low adsorption coverage [22].

White tea contains a catechin molecule that exhib-
its a sufficient amount of oxygen and delocalized m-elec-
trons (Fig. 1).
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Fig. 1. Catechin molecule



The molecule has four different derivative molecules
such as Epicathechin (EC), Epicatechin-3-Gallate (ECg),
Epigallocathechin (EGC), and Epigallcatechin-3-Gal-
late (EGCg) as reported previously [23].

Hence, these molecules are predicted to be adsorbed
on the surface of metal shown by its functional group as
reported by the other work [24]. However, as previously
published [25], the accurate determination of specific func-
tional groups attached to the surface of the metal was not
clearly explained. To overcome this difficulty, in this present
work, we utilized the FTIR complemented by Raman Spec-
troscopy as a powerful technique to achieve this objective.
Similarly, the research [15] has used Raman Spectroscopy
to reaffirm the functional groups on the protective film on
the metal.

To study the performance of the adsorbed inhibitor and
activation processes, the effect of temperature is discussed.
It correlates to the thermodynamic calculation of AH,g4,
AGgs, and AS, 4. The study [21] shows that organic inhib-
itors are not suitable to protect the metal from corrosion
due to instability and insolubility at higher temperatures. A
sufficient extracted phenolic compound adsorbed chemically
on the surface of metal would address this shortcoming. The
reason for this may be correlated to the presence of multiple
electron-donating -OH groups in the phenolic group. It in-
tensifies the interaction between the catechin molecule and
the metallic surface by increasing the number of adsorption
sites on the inhibited surface [26]. A similar approach was
used in [27] however, it is predicted that the catechin mole-
cule would have a higher surface coverage area (0) with the
greater thermal stability of inhibition due to its planarity
and molecular size.

The calculation value of R? on the Adsorption Isotherm
model is used to verify the nature of the inhibitor on the
metal surface. The slope of the calculated graph describes
the number of active sites on the inhibited surface. The
calculation suggests that the value of the thermodynamics
parameter would prove the stability of the inhibitor at ele-
vated temperature.

The effects of adsorption correlate to the surface modi-
fication by the inhibitor. The paper [28] has explained that
SEM is suitable to characterize the surface of inhibited
steel in an acidic medium. However, the roughness of the
inhibited surface was not calculated quantitatively and de-
scribed comprehensively. This information is necessary to
explain the hydrophobic nature of the inhibitor and to sup-
port the evidence given in SEM/EDX characterization. In
this work, we combine the SEM/EDX method with AFM
results to provide important support towards the chemical
and electrochemical reactions between the inhibitor and
the metals.

3. The aim and objectives of the study

The aim of this study is to present for the first time a
quantitative and qualitative analysis of WT.E as natural
corrosion inhibitor for mild steel. The discussion covers
the aspect of electrochemical, functional groups, extraction
methods, thermodynamics and surface analysis.

To achieve these aims, the following objectives are ac-
complished:

— characterization of White tea extract to study the re-
duction of corrosion rate using EIS;

— determination of total phenolic content of the White
tea extract;

— characterization of functional groups to study the
types of functional adsorbed on the surface of the mild steel
using FTIR and Raman spectroscopy;

— determination of thermodynamics inhibition parame-
ters and mode of adsorption;

— characterization of the surface of the mild steel to
prove the process adsorption using SEM/EDX and AFM.

4. Materials and methods

4. 1. Preparation of inhibitor solution

The inhibitor solution was prepared using the extraction
method [29] with a slight improvement in terms of tempera-
ture and duration of extraction. Extraction of phenol was
conducted using 15 ml acetone 70 % for one gram of the
ground White tea leaves. The solution was heated using a
Soxhlet extractor inside the water bath at 70 °C within 1 h
to ensure the heat was uniformly distributed. The inhibitor
20, 40, and 80 ppm solutions were prepared by dissolving
the required amount of inhibitor in 1M HCI. The dilution of
HCI 37 % solution (Merck.Co) was used to prepare HCl 1M
solution using distilled water.

4. 2. Preparation of the working electrode and an-
ti-corrosion EIS measurement

The working electrode used in this experiment was cate-
gorized as mild steel. The main elemental composition of the
electrode is presented in Table 1.

Table 1

Elemental composition of the working electrode

Element | Fe | C [ Mn | Cr | Cu| Zn | Sn | Mo | W

Percent-
age

98.34(0.32] 0.52 |0.22| 0.2 |0.053]0.021]0.009{0.007

The methods of preparing the working electrode and EIS
measurement were done based on our previous unpublished
work. The chemical composition of the mild steel cou-
pons (wt %) of C (0.32), Si (0.19), S (0.01), P (0.006), Mn
(0.52), Ni (0.05), Cr (0.22), Mo (0.009), V (0.006), Cu (0.2),
W (0.007), Ti (0.003), Sn (0.021), Al (0.007), Pb (0.017), Nb
(0.007), Zr (0.007), Zn (0.053), Fe (98.34) was provided by
the Karakatau Steel. Co. The rod specimen was cut cross-sec-
tionally with a thickness of 1 ¢cm, connected to Cu wire, and
mounted to achieve an exposed surface area of 3.14 cm?. The
grinding process was carried out to remove the oxide layer
on the specimen using the SiC paper until grit #600 (refer
to ASTM G 59 standard) was achieved. Further, the spec-
imen was washed with water and dried. The entire electro-
chemical measurements were carried out using the Gamry
Instrument of G750 series connected and controlled by an
electrochemical analyzer. The mounted mild steel acts as
a working electrode; the auxiliary electrode was Pt (the
surface area 1cm?) and the reference saturated calomel
Ag/AgCl electrode (SCE). The potential measurements
were provided versus the SCE electrode. The Tafel Polarisa-
tion measurement at OCP spans from -200 and to +200 mV.
The applied scan rate was 1.5 mV/s. The Tafel cathodic, and
anodic slopes (B, and B,), corrosion potential (E.,,) and
corrosion current density (i) were obtained upon the



completion of Tafel Curve Fitting. A typical calculation for
inhibition efficiency was given in equation (1),

-R

{%n:%xioo%}, )

corr

where R, and R;,; are the corrosion and the film inhibitor
resistance (Q cm?). This methodology is modeled by the
Gasometric method where the corrosion reaction is defined
by the amount of the deliberated hydrogen gas,
which is proportional to the rate of corrosion [30].

used to determine the inhibition efficiency (%n) and capaci-
tance double layer, Cy [16],

{c,,, =[¥, x{exp[t/n]}|xexp [1_7”] x (%}}, 2

R, and R;y;, are the charge transfer and the film inhibitor
resistance (2 cm?). Ypand nare the passivity (><1O’6 Q'em™S" )
and layer thickness, respectively.

Table 2

Electrochemical impedance parameters of mild steel in 1M HCI with

4. 3. Total phenolic measurements inhibitor

The major component of phenol was deter- CPE
mined by the Folin-Ciocalteu reagent [31] using ¢ | Temp Ru R, Corrosion
gallate acids as the standard solution. To 4ml | (,om) | cC) | (Qem?) | (Qem?) . Ii(i , Rate, (If}jPY)
of distilled water, 250 uL of Folin-Ciocalteu (><10 Q" cm Sn) " x10
rezggg% foilowed Bé’ g‘iXié‘gt,QS’ dS(ji f:ooé 150, "Blank | 25 | 10.3520.23 | 0.38+0.23 2.23 0.864 |  4.377
an were added and stirred. After 8 min,
750 ].ll OF2O % Na,COs was added and stirred Blank | 50 1.28£0.06 | 0.20+0.06 217 0.924 40.34
homogeneously. Subsequently, the mixture was Blank | 60 | 0.2+0.07 | 0.40+0.07 19 0.777 122.2
left for 2 h at room temperature. The Gallic Acid 20 25 | 14.55%342 | 8.1443.72 411 0.739 3491
Equivalents (ug/mL) were expressed because | 20 | 50 | 289029 | 0.47+028 2.66 0.809 |  29.44
of absorbance measurements at 760 nm. The 20 60 | 1.2240.11 | 0.43+0.10 4.53 0.818 61.39
measurement was done twice and the result 40 25 |22.62+1.29 | 0.88+1.09 3.41 0.725 3.08
was given by the linear regression method. 40 50 | 4.60+0.26 | 0.63+0.24 2.30 0.796 19.95

40 60 2.33£0.18 | 0.46+0.17 1.80 0.828 38.29

4. 4. Functional groups and surface analy- | g0 [ 25 [16.06+0.30 | 0.32+0.06 0.64 0917 | 3.027
sis studies o 80 | 50 | 437+0.14 | 0.42+0.13 4.33 0741 1159

The functional group characterization of 30 60 | 5902062 | 1.052058 121 08 16.38

WT.E extract before and after the formation
of the film was performed using FTIR (Shi-
madzu). Moreover, the interaction between the phenol
molecules in WT.E extract and Fe-atom after immersion
at 60 °C was studied using Raman spectroscopy (Hori-
ba iHR (1,024x256-OE) with CCD Detector (Wright
1,024x256 pixels). Similar to Calderon [32], the untreated
mild steel Raman spectra were used as a comparison. Be-
fore characterization, the mild steel was rinsed with dis-
tilled water and kept in the free-air desiccator to avoid the
formation of an oxide layer. The SEM micrograph was used
to study the surface morphology (JEOL Type JSM 6390)
and complemented by EDX analysis to determine the
chemical composition of Fe, O, and CI after the substrate
was exposed in 1M HCI.

The characterization of the surface degradation is pro-
vided by three-dimensional AFM (NX10 Atomic Force
Microscopy, Park System) as an accurate prediction tool to
study the adsorbed passive film.

5. Results of the catechin molecules in White tea

5. 1. Results of spectroscopy measurement of White
tea inhibitor

3. 1. 1. Electrochemical impedance spectroscopy

Table 2 shows the EIS measurement of the inhibitor at
different concentrations and temperatures. From Table 2,
the smaller relativistic values of R;,; and Cy.;, have been
carefully observed as the effect of increasing temperature
for all inhibitor concentrations. This fact correlates with the
intrinsic behavior of protected film and surface inhomogene-
ity [33], the mobility of the ions [6], and the thickness of the
total protected film porosity [15]. Equations (1) and (2) are

Another parameter of ideal capacitance of double layer
is Cy4. This parameter was generated from the EIS results
and used to indicate the thickness of the passive film in
terms of replacement of water molecules with White tea in-
hibitor molecules at the metal/electrolyte interface.

Table 3 compares the capacitance double layer of inhibi-
tor, Cyr.iny and the capacitance double layer of bulk solution,
Ca-putr- These values indicate the thickness of inhibitor film
and roughness of the metal surface [34]. It can be derived
from the table, Cyinp is higher than Cgp,p in an inhibitor
solution of 80 ppm at any temperatures. This is evidence
that the inhibitor covers the pit corrosions and increases the
heterogeneity of the surface of the treated mild steel.

Table 3

Comparison of capacitive double layer of bulk and inhibitor

COH(CSI;SUOH Temperature (°C) | Caputk | Catinn | M (%)
Blank 25 1.99 | 0.02 0
Blank 50 1.97 9.43 0
Blank 60 29.20 | 20.25 0

20 25 6.06 0.54 | 28.87

20 50 247 | 802 | 55.72

20 60 4.51 6.78 | 81.03

40 25 3.75 3.62 | 54.24

40 50 2.07 8.26 | 72.17

40 60 1.52 5.55 | 90.03

80 25 0.53 10.92 | 35.55

80 50 4.22 6.95 | 70.77

80 60 0.99 6.43 | 96.06




In addition, the Nyquist plot (Fig. 2) obviously demon-
strates the variation in anti-corrosion performance among
the solutions before and after the addition of inhibitor. The
worst protection was given by the incompleteness semi-cir-
cle of the Nyquist plot at 25°C (Fig. 2, a). Whilst, the
similar magnitude of low-frequency impedance at 20 and
40 ppm in Fig. 2, b shows an improvement of anticorrosive
film of inhibitor. At 60 °C, the addition of inhibitor shows
less penetration of chloride ions and water molecules due
to the presence of a passive protective layer of White tea
inhibitor. This performance correlates to the completeness
diameter of the capacitive loop with the increase in White
tea inhibitor concentration and maximum impedance was
given at 7.5 Q cm?.

The most interesting aspect of this graph in Fig. 2, ¢ is the
evaluation of corrosion resistance of the inhibitor. The most
striking result to emerge from this measurement is the consis-
tency completeness semi-circle capacitive loops with the Nyquist
plot at 60 °C. This phenomenon was attributed to the ability of
inhibitor to minimize the volume of protection (220 ml/cm?)
per surface area as a protection and to provide a layer so that the
effect of attacked aggressive ions can be reduced.

As expected, the EIS results of the Nyquist and Bode plots
are well fitted in Electrical Equivalent Diagram. This model
represents the CPE bulk and CPE inh, which indicates corro-
sion protection by the presence of passive film. The Equivalent
diagram of one-time and two-time constant diagram is shown
in Fig.3,a,b. Rs, Ry and Ry, are the solution resistance, the
charge transfer resistance, and the resistance of inhibitor,
respectively. C1 CPE is the Constant Phase Element bulk
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solution that models the behavior of double layer (imperfect ca-
pacitor). CPE-inh is the double layer behavior of film inhibitor.

The results of inhibition efficiency, %mn, are presented
in Table 3. From the study table, the decrease of Cyppnp
and Cyppun corresponds to the increased value of protec-
tive coating thickness or lower dielectric constant [14]
as more water molecules are displaced by the inhibitor
at the metal/electrolyte interface [15]. So, the optimum
protection, %m, of 97 % was given in the 80 ppm solution
at 60 °C (Fig. 3, b).

As shown in this work, the Bode and the Nyquist plots
are fitted well in Electrical Equivalent Diagram (Fig. 3, a)
and used to elaborate the physical corrosion control at dif-
ferent concentrations of WT.E at 25 °C (Solution A) and
60 °C (Solution B). The initial and final low-frequency
impedance at solution A was 1.0373 and 1.1404 Q cm?,
respectively. Moreover, the Nyquist plot clearly shows the
appearance of one semi-circle for solution A. Although,
the low-frequency impedance in the Bode plot of solution
B increases from 0.07628 Q cm? to 0.86652 Q cm?, the
overall impedance has decreased as a more concentrated
inhibitor was added. This result well agrees with the pres-
ence of one complete semicircle in the Nyquist plot at the
same condition (Fig. 2, b).

The twin-wide shoulder of the Bode Phase in Fig. 4, b
shows a perfect match with one capacitive loop in the Ny-
quist plot and resulting from the thickness of the adsorbed
passive film increases. The resistance inhibitor R, and
the capacitance double layer, Cdl;,y, are also worth clari-
fying the impedance behavior.
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Fig. 2. Nyquist plot: @ — various concentrations at 25 °C; b — various concentrations at 60 °C; ¢ — volume /area of inhibition
of the mild steel
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5.1.2. FTIR and Raman spectroscopy

Fig. 5, a shows the FTIR spectrum of the pure solution
of 80 ppm and the inhibited solution. This study confirmed
the presence of the functional groups both on the inhibitor
and on the film of WT.E. The contribution of the spectros-
copy technique to confirm the type of bonding between the
adsorbate and the substrate surface is promising [34]. As can
be seen, the presence of the functional group of -OH, Phenyl,
C=0, Aryl C=C, CHj, and C-O dominates both on the spec-
trum. The spectrum of FTIR is in good agreement with the
results in the Raman spectroscopy and is presented in Fig. 5.
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Fig. 5. Spectroscopy spectrum of the inhibitor in the absence
and presence of inhibitor: @ — FTIR; b — Raman

Fig. 5, b shows the Raman spectra of the inhibited mild
steel in WT.E 80 ppm at 60 °C and the uninhibited steel
at 25°C as a comparison. The peaks are mainly located
at the same level and trend with different intensity. The
selected range of Raman shift is 400 3,200 cm™ and is used
to clarify the adsorption process of the specific functional
group on the surface of the metal. This spectrum provides
evidence that several active functional groups such as -OH,
Aryl C=C, C=0, C-O-C are adsorbed on the metal. It
also can be seen that the peak pattern of the WT.E film
is aligned with the inhibitor solution of 80 ppm at 25 °C.

This consistency shows the intense enhancement from the
Raman spectrum to characterize the inhibitor performance
on metallic surfaces.

5. 2. Total phenolic content in White tea

Table 3 summarizes the absorbance of various concentra-
tions of 80 ppm White tea extract. The higher absorbance
was given by the increasing concentration at 40 pg/ml. The
total phenol content (TPC) was determined spectrophoto-
metrically in the presence of Folin-Ciocalteu’s reagent. The
best linear fitting of concentration versus absorbance gave
y=0.0969x-0.1032 with R*=0.9977 (Fig. 6). The TPC was
calculated using equation (3) [35]

{TPC(%)=C,xV /m}, 3)

C; is the concentration of gallic acid from the calibration
curve (mg/ml), m is the weight of the plant extract (g) and
V is the volume of the extract (ml). Moreover, the TPC was
quantified as gallic acid equivalents (GAE).
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Fig. 6. Linear fitting concentration curve

The result of the total phenolic content is shown Table 4.

Table 4

Atomic absorption spectroscopy spectrum of total
phenolic content

Concentration Absorbance
(pg/ml) Al A2 A (average)
0 0.0075 0.0059 0.0067
5 0.3036 0.3929 0.3483
10 0.7734 0.8415 0.8075
20 1.6721 1.8640 1.7681
30 2.7047 2.8663 2.7855
40 3.6624 4.0114 3.8369

The determination of total phenolic content gives clear
guidance to the amounts of phenolic compounds in the
White tea. In agreement with another researcher [36], the
concentration of gallic acid correlates to the absorbance of
the molecule as shown in Table 4. This value suggests that
the phenolic content enhances the antioxidant properties of
the White tea and increases the possibility for the White tea
to adsorb in the form of passive film.



5. 3. Thermodynamics of the electrochemical process

Table 5 gives the thermodynamics results of the electro-
chemical process at various temperatures and concentra-
tions. The 80 ppm solution at 60 °C shows superior protec-
tion as it has the highest surface coverage area (0.961).

This value supports the value of AG,4 and shows that the
inhibitor preferably acts as chemisorption. It is clear from
Table 5, the value of AS,4s indicates that the solid-liquid
interface increases upon the adsorption process. The pos-
itive value of AS,y; elicits that the thermal stability of the

film increases at elevated temperature

Table 5 ;nd their irreversibility process [6].
Thermodynamics parameter, surface coverage and K,gs calculated result Moreover, the (corrosion inhibitor)
Surface CRinh, A, R, and T are components
Kads AG s AH s ASads of the corrosion rate (mpy), Arrhenius
C (ppm) | Temp (K) | Coverage . Py),
(0) (Lmol™) | (kj/mol) | (kJ/mol) | (kj/mol) pre-exponential factor, activation ener-
20 298 0.289 0020 | 24572 | 15205 | 133782 | &Y uponadditionofinhibitor (k] mol™),
absolute temperature (K) and univer-
20 323 0.557 0.063 -29.672 16.578 143.190 sal gas constant. The slope of the linear
20 333 0.810 0214 -33.975 17.091 153352 | plotting versus T determines the value
f activati :
40 298 0.542 0.030 25511 | 12797 | 128551 | Ofactivationenergy
_ E

40 323 0.722 0.065 29.753 13.871 135.058 {IHCRM —lnA——2a } (7)

40 333 0.900 0.226 -34.130 14.300 145.436 RT
80 298 0.356 0.007 -21.899 23.916 153.741 The calculated result of activation
80 323 0.708 0.030 -27.707 25.923 166.037 energy is shown in Table 6. It shows in
the absence and presence of the inhibitor,
80 333 0.961 0.305 -34.962 26.725 185.246 ’
E, was 76.88 and 40.49 k] mol!. The

The effectiveness of inhibition depends on the adsorp-
tion stability of the WT.E extract. The stability of the
film correlates with equilibrium adsorption and desorption
constant (K,4) and the standard free energy of adsorp-
tion (AG,q4s), entalphy change adsorption, AH,4, and the
entropy of adsorption, AS,4. The unit of AH,z5, AGq4s and
AS,4s are in kJ/mol. The value of Ris 8.314 J/K mole and T'is
the absolute temperature in K.

Equation (4) shows the relationship between AG 45 and K45,

{AG,,=-RTIn(1x10°K,,,)}. 4)

Clarifying the calculated result of K,4s, the maximum
value of K4, 1s 0.305 and this value inverses with the [WT.E]
at different temperatures. Moreover, it indicates the greater
adsorbed inhibitors on the metal surface when the tempera-
ture of the system is beyond 50 °C. Accordingly, the range
of AG,4s is —24.5k]J/mol and —34.9 kJ/mol. Therefore, we
conclude that the inhibitor is chemisorption at higher tem-
perature. The negative value of AG 4 confirms the feasibility
of adsorption and the stability of the passive film. Equa-
tion (5) is used to determine the value of AH, 4 [37],

{m K, = —Ag]{a* +k2}. )

The plotting of In K4 vs T (5) is used to predict the
heat of adsorption, AH,4s and to describe the coverage pro-
tection as the function of temperature. While the calculated
entropy is given in (6).

AH,, -AG,,
ads ads . 6
— T } (6)

The maximum value of AH,4, 26 kJ/mol, ensures the
spontaneity of adsorption. According to the literature, the
range of AH,4s within 5-10 kJ mol ™! and 3070 kJ mol! is re-
ferred to physisorption and chemisorption, respectively [38].
Our findings show that the range of AH, 4 is 15-26 k] mol.

presence of inhibitor at any concen-
tration decreases the value of activa-
tion energy.

Table 6

Activation energy of the mild steel immersed in white tea
inhibitor extract

. Inhibitor concentra- 2
Inhibitor tion (ppm) E, (kJ/mol) R
Without inhib- 0.0 76.88 0.9943

itor
Whi 20 67.73 0.999
ite tea
inhibitor 40 59.49 !
80 40.49 0.9962

The presence of WT.E was seen to lower the value of E,,
suggesting that the inhibitor is more effective at higher con-
centrations and reverses the physisorption mechanism [39].
The interaction between the inhibitor particles and the sur-
face proves the chemical bonding has occurred and decreases
the value of E, nearly 70 %.

5. 4. Adsorption isotherm of inhibition

The classification of the type of adsorption and adsorption
isotherm of inhibition is useful. This information estimates the
effect of corrosion temperature on the interaction between the
inhibitor molecules and substrate on the metal surface [40].

Table 6 shows the calculated R? to determine the adsorp-
tion inhibition model. The plotting between C/0 against 1/Ks
in Equation (8) gives the value of R?

C 1
{M—C} ®

where the variables 0, K,45, and C are the surface coverage
area fraction, adsorption/desorption constant (mol-L),
and the concentration of WT.E inhibitor (mol-dm). The
calculation of 0 is derived from the electrochemical mea-
surements at different temperatures and concentrations.



Most calculations of R? are close to 1 and indicate the in-
teraction of inhibitor with the surface forms a mono-layer
passive film by restricting the intermolecular and intra-
molecular forces [41]. The value of R? closer to 1 confirms
the Langmuir adsorption isotherm model and provides
experimental interaction between the inhibitor and sur-
face of the metals [42].

5. 5. Surface studies

3. 3. 1. Scanning electronic microscope and EDX

Fig. 7, a, b shows the SEM of the mild steel in the ab-
sence and presence of the inhibitor complemented by the
measurement of elemental composition (EDX) in various
concentrations.

Without protection, mild steel experiences severe cor-
rosion and cracks (Fig. 7, a). This is the result of the dis-
solution of the corrosive solution of HCl 1M. In contrast,
the protected surface of the metal is shown by the presence
of the adsorbed film and covers the pitting corrosion and
cracks (Fig. 7, b). The EDX results show that the presence
of Fe, O, and Cl is presiding in each EDX measurement.
Moreover, the addition of inhibitor increases the elemental
percentage of oxygen as a result of adsorption of phenolic
compounds.

5. 5. 2. Atomic force microscope (AFM)

The 3D AFM images of the mild steel before and after
exposure in WT.E solution for 24 h are presented in Fig. 8.

This image explains the surface modification by the
adsorbed film and the quantitative calculation on the AFM
data. The 3D-AFM image of treated steel shows that the
presence of the inhibitor has modified the surface of the
metal and increases the hydrophobic nature of the passive
film. The quantitative calculation of the film roughness and
the skewness parameter was done using an open-source of
Gwyddion. The root-mean-square roughness of the unin-
hibited and inhibited mild steel was 774 nm and 585.1 nm,
respectively. According to the author [43], the calculation of
the skewness parameter can be obtained using eq. (9).

i
S,= ,
MNxRMS XS (x|

®)

where:
— M — number of points per profile;
— N — number of profiles;
— RMS — root mean square of the sampling area;
—n(x, y) — rough surface data set.
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Fig. 7. SEM images of: @ — uninhibited; 6 — inhibited mild steel; ¢ — EDX histogram of varied concentration



Fig. 8. 3-D AFM images of: ¢ — untreated; b — treated mild steel 80 ppm inhibitor

We report that the SSK for the non-inhibited and in-
hibited surface is 0.2714 and 0.4744 and these values are
comparable to Noorbakhsh [44].

6. Discussion of the results of the effect of White tea
inhibitor addition on the surface of mild steel

Characterization of White tea extract using spectroscop-
ic methods, the effect of phenolic compound, the discussion
on the FTIR and Raman spectra, the effect of temperature
on the thermodynamics of inhibition and the film adsorption
process on the surface are discussed in this section. Also, the
economic value in inhibitor manufacturing is intensively
elaborated.

In this present research, we use EIS as an experimental
approach to describe the interaction between the inhibitor
and the working electrode at different concentrations and
temperatures. The main feature of EIS due to this method
is a continuous, fast, reliable and reproducible technique as
stated in the previous research [45]. Fig. 4, a, b shows two
shoulders of two time constants shown in the Bode plots
despite only a single depressed capacitive loop is visible in
the Nyquist plot (Fig. 2, b). The wide shoulder in Fig.4, a
at higher frequency can be associated with the dielectric
properties, which behaves like a charged capacitor, CPE
1, and limiting electrochemical reaction. The optimum
protection and passivation of inhibitor were shown by the
combination between the small shoulder (Fig. 4, ) at lower
frequencies and a depressed capacitive loop (Fig. 2, b). For
all concentrations of inhibitor at 60 °C, the value of R;,;
is greater than R, which makes the value of Capacitance
double layer inhibitor, Cdl;,;, significantly higher than Ca-
pacitance double layer, Cdl .

This fact explains the completeness of depressed capac-
itive loop in the Nyquist plot (Fig. 2, b). Also, the optimum
protection of the inhibitor was given by the larger value
of Ry, (5.90£0.62 Q cm?) compared to Ry (1.05£0.58) at
80 ppm and 60 °C. This pronounced discrepancy provides
the benefit of increasing concentration and temperature on
the inhibited over the uninhibited mild steel decreases the
corrosion rate at 16.38x10 mpy. A comparable finding is
supported and given by Gomelya [30].

This value elicits that the chemical impermeable struc-
ture of the benzene ring and the presence of phenol groups
in the molecule of catechin become a major contributor in
the adsorption process of the passive film. The adsorption
of passive film can be identified by taking a closer obser-
vation on the calculated value of #, surface inhomogeneity.

Based on Table 2, the value
of n increases from approx-
imately 0.7 to 0.8 at 20 and
40 ppm inhibitor solution but
slightly decreases at 80 ppm.
This fact also explains that the
addition of inhibitor solution
of any concentration increases
non-homogeneities surface as
a result of thicker mono-layer
film formed.

As outlined previously,
in solution A, the formation
of the unresolved impedance
graph is seen (Fig.4,a). A
comparative study to verify this observation is to inves-
tigate the semi-circular loop at 60 °C. The results of [6]
argued that at a temperature above 60 °C, the movement
of the species is significant. The correction of this single
assumption is addressed by explaining the effect of the
thermal strain. The passive film experiences stress at var-
ious temperatures. Stress produces a strain that occurs ei-
ther in the same plane or in the perpendicular direction of
the film [21]. In contrast, all impedance spectra give a sin-
gle semicircle loop in solution B (Fig. 2, b). This one-time
constant graph features the diameter of the loop increases
and exhibits a similar shape. This behavior implies the
increasing corrosion resistance of the inhibitor and the
inhibitor works at the same inhibition mechanism. At low-
er frequencies, the formation of WT.E film is observed in
the form of a wide shoulder from the depressed capacitive
loop (Fig. 4, b). Moreover, the increase of high-frequen-
cy phase angle (-60° to —15°) in Bode Phase (Fig. 4, b)
agreed well with the increased frequency range of Bode
Plot impedance (1-4.2 kHz).

This result is mainly demonstrated by the presence of
the total phenolic compound in the extract. According to
the TPC calculation, the value of TPC in the sample was
14.17£0.25 mg GAE/100 g dried weight. The selection
of the solvent is essential to obtain the optimum amount
of TPC [46]. In this section, the extraction of White tea
was done using acetone 70 % due to solvent polarity. As a
result, the solvent penetration within the solid matrix of
White tea increases [47] and the amount of the extracted
phenol increases accordingly. Smaller concentration of
acetone 50 % from the previous study [24] asserts that
the TPC value was only about 8 mg GAE/100 g of dried
White tea. This result implies that the polar-to-polar
interaction, increasing concentration of acetone and tem-
perature of 70 °C, and extending the infusion time for
1 hour, will affect the extractability of phenol from the
White tea.

Meanwhile, the effectiveness of inhibition depends on
the adsorption stability of the WT.E extract. Literature stud-
ies show that the value AG,4; of =20 kJ/mol or less is referred
to physisorption, which affirms the van der Waals interaction
between the inhibitor and metals [34, 35] whereas; the value
beyond —40kJ/mol or more implies the process of charge
sharing and the formation of a dative covalent bond through
electronic transfer from the molecule of inhibitor to the
surface of metals (chemisorption) [36]. Therefore, the white
tea inhibitor appears as chemisorption at high temperatures.
Nevertheless, this quantitative value of AG,4s is insufficient
to justify the chemisorption process, but detailed knowledge



of the interaction between the adsor-
bate (inhibitor) and the adsorbent (the
mild steel) is essential to substantiate the
chemisorption. In this work, we used Ra-
man spectroscopy as an alternative spec-
troscopy method to clarify the pertinent
functional group adsorbed on the metal
surface (Fig. 5, b). With this understand-
ing, the spectrum shows the formation of
chemisorbed film as a result of the forma-
tion of a dative covalent bond (chemical
enhancement) between the inhibitor mol-
ecule and the Fe ions.

The plotting of In K4 vs T (5) is used
to predict the heat of adsorption, AH,
and to describe the coverage protection
as the function of temperature [37]. The
data demonstrate that the adsorption
of White tea is partially physisorption
and chemisorption, however, the in-
crease in temperature accommodates the
chemisorption. It is clear from Table 4,
the value of disorder (AS,y) indicates
that the solid-liquid interface increases
upon the adsorption process. The positive
value of AS,y; elicits the thermal stabil-
ity of the film increases at elevated tem-
perature and their irreversibility process
as previously discussed [12]. The reduc-
tion of E, at any concentration and tem-
perature affects the chemisorption pro-
cess [25]. This fact is comparable to the
existing research [39] due to the white
tea extract lowers the reaction rate by
attached parallelly on the inhibited area.

Fig. 3, c shows the length of the linear region T"! versus
In Corr rate. It correlates to the active sites of inhibitor at
25-60 °C. The slope of the straight line is a key to explain-
ing the number of active sites (Fig. 3, ¢). At 80 ppm solu-
tion, the slope was 1.02 greater than 1.0 and it shows that
the inhibitor occupies 1.02 active sites on the surface of
mild steel as previously mentioned [48]. The greater active
sites are consistent with the highest value of inhibition
efficiency (96 %) at 60 °C. On the other hand, the con-
tribution of surface coverage of inhibitor, 6, demonstrates
that the adsorption increases as a function of temperature.
These relativistic effects enhance more active inhibitors
to adsorb on the surface of the metal at 60 °C (Fig. 3, b).

The limitation on the electrochemical and thermo-
dynamic studies can be addressed by the comprehensive
discussion on the spectroscopic results (FTIR and Raman)
and the surface analysis (SEM/EDX and AFM). On the
one hand, Fig. 6, a, shows the presence of -OH in both the
spectra of the WT.E film and the inhibitor 80 ppm solution
is shown at around 3,200 cm™ and 3,295 cm™ as compared
to the previous result [49]. This confirms that the hydroxyl
is fully deposited on the surface of the film at 60 °C. More-
over, the boarder peak at 3,295 cm™ indicates the che-
lation reaction between Fe-OH occurs. In contrast, the
narrow and peak shifting intensity in inhibited surface
spectra illustrates a remarkable reduction capability of in-
hibitor to reduce the amount of Fe?" ions (in the complex
of Fe3*-Inh) (Fig. 9) [38].

HO

HO

EGCg, R=H
ECg, R = OH

+ 4Fe?*

Benzoquinone

Fig. 9. Proposed inhibition mechanism

A similar result occurs in transition metal ions [50]. Ad-
ditionally, the medium peak at 2,821 cm™ is attributed to the
stretching of the C-H group in the catechin [51]. The disap-
pearance of this peak correlates with an increase in the hydro-
phobic of the passive film. Twin peaks at 1,638 and 1,697 cm™!
show the involvement of the C=0O group in White tea as
agreed from the previous evidence [52]. This peak shift from
1,697 to 1,638 cm! is appreciable to describe the deposition of
C=0 as intermediate (Fig. 4, a) [24]. The aryl C=C peak ap-
pears in both spectra at 1,423 cm™! [53]. The stretching bands
of -CHjs and C-O functional groups are detected at 1,347 and
1,236. The C-O-C asymmetric [54] and symmetric appears at
1,038 cm™! and 927 cm™!. Hence, the White tea contains -OH,
aryl C=C, C=0, and C-O-C symmetric are present both in
uninhibited and inhibited systems.

To verify the FTIR results, the Raman spectra pres-
ent the characteristics of White tea. Fig. 6, b presents the
comparison between the Raman peaks of the untreated and
treated surface of mild steel. The weak peak of -OH ap-
pears at 3,003 cm™ and is amplified into higher intensity at
3,102 cm™!, showing that the chosen functional group binds
with the Fe atom on the substrate to provide reasonable
chemical sorption. The drastic reduction intensity at the
peak of 1,563/1,562, 1,478/1,481 and 1,334,/1,339 confirms
that C=0, Aryl C=C and C-O (vibrational mode) [55] are
adsorbed on the surface of the metal. This trend is consis-
tent with the FTIR results. The peak of Fe;O3 and in WT.E
is seen in the range of 300—458 cm™ and 1,061-1,563 cm™,



and well agrees with the earlier research [56]. In the same
publication, the author [56] assigns peaks at 300, 532, and
661 cm™" to show the presence of Fe3Oy. The process of inhi-
bition involves the reduction of Fe3">Fe?*. This local mode of
analysis shows that the reduction of §-FeOOH phase appears
at 420 and 663 cm™ as agreed previously [57]. Overall, these
spectroscopic spectra prove that chemisorbed film and iron
corrosion products are retained on the mild steel surface.

On the other hand, the restriction on the surface modifi-
cation due to the adsorption process can be solved through
the comprehensive characterization using SEM/EDX and
AFM. The unprotected substrate gives 90.42 % and 6.27 %
mass of Fe and Cl. It implies that the precipitation of corro-
sion products occurred in the form of Fe(OH), and Fe(OH)s.
The broken mild steel capillarity structure and passive oxide
of FeyOs rise the opportunity of CI to raise the composition
of the chlorine [50]. The rise of [Fe?"] in inhibitor solution
and formation of Benzoquinone (Mr=108.095 g/mol) are
associated with the increment of the oxygen atom. Subse-
quently, the increasing amount of Fe is the impact of the Fe?*
to Fe?" reduction process. Due to low AG,4 and E,, the ad-
sorption process at 80 ppm is a feasible process and increases
greater surface coverage area of 0.96 with a high K, value
of 0.31. The thickness of the passive film shows the stability
of agglomerated particles to reduce the cracks and pitting
corrosion. The agglomeration corresponds to the donor-ac-
ceptor interaction between the T-electrons of the aromatic
and carbonyl molecules to the vacant-3d-orbital of Fe. The
excessive negative charge on the surface of metals causes the
electron to be transferred to the 3d-orbital. Therefore, the
proposed inhibition mechanism is given in (10)—(12) [51],

{Inh=Inh*+e™}, (10)
{Inh*+Cl-=Inh—Cl(film)}, (11)
{Inh*+2H*+2e =Inh+H,)}. 12)

Reactions (11) and (12) occur at equilibrium, where the
inhibitor acts as an intermediate to inactivate Cl-. Mean-
while, the species of Inh™ accepts the electron (due to the dis-
solution of metals) and releases hydrogen gas. However, the
limitation of this method gives inadequate access to describe
the surface roughness and modification on the atomic level.
Hence, we aided this result using the AFM results. Inves-
tigation of the surface roughness of the WT.E film revealed
that the skewness parameter of the film is sufficient to ex-
plain the surface modification of the inhibitor. The skewness
parameter describes the ratio between the number of peaks
and the number of valleys. The negative sign of the skewness
corresponds to a larger fraction valley compared to the peak.
A sizeable magnitude of the skewness shows more peaks
compared to valleys. These values are evidence that the
adsorbent has modified the surface of the mild steel and are
accountable to reduce the roughness of the uninhibited met-
als. Qualitatively, the presence of inhibitors covers the pits
corrosion through adsorption of the catechin molecules on
the surface and increases the effectiveness of the inhibitor.

The presented results serve as alternative development to
manufacture White tea as a green corrosion inhibitor. One
development that has been accomplished by this research
is by maintaining R;,; at 59 Q cm? and 60 °C. It gives the
ideal cost/benefit of protection at 26.63 mmol/cm? due to
the formation of stable and thicker adsorbed film. Econom-

ically, the volume ratio of the inhibitor over the exposed
surface area is at 230 ml/cm? at 80 ppm (Fig. 2, ¢). Another
consideration is demonstrated based on the proposed inhi-
bition mechanism (Fig.9). This fact is due to the presence
of ligand’s peaks, which are intensively seen in the FTIR
results (Fig. 6, a). Also, both molecules equally participated
in the Fe-Inh complexing reaction and their local structure is
similar. The adjoining triple hydroxyl groups in EGCg act as
metal chelators, which bind to two electrophiles of Fe3* ions
and reduce an oxidant electronic transfer [58]. The adsorp-
tion occurs primarily at the Gallate B and D ring and gives a
wider active site and geometric blocking mechanism through
chelation (Fig.9) [59]. Four electrons are dismissed upon
decomposition of Fe?*-ECg and Fe®>*-EGCg bonding from
one mole of ligands [24] to give benzoquinone and Fe?". As a
result, the E,, and i, values shift to the negative direction
while increasing %m. Therefore, white tea extract can be
considered a potential prospective green corrosion inhibitor.

The results of this work retain certain limitations. For
instance, the utilization of the spectroscopic and surface
analysis is unable to confirm the prediction bonding be-
tween Fe?*-ECg and Fe?*-EGCg. One source of this weak-
ness is the lack of information to provide the molecular mass
of the adsorbed passive film on the surface of the metal. Fur-
ther work to clarify the presence of ECg and EGCg as two
active molecules in White tea is required. These predicted
molecules are responsible for the electron donation from the
inhibitor molecules to the 3-d orbital of iron. Further studies
using HPLC, Mass Spectroscopy, and/or NMR Spectrosco-
py techniques are needed to validate whether the complexes
are fully adsorbed on the surface of metals.

An additional uncontrolled factor is the possibility of
the other derivate molecules in White tea such as tannin,
which may contribute to increasing the thermal stability of
the inhibitor at an elevated temperature of 60 °C. Although
the current study is based on the contribution of catechin
molecules in the inhibition process, the findings suggest that
the orientation of the molecules in White tea on the surface
of the metal is also important. Based on the results of [10],
the parallel orientation of inhibitor at the Fe (110) plane
shows an improvement in the surface coverage and contact of
inhibition due to its lowest surface energy. Therefore, future
research needs to examine the links between the orientation
of the inhibitor molecule and inhibition efficiency.

7. Conclusions

1. The study contributes to our understanding that the
phenolic compounds in White tea can be used as a green cor-
rosion inhibitor and reduces the corrosion rate by nearly 85 %.

2. The results of this investigation show that the total
phenolic content (TPC) in White tea is approximately 15 %
and the findings of this study suggest that the phenol con-
tributes to the adsorption process on mild steel.

3. Prior to this study it was difficult to make predictions
about the types of functional groups attached on the mild
steel. The combination of FTIR and Raman Spectroscopy
findings provides some support for the conceptual premise
that -OH, C=0, Aryl C=C, C-O-C are successfully ad-
sorbed on the metal.

4. The thermodynamics calculation confirms that the
White tea inhibitor is chemisorption type of inhibitor and
adheres to Langmuir isotherm adsorption mode.



5. The most obvious finding to emerge from this Acknowledgments
study is the surface modification on the metal based on
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