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Abstract
Tannin was successfully extracted from Gelam bark using acetone as the solvent as natural alternatives. The extracted tannin was then used as corrosion inhibitor for mild steel under acidic medium. The gravimetric and electrochemical potentiodynamic corrosion tests were executed at different purified and unpurified tannin concentrations (200-800 ppm) to test the ability to inhibit mild steel corrosion. The results showed that the corrosion rate decreased as tannin concentration increased while the inhibition efficiency increased. The isotherm adsorption found that the Langmuir model was the best model to represent the interaction of tannin inhibitor and the active sites on mild steel surface. The SEM analysis showed that the mild steel morphology changed after the addition of tannin. The presence of blue-black color on the mild steel surface indicated the formation of ferric tannate to protect the surface of mild steel. In conclusion, purified tannin was a better inhibitor compared to unpurified tannin on mild steel in 1 M HCl.
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Abstrak
Tanin telah berjaya diekstrak daripada kulit Gelam menggunakan aseton sebagai pelarut. Tanin yang diekstrak kemudian digunakan sebagai perencat kakisan untuk keluli lembut dalam medium berasid. Ujian kakisan gravimetrik dan potensiodinamik elektrokimia dikaji pada kepekatan tanin tulen dan tidak tulen yang berbeza (200-800 ppm) ke atas kebolehan untuk merencat kekisan keluli lembut. Ia menunjukkan bahawa kadar kakisan berkurang dengan peningkatan kepekatan tanin manakala kecekapan perencatan meningkat. Lengkung suhu penjerapan mendapati bahawa model Langmuir merupakan model terbaik untuk menjelaskan interaksi perencat tanin dan tapak aktif permukaan keluli lembut. Morfologi keluli lembut berubah selepas penambahan tanin seperti dalam analisis SEM. Kehadiran warna biru hitam pada permukaan keluli lembut menunjukkan pembentukan ferik tanat untuk melindungi permukaan keluli lembut. Sebagai kesimpulan, tanin tertulen menunjukkan perencatan yang lebih baik berbanding tannin tak tulen keatas keluli lembut dalam 1 M HCl.

Kata kunci:  kadar kakisan, pengekstrakan, kulit gelam, perencat hijau, Langmuir 




Introduction
Corrosion inhibitor is defined as a material or chemical compound used to delay and/or control the corrosion process especially in iron-based material such as steel and alloy [1, 2]. Previous studies have shown that corrosion inhibitor is able to hinder the corrosion attack which damages and degrades mild steel surfaces [3−5]. Particularly, organic compound heteroatom, such as nitrogen, sulphur, oxygen, and heterocyclic compound has the potential to be used as a corrosion inhibitor [2, 3, 6]. The sequence of the heteroatom coordination bond (O < N < S < P) corresponds to its efficiency as the corrosion inhibitor [7,8] due to the compound’s higher electron density acting as the reaction centre [6]. These compounds adsorb onto the surface of metal and prevent corrosion active sites to be attacked by the corrosive environment [3].

However, most of synthetic corrosion inhibitors are toxic, expensive, and non-biodegradable [3, 6]. Consequently, the use of natural inhibitors derived from plants is environmentally friendly, attractive, and important [1, 8, 9]. Natural inhibitors have been derived from plants like mangrove [5, 10−12], Azadirachta indica [4], black wattle [13], Chamaerops humilis [1], Pterocarpus soyaux [3], and Thevetia peruviana [14]. These natural inhibitors mostly contain various types of components such as alkaloids, tannins, flavonoids, saponins, and volatile oil which are analogous with synthetic inhibitor and being proven to work as efficiently as their synthetic counterpart [9].

Tannin can be obtained from plant tissue particularly bark, leaves, and fruits through extraction process using organic solvents such as acetone, ethanol and methanol [15]. Many researchers successfully extracted tannin from mangrove bark, acacia, and black wattle [11−13]. Generally, tannin can be found as hydrolysable and condensed tannin polyphenolic compounds [16, 17]. Condensed tannins are a group of phenolic polymers consisting of ﬂavan-3-ol units linked together through C4–C6 or C4–C8 bonds. These polyﬂavonoids contain (−)-robinetinidol, (+)-catechin, and (+)-gallocatechin units [12]. The hydrolysed tannin is derived from glucose and categorized into two types: gallotannins or gallic acids and ellagitannins or digallic acids which are frequently esterified to polyols [13, 16].

Therefore, owing to the hydroxyl group in the ortho position on the aromatic rings, tannins are capable to chelate iron and other metallic cations such as copper [13]. The highly soluble ferric tannate is a blue-black complex formed during the reaction between Fe+3 ion, which comes mostly from the metallic compound, and the hydroxyl group in the ortho position in a oxygenate aqueous solution [13]. Tannin molecules having hydroxyl groups can reach to the metal surface and adsorb onto the surface of corroded metal by electronic interaction. Thus, they form protective layers to repel water molecules and inhibit ingression of destructive species like Cl-, SO4-2 and CO2 which are responsible for the de-passivation of metal [5,18].

In this study, we aim to identify the ability and performance of tannin and purified tannin extracted from a local plant, gelam (Melaleuca cajuputi) in 1 M HCl. Different concentrations of tannin were applied on mild steel. We subsequently measured the weight loss of the mild steel and the potentiodynamic test result to obtain the corrosion rate and inhibitor efficiency value of the tannin inhibitor. The mild steel samples before and after undergoing corrosion test were analysed using optical metallurgy microscopy and scanning electron microscopy (SEM).

Materials and Methods
Materials 
The bark of 10-year-old gelam plant was obtained from Pulau Duyung Terengganu. For the extraction, purification, and corrosion control processes, the chemicals used were acetone, methanol, ethanol, and hydrochloric acid purchased from Sigma Aldrich without any further purification.

Tannin extraction and purification
Tannin from the gelam bark was extracted using acetone: 20 g of gelam bark was immersed in a mixture of acetone and distilled water at 7:3 ratio (v/v) for 72 h at room temperature. The extracted yield was filtered and evaporated using a rotary evaporator to remove the acetone. The extract was freeze-dried, producing a dark brown powder which was the extracted tannin [19]. Then, the extracted tannin was purified: 40 g of Sephadex LH-20 powder was mixed into 400 ml methanol/water solution at 1:1 ratio. The mixed solvent was stirred and 2 g of the extracted tannin was dissolved. The mixed solvent was removed using rotary evaporator. The purified tannin was freeze-dried and placed in a dry bottle for further use.

Preparation of mild steel
Mild steel was cut into 16 mm × 3 mm specimens in cylinder shape. A 1.5 mm small hole was punched on the top of the mild steel to facilitate the sample suspension during the weight loss test. The sample was then polished and ground using a disc grinding machine with different grade silicon carbide paper (240, 400, 600, 800, 1000 and 1200 mesh). The sample was rinsed using acetone, followed by distilled water, and later kept in a desiccator to prevent oxidation until all the excess grounded materials have been removed.

Preparation of corrosion medium
The mild steel specimens were immersed in HCl medium at different tannin concentrations at room temperature for 6 h. The corrosion test at different tannin concentrations was repeated three times to obtain an average reading. The concentration of tannin was summarized in Table 1.

Corrosion inhibition - gravimetric methods
The mild steel specimens were rinsed using acetone to ensure that the samples were free from chemicals or impurities that can disturb the results on weight loss test. The specimens were weighed before immersing for 6 hours in 25 ml HCl mixed with 5 ml ethanol and tannin at different concentration as shown in Table 1. The specimens were lifted and washed to remove the oxide formed on the surface following the ASTM standard G1-03 and rinsed using distilled water and acetone, and then dried. The dried samples were weighed to calculate the weight after immersing in corrosive medium. The percentage of inhibition efficiency (IE) was calculated using equation 1 [8]:

	 × 100									         (1)

where Wo is the weight loss of mild steel without inhibitor and Wi is the weight loss of mild steel with inhibitor. 

Table 1.  Preparation of corrosion medium for gravimetric test and electrochemical potentiodynamic test
	Tannin Concentration (ppm)
	Medium 

	Control medium
	Ethanol + HCl

	200 
	Ethanol + HCl + tannin powder

	400 
	Ethanol + HCl + tannin powder

	600 
	Ethanol + HCl + tannin powder

	800 
	Ethanol + HCl + tannin powder



Potentiodynamic electrochemical test
Polarization test was performed using three electrodes: saturated calomel electrode (SCE) as reference electrode, platinum plate (1 cm × 1 cm) as counter electrode, and the sample as working electrode with 1 cm2 sample surface area. The sample was immersed in the corrosive medium for 30 s to achieve the stability phase before starting the potentiodynamic electrochemical test. A potentiodynamic slope required a scanning capability from −0.25 to +0.25 mV. This electrochemical analysis involved a computer-controlled potentiostat model K47 Gamry at the scanning rate of 1.0 mVs-1. Each experiment was repeated three times. 

This analysis yielded constant Tafel anode (βa), cathode (βc), and polarization resistance value (Rp).  The polarization slope would give the value of corrosion inhibitor efficiency (% IE) and corrosion rate. The % IE can be calculated using the following equation [20]:

	% IE = [(Icorr(0) – Icorr(i))/Icorr(0)] × 100                   			                   	         (2)

where, Icorr(0) = corrosion current density of uninhibited system (mA cm2) and Icorr(i) = corrosion current density of inhibited system (mA cm2).

Morphological analysis
The microstructure and morphology of mild steel before and after the corrosion test were analysed under an optical microscopy metallurgy (model Carl Ziees AXIOLAB A1) and a scanning electron microscope (SEM) (model ZEISS model 55VP).

Results and Discussion
Fourier transform infrared spectroscopy (FTIR) of extracted and purified tannin
Surface functional groups of the extracted tannin (TN) and purified tannin (PTN) were investigated by using FTIR. The FTIR spectrums of the extracted tannin from gelam bark using acetone as solvent is shown in Figure 1. The FTIR spectrum of TN sample was the same as the commercial tannin. The wide range of 3100-3700 cm-1 intensity peak showed that the extracted tannin contained high amount of hydroxyl group due to the moisture in the tannin and hydroxyl group coming from lignin, cellulose, and hemicellulose [21]. These hydroxyl groups are necessary for tannin to inhibit corrosion of mild steel [13, 22]. The peaks at 2938 cm-1 and 2934 cm-1 represented the C-H group; the peak ranging at 1455-1516 cm-1 exhibited the stretch of aromatic ring groups; and 1036 cm-1 was the peak for aliphatic C-O group [22]. The other main peaks for tannin were at wavenumber of 1618, 1619, 1423 and 1420 cm-1 which signaled the presence of aromatic groups [13, 22]. For the purified tannin (PTN), some peaks were reduced while others increased in intensity. The intensity peak at 2930 cm-1 of C-H group for PTN is lower compared to TN, indicating that the PTN contained lower amount of C-H due to the purification process. However, the 1036 cm-1 peak, corresponding to the aliphatic group, has increased for the PTN sample compared to TN. Moreover, the aromatic group intensity of TN at 1400 to 1600 cm-1 range has reduced after the purification process.

[image: ]
Figure 1.  FTIR spectrum of tannin (TN) and purified tannin (PTN)



Corrosion inhibition analysis: Gravimetric test
Figure 2 shows the effect of concentration on the corrosion rate (mpy) of mild steel in 1 M HCl at room temperature. At first (blank sample), the weight loss of mild steel in corrosive medium of 1 M HCl is high but the addition of tannin has decreased its weight loss. Additionally, increasing the concentration of tannin on the mild steel surface has further decreased its weight loss for both tannin (TN) and purified tannin (PTN) samples. The corrosion rate followed the same pattern as weight loss, decreasing at higher concentration of tannin for both TN and PTN under the same medium. The decreasing corrosion rate was due to the increase of chemical reaction as a result of increasing concentration of the corrosive medium [3]. Corrosion rate of mild steel without the inhibitor was 40.49 mpy which was higher compared to corrosion rate of mild steel with TN and PTN as inhibitor which were 13.85 mpy and 6.93 mpy, respectively, showing that TN was more efficient as corrosion inhibitor for mild steel compared to PTN.

[image: ]
Figure 2.  Effect of tannin concentration on corrosion rate of mild steel using TN and PTN as green inhibitor

Figure 3 shows the inhibition efficiency (%IE) for both TN and PTN at tannin concentration of 200, 400, 600 and 800 ppm based on Icorr from the Tafel curves and Rp values. Both TN and PTN showed the highest IE (65.8 % and 83 %) with the inhibitor concentration of 800 ppm at 300 K due to the aromatic group that gave some advantages in corrosion inhibition process [23]. Tannin as inhibitor possesses the ability to inhibit corrosion on mild steel due to the presence of functional groups such as hydroxyl (OH), methoxyl (-OCH) and methyl (-CH3) which act as electron donor groups [10]. In aqueous medium, these functional groups release their electron and bond at the d-orbital which exists on mild steel. Hence, by increasing the concentration of tannin, the adsorption rate increases, thus protecting the mild steel from corrosion agent [10]. However, the PTN samples still had some impurities such as carbohydrates, polysaccharides, and sugars which occurred alongside tannin during the gravimetric test.

[image: ]
Figure 3.  Effect of tannin concentration on inhibition efficiency of mild steel using TN and PTN as green inhibitor

Electrochemical potentiodynamic test
The determination of potentiodynamic polarization on TN and PTN samples was performed to investigate the kinetics of the cathodic and anodic reactions [24]. The polarization profile of mild steel in 1.0 M HCl is shown in Figure 4 and 5. The values of the variation of corrosion current density (Icorr), corrosion potential (Ecorr), anodic Tafel slope (βa), and cathodic Tafel slope (βc) at various concentrations of the TN and PTN inhibitors were obtained from the polarization profiles (Tables 2 and 3).

Figure 4 and 5 show the polarization curve for mild steel at different concentration of TN and PTN in 1 M HCl, displaying the effects of TN and PTN inhibition on cathodic and anodic reactions. Both changes in the slope of cathodic and anodic current-potential lines revealed that both reactions restrained with the presence of inhibitor; further restrictions occurred when the concentration of inhibitor increased [24]. The Tafel plot showed that the gradient of cathodic Tafel slope (βc) value was higher than that of the anodic Tafel slope (βa), demonstrating that the tannin molecules successfully inhibited the corrosive activities on the mild steel. A compound can be categorized as anodic- or cathodic-type inhibitor when the shifted value of Ecorr is more than 85 mV. Therefore, from Table 2 and 3, tannin can be indicated as a mixed corrosion inhibitor; it was able to inhibit via anodic and cathodic reactions [20, 25]. Therefore, the anodic dissolution reactions and the hydrogen evolution reactions on the cathodic sites had been inhibited by both inhibitors [7].  

[image: ]
Figure 4.  Polarization curve of mild steel at different concentration of TN in 1 M HCl at room temperature

[image: ]
Figure 5.  Polarization curve of mild steel at different concentration of PTN in 1 M HCl at room temperature

From Table 2 and 3, the current density value (Icorr) decreased but the inhibition efficiency increased with the increase of the inhibitor concentration from 200 to 800 ppm. This phenomenon can be explained by the increasing adsorption of inhibitor onto the mild steel surface with the increasing inhibitor concentration. Thus, higher mild steel surface area was protected by the acidic medium and the metal dissolution rate decreased, leading to the increased inhibition efficiency which was determined by the Icorr value [7, 24]. The increasing trend in the percentage of inhibition efficiency for PTN was higher compared to TN due to less impurity such as simple sugar, glycoside, polyphenol monomer, and carbohydrate which acted as barriers to the formation of ferric tannate [12].

Table 2.  Electrochemical polarization potentiodynamic data for mild steel at different concentration of TN 
in 1 M HCl at 300 K
	Inhibitor Concentration

(ppm)
	Corrosion Potential

Ecorr (mV)
	Corrosion Current Density

Icorr
(mA/cm2)
	Gradient
Anode

βa
(mV)
	
	Gradient
Cathode

βc
(mV)
	Corrosion Rate

(mm/y)
	Inhibitor Efficiency Percentage
(%IE)

	0
	-467.00
	4.051-4
	121.3
	
	100.50
	4.777
	-

	200
	-479.70
	1.287-4
	94.50
	
	118.00
	1.516
	68.23

	400
	-470.20
	5.101-5
	68.60
	
	131.80
	0.606
	87.41

	600
	-437.60
	5.074-5
	60.30
	
	83.60
	0.597
	87.47

	800
	-421.30
	4.751-5
	51.80
	
	130.50
	0.559
	88.27














Table 3.  Electrochemical polarization potentiodynamic data for mild steel at different concentration of PTN 
in 1 M HCl at room temperature
	Inhibitor Concentration

(ppm)
	Corrosion Potential

Ecorr (mV)
	Corrosion Current Density

Icorr
(mA/cm2)
	Gradient
Anode

βa
(mV)
	Gradient
Cathode

βc
(mV)
	Corrosion Rate

(mm/y)
	Inhibitor Efficiency Percentage
(%IE)

	0
	-467.00
	4.051-4
	121.30
	100.5
	4.770
	-

	200
	-460.70
	2.387-4
	105.00
	99.10
	2.811
	41.15

	400
	-443.60
	1.287-4
	75.90
	100.1
	1.487
	68.23

	600
	-442.00
	9.100-5
	84.50
	92.80
	1.071
	77.54

	800
	-439.30
	8.777-5
	83.60
	93.50
	1.0333
	89.66



Adsorption isotherm analysis
Langmuir, Freundlich and Temkim models were used as adsorption isotherms models to investigate the molecular interactions between the inhibitor molecules and the active sites on the mild steel surface [25]. These models provided more intuitiveness towards the corrosion inhibition mechanism [26]. The plots of these models are shown in Figure 6. From the plots, Langmuir isotherm showed a strong R2 correlation value which indicated that the model was the most suitable model to explain the adsorption isotherm mechanism on mild steel [23]. Langmuir model stated that the tannin molecules adsorbed on mild steel surface was strongly bound and unable to move. The tannin molecules adsorbed on the surface of mild steel possessed a specific active site and the adsorbed tannin molecule did not interact with each other. Therefore, the adsorption of tannin molecules only happened at one layer [27]. Langmuir model was also the common model to describe the interaction occurred during the corrosion inhibition process. The free energy of adsorption (ΔGads) value for Langmuir, Temkin and Freundlich models using TN and PTN as inhibitor is shown in Table 4. If the ΔGads value was less than -20 kJ/mol, it involved an electrostatic adsorption; the energy of charged metal and charged molecule interacted with the mild steel surface. On the other hand, if the ΔGads value was greater than -40 kJ/mol, the charge transfer or electron sharing from the inhibitor molecule to the metal surface formed coordination bond of chemical adsorption [28]. However, according to the Table 4, ΔGads value for Langmuir and Temkin was less than -20 kJ/mol (between 10.22 and 20.53 kJ/mol), illustrating that both TN and PTN followed the electrostatic adsorption.
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Figure 6.  	Adsorption mechanism of (a) Langmuir, (b) Freundlich and (c) Temkin isothermal for mild steel in 1 M HCl medium containing TN and PTN corrosion inhibitor

Table 4.  Adsorption isotherm data model for Langmuir, Freundlich and Temkim in 1 M HCl medium at 300 K
	Isotherm
	Inhibitor
	R2
	Kads
	Gads (kJ/mol-1)

	Langmuir
	TN
	0.96330
	1.36
	-10.79

	
	PTN
	0.96880
	2.1505
	-11.93

	Temkin
	TN
	0.99828
	7.80
	-15.14

	
	PTN
	0.99220
	12.94
	-16.40

	Freundlich
	TN
	0.97056
	1.09
	-10.22

	
	PTN
	0.94095
	8.73
	-17.12



Morphological analysis: Optical microscope analysis 
The circle in Figure 7(a) shows that there are tiny holes present on the surface of mild steel. These holes were formed due to the aggressive chloride ion that eroded the surface of mild steel, leading to the dissolving process also known as pitting corrosion. The dark brown on the sample’s surface showed that the corrosion process had happened. Figure 7(b), (c) and (d) show the microscope images of mild steel immersed in 1 M HCl solution containing tannin at different concentration. Dark blue formation was found shrouding the mild steel, indicating that the tannin has been adsorbed onto the surface of mild steel and combined with the iron ion to form ferric tannate which was blue-black in colour [10−12]. The formed ferric tannate acted as a thin layer or film to protect the mild steel from further corrosion [13].
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Figure 7.  Microscopy images of mild steel after gravimetric test at room temperature for (a) without inhibitor and TN at concentration of (b) 200 ppm, (c) 400 ppm and (d) 600 ppm 

Scanning electron microscope (SEM)
Figure 8 shows the SEM images of mild steel before and after corrosion test. It can be seen that mild steel immersed in 1 M HCl containing tannin inhibitor presence a white layer (tannin inhibitor) on the surface of the mild steel (Figure 8(b)). This layer could be observed as a coating which acted as a passive layer adsorbed on the mild steel surface. It also could protect the mild steel from chloride ion attacks that corroded the mild steel surface [10−12].

[image: C:\Users\hatik_000\OneDrive\Maklumat Penyelidikan\Postdoc\Research\Nur Atiqah Abu Talib\SEM.jpg]
Figure 8.  	SEM images of (a) mild steel surface before corrosion test performed and (b) mild steel immersed in      1 M HCl containing 800 ppm concentration of TN




Conclusion
Tannin from gelam bark was successfully extracted using acetone. From the FTIR analysis, the presence of aromatic groups can be found in tannin (TN) and purified (PTN) tannin compound. The intensity peak of these aromatic groups decreased after being purified, indicating that the purification process had eliminated some of the tannin’s aromatic groups. The weight loss test revealed that at higher concentration of inhibitor, the corrosion rate decreased, and inhibition efficiency increased. Both inhibitors exhibited excellent inhibition performance as a mixed-type inhibitor. The Langmuir isotherm was the best model to describe the adsorption isotherm of tannin on mild steel, giving the highest R2 value (R2>0.9). Microscopy analysis showed the formation of ferric tannate as indicated by the blue-black colour on the surface of the mild steel. This complex compound protected the mild steel from corrosion attacks in the presence of tannin as a green corrosion inhibitor. Hence, the natural tannin from gelam bark can be used as an alternative to replace other sources based on the observed corrosion inhibitor property.
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