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ABSTRACT

The study employs optical measurements, electrochemical studies and mechanism evaluations of an acrylic
coating incorporated with henna leaves extract (HLE) at ambient temperature. The effect of concentrations
variation of HLE in acrylic coating was investigated and acrylic coating with 0.2 wt/vol% (AC2) of HLE had the
best performance protecting aluminium alloy 5083 from corrosion. Characterization through Fourier Transform
Infrared Spectroscopy (FTIR) demonstrates the association of the carbonyl group of lawsone with the acrylic resin
polymer via chain scission. A further deconvolution method was used in the range of 1550 — 1720 cm™ and the
complexation between HLE and acrylic coating was observed due to the shifting of carbonyl peak. AC2 shows the
lowest water permeability value due to the compact structure and high density of the HLE colloidal system.
Coating resistance shows an increasing trend upon incorporation of HLE and reaches the maximum resistance at
AC2. A circuit fitting analysis of electrochemical impedance spectroscopy (EIS) indicates that all coated samples
is represented by [(RiQua)(RetQai)(W)] circuit. Warburg impedance, W for AC2 shows the lowest value (1.21 x 10°
7 Q.s52) in comparison to the other samples which indicates lower speed of diffusion. Suggested mechanism shows
that HLE in AC2 was formed in a close pack structured in which providing a greater barrier effect towards
corrosion susceptibility of aluminium alloy 5083.
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INTRODUCTION properties of additive molecule assist the adsorption

process due to the electronic density of donor atoms
Corrosion prevention of aluminium alloy has and the possible steric effects (Khaled &
attracted enormous attention from researchers due to Hackerman, 2003). Henna leaves extract (HLE) has
its wide application as a structural material (Othman been reported to exhibit various biological activities
et al. 2018). For marine grade aluminium, the such as antimicrobial, anti-oxidant, fungitoxic and

exposure of the metal to seawater is a real concern
where diffusion of water that contains corrosive ion
and dissolved oxygen will initiate the pit growth on
the aluminium surface. Organic coating such as
acrylic resin is one of the prevention methods used
to overcome corrosion because of their durability
and low cost (Akbarinezhad et al. 2014; Papaj et al.
2014). It provides an insulation layer on the surface
which acts as a barrier from corrosive ions, water and
oxygen. This insulating layer however may also
obstruct the path of electron and cause several
problems in post-processes.

Incorporating various additive can be a tolerance
approach to enhance the corrosion resistance of the
polymeric coating. The physical and chemical

anti-corrosion. According to several literatures,
Lawsonia inermis exhibits an exquisite inhibition
effect towards corrosion (Ostovari et al. 2009;
Rajendran et al. 2009; Motalebi et al., 2012). The
presence of 2-hydroxy-1,4-naphthoquinone in
Lawsonia inermis contributes to the important
activities such as anti-oxidant, anti-inflammatory,
anti-cancer and anti-corrosion (Abulyazid et al.
2013; Jeyaseelan et al. 2012; Salunke-Gawali et al.
2012; Buchweishaija, 2009).

Due to its excellence as a corrosion inhibitor
and wide range of applications, HLE has been
chosen in this study. Incorporation of HLE in acrylic
resin coating was evaluated via optical and



298

electrochemical measurements. The effect of AA5083 was used in square shape with the
concentrations on the new coating system was dimension of 25 mm x 25 mm x 3 mm and polished
evaluated and it was found that it is capable to by using emery paper with different grades (600, 900
protect aluminium alloy 5083 (AA5083) from and 1200). The samples were cleaned with acetone
corrosion attack. and rinsed with distilled water, dried in the air and
then stored in desiccators prior to use. The

METHODOLOGY composition of AA5083 is tabulated in Table 1

Ashjari et al. 2015).
Surface preparation of aluminium alloy 5083 (AA5083) ( shjari et al. 20 5)

TABLE 1. Composition of aluminium alloy 5083 (AA5083)

Element Mg Mn Fe Si Zn Cr Ti Cu Al

\I;\e’f(':gm woe 45 0.7 04 04 025 0.15 0.15 0.1 Remaining

spectrometer was equipped with an Attenuated Total

Preparation of coating Reflection (ATR) accessory with a germanium
crystal. The sample was put on germanium crystal

The fresh leaves of henna were dried at room and infrared light was passed through the sample
temperature and then crushed to powder form. with the frequency ranging from 3960 to 660 cm™
Henna powder was soaked in ethanol for a week. with spectral resolution of 4 cm™ (Samsudin et al.
Then, the mixture was extracted by using a rotary 2012). The FTIR data were recorded in the
evaporator. The residue left in the flush was used in transmittance mode. The transmittance and
accordance with coating system and later was reflectance of the infrared rays at different
referred as henna leave extract (HLE). The acrylic frequencies were translated into an IR absorption
resin coating was purchased locally. The plot consisting of reverse peaks. The spectral pattern
incorporation of HLE into the acrylic resin coating was analysed and matched according to IR
was made in according to weight per volume percent absorption table.
(wt/vol %) where mass of of the dissolved solute is
divided by the volume of the entire solution in Water permeability study
mililiters. The range of wt/vol% used in this study
was 0.1 — 0.4 wt/vol %. The mixtures were stirred Acrylic films with uniform thickness of 0.582 mm
for 2 hours and were coated on aluminium alloy by were cut into 0.0001 m? and soaked in seawater for
using brushes having a thickness of 255 um. the duration of 300 minutes. The reading of water
Corrosion test was performed by using seawater uptake was taken every 60 minutes of interval by
collected at aquatrop hatchery, Universiti Malaysia using JA-303H analytical balance (readibility:
Terengganu. To easily identify the coating system, 0.001g). Water transmission rate was calculated
the following abbreviation as tabulated in Table 2 based on the following equation (Kucera et al. 2009):

should be referred. c
WTR = (1)/A 1)
TABLE 2. Abbreviation of a coating system where G is the weight changes of the film in gram, t
is the time of film soak in seawater in minute, and A

Coating

mixture Abbreviation is the area of the film in m2.
Acrylic resin AC o
Acrylic resin + 0.1 wt/vol% AC1 Electrochemical impedance spectroscopy (EIS)
Acrylic resin + 0.2 wt/vol% AC2
Acrylic resin + 0.3 wt/vol% AC3 EIS was used to study the impedance characteristic
Acrylic resin + 0.4 wt/vol% AC4

as well as capacitance behaviour of AA5083 in the
presence and absence coating. The EIS measurement
was conducted by using alternating current signal of
impedance measurements by using Autolab

Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) was carried out PGSTAT302N with respect to the open circuit
using Thermo Nicolet 380 FTIR Spectrometer. The potential (OCP). All the potentials referred were
spectrometer was used to identify the functional relative to a saturated calomel electrode (SCE). The
group of HLE by observing at the vibrational motion impedance measurements were conducted over a
of bonds in molecules. The subsequent effect after frequency range of 10000 Hz down to 0.01 Hz. The

the incorporation was studied as well. This
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results were analysed 1.10

electrochemical program.

using NOVA

RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) Technique

FTIR spectrum of acrylic coating (AC), HLE and
AC incorporated with HLE in the range of 660 —
3960 cm™ are depicted in Figure 1a. HLE spectrum
showed a broad band centered at 3376 cm™ and it
was attributed to the stretching hydroxyl (OH) group
(Gaaz et al. 2017). The stretching vibration of C=0
was observed at 1722 cm™ and 1633 cm. The peak
at 1448 cm™ was attributed to the aromatic stretching
band C=C while a few bands at 1265 cm™, 1045 cm-

Land 877 cm were attributed to the C-O stretching
and aromatic ring, respectively.

C-C-O-C stretching vibration of AC was
represented by a distinct band around 1166, 1195
and 1261 cm™. A carbonyl functional group C=0
stretching is represented by a band at 1729 c¢m
while a peak at 1494 cm? was attributed to the
methyl group vibration. Two peaks at 2925 and 2950
cm* were attributed to the C-H stretching while CH,
stretching can be observed at 1454 cm™. In the
fingerprint region, few peaks at 836,985 and 1081
cm? can be observed and this is the characteristics
vibration band of acrylic resin contributed by CHs
and O-CH bending. The molecular structure of
acrylic resin coating with the corresponding
vibration mode is tabulated in Table 3.

TABLE 3. Colour coded IR absorption assigned to its corresponding vibration

Wavenumber (cm™) | Corresponding vibration Molecule
1166, 1195,1261 | C-C-O-C stretching CHs
CHa, 0-CHs and .
(O)CHz bending
1494 a-CHs asymmetric .
deformation n
C=0 stretching o o—CHs
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FIGURE 1. IR spectra of the coating system at a) overall spectra b) 1100 cm™ — 1300 cm

The incorporation of HLE in AC has reduced
the intensity of C-H stretching vibration as seen in
region 1 (2805 — 3150 cm™). This indicates that the
concentration of the corresponding functional group
was reduced due to the dissociation of the polymer
chain. In region 2 (1320 — 1815 cm™), the following
corresponding vibration namely as CH,, a-CHs and
(O)CHz bending (1378, 1454 cm?), o-CHs
asymmetric deformation (1494 cm™) as well as C=0
stretching (1729 cm™) can be observed. Note that
these peaks show a reduction in intensity indicating
that the acrylic resin polymer backbone has been
dissociated while HLE has been associated in the
polymer to form a complexation.

Figure 1b shows an IR frequency at 1168 cm-
! for acrylic coating and it was observed to reduce to
1157 — 1160 cm™™. This peak which attributed to the
acrylic coating C-C-O-C stretching vibration
reduced after incorporation of HLE indicates the
chain scission of the methoxycarbonyl group
(COOCHj3) from acrylic coating. Chain scission of
the acrylic coating provides a reaction of this group
with another molecule and resulting in the change of
polymer properties.

The deconvoluted FTIR spectra of AC2
coating in the range of 1560 -1720 cm™ is shown in
Figure 2. This area becomes one of the interest
regions due to the availability of the carbonyl C=0
functional group. It can be seen that in the region of
1560 — 1700 cm, there are 3 main peaks which
contribute to the presence of carbonyl group (C=0)
and C=C bond. The carbonyl group of HLE and AC
was found at 1633 cm™and 1729 cm, respectively.
Incorporation of HLE has shifted carbonyl (C=0)
peaks to a higher wavelength of 1636 cm™ and 1665
cm?, respectively. This is due to the association of
the carbonyl group of lawsone with the acrylic resin
polymer. This association is assisted by hydrogen

bonding where it primarily depends on the presence
of C-O and C=0 functional group. The hydrogen
bonding of HLE and AC is modelled in Figure 3.

1605 2 — FitPeak 1
Vo 1605 cm - - - FitPeak2

20041 .- FitPeak 3

— - ~Cumulative Fit Peak

2003
=
& 2002 V., 1636 cm”
§ v, 1665 cm’”
©
£ 2001
2
= g

2000 N

.
e DR,
1.909
T T T T T T T ]
1560 1580 1600 1620 1640 1660 1680 1700 1720

Wavelength (cm™)

FIGURE 2. FTIR deconvolution of AC2 at C=0 region
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FIGURE 3. A proposed hydrogen bonding between
acrylic and HLE a) at C-O b) at C=0

Water Permeability Study

Water permeability of acrylic resin with
incorporation of HLE is shown in Figure 4. The
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water permeability was found to decrease greater
than acrylic resin itself. The decrease of water flux is
associated with the hydrophobicity of the coating.
AC2 coating shows the lowest water permeability
while AC coating shows the highest water
permeability. All coating samples show a reduction
in water permeability. The structural changes are
described by the packing particle of the colloidal
system since penetration of water is through the
defect like pores and cracks (Reyes-Mercado et al.,
2008). Due to the reduction of the attracting force in
the coating molecules which consequently reduces
the surface tension, the structure of the acrylic resin
coating has changed. The addition of HLE has
caused a reduction in water permeability due to the
compact structure and high density of the colloidal
system. Acrylic coating shows a hydrophobic
behaviour due to its ethyl functional group. The
structural changes due to the addition of HLE have
caused an increment in hydrophobicity of the acrylic
resin.
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FIGURE 4. Water Vapor permeability of AC in the
presence and absence of HLE

Electrochemical impedance spectroscopy (EIS)

Nyquist plot is depicted in Figure 5a and b to show
the impedance spectra of acrylic resin coating in the
absence and presence of HLE. As seen, samples AC,
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AC3 and AC4 only represent one time constant
while AC1 shows an increasing spike in the low
frequency region. The formation of second time
constant is more obvious in sample AC2 as seen in
Figure 5b. In the lower frequency, the plot of —-Z*’
versus Z’ deviates from Z’ axis indicating that the
diffusion process needs to be considered in
simulating the equivalent circuit. The equivalent
circuit was constructed based on this basis and
shown in Figure 5.

An electrochemical circle fit was used to
determine the value of coating resistance (R¢) and the
corresponding values are tabulated in Table 4. R.
value for all tested samples is above the magnitude
of 107 and this magnitude is a threshold value for a
good coating (Sathiyanarayanan et al. 2007). R. was
found to increase from AC to AC2 and further
addition of HLE after that has caused the reduction
in R¢ value. The crystalline structure of AC2 limits
the ionic mobility through the pores and reduces the
electrical conductivity on the aluminium surface.
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FIGURE 5. Nyquist plot for a) AC, AC1, AC3 and AC4 b) AC2

TABLE 4. Corresponding values gained from impedance analysis

Coating
Parameters
AC AC1 AC2 AC3 AC4
Re (Q.cm?) 9.28E+06 4.53E+07 4.79E+08 2.06E+07 4.08E+06
Cc (Flcm?) 2.00E-08 1.15E-08 3.32E-09 7.73E-08 8.18E-08
|Z]if () 4.40E+07 3.13E+07 2.30E+08 1.15E+07 3.38E+06

Theoretically, the coating capacitance is
represented by C. = eg,A/d where ¢ is a dielectric
constant of the medium, & is the free space
permittivity, A is the testing area and d is the coating
thickness (Dong & Zhou, 2014). C. is an important
parameter because of the water barrier property is a
crucial element in which the presence of aqueous
solution will start the corrosion process (Mansfeld,
1990). The value of C. was found to decrease when
the HLE was loaded into the acrylic coating. For
AC2 sample, the C.; was decreased to one order of
magnitude. In general, greater C. value leads to the
increment of water uptake to the coating film and the
ideal value of C. that shows an excellent coating
behaviour is usually less than 1nF. The amorphous
structure provides a greater ionic diffusivity which
latter causing increasing in ionic conductivity. The
decreasing of C. is an indicator of low absorption of
the water into the coated substrate (Yasakau et al.
2008). Coating capacitance represents water barrier
property of the organic coating. Modulus of
impedance at low frequency |Z]is is shown in Table
4. The value is recorded at 0.1Hz where this is the
lowest frequency used in the EIS measurement. The
similar trend with R. can be seen in which the value
increases from AC to AC2 and after that showing a
reduction trend beyond AC2. The value of |Z]is is
almost similar to the value of R; because of it has
reached the dc limit where |Z| = R¢ because |Z| =

\ Zrzeal + Zizmg and }cir%(zreal)E=Eoc = Rp + Rq and
},in%(Zimg) = 0 (Mansfeld, 2005).

A circuit was constructed regarding to the
semi-infinite diffusion case where the diffusion
element is represented by Warburg element, W as
shown in Figure 6. The constructed circuit consist of
three time constants namely as (RiQa), (R«Qa) and
(W) Finsgar & Jackson, 2014; Grundmeier et al.
2000; Mansfeld, 2005; Bisquert et al. 1999; Ashassi-
Sorkhabi et al. 2008). These time constants are
connected in series with uncompensated resistance,
Rq which occurred due to solution resistance.

At high frequency region (R:Qa), the
dissolution of aluminium ions trough the surface
layer occurred. Rs represents the resistance of the ion
conduction path which was developed in the surface
layer. Ry value for AC is the highest due to its high
surface layer resistance contributed by low pores and
conduction pathways. AC1 — AC4 have low R¢ value
due to the distribution of small number of HLE on
the coating surface. The first time constant can be
attributed to the process occurred at the metal -
electrolyte interface covered by an acrylic resin
coating. At this stage, a pocket filled with electrolyte
can be found where the electrolyte contained in this
pocket is different from the bulk electrolyte outside
the coating layer. Qu value for AC2 is the lowest
(5.03 x 10 F/cm?) indicating low electrolyte
collection at the coating-pocket solution interface.
The second time constant is represented by (RctQa)
and located in the low frequency region. As seen in
Table 5, the value of R increases from AC to AC2,
followed by a reduction afterwards.R of AC2 shows
highest value (4.66 x 107 Q) indicating that it has
limited the charge transferred when an electron
enters the metal and metal ions diffused into the
electrolyte. Q is the constant phase element (CPE)
and represents the double layer capacitor which
usually related to the water barrier property of the
coating. AC1-AC4 shows lower Q value in
comparison to AC due to low water uptake at the
metal-coating interface. Incorporation of HLE has
limited the water uptake due to its close pack
structure formation between HLE and acrylic resin.
The third time constant is W that represents the
elements of semi-infinite layer thickness diffusion.
The diffusion speed is characterized by the
impedance of the diffusion process. The higher value
of W attributes to the higher speed of diffusion. The
lowest value of W is recorded by AC2 (1.21 x 107
Q.s'2) which signifies better impedance at this
stage. The existence of Warburg impedance is also
an indication of the considerable barrier formation
from corrosion attack (Weng et al. 1997).
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FIGURE 6. An equivalent circuit constructed for all coating systems

TABLE 5. Impedance parameters for AA5083 in seawater at various loadings of HLE

Coating system

Parameter
AC AC1 AC2 AC3 AC4
Re 23982 10095 -7844.4 5987.8 7097.5
Rt 5.25x107 6.32x10* 4.47x10° 3.96x10° 1.31x10*
QuiC 1.71x10° 7.33x1010 5.03x1010 2.40x108 4.62x107°
Q/Ca 3.59x1010 2.26x10°8 9.20x10°° 4.04x10® 1.17x107
n - 0.79454 0.61876 0.52548 1.0727
Ret 1.68x10° 4.49x107 4.66x108 1.47x107 1.43x106
W 1.64x107 2.71E-07 1.21x107 4.12x107 5.10x107
. 5.9517 0.14729 0.012841 0.24202 0.52533
The mechanism of acrylic resin coating in AC2 -
AC2 and AC4 is shown in Figure 7. In AC2 system, {o l J / f >(\1 .
the molecular arrangement is in order structured due .f\‘f ’//\ o\jele
to its semi-crystalline nature as reported in our P [ t \’ fﬂg > /3
previous research elsewhere (Zulkifli et al. 2017).
The ordered structure of HLE in acrylic resin coating AA5083 Seawater
was built in a close pack structured which providing e HLE
a greater barrier effect. Whilst in AC4 system, the \_Polymer
excessive HLE has caused a formation of less semi- AC4

crystalline structured. This might be due to the
excessive HLE that are not cross linked with the
acrylic polymer chain. Consequently, the mixture of
acrylic resin coating and HLE has formed an
amorphous mixture where the HLE molecules
coordination is in a random order. Hence the
seawater is easy to penetrate the coating compared to
AC2 which has a close pack molecular order to block
the penetration of seawater.

‘/ ’f .Ag
f%) \f*/)

AA5083

FIGURE 7. Suggested mechanism of acrylic resin coating
incorporated with HLE

CONCLUSION

The incorporation of HLE in acrylic coating and its
subsequent effect was investigated at ambient
temperature.  Optical,  electrochemical  and
mechanism studies were conducted to assess the
effect of concentration variations of HLE in acrylic
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resin coating. Upon addition of HLE, chain scission
between HLE and acrylic resin has occurred and
caused a formation of hydrogen bonding between
both substances. AC2 excellently impeded the
corrosion attack by forming a close pack structure
and the mechanism of the modified acrylic resin
coating was suggested. This close pack structure has
caused the formation of semi-crystalline structure
which provides greater barrier effect and hence
reduces corrosion attack. The highest coating
resistance was found at AC2 and it is inferred that
this is the best concentration to be used in the coating
system.
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