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Abstract

This work investigates the effectiveness of theaetth extract ofPhyllanthus amarus
(EEPA) as a possible green corrosion inhibitordmminum in a HCI solution, using
weight loss, linear and potentiodynamic polarizatioethods, in order to evaluate the
inhibition efficiencies of the plant extract, atriaus concentrations. Scanning electron
microscopy and Fourier transformed infra red spscopy were used to study the
surface morphology and engagement of functionalgg in the corrosion inhibition
process. The results obtained at 303 K from weligbg, linear polarization resistance
and potentiodynamic polarization methods recordeahhibition efficiency that ranged
from 56.65 to 69.17, 65.00 to 93.93 and from 51t8879.96 %, respectively.
Generally, the inhibition efficiency increased witlgher concentrations, but decreased
with a rise in temperature. The potentiodynamidgtrevealed that EEPA acted as a
mixed type inhibitor, and formed an insoluble filmhich protected the metal against
corrosion. Examination of micrographs in the intoib presence and absence also
confirmed the role of the protective film in blooki the corrosion active sites on the
metal surface. Spectra analysis obtained from Eourmansformed infra-red study
indicated that EEPA was adsorbed onto the alumirsumiace via C=0O and OH
functional groups. The inhibitor adsorption wasrgpoeous, exothermic, and supported
the physical adsorption mechanism. Calculated gumamhemical parameters for EEPA
constituents revealed thBhyllanthusin D is the most active corrosion inhibitor in the
compound. HOMO and LUMO diagrams Bhyllanthusin D supported the findings
from FTIR analysis.

Keywords: Corrosion, aluminium, inhibition ariéhyllanthus amarus.

Introduction

Corrosion is an electrochemical process that degraahd converts metals to
their natural state. The effect of such destruct®m®normous, because of the
high cost required for the replacement of damagestalic components.
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Aluminum is one of the most industrial valuable atgt therefore, protecting it
against corrosion damage is necessary. Althouglerakvprotection/control
measures against corrosion are available, the fus#ibitors is one of the best
and acceptable options[1].

Corrosion inhibitors are substances that retardntie¢al corrosion rate, when
added in a minute concentration [2]. Trends in aed® development and
application of corrosion inhibitors in industriéeve moved from inorganic
inhibitors to organic inhibitors and to green intobs in recent times [3].
Extracts of plants are widely accepted as compendémat have promising
features in the corrosion industries [4]. This ecdéuse most of them are cheap,
easily available, biodegradable and eco-friendly. [bhe present study is
designed to investagate the corrosion inhibitioopprties of the ethanol extract
of Phyllanthus amarus (EEPA) for aluminium in 1 M HCI.

Phyllanthus amarus is regarded as a weed, although some of its medicalaés
have been harnessed in recent times [6]. Succedsclea widely recorded on the
potency of this plant extract as a corrosion irthibifor some metals. For
example, Okafoet al. [7] found that seeds, leaves and a combinatiseeds
and leaves extracts &f. amarus are good adsorption corrosion inhibitors for
aluminum in HCI and EBOQs solutions. The extracts inhibited the corrosion of
mild steel through the mechanism of chemical gugwn. Their adsorption best
fitted the Temkin adsorption model. Sangeethal. [8] also found that a
combination ofP. amarus extract with ZA* system in the ratio of 2 mL : 25 ppm
yielded an inhibition efficiency of 98 % for carbeteel corrosion, in an ageuous
solution containing 60 ppm of chloride. Polarizataata revealed that the extract
acted as a mixed type inhibitor, while AC impedamt&a indicated the
formation of a protective film that formed a barriggainst further corrosion
attack. However, in their study, they did not pdevidata that could enable the
mechanism of adsorption and the best fitted adsorpgotherms to be proposed.
Pasupathyet al. [9] also investigated the corrosion inhibitiofii@ency of the
leaves extract oP. amarus for zinc in 0.5 N HSQs, and found that it is a good
adsorption inhibitor. Although the authors did nawvestigate the inhibitor
adsorption mechanism, they found that the extrdsbmiption obeyed Temkin
adsorption model. Sribharaley al. [10] found that the extract d?. amarus
inhibited mild steel corrosion in sea water, witlaxamum inhibition efficiency
approaching 98 %. The extract, however, acted aanadic inhibitor for mild
steel in sea water. Olusegun and Otaigbe [11] stuthe corrosion inhibition
potential of the extract dP. amarus, and found that it was a good adsorption
inhibitor for aluminum corrosion in an alkaline sbbn. Maximum inhibition
efficiency of 76 % was recorded, and the inhibitmisorption characteristics
responded best to the Langmuir adsorption modehotigh the authors did not
investigate the effect of temperature, and wereblenéo propose the extract
adsorption mechanism onto the metal surface, @ bpeder kinetics was
proposed. Eddy [6] used the ethanol extrad®.admarus to inhibit mild steel
corrosion in a SOy solution, and found that it acted as an adsorphabibitor.
However, he proposed a physisorption mechanism,whbfch adsorption
characteristics fitted the Langmuir adsorption mode
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The above review indicates that the adsorption maxberosion inhibition
mechanism and adsorption characteristic?oimarus vary with the type of
metal, aggressive medium and extraction mode. €dbst of our knowledge,
literature on the use &f. amarus as an inhibitor for aluminum in a HCI solution
is scanty. The present research is aimed at usEIgAEto inhibit aluminum
corrosion in a 1 M HCI solution, and it will alsdilize a quantum chemical
study to find out the active constituents Ffaf amarus that are responsible for
corrosion inhibition.

M aterials and methods

An aluminum sheet was obtained from the departraéntetallurgy at Ahmadu
Bello University. Analar grade concentrated hydtooh acid was purchased
from Sigma Aldrich Chemical company, and doubl«iltesl water was used for
the preparation of the test solution (i.e., 1 M H@amples oP. amarus leaves
were obtained from the Ahmadu Bello University Botal garden. The leaves
were dried, grounded to powdered form and soakesthianol. Cold extraction
was carried out, in order to obtain the ethanollsiel extract. The obtained
extract was used to prepare an EEPA stock solutiom where 0.1, 0.2, 0.3, 0.4
and 0.5 g/L concentrations were produced throughls#lution.

Weight loss experiment
Weight loss experiment was carried out by immersan§ x 4 cm aluminum
coupon in the respective test solution (1 M HCid a@.1, 0.2, 0.3, 0.4 and 0.5
g/L of EEPA in 1 M HCI, respectively) contained an250 mL beaker. It was
ensured in all cases that the test solution sefiity covered the metal. After
every 24 hours, each coupon was withdrawn from dbkition, washed in
distilled water, dried and weighed. The experimentye repeated until 168
hours of immersion. Values of weight loss obtairegter every 24 hours of
immersion were recorded. From weight loss data, AEmibition efficiency
was calculated using equation (1):

weight loss 100 (1)

JE = Zetghrlos o, 108
% inttial weight 1

The degree of surface coverage was obtained bidimy the inhibition
efficiency by 100, while the aluminum corrosionerdCR) was measured using
equation (2):

CR [gcm_z h_lj — weight loss (2)

Arsa of the metal coupon X pericd of immersion

Polarization study

Linear polarization resistance (LP) measurementse waarried out using a
potentiostat (model AuT71791 and PGSTAT 30). Thepial range of -1000 to
2000 mV, and a scan rate of 0.33 mV/s at 303 K wsszl. Each test was run in
triplicate. All measurements were done in an abtofeequency response
analyzer couple to a potentiostat, connected tonapater system. The working

23¢



E.O. Nnabuk & F. Awe/ Port. Electrochim. Acta 36 (2018) 231-247

electrode was aluminum with an area of 2,cwhile the counter electrode was a
platinum electrode in a glass corrosion cell kiheTreference electrode was a
Ag/Ag system, and the experiment was carried odh Wie working electrode
immersed in 1 M HCI under static conditions.

For PDP measurements, the inhibitor corrosion reées calculated through
corrosion current densitygol, Which was obtained by extrapolating the linear
Tafel segments of the anodic and cathodic curvés,Ahe inhibition efficiency
(1%) was calculated using equation (3) [12].

Iy = iCorr— iCorr % oo (3)

E‘E‘I:l;"." 1

However, the over potential and current data wévdqa on a linear scale to get
LPR plots, and the plots slope in the vicinity bé tcorrosion potential gave the
polarization resistance gR From the measured pRvalues, the inhibition
efficiency (I %) was calculated using the followiaguation [12]:

Bgiinm)— Ry 100
% = E—2x— (4)
Eglint) 1

where Rp and fgnn are the uninhibited and inhibited polarizationisesice,
respectively.

Quantum chemical calculations

All chemical structures were drawn using the Cherawd package in the
ChemBio2015 Cambridge software. Geometry optinopawvas performed with
Hyperchem release 10 software, which was also tsedlculate the compounds
molecular energies using PM3 Hamiltonian. HOMO &tMO diagrams were
developed using the Chem 3D programme in the packdgChemBio2015
Cambridge software. All calculations were carriad at molecules gas phase
state.

Results and discussion

Weight loss

Aluminum weight loss, taken after every 24 hourgnension in the test solution,
was used to develop weight loss variation graphbk time, and to estimate the
relative values of aluminum corrosion rate. Figshbws weight loss variation
plots with time for aluminum corrosion in a 1 M H&blution containing various
concentrations of EEPA at 303 K. Graphs obtaine®lL8f 323 and 333 K are not
shown, but the corrosion rates at 303 K and thepégatures are presented in
Table 1. Geenerally, aluminum weight loss was fotmahcrease with a larger
period of contact, and with higher temperatures fiyher was EEPA addition,
the lower was aluminum weight loss in 1 M HCI. Arcriease in weight loss
corresponded to an increase in corrosion rate,vaoedversa. Therefore, EEPA
decreased the aluminum corrosion rate in 1 M HGQijctv indicates that it
worked as a corrosion inhibitor for that metal. FEZE inhibition efficiency
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increased with higher concentrations, but decreastda rise in temperature, as
shown in Table 1. It is an established fact thedmf the pattern of inhibition

efficiency variation with temperature, the adsapti mechanism can be
proposed.
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Figure 1. Variation of weight loss with time for aluminum cosion in 0.1 M HCI
containing various EEPA concentrations.

Table 1. Corrosion rate of aluminum in HCI solutions, andF2Enhibition efficiency.

CR (g/h/cm?) 1%

C (glL) 303K 313K 323K 333K 303K 313K 323K 333K

Blank 0.00355 | 0.005206| 0.010417| 0.016861
0.1 0.001539| 0.00272 0.007233 0.012433 56]65 47.780.56 26.26
0.2 0.001256| 0.00248 0.006672 0.011222 6463 52.185.95 33.44
0.3 0.0012 0.002367 0.006544 0.010867 66.20 54547.173| 35.55
0.4 0.001106| 0.002383 0.0063%6 0.010633 6886 54.238.99 36.94
0.5 0.001094| 0.002111 0.006033 0.010044 69/17 59.482.08 40.43

~ & NV

Decreased inhibition efficiency with increasing fmratures points towards a
physisorption mechanism, while an increased inioibiefficiency with higher
temperatures defines a chemisorption mechanismefdre, EEPA adsorption
onto the aluminum surface favours physical adsonpthechanism [13].

Polarization study

Data obtained from linear polarization (LPR) armdemtiodynamic polarization
(PDP) are presented in Table 2. Under LPR study A hibition efficiency
(IE) was also found to increase with higher coneditns, and ranged from
65.00 to 93.93 %, which is higher than the rang&&®65 to 69.17 %, obtained
from weight loss measurements. Therefore, EEPAamaheous inhibition
potential is better than its average inhibition gndtal. The IE obtained for
various EEPA concentrations from PDP measuremeariged from 51.38 to
79.96 %. This range also reveals that, for simdatract concentrations, the
inhibition efficiencies obtained from PDP measurateeare relatively higher
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than those obtained from weight loss measuremdnis, lower than those
obtained from LPR measurements.

Table 2. Polarization data and inhibition efficiencies ofrieas EEPA concentrations
for Al corrosion in a HCI solution.

C PDP LPR
Ecorr I corr CR 0 Rp 0
WL | B Bo V) A | mmy) | ] @ |
Blank | 0.16516| 0.076753 -0.92637 0.00049%94 5.3597 46.087

0.1 0.6669 | 0.08172f -1.2171 0.000240 2.6058 81.3 131.69 | 65.00
0.2 0.38349 0.68213] -1.1110 -1.1095Q0 2.0371 %19 568.03 | 91.89
0.3 0.10458 0.08466p -1.2103 0.000151 1.6397 4169. 134.51 | 65.74
2
9

0.4 1.2355 | 0.037528 -1.2155 0.00013 1.4333 6732 119.77 | 61.52
0.5 | -0.19327] 0.091318 -1.2551 0.0000¢9 1.0741 6799 759.63 | 93.93

The PDP plots for various EEPA concentrations aesented in Fig. 2. In the
inhibitor presence, the cathodic and anodic Tafgles are more or less equal,
suggesting that EEPA acted as a mixed type inhmildito the plots, the transition
from the active zone to the passivating zone, astiirosion potential increases
to the passivation potential {§f, proves the formation of a passivating film.

1.0
0.5
0.0
-0.5 —— Blank
= 6 P T T —— —=—0.1g/IPA
i —— 0.2g/IPA
-1.5 —— 0.3g/IPA
-2.0 —=— 0.4g/IPA
—— 0.5g/IPA
-2.5
-3.0
-6.0 -5.0 -4.0 -3.0 -20 -1.0 0.0
log 1(A)

Figure 2. Potentiodynamic plots for aluminum corrosion in IH@I containing various
EEPA concentrations.

Mixed type inhibitors are generally known as coiwasinhibitors that form a
protective film, which may be a precipitate thabdds the anode and cathode
corrosion active sites, in order to protect the ah@igainst further corrosion
attack [14]. However, it is generally believed thahen the difference between
the blank corrosion potential and that of the gyst@ntaining the inhibitor is
above 85 mV, then, the inhibitor can be classiisdcathodic and anodic (Eddy
et al., 2015). In this study, the differences for 0.12,d.3, 0.4 and 0.5 g/L of
EEPA were 291, 185, 284, 290 and 329 mV, respdygtiidnerefore, in addition
to EEPA being a mixed type inhibitor, the cathodhehaviour dominantly
contributes to its inhibitory behaviour.
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Effect of temperature

The Arrhenius equation is most suitable for estingathe minimum energy

requirements for aluminum corrosion and its indmtin HCI solutions. The

model relates the corrosion rate to the activaénargy, according to equation
(5) [15],

CR = Aexp(;i“) (5)

where CR is the corrosion rate, A is the Arrhemiupre-exponential factor,.ks
the activation energy, R is the gas constant aisdtie temperature. Equation (5)
was applied by taking the natural logarithm of bsittes to the obtained equation

(6),

In(CR) = In(4) — = (6)
Since equation (6) is a linear model, a plot ofCR} versus 1/T was found to
give a straight line, of which slope and interca@Ea/R and In(A), respectively.
This plot is shown in Fig. 3, and the various pagters deduced from the plots
are recorded in Table 3?Ralues calculated from the plots were very clmse
unity, confirming a high degree of linearity, are tapplication of the Arrhenius
model to the present data. From the results pteden Table 3, the activation
energy for the blank was 44.62 J/mol. In the presenf various EEPA
concentrations, the activation energy, which ranfyech 60.23 to 64.03 J/mol,
progressively increased with higher concentratiomdicating that the adsorption
becomes more thermodynamically stable with increpsi inhibitor
concentrations.

-3.0 -
_35 .
4.0 -
45 - ¢ 0.1g/L
& 50 - mo0.2g/L
£ 55 0.3g/L
6.0 -
65 | X 0.4g/L
7.0 - X 0.5g/L
-7.5 T T w T ! Blank
2.9 3.0 3.1 3.2 3.3 3.4

1/Tx0.001 (/K)

Figure 3. Arrhenius plot for aluminum corrosion in 1 M HClrdaining various EEPA
concentrations.

Generally, activation energy below 80 kJ/mol poirtsvards a physical
adsorption mechanism, while that above 80 kJ/molagsociated to a
chemisorption mechanism [16]. Therefore, this iaths that EEPA adsorption
onto the aluminum surface operates through the amesim of physical
adsorption. Table 3 also reveals that the Arrhepiupre-exponential constant
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ranged from 17.39 to 18.58, as against the valuedf2, recorded for the blank.
Although the significance of the constant is notllvk@own, an equilibration

between the Arrhenius and the transition state teaps reveals that it is
associated with entropy.

Table 3. Arrhenius and transition state adsorption pararadtegraluminum corrosion in
1 M HCI containing various EEPA concentrations.

c Arrhenius parameters Transition state parametirs

(glL) ta\n) (J /Ir:_xjol) R2 sope | intercept Uﬂilff] {f ;:;ﬁ'ij R2

Blank | 12.02 44.62 0.984 5.053 5.209 -41.383 -42.01 80.9
0.1 17.39 60.23 0.986 6.93 10.64 3.82 -57.62 .98%
0.2 18.25 62.81 0.987  7.241 11.5 10.9¢ -60.20 98@®.
0.3 18.44 63.41 0.98%  7.312 11.69 12.55 -60.79 40.98
0.4 18.86 64.66 0.987  7.45¢6 12.117 16.05 -61.99 6.98
0.5 18.58 64.03 0.988  7.38¢ 11.83 13.72 -61.41 2.98

Thermodynamic/adsorption study

In the adsorption process, thermodynamic parametensterest are entropy of
adsorption, enthalpy of adsorption and standare &meergy of adsorption. The
transition state equation was used to estimatertt®py and enthalpy of EEPA
adsorption onto the aluminum surface. The logamithform of the transition
state equation, which relates the corrosion ratertgperature, can be expressed
according to equation (7) [17],

m(T) = () + () - 2 Y

where N is the Avogadro’'s number, h is the Planokstant,AS;,. is the
standard change in entropy amdi;,. is the standard enthalpy change. In
accordance with the mathematical implication ofagun (7), values plotting of

In [:%) against 1/T (Fig. 4) gave straight lines with aedlent (approximating

100 %) degree of linearity.

Values of standard changes in entropy and enthedpgulated from the plots
intercepts and slopes are recorded in Table 3.cHamges in entropy for the
blank were -41.33 J/mol, but in the presence ofouar EEPA concentrations,
they ranged from 3.82 to 13.72 J/mol. Although demin enthalpy ranged from
-57.62 to -61.99 J/mol in the presence of variB&PA concentrations, it was
42.01 J/mol for the blank. Positive values of epyrochange suggest
disorderliness, while negative values of enthalpgnge indicate that the reaction
was exothermic. However, a spontaneous adsorpiibbevdefined whenAs; ;.

IS positive andAH;,. iS negative, or whemH;,. < TAS,;.. Within the
confinement of the temperature range considerddisnwork, there is no doubt
that the calculated values of changes in entropg enthalpy will favour
spontaneous EEPA adsorption onto the aluminum seirfaow values obtained
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for both thermodynamic parameters are consistetit thie physical adsorption
mechanism.

_90 -
_95 .
-10.0 + # Blank
- 105 - mO0.1g/L
~ 0.2g/L
& -11.0 - e/
= X 0.3g/L
= -11.5 -
X 0.4g/L
-12.0 0.58/L
-12.5 4
-13.0 T T T 1
2.9 3.0 3.1 3.2 3.3 34

1/Tx0.001 (/K)
Figure 4. Transition state plot for aluminum corrosion in &IlHsolution containing
various EEPA concentrations.

In corrosion inhibition, adsorption is the initislechanism for any inhibition
process. Although there are two basic types of rptien, differences exist
between the adsorption characteristics of differehibitors. The response of a
given inhibitor to an established adsorption mqgalelvides information on the
adsorption mode, and on the adsorption charadesisin search for the best
fitted adsorption isotherm for the studied inhibjtdifferent adsorption isotherms
were tested, and the tests indicated that thefltte=st adsorption isotherms are
Langmuir and Freundlich ones. The Langmuir adsomptisotherm can be
expressed as follows [18]:

() = InC — Inb,, (8)

where C is the EEPA concentration in the bulk etdgte, 6 is the degree of
EEPA surface coverage angidis the equilibrium constant of adsorption. In Fig.
5, the Langmuir isotherm for EEPA adsorption onto eduminum surface is
shown, while Table 4 contains adsorption parametalses deduced from the
isotherms. The data fit to the Langmuir adsorptoodel are sustained by an
excellent degree of linearity {Rranged from 0.996 to 0.998). Values of the
adsorption equilibrium constant were found to dasee with higher
temperatures, which indicates that the strengtraddorption decreases with
temperature, which is typical of a physisorptionchenism. However, slope
values deviated from the ideal value of unity, aadged from 0.748 to 0.880.
The basic assumptions of the Langmuir equationudel the absence of
interaction between the adsorbed molecules, and hin@ogeneity of all
adsorption sites, which translates into the inddpany of the free energy of
adsorption onto the surface site, and on the seidaverage.
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Figure 5. Langmuir isotherm for EEPA adsorption onto the ahum surface.

Table 4. Langmuir and Freundlich parameters for EEPA adsmrpinto the aluminum
surface.

Langmuir Freundlich
TK) Slope | Inbadgs {;' ;E'i:tj R2 n INbads {;' ;E'i:tj R?
303K | 0.875| -0.264 -9.45 0.998 0.125 0.264 -10.78 .94®
313K | 0.880 | -0.464 -8.95 0.998 0.125 0.464 -11.29 91D
323K | 0.815| -0.753 -8.22 0.998 0.20d 0.753 -12.0 0.971
333K | 0.748 | -0.735 -8.27 0.996 0.250 0.735 -11.97 .96D

The non unity slope values obtained in this worgast that these conditions are
not met by EEPA adsorption onto the aluminum swfathe existence of
interaction between adsorbed molecules, as indichie the non unity slope
values, may be due to lateral interaction exisimthe molecules, when they get
closer to each other. Therefore, there may be witthsdifferent free energies of
adsorption.

The assumptions establishing the Freundlich adsorphodel can be written as
[19]:

1

Inf = Inbyy, + —InC 9

where 8 is the degree of surface coverageis s the adsorption equillibrium
constant, and C and n are Freundlich constagés;ib related to the adsorption
capacity. The higher is the adsorption capacity,Higher is the value ot& On
the other hand, 1/n is a measure of the inten$igdsorption. The higher is the
value of 1/n, the more favourable is the adsorpt®anerally, n<1 and 1/n > 1.
Fig. 6 shows the Freundlich isotherm for EEPA apiBon onto the aluminum
surface. From the results of Freundlich adsorpparameters presented in Table
4, it is evident that values of 1/n andidincrease with higher temperatures,
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which suggests that the adsorption process becanwe stabilized as the
temperature increases.

0.0 -
0.2 -
-0.4 (//./r""/
-0.6 ./J/
5 - ® 303K
W 313K

323K
X 333K

In(8)

-1.0 A
-1.2 -
-1.4 A

-1.6

-2.5 -2.0 -1.5 -1.0 0.5 0.0 0.5
In(C)
Figure 6. Freundlich isotherm for EEPA adsorption onto therahum surface.

The thermodynamic direction of a chemical reactiand the adsorption
mechanism can be predicted through the sign anchitoag of standard free
energy change. Generally, negative values of stdnilee energy change point
towards spontaneous reactions, and values of sthifidee energy of adsorption
upto — 20 kJ/mol or less negative reflect physisonpmechanism. In this study,
values of standard free energy change were cadculby transforming das
values obtained from Langmuir and Freundlich isotigethrough the following
equation [20]:

- _ AGgge
brzris 55.5 exp BT (10)

Values of standard free energy of adsorption catedl from both options are
recorded in Table 4. These values ranged #bdb to -8.27 J/mol, and from
-19.78 to -11.97 J/mol, respectively. ThereforePBEadsorption is spontaneous,
and favors the physical adsorption mechanism [21].

Scanning electron microscopy (SEM)

The SEM micrograph of the corroded aluminum swfdcawn out from HCI
test solution is presented in Fig. 7a. The micrpgrabtained when 0.5 g/L of
EEPA was used as an inhibitor is also shown in Fim.It is evident from the
micrographs that, in EEPA absence, the corrosi@plgepenetrates the metal,
whereas, in EEPA presence, the metal surface isredvby a protective layer.
Therefore, EEPA formed a protective layer on themahum surface, preventing
further corrosion attack.

Frequencies of IR adsorption deduced from EEPA FElgectra, and the
aluminum corrosion product (when EEPA was used @asirdnibitor), are
presented in Table 5. Major functional groups asged to the various bonds in
EEPA are =C-H stretch, C-O stretch, N-H stretchOGstretch and OH stretch.
Interactions of the inhibitor with the metal sugaemarkably shifted the =C-H
bend from 759 to 853 ctthe C-O stretch from 1050 to 1092 ¢nanother C-O
stretch from 1210 to 1209 cin C-C stretch from 1442 to 1443 €nN-H bend
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from 1616 to 1614 crhand OH stretch from 3416 to 3414 énHowever, C=0
stretch and OH, which appeared on the EEPA specaituh?22 and 2935 cin
respectively, were missing. Therefore, EEPA wadmd onto the aluminum
surface through these functional groups.

@ (b)
Figure 7. Scanning electron micrograph of aluminum corrosgaduct in the(a)
absence angb) presence of 0.5 g/L of EEPA. Fourier transformefiai red (FTIR)
spectroscopy.

Table 5. Peaks, frequencies and assignment of IR adsorpyidBEPA, and aluminum
corrosion product in EEPA presence.

0.5¢/L EEPA Corrosion product + 0.5 g/L EEPA

freqlt?ency Area Assignment freqll?ency Area Assignment

759.01 55.71 =C-H bend 853.53 53/64 =C-H bend
1050.28 199.48 C-O stretch 1091./5 9133 C-O stretc
1210.37 94.66 C-O stretch 1209.41 4957 C-Oddtret
1441.84 89.52 C-C stretch (in ring) 1442]8 8.72 | C-C stretch (in ring
1616.40 71.77 N-H bend 1613.51 16417 N-H bend
1721.53 125.97 C=0 stretch - - -
2934.79 790.05 O-H stretch - - -
3416.05 624.96 O-H stretch 3414.12 881,09 O-Hdtret

EEPA active constituents and their adsorption properties

EEPA major chemical constituents are phyllanthudy phyllanthin,
hypophyllanthin, quercetin, amarin, 1,2,8-trimeti@yinylnaphthalene, etc. [8-
9]. The chemical structures of these compoundsslaogvn in Fig. 8. As a rule,
most organic corrosion inhibitors are compounds Have hetero atoms in the
aromatic ring or long carbon chain. In additionaigability of the conjugated
system, suitable functional groups am@delectrons are additional features that
can effectively enhance the corrosion inhibitioficggncies of organic inhibitors
[22]. A careful examination of the chemical strasirof EEPA’s major
constituents (i.e., Fig. 8) convincingly revealsttit has compounds that meet
these conditions. Therefore, its good inhibitioogarties can be alligned to its
chemical constituents. A classical inspectionh& themical strutures of these
compounds can not, in any way, furnish informatonthe preferred compounds
that are responsible for corrosion inhibition, aoypde an order for their
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increasing inhibition efficiency. According to Bddet al. [23], quantum
chemical indices, such as the frontier molecutartal energies, can be used to
effectively sort the compounds by their inhibitiefficiency in an increasing or
decreasing order.

Quantum chemical study

Table 6 presents calculated values of EEPA mole@nargies. The calculated
energies include the frontier molecular energies, the energy of the highest
occupied molecular orbital (ovwo), the energy of the lowest unoccupied
molecular orbital (Eumo), the energy gap (& or AE), the molecules electronic
energy (Eec), the molecules binding energynjEand the core- core repulsion
energy (kcr).

=
Phyllanthin: 4,4°{{25.35}-1 3-bis{methoxymethyTibotane |
1 4-dixTybis(1,2-dimethorybenzene}
S

Amarin: 14 5-triphenylimidazolidine
’L'OO\[/\ P
| OCHy
e OCHy oH oH

W4 : HE-,

| |/\)\\\‘/\0
Qo&g \L/A“Mf/’

OCHs 1.7 §-rihydrowy-1-raphthaldehyde

Hypophyllanthin: {75 85 9R)-9-{3 4-
dimethoryphenyl)-4-methory-T,8-
bis(methorymethyl)-6,7.8 9-

P

tetrabydronaphthofl, 2-d]{L3[dioxele H0\|\/%\ o\rl;% J
IW//K /
L |

Quercetin:5, T-dibvdrozy-24{4-bvdroxyphenyljchroman-4-one

Figure 8. Chemical structures of EEPA’s major components.

Table 6. Molecular energies of EEPA’s chemical constituents.

Enomo | ELumo AE Eb Eelect Eccr
(eV) (eV) (ev) (eV) (eV) (eV)

phyllanthusin D -8.991 -1.47) 7.515 -13185/71 -1HR92| 168887.19
phyllanthin -8.713] 0.38% 9.10[1 -277.24  -47714|94 5714R78
hypophyllanthin 8914 0380 9.292 27183 -49589.2 44187.35
quercetin -9.615 -0.634 8.941 -156.88  -22234.13 918¥3
amarin -9.411 0.143 9.554 -205.41  -25771/90 22616.2
L28wimethyl-7-| - g g4 0035 7750  -112.90  -2492.p7  12143.42
vinylnaphthalene

From the point of view of corrosion inhibitionx&vo represents the tendency of
a chemical species to donate electrons or changkgaiting that the higher is
Enomo value, the better is the expected inhibition éfficy [24]. On the other
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hand, Eumo is an index that corresponds to the tendencyabfeanical species to
accept electrons or charge during a reaction; thexe a better corrosion
inhibitor should be characterized by lowuko values [25]. The differences
between Eumo and Eiomo define the energy gap of a molecule. Based on the
energy gap, molecules may be classified as hasdftrSoft molecules are more
reactive than hard molecules, because they havever lenergy gap, indicating
that the energy needed for an electron to move #H@MO to LUMO level will
be minimal, compared to that of the hard moleculdse easier is an inhibitor
transition from HOMO to LUMO level, the better ibet expected efficiency.
Therefore, soft molecules are expected to exhibiteb inhibition efficiencies
than hard molecules.

Based on Eowmo value, contributions of EEPA constituents to itdildition
efficiency for aluminum corrosion are expected te bonsistent with the
following order: 1,2,8-trimethyl-7-vinylnaphthalene> phyllanthin >
hypophyllanthin > phyllanthusin D > amarin > quénteHowever, based on the
ELumo respective values, the expected order should bgigmthin D > 1,2,8-
trimethyl-7-vinylnaphthalene > quercetin > amarin hkypophyllanthin >
phyllanthin, but based on the enery gap, whicheascdbed as the difference
between Eumo and Eiomo, the expected trend is: pyllanthusin > 1,2 8-ttimyé
7-vinylnaphthalene > quercetin > phyllanthin > hghwllanthin > amarin. The
binding energy of a molecule represents the entdirgly is holding it together.
This means the higher is the binding energy, theendifficult it would be for
the molecule to go into reaction. Consequentlyetiam the Eof the molecules
in EEPA, the relative contribution to corrosion iimtion should be:
phyllanthusin D > phyllanthin > hypophyllanthin marin > quercetin > 1,2,8-
trimethyl-7-vinylnaphthalene. Similarly, the highis the energy possessed by
electrons, the better should be the expected indribefficiency. Consequently,
the expected trend for the inhibition efficiencyriaéion, based on theekr is:
phyllanthusin D > hypophyllanthin > phyllanthin »narin > 1,2,8-trimethyl-7-
vinylnaphthalene > quercetin. Finally, core-corpulsion energy is expected to
increase with inhibition efficiency, and the exmettrend is: phyllanthusin D >
hypophyllanthin > phyllanthin > amarin > quercetin 1,2,8-trimethyl-7-
vinylnaphthalene.

From the above analysis, it is evident that phylasin D is the major
contributor to EEPA’s corrosion inhibition potentibut this does not imply that
the other constituents do not significantly conitéfor it. It is necessary to state
that, in a system such as EEPA, where there aferelit corrosion active
components, the overall inhibition efficiency i€@nsequence of the synergistic
adsorption of the various active components inirthéitor. It is also interesting
to state that all the molecular energies calculdtmdthe various EEPA’s
constituents are within the range of the valueseetqul for good corrosion
inhibitors.

In Fig. 9, HOMO and LUMO diagrams of phyllanthudinh are shown. It is
interesting to note that, while the positive andgateres lobes of the
phyllanthusin D HOMO diagram are resting on thephenyl-2,2',3,3',4,4'-
hexanol end of the molecule, those of LUMO areceonttrated on the 5,5,6-
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trihydroxy-6-(2-oxopropyl)cyclohex-2-enone end bktmolecule. This implies
that biphenyl-2,2',3,3',4,4'-hexanol end, which basgeral hydroxyl bonds, will
be the electron or charge donating site. The mtdearbital diagrams support
the finding from FTIR results that hydroxyl and lmaxyl groups are essential for
the EEPA adsorption onto the molecule surface.

HOMO LUMO

Figure 9. HOMO and LUMO diagrams of phyllanthusin D.

Conclusion

The present study was aimed at investigating EER#Ao0sion inhibition
properties for aluminum in a HCI solution, and x@mine the major components
that are responsible for its inhibitive action. T$tedy reveals that EEPA is a
good adsorption inhibitor that is capable of inhityg the aluminum corrosion in
1 M HCI to a large extent. However, the instantarseimhibition potential of the
extract is better than its average inhibition édincy. EEPA acted as a mixed
type corrosion inhibitor, blocking active corrosigites of the metal surface
through the formation of a protective film. The ilokor adsorption mechanism is
consistent with physisorption. The inhibitor adsmp onto the aluminum
surface is spontaneous, and its characteristicellently allign with the
Langmuir and the Freundlich adsorption models.
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