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Abstract

The inhibitive effect of Treculia Africana leaves extract (TALE) in the corrosion of
aluminium in HCI solution was studied using weight loss and thermometric methods at
30 - 60 °C. The results showed that TALE acted as a corrosion inhibitor of aluminium in
HCI. Inhibition efficiency increased with increase in TALE concentration, but decreased
with increase in temperature. TALE interaction with the metal surface was found to
obey Freundlich and El-Awady adsorption isotherms. The obtained heats of adsorption
values were negative. A phenomenon of physical adsorption is proposed for the
adsorption behavior of TALE.

Keywords: weight loss, aluminium, heat of adsorption, activation energy, adsorption
isotherm.

Introduction

Corrosion can be viewed as the process of returning a metal to its natural state,
1.e., the ores from which it was originally obtained. Corrosion involves oxidation
of the metal. Since corroded metal often losses its structural integrity and
attractiveness, this spontaneous process has great economic impact.
Approximately one-fifth of the iron and steel produced annually is used to
replace rusted metal [1]. Metals corrode because they move to a
thermodynamically stable state. For metals to corrode, they have to react with
their environment. According to Obot et al. [2], a general mechanism for the
dissolution of Al metal would be similar to that reported in the literature as given

in Egs. 1-5:
Al(s) + H,O S AlOH,q + H" + ¢ (1)
AlOH,q + 5H,0 + H" 5 AI**.6H,0 + 2¢ 2)
AP + H,0 5 [AIOH]* + HY (3)
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[AIOH]*" + X* S5 [AIOHX]* 4)

The controlling step in the metal dissolution is the complexation reaction
between the hydrated cation and the anion present, Eq. (3). In the presence of
chloride ions, the reaction will correspond to Eq. 5 and the soluble complex ion
formed increases the metal dissolution rate which depends on the chloride
concentration.

[AIOH]** + CI" — [AIOHCI]* (5)
Corrosion of oil equipment is of significant cost, which is additional to
mechanical and other operational problems that require work-over and repairs. It
is therefore imperative to add corrosion inhibitors to the solution during pickling
in order to reduce the degree of metal attack and the rate of acid consumption [3].
A lot of research has been done with naturally occurring substances since they
are known to be eco-friendly and with little or no side effect on the humans.
Among the naturally occurring substances reported in the corrosion study of
metals like aluminum, tin and mild steel, there are leave extracts, gums and
exudates, dyes, oils from plant materials, plant seeds and fruits, and anti-bacterial
drugs.
Plant extracts like the aqueous extract of Fenugreek leaves [4]; Calendula
Officinalis flower [5]; aqueous extract of Olive leaves [6]; Sansevieria
Trifasciata extract [7]; Mangrove tannins and their flavanoid monomers [8];
Ocimum Basilicum extract [9]; and ficus extract [10] have been studied. Also,
Obot et al. [11] and Umoren et al. [12] have studied ginseng root and Raphia
hookeri, Vigna Unguiculata [3] and exudate gum from Dacroydes Edulis [13],
and established their corrosion inhibition effects. They were all found to be good
corrosion inhibitors with no effect on the environment.
Raja et al. [14] reported that the adsorption of green inhibitors could occur
through the formation of a bond with the metal, involving the sharing of the lone
pair of electrons of alkaloids constituents (-NH, -OH, and C=0) present in the
neutral alkaloid molecule and the metal. Adsorption of mangrove tannins and
their flavonoid monomers have been reported [8] to proceed via sharing of the
donor group (-OH) electrons or aromatic m — electrons between the flavonoid
molecules and the metal. The inhibitive properties of tannins have been attributed
to the reaction of the polyphenolic fraction of the tannins moieties, which ensures
effective protection of the metal surfaces [15]. The triterpenoid constituents also
possess functional groups which are capable of chelating with aluminium ions
and thus facilitate strong coordination on the alloy surface [15].
Treculia Africana (African breadfruit) is a tree plant that has been explored
traditionally for its medicinal value [16]. In spite of the broad spectrum of
inhibitors chosen from organic compounds, it is significant to note that the search
for corrosion inhibitors that have optimum efficiency is still going on [17]. The
aim of the present work therefore is to assay the phytochemicals present in TALE
and investigate its inhibitive properties on aluminium at 30 °C and 60 °C through
weight loss and thermometric methods.
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Experimental

Aluminium, type AA 1060, was purchased at System Metals Industries Limited,
Calabar, Nigeria, and it was of 98% purity. It was subsequently cut into coupons
of the required sizes. UV-visible spectrophotometer (Sperctro 21D) PEC
Medicals, U.S.A., was used to measure the solution absorbances. All the reagents
used were of analytical grade, unless otherwise stated.

Plant extract

Sun-dried and powdered leaves of Treculia Africana (300 g) were macerated in
96% ethanol at room temperature for 3 days in a column and concentrated to a
dark green residue using a rotary evaporator. 0.1-0.5 g of the extract were
weighed using an analytical grade balance and dissolved in 1 molar of the
corrodent concentration. The phytochemicals screening of the plant extracts were
carried out according to the methods reported by Evans [18] and Harborne [19].

Weight loss method

In this method, previously cleaned aluminum coupons (degreased with ethanol,
dipped in acetone, allowed to dry in the air and preserved in a desiccator) were
weighed and suspended with the aid of glass rod and hook in an open beaker
containing 100 mL 1 M HCI solution. The beaker was placed in a water bath
maintained at temperatures of 30 °C or 60 °C and in each case lightly closed with
an aluminium foil. The procedures were conducted with and without the various
concentrations of the plant extract.

After 2 h, the metal specimens were withdrawn from the test solution, washed,
dried and re-weighed. The weight loss was taken as the difference in weight of
the specimen before and after immersion determined by weighing with a digital
balance. The experiment was conducted progressively for 8 h. The tests were
conducted in triplicate to guarantee the reliability of the results and the mean
value of the weight loss was reported.

An assessment of corrosion rates and inhibition efficiency for aluminium with
different inhibitor concentrations was computed as follows:

Corrosion rate (W)
The corrosion rate (W) was computed using Eq. 6:
W =M;-My/A.t (6)

where M, = weight (g) before immersion, M, = weight (g) after immersion, A =
area (cm”) of the specimen, and t = exposure time (h).

Inhibition efficiency (%lI)
The inhibition efficiency (%]I) of the extract was evaluated using equation 7:

%01 = [Wplank — Winh/ Wpiank] x 100 (7)

where: Wy,,x = corrosion rates in the absence of inhibitor and W,,, = corrosion
rates in the presence of inhibitor.
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Thermometric measurements

The reaction vessel and procedure for determining the corrosion behavior by this
method has been described elsewhere by other authors [3, 13, 20]. In the
thermometric measurement the HCI (corrodent) concentration was kept at 2 M
while the volume of the test solution used was 100 mL. The initial temperature in
the experiment was kept at 32 °C. The process of the corrosion reaction was
monitored by determining the changes in temperature with time using a standard
digital thermometer. This method enables the computation of the reaction
number (RN) which is given in Eq. 8:

RN (°C min™) =Ty, — Ti/ t (8)
where: T,, and T; are the maximum and initial temperatures, respectively; t is the
time (min) taken to reach the maximum temperature.
The inhibition efficiency was evaluated from percentage reduction in the RN
using Eq. 9.

%IE = [RNyq - RNy, / RNy] x 100 9)
where: RN, = reaction number in the absence of inhibitor (blank solution); RN,;
= reaction number of 2 M HCI containing the studied inhibitor (TALE).

Results and discussion

Phytochemicals in TALE

The result of the phytochemical investigation is given in Table 1. It could be seen
from the table that the extract contains large proportions of phenols, terpenes,
flavonoid and tannins as well as deoxy sugar and proteins. These compounds
contain hetero-atoms which have been noted to act as good inhibitors since they
form chemical bonds with empty d-orbitals in metals [21].

Table 1. Phytochemicals present in Treculia Africana leaves extracts.

Phytochemical TALE (Qualitative) | TALE (mg/100g) (Quantitative)
Tannins +++ 1122
B-carotene ++ 93.2
Cardiac glycoside ++ 2.4
Flavonoid +++ 1395.04
Deoxy sugar ++ 5218
Terpenes +++ 4256.8
Steroid ++ 162.75
Alkaloids +++ 266.8
Phenol ++ 75000
Protein +++ 2906.8

TALE is thus a complex mixture of alkaloids, flavonoids, terpenes, and protein.
Other components include steroids, cyanogenic glycoside, phenols,
carbohydrates, and B-carotene, tannins, anthraquinone and other phytochemical
constituents which have been found to be good corrosion inhibitors [22].

TALE components like alkaloids, cyanogenic glycosides, amino groups are
known to contain heteroatoms such as nitrogen and oxygen in their molecules
[19]. These heteroatoms have been reported to function as effective inhibitors of
metals and alloys corrosion in different aggressive environments [9,14,23,24].
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The corrosion inhibition of the metal under study may be attributed to the
adsorption of TALE components through these atoms which are regarded as
centers of adsorption [11] onto the metal surfaces. The net effect of the
adsorption of the extract through the heteroatoms (in its phytochemicals) is the
protection of the metal surfaces from the attack of the aggressive ions (CI') of the
acid. However, owing to the complex chemical composition of TALE, it is
difficult to assign the inhibitive effect to a particular phytochemical constituent.
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Figure 1. Temperature-time curves for the dissolution of aluminium in blank and
different concentrations of TALE.

Effect of change in concentration and temperature

The effect of using different concentrations of the extract on the change in
temperature of the corrosion medium is shown in Fig. 1. From the figure, as the
concentration of the inhibitor increases, the time required to reach maximum
temperature of the corrosion medium increases and the rate of temperature rise
decreases. This could be a result of the fact that as the concentration of the
inhibitor increases, more surface of the metal is covered by adsorption of the
inhibitor leading to overall less dissolution of the metal and the attendant rise in
temperature. Dahmani et al. [25] reported that increase in inhibitor concentration
led to a decrease in the corrosion rate. This effect is corroborated by the decrease
in the reaction number with increase in concentration, as shown in Fig. 2.
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Figure 2. Plot of the reaction number (RN) against Log of the inhibitor concentration
©.
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Figs. 3 and 4 show the plot of weight loss against time for aluminium corrosion
in 1 M HCI with TALE at 30 and 60 °C. From the plots it is seen that the weight
loss increases with time, with the highest weight loss gotten at 8 h at both room
(30 °C) and elevated temperature (60 °C). It reduces with increase in the extract
concentration, with the highest reduction obtained with 0.5 g of the extract.
Similar results have been reported by other authors [25,26].
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Figure 3. Plot of weight loss against time for aluminium corrosion in 1 M HCI with
TALE at 30 °C.
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Figure 4. Plot of weight loss against time for aluminium corrosion in 1 M HCI with
TALE at 60 °C.

Fig. 5 shows the plot of inhibition efficiency against concentration. It is seen that
the inhibition efficiency increases with the extract concentration, but reduces
with increase in temperature. From Table 2, the highest inhibition efficiency of
74.17% was achieved with 0.5 g of the extract at 30 °C, while that obtained at 60
°C was 68.70% (lower than the former). We inferred from the forgoing that
thermal motion may be responsible for the decreased inhibition efficiency at 60
°C, as the molecules of the inhibitor will have higher kinetic energy and thus
making it a little difficult for adsorption to take place.

James and Akaranta [27,28] attributed this observation to the general rule
guiding the rate of chemical reaction, which says that chemical reaction increases
with increasing temperatures. They also noted that an increased temperature
favours the formation of activated molecules, which may be doubled in number,
with 10 °C rise in temperature, thereby increasing the reaction rate. An increase
in temperature may also increase the solubility of the protective films on the
metals, thus increasing the susceptibility of the metal to corrosion [29].
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Figure 5. Plot of inhibition efficiency against concentration for aluminium corrosion in
1 M HCI with TALE.

Table 2. Calculated values of the corrosion parameters for aluminium corrosion in 1 M
HClin the absence and presence of various concentrations of TALE at 30 °C and 60 °C.

System/ Corr(ﬁion In‘hibition Rate_lconstagt Ea Qads
concentration raﬁe X10 (OmPY) efg'iaency (%E) (ﬁec )Xl()o (kJ/mol) | (kJ/mol)
30°C | 60 °C 30°C 60°C [30°C | 60°C

Blank 50.13 | 88.88 - - 0.030 | 0.027 | 152 -

0.1g/L 31.56 | 60.75 37.04 | 31.64 | 0.031 | 0.030 | 18.54 -1.47
0.2g/L 24.46 | 46.40 5120 | 47.76 | 0.033 | 0.030 | 17.95 -4.44
0.3g/L 19.95 | 40.62 60.19 | 5429 | 0.032 | 0.030 | 19.67 -6.89
0.4g/L 16.96 | 31.64 66.16 | 62.83 | 0.035 | 0.032 | 17.78 -4.89
0.5g/L 12.94 | 27.81 74.17 | 68.70 | 0.035 | 0.031 | 20.99 -8.17

Adsorption isotherm modeling

The establishment of adsorption isotherms that describe the adsorption of a
corrosion inhibitor can provide important clues to the nature of the metal-
inhibitor interaction [2]. Adsorption of the organic molecules occurs as the
interaction energy between molecule and metal surface is higher than that
between the H,O molecule and the metal surface [30].

El-Awady adsorption isotherm
The characteristics of the isotherm are given in equation 10.

log 6/1- 6 =log K4q + y log C (10)

where: C is the concentration of the TALE; 0 is the degree of surface coverage;
K4 1s the equilibrium constant of adsorption process = K'.

In this model, the number of active sites y is included. Values of 1/y < 1 imply
multilayer adsorption, while values 1/y > 1 suggest that a given inhibitor
molecule occupied more than one active site. The plot of log 0/1- 6 against log C
(Fig. 6) gave a straight line at each temperature with R? values of minimum of
0.98. The values 1/y and K,4 calculated from the El-Awady et al. model curve
are given in Table 3. From the table, the obtained values of 1/y were greater than
one, indicating that a given extract molecule occupied more than one active site

[2].

323



P.M. Ejikeme et al. / Port. Electrochim. Acta 30 (2012) 317-328

Table 3. Derived values from El-Awady plot of aluminium corrosion in HCI with
TALE.

Temp °C | K, | AGu (kJ/mol) | 17y | R?

30 4.345 -13.81 1.08 | 0.989
60 4.325 -15.17 1.01 | 0.995
0.8
0.6 y=0.929x+ 0.674
R?=0.979
0.4 . y=0.931x+ 0.578
R2=0.993
f 0.2
g o _
#300C
0.2 -
04 | 600C
0.6
1.2 -1 0.8 0.6 0.4 0.2 ) 0.2
Log C

Figure 6. El-Awady adsorption isotherm for aluminium corrosion in 1 M HCI with
TALE at 30-60 °C.
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Figure 7. Freundlich adsorption isotherm for aluminium corrosion in 1 M HCI with

TALE at 30-60 °C.

Freundlich adsorption isotherm
Freundlich adsorption isotherm was tested using equation 11 which could be
written as equation of straight line (equation 12).

0 =KC" (where 0 <n<1) (11)
In6=InK+nInC (12)
where: K represents the equilibrium constant of adsorption; C is the extract
concentration.
A plot of In 0 against In C (from Eq. 12) gave a straight line (Fig. 7) with high
correlation coefficient (Table 4), which suggests that the experimental data also
obeyed Freundlich adsorption isotherm.
The fit of the experimental data provides evidence for the role of adsorption in
the observed inhibitive effect of the extract.
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Table 4. Derived values from Freundlich plot of inhibition of aluminium corrosion in
HCI1 with TALE.

Temp °C Kads AG g4 (kJ/mol) n R’
30 1.025 -10.179 0.421 | 0.997
60 0.974 -11.045 0.484 | 0.989

Kinetic and thermodynamic analysis

Figs. 8 and 9 show the plot of log AW (change in weight) against time for the
aluminium dissolution. From the plots, the values of the rate constant (k) were
evaluated. Linear plots were obtained, which indicates first order kinetics at both
temperatures studied. First order kinetics has also been reported by James and
Akaranta on the inhibition efficiency of acetone extract of red onion skin on
aluminium in hydrochloric acid solutions [27].

25 = -
y O,:'128>< 2435 o
f— R?=0.998
. A Te y=0.128%-2.555 & g
Ri‘\?xt:: R?=0.999
““&‘1‘-‘:3\\ y=0117x- 2.265 4 03gl
= -15 - S~ TS T R:=0.997 "
3 Te— = y-0119x-2.085 < 028/
o0 e 1_
o q R*=0.992 £ o0.1g/
3 T y=0.115x- 2.155
R2=0.984 lank
0.5 | y=0.110x- 1.805
2 4 6 8 R?=0.990

1]

Time{hr)
Figure 8. Plot of log AW against time for aluminium in 1 M HCl in the absence and
presence of TALE at 30 °C.

Heat of adsorption (Qads)
The heats of adsorption (Q,4s) were calculated using the following Eq. 13.

Quaas= 2.303R{log [0:/1- 0,] —log [6,/1- 6,] }x {[TxT2/T>-T]}(kJ/mol) (13)
where: 0,=degree of surface coverage at temperature T,. 0, =degree of surface
coverage at temperature T,. R =universal gas constant.

b y=0.112x- 2.045
R2=0.999
y=0.118x- 2.145

2 R? = 0.999

e 05g/1
i y=0.108x - 1.865
—~— R? = 0.995
y=0.11x-1.93 @ g4
1. : Ag/l
z 1° R?=0.997
< y=0.109x- 1.75
a0
g R?=0.995 0.3¢/1
-1 y=0.100x- 1.52 28/
R? = 0.995
% 0.2g/1
0.5 &/
2 3 6 8 10

£ 0.1g/1

Time (min)

Figure 9. Plot of log AW against time for aluminium in 1 M HCl in the absence and
presence of TALE at 60 °C.

The Qads values obtained (Table 2) were all negative. Negative Q,q4s values are
consistent with physisorption characteristics. The table also shows that inhibition
efficiency decreases with increase in temperature. A positive value of Qads
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suggests decreased inhibition efficiency at higher temperature. From Table 2, it is
evident that in all cases Qads followed a trend of negative values, which is
consistent with the proposed inhibition mechanism with physisorption
characteristics. Similar results had been reported by Oguzie et al. [9], Nnanna et
al. [15] and Obot et al. [2].

Activation energy
The dependence of corrosion rate on temperature can be expressed by Arrhenius
equation (equation 14):

Log CR =log A—-Ea/2.303RT (14)

where: CR is the corrosion rate, A is the Arrhenius constant, R is a molar gas
constant, and T is the absolute temperature.

A plot of log CR against 1/T was made and a straight line was obtained with high
correlation coefficients, as shown in Fig. 10. Activation energy (Ea) values, were
calculated from the slope of the linear plot of Fig. 10 and are given in Table 2 for
studies involving the blank and plant extracts. From Table 2, it is clear that Ea for
the corrosion process in the presence of the extracts are higher than those in the
absence of the extract (blank).

0 -

05 - y=-0.798x + 0341
R1=0998 1
1 y=-0963x+0695 * 03¢/
R1=0999
g -3 y=-0938x+0430 W 048/
w0 R2=0.997
S 2 y=-1.028x+0693 A 03g/

R?=0.999

o \ﬂ}\‘\\w\ y=-0929x+0.294 X 0.2g/l
R=0999 _
y=-1097x+0.737 I o01g/

RI=0.998

33 ' ' ' blank

295 3 305 31 315 32 325 33 335
1T (%107

Figure 10. Arrhenius plot for aluminium corrosion in 1 M HCI in the absence and
presence of TALE.

It is known that the Ea of the solution containing an inhibitor is higher than that
of a solution without an inhibitor if the IE% of an inhibitor decreases with
increase in temperature. Also, if the IE% of an inhibitor does not change with
temperature variation; Ea does not change in the presence or absence of
inhibitors [2], where the higher activation energies mean a slow reaction. The Ea
values obtained for the Treculia africana leaves extracts were higher at all the
concentrations studied relative to the blank, though they did not show a particular
trend within the various concentrations, possibly due to the complexity of the
extract. The increase in activation energy in the presence of the extract is often
interpreted as physical adsorption with the formation of an adsorptive film with
an electrostatic character [31]. This conclusion is denoted by the decrease in
inhibition efficiency with increasing temperature (Table 2). However, increase in
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activation energy is proportional to the inhibitor concentration, indicating that the
energy barrier for the corrosion process is also increased [31]. Similar results
have been reported [2,9,15]. For a physical adsorption, it is also expected that the
value of Ea should be less than 80 kJ/mol [32]. From Table 2, it is seen that the
values of Ea obtained with TALE were less than 80 kJ/mol.

Conclusion

Treculia Africana leaves extract was found to be an inhibitor for aluminium in
HCl solution. Inhibition efficiency increased with increase in inhibitor
concentration. The increase in temperature reduces the inhibition efficiency.
Negative values of Qads were obtained indicating physical adsorption. The
adsorption process of TALE followed Freundlich and El-Awady adsorption
isotherms and first order kinetics was followed. In general, the physical
adsorption phenomenon is proposed.
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