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Abstract: Hydrochloric acid mduced damage of alummum alloy in the presence of Cola acuminata extract was
mvestigated using gasometric techmque. Aluminum alloy coupons of dimension 4 cm by 1 cm were immersed
in test solutions of free acid and also those containing extract concentrations of 2-3 cm’ at ambient temperature
for 30 min. The volumes of hydrogen gas evolved as a result of the reaction rate were recorded and analyzed.
The outcome revealed that maximum inhubitor efficiency which corresponds to the lowest corrosion rate was
obtained at optimum inhibitor concentration with reduction in the corrosion rate observed to follow in order
of increasing extract concentration. The mechanism of interaction between the phytochemicals in the plant
extract and aluminum alloy surface was best described by the Frumkin isotherm with 6 and 14 min becoming the
best exposure time for the phytochemicals in extract concentrations of 3-5 cm’ to suitably adsorb to metal alloy
surface. Statistically modeling the corrosion rate yielded a sigmificant relationship suitable for estimating
corrosion rate values once concentration of the extract is known. In addition, the superficial analysis revealed
that crack growth rate slowed down and irregular intermetallic phases were more uniform as extract
concentration increased.
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INTRODUCTION

Aluminum (Al) and its alloys have low atomic weight,
high strength to density ratio, high ductility and an
excellent heat and electricity conductor. These properties
make Al alloys very useful for construction of parts in
the automotive, aerospace and chemical industries
(Roberts and Caserio, 1979, Haque and Maleque, 1998;
Haque and Sharif, 2001, Mishra and Balasubramamam,
2007). It 15 also pertinent to note that Al is also prone to
corrosion due toits negative standard potential of
-1.66 V vs. NHE (Diaz-Ballote et al, 2009). This
susceptibility to attack 1s observed in o1l well acidizing,
pickling, cleamng and descaling operations where the
metal is exposed to hydrochloric or sulfuric acid once the
protective oxide layer is destroyed. These aggressive
agents are used to remove dirts, mill and oxide scales and
the products of the resulting reaction are Al ions,
hydrogen (H,) gas and toxic acid vapour. There is also, in
some instances depending on the exposure duration,
extensive material wastage which reduces strength and
mnduces cracks that ultimately leads to the catastrophic
failure of the component. Even though, the deterioration
behavior of Al and its alloys has been extensively studied

in aqueous solutions contaimng different aggressive
species and pH using different orgamic compounds as
inhibitors however, only little attention has been given to
the use of an eco-friendly inhibitor to reduce the toxic
properties and limited solubility of the organic
compounds being used as mhibitors (El-Etre, 2003;
Oguzie, 2005).

More so, increasing environmental awareness of
health and ecological risks has drawn attention to finding
more suitable mhibitors which are non-toxic and
environmentally benign. Previous studies reported the
of Vawilla opuntia, Rosinarinus
officinalis extracts as corrosion mhibitors of Al in
different media (Abicla et al., 2004). This awareness has
led to the development of eco-friendly inhibitors with
focus on the corrosion retarding properties of non-toxic

successful uses

matenials of which natural products from plant origins are
inclusive. Some of these natural products have their
retarding effect attributed to the presence of tannins in
their chemical constituents. Tannins exhibit a dual
corrosion retarding action via: formation of a protective
oxide film and tannate as the anodic sites of the corroded
surface (Abiola, et al., 2007). Extracts of Azadirachta
indica, amygdaling micifera,
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Rosmarinus officinalis, Occimum viridis,  Ocimum
basilicium and Allium sativum (Abiola and Okafor, 2003,
Orubite and Oforka, 2004, Abdel-Gaber et ai., 2006,
Assaf ef al, 2007; Umoren et al., 2008, 2009) amongst
others have been reported to have inhibitive effect on the
rate of corrosion of metals in acidic and basic media.

The main emphasis of this study 1s to investigate the
deterioration behavior of Al alloy exposed to extract of
Cola acuminata (CA) at different concentrations using
gasometric method of measurement wnlike previous
studies that deduced corrosion rate from weight loss
CA  belongs to the natural
Sterculiaceae. The tree 13 a native of west tropical Africa.
It 18 a tree 20-30 feet lugh with cylindrical smooth
branches. The flowers are numerous, polygamous and
arranged in terminal and auxillary cymose panicles. The
fruit normally consists of five pods each one is about 3-6
inches long and 2-3 inches thick (Iwu, 1993).

The techmque adopted m this study was based on
the hypothesis that the rate at which metal is wasted after
exposure corresponds to the rate of evolution of H, gas
since it was discovered that increased metal loss resulted

measurements. order

i rapid rate of evolution of hydrogen gas. It 1s well
known that when metals in service corrode in the
presence of acids, H, gas is constantly evolved. The rate
at which the H, gas 1s evolved corresponds to the rate of
metal dissolution in the environment, depicted by weight
loss. Thus if there 1s a way to measure the volume of H,
gas evolved as a relationship with the metal mass loss, the
rate of corrosion of the metal within the envirorment can
directly be sinulated without necessarily leading to
plant downtime. This will enable the engineers to have a
pre-knowledge of the situation and know when to carry
out specific type of repair. The focus of this study
therefore 1s to establish the relationslip between
corrosion rate and the rate of evolution of H, gas as well
as determine other essential parameters that correlate
metal surface phenomenon i a particular environment.
The Al degradation behavior was also studied using the
Freundlich, Langmuir, Frumkin, Boris-Swinkels and
Temkin adsorption isotherms in order to determine the
best adsorption mechansm.

MATERIALS AND METHODS

Specimens of alumimun metal coupon of dimension
4x1 cm were employed for the determination of corrosion
inhibition of Cola acuminata (CA) extract. The samples
were prepared by degreasing the coupons in ethanol and
acetone. It was then allowed to dry. The composition of
the Al samples was analyzed using Optical Emission
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Spectrometer (OES) and the result as obtained were
(wt%), Silicon (0.157%), Cadmium (0.0005%), Iron
(0.282%), Calcium (0.0011%), Copper (0.0025%), Cobalt
(<0.0010%), Manganese (0.024%), Lithium (<0.0002%),
Magnesium (0.51%), Sodium (0.0005%), Zinc (<0.0010%),
Phosphorous  (<0.0010%), Nickel (<0.0010%), Lead
{(<10.0005%0), Chrormium (0.023%0), Tm (<0.0010%), Titamum
(0.0049%), Strontium (<0.0001%), Silver (<0.0001%),
Vanadium (0.0035%), Boron (0.0007%), Zirconium
(0.0020%), Beryllium (<0.0001%), Al (99%) Bismuth
(<0.0010%).

The acidic extracts of CA were prepared from its fresh
leaves after it has been air dried and ground into powder.
The 10 g of the powder was then put into a flat bottom
flask containing 200 ¢cm® of 2 M HCI sclution. The
resulting solution was refluxed for 2 h and left over night
before it was filtered. Extract concentrations of 2-5 cm’
obtamed by serial dilution were employed for the
investigation. The experimental set up is similar to the set
up 1n literature (Ajayi et af., 2011). Each specimen was
dropped into the mylius cell containing 50 cm’ of test
solution system at room temperature. The volume of H,
gas evolved per 120 sec mnterval was recorded for 30 min
in a calibrated tube by downward displacement of water
and the plot of volume agamst the time mnterval was
carried out and showed in Fig. 1. The inhibition efficiency
was then determined using Eq. 1 (Okafor ef al., 2010):

VH 'VHI )

LE(%) = ( % 100 (1)

H

where, V; is the volume of hydrogen evolved without
inhibitor (i.e., control experiment) and V, 1s the volume of

hydrogen evolved with mhibitor.
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Fig. 1: Variation of volume of hydrogen (cm®) evolved
with time (min) of Al coupons for different
concentrations of CA extract m 2M HCI at room
temperature
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Moreover since, Al alloy reacts with HC1 in such a
way that H, gas is given off as one of the product of
reaction, it is therefore suitable to predict the rate of
reaction by determining the rate of evolution H, gas from
the system. Tt is therefore, straight forward to say that the
rate of reaction corresponds to the rate of corrosion
damage of the Al alloy in HCI in the presence of CA
extract. Thus, the rate of corrosion corresponding to the
rate of hydrogen evolution was modeled based on the
idea that the rate of hydrogen gas evolution is directly
proportional to the rate of corrosion which will also be
directly proportional to the rate at which the weight of the
metal is lost. The approach adopted in this study to
develop a relationship between volume of hydrogen
evolved and rate of metal wastage was obtained from
literature (Ajavi et al., 2011) and the basis for this is as
represented in Eq. 2.

dv

Ro, W, 4V (2)
dt dt
Where:
¢ = Proportionality sign
AV = Volume of hydrogen gas evolved
AW = Metal weight loss due to corrosion
R = Rate of corrosion
t = Time (sec)

Thus to determine Eq. 2, 1t 1s necessary to develop a
relationship between volume evolved and the time of
evolution. This was arrived at by a polynomial regression
analysis of the volume of hydrogen gas agamst time
leading to Eq. 3 (Ajayi et al, 2011):

V = ctbttat? 3)
Thus:

R=Y Cpioa (4)
dt

Adapting Eq. 3 and 4 to the volume-time
measurement for individual concentration and using the
example for measurements relating to 5 cm’ extract
concentration, the corrosion rate model 1s presented as
Eq &

V =-1.70+0.54t+0.023(° (5)

dv

=1 =0.54+0.046t ()
dt

RESULTS AND DISCUSSION

Figure 1 showed that the corrosion rate of Al alloy as
indicated by the amount of hydrogen evolved decreased
n the presence of CA when compared to the control. The
2 em’ extract showed the highest increase in volume of
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hydrogen evolved when compared to the other extract
concentration with values very close to the control. This
may be as a result of the inhibitor concentration not being
enough to assuage corrosion effectively. The amount of
hydrogen evolved also decreased with extract
concentration of 3-5 cm’ with the 5 cm” extract showing
the highest decrease throughout the experiment. This
indicates that the CA extract in the solution has an
inhibitive effect on the corrosion of Al in HCI and that the
extent of inhibition depends on the amount of CA extract
present. This same trend was similarly shown in Fig. 2
which shows the percentage inhibition efficiency (I1.E%).
However, the 1.E.% readings of the 2 cm’ extract were
observed to be very low when compared to the other
extract concentration. This may be as a result of the fact
that an acceleration of the rate of corrosion occurred due
to insufficient inhibitor concentration with values being
very similar to that of control as shown in Fig. 1. The
performance of the 3 and 4 cm’ solution were closely
related from the beginning until the 18th min after which
both plunged lower with the 3 cm’ going even lower
probably due to its lower concentration till the end of the
experiment.

However, the 5 cm’ extract performed effectively
throughout the experimental period with I.E.% peaking at
the 6th min of the experiment while I.E.% peaked at the
14th min for the 3 and 4 ¢cm’ solution. Apparently the
extract had formed a passive film on the metal surface
indicating that the period for optimal performance was
between 6th and 14th mmn.

Furthermore, from Fig. 3 it was observed that the rate
of corrosion generally decreases in the presence of CA
extract. The 2 cm’ extract of CA shows the lowest effect of
reducing the corrosion rate of alummum followed by the
3 cm’ extract. The 5 cm’ extract however began by slowing
down the rate but towards the latter part of the reaction,
the rate tends to increase above the 2 and 3 cm’ extract
concentration. The reduction m corrosion rate in the
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Fig. 2. Percentage mhibition efficiency of varying
concentration of CA extracts with time (min) on

Al coupon in 2M HCI solution at ambient
temperature
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Fig. 3. Corrosion rate of varying concentrations of CA
extract with time (min) on Al coupon in 2M HC1
solution at room temperature

presence of CA extract at different concentrations was
observed to follow the order; 2 cm’ extract <3 cm’ extract
<5 cm’ extract <4 cm’ extract.

Further investigating the relationship between
corrogsion rate, R and the changing concentration to
obtain reaction constant and also the specific reaction
constant for the HCI corrosion of Al alloy mn the presence
of CA extract involved carrying out a statistical regression
analysis of the values of R against those of concnetration.
However, it has been established (Mathuwr and
Vasudevan, 1982; Noor and Al-Moubaraki, 2008;
Ajayi et al., 2011) that corrosion rates can be correlated
with acid concentration with Eq. 7:

LogR = Logk+BLogC (7)
Where
R = Corrosionrate
k = Reaction constant
B Specific reaction constant
C = Concentration

Therefore to obtain reaction constant, the corrosion
rates obtamed from H, evolution method must be
converted to the same unit (mol min~") by assuming that
H, evelution reaction occurred at 1.01325%107° Pa.
Figure 4 shows the relationship between Log R and Log
C for the Al alloy coupon sample. The straight line in the
graph correlates all the pomts with correlation coefficient
of 0.105. The estimated k and B values were
45181077 mel min™ and -0.116. In contrast te the
positive value of B obtained in other studies (Mathur and
Vasudevan, 1982; Noor and Al-Moubaraki, 2008) when
no inhibitors were used, the negative value of B indicate
a decreasmg slope which sigmificantly depicts the
mhibitive action of the CA extract on the Al-alloy
corrosion. Thus the exact relationship can be described
as:
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(8)

R=4518x10 ¢

This 18 1n accord with Fig. 3 where a clear cut
difference was noted between the control and inhibited
solutions.

Adsorption studies: The interaction mechanism between
the phytochemicals in the CA extract and the metal
surface can be justified using various adsorption
1sotherms namely Freundlich, Langmuir, Frumkin, Boris-
Swinkels and Temkin The degree of surface coverage, 0
for the different inhibitor concentrations were evaluated
based on volume of H, gas evolved measurements. Also,
the degree of corrosion mhibition depends on the surface
conditions and mede of adsorption of mhubitors. The
experimental data were then made to fit with the different
adsorption isotherms and the Frumkin isotherm was found
to be best fitted to the 6 values. The Frumkin isotherm
relationship (El-Sayed ez al., 2010) is represented as:

Ln( C(l—e)) Lo +2p6 )]
Where
6 = Suface coverage
C = Concentration of inhibitor
¥ = Binding constant of the adsorption reaction
p = Lateral interaction term describing the molecular

interactions in the adsorption layer and the
heterogeneity of the surface (it 15 a measure for
the steepness of the adsorption isotherm)

This was achieved by performing a linear regression
analysis of Ln (6/C(1- 0)) against 0 to determine the exact
relationship between Ln (8/C(1- 0)) and 6 as shown in
Fig. 5. This resulted in Eq. 10:

Y =3.5625+0.255 (R® = 94.2%) (10)
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Fig. 5: Variation of Ln (8/C(1- 8)) with surface coverage
(6) of acid extract showing compliance with
Frumkin isotherm

In order to obtain values for P and p, a comparison
of Eq. 10 with the Frumkin isotherm relationship is
necessary. Therefore:

Lon¥ = 0.255
y=e"*" =129
3.562
p=""=1781

The relatively low value of P, suggests that the
investigated inhibitor is physically adsorbed on the
swface of Al alloy while the positive value of p implies
that the interaction between the molecules enhances the
adsorption energy with the increase of 8.

More so, the degree of surface coverage, 0 for the
extract at different concentrations was plotted for time
intervals of 6, 8, 10, 14, 18 and 22 min as shown in Fig. 6 to
investigate if there are any influence of times of exposure
to the relationship between 0 and C.

For the 8 min curve, the 8 value was very low at
extract concentration of 2 cm’ but it increased rapidly, first
to 0.4 and then further until it reached the optimum value
of 0.5375. This shows that the Al alloy experienced the
lowest surface coverage by the phytochemicals m the
extract at the exposure time of 8 min. However, the other
exposure times showed higher 0 values with the 6 and 14
min exposure times showing the highest value of surface
coverage, though the values for the 10 and 14 min curves
were closely related. This means that during the 6and
14 min time frames surface coverage of CA extract at
different concentrations was the best. The 6 values
displayed during the 6 min time frame was the highest
across all the concentration showing that this time frame
is the best for the phytochemicals to adsorb to the Al
alloy surface and mhibit corrosion effectively. This
further corroborates the assertion in Fig. 2 that clearly
indicates that the peak L.E (%) value was at 6 min for the
5 cm’ extract and 14 min for the 4 and 3 cm® extract
concentration employed in the study.
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Fig. 6: Variation of surface coverage (0) with extract
concentration (M) at different time mtervals

The surface effects of the HCI action on the metal in
the presence of CA extract were investigated using optical
microscope. Also, the photomicrograph studies were
performed on these samples mn order to evaluate the
condition of the Al alloy surface and gram structure.
However, the investigation were carried out on three metal
samples which include that of the control experiment
(having no inhibiter present), sample from the 3 and 4 cm’
extract concentration. These were chosen to study the
phenomenon on the case scenario of direct 2 M HCI
attacle, the least and highest inhibitive effect scenarios,
knowing that all others will fall within these limits. More
so, the values of the various indicators that characterized
the behavior of samples in the 2 and 3 cm” extract as well
as 4 and 5 cm’ extract were closely related after immersion.
Superficial analysis was carried out and the micrograph of
the alloy before immersion as shown mn Fig. 7a mdicate the
presence of three phases which were the a-Al (whte)
phase, the Mg.Al; (grey) phase and the thick spotted
coarse Mg,S1 (black) phase. The first two mentioned
phases were observed to be finely dispersed. In Fig. 7b
which is the control sample, the micrograph indicate the
presence of irregular flakes of the intermetallic phase
along the grain boundaries which eventually resulted in
intergramular cracks. The influence of 3 and 4 cm’ acid
extract of CA for 30 min on the aluminum specimen as
shown in Fig. 7¢ and d, respectively indicate that
corrosion attack reduced with both extract concentration,
though more prominent in the 4 cm”® extract. In addition,
there were no major crack lines in both mstances, but the
alpha phase 13 more dispersed in the Fig. 7d than in Fig. 7¢
while the second phase 1s more dispersed in the Fig. 7¢
than mn Fig. 7d. Apparently intergranular and pitting
corrosion may not have occured rather there were
grain
restructuring. The apppearance of surface flakes was less
with increasing concentration of inhibitors than without.
Tt was also discovered that the irregular intermetallic
phases were more uniform after exposure to increasing

evidence of prominent coarsening  and/or



Environ. Res. J., 5 (4): 163-169, 2011

Fig. 7. Micrographs for alummum surface (a) before
mmersion in 2M HC1 solutions (b) after immersion
in 2M HCI for 30 min (c) after immersion in 3 cm’
of CA extract for 30 min (d) after immersion in
4 ¢m”® of CA extract for 30 min

concentration of inhibitors due to the adsorption
efficiency of the CA extract which controls the acidic and
cathodic reaction that may affect the grain structure.
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Therefore, by comparing Fig. 7¢ and d, it is observed that
the addition of CA extract has apparently slowed down
the crack growth rate and the higher the extract
concentration the slower the crack growth rate and the
longer the life of the alloy.

CONCLUSION

The study examined and evaluated the damage of Al
alloy by HCI acid in the presence of CA extract using
gasometric techmque. that
characterized the behavior of the alloy in the medium at
different inhibitor concentration were highlighted and a

The various mdicators

new relationship that represents a major contribution to

corrosion rate measurement was also obtained.
Investigations revealed that maximum 1.E% and lowest
corrosion rate were obtained at optimum extract
concentration of 5 ecm’. The mechanism of interaction
between the phytochemicals in the plant extract and Al
alloy surface was best described by the Frumkin isotherm.
The 6 and 14 min tune frame was also revealed as the best
time for the phytochemicals in the extracts at 3-5 cm’
concentrations to suitably adsorb to alloy surface.
Statistical modeling of corrosion rate yielded a significant
relationship suitable for estimating corrosion rate once
concentration of CA extract 13 known. The superficial
analysis revealed that crack growth rate slowed down and
uregular intermetallic phases were more uniform as extract
concentration increased which is in agreement with the
1nitial inference of lowest corrosion rate at optunum extract

concentration.
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