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Abstract: Temperature relationships of Vigna subteranea flower (VSFE) extract on the corrosion of carbon steel in 2.0 M H2SO4 at
303-323 °K was studied by weight loss method. The obtained results show that VSFE extract acts as inhibitor for carbon steel in
H2S04 solution. The inhibition efficiency was found to increase with increase in VSFE extract concentration but decreased with
acid concentration and temperature, which is suggestive of physical adsorption mechanism although chemisorption may play a
part. The adsorption of VSFE onto the carbon steel surface was found to follow the Langmuir adsorption isotherm. The correlation
coefficient (R?) ranging from 0.9992 > R? > 0.9715 was obtained. Both kinetic parameters (activation energy, pre-exponential
factor, enthalpy of activation and entropy of activation) and thermodynamics of adsorption (enthalpy of adsorption, entropy of
adsorption and Gibbs free energy) were evaluated and discussed from the effect of temperature on the corrosion and inhibition

processes.
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Bitki Ekstrakti ile Asidik Ortamda Karbon Celiginin Korozyon inhibasyonu Uzerine Sicakhik
Korelasyonunun incelenmesi

Oz: Vigna subteranea ¢icegi (VSFE) ekstraktinin karbon geliginin korozyonunda sicaklik iligkisi 303-323 °K’de 2 M H2SO4
kullanilarak agirlik kayb1 metodu ile incelenmistir. Elde edilen sonuglara gore, VSFE karbon ¢eligi icin H2SO4 ¢dzeltisinde inhibitor
gibi davranmaktadir. Inhbisyon veriminin VSFE ekstrakt1 konsantrasyonunun artigi ile artt1g1, asit konsantrasyonu ve sicaklikla
azaldig1 belirlenmistir. Buna gore, bir kisim kemisorpsiyon s6z konusu olsa da, fiziksel adsorpsiyon mekanizmasi baskin
bulunmustur. VSFE’nin karbon c¢eligi yiizeyinde adsorpsiyonunun Langmuir adsorpsiyon isotermine uydugu belirlenmistir.
Korelasyon katsayisii (R?) 0.9992 > R2 > 0.9715 araliginda oldugu bulunmustur. iki kinetik parametre de (aktivasyon enerjisi,
pre-eksponansiyel faktor, aktivasyon entalpisi ve aktivasyon entropisi) ve adsorpsiyon termodinamigi (adsorpsiyon enthalpisi,
adsorpsiyon entropisi ve Gibbs serbest enerjisi) degerlendirilmis ve inhibisyon prosesi ve korozyona sicaklik etkisi agisidan
tartigtlmustir.

Anahtar kelimeler: Asit korozyonu, Karbon celigi, Inhibisyon, Sicaklik korelasyonu, Vigna subteranea gicegi ekstrakti

* Coresponding author
E-mail address: In.emembolu@unizik.edu.ng (L. N. Emembolu)

29


mailto:ln.emembolu@unizik.edu.ng
mailto:ln.emembolu@unizik.edu.ng
https://orcid.org/0000-0001-5370-8107
https://orcid.org/0000-0002-5766-7047

1. Introduction

Carbon steel has its application in Engineering construction,
as well as in chemical and allied industries for holding
alkalis, acids and salt solutions due to its availability, cheap
and simple construction. Sequel to this carbon steel
disintegrates when it comes in contact with the above
industrial conditions [1, 2] and [3]. The consequences of the
chemicals on metals can be reduced or protected efficiently
by application natural inhibitors. According to a study of
Ugi, et al, [4], H2SO4 is one of the major chemical used
globally in almost all the industries like paper bleaching,
cellulose fibers, pharmaceuticals, sugar bleaching,
fertilizers, automobile batteries, water and coloring agents,
sulfonation agents, treatment, amino acid intermediates,
steel manufacturing, iron and steel pickling, gasoline,
regeneration of ion exchange resins. Tetraoxosulphate VI
acid popularly known as Sulfuric acid (H2SO4) is an
important mineral acid that has substantial application in
many fields has led researchers to investigate its effect of
corrosion inhibitors. Furthermore, it is used in pickling
solution for steel alloys. Influence of temperature on acidic
corrosion and corrosion inhibition of iron and steel
especially in H2SOs solutions has acknowledged by a
numerous investigations and researchers recently. The
dependence of temperature on inhibitor efficiency (1) and
the evaluation of thermodynamic data obtained for the
corrosion process both in absence and presence of inhibitors
was instrumental to some inferences regarding the inhibition
mechanism [5-8]. The objective of this current work is to
assess the influence of temperature on carbon steel corrosion
in 2.0 M H2SOs4 solutions in the absence and presence of
different concentrations of Vigna subteranea flower extract
using gravimetric method. Different thermodynamic
variables for inhibitor adsorption on carbon steel surface
were estimated and discussed. Kinetic parameters for carbon
steel corrosion in absence and presence of the studied
inhibitors were evaluated and interpreted.

2. Materials and Methods
2.1 Materials and Solution Preparation

Carbon steel sheets were sourced from Awka, Nigeria. The
Carbon steel sheet was subsequently cut into coupons of 4 x
7 x 0.17cm polished, degreased and cleaned for further use
as previous described in [9]. All reagents, chemicals used
were of analytical grade and double distilled water was used
for preparing solutions. The concentrated plant flower
extracts were used for the preparation of inhibitor test
solutions in the concentration range of 0.1mol/100 ml
solution of 2.0 M H2SOa.

2.2 Sourcing of Plant Shells and Preparation of Extracts

The flower extracts used in this study were derived from
Vigna subteranea plant sourced locally in Enugu state. The
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flowers were plucked and collected for analysis. Two
hundred grams of sun dried and powdered flower were
extracted with 95% ethanol at room temperature for 48hrs.
The extracts were concentrated until the solvents were
totally removed. The concentrated extracts were kept for
advance use [10].

2.3 Weights Loss Measurements

The corrodent concentration was 0.2 mols and the volume of
the test solution used was 100 ml. All tests were carried out
in aerated solutions. The difference between the weight at a
given time and the initial weight of the coupons was taken as
the weight loss which was used to evaluate the corrosion rate
and inhibition efficiency for carbon steel with different
inhibitor concentrations as:

2.3.1 Corrosion Rate (CR)

The corrosion rate (CR) was calculated using Equation (1)
[13, 14]
M, — M,
—_1 "2 1
CR T 1)
Where Mz is weight in (mg) before immersion, Mz is weight
in (mg) after immersion, A is area in (cm?) of the specimen,
and t is the exposure time in (hours).

2.3.2 Inhibition efficiency (7%)

The inhibition efficiency (n%) of the extract was estimated
using Equation (2); [12, 13]

_ Whiank = Winn

n% X 100 @

Wblank
Where Whiank and Winh are weight losses in the absence and
presence of inhibitor respectively.

The degree of surface coverage (6) was computed from
equation (3); [14]:
I/Vinh

f=1-—"" 3
Wblank ( )

3. Results and Discussion

3.1 Effect of Temperature on Corrosion Rate Carbon
Steel

The data of corrosion rate were obtained using Equation
(2). The calculated values of corrosion rates of carbon steel
in free and inhibited concentrations of VSFE extracts at
varying temperatures are presented in Table 1. The data
indicates that the rate of corrosion increases with increase in
temperature and decrease on addition of inhibitors in all
cases studied. The results of corrosion rates of carbon steel
in 2.0 M H2S04 are shown in Table 1 follows Arrhenius
reactions since increase in temperature progressively
increases corrosion rate. Assuming the rate of corrosion of
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carbon steel against the concentration of inhibitors is in line
with the kinetic relationship according to [7] then,

log CR = lOgK +AlOngh (4)

Where k is the rate constant and is equal to CR at inhibitor
concentration of unity, A is the reaction constant and a
measure of inhibitor effectiveness and Cimn is the
concentration of the VSFE extract. The plots of Figure 1
provides information on how the kinetic parameters (K and
A) were evaluated from Equation (4) and presented in Table
2

Table 1 Calculated values of corrosion rates (mg/cm?hr) and
inhibition efficiencies of carbon steel in 2.0 M H2S04

Inhibitor ~ Con. CR (mg/cm?hr) n (%)
Inh. 303 323 343 303 323 343
(o) K K K K K K

VSFE 0 265 285 307 - - -
0.2 165 195 213 377 316 300
0.4 141 175 175 472 386 417
0.6 103 142 155 623 509 483
0.8 9.1 125 135 66.0 56.1 550
1 7.4 9.5 12 73.6 632 60.0

The values of reaction constant A from Table 2 were all
negative implying that the rate of corrosion process is
inversely proportional to the inhibitor concentration, that is
gradual increase in concentration of the extracts cause
improvement in the inhibitor efficiency and effectiveness.
This can be attributed to high negative value of constant A
due to alteration of CR and extract concentration
reproducing enhanced inhibitive properties for all the
inhibitors studied. Furthermore, constant values of A can be
used in comparing the inhibitive performance of two acids at
varying temperatures. A values were negative at all
temperatures revealing the active nature of H2S04. Also,
progressive increase in temperature points to increase in
inhibitory activity of VSFE extract. Table 2 equally disclose
that the values of k rises as the temperature moves up
progressively.

1,5

=

& 1

S

% 303K
0,5

2 323K

S

o 0 343K

S1 -0,5 0

-0,5
LOG CON. INH. (G/L)

Figure 1. Plot of log CR versus log Cinn of carbon steel
corrosion in 2.0 M H2SO4 containing VSFE extract at
varying temperatures.
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Table 2 Kinetic parameters for corrosion of carbon in 2.0
MH2S04

Temp (K) Kinefic parameters
Inhibitor
A K
VSEE 303 5834 085
i 4435 1004
343 4201 10844

3.2 Influence of Temperature on Inhibition Efficiency (n
%)

Table 1 presents the relationship between 1 (%) with VSFE
extract concentrations at different temperatures in 2.0 M of
H2S04. The result of Table 1 reveals that in the presence of
H2SO4 the inhibition efficiency increased with increase in
the inhibitor concentrations. This is attributed to the
adsorption of inhibitor molecules on the carbon
steel/solution interface thereby preventing the activity of the
aggressive environment. The effect of temperature on
inhibition efficiency of the inhibitor at all concentrations and
temperatures studied showed a significant increase in the
inhibitor efficiency as the temperature rises to 343K.
Chemical adsorption mechanism was proposed due the fact
that increase in temperature leads to increasing efficiency.
Inhibition efficiency was calculated from Equation (2). Due
to several transformations resulting from rapid etching and
desorption as well as inhibitor decomposition and/or
rearrangement on the surface of the metal, the effect of
temperature on the inhibited acid-metal reaction is highly
complex. Although, close observation revealed that some
inhibitors can work efficiently at high temperature or low
temperature [15-18] with acid-metal systems.

3.3 Adsorption Considerations

The experimental data for Vigna subteranea flower extract
generated from Equation (3) was fitted into Langmuir
adsorption isotherm and a number of expressions were
obtained for the isotherm at equilibrium. It is important to
note the degree of surface coverage 6 differs with the
concentrations of the inhibitors at all temperatures
investigated [19]. Langmuir adsorption isotherm model, can
be expressed mathematically as in Equation (5); [6, 19-21].

C_ 1
6 Kads

+C (5)

Where C is the inhibitor bulk concentration in g/l, K.ags is the
equilibrium constant of adsorption.

Figure 2 represents the plot of Log (C/6) versus Log C
signifying that the adsorption of the plant extracts is in line
with Langmuir isotherm. The adsorption parameters were
calculated and presented in Table 3. The adsorption
isotherm used has correlation coefficients (R?) ranging from
0.9992 > R2 > 0.9715 with slope almost equal to 1. Kags rises
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with rise in temperature [22] as seen in Table 3.
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Figure 2. Langmuir adsorption isotherm for carbon steel
corrosion in H2S04

Table 3 Adsorption parameters obtained from Langmuir
adsorption isotherm

Inhibitor Temp (K)  Adsorption parameters
R? Kads slope
VSFE 303 0.9969 0.1827 2.4909
323 0.9964 0.3431 1.3573
343 0.9915 0.0749 3.9510

Technique 1

The free energy of adsorption (AGades) was related to
equilibrium constant (K) of the inhibitor constituents by
applying Equation (6) [23, 24] and shown in

—AG°aas) ©)

1
Koas = e &P ( RT

The plot gives a linear relationship as indicated in Figure 3
with AHags as intercept and putting the values of AHads
obtained into Equation (7) the values of ASags with other
thermodynamic properties studied were computed at all
temperatures.

3.4 Thermodynamic Studies

The universally accepted thermodynamic adsorption
parameters include the heat of adsorption (AHags) the
entropy of adsorption (ASass), and the free energy of
adsorption (AGads). These parameters can be calculated
using different mathematical methods depending on the
values of Kags from adsorption isotherms, at different
temperatures:

Where Chzo is the concentration of water molecules (mol/L)
at metal/solution interface, Kaas is the equilibrium constant
signifying the strength between adsorbate and adsorbent
[25]. Then, the obtained AGads values were plotted against
T (Figure 3) in accordance with the basic equation [26]:

AGags = AHggs — TASqus )
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Figure 3. Plot of AGads against T
Technique 2

The Kads depends on temperature as can be seen from
Equation (8) below;

AS, AH,
Koo = e (%) e (-52) @

Rewriting Equation (8):

ASads _ AHads
2.303R 2.303RR

log K 45 = €)

Here, plot of Kags against 1/T Figure 4 gives a straight line
AHads
2.303R
into Equation (9) the data for ASads was equally computed
for all temperatures. Then the values of ASass and AHads

was combined using Equation (7) to get AGads values.

slope of — . By putting the calculated values of AHads

0
2,8 3 3,2 3,4
-0,2
»n 04
[a)
<
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-0,8 *
-1
-1,2
1T
Figure 4. Plot of Kads against 1/T
Technique 3
Gibbs-Helmholtz Equation [27, 28]
a(AGads/T) AHads
[ ot |PT T (10)
Integrating (10);
0 (AGads) AHa.ds
- adss 11
= [Sar (11)

Equation (11) can be gotten from Equation (10) as
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AG AH,
Tads = Tads + constant t (12)

The relationship between AG‘“"S/T and 1/T gives a straight
line with AHags as the slope Figure 5. The free energy of
adsorption AGads Was computed as done in technique 1 from
Equation (6). Then Equation (7) was used to calculate A Sads
and other thermodynamic parameters as in technique 1 for
the all the systems and presented in Table 4.

Technique 4

The heat of adsorption was computed using Van Hoff
equation [29-31]:

AHads

____ads 13
S 303RT + constant t (13)

log Kogs =

Also, Figure 4 denotes the correlation Equation (13) with a
straight line slope of AHags in 2.0 M H2SO4 solutions.
Equations (6) and (7) were used to evaluate A Gads and A Sads
accordingly.

Technique 5

By adding A Gads term in Equation (6), the terms in Equation
(6) equals that in Equation (7) and a new expression was
obtained as shown below

_ ASads AHads]
Kads - CHZO exp T RT (14)
Eq. (14) can be rewritten as;
AS ds AHads
10gK ags = [—1 c ads | _ 15
09 aas °8Cu20 *53038] " 2303k )

Equation (15) is comparable with Eqg. (9) except the
intercept, where a new term was introduced in the intercept
of Equation (15), this is Cn 20 —log [32]. Figure 4 also
represents the relation in Equation (15). Although it can be
used to compute AHads Whereas ASads and AGads can be
evaluated from Equations (6 and 7). Hence forward, the
negative values of AGads reveals the spontaneous nature of
the extracts on the carbon steel surface [33-35]. The
occurrence of endothermic process, results in decrease of
A\ Gads (becomes more negative) with increasing temperature
which favours inhibitor adsorption on the metal surface.
Additionally, the heat of adsorption (AHads) provides a
useful information on the mechanism of inhibitor adsorption.
(AHads) shows positive values for all the range of
temperatures studied showing that the corrosion inhibition of
carbon steel in 2.0 M H2SO4 solutions proceeds by chemical
adsorption for the studied inhibitor species on the metal
surface [36-38]. The negative ASass values was
complemented with decrease in the entropy energy change
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which occurs whenever the adsorption process is exothermic
[39-41]. The effect of temperature can be clearly
established using Arrhenius and transition state equations
(Equations 16 and 17) [42-44].

0
-0,005 25 3 3,5
-0,01
-0,015
-0,02
-0,025
-0,03
-0,035
-0,04

H2504

AGads/T

YT
Figure 5. Plot of AGaas/T against 1/T

Eq (16)

log CR =logA ~2303RT

Where, A is the pre-exponential factor, Ea is the activation
energy, R is the universal gas constant, T is the absolute
temperature. Figure 6 gives a linear relationship between
logs CR versus 1/T. from which the Ea values were
evaluated. The entropy of activation, AS°®, the enthalpy of
activation AH°, were obtained using Transition state
Equation (17) [42].

CR R AS*
log (?) - [(loy (W)) * (2.303R)]
AH*
" 2.303RT

an

N is the Avogadro number, h is the Planck constant. A plot
of log (CR/T) versus 1/T as shown in Figure 7 gives a
straight line with a slope of (—AH*/2.303 R) and an intercept
of log (R/Nh + AS°/2.303 R) from which the values of
AH*and AS* were deduced.

The gradual addition of VSFE extract causes increase in
activation energy to a value lower than that of the blank
solution implying that the action of VSFE extract on carbon
steel corrosion in 2.0 M H2SO4 solutions was through
chemical adsorption. The values of Ea are bigger than the
values of AH* indicating that the process involves gaseous
reaction which cause reduction in reaction volume. The
negative values entropy of activation (AS*) in the absence
and presence of inhibitor show that the activated complex in
the rate determining step represents an association rather
than dissociation, meaning that, a decrease in disordering
takes place on going from reactants to the activated complex
[43]. The more negative (AS*) is the high the inhibition
efficiency.
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Figure 7. Transition state plot of log CR/T against 1/T for carbon steel in H2SO

4. Conclusions

The inhibition efficiency of Vigna subteranea flower extract in
2.0M H2S0s, increases with increasing extract concentration and
solution temperature. The extract inhibits carbon steel corrosion in
H2SO4 at all inhibitor concentrations and solution temperatures.
The retarding action of Vigna subteranea flower extract in 2.0M
H2S0a4, were done by adsorption of the extract species on carbon

steel surface. The adsorption process is spontaneous and obeys
Langmuir adsorption isotherm in H2SO4 at all temperatures
studied. Thermodynamic data for both inhibitor adsorption and
carbon steel corrosion proposes the existence of chemical
adsorption for the inhibitor species on carbon steel from H2SO4
solution.
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