
Inhibition of Mild Steel Corrosion in Hydrochloric Acid Solution by Leaves of  
Ziziphus jujuba  

Rakesh Kumar Dubey*†, Nitin Gupta**, S. M. Nafees** and Kalpana S.**
*Govt. College, Gangapur city-322201, Sawai Madhopur, Rajasthan, India
** Govt. College Kota-324001, Rajasthan, India 
†Corresponding author: Rakesh Kumar Dubey; rakeshdubeygangapurcity@gmail.com

ABSTRACT

Weight loss method was used to assess the inhibition of mild steel corrosion in 1M HCl solution with 
aqueous extract of Ziziphus jujuba leaves at 303 to 333K temperatures. It was found that Ziziphus 
jujuba leaves extract retarded the dissolution of mild steel in 1M HCl solution. The inhibition efficiency 
increases with a rise in the concentration of extract and decreased with increase in temperature. 
Maximum 88.54% inhibition efficiency was observed at 303 K and 8% (v/v) composition of the extract. 
Adsorption of extract at mild steel surface follows Langmuir adsorption isotherm. Values of Gibbs free 
energy, variation in inhibition energy with temperature and with activation energy values trend proposed 
the physisorption. Negative values of Gibbs energy propose the spontaneous process of inhibition 
process in the extract at studied temperatures.

INTRODUCTION

Steel is widely used alloy in transportation, mechanical 
and petrochemical industries. However, it suffers from a 
major problem of corrosion. Corrosion is the degradation of 
metals and their alloys by an electrochemical reaction and 
environment. The introduction of corrosion inhibitors is the 
best way to prevent metallic corrosion, which can save the 
great economic loss. Most of the corrosion inhibitors are 
synthetic chemicals which are expansive and hazardous to 
the environment. Due to the toxicity of chemical corrosion 
inhibitors, there has been a rise in thrust for the search for 
green corrosion inhibitors (Al-Sehaibani 2000).

This has provoked the researchers to search for new 
eco-friendly, low cost, easily available effective corrosion 
inhibitors to foster green environment and for the sustainabil-
ity of living beings. Plant products are organic in nature, and 
contain certain photochemicals including tannins, flavonoids, 
saponins, amino acids, alkaloids, and pigments which can be 
extracted by simple and less expensive procedures. Extracts 
from different parts of the plants have been widely reported 
as effective and good metal corrosion inhibitors in various 
corrosive environments. 

Literature survey also reveals that various plant extracts 
have been used as corrosion inhibitors for protection of dif-
ferent metals and their alloys in the last few decades. Extract 
of fenugreek seeds and leaves (Noor 2008), essential oils of 

Mentha spicata, Lavandula multifida, Pulicaria mauritanica 
(Znini 2012) Azadirachta indica (Sharma 2010), extract of 
Ananas comosus L. (Ekanem et al. 2010), Embilica offic-
inalis (Saratha et al. 2010), Garcinacola and Cola nitida 
(Eddy 2010), Nerium olender leaves, Calotropis procera, 
Ziziphus jujba, etc. In the continuity of above corrosion 
inhibition studies, the present work has been chosen which 
indicate studies of corrosion prevention properties of aqueous 
extract of leaves of Ziziphus jujuba  L. for mild steel in 1 
M HCl solution.

MATERIALS AND METHODS

Preparation of the extract: The leaves of Ziziphus jujuba 
plant were taken, washed and air-dried for 6-7 days, crushed 
and ground mechanically. 20 g of ground leaves were heated 
in 200 mL distilled water for one hour using air condenser 
at 70°C-80°C. This extract was left overnight and then 
filtered and made up to 200 mL with distilled water for the 
experiment.

Selection of the steel specimens: Rectangular mild steel 
specimens of 5 cm length and 1 cm diameter were taken 
and abraded with a series of emery papers, degreased with 
acetone, washed with distilled water, dried and constant 
weight was recorded by electronic balance.

Solution preparation: 1M HCl solution was prepared by 
37% HCl using distilled water. The employed concentration 
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range of aqueous extract of Ziziphus jujuba leaves (AEZJL) 
was 1% to 8% (v/v).

Gravimetric measurement: Gravimetric method is a widely 
used method because of its reliability and simplicity in cor-
rosion inhibition experiments. For each experiment 100 mL 
test solution was taken in 250 mL beaker and a rectangular 
specimen was immersed in it with plastic thread for one hour. 

The experiments were carried out at different tempera-
tures 303, 313, 323 to 333 K in a thermostatic water bath. 
After one-hour specimens were removed, washed with dis-
tilled water, acetone dried and abraded with series of emery 
papers and then weighed up to constant weight.              

RESULTS AND DISCUSSION

Corrosion rates: Corrosion rates were calculated by the 
following equation (1) (Behpour et al. 2011, Umoren et al. 
2016).   

 CR (g cm-2min-1) = (W1-W2/At) …(1)

Where, CR is corrosion rate, W1 is weight loss of mild steel 
specimen without inhibitor and W2 is weight loss of mild steel 
specimen with inhibitor, A is the area of MS specimen and t 
is immersion time. Table 1 shows that corrosion rates of mild 
steel decrease with increase in the concentration of Ziziphus 
jujuba leaves inhibitor at all studied temperatures. This could 

be subjected to the adsorption of the phyto-constituents of 
inhibitor molecules with the increase in the concentration of 
inhibitor. The corrosion rate obeys Arrhenius type reaction, as 
it increases with the rise in temperature (Noor 2007).

Inhibition efficiency: From the obtained corrosion rates, 
inhibition efficiencies were calculated by using equation (2) 
(Behpour et al. 2011, Umoren et al. 2016).

 IE% =   × 100 …(2)

Where, CRblank is the corrosion rate in the absence of 
inhibitor and CRinh is the corrosion rate in the presence of 
inhibitor. Mild steel corrosion rates in 1 M HCl solution with 
Ziziphus jujuba leaves are given in Table 1. Data in Table 2 
and Fig. 1 show that % IE increase with the rise in extract 
concentration, which is an indication of an increase in the 
number of components of extract adsorbed on mild steel 
surface, which block the active sites of metal from acid attack 
and protect the metallic corrosion (Obi-Egbedi et al. 2012). 
Further, the decrease in % IE with the rise in temperature 
suggests electrostatic interaction (physical adsorption) of 
the extract molecules on the mild steel surface. This further 
indicates desorption of adsorbed inhibitor species at higher 
temperatures and metal dissolution takes place (Yadav et al. 
2014). 88.54% inhibition efficiency is observed at 8% (v/v) 
concentration of inhibitor.

Table 1: Mild steel corrosion rates in 1 M HCl solution in the absence and presence of different concentrations of Ziziphus jujuba leaves at different 
temperatures.

Cinh in (v/v)%
CR × 10-3 (g cm-2 min-1)

303 K 313 K 323 K 333 K

0 0.96 1.53 2.19 2.76

1 0.73 1.14 2.03 2.64

2 0.57 0.87 1.94 2.59

3 0.39 0.73 1.83 2.53

5 0.27 0.57 1.74 2.47

8 0.11 0.39 1.58 2.38

Table 2: Inhibition efficiencies of Ziziphus jujuba leaves at different concentrations and temperatures in solutions of 1M HCl.

Cinh in (v/v)%
IE (%)

303 K 313 K 323 K 333 K

1 23.96 25.49 7.31 4.35

2 40.63 43.14 11.42 6.16

3 59.38 52.29 16.44 8.33

5 71.88 62.75 20.55 10.51

8 88.54 74.51 27.85 13.77
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Kinetic parameters: Assuming that corrosion rates of steel 
specimens against the concentration of inhibitor obey kinetic 
relationship as equation (3) (Noor 2007, Khamis 1990).

log CR =log K + B log Cinh    …(3)

Where, K is rate constant and equal to CR when inhibitor 
concentration is unity. B is reaction constant which is the 
measure of inhibitor effectiveness and Cinh is the concentration 
v/v % (mL/100 mL) of Ziziphus jujuba leaves. Fig. 2 repre-
sents the plot between log CR and log Cinh values at different 
studied temperatures. B and K were calculated by the slope 
and intercept of straight lines obtained in Fig. 2. The obtained 
results are summarized in Table 3 which can be discussed as 
follows (Noor 2007). Negative values of B indicate that the 
corrosion rate is inversely proportional to the concentration 
of inhibitor. In other words, the corrosion rates decrease with 
increase in the concentration of inhibitor species.

The high negative values of B reflect the good inhibitive 
property of inhibitor. The high negative value of B was ob-
served as a steep slope in the graph (Fig. 2). Value of B is 
high at lower temperatures, indicating that inhibitive species 
are more effective at comparatively lower temperatures. The 
increase in K values with increase in temperature, indicating 
the increase in corrosion rates with temperatures.

Thermodynamic and activation parameters: Thermo-
dynamic and activation parameters like apparent activation 

energy Eact, enthalpy of activation DH*, and the entropy of 
activation DS* were calculated for the steel dissolution pro-
cess. Activation energies Eact were calculated by following 
Arrhenius equation (4) (Umoren et al. 2016, Yadav et al. 2014)

log CR = log A - Eact
2.303RT

 )   …(4)

Where, A is Arrhenius pre-exponential factor, Eact is the 
activation energy, R is the universal gas constant, T is the 
absolute temperature. The slope of log CR vs 1/T in Fig. 3 
gives the values of activation energies at studied concentra-
tions. Table 3 represents the calculated data of activation 
energies. The values of activation energies in the presence 
of inhibitor were found higher than in uninhibited solution. 
This indicates the formation of a higher energy barrier in 
corrosion reaction by inhibitor molecules. The increase in 
Eact for corrosion process in inhibitor solution further inter-
preted as physical adsorption of inhibitor species on mild 
steel surface (Popova et al. 2003). Besides this, according to 
Damaskin (1971), the value of activation energy lesser than 
80kJ/mol and even smaller than 5kJ/mol represents physical 
adsorption. This assertion supports the experimental results 
obtained in the present study. The values of enthalpy of ac-
tivation DH* and entropy of activation DS* were calculated 
by following the transition state as in equation (5) (Umoren 
et al. 2016, Yadav et al. 2014).
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log (CR/T) = [log(R/Nh) + (DS*/2.303R – (DH*/2.303RT)]  
  …(5)

Where, h is Planck’s constant, N is Avogadro number, 
R is the gas constant. A plot of log (CR/T) vs 1/T gave a 
straight line with the slope of (-DH*/2.303R) and intercept 
of [(log R/Nh) +(DS*/2.303 R)] from which the values of 
D H* and DS* were calculated (Fig. 4). These values are 
tabulated in Table 4. Values of DH* were found positive. 
Positive values indicate endothermic nature of steel dissolu-
tion process (Yadav et al. 2014, Behpour et al. 2011) Endo-
thermic process further indicates that mild steel dissolution 
reduces at lower temperatures and increases with increase 
in temperature. Negative values of DS* are indicative of the 
formation of an activated complex in the rate-determining 
step, which represents association rather than dissociation 
step, meaning the decrease in disorder takes place on going 
from reactants to activated complex. (Gomma & Wahdan 
1995). It is also observed from data in Table 4 that Eact and 

Table 3: Kinetic parameters for mild steel corrosion in 1M HCL solution with Ziziphus jujuba leaves.

Temperature (K)
Kinetic Parameters

B K × 10-3 (g cm-2 min-1)

303 K -0.049 2.660725

313 K -0.118 2.06538

323 K -0.502 1.202264

333 K -0.876 1.111732

DH* vary in the same manner. Values of both Eact and DH* 
increase with the increase in the concentration of inhibitor, 
suggesting that energy barrier increases with increase in 
inhibitor concentration. This means that corrosion reaction 
will further be pushed to surface sites that are characterized 
by progressively higher values of Eact as the concentration 
of inhibitor becomes greater (Solmaz et al. 2008).

The values of activation energy were found larger than 
corresponding values of enthalpy of activation, indicate the 
involvement of a gaseous reaction, simply hydrogen evolu-
tion in the corrosion process, associated with a decrease in 
total reaction volume (Noor 2007).

Adsorption isotherm and Gibbs energy: The nature of 
adsorption can be explained by understanding the process at 
metal/electrolyte interface. Further, to understand the nature 
of adsorption, obtained surface coverage θ were fitted in dif-
ferent adsorption isotherms. Langmuir adsorption isotherm 
was the best fit. The mathematical expressions for Langmuir 
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Table 4: Activation and thermodynamic parameters for mild steel corrosion in 1 M HCl solution with Ziziphus jujuba leaves.

Cinh in (v/v)% Eact  (kJ/mol) DH* (kJ/mol) DS*                 (J/mol/K)

0.0 29.68 27.12 -200.82

1.0 37.26 34.76 -179.88

2.0 44.86 42.36 -175.67

3.0 54.89 52.42 -162.88

5.0 65.23 62.77 -149.57

8.0 89.51 87.08 -117.92

adsorption isotherm can be expressed by the equation (6) 
(Fragoza-Mar et al. 2012, Quartarone et al. 2012, Vasudha 
et al. 2013).

 

9 
 

 
 
Fig. 5: Langmuir adsorption isotherms of Ziziphus jujuba leaves on mild steel surface in 1M HCl 

at different temperatures. 

 
Adsorption isotherm and Gibbs energy: The nature of adsorption can be explained by 
understanding the process at metal/electrolyte interface. Further, to understand the nature of 
adsorption, obtained surface coverage θ were fitted in different adsorption isotherms. Langmuir 
adsorption isotherm was the best fit. The mathematical expressions for Langmuir adsorption 
isotherm can be expressed by the equation (6) (Fragoza-Mar et al. 2012, Quartarone et al. 2012, 
Vasudha et al. 2013). 
 
     =  + Cinh      …(6) 

 
Rearranging the above equation (6) we get 
 

 = Kads Cinh       …(7) 
 

Log(  = logKads  + logCinh     …(8)  

 

 
Where, Kads is the equilibrium constant of adsorption, θ is the surface coverage, (1-θ) is 

the uncovered surface, Cinh is the concentration of inhibitor. Values of Kads were calculated from 
the intercept of Langmuir adsorption isotherm drawn according to the equation (8) between log 
(θ /1-θ) and log Cinh (Fig. 5). The value of Kads obtained from Langmuir adsorption isotherm is 
related to Gibbs energy according to the equation (9) (Noor 2007). 
 

 …(6)

Rearranging the above equation (6) we get

 

9 
 

 
 
Fig. 5: Langmuir adsorption isotherms of Ziziphus jujuba leaves on mild steel surface in 1M HCl 

at different temperatures. 

 
Adsorption isotherm and Gibbs energy: The nature of adsorption can be explained by 
understanding the process at metal/electrolyte interface. Further, to understand the nature of 
adsorption, obtained surface coverage θ were fitted in different adsorption isotherms. Langmuir 
adsorption isotherm was the best fit. The mathematical expressions for Langmuir adsorption 
isotherm can be expressed by the equation (6) (Fragoza-Mar et al. 2012, Quartarone et al. 2012, 
Vasudha et al. 2013). 
 
     =  + Cinh      …(6) 

 
Rearranging the above equation (6) we get 
 

 = Kads Cinh       …(7) 
 

Log(  = logKads  + logCinh     …(8)  

 

 
Where, Kads is the equilibrium constant of adsorption, θ is the surface coverage, (1-θ) is 

the uncovered surface, Cinh is the concentration of inhibitor. Values of Kads were calculated from 
the intercept of Langmuir adsorption isotherm drawn according to the equation (8) between log 
(θ /1-θ) and log Cinh (Fig. 5). The value of Kads obtained from Langmuir adsorption isotherm is 
related to Gibbs energy according to the equation (9) (Noor 2007). 
 

 …(7)

 

9 
 

 
 
Fig. 5: Langmuir adsorption isotherms of Ziziphus jujuba leaves on mild steel surface in 1M HCl 

at different temperatures. 

 
Adsorption isotherm and Gibbs energy: The nature of adsorption can be explained by 
understanding the process at metal/electrolyte interface. Further, to understand the nature of 
adsorption, obtained surface coverage θ were fitted in different adsorption isotherms. Langmuir 
adsorption isotherm was the best fit. The mathematical expressions for Langmuir adsorption 
isotherm can be expressed by the equation (6) (Fragoza-Mar et al. 2012, Quartarone et al. 2012, 
Vasudha et al. 2013). 
 
     =  + Cinh      …(6) 

 
Rearranging the above equation (6) we get 
 

 = Kads Cinh       …(7) 
 

Log(  = logKads  + logCinh     …(8)  

 

 
Where, Kads is the equilibrium constant of adsorption, θ is the surface coverage, (1-θ) is 

the uncovered surface, Cinh is the concentration of inhibitor. Values of Kads were calculated from 
the intercept of Langmuir adsorption isotherm drawn according to the equation (8) between log 
(θ /1-θ) and log Cinh (Fig. 5). The value of Kads obtained from Langmuir adsorption isotherm is 
related to Gibbs energy according to the equation (9) (Noor 2007). 
 

 …(8)

Where, Kads is the equilibrium constant of adsorption, q 
is the surface coverage, (1-q) is the uncovered surface, Cinh is 

the concentration of inhibitor. Values of Kads were calculated 
from the intercept of Langmuir adsorption isotherm drawn 
according to the equation (8) between log (q /1-q) and log 
Cinh (Fig. 5). The value of Kads obtained from Langmuir 
adsorption isotherm is related to Gibbs energy according to 
the equation (9) (Noor 2007).

 Kads =1/CH2O exp(-D G/RT) …(9)

It can be written as: 

 D Gads = - 2.303 RT Log (Kads. CH2O)  …(10)

Where, CH2O is the concentration of water in (mL/L) 
at metal/solution interface, R is the universal gas constant 
and T is the absolute temperature. The values of DGads were 
tabulated in Table 5. Obtained values of Gibbs energy were 
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plotted against temperature as per the basic equation (11) 
(El-Awady et al. 1992).

 DGads = D Hads – T D Sads  …(11)

The intercept of the graph between DGads vs T in Fig. 6 
gives the value of DHads and by putting the value of inter-
cept in equation (11) values of DSads were obtained. These 
obtained adsorption parameters, i.e. Gibbs free energy of 
adsorption (DGads), enthalpy of adsorption (DHads) and 
entropy of adsorption (DSads) are listed in Table 5. DGads 
values have been found negative at all studied temperatures 
indicating spontaneous adsorption process of inhibitor 
molecules on the metal surface (Behpour 2011). Generally, 
values of DGads up to -20 KJ/mol are consistent with elec-
trostatic interactions (physical adsorption) between charged 
molecules and charged metal surface and values up to -40 
KJ/mol or higher involve charge sharing or transfer from 
inhibitor molecules to metal surface to form the coordinate 
type of bond (chemical adsorption) (Bouklah et al. 2006). 
The obtained values of DGads were found less than -20kJ/
mol indicated physical adsorption of inhibitor molecules. 
It has been observed that adsorption of negatively charged 
species is facilitated due to the positively charged metal. But 
positively charged species can also be adsorbed and protect 
the positively charged metal surface acting with a negatively 
charged intermediate such as acid anions, adsorbed on the 

metal surface (Popova et al. 2003). Values of DHads have 
been found negative indicating the exothermic adsorption 
process (Li et al. 2010, Li et al. 2009), which further indi-
cates lower % IE at higher temperatures, due to desorption 
of inhibitor molecules. The exothermic process is attributed 
to either physical or chemical adsorption or the mixture 
of both (Bentiss et al. 2005). In the exothermic process, 
values of DHads predict physisorption or chemisorption. 
For physisorption, the values of DHads are lower than 40kJ/
mol, while for chemisorption it approaches to 100kJ/mol 
(Benabdellah et al. 2007) Values of DHads in Table 5 indicate 
physisorption. Negative values of DSads indicate a decrease 
in entropy of adsorption process.

This behaviour can be explained as follows: Before the 
adsorption of inhibitor molecules on to mild steel surface, 
they might freely move in bulk solution (inhibitor molecules 
were chaotic). But with the process of adsorption, inhibitor 
molecules were orderly adsorbed on to the steel surface, as 
a result, decrease in entropy is observed (Li et al. 2010) A 
more interesting behaviour is observed in Table 5 that neg-
ative DHads value is accompanied with negative DSads value. 
This further agrees that when the adsorption is an exother-
mic process, it must be accompanied by a decrease in the 
entropy change and vice versa (Obi-Egbedi et al. 2012). The 
obtained positive values of DSads are the algebraic sum of the 
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adsorption of organic molecules and the desorption of water 
molecules (Li et al. 2009, Kumar et al. 2004). Therefore, the 
positive values of entropy of adsorption are the result of the 
substitution process, which can be attributed to the rise in the 
solvent entropy and more positive water desorption entropy 
(Badiea & Mohana 2009).

CONCLUSIONS

 1. The results showed that Ziziphus jujuba leaves are good 
corrosion inhibitor for mild steel in 1M HCl solution 
under as permitted conditions denoted.

 2. Corrosion rates increase with the increase in temperature 
and decrease with increase in inhibitor concentration.

 3. Inhibition efficiencies increases at lower temperature 
suggest the physisorption process of inhibitor on the 
mild steel surface.

 4. Apparent activation energy increases with increase in 
inhibitor concentrations also suggests physisorption.

 5. Enthalpy of adsorption comes out to be negative and 
lower than 40kJ/mol, which shows exothermic and 
physical adsorption process of inhibitor.

 6. The values of Gibbs free energies calculated were nega-
tive showing spontaneity of corrosion inhibition process 
of mild steel in 1 M HCl in Ziziphus jujuba leaves.
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