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Abstract: Synergistic  effect of 7-[2-amino-2-(4-hydroxyphenyl)-acetyl]amino-3,3-dimethyl-6-oxo-2-thia-5-

azabicyclo [3.2.0]heptane -4-carboxylic acid(A) and halide ions (Cl , I  and Br ) has been study using- - -

gasometric and thermometric methods. An improvement in inhibition efficiency of A due to synergism

was observed. Also, an improvement in the adsorption characteristics of A was marked by an increase

in the value of free energy of adsorption. Adsorption characteristic of A was found to fit Frumkin

isotherm while Florry Huggins adsorption isotherm was also applicable to indicator-halides mixture at 303

K. At 333 K, Frumkin adsorption isotherm was upheld for joint adsorption of the indicator and halides.

Thermodynamic consideration reveals that synergistic effect of the indicator and halides led to

improvement in the strength of adsorption. 
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INTRODUCTION

Synergism is a combined action of compounds

greater in total effect than sum of individual

effects . It has become one of the most important[1 ,2 ,3 ,4 ,5]

effects in inhibition process and serves as basis for all

modern corrosion inhibitor formulations. Synergism of

corrosion inhibitors is either due to interaction between

constituents of the inhibitor or due to interaction

between the inhibitor and one of the ions present in

aqueous solution .[6 ,7 ,8]

Synergism is one of the most important

phenomenons in corrosion inhibition process and serves

as a basis for all modern corrosion inhibition

formulations . The amount of inhibitors applied can be[9]

decreased as well as the application of environmentally

friendly but less effective inhibitors can be employed

by taking advantage of synergism. When the joint effect

is better than expected by simple addition of inhibitor

alone, it is suggested that the inhibitor and the added

reagent have synergistic effect on each other.

Synergism is a nonlinear effect resulting in non-

additive efficiencies of inhibitor components. In most

cases, the mechanism of synergism differs from the

mechanism of the individual inhibitors. 

In our laboratory, we have found 7-[2-amino-2-(4-

hydroxyphenyl)-acetyl]amino-3,3-dimethyl-6-oxo-2-thia-

5-azabicyclo  [3.2.0]heptane  -4-carboxylic acid(A) to

be a good corrosion inhibitor. However, inhibition

efficiency  of  the  compound  is  relatively  low. 

The present study seeks to investigate the possibility of

enhancing the inhibition efficiency of this compound

using halide ions (Br  Cl  and Br ).- - -

MATERIALS AND METHODS

Materials: Materials used for the study were mild steel

sheets of composition (wt %) Mn (0.6), P(0.36),

C(0.15) and  Si(0.03). All reagents used for the study

were analar grade. Double distilled water was used for

2 4the preparation of 1 – 3 M H SO  and 0.02 -1.0 M

halides (KI, KBr and KCl) solution. The concentration

range of the inhibitor (7-[2-amino-2-(4-hydroxyphenyl)-

acetyl]amino-3,3-dimethyl-6-oxo-2-thia-5-zabicyclo

[3.2.0]heptane -4-carboxylic acid)  was 0.1 – 0.5 g/dm3 

while that of the halides (KCl, KBr and KI) were 0.02

-1.00 M. Both inhibitor and halides were respectively

2 4dissolved  in  2.5 M H SO . 

Experimental Methods:

Gasometric Method: Gasometric experiments were

carried out at 303 and 333 K as previously

described . From the volume of hydrogen evolved[10,11]

per minute, inhibition efficiency (ç), and degree of

surface coverage (è) were calculated using Equation 1

and 2, respectively.
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Htç = {1 - V’ } x 100         (1 )  

Ht          V0

è = BOL104\f"Symbol"\s12/100           (2)

Ht   Htwhere V’ and V  are the  volumes of hydrogen0

evolved at time t in the presence and absence of

inhibitor, respectively. Synergistic study was carried out

by combining 0.06M of each halides solution with 0.1,

0.2, 0.3, 0.4 and 0.5 g/dm  of the inhibitor,3

respectively.

Thermometric Method: This was also carried out as

reported elsewhere Umoren et al., . From the rise in[4 ,5 ]

temperature of the system per minute, the reaction

number (RN) was calculated using Equation 3:

m iRN (°C minutes)  =  T  - T           ( 3 )

          t

mwhere T   is the maximum temperature attained 

iby the system, T   is the  initial temperature and  t  is

the time. From the above, the inhibition efficiency (h)

of the inhibitor was computed using Equation 4:

aq wih= RN  - RN    x 100                   (4 )

aq          RN

RESULTS AND DISCUSSION

Results: Fig. 1-3 show gasometric plots for the

2 4corrosion of mild steel in 2.5 M H SO  in the presence

of different concentrations of KI, KBr and KCl,

respectively. Fig. 4 shows gasometric plot for the

corrosion of mild steel in the presence of different

concentrations of inhibitor. Fig. 5 – 7 show gasometric

plots for the corrosion of mild steel in the presence of

different concentrations of inhibitor and 0.06 M KCl,

KBr and KI, respectively.

Discussion: Fig. 1 -3 show gasometric plots for the

corrosion of mild steel in the presence of different

concentrations of halides (KI, KBr and KCl) at 303 K.

The Figures reveal that the rate of hydrogen evolution

varies with the concentration of the respective halides. 

Fig. 4 shows gasometric plot for the corrosion of mild

2 4steel in 2.5 M H SO  in the presence of different

concentrations of inhibitor. From Fig. 4, it was found

that the volume of hydrogen evolved in the presence of

different concentration of inhibitor was less than the

2 4volume of hydrogen evolved by the 2.5 M H SO  alone

indicating that the indicator retarded the corrosion rate

2 4of mild steel in 2.5 M H SO .  

Fig. 5 – 7 represent gasoetric plots for the

synergistic effects of KI, KBr and KCl, respectively on

the inhibitory action of A on mild steel corrosion in

H2SO4. From the Figures, it could be seen that the

rate of hydrogen evolution became much slower than

2 4 the rate observed for either H SO or for systems

containing corresponding concentrations of the inhibitor

(Fig. 2), indicating that the inhibition efficiency of A

has been enhanced by addition of 0.06 M of the

respective halides. 

Values of inhibition efficiency for different

concentrations of A and co-employment of different

concentration of A and 0.06M of halides (KI, KBr and

KCl) were computed using Equations 1 and 4. These

values were recorded in Table 1. The results show that

the inhibition efficiency of A decreases with

temperature.  At 303 K values of inhibition efficiency

Aof A were within average (h  < 55%). However, when

different concentrations of A were co-employed with

0.06 M of KI, KBr and KCl, respectively

corresponding values of inhibition efficiency were

greatly increased and approached maximum values

suggesting that enhanced inhibition must have been due

to synergism. At 333 K, similar observations were

made. However, respective values of inhibition

efficiency were significantly lower than corresponding

values obtained at 333 K. This may be due to

desorption of the inhibitor molecule at higher

temperature .[10]

Synergistic parameter (S) for joint effect of

inhibitor and halides were calculated using Equation

5 : [11]

A B A BS  = 1 - ç  - ç  + ç ç           ( 5 )

AB      1   -   ç 

A  Bwhere ç  and ç  are inhibition efficiencies of

ABcompound A and halide respectively;  ç  is the

inhibition efficiency of co-employment of  the two.

These values were recorded in Table 2. At 303

and 333 K, values of S calculated with respect to

combination of different concentrations of A with 0.06

M of KI, KBr and KCl respectively. From the results,

it was found that values of S calculated for different

combinations of A with halides are greater than unity

(except for 0.1, 0.3 and 0.4 g/dm  of A, respectively3

combined with 0.06 M KCl at 303 K) indicating that

increase in inhibition efficiency of A was due to

synergistic effect i.e. the inhibitory action of A was

improved by the addition of halides. From Table 2, it

was also observed that the magnitude of the synergistic

parameter varied with the halides indicating that

differences in electronegativity and atomic radius may

also have influenced the enhancement of inhibition

efficiency of A [3-5]. Electronegativity decreases from

Cl   to I  ( Cl  = 3.0, Br  = 2.8,  I  = 2.5)  while  the - - - - -
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     Fig. 1

       Fig. 2

2 4Fig. 1: Gasometric plot for the corrosion of mild steel in 2.5M H SO  in the presence of different concentrations

of KI (0.02M - 0.10M)(where 1, 2, 3, 4, 5 and 6 are 2.5M acid, 0.02M, 0.04M, 0.06M, 0.08M and 0.10M

KI) at 303K

Fig. 2: Gasometric plot  for the corrosion of mild steel in 2.5M H2SO4 in the presence of different concentrations

of KBr (0.02M - 0.10M)(where 1, 2, 3, 4, 5 and 6 are 2.5M acid, 0.02M, 0.04M, 0.06M, 0.08M and

0.10M KBr) at 303K
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Fig. 3

 Fig. 4

2 4Fig. 3: Gasometric  plot for the corrosion of mild steel in 2.5M H SO  in the presence of different concentrations

of KCl (0.02M - 0.10M)(where 1, 2, 3, 4, 5 and 6 are 2.5M acid, 0.02M, 0.04M, 0.06M, 0.08M and

0.10M KCl) at 303K

Fig. 4: Gasometric plot for the corrosion of mild steel in the presence of  A at 303K
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Fig. 5

     Fig. 6

Fig. 5: Gasometric plot for synergistic effect of A and KCl

Fig. 6: Gasometric plot for synergistic effect of A and KBr
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 Fig. 7

Fig. 8

Fig. 7: Gasometric plot for synergistic effect of A and 0.06MKI at 303K

Fig. 8: Gasometric plot for joint effect of A+0.06MKI
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  Fig. 9

  Fig. 10

Fig. 9: Gasometric plot for joint effect of A+0.06MKCl at 333K

Fig. 10: Gasometric plot for joint effect of A +0.06MKBr at 333K
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Fig. 11: Curve fitting for adsorption of A on mild steel surface 

Fig. 12: Curve fitting for  joint adsorption of A and halides according to Frumkin adsorption isotherm
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Table 1: Inhibition efficiency of A and co-employment of A +0.06M  halides 

INHIBITION EFFICIENCY:GASOM ETRIC M EASUREMENTS AT 303K

Con.of A (g/dm )  A A + 0.06M KI A+0.06M KBr A+0.06M KCl3

0.1 52.30     95.03     86.34     85.09

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.2 34.79     94.41     91.30     85.72

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.3 44.10     95.03     90.06     77.02

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.4 51.56     93.79     89.44     85.09

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.5 46.59     93.79     95.03     83.23

adsÄG (KJ/mol) -0.8853 -10.0419     -8.7755     -9.7530

INHIBITION EFFICIENCY:GASOM ETRIC  M EASUREM ENTS AT 303K HALIDES

Con. (mol/dm ) KI KBr  KCl 3

0.02 79.17 33.34 73.95

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.04 89.06 16.67 28.74

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.06 93.23 72.67 75.78

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.08 92.71 33.34 79.94

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.10 92.71 - 81.49

INHIBITION EFFICIENCY:GASOM ETRIC  M EASUREM ENTS AT 333K

Con. Of A (g/dm ) A A + 0.06M KI A+0.06M KBr A+0.06M KCl3

0.1 8.82     28.77     44.71     40.09

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.2 24.23     37.53     59.03     37.53

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.3 12.33     25.48     10.95     23.44

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.4 7.49     20.00     55.29     64.54

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.5 19.82     46.58     64.76     3.84

INHIBITION EFFICIENCY:THERM OM NETRIC M EASURM ENTS AT 303K

Con. of A (mol/dm ) %I for A at 303K Con. (mol/dm ) A + 0.06M KI A+0.06MKBr A+0.06M KCl3 3

0.1     52.30     0.02     62.52     54.87     83.95

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.2     34.79     0.04     35.70     54.59     38.74

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.3     44.10     0.06     78.37     75.93     59.40

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.4     51.56     0.08     49.22     65.62     79.94

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.5     46.59     0.10     51.87     65.62     81.49

Table 2: Values of synergistic parameters at 303 and 333K

Con.(g/dm ) A + 0.06M KI A+0.06M KBr A+0.06M KCl3

0.1     2.3500     2.6429     0.8500

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.2     2.5833     5.6667     1.0714

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.3     2.6880     4.9000     0.5652

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.4     2.0867     3.7272     0.800

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.5     4.1458     19.300     1.4047

Con.(g/dm ) A + 0.06M KI A+0.06M KBr A+0.06M KCl3

0.1     1.2129     1.8521     1.7630

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.2     1.2413     2.4995     1.6892

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.3     1.1204     1.1492     1.3820

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

0.4     1.0836     2.2919     2.9807

0.5     1.5367     2.9057     1.0947
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Fig. 13: Curve fitting for joint adsorption of A and halides on mild steel surface according to Florry - Huggins

isotherm at 303K.

atomic radius (in Amstrong unit) increases from Cl   to-

I (Cl  = 0.90, Br  = 1.14, I  = 1.35). It therefore-  - - -

implies that mild steel can form compounds with halide
ions leading to the inhibition of the corrosion of mild

steel . [20]

Attempt was made to derive the best adsorption

model that describes the adsorption characteristics of
inhibitor and that of co-employment of inhibitor and

halides (KI, KCl and KBr). This was done by fitting
data obtained through Equation 2 into different

adsorption models including Temkin, Freundlich, Florry
–Huggins, Frumkin, El awardy and Lagmuir adsorption

isotherms. The best adsorption isotherms that described
their adsorption were found to be Frumkin  and Florry-

Huggins adsorption isotherms for inhibitor and
inhibitor-halide mixture, respectively. 

Assumptions of Frumkin adsorption isotherm
relates q to inhibitor concentration according to

equation 6 : [10,11]

log(è/1-è)[C] = logK + 2a è/2.303          (6 )

where a is interaction parameter and K is the
equilibrium constant of adsorption.. From Equation 6,

a plot of log (è/1- è)[C] versus è should give a straight

line with slope equal to 2 è/2.303 if the assumptions of
Frumkin are applicable. Fig. 11 shows Frumkin plot for

the adsorption of A on mild steel surface while Fig. 12
shows Frumkin plot for joint adsorption of A and

halides. At 333K, the best isotherm that was applicable
for joint adsorption of A and halides was Frumkin

adsorption isotherm. Values of interaction parameters
at these temperatures were 2.5194, 2.4159 and 2.3484

for co-employment of KI, KBr and KCl, respectively.
These values are greater than value of 1.1533 obtained

for A alone indicating that the attractive behaviour of
the used inhibitor was increased as a result of

synergism. 
Adsorption due to synergistic effect of A and

halides was also found to obeyed Florry Huggins
adsorption isotherm at 303 K. Florry–Huggins

adsorption isotherm relates è and concentration
according to Equation 7 :[16,15,14]

Log(è/C) = logK + xlog(1-è)         (7)

where x is the number of active sites occupied by

one molecule of the  inhibitor i.e the number of water
molecules replaced by one inhibitor molecule. K is the

binding constant of adsorption reaction. From the
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Florry-Huggins plot for adsorption of C on mild steel

surface (Fig. 13), values of x calculated through slopes
of lines on Fig.3 were 0.0911, 0.2274 and 0.0589 for

KCl, KBr and KI, respectively. Though these values
are low, they indicate that attractive behavior of the

used inhibitor halides combination. Applicability of
Florry Huggins adsorption isotherm due to synergism

also indicates that inhibition mechanism of synergistic
combination of A and halides was by substitutional

adsorption because the organic molecules in the

orgaqueous phase (org ) and the water molecules

adsorbed on the mild steel surface according to 
Equation 8 (Eddy, 2008):

2 ads sol. ad 2 sol.xH O  + Org   Org  + xH O       (8 )

where x is the size ratio and is the number of

water molecules replaced by the inhibitor (A)
molecules. 

The  equilibrium  constant  of adsorption (Equation

ads8) is related to the free energy (ÄG ) of adsorption

according to Equation 9 [17,19]

adsÄG  = -2.303RTlog (55.5K)           (9)

All parameters in Equation 9 are as defined earlier,

adsValues of ÄG  calculated for A at 303 and 333 K
were -0.8853 and –0.18379 KJ/mol indicating that the
adsorption of A on mild steel surface (at 303  and 333

K) is spontaneous and is governed by mechanism of

adsphysical adsorption (ÄG  < -40KJ/mol) . However,[20]

adsdue to synergism, values of DG  were found to
increase to -8.7755, -10.0419 and -9.7530 KJ/mol at

303 K and to -0.64, -53.58 and –35.13 at 333 K when
different concentrations of A were co-employed with

0.06 M KBr, KCl and KI, respectively. The increase in

adsÄG  indicates a corresponding increase in the strength

of adsorption . [18]

Conclusion: From the foregone, it can be concluded as
follows,

C A is a good inhibitor for mild steel corrosion but

inhibition efficiency of A is relatively low.
C 0.06 M KI, KCl and KBr can enhance inhibition

efficiency of A through synergism.
C Synergism effect of halides on inhibition of mild

steel corrosion by A is due to interaction between
A and the halides and also due to the modification

of surface properties at the inhibitor-metal
interface.

C Adsorption characteristics of A follows Frumkin
isotherm but due to synergistic effect of halides,

the adsorption characteristics of A follows
Florry–Huggins adsorption isotherm at 303 K and

Frumkin isotherm at 333 K respectively.

C Modification of surface properties of mild steel due

to joint effect of A and halides at 333 K has been
observed to lead to increase in attractive behaviour

of A.
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