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 4 

ABSTRACT  5 

 6 

Adsorption isotherm models are an important tool for describing interaction of corrosion inhibitors with metal 

surfaces which they are aimed to protect. In this paper, key adsorption isotherms used in corrosion inhibition studies 

have been reviewed. We have examined how some deductions on the nature of metal-corrosion inhibitor interactions 

are obtained from certain parameters and interpreted to characterize the adsorption of the corrosion inhibitors and 

their mechanisms of inhibition. More attention is paid on their applications and the useful information that may be 

derived from them than on their background and derivation.  Efforts have also been made to identify some 

limitations (where applicable) and/or discrepancies in usage of some models in reporting experimental findings. 

Informed by some inconsistencies observed from some literature reports, critical suggestions on appropriate 

collection and processing of data for fitting into these isotherms have been made. This paper will be a beneficial 

secondary source of information to readers and invaluable reference material to experts and future researchers in the 

subject area. 
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1. INTRODUCTION  12 
When metals come in close contact with aggressive media, their surfaces corrode. The speed and extent 13 

of the corrosion process depends on several factors like concentration of the aggressive medium and 14 

temperature. Corrosion inhibitors have been employed extensively to control corrosion of metals in 15 

various aggressive media. It is generally believed that a given corrosion inhibitor functions by adsorption 16 

on metal surface and formation of thin protective film(s) or layer(s) that ‘blanket(s)’ the metal surface from 17 

the aggressive medium. The nature of interaction between the film formed and the metal surface may be 18 

explained with the help of adsorption isotherms. This involves the use of appropriate plots to determine 19 

some parameters (depending on the model) that provide some useful information for predicting what 20 

happens at the adsorbed layer.  Adsorption involves adhesion (or concentration) of atoms, molecules or 21 

ions on the surface of a substance, most often, a solid. The surface to which the molecule or atom is 22 

adhering is called the adsorbent while the molecule or atom itself is called the adsorbate. Therefore, the 23 

adsorption phenomenon is essentially an attraction of adsorbate species on the adsorbent surface. The 24 

preferential concentration of adsorbate molecules in the proximity of the adsorbent surface arises from 25 

the unsaturated nature of surface forces of the adsorbent. Verma et al. [1] opines that adsorption of 26 
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corrosion inhibitors may be seen as a substitution process where the inhibitor molecules in the aqueous 27 

phase replace water molecules already adsorbed on metal surface. 28 

Most often, two of the three phases of matter can come in contact with one another, leaving a boundary 29 

between them called interface. Several important biological, chemical and physical phenomena take 30 

place at interfaces [2], one of which is adsorption. Most practical interfaces that support the adsorption 31 

phenomenon are solid-gas and solid-liquid. In both cases, the solid is the adsorbent while the adsorbate 32 

is liquid or gas. Many technical methods and experimental principles are founded on application of 33 

adsorption phenomena, for example, precipitation, chromatographic separations, electrochemical 34 

techniques, coagulation-flocculation, some biological processes, membrane processes, filtration, 35 

catalysis, sedimentation, waste water treatments, removal of pollutants from aqueous and gaseous 36 

environments, floatation, chemical reactions, etc. [3-20]. Data obtained from some of such experiments 37 

may be fitted into adsorption isotherms for further explanations. Adsorption phenomenon is simple, 38 

economically viable, experimentally feasible and scientifically acceptable, which may account for its 39 

extensive application [17]. Though practical application of effective adsorbents and adsorbates was 40 

limited initially by high cost, toxicity and difficulties of regeneration, growing research has opened doors to 41 

low low-cost, renewable and environmentally friendly materials such as plant biomass used in corrosion 42 

inhibition, water treatment, decontamination and remediation processes [21,22]. 43 

The mechanism by which adsorption takes place may be physical or chemical in nature, also referred to 44 

as physisorption or chemisorption respectively. Physical adsorption is associated with weak van der 45 

Waals or electrostatic interactions between the adsorbent and the adsorbate in the neutral or ionic form 46 

respectively. However, when the adsorption of one or several ionic species is accompanied by 47 

simultaneous desorption of an equivalent ionic species, the phenomenon is considered as ion exchange 48 

[2]. Physical adsorption may also be viewed as a condensation process in which the adsorbate 49 

condenses on the surface of the adsorbent. This makes it reversible since the molecules may evaporate 50 

from the surface under certain conditions, a process known as desorption. Physisorption occurs at 51 

temperatures lower or close to the critical temperature of the adsorbate and may involve formation of 52 

multi-molecular layers of adsorbate on the adsorbent.  Opposed to physisorption, chemical adsorption 53 

mechanism involves the formation of a monolayer of the adsorbate and occurs at temperatures much 54 

higher than the critical temperature of the adsorbate. Actual chemical bonds may be formed which makes 55 

chemisorption irreversible. Fortunately, both processes are often exothermic and may occur 56 

simultaneously under suitable conditions. The major differences between both mechanisms are 57 

summarized in Table 1 below. 58 

 59 

Table 1. Major difference between physical and chemical adsorption 60 

Physical adsorption Chemical adsorption 

• Operating forces of interaction are weak van 

der Waal’s or electrostatic forces 

• Operating forces are similar to those of 

chemical bonds 
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• Does not result in the formation of surface 

compounds 

• Surface compounds may be formed 

• Reversible in nature • Irreversible in nature 

• Heat of adsorption is low, about 20 – 40 

kJmol
-1

in magnitude 

• Heat of adsorption is high, > 40 kJmol
-1

 in 

magnitude 

• Activation energy is not required • Requires activation energy 

• Amount of species adsorbed decreases as 

temperature increases 

• Amount adsorbed first increases with 

increase in temperature (activated 

adsorption) 

• Associated with multilayer adsorption • Associated with monolayer adsorption 

 61 

To predict whether an adsorption process is physical or chemical in nature, a correlation between the 62 

degree of responsiveness of amount of adsorbate condensed on the surface at a given condition and 63 

changes in some critical factors such as concentration, pressure or time is evaluated. These correlations 64 

are represented in lines or curves called adsorption isotherms (see Figure 1). Notwithstanding the model 65 

used to obtain the isotherm, a component of the isotherm usually involves a function of the degree of 66 

surface coverage (also called fractional coverage) described as amount of the adsorbate taken up by the 67 

adsorbent surface to the initial amount present. 68 
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 69 

Fig. 1. Schematic representation of an adsorption isotherm 70 

Various adsorption isotherms models have been derived and used to describe different adsorption 71 

processes and mechanisms. Details on derivation of these isotherms and how the adsorbates are held on 72 

the adsorbent surface are available in the literatures [17, 18, 23]. The present study examines only the 73 

isotherms that have been used to explain interaction of corrosion inhibitors on metal surfaces. A brief 74 

supporting background of the graphical implication of the models and some limitations (where applicable) 75 

at certain conditions have also been described. Some discrepancies observed in interpretation of the 76 

associated parameters in some reports are identified. Readers, current and future researchers in the field 77 
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will find this paper a useful secondary source of information and/or reference material since it covers as 78 

much as possible, the basis of the subject matter. 79 

 80 
 81 

2. ADSORPTION ISOTHERMS  82 
 83 

 84 

 85 

 86 

 87 

 88 

 89 

Fig. 2. Schematic representation of adsorption of molecules on solid surfaces from bulk phase 90 

 91 

Consider the schemes in Fig. 2 above where the adsorbate constitutes the bulk phase and is in contact 92 

with the surface of the adsorbent. If the adsorbate and adsorbent are contacted for long enough, 93 

equilibrium may be established between the amounts of inhibitor molecules adsorbed and that amount 94 

remaining in the bulk phase. The equilibrium relationship is easily described using adsorption isotherm - a 95 

plot that relates the amount of adsorbate adsorbed to the equilibrium concentration of the inhibitor at a 96 

given temperature. This amount adsorbed (θ) is expressed as a function of inhibitor concentration (C) in 97 

the bulk medium and may be represented by the general form [24]: 98 

���, �����	
�� = ��     (1) 99 

where ���, �� represents the configuration factor which depends on the physical model and assumptions 100 

underlying the derivation of the particular model. � is the adsorption equilibrium constant which describes 101 

how strongly the molecules are held on the adsorbent surface and a is the molecular interaction 102 

parameter used to predict the nature of interactions in the adsorbed layer. Most adsorption isotherms 103 

used for study of corrosion inhibitors are derived from this general form and amended to fit certain 104 

purpose(s) and assumptions. 105 

 106 

2.1 Adsorption of corrosion inhibitors 107 

In corrosion studies, it is presumed that the corrosion inhibitor functions by initial diffusion from bulk 108 

medium to the metal surface and subsequent adsorption on the surface. Little effort has been made in 109 

understanding the manner and speed of diffusion of these inhibitor molecules so far, but our research 110 

group is currently working on some theoretical diffusion models that may sufficiently describe this 111 

phenomenon. However, the mechanism of adsorption is understood and has been a very active field of 112 

research. Four forms of adsorptive interactions that may take place at the metal-inhibitor interface are [25, 113 

26]: 114 

• electrostatic interaction between charged metal surface and charged inhibitor molecules; 115 
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• interaction of uncharged electron pair (which may come from non-bonding orbitals of hetero 116 

atoms) of the inhibitor molecules with the metal; 117 

• interaction of pie-electrons with the metals; or 118 

• a combination of two or more of the above. 119 

The first case exemplifies physical adsorption mechanism; the next two are associated with chemical 120 

adsorption mechanism; and the last with mixed or physio-chemisorptions. 121 

 122 

2.2 Variables for construction of adsorption isotherms 123 

The chemical dissolution of metal (e.g. iron) in acid (e.g HCl or H2SO4) may be illustrated as follows: 124 

Fe(s) + 2HCl(aq)               FeCl2(aq) + H2(g)  (2) 125 

Fe(s) + H2SO4(aq)           FeSO4(aq) +  H2(g)  (3), 126 

and may be monitored by [27]:  127 

• determining the mass of Fe(s) left (or lost) after dissolution at a given time frame by weight loss 128 

technique; 129 

• determining the changes in activity or electrochemical potential of the solution by electrochemical 130 

measurements; 131 

• measuring the volume of hydrogen gas evolved with time by gasometric technique; 132 

• determining the amount of the Fe(s) leached into the solution at intervals by atomic absorption 133 

spectroscopy (AAS), and so on.  134 

The simplest, convenient and most widely used technique for monitoring corrosion of metal samples and 135 

their inhibition is the gravimetric (weight loss) technique [28-47]. Papavinasam et al. [48] claimed that 136 

weight loss measurement combined with characterization of pits gives the most reliable technique for 137 

monitoring metal corrosion. At least three repeated measurements could be made for the same test and 138 

standard deviation calculated such that the data presented would be at least within 95% confidence 139 

interval [49] while outliers could be discarded according to Grubbs statistical test [50]. Weight loss method 140 

is also useful because it provides a direct means of evaluating the degree of surface coverage from 141 

corrosion rate or inhibition efficiency (Eq. 4-6). Usually, a pre-weighed metal coupon is immersed in a test 142 

solution (usually simulated using acid with and without the corrosion inhibitor) for a chosen time interval, t. 143 

It is then retrieved, cleaned and re-weighed. Assuming the initial and final weights of the coupons are w1 144 

and w2 respectively, corrosion rate (R), percentage inhibitor effectiveness (inhibition efficiency), ℇ��� , and 145 

dimensionless degree of surface coverage (θ) can be calculated as follows:  146 

� = ��� ��
��       (4) 147 

ℇ��� , = 100���� �� 
��

�     (5) 148 

� = 0.01ℇ���         (6) 149 
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where �  and �� are the corrosion rates in the absence and presence of the inhibitor and ! is the surface 150 

area of the metal specimens. 151 

The electrochemical technique has also been employed extensively for this purpose [51-62]. The 152 

technique involves measurement of resistance or current using an electrochemical workstation. Details on 153 

how to obtain the associated variables have been explained earlier [30, 33]. Inhibition efficiency can be 154 

calculated from any of polarization resistance (Eq. 7), charge transfer resistance (Eq. 8) or corrosion 155 

current density (Eq. 9). 156 

� = 0.01 "#�� #�
#�

$      (7) 157 

� = 0.01 "#%&'� #%&(
#%&'

$     (8) 158 

� = 0.01�1 − *� * 
+ )     (9) 159 

where , and ,� are the polarization resistance in the absence and presence of the inhibitor respectively, 160 

,-./  and ,-.0 are the charge transfer resistance in the absence and presence of  inhibitor respectively and  161 

* and *� are the corrosion current density in the absence and presence of the inhibitor. 162 

The last two of the four methods above may be considered less efficient because they do not always 163 

provide true measurement of the corrosion rate. The use of hydrogen evolution technique is still being 164 

developed and recently has been improved to study real-time kinetics for hydrogen energy supply source 165 

by corrosion of soft metals [63-74]. Use of AAS appears to be going to extinction although there are some 166 

reports in literature [75-77]. Thermometric measurement and other methods have also been used but the 167 

data obtained are sometimes not comparable with those of weight loss and electrochemical techniques. 168 

The baseline for these measurements is the corrosion rate and inhibition efficiency data which are used 169 

to compute the degree of surface coverage, a useful parameter for fitting into adsorption isotherm models 170 

[78-80]. 171 

 172 

2.3 Adsorption isotherms models employed in corrosion inhibition studies 173 

Although there are many adsorption isotherms for interpreting various research findings [23, 81], some of 174 

them are not amendable for use for adsorption of corrosion inhibitors. The models proposed by Langmuir, 175 

Temkin, Flory-Huggins, Frumkin, Freundlich and the so-called thermodynamic/kinetic (El-Awady et al.) 176 

isotherms are often applied to corrosion inhibitors. In each case, a function of the fractional surface 177 

coverage (θ) is plotted against a function of the concentration of inhibitor (C) and the associated 178 

adsorption parameters are deduced from slope or intercept or both. Thermodynamic functions which 179 

define the nature of the inhibitor-metal interaction can also be obtained from some of these parameters. 180 

 181 

 182 

2.3.1 The Langmuir adsorption isotherm 183 

As far as adsorption of corrosion inhibitors on metal surfaces is concerned, Langmuir adsorption isotherm 184 

model is the most extensively used. Irving Langmuir in 1916 developed this model to explain the 185 
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relationship between surface coverage of an adsorbed gas and the pressure of the gas over the surface 186 

of its adsorbent at constant pressure. He assumed a monolayer adsorption of the adsorbate at fixed 187 

number of definite localized adsorption sites. The molecules were assumed to be identical and equivalent 188 

with no lateral interaction or steric hindrance between them. All the sites on the adsorbent were also 189 

assumed to possess equal affinity for the adsorbate, and possess constant sorption activation energy and 190 

enthalpy [82,83].  191 

The surface coverage and pressure (P) of the gas relates as shown in eq. 10 below: 192 

1 = � " �
2��$      (10) 193 

where � is the equilibrium constant for the adsorption-desorption process. The adsorption process may 194 

be seen as condensation while desorption as evaporation of the adsorbate molecules with respect to the 195 

surface.  196 

The above model (Eq. 10) appears to present the adsorption-desorption concept from the equilibrium 197 

point of view. To apply this model for corrosion inhibitors, the gas molecules are replaced with inhibitor 198 

molecules and the metal surface becomes the adsorbent. Equilibrium becomes a state where the rate of 199 

adsorption of the inhibitor molecules on the metal surface is exactly opposed by the rate of desorption of 200 

the same molecules back into the bulk solution. It will be convenient to monitor a more practically 201 

measureable property of the aqueous phase like concentration (C) than pressure, since pressure is also 202 

function of concentration and temperature (T), i.e.  203 

1 = ���, 3�      (11) 204 

If we ‘invoke’ Eq. 11 into Eq. 10, we obtain Eq. 12 below and the parameters can be obtained from 205 

corrosion experiments: 206 

� "2��
� $ =  �∗ �3�     (12) 207 

where �∗ �3� is a temperature dependent constant, contains an experimental term of the form […..exp (-208 

∆Hads/RT)] and is reciprocal to the equilibrium constant of adsorption-desorption process (Kads = 1/�∗ ). 209 

The value of Kads obtained from the reciprocal of the intercept on the ordinate of the Langmuir isotherm 210 

should decrease with increase in temperature and strength of adsorption.  211 

In practice, the Eq. 12 is linearized to obtain Eq. 13 or 14 and linear plots made as shown in (a) and (b) in 212 

Figure 3 respectively using values reported earlier for inhibition of mild steel corrosion in 2 M HCl by 213 

different concentrations of 5-HTP at different temperatures [27].  214 

-
� = 1/�
67 + �      (13) 215 

log� �
2��� = log � + log �
67    (14) 216 

 217 
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 218 

Fig. 3. Langmuir adsorption isotherms for inhibition of mild steel corrosion in 2.0 M HCl by 219 

different concentrations of 5-HTP at temperatures 303 K to 333 K [27].  220 

 221 

For the adsorption of a given inhibitor to show maximum adherence to the Langmuir model and the 222 

assumptions upon which it was derived, the slope of the plot should be unity. Particularly important to the 223 

corrosion scientist is whether the adsorbed film formed involves a monolayer or multilayer and whether 224 

there are interactions in the adsorbed layer. It is believed that the closer the slope is to unity, the more 225 

likely the inhibitor obeys the Langmuirian model, within limits of systematic or experimental error. 226 

Sometimes, the slope obtained may deviate markedly from unity, implying that the adsorption is not 227 

monolayer and Langmuir model cannot be used to describe the inhibitor adsorption. Hybrid isotherms 228 

may be used as a way out, namely, the so-called modified Langmuir (or Villamil) adsorption isotherm or 229 

the Langmuir-Freundlich isotherm [37, 84,85]. 230 

 231 

2.3.2 The modified Langmuir adsorption isotherm 232 

Shaban et al. [52] claimed that a slope greater than unity obtained from Langmuir isotherm could signify 233 

one or more of that each inhibitor unit occupies more than one adsorption site; there are interactions 234 

between adsorbed species on the metal surface; or the adsorption heat (enthalpy) changes with 235 

increasing surface coverage. These were factors not taken into consideration in the derivation of 236 

Langmuir isotherm. A compensation factor ‘<’ was introduced into the conventional Langmuir equation so 237 

that eq. 13 becomes: 238 

� � + = <� + < �
67+      (15) 239 

The factor ‘<’ is obtained from the slope and represents the number of displaced water molecules initially 240 

adsorbed on the metal surface. Consequently, ‘<’ can be used to predict the number of molecules of the 241 

inhibitor adsorbed per active site of the metal surface. Using values reported for 5-HTP, this model yields 242 

linear plots as shown in Figure 4 below. 243 
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Fig. 4. Modified Langmuir adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl 245 

by different concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 246 

 247 

Critical reasoning may quickly reveal that where more than a molecule is adsorbed at a particular active 248 

site of a metal (as allowed by this assumption), a probability function describing the mode of binding per 249 

molecule arises. Such probability function may be similar to or different from the binding kinetics of 250 

enzymes or catalysts on their substrates, which may be sequential or concerted. A survey of literature 251 

however reveals that adsorption of corrosion inhibitors has not been explained using this approach, a gap 252 

our research group is also vigorously working on to explore models that can be used to explain this 253 

binding probability. Our findings will be reported in due course. For the purpose of this paper, 254 

concentration is on adsorption isotherm models. A likely set-back of the modified Langmuir model is its 255 

failure to provide information on whether there is/are or not interaction(s) between surface adsorbed 256 

species and the nature of the adsorption. 257 

 258 

2.3.3 The Langmuir-Freundlich adsorption isotherm 259 

This model (Eq.16) has been used to describe multi-site adsorption behavior of corrosion inhibitors on 260 

heterogeneous surfaces without considering interactions among the inhibitor molecules [85]. The term ‘K’ 261 

represents the usual adsorption equilibrium constant while � represents the heterogeneous parameter. 262 

� = " �=-�>

2?�=-�>$       (16) 263 

Tian et al. reported that the values of � lie within 0 and 1, inclusive, and is associated with the distribution 264 

of adsorption energy at the different sites on a non-ideal surface [85]. To understand this, we assume an 265 

initial heterogeneous surface with each site having different adsorption energies and different affinities for 266 

inhibitor molecules. If � = 1, the model becomes Langmuirian and can no longer describe non-ideal 267 

situations. Furthermore, as the value tends to unity �� → 1�, the adsorption energy difference between the 268 
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sites becomes narrower and the sites seem to become equivalent and homogeneous with very close 269 

range of distribution of adsorption energy. It is also reflecting a situation proximate to the Langmuirian. 270 

Therefore, for this model to suitably describe heterogeneous systems, values of � should be as farther 271 

away from unity as possible. Interestingly, when the value is zero or tends to zero, the inhibitor should be 272 

expected to be approximately theoretically 50% efficient. This model is not commonly applied to corrosion 273 

inhibitors perhaps due to uncertainty that may be associated with assigning value to �. A plausible 274 

observation from this model is that it may be possible to theoretically estimate the concentration of the 275 

inhibitor that will give an inhibition efficiency of 50% by setting � = 0, but this remains an observation until 276 

further empirical data validates it. 277 

 278 

2.3.4 Temkin Adsorption isotherm model 279 

Another familiar adsorption isotherm which has also been extensively employed in the description of 280 

mechanism of action of corrosion inhibitors is the Temkin model. Unlike others discussed so far, it 281 

provides some insights on the nature of interactions taking place in the adsorbed layer. The model is 282 

expressed as follows: 283 

��	
�  = ��      (17) 284 

where A is the molecular interaction parameter. Molecular interaction parameter, depending on its sign, is 285 

used to predict whether attraction or repulsion takes place in the adsorbed layer. The linearized form of 286 

the equation (Eq. 18) can be used to obtain linear plots of � against ln � (Figure 5) 287 

� = - 2
	
 ln � - 

2
 	
  ln �     (18) 288 

The value of � describes how strongly the inhibitor molecules are adsorbed on the metal surface. 289 

 

-11 -10 -9

0.7

0.8

0.9

1.0

 

 

θθ θθ

ln C

 303

 313

 323

 333

 290 

Fig. 5. Temkin adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl by different 291 

concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 292 
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2.3.5 The Freundlich adsorption isotherm model 296 

This model is expressed in the equation: 297 

θ= K�2/�      (19) 298 

where < is an empirical constant. The linearized form of the model (Eq. 20) is preferred for plotting 299 

isotherms (see Figure 6). A linear plot of log θ against log C is obtained. 300 

log � =  log � + 
2
� log �     (20) 301 

The value of 
2
� is used to describe the ease of adsorption. Usually, when 0 < 

2
� < 1, adsorption is believed 302 

to be easy, and moderate or difficult when 
2
�  = 1 or 

2
� > 1 respectively [86]. 303 

-5.0 -4.8 -4.6 -4.4 -4.2 -4.0

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

 

 

lo
g
 θθ θθ

log C

 303

 313

 323

 333

 304 

Fig. 6. Freundlich adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl by 305 

different concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 306 

 307 

2.3.6 The Flory-Huggins adsorption isotherm 308 

This model (Eq. 21) is believed to be a substitutional model [37, 86] because the constant parameter (�) 309 

in the equation describes the substitution of inhibitor molecules for water molecules.  310 

� = 
=-

E�=-      (21) 311 

The linearized form has been written in any of the following ways: 312 

C θ+  = � K+  – C      (22) 313 

log C θ+ = log K + x log (1-θ)    (23) 314 

where x is a constant associated with number of molecules of water displaced and consequently the 315 

number of molecules of the inhibitor adsorbed. A plot of log C θ+  against log (1-θ) should yield linear 316 

curves (Fig. 7) which slope gives x and K can be obtained from intercept. 317 
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Fig. 7. Flory-Huggins adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl by 319 

different concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 320 

 321 

The value of x is used to represent the number of molecules occupying an active site or the number of 322 

water molecules initially adsorbed on the metal surface and displaced by the inhibitor molecules.  [37]. 323 

Other forms in which the equation has been written are: 324 

C θ+ = ���1 − ��     (24) 325 

�
2��  = ���       (25) 326 

log " �
2�� $ = log � +  � log �    (26) 327 

2.3.7 The Frumkin adsorption isotherm 328 

The Frumkinian approach applied to the adsorption of corrosion inhibitors on metal surfaces has been 329 

explained in detail by Bastida et al.[87] and expressed in Eq. 27:  330 

�� ∝  2
2��  �

J
�KJ      (27) 331 

Eddy and Ebenso [88] reported a linearized or ‘optimized’ form (Eq. 28) which takes the interaction 332 

between the adsorbed inhibitor molecules into consideration, given by 333 

log �
2��.C = log � +  2M� 2.303+     (28) 334 

where M is the lateral interaction parameter that describes the interaction in the adsorbed layer. According 335 

to widely held views about Eq. 28, the molecular interaction parameter can assume positive or negative 336 

values: when M < 0, there is repulsion in the adsorbed layer, and otherwise attraction [88-90]. This may 337 

be illustrated using 5-HTP (Figure 8) below: 338 
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Fig. 8. Frumkin adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl by different 340 

concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 341 

 342 

2.3.8  The El-Awady adsorption isotherm model 343 

This model is also referred to as the kinetic/thermodynamic model and is written as follows [91-93]: 344 

log �
2�� = log �∗ + O log �     (29) 345 

where O represents the number of inhibitor molecules occupying one active site of the metal surface. 346 

Linear plot (Figure 9) can be obtained and used to determine the associated parameters like the 347 

reciprocal of O which is used to describe the number of active sites on the surface occupied by one 348 

molecule of the inhibitor. It can be related to the binding constant, B, according to eq. 30. 349 

P = �
�
Q       (30) 350 

When  
2
R > 1,  each inhibitor molecule is believed to occupy more than one active site on the metal surface 351 

and vice versa [93]. 352 
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Fig. 9.  El-Awady adsorption isotherm for inhibition of mild steel corrosion in 2.0 M HCl by 354 

different concentrations of 5-HTP at temperatures 303 K to 333 K [27]. 355 

 356 

2.4  Choice of appropriate adsorption isotherm model 357 

The routine involves fitting the surface coverage data into different adsorption models and the isotherm 358 

that best fits the data is used to describe the adsorption behaviour. The best fit is usually the one that 359 

gives the highest regression coefficient (R
2
) value from the linear plots [94-100]. Depending on the plot 360 

tool or software used, other coefficients for assessing fittings such as Adjusted R-square and Pearson’s 361 

(r) values could be used, though related report is scanty in the literature. There are also cases where one 362 

or more isotherms are used without necessarily testing the best fit in terms of this criterion [28]. Where 363 

such happens, the aim may be to describe parameters of interest associated with the isotherm model 364 

employed. 365 

  366 

2.5  Determination of associated thermodynamic parameters 367 

The adsorption-desorption constant also called inhibitor-metal binding constant, is usually related to the 368 

free energy change of adsorption (∆T
67� using Eq. 31 or 32. 369 

�
67 = - log �� - 
∆UVWX

�.      (31) 370 

∆T
67 = " 2
YY.Y$ ��Z�[VWX 

\&      (32) 371 

where �� is the molar concentration of water expressed in g/L, R is the molar gas constant in Jmol
-1

K
-1

 372 

and T is the absolute temperature (in Kelvin). The value of ∆T
67 may be obtained by direct substitution of 373 

the variables involved (taking the molar concentration of water to be 55.5 [51, 55]) or by a plot of Kads 374 

against the reciprocal of T and ∆T
67 obtained from slope. It may be more convenient to calculate ∆T
67 375 

at a given temperature using the equation below: 376 

∆T
67 =  −�3 ln 55.5 �
67    (33) 377 
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Other parameters like enthalpy and entropy of adsorption denoted by  ∆^
67 and ∆_
67 respectively are 378 

obtained from appropriate linear plots using thermodynamic models, some of which are given below [52, 379 

60]: 380 

ln �
6  = 
�∆`VWX

�.  + 
�∆aVWX

�  - ln ��    (34) 381 

ln �
6  = 
�∆`VWX

�.  + constant    (35) 382 

∆T
67= ∆^
67- 3∆_
67     (36) 383 

 384 

2.6 Prediction of mechanism of adsorption and inhibition 385 

2.6.1  Use of change in free energy of adsorption 386 

Negative values of ∆T
67 show that the inhibitor molecules are spontaneously adsorbed on the metal 387 

surface, otherwise meansnon-spontaneous. The mechanism of adsorption is physisorption when the 388 

value of ∆T
67 ≤  −20 kJmol
-1

 and chemisorption when ∆T
67 ≥  −40 kJmol
-1

[101-104]. Values in between 389 

this range  are usually attributed to mixed mechanism or what sometimes called physiochemisorption 390 

[105,106]. Mixed mechanism implies that both physical and chemical adsorption occurs simultaneously. 391 

Some authors have also predicted the mechanism from absolute values of ∆T
67 where the adsorption is 392 

believed to follow a physical mechanism when /∆T
67/  ≤ 20 kJmol
-1

, chemical adsorption when /∆T
67/ 393 

≥ −40 kJmol
-1 

and both mechanisms when 20 ≥ /∆T
67/  ≤ -40 kJmol
-1

[107-109]. Thermodynamically, 394 

negative values of heat of adsorption imply exothermic nature with the evolution of heat, otherwise, 395 

endothermic. Changes in entropy may be positive or negative corresponding to increase or decrease in 396 

disorder of the system.  397 

  398 

2.6.2 Other methods of predicting mechanism 399 

The mechanism of inhibition has also been predicted from the trend of activation energy and inhibition 400 

efficiency. If the activation energy of the uninhibited solution is denoted by Eu and that of the inhibited 401 

solution by Ei, then the mechanism of adsorption is believed to be physisorption if Ei > Eu and inhibition 402 

efficiency decreases with temperature increase or chemisorption if Ei < Eu and inhibition efficiency 403 

increases with increase in temperature [110]. 404 

The use of this approach may not be reliable as trend of inhibition efficiency is believed to provide a 405 

single but insufficient justification for the mechanism so proposed. Sometimes, mechanism of inhibition 406 

may be predicted from the trend or sign of enthalpy of adsorption. Adsorption enthalpies are dependent 407 

on the compounds which would interact with the metal via adsorption, and the nature of the interaction or 408 

bond formed. They may quantitatively denote physisorption if less than zero since exothermicity may 409 

imply formation of new bonds and evolution of heat and vice versa [111]. It is also believed that the 410 

mechanism is physisorption if  heat of adsorption is less negative than -40kJmol
-1

 and chemisorption, if 411 

enthalpy of adsorption is more negative than -100 kJmol
-1

. 412 
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Recently, a new approach has been proposed based on the degree of responsiveness of inhibitor to 413 

change in temperature. This is defined using a parameter called temperature coefficient of inhibition 414 

efficiency (µ) [112]. According to this model, negative values of µ signify physical adsorption and positive, 415 

chemisorption. Derived by mimicking the classical temperature coefficient of resistance of conductors, the 416 

model assumes that a linear relationship exists between the inhibition efficiency (Y) and temperature 417 

changes (X), which may be direct e = ��f� or inverse e = ��2�f�. The fractional change in inhibition 418 

efficiency per unit initial efficiency per unit rise in temperature describes µ, and is expressed as 419 

g = 
0&�0h
0h∆.       (37) 420 

where *i is initial inhibition efficiency at temperature 3i, *. is inhibition efficiency at a new temperature T 421 

and ∆3  is change in temperature, and the linearized form is given in Eq. 38. This model remains open for 422 

further tests/criticisms to ascertain its suitability.  423 

*. = *jg∆3 +  *j       (38)    424 

 425 

 426 

3. RESULTS FROM APPLICATION OF ADSORPTION ISOTHERMS TO CORROSION 427 

INHIBITION STUDIES  428 

 429 
In this section, we have considered some published results from different studies using the isotherms 430 

discussed to report adsorption of various corrosion inhibitors. Emphases have not been laid on the 431 

performance or effectiveness of the inhibitor but rather on how some of the adsorption parameters were 432 

obtained and used to describe inhibitor molecules-metal surface interactions. Corroboration between 433 

inhibition efficiency and the trends observed using these parameters (as reported by the authors) have 434 

been mentioned. Some concerns have also been raised where the accounts and/or methods of 435 

application appear inconsistent with the theory in opinion of the authors. However, in doing this, 436 

deliberate efforts have been made as much as possible to avoid undue scrutiny of results.  437 

 438 

3.1 Langmuir adsorption isotherm 439 

The Langmuir isotherm is perhaps the most frequently used isotherm for corrosion inhibitors because of 440 

its simplicity and the widespread understanding of the assumptions underlying its derivation. The 441 

isotherm has been used to explain the adsorption of chalcone derivatives on carbon steel in 1.0 M HCl 442 

because higher correlation coefficient (R
2
) was obtained compared to other models tested [55]. Non-unity 443 

slope was obtained and attributed to otherwise interactions between adsorbed species on carbon steel 444 

surface and changes in adsorption heat which increased the surface coverage [113,114]. Factors that 445 

were ignored in derivation of the model were considered as causes of deviation from unity. The free 446 

energy of adsorption values ranged from -36.2 to -36.7 kJmol
-1

, attributed to charge sharing or transfer 447 

from the inhibitor molecules to the metal surface to form covalent bond [115] and a resulting physisorption 448 

and chemisorption (or mixed) mechanism.  449 
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Mourya et al. [60] also used the Langmuir isotherm for the adsorption of Tagetes erecta extracts on mild 450 

steel in 0.5 M H2SO4. Claiming that it is the most fundamental, their surface coverage data obtained from 451 

potentiodynamic polarization studies were first tested with the model, R
2
 notwithstanding. The values of 452 

Kads obtained decreased with increase in temperature. Interaction of the extract with steel surface 453 

involved physisorptions (∆T
67 around -25 kJmol
-1

), electrostatic in character. The positive sign of entropy 454 

change obtained was attributed to increase in solvent entropy and more positive water desorption 455 

entropy. The observations were thermodynamically consistent and feasible. Positive entropy change was 456 

also attributed to predominance of solvent entropy over solute entropy [40] for an almost perfectly 457 

Langmuirian behaviour but associated with both chemical and physical adsorption mechanism.  458 

Thermodynamically, it appears inconsistent at all temperatures for a spontaneous adsorption process to 459 

be endothermic with negative sign of entropy. This is a trend observed by Yadav et al. [39] as follows: 460 

∆_
67  < 0, ∆^
67  > 0 and ∆T
67  < 0. It was claimed that the negative entropy change indicates an 461 

association rather than a dissociation step in formation of activated complex in rate determining step. This 462 

implies that a decrease in disorder took place during transition from reactants to activated complex. 463 

Association reactions are known to be endothermic with resultant decrease in entropy. However, many 464 

association reactions are not spontaneous and could not have resulted in negative free energy change as 465 

reported. Such rebuttal, in our opinion, could have been a consequence of direct computations using 466 

transition state equation instead of the Kads values obtained from Langmuir adsorption isotherm.  467 

Shaban et al. [52] reported a spontaneous endothermic adsorption of vanillin cationic surfactants as 468 

corrosion inhibitors on mild steel at 25
o
C to 70

o
C. Non-unity slopes were reported from Langmuir plot 469 

informed by R
2
 values and were attributed to the occupation of more than one adsorption site by each 470 

inhibitor unit, presence of interactions between the adsorbed species in the metal surface and changes in 471 

heat of adsorption with increasing surface coverage [114]. The modified Langmuir equation (Eq. 15) 472 

proposed by Villamil et al. was applied [116] which they claim takes molecular interactions and changes 473 

in heat of adsorption with surface coverage into consideration to correct the deviation from the 474 

Langmuirian behaviour. Other authors have also followed suit using the equation which they sometimes 475 

refer to as Villamil adsorption isotherm [116-118]. 476 

Slopes proximate to unity (1.008) were obtained for pyridazine derivatives on mild steel surface [41] 477 

confirming good adherence to the Langmuirian behaviour. High adsorption ability (Kads = 206,100 M
-1

) 478 

was also reported, with free energy change close to -40 kJmol
-1

 attributed to formation of a coordinate 479 

covalent bond by charge sharing or transfer from inhibitor to metal surface by means of inhibitor’s N, S, 480 

and kfunctionalities [41, 119-121]. There was also possible electrostatic interaction between negatively 481 

charged metal surface and the protonated molecules-the mixed type of adsorption [122,123]. 482 

Ansari and coworkers credited their large values of ∆T
67 to strong interactions between inhibitor 483 

molecules and metal surface [45]. It is however uncommon to associate ∆T
67 instead of �
67 with metal-484 

inhibitor interaction. In a similar report, El-Lateef et al. obtained ∆T
67  values between - 48.3 and -48.7 485 

kJmol
-1

 and proposed chemical adsorption mechanism because the  values obtained were greater than -486 
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40 kJmol
-1

[124]. It is believed that Abd El-Lateef and co-workers were likely referring to the absolute 487 

values of the free energies since the reported values could not be greater than -40 kJmol
-1

 benchmark in 488 

magnitude.    489 

Most inhibitors show increase in Kads values as temperature decreases and vice versa [120,122-123]. The 490 

justification may be that at higher temperatures, desorption rate increases, the inhibitor effectiveness also 491 

decreases leading to decreased surface coverage and increased corrosion rate of the metal. However, 492 

Mert and coworkers obtained a contrary result: a rather increasing Kads values with increase in 493 

temperature and physical adsorption mechanism was predicted [59]. Although variation of inhibition 494 

efficiency with temperature has earlier been held not to by itself provide sufficient basis for prediction of 495 

corrosion inhibition mechanism, increase in inhibition efficiency with increase in temperature could have 496 

been consistent with this prediction, yet such trends are more commonly associated with chemisorption. 497 

We observe from examination of several reports that in applying the Langmuir adsorption isotherm for 498 

corrosion inhibitors, the following are worthy checklists: 499 

• the isotherm should as much as possible produce a non-zero intercept otherwise the adsorption 500 

phenomenon becomes non-Langmuirian; 501 

• the concentration of the inhibitor should be expressed in standard molarity units: expressing the 502 

concentration term in trivial units may result in fuzzy or imprecise inferences; 503 

• The value of Kads should decrease with temperature increase and vice versa, otherwise, 504 

parameters so deduced may be unreliable and vary from one report to another. 505 

3.2  Langmuir-Freundlich (L-F) adsorption isotherm 506 

This isotherm is considered a hybrid of the Langmuir isotherm. Since Langmuirian behaviour ignores the 507 

possibility of heterogeneity of the active adsorptive sites, the account for such inhomogeneity is attempted 508 

in this model. In practice, some of the metal coupons are only degreased before use in most studies or 509 

less often polished to near mirror surface. There is no guarantee that the metal surface is left 510 

homogeneous by the method of surface preparation used, hence the need for a heterogeneity parameter 511 

(denoted by h). Tian and co-workers [85] observed that their data best fitted into this isotherm. They used 512 

the h value to characterize the distribution of adsorption energy at different sites on a non-Langmuirian 513 

(inhomogeneous) surface. While Kads still described the adsorption-desorption equilibrium constant 514 

related to the thermodynamic free energy as earlier discussed, the h value accounts for how narrow or 515 

wide the adsorption energy is distributed over the surface sites. The closer the value of h is to unity, the 516 

narrower the distribution of this energy. In their work, they also suggested that both physical and chemical 517 

adsorption mechanism were involved, with chemical adsorption taking predominance.  518 

Not so many authors have applied the L-F adsorption model. Kern and Landlot [125] also applied this 519 

isotherm to carboxylic-acid based organic inhibitors adsorbed on iron and gold using electrochemical 520 

quartz crystal microbalance developed in their laboratory. Deductions from L-F adsorption isotherm 521 

showed stronger interactions between inhibitor and iron than gold.  522 

 523 
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3.3  Freundlich adsorption isotherm 524 

This non-ideal model assumes exponential distribution of adsorption site energies [126]. It has also been 525 

described using two slightly different expressions from Eq. 19 and 20. The first and popular expression is 526 

as given below [24, 102,103, 127-131]: 527 

� = ���      (39) 528 

where < is a constant that depends on the characteristics of the adsorbed molecules [131] and has value 529 

between zero and unity. The physical implication(s) of < and is rarely reported apart from giving the range 530 

of values, 0 < < < 1. Logarithmic form of the equation affords linear plots where K is determined from the 531 

ordinate’s intercept and used to deduce free energy change of adsorption.  532 

log � =  log � + < log �      (40) 533 

A possible explanation of Eq. 39 above is that degree of surface coverage of a corrosion inhibitor on a 534 

metal surface is proportional to its concentration raised to a constant power dependent on the 535 

characteristic of the species at the interface. When values of < fall within the stated range,  the adsorption 536 

of the inhibitor is believed to strictly adhere to this model [132]. The value of < has also been associated 537 

with the possibility of adsorption or adsorption degree, which is suitable when the isotherm model is 538 

described by the second expression shown in Eq. 19 above [132-134].  539 

Seifzadeh et al. [132] claims that adsorption is easy when 0 < < < 1, moderate if < = 1 and difficult when 540 

< > 1. Reports show that < is often a positive non-integer constant [59, 135] which can also be described 541 

as the adsorption intensity [133]. A unit value of < shows that partition between two phases involved is 542 

independent on concentration (i.e. � = ��). Under this assumption, 
2
� less than unity indicates normal 543 

adsorption, otherwise, cooperative adsorption. The reciprocal of < has been described as heterogeneity 544 

factor – the smaller the value of 2�, the greater the expected heterogeneity and values of n around 1 to 10 545 

indicate favourable adsorption process [135].  546 

 547 

3.4  Flory-Huggins adsorption isotherm 548 

The major description provided by this isotherm in addition to Kads is the non-unity deviation from 549 

Langmuirian single-molecular adsorption of corrosion inhibitors to a single active site of the metal denoted 550 

by � [136-141]. The introduction of � compensates for molecular interactions or formation of more than 551 

one layer of the adsorbed inhibitor molecules. Abd El-Rehim et al. obtained � values up to 4 with PMPA in 552 

2.0 M HCl [142]. They initially defined � as the number of molecules occupying one active site but later 553 

attributed this value (1.8 to 4.4 at 293 K to 333 K respectively) to ‘one molecule attached to one active 554 

site’ of steel surface. The rationale that led to this inference is unclear. The values of Kads decreased with 555 

temperature increase, which was ascribed to the widely held physical adsorption mechanism and 556 

desorption of PMPA at elevated temperature. However, one would expect that more than one PMPA 557 

molecules adsorbed per active site of the metal from their initial description of �. Again, the number of 558 

molecules adsorbed per active site (�) as reported increased with increase in temperature (Table 2), 559 
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which appears inconsistent with the physical adsorption mechanism earlier proposed since desorption 560 

could have taken place at higher temperature. 561 

Table 2. Variation of � with temperature for Flory-Huggins [142] 562 

Temperature (K) 293 303 313 323 333 

� 1.8 3.1 3.9 4.3 4.4 

 563 

Although Eq. 21-26 above have been widely used to describe this isotherm, a different version of this 564 

model was employed by Abdel-Gaber et al. [138]. The adsorption of their plant (plant or plant extract? on 565 

metal surface best fitted into the Florry-Huggins adsorption isotherm which was stated using eq. 41. 566 

�
E�2���> = KC      (41) 567 

where K is the binding constant and � is the size parameter. They claimed that Chamonite extract was 568 

bulky and so could displace more than one water molecule from the metal surface, hence the bulkier the 569 

inhibitor group that adsorbs to the metal surface active site, the greater the value of �. In another study, 570 

Umoren and Ebenso plotted the usual  
-
� against  log�1 − �� and evaluated � (called size ratio) to 571 

represent the number of water molecules displaced by one molecule of the adsorbate [139]. With values 572 

of � less than one, they suggested that each molecule of the inhibitor occupies less than one active site 573 

on the mild steel surface [136], which is similar to that reported earlier [110]. 574 

 The value of � can also represent number of water molecules displaced by one molecule of the inhibitor 575 

[110, 140]. In a related study, 1.01 and 1.13 were obtained respectively for � at 303K and 333K [114]. 576 

Since the values were close to unity, one molecule of water was believed to be replaced by one molecule 577 

of the inhibitor. In the case of beberine [143], � was about 3.5, and it was inferred that adsorption of one 578 

beberine molecule displaces three or more molecules of water/iron atoms. In other words, there may 579 

have been more than three active/effective adsorption centres in one bebeerine molecule. The later 580 

description seems consistent to a large extent with the assumptions behind the model. The molecular 581 

quantity of the adsorbing molecule was also considered [142]. 582 

Literature survey reveals that the parameter � has been variously implicated as follows: 583 

a. number of metal active sites occupied by one molecule of an inhibitor 584 

b. number of inhibitor molecules occupying one active site of the metal 585 

c. the size of the inhibitor approaching an active site of the metal 586 

d. the number of water molecules displaced by an inhibitor molecule 587 

If an inhibitor molecule approaching the metal surface is large, it is likely to displace more than one water 588 

molecule and become attached to more than one surface site, thus making the size parameter in (c) 589 

above related to the number of metal active sites (a) above. This would however depend on how many 590 

active sites are available in the inhibitor molecule. It is possible for a molecule to have more than one 591 

potential adsorption functionality for attachment to the metal. Aromatic amino acids for instance may be 592 

thought to have active adsorption sites in the aromatic, amine and acid functionalities. Similar cases may 593 
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apply to some polymers and complex mixture of phytochemicals of plant extracts. If more than one of 594 

these sites gets adsorbed onto the metal surface simultaneously, a monolayer adsorption occurs which 595 

may be seen as chemisorption. On the other hand, the possibility that more than one molecule occupies 596 

one active site of the metal is rather trivial. For instance, consider a metal surface having one (1) active 597 

adsorption site, suppose there are three inhibitor molecules (i.e. � = 3) approaching this site, there will 598 

therefore arise a probability that one of the three is first being adsorbed. It becomes more trivial if the 599 

inhibitor molecules are equivalent, having similar affinities for the site and also having non-zero 600 

interactions within themselves.  601 

 602 

3.5  Frumkin adsorption isotherm 603 

The Frumkinian adsorption isotherm for describing corrosion inhibitors has been written as [87]:  604 

�� ∝  2
2�� ��Z J

�KJ      (42) 605 

where all terms retain usual meanings. It can also be written as shown below (Eq. 43), where M is the 606 

lateral interaction parameter that describes the interaction in the adsorbed layer and K is the adsorption-607 

desorption equilibrium constant 608 

log �
2� � . � = log � + 	l�

	.mim       (43) 609 

Eddy and Ebenso obtained values of M between 4.16 and 0.07 at 303 K and 333 K respectively and 610 

attributed to attractive behaviour of the inhibitor, the strength of which decreases as temperature 611 

increases [139]. Martinez and Stern also employed Eq. 43 and reported similar deductions [89]. Valek 612 

and Martinez reported that the constant parameters in Eq. 43 could not be calculated because the 613 

average molecular mass of the extract used was unknown [90]. Ideally, concentrations should be 614 

reported in terms of molarity (M). In practice, for many studies especially involving the use of plant 615 

extracts and polymers, expressing concentration in g/dm
3
 or other units is considered no problem.   616 

The value of M may also be negative as obtained for AAMTDA �M = −1.620� and BTAH inhibitors 617 

�M = −0.898� and attributed to repulsive forces between the inhibitor and the metal surface [90]. This 618 

inference presents another way the constant M can be described. Recently, the relationship below (Eq. 619 

44) has been used for Frumkin isotherm [146]: 620 

 
�

��2���q ��	l� = KC     (44) 621 

The term n was introduced to denote the number of water molecules displaced from the adsorbent 622 

surface via the adsorption process and M is the Frumkin adsorption parameter. Obviously, the workability 623 

of the above equation would depend on what value n assumes. The value of n has been assumed to be 2 624 

or 3 (i.e. non-unity) and other parameters were deduced [146]. A similar approach was also used by Abd 625 

El-Rehim et al. [147] and α was obtained from a plot of θ against log C. 626 

De Souza and Spinelli [148] considered that the double-layer capacitance is proportional to the surface 627 

not covered by the inhibitor, and so evaluated � from: 628 
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� = 2� -�
-r

 x 100      (45) 629 

where Co and Ci are the double-layer capacitance determined without and with the inhibitor. He plotted 630 

log �
2�� � against � from Eq. 46 below: 631 

log �
2�� � =  log � − s�     (46) 632 

where s is the adsorbate interaction parameter; K = 1058.5 Lmol
-1 

and ∆T = -27.2 kJmol
-1

 were obtained, 633 

attributed to spontaneous chemical adsorption because the magnitude of free energy value were in the 634 

order of 30 kJmol
-1

. The data also fitted into Langmuir and Temkin adsorption isotherm.  635 

Vracar and Drazic [149] plotted θ against [log
�

��2���q – logC], with assumption that < = 2 and < = 3. Both 636 

values yielded straight lines where positive M values were obtained. They reported that M increases with 637 

the number of functional groups substituted on the benzene ring of the inhibitor which indicates highly 638 

attractive lateral interactions in the adsorbed layer. It was observed that the strength of the lateral 639 

interaction increased counter to trend of corrosion inhibition efficiency. Thus, if a vertical orientation on 640 

the Fe surface is created, predominant conditions would be physisorption of the sulfonic groups directed 641 

towards the surface of the iron, so that chemisorption would be created by horizontal orientation (if 642 

present) due to pie electrons-metal interactions. 643 

The values of M has also been used to describe the heterogeneity of the surface and measure of the 644 

steepness of the adsorption isotherm [150]. Data generated from weight loss, impedance and polarization 645 

studies fitted into the isotherm and were claimed to be in good agreement. The values of K obtained 646 

decreased with increase in temperature, a trend that was attributed to physical adsorption, showing that 647 

the strength of binding of inhibitor to metal surface decreases as temperature increases. Positive α values 648 

were obtained and explained in terms of increased adsorption energy with increased surface coverage as 649 

a result of molecular interactions. 650 

Frumkinian binding behaviour of corrosion inhibitors to metal surface has also been explained using Eq. 651 

47 [151,152], where the concentration term was rather placed as a denominator of a natural logarithmic 652 

function. Positive M values were also obtained and ascribed to increase in adsorption energy with 653 

increase in surface coverage caused by interactions between the molecules. A physical adsorption 654 

mechanism was proposed based on decrease in K values with increase in temperature. 655 

ln �
-�2��� = log � − 2M�     (47) 656 

 657 

3.6  Temkin adsorption isotherm 658 

Temkin adsorption model has also been extensively used for adsorption of corrosion inhibitors because it 659 

is believed to account for some of the factors not considered in the Langmuirian model. Basically, the 660 

factors ‘A’ and ‘�’ have been introduced to account for molecular interactions in the adsorbed layer and 661 

heterogeneity of active sites. The general form of the model is represented below: 662 

��	
�= KC      (48) 663 
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where A is the molecular interaction parameter and K is the equilibrium constant of the adsorption 664 

process. The values of A may be positive or negative and indicate whether attraction or repulsion takes 665 

place in the adsorbed layer. Different authors have assigned attractive or repulsive force to the sign of A 666 

in different ways. Umoren and Ebenso [139] fitted their experimental data into the Temkin model above 667 

and obtained negative values of A in all cases and attributed it to repulsions that take place in the 668 

adsorbed layer. The adsorbate-adsorbent strength gave large values corroborating with the better 669 

inhibition efficiency obtained and physisorption mechanism [152,153]. 670 

Sahin et al. applied adsorption isotherms to describe their cyclic nitrogenous inhibitor compounds on mild 671 

steel [154]. The surface coverage data of two of the inhibitors (coded TTA and 2-ABA) best fitted into the 672 

Temkinian model in NaCl solution. The inhibition efficiencies of the compounds were rationalized under 673 

the assumption that: 674 

• the inhibition is a result of coverage of the metal surface by inhibitors, making contact 675 

with the corroding medium difficult; and  676 

• the coordination of pie electron system in the inhibitor moiety facilitates the attachment of 677 

molecules on metal surface.  678 

No information was provided on the data acquired and their significance to the nature of interaction of 679 

inhibitors. Durnie et al. [155] employed Temkinian plot over 30-70
o
C for sixteen (16) organic corrosion 680 

inhibitors and obtained equilibrium constant of adsorption, molecular interaction parameter and 681 

adsorption enthalpy. It was inferred that molecular interaction constants are dependent on the charge at 682 

the hydrophobic head group of inhibitors as well as steric factors such as length, flexibility and branching 683 

of the hydrophobic chain. High molecular interaction constant was obtained, and said to signify strong 684 

force of repulsion between adsorbed and adsorbing molecules and its magnitude was related to 685 

electrostatic (Columbic) repulsive force experienced by a molecule approaching the surface of a metal to 686 

be adsorbed as a result of neighbouring adsorbed molecules. The values of  � were used to develop and 687 

predict the structure-activity relationship for the sixteen corrosion inhibitors studied. The compounds were 688 

all chemisorbed on to the electrode and yielded good film persistency or corrosion protection.  689 

Hosseini et al. obtained better fit for their asymmetrical Schiff base inhibitors using Temkin [R
2
 = 0.99] 690 

than Langmuir plot, which they claimed could not meet the criteria it was derived for [156]. They opined 691 

that Temkin explicitly takes adsorbing species-adsorbate interactions into account. Molecular interaction 692 

constant up to 4.71 was obtained with K values in the order of 10
6
 to 10

4
 dm

3
mol

-1
 and negative ∆T up to 693 

26 to 27 kJmol
-1

 but the molecular interaction parameter was calculated as � instead of A. In another 694 

report, A was claimed to be dependent on the molecular interaction among the adsorbed particles and 695 

surface and the degree of homogeneity of the metal samples [157]. The constant, �, may also be seen as 696 

a factor of energetic inhomogeneity (which we have represented using � =  �0t−Au according to Obot and 697 

Obi-Egbedi [25]. However, there was no quantitative description of the range of values or sign of A that 698 

corresponds to a given measure of inhomogeneity of the metal surface.  699 

The Temkinian model has also been expressed as: 700 
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ln �� =  M�      (49) 701 

where M is the molecular interaction parameter which may be positive or negative in sign depending on 702 

the the steepness of the the resulting adsorption isotherm [158]. The more positive M value is, the steeper 703 

the isotherm slope. Interactions between molecules with positive M values cause an increase in 704 

adsorption energy with increase in surface coverage. It was claimed that K values deduced from the 705 

isotherm were incompatible. The word ‘incompatible’ as used is unclear, except if it implies that Temkin 706 

model is only applicable to cases where one active site per molecule is occupied. The obtained M values 707 

were positive while ∆T values gave a high efficient spontaneous adsorption.  708 

 709 

3.7  El-Awady adsorption isotherm model 710 

Often referred to as kinetic/thermodynamic adsorption isotherm model, this model introduces a new 711 

constant parameter expressed in terms of O used to denote the number of inhibitor molecules occupying 712 

one active site [138]. It describes a non-monolayer adsorption, where more than one molecule can 713 

occupy an active site of the metal depending on the value of O. The model is expressed as follows: 714 

�
2�� = �∗�R      (50) 715 

log �
2�� = log �∗ + O log �    (51) 716 

and  �∗�2/R� =  �
67      (52) 717 

Abdel-Gaber et al. [138] reported that some of the plants extract studied as inhibitors fitted into other 718 

adsorption models. For instance, kidney bean nut extract fitted into Langmuir, Chamomile extract fitted 719 

into Flory-Huggins but all the extracts also fitted into the kinetic-thermodynamic model. The number of 720 

active sites occupied by a single molecule is denoted by 
2
R so that O denotes the number of molecules on 721 

an active site of a metal. Values of  
2
R obtained were nearly equal to the size parameter (�) in the Flory-722 

Huggins model for the adsorption of Chamomile extract and the binding constants obtained were in close 723 

agreement with that of Langmuir and Flory-Huggins. 724 

When 
2
R < 1, multilayer adsorption takes place and when  

2
R > 1, one inhibitor molecule occupies more 725 

than one active site. The later suggests the possibility of the adsorbing molecule possessing more than 726 

one active adsorption centres. Foad et al. [159] obtained O ≈  1 at all the temperatures studied and 727 

assumed the occupation of one active site by a single molecule with strength of adsorption (from K 728 

values) decreasing with increasing temperature. The values of 
2
R obtained were also close to unity and 729 

imply the formation of multilayers of the inhibitor on the metal surface. In other words, values of O far less 730 

than one would mean that a given inhibitor molecule would occupy more than one active site, portraying  731 

2
R as the number of active sites occupied by one inhibitor molecule.  732 

The value of 
2
R  might increase with increasing degree of surface coverage [160-161]. Values of  

2
R 733 

reported for exudate of Umoren et al. [162] were more than unity and was implied that each molecule of 734 
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the phytochemical compounds from the exudate involved in the adsorption process is attached to one 735 

active site on the metal. Similar result ( 
2
R > 1) was also reported for naturally occurring exudate gums [92] 736 

though each molecule of the phytochemical was attached to more than one active site. Such 737 

contradictions in the explanation of the significance of  
2
R values are common in literature. For instance, 738 

values of  
2
R  obtained with spontaneous adsorption of phenylthiazole on steel surface ranged from 3.1 to 739 

6.9 and was explained that a given inhibitor molecule will occupy more than one active site [93]. Value of  740 

2
R  as large as 8.29 was also obtained [163] and explained that sulphate ions are more hydrated compared 741 

to chloride ions, therefore, are poorly adsorbed on the positively charged metal (iron) surface, leaving 742 

more active sites for the adsorption of the inhibitor, resulting in the large number of adsorbing sites 743 

available for the inhibitor (approximately 9 sites).  744 

This model is more often used complementary to other models like Temkin, Langmuir or Frumkin 745 

isotherm [164-169] because there are rare cases where the adsorption of a given corrosion inhibitor is 746 

explained using this isotherm alone. We have also observed from many reports reviewed that when 747 

obtained 
2
R values are less than unity [170] or some are less while others are greater than unity for the 748 

same inhibitor [171], such reports ignore are usually ignored. We therefore recommend investigation into 749 

possible explanations to such trends in future researches.  750 

Unlike with other models discussed so far, most reports using El-Awady model follow a consistent version 751 

according to Eq. 49-51 above. However, a different version (Eq. 53) was reported and claimed to be 752 

obtained from the kinetic point of view by Moussa et al. [157] 753 

�
2�� =  w" =r

=V�X
$ − 1x     (53) 754 

But,  755 

 log " =r
=V�X

− 1$= log � + O log �    (54) 756 

where Ko is rate constant at zero inhibitor concentration, Kobs is observed rate constants for the reactions 757 

with inhibitors, O is the number of inhibitor molecules occupying one active site and K was obtained from 758 

the rate equation (Eq. 55). Sadly, the results so obtained were not communicated. 759 

Rate of reaction = ���     (55) 760 

 761 

3.8  Adsorption isotherms of the 5-HTP experiment 762 

In the preceding sections, we have described how many parameters associated with various adsorption 763 

isotherms have been used to explain the nature of interaction between metal adsorbents and corrosion 764 

inhibitor. In this section, we have extracted data from an earlier report [25] on the inhibition of mild steel 765 

corrosion by 5-HTP analysed and fitted same into some isotherm models discussed. The results obtained 766 

have been used to illustrate implications of the parameters obtained (Tables 3and 4). 767 
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From Langmuir adsorption isotherm, non-unity slopes were obtained. Both plots (a) and (b) yielded 768 

slopes of 5.1 to 4.7 and 0.10 to 0.17 respectively with values decreasing as temperature increased. This 769 

may be attributed to either inhomogeneity of the metal surface or difference in adsorption enthalpies 770 

(affinities) of the sites. Non monolayer adsorption is therefore expected with possible interactions 771 

between either the sites or the adsorbed molecules. These are factors that were not considered during 772 

the derivation of the model.  773 

Table 3. Parameters deduced from other adsorption isotherms using results reported for 5-HTP 774 

[27]. 775 

Model Parameters 303K 313 K 323 K 333 K 
 Slope 5.01 4.95 4.90 4.76 
Langmuir (a) Kads 0.341 0.306 0.277 0.268 
 R

2
 0.9981 0.9981 0.9950 0.9811 

 Slope  0.17 0.14 0.13 0.10 
Langmuir (b) Kads 0.4460 0.441 0.330 0.231 
 R

2
 0.9746 0.9514 0.9941 0.8531 

 n 5.01 4.95 4.90 4.76 
Modified Langmuir Kads 1.709 1.514 1.356 1.276 
 R

2
 0.9789 0.9717 0.9216 0.9556 

 n 6.25 5.00 3.92 1.56 
Freundlich Kads 0.967 0.966 0.975 0.838 
 R

2
 0.9981 0.9987 0.9956 0.9811 

 a -0.751 -0.642 -0.210 -0.186 
Temkin Kads 6.860 5.888 5.097 5.149 
 R

2
 0.8907 0.9512 0.8794 0.9386 

 y 5.0 4.9 4.9 4.8 
El-Awady Kads 0.4460 0.441 0.330 0.231 
 R

2
 0.9746 0.9514 0.9941 0.8531 

 776 

 777 

Table 4. Flory-Huggins and Frumkin adsorption parameters obtained for 5-HTP [27]. 778 

5-HTP Concentration Flory-Huggings Frumkin 

 x Kads x 10
-5

 R
2
 α Kads x 10

-7
 R

2
 

1.0 x 10
-5

 M 0.149 1.732 0.9903 -2.9 4.074 0.9875 

5.0 x 10
-5

 M 0.131 7.834 0.8910 -2.9 4.898 0.9750 

10.0 x 10
-5

 M 0.141 15.596 0.9763 -4.3 7.762 0.9955 

 779 

The decrease in slope values with increase in temperature may be associated with decrease in number of 780 

inhibitor molecules adsorbed on the steel surface as temperature increases. Decrease in strength of 781 

adsorption with increase in temperature is inferred from the trend of adsorption equilibrium constant. It 782 

may also be deduced from the modified Langmuirian parameters that more than one molecule may have 783 

occupied a given active site of the metal and the amount decreases with temperature, perhaps due to 784 

increased desorption rate. 785 
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With Freundlich model, the values of n were above the zero-to-unity range as earlier stated. However, at 786 

low temperatures, n tends to unity which may suggest that adsorption is easy at low temperature and 787 

perhaps difficult at high temperature. Negative values of Temkinian molecular interaction parameters 788 

showed that repulsion takes place in the adsorbed layer with decrease in adsorption energy as 789 

temperature increased. Values of y obtained using El-Awady model suggests that more than one 790 

molecule occupies an active site of the metal. The size parameter obtained from Flory-Huggins model 791 

may imply that the size of the adsorbed inhibitor molecule is small, though the values show no specific 792 

trend. Frumkin isotherm yielded negative values of α which implies that there are lateral repulsive 793 

interactions between adsorbed inhibitor molecules which increases with inhibitor concentration, and this is 794 

consistent with results obtained using Temkin isotherm. Generally, values of Kads obtained for all 795 

isotherms decreased with increase in temperature, pointing to possible decrease in the rate of 796 

condensation of the 5-HTP molecules on the steel surface possibly due to high temperature which 797 

induced desorption. 798 
 799 
The various adsorption isotherms of best fit for other inhibitors reported in some of the papers reviewed 800 

have been listed in Table 5 below. Except different adsorption inhibitors from different origin behave 801 

differently, there is need for a consensus approach or definition of the parameters associated with 802 

adsorption isotherms models. This would help in making recommendations or drawing inferences 803 

universally. Also, where necessary, the concentration of the inhibitor should be expressed in molarity 804 

term. These would remove ambiguity in results and generalize inferences drawn from the calculated 805 

parameters.   806 

 807 

Table 5. Various adsorption isotherms for different corrosion inhibitors on different adsorbents in 808 

several aggressive media 809 

Metal 
adsorbent 

Corrosion inhibitor 
(Adsorbate) 

Corroding 
media 

Adsorption 
isotherm 

Ref. 

MS Marigold flower extract 0.5M H2SO4 Langmuir [60] 
MS 2-amino-4-methylpyridine 0.5M H2SO4  Langmuir [141] 
MS Vanillin cationic surfactants 1 M HCl Langmuir, 

Villamil 
[52] 

Euronorm: 
C3SE CS and 
specification: 
SAE 1035 

Pyrimidothiazine derivative 2M H3PO4 Langmuir [172] 

CS strips Chalcone derivatives 1M HCl Langmuir [57] 
MS Poly vinyl-alchohol-grafted poly (acrylamide-

vinyl sulfonate) 
1 M HCl Temkin [58] 

MS 2-amino ehanethiol 0.1 M HCl Langmuir [51] 
Aluminium 
(99.99%) 

Imidazole derivatives 0.5 M HCl Frumkin [61] 

MS Chemically modified lignin polymers from 
Elaeis guineenses 

0.5 M HCl Langmuir [173] 

MS Tetrazolo[1,5-α]quinolone-4-carbaldehyde 
and its Schiff base 

1 M HCl Langmuir [174] 

Aluminium  Extract of Rosemary leaves Biodiesel  Langmuir [175] 
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Steel  Extracts of Chamomile, Halfabar, Black cumin 
and Kidney bean 

1 M H2SO4 Langmuir, 
Flory-Huggins, 
El-Awady 

[138] 

N-80 and MS  Fatty acid triazoles 15 % HCl Temkin [176] 
N-80 and MS 5-salicyliadeneamino-3-hydrazino-5-

mercapto-1,2,4-triazole (SAHMT) 
15% Boiling 
HCl 

Temkin [177] 

MS Hibiscus rosa sinensis leaves extract 2 M HCl Freundlich, 
Langmuir, 
Temkin 

[178] 

MS Acenaphtho[1,2-b]quinoxaline and 
acenaphtho[1,2-b]pyrazine 

1 M H2SO4 Langmuir [28] 

MS Poly propylene glycol/silver nanoparticle 
composite 

0.5 H2SO4 Temkin [30] 

MS Xnathan gum and surfactant additives 1 M HCl Langmuir [31] 
MS o-fumaryl-chitosan 1 M HCl Langmuir [33] 
MS Benzalkonium chloride 0.1 M H2SO4 Langmuir [36] 
Euronorm: 
C3SE CS and 
specification: 
SAE 1035 

Alkaloids extracts of Retama monosperma (L) 
Boiss 

1 M HCl Langmuir [179] 

C1018 steel Phenolic Schiff bases 3.5 % NaCl + 
0.1 M HCl 

Langmuir [180] 

Cylindrical MS Schiff base molecules 1 M HCl Langmuir [181] 
MS Pyridazine derivatives 1 M HCl Langmuir [41] 
MS Schiff bases of isatin 20 % H2SO4 Langmuir [182] 
N-80 steel Pyridine derivatives 15 % HCl Langmuir [38] 
MS Pyridine derivatives 15 % HCl Langmuir [39] 
MS 5-(phenythio)-3H-pyrole-4-carbonitriles 1 M HCl Langmuir [183] 
MS Triazole Schiff bases 0.5 M HCl Langmuir [40] 
Pipeline steel Commercially available inhibitor CO2 in 

turbulent flow 
Langmuir [184] 

MS (+)R  and (-)S enantiomers of racemic 
amisulphride 

1 M HCl Langmuir  [185] 

C1018 Naphthenate surfactants based on petroleum 
acids and nitrogenous bases 

CO2 saturated 
brine 

Langmuir [124] 

MS [N-substituted]p-aminoazobenzene 
derivatives 

1 M H2SO4 Langmuir [187] 

Steel-copper 
sample 

Curcuma longa extract Petroleum 
waste water 

Temkin [188] 

CS37 Surfactants incorporated with 1,3,5-
triethanolhexahydro-1,3,5-triazine 

1 M HCl Langmuir [189] 

Alloy steel Imidazoline based indicator 3wt.% NaCl + 
CO2 

Langmuir [190] 

MS Diphenolic schiff bases 0.1 M HCl Temkin [186] 
MS Bis(indolyl)methanes 1 M HCl Langmuir [105] 
MS Watermelon waste product extract 1 M HCl Langmuir [191] 
304 stainless 
steel 

Santolina chamaecyparissus extract 3.5 % NaCl Langmuir [192] 

J55 steel A tetrone macrocyclic compound 3.5 % NaCl Langmuir  [193] 
MS Aryl sulfonamidomethylphosphonates 1 M HCl Langmuir [1] 
CS Non-ionic surfactants based on tolytriazine Formation 

water 
Langmuir [84] 

Copper Triazolyl-acyl hydrazine derivatives  Chloride 
solutions 

Langmuir, 
Freundlich 

[85] 

CS Sulfidated poly (acrylamide-vinyl acetate 1 M HCl Langmuir [194] 
MS Halogen substituted imidazole derivative 0.5 M HCl Langmuir [195] 
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MS Azomethine compounds 1 M HCl Langmuir [196] 
MS Nicotiana talcum leaves extracts 2 M H2SO4 Langmuir [197] 
API 5LX52 Imidazolic ionic liquids 1 M HCl,  

1 M H2SO4 
Langmuir [198] 

MS Organo-cyclic aldehydes and blends CO2–
0.5MNaCl 
(40-120

o
C), 

1atm–10ar; 
1,4,7.7MHCl, 
0.5MH2SO4 

Langmuir [199] 

MS Thiazolo-pyrimidine derivatives 1 H H2SO4 Langmuir [200] 
N-80 Triazine derivatives 15% HCl Langmuir [201] 
CS 1-dodecyl-4-(((3-

morpholinopropyl)imino)methyl)pyridine-1-ium 
bromide 

7 M H3PO4 Langmuir [202] 

CS Artemisia mesatlantica essential oil 1 M HCl Langmuir [167] 
Zinc Nonionic surfactants 7 M KOH Freundlich  [86] 
Q235 CS Capsella bursa-pastoris extract 1 M HCl Langmuir [204] 
MS Xanthan gum and its grafted copolymer 15 % HCl Langmuir [205] 
CS Antibacterial drugs 1 M HCl Langmuir [206] 
Aluminium Some purines 0.1 M HCl Flory-Huggins,  

El-Awady  
[207] 

MS Indigo dye + halide ions 0.2 M H2SO4 Frumkin,  
Flory-Huggins 

[37] 

Copper 4-amino-antipyrine 3 wt.% NaCl Langmuir [208] 

Concrete steel 
reinforcement 

EDTA disodium salt 3.5 % NaCl Langmuir , 
Freundlich, 
El-Awady 

[209] 

Aluminium 2-acetylphenothiazine + Halide ions 0.1 – 0.5 M 
H2SO4 

Flory-Huggins [109] 

MS 4-(2
I
-amino-5

I
-methylphenylazo)antipyrine 2 M HCl Flory-Huggins [142] 

MS Polyacrylamide +Iodide ions 1 M H2SO4 Freundlich, 
Temkin, Flory-
Huggins 

[139] 

Low CS Mimosa tannin extract 0.1 M H2SO4 Flory-Huggins [137] 
Steel Schiff base with its cobalt complex 1 M H2SO4 Langmuir, 

FloryHuggins, 
El-Awady 

[210] 

Zinc Ethoxylated fatty acids 1 M HCl, 
1 M H2SO4 

Langmuir, 
Flory-Huggins, 
Freundlich, 
Frumkin, El-
Awady 

[159] 

MS Citrus aurantifolia leaves extract 1 M HCl Flory-Huggins [140] 
C1018 steel Decylamides of α-amino acids 1 M HCl Flory-Huggins [211] 
Aluminium Methylene blue + KCl, KBr, KI 2 M HCl Langmuir, 

Flory-Huggins 
[114] 

Steel Cyclic nitrogenous compounds 2.5 % and 3.5 
% NaCl 

Langmuir [154] 

MS Berberine 1 M H2SO4 Flory-Huggins [144] 
MS Congo red dye + KCl, KBr, KI 2 M H2SO4 Flory-Huggins [143] 
Low CS Octylphenol polyethyleneoxide 0.5 M H2SO4 Flory-Huggins [212] 
Low CS Mimosa tannin H2SO4 (pH = 1 

and 3) 
Temkin, 
Freundlich, 
Frumkin 

[89] 

MS Methionine 0.5 M H2SO4 Temkin, [213] 
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Langmuir 
MS Extract of Musa sapientum 2.5 M H2SO4 Langmuir, 

Frumkin 
[145] 

Steel Pennyroyal oil from menthe pulegium 1 M HCl Frumkin [214] 
CS Cationic surfactants and inorganic anions Formation 

water (pH=6.7) 
Flory-Huggins, 
El-Awady 

[141] 

CS Pyrazolone derivatives + KI, KSCN, KI 2 M HCl Frumkin [146] 
Copper Azadiracthta indica leaves extract 0.5 M H2S04 Frumkin [90] 
Aluminium Ethoxylated fatty acids 1M HCl Frumkin  [216] 
Iron electrode Naphthalene and naphthol disulfuric acid 

derivatives 
0.5 M H2S04 Frumkin [149] 

Aluminium 1,1(laurylamido)propylammonium chloride 1 M HCl Frumkin [147] 
Copper Triphenylmethane derivatives 1 M H2S04 Frumkin,  

El-Awady 
[152] 

MS Nitrogenous organic molecules Carbonated 
brine 

Temkin [155] 

Aluminium  Sodium dodecylbenzene sulphonate 1 M HCl Frumkin [150] 
MS Assymetrical Schiff bases 0.5 M H2S04 Temkin  [156] 
Pure 
aluminium 

dodecylphenolethoxidate 1 M HCl Frumkin, 
El-Awady 

[215] 

MS Ketoconazole 0.1 M H2SO4 Langmuir [162] 
Aluminium Exudate gum from Raphia hookeri 2 M HCl Temkin,  

El-Awady 
[217] 

MS Ceftazidime 1 M HCl Langmuir, 
El-Awady 

[171] 

MS Disulfram 1 M HCl Langmuir, El-
Awady 

[170] 

304 stainless 
steel 

4-phenylthiazole derivatives 3 M HCl Temkin, El-
Awady 

[93] 

Pure 
aluminium 

Naturally occurring exudate gums 2 M HCl Temkin, El-
Awady 

[92] 

CS Thiosemicarbazide and its derivatives 2 M HCl Temkin, El-
Awady 

[160] 

CS Some organic surfactants Formation 
water 

Flory-Huggins, 
El-Awady 

[217] 

Al-6063 Some pharmaceutical compounds 0.5 M H3PO4 Frumkin, 
Temkin 

[218] 

Pure iron Polyacrylamide 0.5 M H2SO4 El-Awady [163] 
CS Water soluble hydrazines 0.1 M HCl Temkin, El-

Awady 
[157] 

MS sulphamethoxazole 1 M HCl El-Awady, 
Flory-Huggins 

[161] 

Aluminium  Some anionic surfactants 1 M HCl Freundlich [102] 
Aluminium 
AA1060 

Gingseng root 1 M HCl Freundlich [127] 

Aluminium Sansevieria trifasciata extract 2 M HCl Freundlich [103] 
MS Nizoral derivatives 0.1 M H2SO4 Langmuir, El-

Awady 
[219] 

MS Polyvinyl pyrrolidone +halide additives 1 M H2SO4 Freundlich, 
Temkin 

[24] 

MS Sida acuta extract + iodide ions 1 M H2SO4 Freundlich [130] 
Vanadium Some amino acids Solutions with 

pH of 2, 7 and 
12 

Freundlich [131] 

Magnessium Schiff base 0.1 M HCl Freundlich [132] 
Copper-nickel Benzotriazole 5% HCl Langmiur, [135] 
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alloy Freundlich, El-
Awady 

CS Thiosemicarbazole derivatives 2 M HCl Freundlich, El-
Awady 

[101] 

Tin Some amino acids Tartaric acid 
(pH=1.8) 

Freundlich  [104] 

MS Fenugreek leaves extract 2 M H2SO4, 
2M HCl 

Temkin 
(H2SO4), 
Langmuir (HCl) 

[106] 

MS Nevirapine 1 M HCl Langmuir [113] 
MS Piper guineensis extract 1 M HCl, 1 M 

H2SO4 
Langmuir [117] 

Aluminium Aningeria robusta extract + iodide ions 2 M HCl Langmuir [118] 
MS Polrhodanine-N-acetic  0.1 M HCl Langmuir [119] 
MS Benzotriazole, aminotriazole and 1,2,4-

triazole 
0.1 M each of 
HCl, H2SO4, 
H3PO4, HNO3 

Langmuir [126] 

Copper Benzotriazole 0.001 M, 
0.005 M and 
0.01 M H2SO4 

Frumkin [87] 

Aluminium Fluconazole  0.1 M HCl Temkin [25] 

 810 

 811 

4. CONCLUSION 812 
Adsorption isotherm models employed to characterize the nature of interactions in the adsorbed layer 813 

between corrosion inhibitors and metal surfaces were reviewed from published reports for the first time. 814 

The models include Langmuir, Modified Langmuir, Freundlich, Langmuir-Freundlich, Temkin, Flory-815 

Huggins, Frumkin and El-Awady. The isotherms parameters provide information for predicting important 816 

interfacial properties such as the number of water molecules displaced by inhibitor molecules, the number 817 

of inhibitor molecules occupying an active site, size parameter of inhibitors, attraction or repulsion taking 818 

place in the adsorbed layer, monolayer or multilayer adsorption of the inhibitor molecules to the surface 819 

and heterogeneity of the surface. The spontaneity of the adsorption process as well as the strength of 820 

binding between the protective film form by the inhibitor and the metal surface can also be predicted. 821 

Clarifications provided on the proper interpretation of these parameters would eliminate ambiguities and 822 

provide clear routes for readers and future researchers.  823 

 824 
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