
Recent Developments

Terminology The International Standards Organization has recently120

defined a corrosion inhibitor as a 'chemical substance which decreases the
corrosion rate when present in the corrosion system at a suitable concentra-
tion, without significantly changing the concentration of any other corrosive
agent.' This last point is significant since it excludes chemicals employed for
deaeration or pH control from the definition of a corrosion inhibitor. On the
other hand, it should be noted that the inhibitor is'. . . present in the corro-
sion system . . .', and thus arsenic when added to brasses to prevent dezin-
cification may be classified as an inhibitor.

Literature Recent additions to the literature on the principles and practice
of inhibition include books concerned with the subject as a whole, and
reports of conferences and papers, or reports concentrating on particular
aspects of the subject. Books include the volume by the late Professor I. L.
Rozenfel'd121 and collected data in the form of references, patents etc. from
various sources122"125. Conferences include the recent quinquennial events at
the University of Ferrara126, 127, each providing substantial contributions to
all aspects of corrosion inhibition. The uses of molybdates as inhibitors have
been reviewed by Vukasovich and Farr in a paper with 221 references128

and test methods for inhibitors in a report from the European Federation of
Corrosion with 49 references129.

General considerations The principles and practice of corrosion inhibition
in recent years have become increasingly dominated by health and safety
considerations. These relate to all aspects of inhibitor practice, i.e. to handl-
ing, storage, use and disposal. The problem becomes particularly important
when there is the possibility of contact of inhibited media with the environ-
ment. Thus, it can be argued that the 'safety' requirements for inhibitors for
solar heating systems should be more rigid than those for engine cooling
systems since in the former case small leaks in heat exchangers could lead to
contamination of domestic water.

Open Recirculating Systems

The matter of environmental protection has been recognised for some years
in the inhibition of open recirculating systems, although the technical
advances that have been made in this period in inhibitor formulation have
also been prompted by other requirements, for example, the need to avoid
scale deposits. Since the 1940s there has been a move away from the use of
chromates at relatively high concentrations to formulations with lower con-
centrations and eventually to non-chromate treatments. This situation has
come about as a result of a better understanding of the role of other types
of chemicals in the inhibition process, notably phosphorus-containing com-
pounds, organics (e.g. triazoles), zinc salts and polymeric compounds.

The sequence of formulation types may be deduced from p. 17:21 and may
be summarised as: high levels of chromate; low levels, of chromate, but with
polyphosphates; further reductions in chromate by the introduction of zinc
ions; and polyphosphate instability overcome by the use of phosphates and



metal-free, i.e. no chromium or zinc, formulations achieved by the use of
polymeric chemicals. Organic inhibitors of the triazole or mercaptobenzo-
thiazole classes are added when protection of copper is a particular require-
ment. The polymeric compounds were introduced to assist in controlling
scale deposition and generally for keeping systems free from deposits and
suspended matter. These materials are long-chain polymers containing
repeating carboxyl groups with molecular weights of several thousands.
Examples include polyacrylates, polymaleics and various copolymers. The
mechanism of their action in contributing to corrosion inhibition is not fully
understood but must be associated in some way with the maintenance of
clean surfaces.

Although chemicals in closed circulation systems do not generally come
into contact with the environment - except perhaps on disposal - problems
can exist with safety in handling. A particular example is the need for caution
in the mixing of coolants containing nitrites with those containing amines
because of the possible production of carcinogenic nitrosoamines. This cau-
tion has been expressed in other fields of use of inhibitors (see below).

Solar Heating Systems

The requirements for inhibitors in solar heating, systems are in some ways
similar to those for domestic central heating systems but in other respects to
those for engine cooling systems. A significant difference from the latter is
the need, in many parts of the world, for the presence of an anti-freeze agent.
Since ethanediol is toxic, the more acceptable propanediol (propylene glycol)
tends to be used together with relatively non-toxic corrosion inhibitors
such as silicates, phosphates, BTA, etc. A particular requirement is the need
for high-temperature stability since surface temperatures of panels exposed
to sunlight can be well in excess of 10O0C. Polymeric compounds have
also been put forward as inhibitors for solar heating systems as described,
for example, in a patent application in 1982 for a polymerisable acid
graft copolymer, e.g, acrylic acid-(oxyethylene-oxypropylene) copolymer
together with a silicate131.

Refrigerating Brines

For many years such media have been based on strong salt solutions, e.g.
calcium chloride brines. Sodium dichromate has been used (see p. 17:26), but
recently other inhibitors have been claimed to be effective. One patent quotes
N-alkyl-substituted alkanolamines, e.g. 2-ethyl ethanolamine -f BTA at pH
9-O131. A mixture of hydrazine hydrochloride + BTA132 has been claimed
as well as a mixture of gelatin + triethanolamine + potassium dihydrogen
phosphate133. Other examples are to be found in the patent literature and
the above are quoted to illustrate the diversity of chemicals that may be used.

Absorption-type refrigerators operating with strong lithium bromide
solutions can also be inhibited by a number of chemicals. Thus, a mixture
of lithium hydroxide + BTA + sodium molybdate has been reported134.



Elsewhere, in a series of Japanese patents, mixtures of resorcinol + sodium
nitrate, glycerine -I- sodium nitrate, lithium hydroxide + tungstate, etc.,
have been claimed to be effective. An example of the use of inhibited cooling
mixtures of low toxicity is provided by a patent135 which describes a mix-
ture of silicate+ polyphosphate + a saccharide, e.g. sucrose or
fructose, as the inhibitor formulation in a propylene glycol H- potassium-
hydrogen-carbonate mixture used in aluminium cooler boxes for ice-cream.

Metal Working Coolants

There has been much activity in this field of corrosion inhibition in recent
years which appears to have been prompted by health and safety require-
ments. As with engine coolants, the use of nitrites, particularly where amines
may also be present, needs to be considered carefully. Nitrites have been
widely used in cutting, grinding, penetrating, drawing and hydraulic oils.
Suggested replacements for nitrites and/or amines make use, inter alia, of
various borate compounds, e.g. monoalkanolamide borates. Molybdates
have also been proposed in conjunction with other inhibitors, e.g. carbox-
ylates, phosphates, etc136. Water-based metalworking fluids usually contain
other additives in addition to corrosion inhibitors, e.g. for hard-water
stability, anti-foam, bactericidal proderties and so on. Thus, claims are
made for oil-in-water emulsions with bactericidal and anti-corrosion
properties.

Oil and Gas Production, Transport and Storage

This is a prolific field for inhibitors although the main types remain as
grouped by Bergmanm (see p. 17). In this application of inhibitors, probably
more than in any other, the methods of introducing the inhibitor into the cor-
rosive environment receive as much attention as the nature of the inhibitor.
The most severe conditions are those met in acidising treatments, typically
with 15-35% hydrochloric acid at high downhole temperatures.

Compounds with triple bonds, i.e. acetylenic compounds, continue to
receive attention. Patents have been filed for mixtures of propargyl alcohol
with, for example, cellosolve + a phenol formaldehyde resin + tar bases137

heterocyclic nitrogen compounds -I- acetylenic + dialkylthiourea138 or a
quaternary + antimony oxide139.

With the increasing development of sour, i.e. H2S-containing wells there
is a need to assess the performance of inhibitors in such contaminated
environments. Reports of inhibitor performance often make special
reference to performance in the presence of H2S, which can be accom-
panied by CO2. Schmitt has emphasised the need for assessing the effects of
corrosion inhibitors on the hydrogen uptake by the metal as well as the
retardation of metal dissolution126. For example, in discussing, inhibitors of
the quaternary ammonium type, he and his co-workers point out that,
depending on the inhibitor, the H2S present could increase or decrease the
efficiency of the inhibitor in blocking, hydrogen absorption. For 10% formic
acid good results have been reported with /?-dodecylbenzylquinolinium
chloride and benzylquinolinium iodide140.



Gasoline

Corrosion inhibitors in gasoline are present to provide protection to the fuel
distribution system which operates at ambient temperature. It is particularly
important that the inhibitors do not adversely affect other requirements
of the fluid, for example, in carburettor detergency. The most effective
inhibitors appear to be salts, or esters, of carboxylic or phosphoric acids,
often associated with long-chain radicals. Test methods for inhibition of
water contaminated gasoline include NACE TM-Ol-72 and ASTM D6651
(IP-135). Gasohol is formed by mixing 96-95 volumes of gasoline with 5-10
volumes of ethanol. Although substantially anhydrous, the presence of small
quantities of water, say up to O- 3%, can lead to corrosion. Various triazoles
have been proposed141, e.g. 3-amino-lH-l,2,4-triazole with polyisobutylene
and maleic acid anhydride. Other formulations are based on reaction
products of carboxylic acids with amines. Problems associated with alcohol-
gasoline corrosion have been described142.

Checklist of Steps to Minimise Corrosion by the
Use of Inhibitors

1. The practice of corrosion inhibition requires that the inhibitive species
should have easy access to the metal surface. Surfaces should therefore
be clean and not contaminated by oil, grease, corrosion products, water
hardness scales, etc. Furthermore, care should be taken to avoid the
presence of deposited solid particles, e.g. stones, swarf, building
materials, etc. This ideal state of affairs is often difficult to achieve but
there are many cases where less than adequate consideration has been
given to the preparation of systems to receive inhibitive treatment. Acid
treatments, notably with 3-5% citric acid, with or without associated
detergent washes, are often recommended and adopted for cleaning
systems prior to inhibition. However, it is not always appreciated that
these treatments will not remove particulate material particularly when,
as is often the case, the material is insoluble in acids.

2. Even with adequate cleaning procedures it is still necessary to ensure
that the inhibitor reaches all parts of the metal surfaces. Care should
be taken, particularly when first filling, a system, that all dead ends,
pockets, crevice regions, etc., are contacted by the inhibited fluid. This
will be encouraged in many systems by movement of the fluid in service
but in nominally static systems it will be desirable to establish a flow
regime at intervals to provide renewed supply of inhibitor.

3. Inhibitors must be chosen after taking into account the nature and com-
binations of metals present, the nature of the corrosive environment
and the operating conditions in terms of flow, temperature, heat trans-
fer, (see Trinciples' p. 17:14).

4. Inhibitor concentrations should be checked on a regular basis and losses
restored either by appropriate additions of inhibitor, or by complete
replacement of the whole fluid-as recommended, for example, with
engine coolants.



5. Where possible, some form of continuous monitoring should be
employed, although it must be remembered that the results from
monitoring devices, probes, coupons etc., refer to the behaviour of that
particular component at that particular part of the system. Never-
theless, despite this caution, it must be recognised that the monitoring
of the corrosion condition of an inhibited sysem is a well-established
procedure and widely used (10:26-10:32).

Conclusions

The principles and practice of corrosion inhibition have been described in
terms of the factors affecting inhibitor performance and selection (prin-
ciples) and the more important practical situations in which inhibitors are
used (practice). For the latter a brief account is given of the nature of the
system, the reasons for inhibitor application and the types of inhibitor in use.

Tabulated results have been avoided since these are either obtained from
carefully controlled laboratory tests or from specific systems and would thus
require much qualification before their application to other systems.

The very wide use of inhibitors is obvious, but emphasis must always be
placed on the factors affecting their performance and on the specific cir-
cumstances and other requirements relating to particular applications.

A. D. MERCER
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17.3 The Mechanism of Corrosion

Prevention by Inhibitors

The mechanisms of corrosion inhibition will be described separately for acid
and neutral solutions, since there are considerable differences in mechanisms
between these two media. Definitions and classifications of inhibitors are
given in Section 17.2 and by Fischer1.

Inhibitors for Acid Solutions

The corrosion of metals in aqueous acid solutions can be inhibited by a very
wide range of substance2'3. These include relatively simple substances, such
as chloride, bromide or iodide ions and carbon monoxide, and many organic
compounds, particularly those containing elements of Groups V and VI of
the Periodic Table, such as nitrogen, phosphorus, arsenic, oxygen, sulphur
and selenium. Organic compounds containing multiple bonds, especially tri-
ple bonds, are effective inhibitors. Organic compounds of high molecular
weight, e.g. proteins and polysaccharides, also have inhibitive properties.
The primary step in the action of inhibitors in acid solutions is generally
agreed to be adsorption on to the metal surface, which is usually oxide-free
in acid solutions. The adsorbed inhibitor then acts to retard the cathodic
and/or anodic electrochemical processes of the corrosion. The factors
influencing the adsorption and the electrochemical reactions will be con-
sidered in turn. (See also Section 20.1.)

Adsorption of Corrosion Inhibitors onto Metals

Measurements of the adsorption of inhibitors on corroding metals are best
carried out using the direct methods of radio-tracer detection4"7 and solu-
tion depletion measurements8"10. These methods provide unambiguous
information on uptake, whereas the corrosion reactions may interfere with
the indirect methods of adsorption determination, such as double layer
capacity measurements11, coulometry11, ellipsometry12 and reflectivity12.
Nevertheless, double layer capacity measurements have been widely used for
the determination of inhibitor adsorption on corroding metals, with
apparently consistent results, though the interpretation13 may not be
straightforward in some cases.



Direct measurements on metals such as iron, nickel and stainless steel
have shown that adsorption occurs from acid solutions of inhibitors such
as iodide ions14, carbon monoxide15 and organic compounds such as
amines8'10'16, thioureas9'16'18, sulphoxides19"21, sulphides21'22 and mer-
captans16. These studies have shown that the efficiency of inhibition
(expressed as the relative reduction in corrosion rate) can be qualitatively
related to the amount of adsorbed inhibitor on the metal surface. However,
no detailed quantitative correlation has yet been achieved between these
parameters. There is some evidence16'23 that adsorption of inhibitor species
at low surface coverage 6 (for complete surface coverage 0 = 1) may be more
effective in producing inhibition than adsorption at high surface coverage.
In particular, the adsorption of polyvinyl pyridine on iron in hydrochloric
acid at O < O-1 monolayer has been found to produce an 80% reduction in
corrosion rate10.

In general, the results of direct adsorption measurements provide a basis
for the widely used procedure of inferring the adsorption behaviour of
inhibitors from corrosion rate measurements. This involves the assumption
that the corrosion reactions are prevented from occurring over the area (or
active sites) of the metal surface covered by adsorbed inhibitor species,
whereas these corrosion reactions occur normally on the inhibitor-free area.
The inhibitive efficiency is then directly proportional to the fraction of the
surface covered with adsorbed inhibitor. This assumption has been applied
to deduce the effects of concentration on the adsorption of inhibitors, and
to compare the adsorption of different inhibitors (usually related in struc-
ture) at the same concentration. On the whole, the interpretation in this way
of the efficiency of inhibitors in terms of their adsorption behaviour has
given consistent results, which have clarified the factors influencing inhibi-
tion and adsorption. However, some qualifications are necessary in this
approach, since this simple relationship between inhibitive efficiency and
adsorption will not always apply. As mentioned above, at low surface
coverage ( 0 < 0 - 1 ) . the effectiveness of adsorbed inhibitor species in
retarding the corrosion reactions may be greater than at high surface
coverage10'16'23. In other cases, adsorption of inhibitors, e.g. thioureas24'25

and amines26'27 from solutions of low concentration may cause stimulation
of corrosion. Furthermore, in comparing the inhibitive efficiency and
adsorption of different inhibitors, possible differences in the mechanism and
effectiveness of retardation of the corrosion reactions must be considered28.

The information on inhibitor adsorption, derived from direct measure-
ments and from inhibitive efficiency measurements, considered in conjunc-
tion with general knowledge of adsorption from solution29"31, indicates that
inhibitor adsorption on metals is influenced by the following main factors.

Surface charge on the metal Adsorption may be due to electrostatic attrac-
tive forces between ionic charges or dipoles on the adsorbed species and
the electric charge on the metal at the metal/solution interface. In solution,
the charge on a metal can be expressed by its potential with respect to the
zero-charge potential (see Section 20.1). This potential relative to the zero-
charge potential, often referred to as the ^-potential32, is more important
with respect to adsorption than the potential on the hydrogen scale, and
indeed the signs of these two potentials may be different. As the ^-potential



becomes more positive, the adsorption of anions is favoured and as the
</>-potential becomes more negative, the adsorption of cations is favoured.
The ^-potential also controls the electrostatic interaction of the metal with
dipoles in adsorbed neutral molecules, and hence the orientation of the
dipoles and the adsorbed molecules. For different metals at the same <t>-
potential, electrostatic interactions should be independent of the nature of
the metal, and this has been used as a basis to compare adsorption of
inhibitors on different metals32"34. Thus Antropov32 has shown that the
adsorption of some inhibitors on mercury can be related to their adsorption
and inhibitive effect on iron, when considered at the same ^-potentials for
both metals. The differences in behaviour of an inhibitor on various metals
can also in some cases be related to the differences in ^-potentials at the
respective corroding potentials.

The functional group and structure of the inhibitor Besides electrostatic
interactions, inhibitors can bond to metal surfaces by electron transfer to the
metal to form a coordinate type of link. This process is favoured by the
presence in the metal of vacant electron orbitals of low energy, such as occur
in the transition metals. Electron transfer from the adsorbed species is
favoured by the presence of relatively loosely bound electrons, such as may
be found in anions, and neutral organic molecules containing lone pair elec-
trons or 7r-electron systems associated with multiple, especially triple, bonds
or aromatic rings. In organic compounds, suitable lone pair electrons for
co-ordinate bonding occur in functional groups containing elements of
Groups V and VI of the Periodic Table. The tendency to stronger co-ordinate
bond formation (and hence stronger adsorption) by these elements increases
with decreasing electronegativity in the order O < N < S < Se35"37, and
depends also on the nature of the functional groups containing these
elements. The structure of the rest of the molecule can affect coordinate bond
formation by its influence on the electron density at the functional
group38"42. The effects of substituents in related inhibitor molecules, e.g.
pyridines38'39'43'48, anilines39-42"45, aliphatic amines42, amino acids46, benzoic
acids47 and aliphatic sulphides49, on the inhibitive efficiencies have been
correlated with changes in electron densities at functional groups, as derived
from nuclear magnetic resonance measurements39, values of Hammett
constants (aromatic molecules)40"47 or Taft constants (aliphatic mole-
cules)42'46'49, or from quantum mechanical calculations38'42'48. The results of
these investigations generally indicate that the electron density at the func-
tional group increases as the inhibitive efficiency increases in a series of
related compounds. This is consistent with increasing strength of coordinate
bonding due to easier electron transfer, and hence greater adsorption. An
analogous correlation has been demonstrated by Hackerman50'51 between
inhibitive efficiencies in a series of cyclic imines (CH2X1NH and changes in
hybrid bonding orbitals of the electrons on the nitrogen atom making
electron transfer and coordinate bond formation easier.

Interaction of the inhibitor with water molecules Due to the electrostatic
and co-ordinate bond interactions described under the previous two head-
ings, the surfaces of metals in aqueous solutions are covered with adsorbed
water molecules. Adsorption of inhibitor molecules is a displacement



reaction involving removal of adsorbed water molecules from the surface.
During adsorption of a molecule, the change in interaction energy with water
molecules in passing from the dissolved to the adsorbed state forms an
important part of the free energy change on adsorption. This has been shown
to increase with the energy of solvation of the adsorbing species, which in
turn increases with increasing size of the hydrocarbon portion of an organic
molecule36. Thus increasing size leads to decreasing solubility and increas-
ing adsorbability. This is consistent with the increasing inhibitive efficiency
observed at constant concentrations with increasing molecular size in a series
of related compounds36'52'53.

Interaction of adsorbed inhibitor species Lateral interactions between
adsorbed inhibitor species may become significant as the surface coverage,
and hence the proximity, of the adsorbed species increases. These lateral
interactions may be either attractive or repulsive. Attractive interactions
occur between molecules containing large hydrocarbon components, e.g.
w-alkyl chains. As the chain length increases, the increasing van der Waals
attractive force between adjacent molecules leads to stronger adsorption at
high coverage. Repulsive interactions occur between ions or molecules con-
taining dipoles and lead to weaker adsorption at high coverage. The effects
of lateral interactions between adsorbed inhibitors on inhibitive efficiency
have been discussed by Hoar and Khera26.

In the case of ions, the repulsive interaction can be altered to an attractive
interaction if an ion of opposite charge is simultaneously adsorbed. In a solu-
tion containing inhibitive anions and cations the adsorption of both ions
may be enhanced and the inhibitive efficiency greatly increased compared to
solutions of the individual ions. Thus, synergistic inhibitive effects occur in
such mixtures of anionic and cationic inhibitors54'55. These synergistic
effects are particularly well defined in solutions containing halide ions, I~.
Br", Cl~, with other inhibitors such as quaternary ammonium cations56,
alkyl benzene pyridinium cations57, and various types of amines55'58"61. It
seems likely that co-ordinate-bond interactions also play some part in these
synergistic effects, particularly in the interaction of the halide ions with the
metal surfaces and with some amines55.

Reaction of adsorbed inhibitors In some cases, the adsorbed corrosion
inhibitor may react, usually by electro-chemical reduction, to form a product
which may also be inhibitive. Inhibition due to the added substance has been
termed primary inhibition and that due to the reaction product secondary
inhibition62"65. In such cases, the inhibitive efficiency may increase or
decrease with time according to whether the secondary inhibition is more or
less effective than the primary inhibition. Some examples of inhibitors which
react to give secondary inhibition are the following. Sulphoxides can be
reduced to sulphides, which are more efficient inhibitors19'20'21'63'64. Quater-
nary phosphonium and arsonium compounds can be reduced to the cor-
responding phosphine or arsine compounds, with little change in inhibitive
efficiency63'64. Acetylene compounds can undergo reduction followed by
polymerisation to form a multimolecular protective film66'67. Thioureas can
be reduced to produce HS" ions, which may act as stimulators of
corrosion24'25'54.



Effects of Inhibitors on Corrosion Processes

In acid solutions the anodic process of corrosion is the passage of metal ions
from the oxide-free metal surface into the solution, and the principal
cathodic process is the discharge of hydrogen ions to produce hydrogen gas.
In air-saturated acid solutions, cathodic reduction of dissolved oxygen also
occurs, but for iron the rate does not become significant compared to the rate
of hydrogen ion discharge until the pH exceeds about 3. An inhibitor may
decrease the rate of the anodic process, the cathodic process or both pro-
cesses. The change in the corrosion potential on addition of the inhibitor is
often a useful indication of which process is retarded24'67. Displacement of
the corrosion potential in the positive direction indicates mainly retardation
of the anodic process (anodic control), whereas displacement in the negative
direction indicates mainly retardation of the cathodic process (cathodic con-
trol). Little change in the corrosion potential suggests that both anodic and
cathodic processes are retarded (see Section 1.4 for appropriate potential
versus current diagrams).

The effects of adsorbed inhibitors on the individual electrode reactions of
corrosion may be determined from the effects on the anodic and cathodic
polarisation curves of the corroding metal24'28*68'69. A displacement of the
polarisation curve without a change in the Tafel slope in the presence of the
inhibitor indicates that the adsorbed inhibitor acts by blocking active sites
so that reaction cannot occur, rather than by affecting the mechanism of the
reaction. An increase in the Tafel slope of the polarisation curve due to the
inhibitor indicates that the inhibitor acts by affecting the mechanism of
the reaction. However, the determination of the Tafel slope will often
require the metal to be polarised under conditions of current density and
potential which are far removed from those of normal corrosion. This may
result in differences in the adsorption and mechanistic effects of inhibitors at
polarised metals compared to naturally corroding metals24'56'70. Thus the
interpretation of the effects of inhibitors at the corrosion potential from
applied current-potential polarisation curves, as usually measured, may not
be conclusive. This difficulty can be overcome in part by the use of rapid
polarisation methods56'71. A better procedure24 is the determination of
'true' polarisation curves near the corrosion potential by simultaneous
measurements of applied current, corrosion rate (equivalent to the true
anodic current) and potential. However, this method is rather laborious and
has been little used.

Electrochemical studies have shown that inhibitors in acid solutions may
affect the corrosion reactions of metals in the following main ways.

Formation of a diffusion barrier The absorbed inhibitor may form a sur-
face film which acts as a physical barrier to restrict the diffusion of ions or
molecules to or from the metal surface and so retard the corrosion reactions.
This effect occurs particularly when the inhibitor species are large molecules,
e.g. proteins, such as gelatine, agar agar; polysaccharides, such as dextrin;
or compounds containing long hydrocarbon chains. Surface films of these
types of inhibitors give rise to resistance polarisation and also concentration
polarisation affecting both anodic and cathodic reactions72. Similar effects
also occur when the inhibitor can undergo reaction to form a multimolecular



surface film, e.g. acetylenic compounds67 and sulphoxides19'73.

Blocking of reaction sites The interaction of adsorbed inhibitors with sur-
face metal atoms may prevent these metal atoms from participating in either
the anodic or cathodic reactions of corrosion. This simple blocking effect
decreases the number of surface metal atoms at which these reactions can
occur, and hence the rates of these reactions, in proportion to the extent of
adsorption. The mechanisms of the reactions are not affected and the Tafel
slopes of the polarisation curves remain unchanged. Behaviour of this
type has been observed for iron in sulphuric acid solutions containing
2,6-dimethyl quinoline24, 0-naphthoquinoline69, or aliphatic sulphides49.

It should be noted that the anodic and cathodic processes may be inhibited
to different extents24'26'74. The anodic dissolution process of metal ions is
considered to occur at steps or emergent dislocations in the metal surface,
where metal atoms are less firmly held to their neighbours than in the plane
surface. These favoured sites occupy a relatively small proportion of the
metal surface. The cathodic process of hydrogen evolution is thought to
occur on the plane crystal faces which form most of the metal surface area.
Adsorption of inhibitors at low surface coverage tends to occur preferen-
tially at anodic sites, causing retardation of the anodic reaction. At higher
surface coverage, adsorption occurs on both anodic and cathodic sites, and
both reactions are inhibited.

Participation in the electrode reactions The electrode reactions of corro-
sion involve the formation of adsorbed intermediate species with surface
metal atoms, e.g. adsorbed hydrogen atoms in the hydrogen evolution reac-
tion; adsorbed (FeOH) in the anodic dissolution of iron75'76. The presence
of adsorbed inhibitors will interfere with the formation of these adsorbed
intermediates, but the electrode processes may then proceed by alternative
paths through intermediates containing the inhibitor. In these processes the
inhibitor species act in a catalytic manner and remain unchanged. Such
participation by the inhibitor is generally characterised by a change in the
Tafel slope observed for the process. Studies of the anodic dissolution of
iron in the presence of some inhibitors, e.g. halide ions14'77"79, aniline and
its derivatives28*43, the benzoate ion70 and the furoate ion80, have indicated
that the adsorbed inhibitor / participates in the reaction, probably in the
form of a complex of the type (Fe-/)ads or (Fe-OH-/)ads . The dissolution
reaction proceeds less readily via the adsorbed inhibitor complexes than via
(Fe-OH)ads, and so anodic dissolution is inhibited and an increase in Tafel
slope is observed for the reaction.

Adsorbed species may also accelerate the rate of anodic dissolution of
metals, as indicated by a decrease in Tafel slope for the reaction. Thus the
presence of hydrogen sulphide in acid solutions stimulates the corrosion of
iron, and decreases the Tafel slope25'54'56. The reaction path through
(Fe-HS~)ads has been postulated to lead to easier anodic dissolution than
that through (Fe*OH)ads . This effect of hydrogen sulphide is thought to be
responsible for the acceleration of corrosion of iron observed with some
inhibitive sulphur compounds, e.g. thioureas25'54'81, at low concentrations,
since hydrogen sulphide has been identified as a reduction product. How-
ever, the effects of hydrogen sulphide are complex, since in the presence of
inhibitors such as amines56, quaternary ammonium cations56, thioureas54'81,



synergistic enhancement of inhibition is observed due to interaction of
adsorbed HS" ions with the adsorbed inhibitor.

Inhibitors may also retard the rate of hydrogen evolution on metals by
affecting the mechanism of the reaction, as indicated by increases in the Tafel
slopes of cathodic polarisation curves. This effect has been observed on iron
in the presence of inhibitors such as phenyl-thiourea58'69, acetylenic
hydrocarbons82'83, aniline derivatives84, benzaldehyde derivatives85 and
pyrilium salts85. According to Antropov86 and Grigoryev84'85, the rate
determining step (which depends on experimental conditions75) for the
hydrogen evolution reaction on iron in acid solutions (pH less than 2) is the
recombination of adsorbed hydrogen atoms to form hydrogen molecules.
Grigoryev84'85 has shown that addition of anilines, benzaldehydes and
pyrilium salts to hydrochloric acid tends to retard the discharge of hydrogen
ions to form adsorbed hydrogen atoms on iron, so that this step rather than
the recombination step tends to control the rate of the overall hydrogen
evolution reaction.

Some inhibitors, e.g. amines26'27'33 and sulphoxides87, which can add on
hydrogen ions in acid solutions to form protonated species, may accelerate
the rate of the cathodic hydrogen evolution reaction on metals, due to par-
ticipation of the protonated species in the reaction. This occurs when the
discharge of the protonated species to produce an adsorbed hydrogen atom
at the metal surface occurs more easily than the discharge of the hydrogen
ion. This effect becomes more significant as the hydrogen overvoltage of the
metal increases, and so may be observed to a greater extent on zinc than on
iron33.

Alteration of the electrical double layer The adsorption of ions or species
which can form ions, e.g. by protonation, on metal surfaces will change the
electrical double layer at the metal-solution interface, and this in turn will
affect the rates of the electrochemical reactions33'54. The adsorption of
cations, e.g. quaternary ammonium ions54 and protonated amines33 makes
the potential more positive in the plane of the closest approach to the metal
of ions from the solution. This positive potential displacement retards the
discharge of the positively charged hydrogen ion. For the inhibition of iron
corrosion by pyridines in acid solutions, Antropov33 has calculated the
theoretical inhibition coefficients of the hydrogen ion discharge reaction, due
to the effect of adsorbed pyridine cations on the electrical double layer. The
calculated values agreed well with observed values at low inhibitor concen-
trations, indicating that inhibition could be wholly attributed to electrostatic
effects, and that blocking of the surface by adsorbed inhibitor is not
important.

Conversely, the adsorption of anions makes the potential more negative
on the metal side of the electrical double layer and this will tend to accelerate
the rate of discharge of hydrogen ions. This effect has been observed for the
sulphosalicylate ion54 and the benzoate ion70.

Conclusions

Thus, inhibitors of corrosion in acid solution can interact with metals and
affect the corrosion reaction in a number of ways, some of which may occur



simultaneously. It is often not possible to assign a single general mechanism
of action to an inhibitor, because the mechanism may change with
experimental conditions. Thus, the predominant mechanism of action of an
inhibitor may vary with factors such as: its concentration, the pH of the acid,
the nature of the anion of the acid, the presence of other species in the solu-
tion, the extent of reaction to form secondary inhibitors and the nature of
the metal. The mechanism of action of inhibitors with the same functional
group may additionally vary with factors such as the effect of the molecular
structure on the electron density of the functional group and the size of the
hydrocarbon portion of the molecule. However, the mechanisms of action
of a number of inhibitors have now been identified and are beginning to be
understood on the molecular level.

Inhibitors in Near-neutral Solutions

The corrosion of metals in neutral solutions differs from that in acid solu-
tions in two important respects (see Section 1.4). In air-saturated solutions,
the main cathodic reaction in neutral solutions is the reduction of dissolved
oxygen, whereas in acid solution it is hydrogen evolution. Corroding metal
surfaces in acid solution are oxide free, whereas in neutral solutions metal
surfaces are covered with films of oxides, hydroxides or salts, owing to the
reduced solubility of these species. Because of these differences, substances
which inhibit corrosion in acid solution by adsorption on oxide-free sur-
faces, do not generally inhibit corrosion in neutral solution*. Inhibition in
neutral solutions is due to compounds which can form or stabilise protective
surface films. The inhibitor may form a surface film of an insoluble salt by
precipitation or reaction. Inhibitors forming films of this type include: (a)
salts of metals such as zinc, magnesium, manganese and nickel, which form
insoluble hydroxides, especially at cathodic areas, which are more alkaline
due to the hydroxyl ions produced by reduction of oxygen; (b) soluble
calcium salts, which can precipitate as calcium carbonate in waters contain-
ing carbon dioxide, again at cathodic areas where the high pH permits a
sufficiently high concentration of carbonate ions; (c) polyphosphates in the
presence of zinc or calcium, which produce a thin amorphous salt film. The
mechanism of action of these inhibitors seems fairly straightforward88.
The salt films, which are often quite thick and may be visible, restrict diffu-
sion, particularly of dissolved oxygen to the metal surface. They are poor
electronic conductors and so oxygen reduction does not occur on the film
surface; these inhibitors are referred to, therefore, as cathodic inhibitors.
The mechanism of inhibition by polyphosphates is more complex, and the
various theories of their action have recently been described by Butler89.

Another class of inhibitors in near-neutral solutions act by stabilising oxide
films on metals to form thin protective passivating films. Such inhibitors are
the anions of weak acids, some of the most important in practice being
chromate, nitrite, benzoate, silicate, phosphate and borate. Passivating

*Exceptions are organic compounds of high molecular weight, e.g. gelatine, agar and dextrin.
Adsorption of these large molecules is partly effective in shielding the metal surface from
reaction in neutral as well as acid solutions2.



oxide films on metals offer high resistance to the diffusion of metal ions and
the anodic reaction of metal dissolution is inhibited; thus these inhibitive
anions are often referred to as anodic inhibitors, and they are more generally
used than cathodic inhibitors to inhibit the corrosion of iron, zinc, alumi-
nium, copper and their alloys, in near neutral solutions.

The conditions under which oxide films are protective on these metals in
relation to inhibition by anions may be characterised in terms of three impor-
tant properties of the oxide film (see also Sections 1.4 and 1.5):

1. The Flade potential, which is the negative potential limit of stability of
the oxide film. At potentials more negative than the Flade potential the
oxide film is unstable with respect to its reduction or dissolution,
or both, since the rates of these two processes exceed that of film
formation.

2. The critical breakdown potential, which is the positive potential limit
of stability of the oxide film. At this potential and more positive poten-
tials, the oxide film is unstable with respect to the action of anions,
especially halide ions, in causing localised rupture and initiating pitting
corrosion.

3. The corrosion current due to diffusion of metal ions through the
passivating film, and dissolution of metal ions at the oxide-solution
interface. Clearly, the smaller this current, the more protective is the
oxide layer.

All of these three properties of the oxide films on metals are influenced by
the anion composition and pH of the solution. In addition the potential of
the metal will depend on the presence of oxidising agents in the solution.
Inhibition of corrosion by anions thus requires an appropriate combination
of anions, pH and oxidising agent in the solution so that the oxide film on
the metal is stable (the potential then lying between the Flade potential and
the breakdown potential), and protective (the corrosion current through the
oxide being low).

Most of the information available on the mechanism of action of inhibi-
tive anions relates to iron, which will be discussed in some detail, and
followed by brief accounts of zinc, aluminium and copper.

Iron

The corrosion of iron (or steel) can be inhibited by the anions of most weak
acids under suitable conditions90"92. However, other anions, particularly
those of strong acids, tend to prevent the action of inhibitive anions and
stimulate breakdown of the protective oxide film. Examples of such
aggressive anions are the halides, sulphate, nitrate, etc. Brasher92 has
shown that, in general, most anions exhibit some inhibitive and some
aggressive behaviour towards iron. The balance between the inhibitive and
aggressive properties of a specific anion depends on the following main fac-
tors (which are themselves interdependent).

Concentration Inhibition of iron corrosion in distilled water occurs only



when the anion concentration exceeds a critical value90'93. At concentra-
tions below the critical value, inhibitive anions may act aggressively and
stimulate breakdown of the oxide films92. Effective inhibitive anions have
low critical concentrations for inhibition. Brasher92 has classified a number
of anions in order of their inhibitive power towards steel, judged from their
critical inhibitive concentrations. The order of decreasing inhibitive effi-
ciency is: azide, ferricyanide, nitrite, chromate, benzoate, ferrocyanide,
phosphate, tellurate, hydroxide, carbonate, chlorate, o-chlorbenzoate,
bicarbonate, fluoride, nitrate, formate. Thus, normally aggressive anions
such as fluoride and nitrate may inhibit steel corrosion at sufficiently high
concentrations.

pH Inhibitive anions are effective in preventing iron corrosion only at pH
values more alkaline than a critical value. This critical pH depends on the
anion, e.g. approximate critical pH values for the inhibition of iron or steel
in about 0-1 M solution of the anion increase in the order: chromate94,
1-0; azelate95, 4-5; nitrite96'97, 5-0-5-5; benzoate98'99, 6-0; phosphate100,
7-2; hydroxide91, «12 (not 0-1 M). The critical pH value for inhibition
depends on the concentration of the inhibitive anion. In azelate95 and
nitrite96 solutions, there are indications that tbe critical pH for inhibition
decreases as the anion concentration increases. However, in benzoate
solutions99, increasing benzoate concentration displaces the critical pH to
more alkaline values.

Dissolved oxygen concentration and supply Inhibition of the corrosion of
iron by anions requires a critical minimum degree of oxidising power in the
solution. This is normally supplied by the dissolved oxygen present in air-
saturated solutions. Gilroy and Mayne101 have shown that the critical
oxygen concentration for inhibition of iron in O-1 M sodium benzoate (pH
7-0) is «0-3 p.p.m., considerably less than the air-saturated concentration
of «8 p.p.m. As the oxygen concentration is reduced below this critical
value, the rate of breakdown of the passivating oxide film increases. As the
pH of O-1 M sodium benzoate is reduced below 7-0, the critical oxygen con-
centration for inhibition increases102. The critical oxygen concentration for
inhibition depends on the nature of the anion101. If the inhibitive anion
possesses oxidising properties, e.g. chromate93'103'104, nitrite93, pertech-
netate104"106, then the presence of dissolved oxygen may not be necessary for
inhibition. The critical oxygen concentrations for good inhibitive non-
oxidising anions are low101. If the dissolved oxygen concentration is
increased above that of the air-saturated solution, the inhibition of iron cor-
rosion is facilitated102, and inhibition may even be achieved in chloride
solution107. Similarly, increasing the oxygen supply to the iron surface by
rapid stirring or aeration of the solution may favour inhibition, resulting in
inhibition at lower critical anion concentrations98'108, and again inhibition
in chloride solutions may be obtained109. Addition of an oxidising agent
may improve the efficacy of inhibitive anions, e.g. Mayne and Page110 have
recently shown that the presence of hydrogen peroxide lowers the critical
concentrations of sodium benzoate and sodium azelate required for inhibi-
tion of steel, and also lowers the critical pH values for inhibition.

Aggressive anion concentration When aggressive anions are present in the



solution, the critical concentrations of inhibitive anions required for protec-
tion of iron are increased108'111"116. Brasher and Mercer112"115 have shown
that the relationship between the maximum concentration of aggressive
anion Cagg permitting full protection by a given concentration of inhibitive
anion Cinh is of the form

log Cinh. = n log Cagg. + K

where K is a constant dependent on the nature of the inhibitive and
aggressive anions, and n is an exponent which is approximately the ratio of
the valency of the inhibitive anion to the valency of the aggressive anion.
This relationship indicates a competitive action between inhibitive anions
and aggressive anions and its significance will be discussed below. In general,
the more aggressive the anion, the smaller the concentration which can be
tolerated by an inhibitive anion. The order of tolerance115 of aggressive
anions is, with certain exceptions, consistent with the order of aggressiveness
of these anions as determined from their tendency to induce breakdown of
the oxide film on iron in aerated solutions.

Nature of the metal surface The critical concentration of an anion required
to inhibit the corrosion of iron may increase with increasing surface
roughness. Thus, Brasher and Mercer112 showed that the minimum concen-
tration of benzoate required to protect a grit-blasted steel surface was about
100 times greater than that required to protect an abraded surface. However,
surface preparation had little effect on the critical inhibitive concentrations
for chromate113 or nitrite114 The time of exposure of the iron surface to air
after preparation and before immersion may also affect the ease of inhibition
by anions. There is evidence91'101'117 that the inhibition by anions occurs
more readily as the time of pre-exposure to air increases. Similarly, if an
iron specimen is immersed for some time in a protective solution of an
inhibitive anion, it may then be transferred without loss of inhibition to a
solution of the anion containing much less than the critical inhibitive
concentration91.

Temperature In general, the critical concentrations of anions, e.g.
benzoate108'112, chromate113 and nitrite114, required for the protection of
steel increase as the temperature increases.

Passivating Oxide Films

Studies of iron surfaces inhibited in solutions of anions have shown by
several independent techniques, e.g. examination of in situ and stripped
films by electron diffraction118"124, cathodic reduction123'125'126 and ellipso-
metry127, the presence of a thin film (thickness «3 x 10~6 m to 5 x 10~9 m)
of cubic iron oxide (Fe3O4 or 7-Fe2O3), which is rather similar to the air-
formed oxide film128"30. Immersion of iron bearing its air-formed oxide film
into solutions of inhibitive anions usually results in a thickening of the oxide
layer125'131, except at relatively low pH132. Oxide film growth on iron in
inhibitive solutions of anions as well as in air, follows a direct logarithmic
law, the rate constants being generally slightly greater in solution than



in air
94'127'131'133 136. it is generally agreed that inhibition of the corrosion of

iron by anions results from their effects on this oxide layer137"144. These
effects are of several kinds, and they will now be discussed in relation to the
theories of inhibition by anions. It seems probable, that there is no single
mechanism of inhibition, but that a number of factors are involved, their
relative importance depending on the nature of the anion and experimental
conditions.

Uptake of Anions by Oxide Films

Early studies on oxide films stripped from iron showed the presence of
chromium after inhibition in chromate solution145 and of crystals of ferric
phosphate after inhibition in phosphate solutions121. More recently, radio-
tracer studies using labelled anions have provided more detailed information
on the uptake of anions. These measurements of irreversible uptake have
shown that some inhibitive anions, e.g. chromate94'133'"136146'147 and phos-
phate117'148, are taken up to a considerable extent on the oxide film.
However, other equally effective inhibitive anions, e.g. benzoate149'150

pertechnetate151'152 and azelate153, are taken up to a comparatively small
extent. Anions may be adsorbed on the oxide surface by interactions similar
to those described above in connection with adsorption on oxide-free metal
surfaces. On the oxide surface there is the additional possibility that the
adsorbed anions may undergo a process of ion exchange115'117'147, whereby
they replace oxide ions, which leave the oxide lattice for the solution.
Adsorption and ion-exchange represent different aspects of the same pro-
cess. However, it would be expected that an anion would be more firmly
bound after ion exchange because of the greater interaction with neighbour-
ing metal ions. Anions taken up by adsorption/ion exchange, e.g. phos-
phate117 and chromate147, would be expected to be distributed fairly
uniformly over the surface, though binding energies would vary with different
types of adsorption site. There is considerable evidence that uptake of anions
may also be concentrated into particles of separate phases located in the
main oxide film, e.g. phosphate117'121, pertechnetate105 and azelate153. The
formation of these particles of separate phase has been observed mainly
when conditions are relatively unfavourable for inhibition, e.g. low pH153,
thin oxide film due to short air exposure117 and the presence of aggressive
anions154.

This evidence of the uptake of inhibitive anions into oxide films forms the
basis of the 'chemical' or 'pore plugging' theory of inhibition, associated
originally with Evans155 etal. In this theory the role of the inhibitive anion
is to promote the repair of weak points or pores in the oxide film, where cor-
rosion has started, by reacting with dissolving iron cations to form insoluble
products of separate phase, which plug the gaps. These insoluble products
may contain the inhibitive anion either as a salt, e.g. phosphate121, or a
basic salt, e.g. azelate153, or as an insoluble oxide, e.g. Cr2O3 from
chromate133'145. Precipitation of such solid products is favoured if the pH in
the region of the pores does not become acid. Thus, on the basis of this
theory, inhibition by anions such as phosphate, borate, silicate and car-
bonate, is enhanced by their buffer properties which serve to prevent a fall
in pH in the anodic areas. Since ferric salts are usually more insoluble than



ferrous salts, the requirement of oxidising power in the solution for inhibi-
tion is explained as necessary for oxidation of ferrous to insoluble ferric
compounds, either by dissolved oxygen or oxidising anions, e.g. chromate
or nitrite.

There is undoubted evidence that pore plugging as described by this theory
does occur, particularly when conditions are relatively unfavourable for
inhibition. However, this theory does not provide a complete explanation of
the action of inhibiting anions. Some inhibitive anions, e.g. azide91 and
pertechnetate 14°, do not form insoluble salts with ferrous or ferric ions.
Furthermore, the pertechnetate ion has negligible buffer capacity140.
Oxidising power is not necessarily a criterion of inhibitive efficiency, e.g.
permanganate rapidly oxidises ferrous ions to ferric, but is a poor
inhibitor156. Also, there is little correlation between the extent to which
anions are incorporated into oxide films and their inhibitive efficiency117.
The inhibitive action of anions on iron is soon lost after transfer of the metal
from the anion solution to water. The behaviour111'115 of iron in solutions
containing mixtures of inhibitive and aggressive anions indicates that there
is a competitive uptake of the inhibitive and the aggressive anions. These
facts strongly suggest that the inhibitive effect of anions is exerted through
a relatively labile adsorption on the oxide surface, rather than irreversible
incorporation into the oxide film.

Effect of Inhibitive Anions on Formation of Passivating Oxide

Inhibitive anions can also contribute to the repair of weak points, pores or
damage to the oxide film on iron by promoting the formation of a passivating
film of iron oxide at such areas. This was put forward as a mechanism of
action of inhibitive anions by Stern157, who proposed that the formation of
passivating iron oxide was easier in the presence of such anions (due to an
increase in the rate of the cathodic process, arising from either reduction of
an oxidising anion or acceleration of oxygen reduction) so that a greater
equivalent anodic current would be available to more easily exceed the
critical current density for passivation. Stern also suggested that inhibitive
anions might facilitate the anodic process of oxide formation by reducing the
magnitude of the critical current density or by making the Flade potential
more negative. Subsequent work has shown that inhibitive anions affect
mainly the anodic process. Thus in solutions of the oxidising inhibitive
anions chromate103'158, nitrite158'159 and pertechnetate106, reduction of dis-
solved oxygen is the predominant cathodic process. There is evidence103'160,
that some anions can increase somewhat the rate of oxygen reduction, but
the effects do not appear sufficiently large to be significant. However, anodic
polarisation studies158'161"163 have shown that the critical current density for
passivation is much smaller in the presence of inhibitive anions than
aggressive anions. Comparing a number of inhibitive anions158, the critical
current densities for passivation have been found to increase in generally the
same order as the inhibitive efficiencies decrease. In solutions of inhibitive
anions158> 164, as the pH becomes more acid the critical current density for
passivation generally increases. In benzoate solution164, the presence of
dissolved oxygen has been shown to reduce considerably the critical current



density for passivation. However, in carbonate solution163, dissolved
oxygen has little effect. The effects of anions on the passivation reaction are
related to their adsorption, since radiotracer measurements165 during
passivation of iron in solutions of sodium phosphate and sodium iodohip-
purate (a substituted benzoate) have indicated that the greater the adsorption
of the anion on the active iron surface, the smaller the critical current density
for passivation.

Brasher166'167 has found that a steel specimen which has begun to corrode
in a solution of an aggressive anion can be inhibited by addition of a non-
oxidising inhibitive anion only if the potential has not become more negative
than a certain value, termed the 'critical potential for inhibition'. This critical
potential depends on the nature of the anion167, and on the relative concen-
trations of inhibitive and aggressive anions in the solution, becoming more
positive as the concentration of aggressive anion increases168. The critical
potential for inhibition has been related to the effects of potential on the
adsorption of anions165'168, and is probably the potential at which adsorp-
tion of the inhibitive anion on the active corroding areas has the minimum
value necessary to reduce the metal ion dissolution rate to such an extent that
oxide film formation can occur. In pure benzoate or phosphate solutions, the
critical potentials for inhibition (benzoate —0-28 V, phosphate —0-43V)
are close to the critical passivation potentials158> 164 for iron. This is a further
indication that inhibition under these circumstances occurs due to the forma-
tion of passivating iron oxide at the corroding areas.

Effects of inhibitive Anions on the Dissolution
of Passivating Oxide

The passivating oxide layer on iron should remain stable and protective pro-
vided its rate of formation exceeds its rate of dissolution. Dissolution of the
outer layer of 7-Fe2O3 can occur in two ways. At potentials more positive
than the Flade potential, dissolution occurs by passage of Fe3+ ions from
the oxide surface into solution169> 17°. The effect of anions on the rate of this
process has not been systematically studied, but there is evidence that the
rates are considerably smaller in solutions of chromates94 than of
sulphate169. However, the rates in sulphate are slightly less than in solutions
of phthalate171, an inhibitive anion, which may be due to some complex
formation. The dissolution rates in solutions of these anions decrease con-
siderably as the pH increases. The thickness of the oxide film on iron also
controls the Fe3+ dissolution rates, which decrease markedly as the oxide
film thickness increases170. Thus, under adverse conditions, i.e. relatively
low pH, low inhibitive power of anions, low oxide thickness (especially at
weak points in the film), on immersion of an iron specimen, an appreciable
Fe3+ dissolution current could flow, which could depress the potential to
the vicinity of the Flade potential. In this region, the rate of oxide dissolution
increases170, due to the onset of reductive dissolution101'172, leading to
passage of Fe2+ ions into solution. The dissolving Fe24 ions derive from
the reduction of Fe3+ ions in the surface layer of 7-Fe2 O3, by electrons sup-
plied from the oxidation of metallic iron to form cations. Gilroy and
Mayne101 have shown that the rate of reductive dissolution of the oxide film



on iron is faster in solutions of aggressive anions than in solutions of
inhibit!ve anions. The rate of dissolution increases as the dissolved oxygen
content decreases. Gilroy and Mayne have shown further173 that the rates
of oxidation in solution of Fe2+ to Fe3+ by dissolved oxygen are greater in
the presence of inhibitive anions than of aggressive anions. They propose
that a function of the inhibitive anion is to stimulate the oxidation by oxygen
of any Fe2+ ions produced in the surface of the 7-Fe2O3 film, thus retarding
its dissolution. These effects of anions on the reductive dissolution of the
oxide film should correspond to effects on the Flade potential, i.e. a decrease
in the rate of reductive dissolution should displace the Flade potential to
more negative values, and vice versa. The effects of a number of anions at
varying pH on the Flade potential have been described by Freiman and
Kolotyrkin174.

The reductive dissolution of the outer 7-Fe2O3 layer exposes the inner
magnetite layer of the oxide film. In acid solutions (pH less than 4) the
magnetite layer rapidly dissolves175, but in near neutral solution it may be
stable and protective, depending on the nature of the anion present and its
concentration176'177. The magnetite layer is stable in inhibitive solutions of
anions, e.g. benzoate177, carbonate163, hydroxide163, borate126 (though not
bicarbonate177). The stability of the magnetite layer controls the inhibition
of corrosion of iron when coupled to electronegative metals such as
aluminium, zinc or cadmium177.

Thus inhibitive anions can retard the dissolution of both the 7-Fe2O3 and
the magnetite layers of the passivating oxide layer on iron. This has the dual
effect of preventing breakdown of an existing oxide film and also of
facilitating the formation of a passivating oxide film on an active iron sur-
face, as discussed in the previous section.

Inhibitive Anions and Aggressive Anions

An important function of inhibitive anions is to counteract the effects of
aggressive anions which tend to accelerate dissolution and breakdown of the
oxide films. The relationships115 (mentioned above) between the concentra-
tions of inhibitive anions and aggressive anions, when inhibition is just
achieved, correspond to competitive uptake of the anions by adsorption or
ion exchange at a fixed number of sites at the oxide surface. The effects of
the valencies of the competing anions are generally consistent with the total
charge due to anion uptake being constant. Iron surfaces protected in solu-
tions of inhibitive anions rapidly begin to corrode on addition of aggressive
anions or on transfer to distilled water. All these facts indicate that inhibitive
anions overcome the effects of aggressive anions through participation in a
reversible competitive adsorption such that the adsorbed inhibitive anions
reduce the surface concentration of aggressive anions below a critical value.

The reasons why some anions exhibit strong inhibitive properties while
others exhibit strong aggressive properties are not entirely clear. The prin-
cipal distinction seems to be that inhibitive anions are generally anions of
weak acids whereas aggressive anions are anions of strong acids. Due to
hydrolysis, solutions of inhibitive anions have rather alkaline pH values and
buffer capacities to resist pH displacement to more acid values. As discussed



above, both these factors are beneficial to the stability and repair of the oxide
film. However, the primary difference between inhibitive and aggressive
anions must arise from their effects on dissolution reactions at the oxide sur-
face. For the various XO"4~ ions, Cartledge140) 143 considers that the
difference between inhibitive and non-inhibitive anions is due to the con-
trasting internal polarity of the .Y+-O" bond creating different electro-
static interactions in the electrical double layer, thus affecting transfer of
metal ions into solution. Another important factor is that the bonds formed
between anions of weak acids and metal ions in the oxide surface are of a
more coordinate character than those formed by anions of strong acids. The
mechanism of dissolution of metal ions from the oxide surface is not well
understood, but according to Heusler170 it proceeds by the passage of
Fe(OH)2+ ions into solution. It seems likely that dissolution of other anion
complexes will occur, and it would appear that dissolution of the more coor-
dinately bonded complexes with inhibitive anions occurs less readily than
that of the more ionically bonded complexes with aggressive anions. In addi-
tion, the electron transfer to the ferric ion in the coordinate bonds with
inhibitive anions will tend to stabilise the ferric state against reduction to the
ferrous state, making the oxide more resistant to reductive dissolution.

The inhibitive efficiency of anions tends to increase with size in a homo-
logous series91, due probably to the increasing tendency to adsorption, and
decreasing solubility of the ferric-anion complex.

Zinc

The effects of inhibitive and aggressive anions on the corrosion of zinc are
broadly similar to the effects observed with iron. Thus with increasing con-
centration, anions tend to promote corrosion but may give inhibition above
a critical concentration141'160'178. Inhibition of zinc corrosion is somewhat
more difficult than that of iron, e.g. nitrite179'180 and benzoate98'181'182 are
not efficient inhibitors for zinc. However, inhibition of zinc corrosion is
observed in the presence of anions such as chromate91'178'179, borate179 and
nitrocinnamate91'179, which are also good inhibitors for the corrosion of
iron. Anions such as sulphate, chloride and nitrate are aggressive towards
zinc and prevent protection by inhibitive anions141'160. The presence of
dissolved oxygen in the solution is essential for protection by inhibitive
anions. As in the case of iron, pressures of oxygen greater than atmospheric
or an increase in oxygen supply by rapid stirring can lead to the protection
of zinc in distilled water183. Inhibition of zinc corrosion occurs most
readily184 in the pH range of 9 to 12, which corresponds approximately to
the region of minimum solubility of zinc hydroxide.

The ways in which inhibitive anions affect the corrosion of zinc are mainly
similar to those described above for iron. In inhibition by chromate,
localised uptake of chromium has been shown to occur at low chromate
concentrations160'185 and in the presence of chloride ions185. Thus under
conditions unfavourable for inhibition, pore plugging occurs on zinc. Inhibi-
tive anions also promote the passivation of zinc, e.g. passivation is much
easier in solutions of the inhibitive anion, borate186"188, than in solutions of
the non-inhibitive anions, carbonate and bicarbonate186'189, A critical



inhibition potential, analogous to that on iron, has been observed for zinc
in borate solutions144. Thus inhibitive anions promote repair of the oxide
film on zinc by repassivation with zinc oxide. The requirement of dissolved
oxygen for inhibition indicates that the passivating oxide is stabilised at
potentials more positive than the Flade potential by the reduction in dissolu-
tion rate due to the inhibitive anion. The passivating film is ZnO, which
dissolves as divalent cations190, and there is no evidence of reductive
dissolution. Thus, on zinc the inhibitive anion presumably stabilises the
oxide by formation of an adsorbed complex with the zinc ion, the dissolution
rate of which is less than that of analogous zinc complexes with water,
hydroxyl ions or aggressive anions.

Aluminium

When aluminium is immersed in water, the air-formed oxide film of
amorphous 7-alumina initially thickens (at a faster rate than in air) and then
an outer layer of crystalline hydrated alumina forms, which eventually tends
to stifle the reaction191"193. In near-neutral air-saturated solutions, the corro-
sion of aluminium is generally inhibited194> 195 by anions which are inhibitive
for iron, e.g. chromate, benzoate, phosphate, acetate. Inhibition also occurs
in solutions containing sulphate or nitrate ions, which are aggressive towards
iron. Aggressive anions for aluminium include the halide ions192'194"196, F",
Cl~, Br", I", which cause pitting attack, and anions which form soluble
complexes with aluminium194, e.g. citrate and tartrate, which cause general
attack. Competitive effects195'197, similar to those observed on iron, are
observed in the action of mixtures of inhibitive anions and chloride ions on
aluminium. The inhibition of aluminium corrosion by anions exhibits both
an upper and a lower pH limit. The pH range for inhibition depends upon
the nature of the anion194.

In near-neutral and de-aerated solutions194, the oxide film on aluminium
is stable and protective in distilled water and chloride solutions, as well as
in solutions of inhibitive anions. Thus the inhibition of aluminium corrosion
by anions differs from that of iron or zinc in that the presence of dissolved
oxygen in the solution is not necessary to stabilise the oxide film, i.e. the
Flade potential is more negative than the hydrogen evolution potential.
Lorking and Mayne194> 1% observed that inhibition of aluminium corrosion
occurred only when the initial rate of dissolution of aluminium oxide in solu-
tions of anions was less than a critical value. If this dissolution rate was
decreased by presaturation of the solution with aluminium oxide, the corro-
sion of aluminium could be inhibited in normally aggressive solutions con-
taining chloride or fluoride ions. The oxide film dissolves as Al3+ ions, the
degree of hydrolysis and rate of dissolution depending on the pH198"201.
There is no evidence of reductive dissolution. Thus, as with zinc, the
inhibitive anions probably act by adsorption on to Al3 + ions in the oxide
surface to form a surface complex, which has a low dissolution rate. The
formation of surface compounds by anions on aluminium oxide has been
discussed by Vedder and Vermilyea202'203 in connection with the inhibition
of hydration of anodic oxide films on aluminium. In corrosion inhibition by
chromate ions, their interaction with the oxide film on aluminium has been



shown by Heine and Pryor204 to result in the formation of an outer layer of
the film which is more protective due to its high electronic resistance and low
dissolution rate. Chrornate ions were also found to prevent the uptake and
penetration of chloride ions into the aluminium oxide film204*205.

Copper

Little work has been carried out on the mechanism of inhibition of the corro-
sion, of copper in neutral solutions by anions. Inhibition occurs in solutions
containing chromate98, benzoate98 or nitrite206 ions. Chloride ions206'207 and
sulphide208 ions act aggressively. There is evidence209 that chloride ions can
be taken up into the cuprous oxide film on copper to replace oxide ions and
create cuprous ion vacancies which permit easier diffusion of cuprous ions
through the film, thus increasing the corrosion rate.

Copper corrosion can also be effectively inhibited in neutral solution by
organic compounds of low molecular weight, such as benzotriazole208'210"212

and 2-mercaptobenzothiazole208. Benzotriazole is particularly effective in
preventing the tarnishing and dissolution of copper in chloride solutions. In
the presence of benzotriazole, the anodic dissolution reaction, the oxide film
growth reaction and the dissolved oxygen reduction reaction, are all
inhibited208'212, indicating strong adsorption of the inhibitor on the cuprous
oxide surface.

Conclusions

The mechanism of action of inhibitive anions on the corrosion of iron, zinc
and aluminium in near-neutral solution involves the following important
functions:

1. Reduction of the dissolution rate of the passivating oxide film.
2. Repair of the oxide film by promotion of the reformation of oxide.
3. Repair of the oxide film by plugging pores with insoluble compounds.
4. Prevention of the adsorption of aggressive anions.

Of these functions, the most important appears to be the stabilisation of
the passivating oxide film by decreasing its dissolution rate (Function 1).
Inhibitive anions probably form a surface complex with the metal ion of the
oxide, i.e. Fe3+, Zn2+, Al3+, such that the dissolution rate of this complex
is less than that of the analogous complexes with water, hydroxyl ions or
aggressive anions. For iron only, the special mechanism of reductive dissolu-
tion enables the ferric oxide film to dissolve more easily as Fe2+ ions.
Inhibitive anions may retard this process by catalysing the re-oxidation by
dissolved oxygen of any Fe2+ formed in the oxide surface. Stabilisation of
the oxide films by decrease of dissolution rate is also important with respect
to repassivation by oxide formation (Function 2). The plugging of pores by
formation of insoluble compounds (Function 3) does not appear to be an
essential function, but is valuable in extending the range of conditions under
which inhibition can be achieved. The suppression of the adsorption of



aggressive anions (Function 4) by participation in a dynamic reversible com-
petitive adsorption equilibrium at the metal surface appears to be related to
the general adsorption behaviour of anions rather than a specific property
of inhibitive anions.

The relative importance of these functions also depends to a considerable
extent on the solution conditions. Under favourable conditions of pH,
oxidising power and aggressive anion concentration in the solution, Func-
tion 1 is probably effective in preventing film breakdown. Under unfavour-
able conditions for inhibition, localised breakdown will occur at weak points
in the oxide film, and Functions 2 and 3 become important in repairing the
oxide film.

Recent Developments

Recent developments in the mechanisms of corrosion inhibition have been
discussed in reviews dealing with acid solutions213"217 and neutral solu-
tions213'214'216'218'219. Novel and improved experimental techniques218, e.g.
surface enhanced Raman spectroscopy220, infrared spectroscopy221, Auger
electron spectroscopy222, X-ray photoelectron spectroscopy222 and a.c.
impedance analysis223, have been used to study the adsorption, interaction
and reaction of inhibitors at metal surfaces.

Adsorption of Corrosion Inhibitors onto Metals

The bonding of adsorbed corrosion inhibitors onto metals has been
described in terms of the concepts of 'hard-soft acid and bases'215'224 and
electrosorption valency225. Work has continued on the correlation of the
effects of substituents in related molecules, e.g. aliphatic amines226,
pyridines226"228, anilines229, benzoates230'231, anthranilates232, thiophenes233,
thioglycolic acids234 and benzotriazoles235, on inhibitive efficiencies with
electron densities at functional groups. These studies have generally con-
firmed that, in both acid and neutral solutions, substituents increase the
inhibitive efficiences, probably because of stronger adsorption forces arising
from increased electron density on the functional group due to a nucleophilic
substituent, or the polar character of an electrophilic substituent. Con-
siderable enhancement of adsorption and inhibition can occur with an
inhibitor containing more than one functional group236 (particularly if
chelation is possible237'238), or because of synergistic interaction of two
inhibitors217'239. Inhibitive efficiencies have also been correlated with steric
factors227'240 and hydrophobicity241'242.

Mechanisms in Acid Solutions

The four mechanisms discussed above, of the action of inhibitors remain
essentially unchanged. Further work on acetylenic alcohols has indicated
that barrier films can form owing to crosslinking by hydrogen bonding and
synergistic interactions243. Theoretical treatments of the electrochemical



mechanisms of inhibition have shown that the contribution of each
mechanism can be evaluated from electrochemical data217'244. There is now
considerable evidence that the corrosion of metals in acids can proceed also
by a chemical mechanism245. Inhibitors can give different effects on the
rates of chemical corrosion and electrochemical corrosion246'247.

Mechanisms in Near-neutral Solutions

The mechanisms of action of inhibitors which form salt films on metals have
been reviewed218.

Regarding inhibition of corrosion of iron and steel by anions, further
evidence for anion incorporation into oxide films has been obtained using
radiotracers248 and Auger electron spectroscopy249. Support for the pore-
plugging mechanism has been given by autoradiography studies248, which
have demonstrated that in inhibitive solutions containing carboxylate
anions, the extent of localised uptake of the anion decreases with increasing
pH and increasing inhibitive efficiency of the anion.

The anodic passivation of iron has been shown216'219'250"254 to involve the
formation of an oxide of lower valency state, possibly containing the anion,
before the formation of the ferric oxide film. The effects of anions on these
processes have been discussed in relation to the role of metal ion-anion
complexes250'252'254. Inhibitive anions may be divided into two main
types216. Type I anions, which include particularly carboxylates such as
benzoate230, phthalate230'255'256 and acetate257, have little or no inhibitive
effect in deaerated solutions in retarding active dissolution and facilitating
passivation. Dissolved oxygen above a critical concentration produces
strong synergistic inhibitive effects, owing probably in part to the more
alkaline pH produced at the metal surface by oxygen reduction216'258.
Type II anions, which include the more effective inhibitors, nitrite259,
chromate252, molybdate252*260, substituted benzoates230'231, phenylanthrani-
lates232, have inhibitive properties in deaerated solution. The role of
dissolved oxygen is then to act mainly as a redox system. The effects of
inhibitive anions on the dissolution of the passivating oxide films are
analogous261'262.

Recent developments have also been reported in the inhibition of zinc238,
aluminium263'264 and copper220'265.

J. G. N. THOMAS
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