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17.1 Conditioning the Atmosphere

to Reduce Corrosion

The impurities normally present in uncontrolled atmospheres are capable of
producing serious corrosion on many metals and alloys which do not corrode
significantly in clean, dry air (Section 2.2). It is therefore in principle possible
to prevent corrosion by purifying the atmosphere, or by using a volatile cor-
rosion inhibitor. In extreme cases, pure, dry nitrogen under positive pressure
can be used. These methods will seldom be practicable with working equip-
ment, but they may offer the most attractive solution in transport or storage,
especially since they are often very effective against the particular hazards of
these conditions. Temporary protectives (Section 15.3) may also be used.

The most important corrosive agents to be considered are water vapour,
acid fumes (particularly sulphur dioxide) salts and hydrogen sulphide. Water
plays an essential part in stimulating attack by all the other agents, except
hydrogen sulphide, so that drying the atmosphere is the most important
single means of preventing corrosion. Control of other contaminants will,
however, be important where satisfactory drying is not practicable.

Control of Relative Humidity

At high relative humidity the common corrosive agents produce a film of
aqueous electrolyte on exposed metal surfaces. No significant corrosion
results on iron, zinc, aluminium, copper or their alloys (apart from tar-
nishing by hydrogen sulphide), unless the relative humidity is above 60%
(Section 2.2). In packaging and storage, the relative humidity is usually kept
below 50%. Packages are most conveniently protected with desiccants, but
for larger volumes, drying by cooled surfaces may be used, and in store-
rooms, the relative humidity can be kept down by heating.

Desiccants and Desiccated Packages

Desiccating agents used in corrosion prevention must be cheap, easy to
handle and non-corrosive. These requirements rule out many of the familiar
laboratory desiccants, and in practice the most common packaging desiccants
are silica gel, activated alumina and quicklime (calcium oxide). Activated



clays are sometimes also used, and for very low relative humidities, mole-
cular sieves.

Silica gel and activated alumina present few practical problems. They are
easily reactivated after use by heating in a ventilated oven, to 130-30O0C for
silica gel, and 150-70O0C for activated alumina. British standard specifica-
tions have been published for desiccants for packaging1'2, which regulate
the contents of soluble chloride and sulphate, dust content and absorptive
capacity.

Quicklime is less easy to handle, and swells considerably on hydration. It
is cheap, however, and is often used on open trays to protect process equip-
ment, machinery, furnaces, etc. during shut-down periods. If it is acci-
dentally flooded with water, the slurry of hydrated lime provides an alkaline
medium in which uncoated steel surfaces will remain without rusting.

Packages intended for use with desiccants must have low permeability to
water vapour. It is therefore necessary to consider the design of the package
in relation to the storage life required. This subject is beyond the scope of
the present work, and guidance should be sought from standard textbooks
on packaging3. The B.S.I. Packaging Code4 includes sections on desic-
cants, temporary protectives and the use of various types of packaging
materials.

The following formulae are used for calculating the weight of desiccant
required for a given package:

1. For tropical storage with average water-vapour pressure 3-2kN/m 2

W = 40ARM + Dunnage Factor
2. For temperate storage with average water-vapour pressure 1 -O kN/M2

W = 1IARM + Dunnage Factor
3. For completely impervious packages:

V
W — — + Dunnage Factor

6
Where W = weight (g) of 'basic desiccant' (i.e. one which absorbs 21%

of its dry weight of moisture in an atmosphere maintained at
50% r.h. at 250C),

A = area (m2) of the surface of the desiccated enclosure,
D = weight (g) of hygroscopic blocking, cushioning and other

material inside the barrier (including cartons, etc.),
M = maximum time of storage (months),
R = water-vapour transmission rate of the barrier (gm~ 2d~ 1 )

measured at 90% r.h. differential and 380C and
V = volume (litre) of the air inside the barrier.

Dunnage Factor is D/5 for timber with moisture content higher than 14%,
D/S for felt, carton board and similar materials, and D/IO for plywood and
timber with moisture content less than 14%.

Rates of transmission may be affected by creasing, scoring, etc. especially
for waxed papers, and of course also strongly depend on thickness. Informa-
tion can be obtained from suppliers of materials, or measurements can be
made according to a method given in BS 3177:19596 which includes a table



of representative values. General guidance on materials is also given in
Sections 7 and 21 of the B.S.I. Packaging Code.

Air transport may set up pressure differences that disrupt the water vapour
barrier of a package, expelling some of the air present at ground level and
chilling the contents. Admission of warm, moist air on landing may produce
heavy condensation on the contents. BS 1133, section 20, advocates the use
of pressure-relief values for packages for air freight4.

With desiccants with absorptive capacities differing from 27 %, the weight
calculated from these formulae will need to be proportionately adjusted.
Packs of desiccant are obtainable commercially containing quantities stated
in terms of basic desiccant.

Dry Storage and Dry Rooms

Storage rooms are similar in principle to packages, but the rate of entry of
moisture is less predictable. Replacement of the air and diffusion of water
vapour will have a considerable effect on the atmosphere with building
materials other than glass and metals, and will vary markedly with weather
conditions.

Desiccating agents can be exposed on open trays in store rooms, but in
some cases, continuous circulation of the air through the desiccant may be
preferable. Finely divided desiccant should be prevented from reaching
exposed metal surfaces.

In most cases, however, the air is dried by condensation on a cooled sur-
face, or the relative humidity is lessened without actually removing water
vapour by heating the store (Section 2.2). Some practical points need to be
considered in these cases:

1. Ventilation is necessary in heated stores, even if the heaters do not
themselves produce water vapour, for otherwise the relative humidity
will probably rise because water vapour is desorbed from building
materials. Ventilation is even more important if gas or kerosine heaters
are used.

2. The relative humidity of the air must be measured in relation to the
temperature of the metal surfaces to be protected. If incoming air at
83% relative humidity at 130C is heated to 180C, its relative humidity
will fall to 60%, but if it then comes into contact with surfaces at 1O0C
or below, condensation will occur until their temperatures rise suffi-
ciently to prevent it. This situation can arise with massive metallic
objects during a sudden change in the weather, or if temperature is
allowed to fluctuate between day and night. It may thus be necessary to
keep a store heated in summer as well as in winter, and to heat suffi-
ciently to keep the average relative humidity as low as 30% if the maxi-
mum is not often to exceed 50%. The relative humidity and temperature
of the store should be measured and recorded regularly if this method
of preventing corrosion is to be operated economically and effectively.

3. Condensation may lead to corrosion when components are placed in
relatively impervious wrappings in warm and humid workrooms or
stores and then transferred to cold surroundings, and this should be
taken into account in choosing the packaging technique.



Elimination of Contaminants

Many common materials are not severely corroded even at high relative
humidity so long as the surfaces are clean, and dust particles and gaseous
contaminants are eliminated from the air. It is seldom practicable to rely
entirely on this method of protection, although copper and silver can be pro-
tected from tarnishing by wrappings impregnated with salts of copper, lead
or zinc6, which react with hydrogen sulphide. Elimination of contaminants
is nevertheless desirable, since it will minimise damage if other measures
(such as desiccation) become ineffective during storage, and also because it
will often improve the performance of the object in its ultimate application.

Surface cleaning as a preparation for coatings is discussed in Sections 11.1
and 11.2. It is important to control degreasing baths to prevent accumulation
of water and formation of corrosive products which will contaminate the
atmosphere as well as the objects being degreased. In the case of tri-
chlorethylene, stabilisers are added to prevent formation of hydrochloric
acid7. Exclusion of dust is beneficial, and may necessitate filtering the air or
use of a temporary protective.

Sweat residues These contain fatty acids and sodium chloride, and increase
the risk of corrosion after handling. Components should be washed in a solu-
tion of 5% water in methanol.

Packaging materials Materials to be used in contact with metals should be
as free as possible from corrosive salts or acid. BS 1133, Section 7:1967 gives
limits for non-corrosive papers as follows: chloride, 0-05% (as sodium
chloride); sulphate, 0-25% (as sodium sulphate) and pH of water extract
5-5-8-0. Where there is doubt, contact corrosion tests may be necessary in
conditions simulating those in the package.

Organic materials Corrosive vapours are sometimes emitted by organic
materials used either in packaging or in the manufactured article, and may
be troublesome in confined spaces. Some woods, particularly unseasoned
oak and sweet chestnut, produce acetic acid (see Section 18.10), and certain
polymers used in paints, adhesives and plastics may liberate such corrosive
vapours as formic acid and hydrogen sulphide8. It may be necessary to
carry out exposure trials, particularly where materials capable of liberating
formaldehyde or formic acid are involved. Most corrosion problems of this
kind can be prevented by using desiccants, and in many cases they are con-
fined to imperfectly cured materials. For an excellent review see Reference 9.

Volatile Corrosion Inhibitors

Atmospheric corrosion can be prevented by using volatile inhibitors which
need not be applied directly to the surfaces to be protected. Most such
inhibitors are amine nitrites, benzoates, chromates, etc. They are mainly
used with ferrous metals. There is still some disagreement as to the
mechanism of action. Clearly, any moisture that condenses must be con-
verted to an inhibitive solution. There is no doubt that the widely used
volatile inhibitors are effective in aqueous solutions containing moderate



concentrations of chloride and sulphate, and it appears that in most cases,
the effective inhibitor could equally well be applied as an ester or the sodium
salt. On this view, amine salts would be useful in practice for avoiding acid
conditions, or because their volatility makes them convenient (see below),
rather than for any specific effect of the amine, e.g. in preventing adsorption.
Certain free amines have considerable effect as volatile inhibitors. It should
be said, however, that a large variety of substances, such as 0-naphthol or
w-dinitrobenzene, have some inhibitive action l° and some of these may act
by hindering wetting of the metal surface. A more recent development is the
use of compounds containing reducible nitro groups, which are thought to
act by stimulating the cathodic process, thus assisting anodic polarisation.
An inhibitor of this type, hexamethyleneimine 3:5 dinitrobenzoate, is said to
be in use in the CIS, and appears to be effective with a wide range of
metals11.

Commercially available inhibitors differ in respect of volatility, the pH of
the aqueous solution, and in attacking some metals while protecting others.
The choice of inhibitor may therefore involve a compromise. In order to
secure protection in rather aggressive conditions, it may be necessary to
choose a relatively volatile inhibitor, which is quickly transferred into the
vapour, so that condensed moisture is made innocuous as it forms. This will
be particularly necessary with large structures. Such a material, however,
will also be quickly lost from the enclosure compared with one less volatile
and therefore slower acting. It may be advantageous to use a more alkaline
inhibitor where there is contamination by acid fumes, and mixed inhibitors
have been employed on this basis. It has been suggested that inhibitors could
be designed to control volatility, alkalinity, etc. It is extremely difficult to
devise a laboratory test for volatile corrosion inhibitors in conditions
simulating those in a typical package, and convincing evidence is seldom
available to show that a new formulation is superior to the commercially
available materials.

Dicyclohexylammonium nitrite12 (DCHN) has a solubility of 3-9g in
100g of aqueous solution at 250C, giving a solution pH of about 6-8. Its
vapour pressure at 250C appears to be about 1-3 x 10~3N/m2, but the
value for commercial materials depends markedly on purity. It may attack
lead, magnesium, copper and their alloys and may discolour some dyes
and plastics. Cyclohexylammonium cyclohexyl carbamate (the reaction
product of cyclohexylamine and carbon dioxide, usually described as cyclo-
hexylamine carbonate or CHC)13'14 is much more volatile than DCHN
(vapour pressure 53 N/m2 at 250C), and much more soluble in water (55 g
in 100cm3 of solution at 250C, giving a pH of 10-2). It may attack mag-
nesium, copper, and their alloys, discolour plastics, and attack nitrocellulose
and cork. It is said to protect cast iron better than DCHN, and to protect
rather better in the presence of moderate concentrations of aggressive
salts.

Both these materials are available commercially as powders and in
impregnated wrapping papers and bags. Various modified inhibitors are
also available, containing mixtures of the two, or more alkaline materials
such as guanidine carbonate. Other proprietary inhibitors contain volatile
amines, e.g. morpholine, combined with solution inhibitors. Certain solu-
tion inhibitors have been reported to act to some extent as volatile inhibitors,



e.g. sodium nitrite14. On the whole, the use of these materials appears to be
consistent with the principles stated above, and they provide a very conve-
nient means of protection, particularly for complex, not-too-large equip-
ment, where the surfaces are not too heavily contaminated, and conditions
of enclosure are reasonably good. Dosages of 35g/m3 of free space, or
11 g/m2 of surface have been recommended for packages. CHC may have
some advantage in large, impervious structures, such as boilers, box girders,
etc. if openings can be fitted with caps. Volatile inhibitors containing borate
(for zinc) and chromate (for copper and its alloys) have been discussed in the
literature, but little commercial development appears to have taken place in
the UK. A review of inhibitors against atmospheric corrosion is given by
RosenfePd and Persiantseva15.

Volatile inhibitors can be applied as loose powder in trays, by insufflation,
in sachets, in tapes, in applicators containing impregnated foam, in sprays,
or in impregnated wrappings. They have the obvious advantages that the
packaging can be less elaborate than that required with desiccants and that
equipment can be used immediately on opening the package, without the
need for cleaning or stripping temporary protectives. Also, since the inhi-
bitor may be effective at high relative humidity, or even under gross wetting,
the protection may persist for a time even if the package is damaged. The
application needs to be carefully considered in the light of the design and
materials of construction of the equipment and its package and the
cleanliness of the surfaces.

Commercial suppliers recommend precautions against breathing the
vapour or dust, skin contact and ingestion in food etc., and against ignition
of dust or vapour from heated surfaces.
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17.2 Corrosion Inhibition:

Principles and Practice

Introduction

Corrosion may be described* as 'the undesirable reaction of a metal or alloy
with its environment' and it follows that control of the rate of process may
be effected by modifying either of the reactants. In 'corrosion inhibition',
additions of certain chemicals are made to the environment, although it
should be noted that an aqueous environment can, in some cases, be made
less aggressive by other methods, e.g. removal of dissolved oxygen or adjust-
ment of pH.

Environments are either gases or liquids, and inhibition of the former is
discussed in Section 17.1. In some situations it would appear that corrosion
is due to the presence of a solid phase, e.g. when a metal is in contact with
concrete, coal slurries, etc. but in fact the corrosive agent is the liquid phase
that is always present1. Inhibition of liquid systems is largely concerned
with water and aqueous solutions, but this is not always so since inhibitors
may be added to other liquids to prevent or reduce their corrosive effects —
although even in these situations corrosion is often due to the presence of
small quantities of an aggressive aqueous phase, e.g. in lubricating oils and
hydraulic fluids (see Section 2.11).

The majority of inhibitor applications for aqueous, or partly aqueous,
systems are concerned with three main types of environment:

1. Natural waters, supply waters, industrial cooling waters, etc. in the
near-neutral (say 5-9) pH range.

2. Aqueous solutions of acids as used in metal cleaning processes such as
pickling for the removal of rust or rolling scale during the production
and fabrication of metals, or in the post-service cleaning of metal
surfaces.

3. Primary and secondary production of oil and subsequent refining and
transport processes.

Following a brief discussion of inhibitor classifications and of types of
chemicals used as inhibitors, the principles and practice of inhibition are

*A more precise definition of corrosion is provided by ISO in ISO 8044 (see Reference 120).
TAttack of metal surfaces by the mechanical action of solid materials is properly described as
erosion and is not discussed here.



considered in terms of the principal factors affecting inhibitor performance
(Principles) and the systems in which inhibitors are used (Practice).

Inhibitor Classifications

A number of methods of classifying inhibitors into types or groups are in use
but none of these is entirely satisfactory since they are not mutually exclusive
and also because there is not always general agreement on the allocation of
an inhibitor to a particular group. Some of the main classifications —used
particularly for inhibitors in near-neutral pH aqueous systems —are as
follows.

'Safe' or 'dangerous' inhibitors Each inhibitor must be present above a cer-
tain minimum concentration for it to be effective (see Principles), and this
classification relates to the type of corrosion that will occur when the concen-
tration is below the minimum, or critical, value. Thus, when present at insu-
fficient concentration a 'safe' inhibitor will allow only a uniform type of
corrosion to proceed at a rate no greater than that obtaining in an
uninhibited system, whereas a 'dangerous' inhibitor will lead to enhanced
localised attack, e.g. pitting, and so in many cases make the situation worse
than in the absence of an inhibitor.

Anodic or cathodic inhibitors This classification is based on whether the
inhibitor causes increased polarisation of the anodic reaction (metal dissolu-
tion) or of the cathodic reaction, i.e. oxygen reduction (near-neutral solu-
tions) or hydrogen discharge (acid solutions).

Oxidising or non-oxidising inhibitors These are characterised by their
ability to passivate the metal. In general, non-oxidising inhibitors require the
presence of dissolved oxygen in the liquid phase for the maintenance of the
passive oxide film, whereas dissolved oxygen is not necessary with oxidising
inhibitors.

Organic or inorganic inhibitors This distinction is based on the chemical
nature of the inhibitor. However, in their inhibitive action many compounds
that are organic in nature as, for example, the sodium salts of carboxylic
acids, often have more similarities with inorganic inhibitors.

Other classifications Authors1 in the former Soviet Union have classified
inhibitors as Type A to include film-forming types, or Type B which act by
de-activating the medium, e.g. by removal of dissolved oxygen. Type A
inhibitors are then further sub-divided into A(\) inhibitors that slow down
corrosion without suppressing it completely, and A(n) inhibitors that pro-
vide full and lasting protection. From the practical aspect, a useful classifica-
tion is perhaps one based on the concentration of inhibitor used. It is usually
the case that inhibitors are used either at low concentrations, say less than
approximately 50 p.p.m., or at rather higher levels of greater than 500
p.p.m. The determining factors in the selection of the concentration used,
and hence the type of inhibitor, are the economics, disposal (effluent)
problems, and the facilities available for monitoring the inhibitor
concentration.



Types of Chemicals Used as Corrosion Inhibitors

Before discussing the nature of chemicals that are used specifically as
corrosion inhibitors, reference must be made to two methods of water
treatment that are sometimes included in descriptions of inhibitive
treatments. These are, respectively, de-aeration techniques and pH control.
Since the presence of dissolved oxygen is necessary to sustain the corrosion
process in most aqueous systems the removal of this gas by mechanical or
chemical methods is an obvious method of corrosion control. The chemicals
commonly used are sodium sulphite or hydrazine. There are two distinct
mechanisms involved in controlling corrosion by controlling the pH. Firstly,
the pH is adjusted to ensure that the metal is exposed to a solution of a pH
value at which corrosion is minimal. In the case of ferrous metals corrosion
tends to decrease with pH values higher than approximately 9-0. Hence,
simple additions of alkali, such as caustic soda, lime, soda ash, etc. can
reduce the corrosion rate of iron and steel. On the other hand such treatment
will increase the corrosion rate of other metals, particularly of aluminium
and its alloys, and so pH adjustment is not advisable in mixed metal systems.
Secondly, the pH is adjusted to give deposition of thin protective carbonate
scales from waters of suitable composition. For water saturated with calcium
bicarbonate a rise in pH will cause precipitation of calcium carbonate. The
pH adjustment to achieve this can be determined from the Langelier (see
Section 2.3) or Ryzner Stability Indices; these require a knowledge of the pH
of the actual system and of the pH of the water when it is saturated with
calcium carbonate. It must be emphasised that such calculations measure
only the scale forming propensity, of the water, and are not direct
measurements of the extent of corrosion reduction since other factors can
influence the degree of protection afforded by the scale.

A common feature of both these methods is that the quantity of treatment
chemical can be calculated from stoichiometric relationships* in the reac-
tions involved. This is not so with conventional inhibitor treatments. With
these the concentration of inhibitive chemicals can only be determined on the
basis of experimental laboratory studies, service trials and overall practical
experience.

The scientific and technical corrosion literature has descriptions and lists
of numerous chemical compounds that exhibit inhibiting properties. Of
these only a very few are ever actually used in practical systems. This is partly
due to the fact that in practice the desirable properties of an inhibitor usually
extend beyond those simply relating to metal protection. Thus cost, toxicity,
availability, etc. are of considerable importance as well as other more
technical aspects (see Principles). Also, as in many other fields of scientific
development, there is often a considerable time lag between laboratory
development and practical application. In the field of inhibition the most
notable example of this gap between discovery and application is the case of
sodium nitrite. Originally reported in 18992 to have inhibitive properties, it
remained effectively unnoticed until the 1940s3; it is now one of the most
widely employed inhibitors.

Some examples from recently published review papers will indicate the

*In practice an excess over the stoichiometric requirement, e.g. of sulphite for de-aeration, is
used.



wide range of chemicals that show inhibitive properties. Hersch etal.4 in an
extensive laboratory study examined over 70 compounds many of which
were good inhibitors. Trabanelli etal.5 in discussing organic inhibitors list
and discuss some 150 compounds. Extensive reviews by Indian workers
include those on inhibitors for aluminium and its alloys6 (225 references)
and for copper7 (93 references). Corrosion inhibitors in industry have been
reviewed by Rama Char8 (134 references). More detailed studies of the pro-
perties and uses of individual inhibitors also yield much useful data as, for
example, that by Walker9 who gives 92 references in discussing the use of
benzotriazole as an inhibitor of copper corrosion. In addition to reviews of
this type there are a number of books entirely devoted to the subject of corro-
sion inhibition, of which two have been available since the early 1960s1'10.

For near-neutral aqueous solutions the function of inhibitors of the anodic
class is generally considered to be that of assisting in the maintenance, repair
or reinforcement of the natural oxide film that exists on ail metals and alloys.
Typical examples of such inhibitors for mild steel include the soluble
chromates, dichromates, nitrites, phosphates, borates, benzoates and salts
of other carboxylic acids. Some (nitrites and chromates) are oxidising com-
pounds, whereas others show no oxidising capability. The 'safe' or
'dangerous' aspect of these inhibitors varies considerably and depends very
much on circumstances. In the presence of aggressive ions, i.e. those that
oppose the action of inhibitors (see The Composition of the Liquid Environ-
ment), the oxidising type tend, when present in insufficient quantity for com-
plete protection, to give localised attack. However, the non-oxidising type,
e.g. benzoate11, can also show this type of behaviour but to a less marked
extent. Other compounds used in near-neutral aqueous solutions include
polyphosphates, silicates, zinc ions, tannins and soluble oils. These are
usually assigned to the cathodic class although some are reported to affect
the anodic reaction. Their function is to precipitate thin adherent films on
cathodic areas of the corroding metal surface thus preventing access of
oxygen to these sites. Zinc ions can react with cathodically produced
hydroxyl ions to produce insoluble hydroxides that are partially protective.
Similar reactions lead to the formation of films incorporating phosphates
and silicates. In general these cathodic inhibitors are considered safe, i.e. not
giving rise to localised attack in non-protective conditions.

The extent of inhibition afforded to metals other than mild steel depends
on the metal and the inhibitor (see The Nature of the Metal, and Dissimilar
Metals in Contact). The cathodic type of inhibitor is perhaps less susceptible
than the anodic type to the nature of the metal. However, cathodic inhibitors
are usually less efficient (although performing quite satisfactorily in many
systems) in terms of reduction in corrosion rate, than are anodic inhibitors.
The latter, when used in adequate concentrations, can often achieve 100%
protection.

In a very few cases there are inhibitors that have been developed for the
protection of specific metals, e.g. sodium mercaptobenzothiazole and ben-
zotriazole for preventing the corrosion of copper.

In acid conditions oxide films are not usually present on the metal
surface and the cathodic reaction is primarily that of hydrogen discharge
rather than oxygen reduction. Thus, inhibitors are required that will adsorb
or bond directly onto the bare metal surfaces and/or raise the overpotential
for hydrogen ion discharge. Inhibitors are usually organic compounds



having N, S or O atoms with free (donor) electron pairs. There are excep-
tions to this bonding principle: some quaternary ammonium compounds
with no donor electrons have inhibitive properties in acid solutions.

In modern practice, inhibitors are rarely used in the form of single com-
pounds—particularly in near-neutral solutions. It is much more usual for
formulations made up from two, three or more inhibitors to be employed.
Three factors are responsible for this approach. Firstly, because individual
inhibitors are effective with only a limited number of metals the protection
of multi-metal systems requires the presence of more than one inhibitor.
(Toxicity and pollution considerations frequently prevent the use of
chromates as 'universal' inhibitors.) Secondly, because of the separate
advantages possessed by inhibitors of the anodic and cathodic types it is
sometimes of benefit to use a formulation composed of examples from each
type. This procedure often results in improved protection above that given
by either type alone and makes it possible to use lower inhibitor concentra-
tions. The third factor relates to the use of halide ions to improve the action
of organic inhibitors in acid solutions. The halides are not, strictly speaking,
acting as inhibitors in this sense, and their function is to assist in the adsorp-
tion of the inhibitor on to the metal surface. The second and third of these
methods are often referred to as synergised treatments.

Principles

The nature of the metal Since the majority of inhibitors are specific in their
action towards particular metals, an inhibitor for one metal may have no
effect and even an adverse effect on other metals. Table 17. 1 is a general guide
to the effectiveness of various inhibitors for metals in the near-neutral pH

Table 17.1 General guide to the effectiveness of various inhibitors in the near-neutral pH range

Inhibitor

Metal

Mild steel

Cast iron

Zinc and
zinc alloys
Copper
and copper
alloys
Alu-
minium
and alu-
minium
alloys
Lead-tin
soldered
joints

Chromates

Effective

Effective

Effective

Effective

Effective

Nitrites

Effective

Effective

Ineffective

Partially
effective

Partially
effective

Aggressive

Benzoates

Effective

Ineffective

Ineffective

Partially
effective

Partially
effective

Effective

Borates

Effective

Variable

Effective

Effective

Variable

Phosphates

Effective

Effective

Effective

Variable

Silicates

Reasonably
effective
Reasonably
effective
Reasonably
effective
Reasonably
effective

Reasonably
effective

Reasonably
effective

Tannins

Reasonably
effective
Reasonably
effective
Reasonably
effective
Reasonably
effective

Reasonably
effective

Reasonably
effective



range. In addition, the compound dodecamolybdophosphate is reported12

as approaching chromates in its ability to prevent the corrosion of a number
of metals. However, there is at present only one reported application in prac-
tical systems (see Inhibitors in Practice: Central Heating Systems).

It must be emphasised that anions usually considered aggressive towards
some metals can actually reduce or even prevent corrosion of other metals
in certain situations, thus effectively becoming inhibitors. For example,
although nitrates11'13'14 can prevent the inhibitive action of benzoate,
chromate, nitrite, etc. towards mild steel they can be incorporated into some
inhibited antifreeze formulations to reduce the corrosion of aluminium
alloys. Nitrates have also been reported15 as the only inhibitors capable of
preventing the stress-corrosion cracking of type 304 stainless steel. On the
other hand inhibitors are necessary to prevent the corrosion of mild steel in
ammonium nitrate solutions16. Sulphates generally behave as aggressive
ions towards mild steel and other metals in waters, but can inhibit the
chloride-induced pitting of stainless steels17 and caustic embrittlement in
boilers.

Dissimilar metals in the same system Because of the specific action of many
inhibitors towards particular metals, problems arise in systems containing
more than one metal. In the majority of cases these problems can be over-
come by the choice of a formulation incorporating inhibitors for the protec-
tion of each of the metals involved. With this procedure it is necessary not
only to maintain an adequate concentration of each of the inhibitors but also
to ensure that they are present in the correct proportion. This is because of
two effects: firstly, failure to inhibit the corrosion of one metal may intensify
the attack on the other metal; the best example of this is with aluminium and
copper in the same system, and failure to inhibit copper corrosion—usually
achieved with sodium mercaptobenzothiazole or benzotriazole—can lead to
increased corrosion of the aluminium as a result of deposition of copper
from copper ions in solution on to the aluminium surface. Secondly, an
inhibitor of the corrosion of one metal may actually intensify the corrosion
of another metal. Thus, benzoate is usually used to prevent the corrosion of
soldered joints by nitrite inhibitor added to protect cast iron in the same
system. A benzoate: nit rite ratio of greater than 7:1 is necessary in these
cases.

Inhibitors can also lead to the co-called 'polarity-reversal' effects. In cor-
rosive environments the zinc coating on galvanised steel acts sacrificially in
preventing the corrosion of any exposed steel. However, in the presence of
sodium benzoate18'19 or sodium nitrite20 steel exposed at breaks in the zinc
coating may corrode quite readily.

Nature of the metal surface Clean, smooth, metal surfaces usually require
a lower concentration of inhibitor for protection than do rough or dirty
surfaces. Relative figures for minimum concentrations of benzoate, chromate
and nitrite necessary to inhibit the corrosion of mild steel with various types
of surface finish have been given in a recent laboratory study11'13'14. These
results show that benzoate effectiveness is particularly susceptible to surface
preparation. It is unwise, therefore, to apply results obtained in laboratory
studies with one type of metal surface preparation to other surfaces in
practical conditions. The presence of oil, grease or corrosion products on
metal surfaces will also affect the concentration of inhibitor required with the



added danger of a marked depletion of inhibitor during service as a result
of its chemical reaction with these contaminants. It is thus advisable to
remove such contaminants before commencing inhibitor treatment. This
can be done mechanically, but chemical cleaning may often be necessary. A
particular method of preparing rusted surfaces is that involving the
phosphate-delayed-chromate (P.D.C.) technique21'22, in which the system is
first treated with an acid phosphate solution to remove rust prior to the
introduction of chromate inhibitor. The latter can then be used at a lower
concentration than might otherwise have been necessary.

Nature of the environment This is usually water, an aqueous solution or
a two- (or more) component system in which water is one component.
Inhibitors are, however, sometimes required for non-aqueous liquid systems.
These include pure organic liquids (Al in chlorinated hydrocarbons); various
oils and greases: and liquid metals (Mg, Zr and Ti have been added to liquid
Bi to prevent mild steel corrosion by the latter23). An unusual case of
inhibition is the addition of NO to N2(D4 to prevent the stress-corrosion
cracking of Ti-6Al-4V fuel tanks when the N2O4 is pressurised24.

In at least one case water may itself act as an inhibitor, as in the corrosion
of titanium by methanol21.

In all circumstances it is important to ensure that the inhibitor is
chemically compatible with the liquid to which it is added. Chromates, for
example, cannot be used in glycol antifreeze solutions since oxidation of
glycol by chromate will reduce this to the trivalent state which has no
inhibitive properties.

Composition of the liquid environment The ionic composition, arising
from dissolved salts and gases, has a considerable influence on the perfor-
mance of inhibitors. In near-neutral aqueous systems the presence of certain
ions tends to oppose the action of inhibitors. Chlorides and sulphates are the
most common examples of these aggressive ions, but other ions, e.g. halides,
sulphides, nitrates, etc. exert similar effects. The concentration of inhibitor
required for protection will depend on the concentrations of these aggressive
ions. Laboratory testsu'13>14'26 have given some quantitative relationships
between inhibitor (C1) and aggressive ion (C3) concentrations that will pro-
vide protection for mild steel. These are of the form

log C1 = K log C3 + constant

where K is related to the valencies of the respective ions.
Although halide ions are aggressive in near-neutral solutions they can be

used to improve the action of inhibitors in acid corrosion (see Practice: Acid
Solutions). Variations exist among the halides, e.g. chloride ions favour the
stress-corrosion cracking of Ti in methanol whereas iodide ions have an
inhibitive action27.

Dissolved solid and gaseous impurities can also affect the pH of the system
and this may often lead to decreased inhibitor efficiency. In industrial plant,
cooling waters can take up SO2, H2S or ammonia and pH control of
inhibited waters will be necessary. The leakage of exhaust gases into engine
coolants is an example in which corrosion can occur despite the presence of
inhibitors.



pH of the system All inhibitors have a pH range in which they are most
effective and even in nominally 'neutral* solutions close pH control is
often necessary to ensure the continued efficiency of inhibitive treatments.
Nitrites lose their effectiveness below a pH of 5-5-6-0; polyphosphates
should be used between pH 6-5 and 7-5; chromates, although less suscepti-
ble to pH changes, are generally used at about pH 8- 5; silicates can be used
over a wide pH range but the Na2OrSiO2 ratio depends on the pH value of
the water.

Temperature of the system When inhibitors are used in the 0-10O0C range
it is usually found that higher concentrations become necessary at the higher
temperatures11'13'14. Other inhibitors can lose their effectiveness altogether
as the temperature is raised. A prime example of this is the polyphosphate
type of inhibitor. This is effective in circulating systems at temperatures
below about 4O0C, but at higher temperatures reversion to orthophosphate
can occur and this species is ineffective at the concentrations at which it will
then be present. If calcium ions are present, additional loss of inhibitor will
occur due to calcium phosphate precipitation.

Inhibitor concentration To be fully effective all inhibitors require to be
present above a certain minimum concentration. In many cases the corrosion
that occurs with insufficient inhibitor may be more severe than in the com-
plete absence of inhibitor (see 'Safe' and 'Dangerous' inhibitors). Not only
is the initial concentration of importance but also the concentration during
service. Inhibitor depletion may occur for a variety of reasons. In the initial
stages of use, i.e. after the first application, the inhibitor concentration may
fall off rapidly due to its reaction with contaminants in the system and also
as a result of protective film formation. Thus, initial concentrations of
inhibitor are often recommended to be at higher levels than those subse-
quently to be maintained. Losses may also occur due to mechanical rather
than chemical effects as, for example, with windage losses in cooling towers,
blow-down in boilers, and leakages generally.

Maintenance of a correct inhibitor concentration (level) is particularly
important where low-level treatments, e.g. less than 100 p.p.m. are used.
Such treatments are, however, usually applied (for economic and effluent
reasons) in large capacity systems, and plants of this nature will usually have
skilled personnel available for control purposes. In smaller closed systems,
e.g. automobile engines, higher concentrations of more than approximately
O-1% are commonly used, but in these applications there is usually a good
reserve of inhibitor allowed for in the recommended concentration and
routine checking is of less importance. Nevertheless, since these inhibitors
are often of the 'dangerous' type, gross depletion may lead to enhanced
corrosion.

Inhibitor control can be effected by conventional methods of chemical
analysis, inspection of test specimens or by instrumentation. The application
of instrumental methods is becoming of increasing importance particularly
for large systems. The techniques are based on the linear (resistance)
polarisation method and the use of electrical resistance probes. They have
the advantage that readings from widely separated areas of the plant can be
brought together at a central control point. (See Section 18.1.)



Mechanical effects Corrosion can often be initiated or intensified by the
conjoint action of mechanical factors. Typical examples include the presence
of inherent or applied stresses, fatigue, fretting or cavitation effects.
Inhibitors that are effective in the absence of some or all of these phenomena
may not be so in their presence. In fact it may not always be possible to use
inhibitors successfully in these situations and other methods of corrosion
prevention will be required.

Aeration and movement of the liquid For the majority of inhibitors in
near-neutral aqueous systems an adequate supply of dissolved oxygen is
necessary for them to function properly. The dissolved oxygen present in
solutions that are in equilibrium with atmospheric air is adequate for this
purpose, but in systems that have become de-aerated the non-oxidising type
of inhibitor may not be fully effective. Even in aerated systems the transport
of oxygen and inhibitor to the metal surface is assisted by the movement of
the solution. In fact, quiescent solutions may require higher concentrations
of inhibitor than do circulation systems. Butler28 has shown, for example,
that polyphosphates (normally applied only to flowing solutions) can inhibit
under quiescent conditions but at much higher concentrations. However,
there are reported instances of excessive aeration having an adverse effect on
inhibitor performance*. The action of tannins is partly associated with their
effects at the metal surface, i.e. as conventional inhibitors, and partly with
their ability to react with and remove dissolved oxygen. In heavily aerated
systems these inhibitors may be less effective due to depletion by this latter
effect.

Presence of crevices, dead-ends, etc. Effective protection by inhibitors
relies on the continued access of inhibitor to all parts of the metal surface
(see Aeration and Movement of the Liquid). It frequently happens that this
condition is difficult to achieve due to the presence of crevices at joints, dead-
ends in pipes, gas pockets, deposits of corrosion products, etc. Corrosion
will then occur at these sites even though the rest of the system remains ade-
quately protected.

Effects of micro-organisms There are three main effects that can arise as a
result of the presence of micro-organisms in aqueous solutions: (a) direct
bacterial participation in metal corrosion usually due to the action of
sulphate-reducing bacteria in anaerobic conditions or of the Thiobacillus
and Ferrobacillus genera in aerobic conditions; the action of these organisms
can lead to the accumulation of large amounts of corrosion product and
pitting of the metal; (b) accumulation of flocculent fungal growths that can
impede water flow and (c) breakdown and hence depletion of inhibitors by
bacterial attack.

Many inhibitors will lose their effectiveness in the presence of one or more
of these effects. Indeed inhibitors may act as nutrient sources for some
microbial organisms. In these circumstances it will be necessary to incor-
porate suitable bactericides in the inhibitor formulations.

* Apart from extreme cases involving cavitation effects.



Scale formation Controlled scale deposition by the Langelier approach or
by the proper use of polyphosphates or silicates is a useful method of corro-
sion control, but uncontrolled scale deposition is a disadvantage as it will
screen the metal surfaces from contact with the inhibitor, lead to loss of
inhibitor by its incorporation into the scale and also reduce heat transfer in
cooling systems. Apart from scale formation arising from constituents
naturally present in waters, scaling can also occur by reaction of inhibitors
with these constituents. Notable examples are the deposition of excess
amounts of phosphates and silicates by reaction with calcium ions. The pro-
blem can be largely overcome by suitable pH control and also by the addi-
tional use of scale-controlling chemicals.

Toxicity, disposal and effluent problems With the increasing awareness of
environmental pollution problems, the use of and disposal of all types of
treated waters is receiving greater attention than ever before. This often
places severe restrictions on the choice of inhibitor, particularly where
disposal of large volumes of treated water is involved. The disposal of
chromate and phosphate inhibitor formulations is important in this respect
and there is an increasing move towards the low-chromate-phosphate types
of formulation. In fact for some applications even this approach is not
acceptable and inhibitor formulations containing bio-degradable chemicals
are being introduced.

Other considerations In addition to the above general factors affecting
inhibitor application and performance, there will be other special effects
relating to particular types of systems, e.g. in oil-production technology.
Some of these are referred to in appropriate cases in the following section.

Inhibitors in Practice

A difficulty arises in describing the precise chemical nature of many inhibitor
formulations that are actually used in practice. With the advancing tech-
nology of inhibitor applications there are an increasing number of formula-
tions that are marketed under trade names. The compositions of these are,
for various reasons, frequently not disclosed. A similar problem arises in
describing the composition of many inhibitor formulations used in the
former Soviet Union. Here the practice is to use an abbreviated classification
system and it is often difficult to trace the actual composition, although
in many cases a judicious literature search will provide the required
information.

The following discussion is thus restricted to inhibitor formulations that
can be described in chemical terms.

Aqueous Solutions and Steam

Potable Waters

In these waters there is a severe limitation on inhibitor choice because of the
potability and toxicity factors. As pointed out by Hatch29, the possibilities



are limited to calcium carbonate scale deposition, silicates, poly phosphates
and zinc salts. Silicates do not prevent corrosion completely and their
inhibitive effect is more marked in soft waters. The molar ratio Na2OrSiO2
is important. For example, Stericker30 has proposed Na2O:3-3SiO2 at 8
p.p.m. for most waters, but Na2O:2- ISiO2 is preferred if the pH is below
6*0. Concentrations of 4-10 p.p.m. are recommended, and the method of
application is often by by-passing part of the flow through a silicate (water-
glass) reservoir, the slow dissolution giving the required inhibitor concentra-
tion in the main flow. With polyphosphates the most efficient inhibition is
obtained in the presence of divalent ions such as Ca2+ or Zn2+; in fact the
Ca2+: poly phosphate ratio is more important than the actual concentration.
A minimum value of 1:5 has been given for this ratio with an overall concen-
tration of up to 10 p.p.m. The optimum pH is in the 5-7 range and the
inhibitive action is often improved by the addition of zinc salts. Hatch29

points out that the treatment concentration depends on the nature of the
water distribution system. Thus, with small towns a feed of 5 p.p.m. is
needed to provide a residual of O-5-1 p.p.m. whereas for the more compact
systems in cities a feed of 1 p.p.m. is often sufficient. The action of the
inhibitor is affected by existing deposits in the mains, and higher initial doses
of about 10 p.p.m. are often required. Even higher dosages, say 50-100
p.p.m., can be used for cleaning old mains.

Cooling Systems

For the purposes of corrosion inhibition these may be broadly divided into
three types: (a) 'Once-through', in which the cooling water runs continually
to waste as in the condenser systems using seawater; (b) 'open', in which cool-
ing towers are used to dissipate heat taken up by the cooling water elsewhere;
(c) 'closed' in which the cooling water is retained in the system, the heat being
given up via a heat-exchanger as in refrigeration plant, vehicle cooling
systems, etc. Systems (a) and (b) are generally much larger in terms of water-
capacity and metal area than those of type (c).

Once-through systems Where mild steel is the primary metal of construc-
tion, this usually being so for low-chloride waters, simple treatments with
lime and soda can be effective in making the water less aggressive. Of the
conventional inhibitors, polyphosphates at 2-10 p.p.m. with small amounts
of zinc ions will reduce tuberculation but not necessarily the overall corrosion
rate31. The use of 9 p.p.m. of an organo-activated zinc-phosphate-chromate
inhibitor has been described32 and this can be replaced, although with some
loss in effectiveness, by 10 p.p.m. of polyphosphate if effluent problems exist.
Effluent and economic problems in fact limit the choice of inhibitors, and the
solution to the corrosion problem may lie in selecting a more suitable material
of construction. Mild steel is often avoided and non-ferrous alloys such as
the cupro-nickels and aluminium brasses are employed. These alloys are
normally resistant even in aerated saline waters but corrosion problems can
arise. Small amounts of iron, arising from the alloy or from elsewhere in the
system, contribute towards the resistance of these alloys. Bostwick33 showed
the advantage of adding FeSO4 to seawater condenser systems, and recently
Brooks34 confirmed that 1 p.p.m. of this chemical added three times daily



for about 1 h to power-house intakes has contributed 25-30% to the life of
the condenser tubes. More recently high-molecular-weight water-soluble
polymers of, for example, the non-ionic polyacrylamide type have been
described35 for inhibiting the corrosion of cupro-nickel condenser tubes.

Open recirculating systems These are more amenable to inhibition since it
is possible to maintain a closer control on water composition. Corrosion
inhibition in these systems is closely allied to a number of other problems
that have to be considered in the application of water treatment. Most of
these arise from the use of cooling towers, ponds, etc. in which the water is
subject to constant evaporation and contamination leading to accumulation
of dirt, insoluble matter, aggressive ions and bacterial growths, and to varia-
tions in pH. A successful water treatment must therefore take all these
factors into account and inhibition will often be accompanied by scale
prevention and bactericidal treatments.

The controlled deposition of thin adherent films of calcium carbonate is
probably the cheapest method of reducing corrosion, but may not always be
entirely satisfactory because local variations in pH and temperature will
affect the nature and extent of film deposition.

Treatment with conventional inhibitors is very much governed by
environmental constraints. In the mid-twentieth century the choice was
probably restricted to chromate or nitrite. For chromates Darrin36

emphasised the need for a high initial dosage of 1 000 p.p.m. subsequently
lowered to 300-500 p.p.m. The principal drawbacks of this method are
the possibility of localised attack if chloride or sulphate contents rise during
operation and the environmental problems. Sodium nitrite used at about
500 p.p.m. is also susceptible to chloride and sulphate and the pH control
(7-0-9-0) is probably more important than with chromates. Nitrite is
susceptible to bacterial decomposition and can give rise, particularly if
reduced to ammonia, to stress-corrosion cracking of copper-base alloys.
However, nitrite is used with success in cooling tower systems. Bacterial
decomposition of nitrite can be controlled with bactericides. In air-cooling
systems Conoby and Swain37 quote the use of a shock treatment of
2,2'methylene bis (4-chloro-phenol) at 100 p.p.m. and a weekly addition of
sodium penta-chlor phenate to control algae formation.

On the low-level treatment side, polyphosphates, variously described as
glassy phosphates, hexametaphosphate, etc. have been used as corrosion
inhibitors. The concentrations recommended are somewhat above those
used in 'threshold treatment' to control scale deposition. The most effective
protection is obtained in the presence of an adequate quantity of calcium,
magnesium or zinc ions. In general a polyphosphate: calcium ratio expressed
as P2O5:Ca of not greater than 3-35:1 is recommended. The overall con-
centration will vary with conditions, but for cooling towers this falls in the
15-37 p.p.m. (as P2O5) range. When starting treatment, a higher initial
dosage is required, this may be as high as 100 p.p.m. Fisher32 suggests an
initial dosage of 20 p.p.m. for a corroded steel cooling system dropping to
10 p.p.m. after one week's operation. The application and properties of
poly-phosphates have been reviewed by Butler38 and by Butler and Ison39.
Polyphosphate inhibitors are subject to some limitations that are mainly
concerned with reversion to orthophosphate and subsequent scale deposition



if the calcium concentration is high. Some difficulties with their use have
been summarised by Beecher etal.40.

Silicates at about 20-40 p.p.m. are also used in cooling-water treatment
although the build-up of protection can be slow. At higher temperatures
calcium silicate may be deposited from hard waters.

Modern practice, on grounds of economy and avoidance of pollution, is
towards the use of a combination of inhibitors at low concentration levels.
Four main types of compound are involved, v/z. chromates, polyphosphates,
zinc salts and organic materials, and these are used in various combina-
tions31'41. The principle involved is to combine a cathodic with an anodic
type of inhibitor, e.g. zinc ions and/or polyphosphate with chromate. These
mixed inhibitor systems usually require an operating pH of 6-7(42) and thus
should only be used where pH control facilities are available. Typical for-
mulations include 10-12 p.p.m. of a 1:4 Na2Cr2O7IZn mixture43 which pro-
vides good inhibition of copper as well as of steel corrosion, and 35 p.p.m.
of a zinc-chromate-organic mixture. The latter introduces 12 p.p.m. of
CrOj" and 3-5 p.p.m. of Zn2+ (added as ZnSO4) into the water, the
organic compound is described as a powerful surface-active agent40. The
zinc-dichromate method is further improved by adding phosphate and
sometimes organic compounds such as lignosulphonates and synthetic
polymers. Comeaux41 has listed the constituents of nine commercially
available inhibitors. Each of these contains chromate and zinc with the
CrO4:Zn ratio varying from 0-92 to 30-0, five contain phosphate with
ZmPO4 from 0-1 to 3-24 and three contain organic compounds. In some
formulations of the zinc-phosphate type the organic compound will be of the
mercaptobenzothiazole type to inhibit corrosion of copper31 . Five to ten
p.p.m. of poly-phosphate is said31 to assist the inhibitive action of 20-40
p.p.m. of silicate but it is still important to avoid calcium silicate deposition
on heat transfer surfaces. However, in recommending a silicate-complex
phosphate inhibitor (25 p.p.m. at pH 6-5-8-0) Ulmer and Wood44 state
that scale formation is not a problem if the silicate is below 100 p.p.m.,
except if film boiling occurs, when scaling would occur in any case. The use
of 100 p.p.m. of orthophosphate plus 40 p.p.m. of chromate plus 10 p.p.m.
of polyphosphate has also been recommended45

As anti-pollution requirements become more demanding the use of even
these low-level chromate-phosphate treatments is not always approved. New
inhibitor formulations employ more acceptable bio-degradable organic com-
pounds, often in conjunction with zinc ions. A formulation consisting of an
organic heterocyclic compound plus zinc salt plus an 'alkalinity stabilising
agent' has been described46 applied initially at 500 and then at 100 p.p.m.
Organic phosphorus-containing compounds have been introduced for scale
control but also for corrosion inhibition. These are salts of amino-
methylenephosphonic acid (AMP)31'47. In conjunction with zinc salts they
can be used in place of other treatments and have the advantage that close
pH control is not required. Corrosion inhibitors compounded from zinc
salts and derivatives of methanol phosphonic acid are described in a US
patent48. Although AMP was one of the first phosphonic acids to be intro-
duced for scale and corrosion inhibition there are now a number of related
compounds available and in wide use. These include 1-hydroxyethylidene
1, T-diphosphonic acid (HEDP), nitrilo-tris-phosphonic acid (NTP),
phosphono-butane-tetra carboxylic acid (PBTC), etc.



Closed recirculating systems This type of system is most commonly
encountered in the cooling of internal combustion engines. Inhibitors are
required for engine coolants in order to prevent corrosion of the construc-
tional metals, to prevent blockage of coolant passages by corrosion products
and to maintain heat-transfer efficiency by keeping metal surfaces free from
adherent corrosion products. The problem is often associated with inhibition
of antifreeze solutions which are almost invariably ethanediol*-water solu-
tions. When uninhibited these can become acid due to oxidation of the
ethanediol in operating conditions. However, inhibition is also important
with water coolants that are used in the summer months49. The best prac-
tice is to use inhibited antifreeze throughout the year changing it annually.

Road vehicles Numerous formulations exist for coolant inhibition in road
vehicles. The inhibitors most frequently encountered are nitrite, benzoate,
borax, phosphate, and the specific copper inhibitors sodium mercapto-
benzothiazole (NaMBT) and benzotriazole. Various combinations of these
are in use. In the UK three compositional British Standards namely BS 3150,
3151 and 3152 were in use for many years. However, advances in other for-
mulations and a general move towards performance rather than composi-
tional specifications have resulted in the withdrawal of BS 3150-2.
Nevertheless, a brief description of these formulations is given, as they
illustrate various aspects of inhibitor properties and use. BS 3150 contains
triethanolammonium orthophosphate (T.E.P.), which is prepared by
neutralising 0-9-1-0% H3PO4 with triethanolamine so that the pH of a
50% aqueous solution is 6-9-7-3, and NaMBT (0-2-0-3%). This formula-
tion was based on the original work of Squires50. The T.E.P. protects fer-
rous metals and aluminium alloys and the NaMBT protects copper and
copper alloys. In the absence of NaMBT corrosion of copper can occur
leading to marked attack on aluminium alloys. The NaMBT concentration
becomes depleted with time, but experience indicates that with normal usage
in road vehicles an annual replacement of the whole coolant will give
satisfactory results. BS 3151 contained 5-0-7-5% sodium benzoate plus
0-45-0-55% sodium nitrite in the undiluted ethanediol and is based on the
original work of Vernon etal.51. The nitrite is for protection of cast iron
with the benzoate to protect other metals, but more importantly to protect
soldered joints against the adverse action of nitrite. The nitrite concentration
depletes in service, but again a one year period of satisfactory inhibition is
provided. BS 3152 contained borax (2-4-3-0% Na2B4O7-IOH2O). Some
controversy exists as to the efficiency of borax used alone, particularly with
aluminium alloys. Nevertheless, borax has been much used and service
experience has shown satisfactory inhibition. More recent formulations
include other inhibitors, e.g. 3% borax plus 0-1% mercaptobenzothiazole
plus 0-1% sodium metasilicate (Na2SiO3 -5H2O) plus 0-03% lime (CaO)-
the percentages being % by weight of the ethanediol which is then used at
33 vol. % dilution52.

In the UK, a standard for describing minimum requirements for inhibited
engine coolants is provided by BS 65 8053. (Test methods are described in BS
5117.)

Alkali-metal phosphates have been incorporated in antifreeze solutions
but there are indications of unfavourable behaviour with aluminium alloys

*Ethylene glycol.



under heat-transfer conditions. Soluble oils have also been used as inhibitors
but they can cause deterioration of rubber hose connections.

Locomotive diesels As larger volumes of coolant are required in railway
locomotives than in road vehicles, the cost of inhibition is proportionally
greater. An additional factor is the possibility of cavitation attack of cylinder
liners. These considerations place a restriction on the choice of inhibitors.
In the past, chromates have been used at concentrations of up to 0-4%, but
their use presents handling and disposal problems. Chromates cannot be
used with ethanediol antifreeze solutions. A 15:1 borate-metasilicate at a
concentration of 1% has been used in the UK. Nitrate is added to this to
improve inhibition of aluminium alloy corrosion. Tannins and soluble oils
are also used, but probably to a lesser extent than in the past. The benzoate-
nitrite formulation (formerly BS 3151) is effective and has been used by con-
tinental railways54.

Marine diesels Again a wide number of formulations are in use. The
inhibitors commonly employed include nitrites, borates and phosphates.
Typical formulations include a 1:1 nitrite:borax mixture at 1250-2000
p.p.m. and pH 8-5-9-0; and 1250-2 000 p.p.m. of nitrite with addition of
tri-sodium phosphate to give phenolphthalein alkalinity.

The factors affecting railway diesels apply also to marine diesels but with
the additional restriction that the inhibitors must not present a toxicity
hazard when the cooling system is associated with equipment for producing
drinking water. This is because of the possibility of accidental leakage
between the two systems.

Central Heating Systems

The principal components in these systems are a cast iron or steel boiler,
copper or steel pipework, pressed steel or cast-iron radiators and a copper
hot-water tank or calorifier to supply heat to domestic water. If systems are
properly designed, installed and maintained, the concentration of dissolved
oxygen in the circulating water—which should be subject to little make-
up — is low and corrosion is minimal. Nevertheless, corrosion problems occa-
sionally arise in these systems. Often these are associated with ingress of
oxygen but this is not always so. The main problems are the perforation of
pressed-steel radiators and the necessity for the frequent release of hydrogen
gas from radiators. The latter effect is associated with the production of
excess amounts of magnetite (Fe3O4) as a result of the Schikorr reaction:

3Fe(OH)2 -> Fe3O4 + H2 + 2H2O

Thin adherent films of magnetite form on the steel surfaces in the initial
stages of operation of the system, but in troublesome situations the
magnetite becomes non-adherent and in extreme cases can lead to pump
blockages.

These difficulties can often be overcome with inhibitive treatments
although the procedure is not acceptable where there is any possibility of
inadvertent mixing of the heating water with domestic water.

The excess magnetite problem has been associated with the catalytic action
of copper ions on the Schikorr reaction55'56. Hence, inhibitors that will



prevent copper dissolution should reduce magnetite formation. For this
purpose 0-01% benzotriazole can be added to the water. For general corro-
sion inhibition a mixture of 1-0%, sodium benzoate with O-1% sodium
nitrite has been successfully used in a number of installations57'59. Sodium
metasilicate has been used with success, but usually in softened waters.
Other workers suggest that it is not reliable due to the possibility of localised
attack (results with Na2Si2O5)

58 and because of possible pipe and pump
blockage by gel-formation or precipitation of hardness salts. The use of a
silicate-tannic acid treatment has also been described. A further develop-
ment is the introduction, based on test rig results, of a four-component
formulation containing sodium benzoate, sodium nitrite, sodium dodeca-
molybdophosphate and benzotriazole60.

Some corrosion inhibitors can encourage the production of fungal growths
in the relatively static cold water in the header tanks of these systems.
Biocides will then often need to be included in the inhibitor formulation.

Steam-condensate Lines

The causes and inhibition of corrosion in steam-condensate lines have been
reviewed by Obrecht61. The major causes of corrosion are carbon dioxide
and oxygen and the problems are associated not only with damage to the
pipes, which may be of steel but often of copper-base alloys, but also with
iron and copper pick-up which will be deposited elsewhere in the circuit.
Neutralisation treatments can be employed to keep the pH in the 8 • 5-8 • 8
region62. Typical compounds used for this purpose are ammonia, cyclohex-
ylamine, morpholine and benzylamine. An important requirement is that
these agents should condense at the same rate as the steam. This is not
necessarily so with ammonia and pockets of unneutralised condensate may
occur. Furthermore, ammonia can cause attack of copper-base alloys. The
amines, except at high concentrations, are less aggressive in this respect, they
have better distribution characteristics and condense at the same rate as the
steam. An important disadvantage with these materials is their cost, since
about 3 p.p.m. are needed per p.p.m. of carbon dioxide62 and so they tend
to be used only in high recovery systems.

Inhibitive (as opposed to purely neutralisation) techniques now employ
long-chain aliphatic amines with alkyl groups containing 8-22 carbon
atoms61"63. The most effective are the straight-chain aliphatic primary
amines with C10_i8, the best known example being octadecylamine and its
acetate salt. They are used at a total concentration of only 1-3 p.p.m. and
are effective against carbon-dioxide and oxygen-induced corrosion. They
function by producing a non-wettable film on the metal surfaces. The
acetate salt is used to facilitate dispersion and solubilisation. The most
effective distribution is achieved by injection into the boiler or the main
steam header. The protective film ceases to form at about 20O0C63 and in a
condensing turbine system inhibition will be provided through the feed
system up to the point where the feed reaches this temperature. These inhi-
bitors have been successfully applied to prevent exfoliation of 70 Cu-30 Ni
tubes61.

Contrary to the method of application of inhibitors to water systems, the



initial addition of filming amine should be at a lower concentration than that
subsequently used. This is because the surface-active nature of the amine will
loosen and remove existing corrosion products and these will accumulate
elsewhere in the system. A cleaning-up phase of up to a month may therefore
be necessary to avoid these effects.

High-chloride Systems

(sea-water, desalination, refrigerating brines, road de-icing salts, etc.)

Complete inhibition of corrosion in waters containing high concentrations
of chloride is difficult, if not impossible to achieve economically. Despite
this, many such systems make use of inhibitors to give marked reductions in
corrosion rates.

In refrigerating brines, chromates at a pH of about 8-8 • 5 have been widely
used. Concentrations recommended are between 2 000 and 3 300 p.p.m. cor-
responding to the 125 and 200 Ib (56-7 and 90-7 kg) of sodium dichromate
per 1 000 ft3 (28• 32 m3) for calcium or sodium chloride brines, respectively,
recommended by the American Society of Refrigerating Engineers.

In diluted sea-water high concentrations of sodium nitrite can bring about
a reduction in the corrosion of steel. For example, corrosion in 50% sea-
water can be inhibited with 10% sodium nitrite64, and 3-7% of this inhibitor
has been recommended for preventing the corrosion of turbine journals due
to sea-water ingress65. The beneficial effects of mixtures of chromates and
phosphates have been reported66. Combinations of these inhibitors have
been examined with respect to preventing corrosion in desalination plant.
Oakes etaL61 have reported good results with 5 p.p.m. of chromate plus
30-45 p.p.m. of Na2HPO4. Legault etal.6S conclude that three mixtures are
effective for mild steel in oxygen-saturated sea-water at 1210C, i.e. dichro-
mate plus phosphate at 50 p.p.m., chromate plus phosphate plus zinc plus
iodide at 100 p.p.m. and chromate plus phosphate at 50 p.p.m. The chromate:
phosphate ratio is usually 1:1 with Na3PO4 as the phosphate.

Various opinions exist as to the value of inhibitors69 in road de-icing
salts. Chromates have been advocated but to a limited extent because of the
toxicity effects. In general, the most widely used inhibitors are the
polyphosphates, either alone or in conjunction with other inhibitors. The use
of polyphosphates on roads in Scandinavia has been reported70, although
difficulties arise with loss of inhibitor by absorption in the sand that is mixed
with the salt. Extensive laboratory tests conducted in the UK showed71 that
polyphosphates were more effective in preventing further rusting of damaged
painted panels than in preventing the corrosion of bare steel. A further
development is to compound the polyphosphate with an organic-type
inhibitor72'73.

Acid Solutions

Probably the major use of inhibitors in acid solutions is in pickling processes.
The chief requirements of the inhibitor are that it should not decompose
during the life of the pickle, not increase hydrogen absorption by the metal



and not lead to the formation of surface films with electrically insulating
properties that might interfere with subsequent electroplating or other sur-
face treatments.

A wide variety of compounds are used in acid inhibition. These are now
mainly organic compounds usually containing N, S or O atoms, although
inorganic arsenic and antimony compounds have been used in the past. In
general, for the pickling of steel, as pointed out for example by Machu74,
sulphur-containing compounds are preferred for sulphuric acid solutions
and nitrogen-containing compounds for hydrochloric acid solutions. Every
and Riggs75 list 76 individual compounds and 32 mixtures that were sub-
jected to laboratory tests and concluded that often a mixture of N— and S—
compounds was better than either type alone. The superiority of S— com-
pounds for inhibition in sulphuric acid is borne out in the list of 112
compounds quoted by Uhlig76. Twelve of the fourteen most effective
compounds listed contain S atoms in the molecule. Typical of these are
phenylthiourea, di-ortho-tolyl-thiourea, mercaptans and sulphides, 90%
protection being provided with 0-003-0-01% concentrations.

N— compounds used as acid inhibitors include heterocyclic bases, such as
pyridine, quinoline and various amines. Carassiti77 describes the inhibitive
action of decylamine and quinoline, as well as phenylthiourea and dibenzyl-
sulphoxides for the protection of stainless steels in hydrochloric acid
pickling. Hudson etal.1*-19 refer to coal tar base fractions for inhibition in
sulphuric and hydrochloric acid solutions. Good results are reported with
0-25 vol. % of distilled quinoline bases with addition of 0-05M sodium
chloride in 4N sulphuric acid at 930C. The sodium chloride is acting
synergistically, e.g. 0-05M NaCl raises the percentage inhibition given by
0-1% quinoline in 2N H2SO4 from 43 to 19%. Similarly, potassium iodide
improves the action of phenylthiourea80.

Acetylenic compounds have been described for inhibition in acid
solutions81'83. Typical inhibitors include 2-butyne-l,4-diol, l-hexyne-3-ol
and 4-ethyl-l-octyne-3-ol.

An exception to the 'lone pair' or 'donor* electron requirement of organic
inhibitors is provided by the quaternary ammonium compounds.
Meakins84'85 reports the effectiveness of tetra-alkyl ammonium bromides
with the alkyl group having C ^ l O . Comparative laboratory tests of com-
mercial inhibitors of this type have been described86. The inhibiting action
of tetra-butyl ammonium sulphate for iron in H2S-saturated sulphuric acid
has been described, better results being achieved than with mono-, di- or
tri-butylamines87.

In the former Soviet Union much use is made of industrial by-products to
prepare acid inhibitors. The PB class is obtained by treating technical
butyraldehyde with ammonia and polymerising the resulting aldehyde-
ammonia. PB-5, for example, with 0-01-0-15% of an arsenic salt is used in
20-25% HCl. A mixture of urotropine (hexamethyleneimine, hexamine)
with potassium iodide, a regulator and a foaming agent is the ChM inhibitor.
BA-6 is prepared from the condensation product of hexamine with aniline.
A more recent development is the Katapin series which consists of /?-alkyl
benzyl pyridine chlorides; Katapin A, for example, is the /?-dodecyl
compound.

The beneficial effect of chloride ions on inhibitor action is brought out in



the acid descaling of ships' tanks while at sea88. Inhibited O-75% sulphuric
acid prepared with sea-water can be used for this process at ambient
temperatures, the chloride present in the sea-water acting synergistically with
the inhibitor.

In the practice of acid pickling a foaming agent is often added to the
pickling bath in order to facilitate penetration of the rust and scale by the
inhibited acid and also to provide a foam blanket to prevent spray coming
from the bath. After removal from the bath the metal is rinsed well, finally
in hot water and then often dipped in a mild alkali, phosphate or chrornate
bath, to provide short term protection before the next operation. A sug-
gested variation on this procedure is to follow the acid pickling by a hot water
rinse in a bath with a 35 mm layer of stearic acid on the bath surface. As the
metal is withdrawn through this a water repellent film is left on its surface.

The Oil Industry

Corrosion problems requiring the application of inhibitors exist in the oil
industry at every stage of production from initial extraction to refining and
storage prior to use. Comprehensive reviews of these inhibitors have been
given by Bregman10'90. Four main processes are involved, (a) Primary pro-
duction, (b) secondary production, (c) refining and (d) storage, and each of
these may be further subdivided.

Primary production Although the technology of the process has many
variations, the common factor is that oil flows from the deposit through steel
tubing to the surface. Corrosion problems arise due to the presence of water
that invariably accompanies the oil. It has been shown91 that corrosivity is
related to the water content which can vary over a wide range. This water
can contain a variety of corrosive agents including carbon dioxide, hydrogen
sulphide, organic acids, chlorides, sulphates, etc. Wells containing H2S are
referred to as sour and those free from H2S as sweet\ the former are the
more corrosive. In some sweet wells the crude oil itself can provide protec-
tion of the metal if the oil: water ratio is suitable, but this effect will not be
found in sour wells.

Most of the inhibitors in use are organic nitrogen compounds and these
have been classified by Bregman90 as (d) aliphatic fatty acid derivatives,
(b) imidazolines, (c) quaternaries, (d) rosin derivatives (complex amine
mixtures based on abietic acid); all of these will tend to have long-chain
hydrocarbons, e.g. C18H37 as part of the structure, (e) petroleum sulphonic
acid salts of long-chain diamines (preferred to the diamines), (/) other
salts of diamines and (g) fatty amides of aliphatic diamines. Actual com-
pounds in use in classes (a) to (d) include: oleic and naphthenic acid
salts of /?-tallowpropylenediamine;diamines RNH(CH2)^NH2 in which R is
a carbon chain of 8-22 atoms and x = 2-10; and reaction products of
diamines with acids from the partial oxidation of liquid hydrocarbons.
Attention has also been drawn to polyethoxylated compounds in which the
water solubility can be controlled by the amount of ethylene oxide added to
the molecule.

The method of inhibitor application varies considerably since so many
factors have to be considered. These include the oil: water ratio, the types



of oil and the water composition, the fluid velocity, temperature, type of
geological formation, emulsion formation, economics, method of well com-
pletion, solubility and specific gravity of the inhibitor, etc. It has been
stated92 that there are over 20 methods of introducing an inhibitor into the
well to ensure that it enters the producing stream. These include: 'slug' treat-
ment in which regular injections of inhibitors are made with automatic injec-
tion equipment; 'batch' treatments in which sufficient inhibitor is added to
last for a month or longer; 'weighted' treatments93 in which organic
weighting agents can raise the density of the inhibitor formulation thus
assisting its dispersal; 'micro-encapsulation'94 methods with a liquid
inhibitor weighted and coated with a water-soluble sheath to give controlled
release at a given temperature; 'squeeze'95'96 technique where the inhibitor is
displaced under pressure into the geological formulation whence it is
absorbed into the rock and then gradually desorbed into the deposit. All
these and other methods are subject to their particular advantages and disad-
vantages which are discussed in the relevant technical literature.

Secondary recovery In this, water is forced down into the strata to displace
further quantities of oil. This water can be that initially obtained from the
well or it can be taken from other convenient sources. In either case the pro-
bability is that the water will be of an aggressive nature. As the water is now
being forced down into the deposit there is the danger of blockage of the
geological formation by corrosion products and this is an added reason for
inhibition. Apart from the presence of dissolved salts there are the major
problems of the oxygen and bacterial contents. Sulphite additions may be
made to deal with dissolved oxygen but the method is not so straight-
forward97 as, for example, in boiler-water treatment. Thus, care is required
in brines containing H2S as the catalyst* may be precipitated as sulphide.
The sulphite may be lost in the deposition of calcium sulphite hemihydrate
if the calcium concentration is high.

As in primary production, organic nitrogen compounds are often used
since many of these have dispersant properties that will prevent the forma-
tion of adherent deposits90. It has been suggested that dissolved oxygen can
prevent long-chain amines from being fully effective as corrosion inhibitors.
Nevertheless some inhibitors of this type appear to be immune to this effect,
for example see the results of Jones and Barrett98. Oxygen removal has
been combined with long-chain amine treatment by using a 40% methanol
solution of the oleyldiamine adduct of SO2-the so-called ODASA
method99. A concentration of 25 p.p.m. of this inhibitor is quoted for the
scavenging of 1 p.p.m. of oxygen and field trials have shown reductions in
oxygen from O • 5 to less than O • 1 p.p.m. Inorganic inhibitors can also be used
in waterflood treatment to limit oxygen corrosion; a zinc-glassy phosphate
type at 12-15 p.p.m. and pH 7-0-7-2 has been described100. Silicates at 100
p.p.m. have also been used.
A particular problem in oil recovery arises in the acidising process for

stimulating well production in limestone formations74'101'102. For many
years 15% hydrochloric acid for this process has been successfully inhibited
with commercially available organic inhibitors to minimise attack on the

*Small amounts (less than 1 p.p.m.) of cobalt salts are usually added to the sulphite to catalyse
its reaction with oxygen.



steel equipment. Sodium arsenite with a surfactant has been used74,
although problems can occur subsequently at the refining stage due to
catalyst poisoning. In a discussion of acetylenic-type inhibitors Tedeschi
etal.m show that the action of compounds such as hexynol and ethyl
octynol for this type of application can be improved by the use of nitrogen
synergists such as ethylene diamine, dimethyl formamide, urea or ammonia.
However, with the advent of deeper wells this concentration of acid is not
so effective and 28-30% concentrations become necessary. These higher con-
centrations, and the higher temperatures at the well-bottom, together place
a limitation on the existing inhibitors. Research is active in this field, e.g. in
one case a survey of some 20 000 compounds was made from which it was
concluded that acetylenic compounds and some nitrogen compounds offered
promise101. Russian workers104 have described the inhibitor ANP-2 for use
with 20% HCl in acidising. This is the HCl salt of aliphatic amines with an
amine number of 15-75 obtained from the nitration of paraffins. At
0-1-0-15%, ANP-2 reduced the corrosion of steel at 430C in 20% HCl by
20 times.

Refining Inhibitors are necessary in the processing of crude oil —particu-
larly where steel is involved — since many of the process fluid constituents are
corrosive. Copper-bearing alloys, e.g. admiralty metal, are also used and the
problem of controlling steel corrosion is often made more difficult by the
need to use methods that will not enhance the corrosion of non-ferrous parts
of the system. In general the corrosive agent is the water in the oil stream and
its corrosivity is increased by the presence of H2S, CO2, O2,HCl and other
acids (naphthenics can be a source of corrosion). As in so many other situa-
tions the problem of inhibition cannot be considered in isolation. Problems
concerned with fouling and scaling must be taken into account and com-
prehensive reviews of these problems have been published90'105. Since many
of the corrosion problems are due to the presence of acids one remedy is to
adjust the pH to 7 • 0-7 • 5 by adding sodium hydroxide, sodium carbonate or
ammonia. At higher pH values ammonia can lead to corrosion, and possibly
stress-corrosion cracking of copper-base alloys. The neutralisation of hydro-
chloric acid with ammonia will produce ammonium chloride and deposits of
solid NH4Cl can be corrosive even in the absence of water106. Other dis-
advantages of alkali treatment are those of expense and the necessity for pH
control to prevent scale formation.

Nitrogen-containing organic inhibitors, often in conjunction with
ammonia, are now widely used. These compounds are usually of similar
types to those for primary production, because, as Bregman has pointed out,
the corrosive agents are often the same in the two cases. This author has
reviewed the compounds used and points out that most are imidazoline
derivatives. He cites Brooke107 for specific applications. Thus, 6 p.p.m. of
an imidazoline with ammonia to pH 7 • 5 added to the overhead of a crude
topping unit increased the length of a run from 6 to 18 months. In another
application, corrosion of overhead condensers and the top tray of a distilla-
tion column was prevented by the use of 4 p.p.m. of an amino alkyl aryl
phosphate soluble in light hydrocarbons. This had to be changed to 4 p.p.m.
of a methylene oxide rosin amine type of inhibitor after the phosphate
was found to cause deposits when the produced fuel was used in internal



combustion engines. This last observation is a further example of factors
other than those relating only to the metal-environment reaction influencing
the selection of an inhibitor. The possible adverse effect of inhibitors on pro-
cess catalysts in refineries must also be considered.

Storage Corrosion is again mainly associated with the presence of water
which separates at the bottom of storage tanks. Inhibition in this water layer
can be achieved with the highly soluble inorganic inhibitors. Nitrites,
silicates, polyphosphates, etc. have been used as well as oil-soluble inhibi-
tors. Organic inhibitors include imidazolines alone or with other inhibitors,
itaconic salts, oleic acid salts of various amines and polyalkene glycol esters
of oleic acid. Again there are other requirements that must be fulfilled apart
from prevention of corrosion.

Reinforced Concrete

Inhibitors to prevent or retard the corrosion of steel reinforcing bars in con-
crete have been discussed on a number of occasions. Treadaway and
Russell108 consider the important considerations to be (a) the extent of
inhibition, (b) the rate of inhibitor consumption, (c) the type of attack if
inhibition fails and (d) the effect of the inhibitor on concrete strength. Of
these (d) is of considerable importance108> 109. The best practice appears to
be the coating of the bars with a strong inhibitive slurry rather than a general
incorporation into the concrete mix as a whole. The inhibitors generally
considered applicable are sodium benzoate110 (2-10% in a slurry coating);
sodium nitrite111'112 and sodium benzoate plus sodium nitrite108. A mixture
of grease with Portland cement, sodium nitrite, casein and water applied as
a ^ lmm layer coating for reinforcing bars has been described113. Sodium
mercaptobenzothiazole, stannous chloride and various unidentified pro-
prietary compounds have also been described for inhibition in concrete.
Laboratory tests have been reported by Gouda etal.114.

Miscellaneous

In nitrogenous fertiliser solutions of the NH4NO3-NH3 -H2O type corro-
sion of steel can be prevented by 500 p.p.m. of sulphur-containing
inhibitors, e.g. mercaptobenzothiazole, thiourea and ammonium thio-
cyanate. However, these inhibitors are not so effective where most of the
NH3 is replaced by urea. For these solutions phosphate inhibitors such as
(NH4)2HPO4 and polyphosphates were more effective115.

In the hydraulic transport of solids through steel pipelines, inhibitors of
the sodium-zinc-phosphate glass type have been shown116 to be effective.
In the case of coal slurries the polyphosphate type was rejected because the
de-oxygenating action of the coal lowered the inhibitor effectiveness.
Hexavalent chromium compounds at 20 p.p.m. were more effective117.

In gas reforming plants, e.g. the hot potassium carbonate process for CO2
removal, sodium metavanadate is used to prevent mild-steel corrosion118.
Banks reports119 that this treatment does not reduce the rather high
corrosion rate of Cu-SONi in these plants.
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