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Abstract

Volatile corrosion inhibitors (VClIs) or vapor phase inhibitors (VPIs) represent a class of
compounds that are employed to protect the corrosion or oxidation of ferrous and non-
ferrous metals and alloys where other surface treatments are impractical. The VClIs release
slowly inside the sealed airspace and actively adsorb and prevent corrosion. Several VClIs
have been employed as effective inhibitors for several metals like iron, zinc, aluminum,
etc. and their alloys. Literature study revealed that VCIs protect metallic corrosion either
by forming a surface protective film on the metal surface or neutralizing the corrosive
surrounding reagents H,O, SO,, H,S and CO,, efc. Because of the high volatility, VCls
easily vaporize and their vapors condense on the metallic surface as well as the volume
available in the crevices, pores and cracks thereby gives complete protection where they
used. The VCIs can be inserted into coatings, foams, adhesives, powders, sprays and
plastics. Several VCls are known those act as effective inhibitors by themselves and few
other VCls are also known those hydrolyzed products act as corrosion inhibitors. The
inhibition ability as well as quantity of the adsorbed VCIs on metallic surfaces can be
determined by several commonly employed techniques such as contact angle, radiotracer,
polarographic and electrocapilarity methods. Present review article describes the
assortment of previous works published on VCIs as corrosion inhibitors for ferrous and
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non-ferrous metals and alloys. The present report also deals with salient features of VCls
and mechanism of their action.

Keywords: VCls, vapour pressure, corrosion inhibition, vapour phase inhibitors,
DICHAN, mechanism of VCls action.
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1. Introduction

1.1. Economic Importance

Corrosion is a worldwide problem to be addressed by educational and industrial divisions
because it unfavorably affecting the economy of developed as well as developing countries
[1-3]. According to NACE study conducted in 2002, the United States losses around US $
276 billion in 1998 because of the damage caused by corrosion. The cost of corrosion
further increased to around US $ 2.2 trillion in the year 2011 [3, 4]. Recently, the damage
due to corrosion (worldwide) exceeds greater than US § 2.5 trillion that results into loss of
about 3.4% of world GDP. Similar to the most of the countries, GDP of India and South
Africa are also being greatly affected due to corrosion as it has been estimated that
economic damage of India and South Africa due to corrosion are Rs. 5,000,000 (US $
100 billion) and R130 billion (US $ 9.6 billion), respectively. Nowadays, several methods
of corrosion anticipation are being employed that can reduce the damage caused by
corrosion from US $ 375 billion (15%) to US $ 875 billion (35%) [4]. The damage of
corrosion is most pronounced during industrial cleaning processes such as acid descaling
and acid pickling of metallic ores to remove the corrosion products collected on the
metallic surfaces [5—7]. During these cleaning processes a huge amount of metallic
contents are lost because of corrosive nature of the cleaning media (acidic solutions) and
therefore during these processes use of corrosion inhibitors is extremely anticipated [8, 9].
Organic compounds are most frequently utilized inhibitors among the several accessible
methods of corrosion prevention such as like coating and painting, anodic and cathodic
protections, alloying and de-alloying efc. The criteria behind their commercial uses are
based on their easily availability, highly effectiveness and ease of application in addition to
their economic synthesis using commercially available raw starting chemicals [10—14].
Generally, these compounds strongly interact through their n- and non-bonding electrons
with metallic surface and form protective surface film via coordination bonds. This
inhibitor film acts as barrier between surrounding environment and metal surface thereby
helps in corrosion protection [15—17]. The presence of functional groups (—NH,, —OCHj;,
—OH, —NO,, —COOH, —CONH,, etc.), homo-atomic (>C=C<, —C=C-) and hetero-
atomic (>C=0, >C=S, —C=N—-, —-N=0, —C=N, etc.) multiple bond of carbocyclic and
heterocyclic rings facilitate the adsorption of organic inhibitors on metal surfaces [18—20].
Generally, in strongly acidic media most of the organic inhibitors exist in their cationic
(positive) form as their heteroatoms easily undergo protonation, while in the same
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environment metallic surface exist in the negative forms due to adsorption of anionic
counter ions (e.g. ClI', SO;”, NO;) on the surface [21, 22]. Therefore, during the first

stage of adsorption in acidic solutions, metal surface and inhibitor molecules interact by
electrostatic force of attractions i.e. physisorption process. However, during the later stage
of adsorption, these inhibitors interact via their non-bonding and m-electrons and form
coordination bonds i.e. chemisorption [23].

1.2. Factors affecting corrosion

Corrosion is an inherent property of pure metals except silver, gold and platinum, and its
rate largely depends upon the nature of surrounding environments [21-23]. Obviously,
an increase in the surrounding temperature results into corresponding increase in
corrosion rate [21-23]. Although, presence of organic inhibitors in corrosive acidic
environment decreases corrosion rate, however nature of groups exerted most significant
role on the inhibition effect of these inhibitors. The electron releasing groups such as
amino (—NH;), hydroxyl (-OH) and methoxy (—OCH;) substituents increase the
inhibition performance of the organic inhibitors as they increase the electron density at
the active sites that favors metal-inhibitor interactions [24, 25]. In contrast, electron
withdrawing groups like carboxyl (~COOH), cyano (—CN), ester (—COOC,Hs), nitro
(—NO,) substituents decrease inhibition performance because they withdraw the electron
density from the active sites that disprove the metal—inhibitor interactions [24, 25]. The
electron donating and/or withdrawing nature of groups can be measured by their
Hammett constant (o) values. The negative value of Hammett constant (e.g. c = —0.17 for
p-CHs3) suggests that substituent under consideration is electron releasing in nature and
can favor the adsorption of organic inhibitor in which it is present. Conversely, a group
with positive Hammett constant value (e.g. ¢ = 0.78 for p-NO,) indicates that concern
substituent group is electron withdrawing in nature and disfavors the adsorption of
organic inhibitor molecules. It has been demonstrated that addition of alkyl substituents
in organic inhibitors/ compounds enhances their hydrophobic character that results into
their limited solubility in the polar solvents like water, HCl and NaOH ezc. [26, 27]. 1t 1s
obvious that for proper metal—inhibitor interactions, the inhibitor molecules should be
properly dissolved and homogenized. The geometry of the inhibitor molecule on metallic
surfaces largely influences their inhibition property because an inhibitor with flat or
horizontal geometry on metal surface would shelter larger area as compared to the same
inhibitor with vertical or non-planar geometry [24, 25]. Sometimes, presence of bulky
alkyl substituents causes steric repulsion/hindrance which in turn affects the geometry of
inhibitor molecules on the metallic surfaces [26,27]. In that case non-substituted
inhibitor showed relatively better corrosion inhibition as compared to their alkyl or other
substituted groups. Beside the nature of group, concentration of the organic inhibitors
play very significant role towards the metallic corrosion inhibitors in the aggressive
media. The inhibition performance of organic inhibitors increases successively on
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increasing their concentration till the maximum value is not attained. The concentration
at which organic compounds show their maximum inhibition efficiency are called as
optimum concentration. It has been postulated that below optimum concentration,
inhibitor molecules adsorb on the metallic surfaces by their flat orientations and therefore
surface coverage successively increases on increasing inhibitor concentration. However,
at or above optimum concentration where maximum surface coverage occurs further
increase in concentration causes increases in intermolecular force of repulsion among the
inhibitor molecules i.e. below optimum concentration intermolecular force of attraction
among metal surface and inhibitor molecules dominates over intermolecular force of
repulsion among them and just reverse occur above optimum concentration.

Presence of humidity in the surrounding environment along with organic, inorganic
salts as impurities enhances the probability and rate of corrosion because polar (water) and
1onic species increase the ionic conductivity of the corrosive medium [28—30]. Movement
of the corrosive medium also plays a potential role of the corrosiveness of the aggressive
solution. In the flowing case, metallic corrosion would be more severe because moving
electrolyte molecules continuously remove the rusts and scales accumulated on the surface
leading to exposure of new metallic surface for corrosion as compared to the static
conditions. Under static conditions, the nature of corrosion products can be estimated by
Pilling—Bedworth ratio which is presented by Md/nmD [31, 32]. In this formula, m and M
represent atomic mass and molecular mass of metal under consideration and corrosion
products (rusts), respectively, d and D denote the densities of metal under taken and
corrosion products, respectively and n signifies number of metallic atom in the formula of
corrosion product. For instance, in corrosion products Al,Os, Fe,0;, and Fe;04 7 is equal
to 2, 2 and 3, respectively [32]. In the situation Md/nmD < 1, it is assumed that surface
volume of the corrosion products is smaller than the volume of metallic surface and
therefore surface film have some pores, cracks and some exposed area and would be non-
protective in nature. However, for situation Md/nmD > 1 it can be assumed that volume of
the corrosion products is greater than the volume of metallic surface therefore surface film
in this situation will uniformly cover metallic surface and will be protective in nature.

1.3. Methods of corrosion protection

Corrosion is an extremely destructive problem adversely affecting the economics of most of
the developing and developed countries therefore its prevention is highly anticipated
primarily during industrial acid cleaning and oil well acidification processes [24, 25].
Several methods of corrosion prevention have been developed depending upon the nature of
metallic species and surrounding environments [24,25]. The methods of corrosion
protection can be broadly divided into three categories namely anodic protection, cathodic
protection and mixed type of protection, depending upon the mode of action of the
inhibitors. Anodic inhibitors also known as passivating inhibitors those inhibit corrosion by
retarding the anodic oxidation reaction through a process known as passivation. In the
passivation process these inhibitors retard metal corrosion by adsorption and formation of
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surface oxide layer (passive) that results into large anodic displacement in the corrosion
potential (E.,) [33]. Several anodic inhibitors have been reported as chromate, nitrite and
nitrate those can form passive oxide layer on metallic surface in non-oxygenic environments
[33]. These passivating species are known as oxidizing anions. On the other hands, there are
few other passivating inhibitors such as phosphate, molybdate and tungstate are known those
can form passive layer in the presence of oxygenic environment only [33]. Cathodic
inhibitors are chemical compounds those decrease the cathodic corrosion reaction or
precipitates on the cathodic sites. The precipitation of the cathodic inhibitors results into
sudden increase in the surface impedance because precipitated cathodic inhibitors reduce the
rate of diffusion of chemical species responsible for corrosion. Based on their mode of
action, cathodic inhibitors may be cathodic precipitates, cathodic poison and oxygen
scavenger types [33]. It is well demonstrated that hydrazine and sodium sulfite consume the
surrounding oxygen molecules by chemically reacting with them and thereby slow down the
cathodic reaction. These two compounds act as oxygen scavengers [33, 34]. Presence of
antimony and arsenic retards the combination of hydrogen ions (H") during the cathodic
hydrogen evolution reaction. The two metallic species act as cathodic poisons. Lastly,
sodium, magnesium and zinc precipitate in their oxide forms on the cathodic area and
thereby act as cathodic precipitates [33]. The organic compounds, inorganic metals and their
oxides and mixtures of the inorganic-organic compounds have been employed in the several
common corrosive media for almost every kinds of metals and alloys [35]. Alloying and de-
alloying of the metallic species can improve their corrosion resistance behavior. The use of
organic compounds as inhibitors has gained the highest priority because these compounds
are relatively economic, effective and can be derived from commercially available starting
chemicals. Their high inhibition efficiency is based on the fact that they contain several
adsorption centers in the form of polar functional groups and multiple bonds [9, 35].

1.4. Corrosion inhibitors

Till today several types of inhibitors have been developed and used for effective inhibition
of metallic corrosion those can be divided into several classes or groups depending upon
their nature. Recently, use of plant extracts in the field of corrosion inhibition is among the
widely growing methods because of their green and sustainable nature [36—38]. The
phytochemicals present in the extracts offer strong metal—inhibitor interactions that come in
form of high inhibition efficiencies of these extracts. Moreover, these phytochemicals are
naturally synthesized using atmospheric carbon dioxide (CO,) and water in the presence of
sunlight without using any toxic chemicals or solvents that offers them as one of the greenest
chemicals to be used for various applications including the field of corrosion inhibition [36—
38]. Each plant extracts generally contain several phytochemicals those can effectively
adsorb on the metallic surface and inhibit their corrosion. Chemical medicines or drugs are
other commonly employed green inhibitors for metallic corrosion in various electrolytic
media [39—41]. Their biological and natural origin offer them a green and environmental
friendly chemicals to be used for several purposes. Generally, drugs are chemically complex
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molecules those possess several active sites in the form of heteroatoms and extensive
conjugation [39—41]. The extensive use of inorganic compounds as inhibitors as such or in
combination with organic compounds for solution phase as well as for coating has been
reported in literature. The presence of inorganic compounds in the solution enhances the
effectiveness of the organic inhibitors through the phenomenon of synergism [42]. Literature
survey shows that synthetic compounds have been employed most commonly but their
recent application now based on their several physiochemical properties like cost, lifespan,
effectiveness, ease of synthesis and applications, solubility in the test medium, temperature
and pH dependent stability efc. Most of the used synthetic inhibitors are toxic and hazardous
for living organisms and also to the surrounding environments because of their multistep
synthesis and use of conversional energy source for heating those are associated with huge
discharge of environmental malignant chemicals into the surrounding and reduced yield
owing to their association with several workups and purification processes. In view of this
recently organic inhibitors are being synthesized using the one step multicomponent
reactions (MCRs) which is generally connected with ease to handle and high reaction yield.
The reduction in the number of purification and workup steps because of their one step
nature, MCRs are also associated with high atom economy (high yield). The conventional
heating methods for activation of reactive molecules is an outdated protocol that offers very
slow heating of the reaction vessels and require several hours or even days for completion of
the reactions. The microwave and ultrasound irradiations are being frequently utilized as
energy (heating) source for various chemical transformations like esterification, hydrolysis,
condensation, cyclization, nitration, alkylation, acylation efc. because of their quick and
uniform heating throughout the reaction vessels. In summary, it can be say that ultrasound
and microwave in combination of MCRs is one of the best methods for the development of
the green synthetic inhibitors particularly solvent free condition or in green solvents like
water and ionic liquids.

1.5. An introduction to volatile corrosion inhibitors (VCls)
1.5.1. Historical background

Volatile corrosion inhibitors (VClIs) are also known as vapour phase corrosion inhibitors
(VPClIs). The efficiency of VClIs depends on its adsorption ability on the metal’s surface,
the strength of this adsorption, and the temperature dependence of its vapor pressure.
However, the corrosion inhibition of numerous components of US military equipments by
dicyclohexylammonium nitrite (DICHAN) in 1940s is being considered as first work on
VClIs [43]. The majority of strong aliphatic and alicyclic base compounds were effective
vapor-phase inhibitors. It was found that compounds like cyclohexylamine,
hexamethyleneimine, piperidine, morpholirne [44], and benzylamine were found as
effective VCI’s for ferrous metals.

Ammonia and lower amines were used extensively for protection of metallic materials
in power industry during the 20s to 30s decades of 20" century [43—45]. Many formulations
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were suggested which may protect ferrous as well as nonferrous metals i.e. benzimidazole,
2-benzimidazolethiol, and 2-mercaptobenzotriazole were reported to be effective for Cu, Al,
Zn and their alloys. Thereafter, several VCIs have been developed and employed for
inhibition of ferrous and non-ferrous metallic corrosion in their vapour phase.

1.5.2. Vapor pressure (p°) and its measurement

The VCI molecules have strong tendency to scape in surrounding air because of their high
volatility nature thereby these molecules can adsorb on the metal surface (passivation) and
avoids the contact of corrosive surrounding [43—46]. The volatility or sublimation which
can be expressed in the term of saturated vapour pressure (p”) is one of the most
characteristics properties of the VClIs. Literature survey reveals that compounds with
values of saturated vapour pressure (p°) greater than in the range of 10 °~10"" mmHg can
be used as VClIs [43, 45]. There are several VClIs that have ability to protect the metallic
surface either by themselves or their hydrolysis products have been reported in literature.
For instance, nitrite—hexamethylenetetramine and nitrile—carbamide become effective as
vapour phase inhibitors for metallic corrosion because of the formation of highly volatile
ammonium nitrite through hydrolysis reaction [43, 45].

(CH)¢N,4 + 4H,0 + 10NaNO, = 4NH,NO, + 6CH,0 + 4NaOH (1)
CO(NH2)2 + 2H20 + 2N&N02 = N82C03 + 2NH4N02 (2)

Generally, vaporization of most of the VCls in gas phase occurs without their decomposition
however, carbon dioxide and cyclohexylamine vaporization occurs mainly with either
thermal or hydrolytic dissociation [43, 45, 46]. A substantial attention has been paid to
describe the mechanism of vaporization/ sublimation with the particular emphasis of amines
and DICHAN which obviously depends upon interaction with the surrounding environment
[43, 45, 46]. Presence of moisture or humidity favors adsorption of VCI molecules on
metallic surface because of increased volatility (saturation vapour pressure; p°) of their
components through hydrolysis. However, the decrease in p° with increase in humidity have
been observed have also been reported in few cases. Besides, humidity temperature is
another important factor that limits the volatility of the VClIs. Several methods have been
developed for measurement of p” those can be classified into static, evaporation from open
surface, dynamic, boiling point measurement and their modified forms.

(1) Regnault dynamic method involves the heating of weighted amount of inhibitor at
the constant temperature under the flowing stream of oxygen free nitrogen followed by
measurement of weight loss. The vaporization rate of the VCI molecule at several studied
temperatures can be computed using following equation [43, 46, 47]:

Total volume of compound _ Total pressure 3)
Volume of vapor Vapor pressure

The value of vapor pressure can be obtained by plotting a graph between vapour
pressure and temperature.
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(11) Knudsen effusion method employs the measurement of the rate of gas effusion
through a small orifice. The value of vapour pressure can be determined using following

formula [46, 47]:
1
o _AW (T )2
o

In the equation 4, AW represents the weight loss of compound, K is a constant, S is the
area of orifice, ¢ is the time, 7 is the absolute temperature and M is the molecular weight of
the tested compound.

(111) Torsion effusion method employed the measurement of recoil force established
when VCI molecules in gas form effuse from pores into a vacuum. When a compound is
kept in an effusion vessel suspended from a fiber and its vapour escapes in a horizontal
route from two strangely (eccentrically) placed pores, the fibber will be twisted through some
angles. The magnitude of the vapour pressure can be computed from the angle of
deflection using following relationship [46, 47]:

0 2KB
pr = &)
t Sda + frd,a,

In the above equation, p° represents the vapour pressure, B is the steady angle of torque
produced by effusion at a constant temperature (7), d; and d, represent the distance
between pore 1 and pore 2 from the axis of origin, f; and f, represent the correction factors
and a, and a, are the area of the cavities. The K, f, a and d factors are difficult to measure
with adequate precision and therefore another modified equation has been proposed by
calibrating the measuring instrument with a compound with known vapour pressure at
several temperatures. In that case Equation 5 can be simplified as [46, 47]:

Pt = KtB (6)

In the equation (6), K; is constant and its calculated value can be employed to
determine the vapour pressure of other compounds under the same temperature range.

(iv) Boiling point determination method employs determination of boiling
temperature and/or pressure of the undertaken compounds when their p° equal to external
pressure (P).

(v) Microbalance method involves the measurement of the weight loss using
microwave of the high accuracy at measured temperature after calibration with compounds
of the recognized vapour pressure.

A relationship between the physicochemical and electronic characteristics of various
metals and molecular parameters of inhibitors predicts performance and inhibition
efficiency of volatile corrosion inhibitor (VCI’s) of ferrous and nonferrous metals [48—52].
It was predicted that the unambiguous prediction of the inhibitive effects of compounds
and estimation of the adsorptivity of compounds on metals and, consequently, their
inhibitive properties from the general electronic characteristics of the compound and the
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metal (ionization potential and electron work function) does not allow to a general
approach. The estimation of the inhibitive effect was based on the correlation between the
first adiabatic potentials of compounds and “resonance” potentials of metals and metal
oxides. It can be only used to predict possible forms of adsorption bonds between a
compound and a metal.

1.5.3. Effect of temperature on vapour pressure

Obviously, molecular structure and molecular weight (mass) exert significant effect on the p°
value (volatility) of the VCI molecules. It was demonstrated that increase in the molecular
mass generally decreased the volatility of the organic compound. However, it is recall that
composition and mechanism of the evaporation depends upon the external factors along with
the inherent properties of the VCI molecules. Among the external factors, temperature exerts
the most significant effect of the vapour pressure of the VCI molecules. The effect of
temperature can be best explained by Claussius—Clapeyron equation [46, 47, 53]:

Log (P)=A-B/T (7)

where, p is the usual vapour pressure, 4 and B are constants and 7 is the absolute
temperature. The value of latent heat of sublimation can be calculated using equation (7).
The calculated values of vapour pressure (p°) and talent heat of sublimation of the some
selected compounds are listed in Table 1. The inspection of results shown in Table it can
be observed that values of p’ are decreasing on increasing the value of talent heat for
nitrobenzoates and for amine benzoates. The decrease in the p° values of these compounds
on increasing their latent heat is attributed to the corresponding increase in the
intermolecular force of attraction and the increase in the molecular weight that in turn
enhances the Van der Waals force of attraction. Variation of vapour pressure (p°) with
latent heat of sublimation for DICHAN, cyclohexylamine benzoate and di-isopropylamine
nitrile are presented in Figure 1 [46, 47, 53].

\ /5 DICHAN
(3 Cyclohexylamine benzoate

3.6 \ {J Diisopropylamine nitrite
I e

E 3.8__ \Q\\, :
£ 4.0 \\
42} \\\ e
4.4 |- 2]
3|35 ‘3.310 3|45
[(1/T) 10%] K1

Figure 1. Change in the vapour pressure with latent heat of sublimation of DICHAN,
cyclohexylamine benzoate and di-isopropylamine nitrile.
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Table 1.
Test Material Inhibitor Test Environment Ref.
Mild steel,
copper, and 6-Amino-benzothiazole 100% humidity [78]
brass
Brass B-Amino alcohols 100% humidity [79]
) Bis-piperidiniummethyl-urea Humid atmosphere [80]
Mild steel
Bis-piperidiniummethyl-urea (BPMU) and .
mono-piperidiniummethyl-urea(MPMU) Humid atmosphere [65]
. Aggressive environments
Mild steel .
’ ) . of SO, and NaCl at high
copper, and Benzoic hydrazide stearate (BHS) relative humidity and [81]
brass .
high temperature.
Mild steel, Laurichydrazide (LH) with cinnamic acid
copper, brass, (LHC), succinic acid (LHS), 100% RH [82]
zinc, and Nitrobenzoic acid (LHNB), Phthalic acid °
aluminum (LHP), and maleic acid (LHM)
Algmlnlum, 1-(2-Aminoethyl)-2-dec-9-enyl-2-
mild steel, .. . LT T )
imidazoline salicylic acid, nitrobenzoic [83]
brass, and . ) ! . X .
acid, phthalic acid, and cinnamic acid
copper
o : -
Piperazine and its derivatives such as 100/?, relative humidity
. at 40°C for 8 hours and
Mild steel phosphates, carbonates, benzoates, [84]
. then for 16 hours under
cinnamate and maleate
the room temperature
e . _ N 85
Brass 1,3-bis-diethylamino-propan-2-ol as VPI 100% RH [85]
for steel component
Steel . : o
component Diethylamine phosphate 100% RH [86]
Thiomorpholin-4-methyl-phosphonic acid
Carbon steel and morpholin-4-methyl-phosphonic acid [87]
Morpholine and its derivatives
Amine carboxylate [88]
Dicyclohexylaminebenzotriazole (DCHA-
il 1 B1Z) Cl i
Mild stee octylpalmamide (OTP) » environment (89]

octylcaprilamide (OTC)
octylstearamide (OTS)
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Test Material Inhibitor Test Environment Ref.

Oleic hydrazide benzoate (OHB)oleic

hydrazide salicylate (OHS) NaCl environment [50]

Dicyclohexylamine CO; Environment [91]

Urea—amine High humidity [92]

Dicyclohexylamine nitrite [93]

Atmospheric amines [74]

Wood bark oil HCI Environment [94]

Thyme H;,S gas environment [95]

Mild stecl Rape-cake extract [96]
Menthol NaCl & HCI [53, 97]

High humidity,
L oopper ?‘?e(:ns DICHAN (dicyclohexylammonium nitritc) ?uyl‘;;‘;gz‘;gﬁgﬁﬁaﬁ 98]
environment
Triethylamine (TEA)? Ethylamine (EA) [50]
and N-Ethylaniline (NEA)
n-Caprylic acid (CA), n-Butyric acid (BA),
Mild steel o dlmeg-lzyxlnl;irgg ﬁiﬁi&ﬁiﬁ? PO emperature of 40.0°C [99]
(ABT)
Dudblmne O LBenalidae g orso0c 154
Thiocarbohydrazides and their salts \éig(i)rtl)rnﬂlear?te [100]

Altsybeeva et al. [54, 55] studied the action mechanism of volatile inhibitors having
different vapour pressure but did not get any regular trend. Further, it was also discussed
about the kinetics of VCIs from the surface of various metals, action mechanism and
higher inhibition efficiency upon electrostatic application.

1.5.4. Mechanism of VClIs action and Effect of pH

The inhibition of metallic corrosion by VCI molecules involves the two steps, first step
comprises the vaporization of the VCI molecules into surrounding atmosphere and second
step involves dissolution of vapour molecules into pre-adsorbed moisture film that
provides adequate corrosion protection. The tendency of the VCI molecules to enhance the
hydrophobic character of the moisture film on the metallic surface is one of the greatest
interest in the field of corrosion inhibition using this technique [48, 56]. Dissolution of the
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VCI molecules takes place when the pH of the moisture is not very high (basic) or very
low (acidic). It has been reported that salts of weak volatile bases and acids can be best
suited as VCIs. Most of the VCI molecules show their best activity in the pH range of 5.5
to 8.5 [48, 49]. The VCI molecules can protect the metallic corrosion either by forming the
protective film over the metal surface that isolates and relief from corrosion or neutralizing
the corrosive agents present in the environment such as H,O, S,0, CO,, SO, etc. Literature
survey suggests that several methods such as contact angle, radiotracer and polarographic
methods to measure electro-capillarity curves have been employed to determine the ability
and quantity of the inhibitors adsorbed on the metallic surface. Figure 2 represents the
mechanism of corrosion protection by VCls.

Closed barrier layer Closed barrier layer
. YCI molecule .VCI molecule

¢ @ Electrolyte molecule . Electrolyte molecule
0
]
' " 0 ’
L}
o °
L 900000
. (]
. .
, I
. ]
[ ] , "
L
[ ]

0 Metal surface

Figure 2. Mechanism of corrosion inhibition by VCI molecules.

1.5.5. Advantages and disadvantages of VCls

The VCI molecules have ability of vaporize and condense on the metallic surfaces in order
to make them less prone to corrosion. The VCIs have several advantages: (i) they can be
inserted into adhesives, coatings, foams, powders, plastics and spray, (ii) they can be
employed into packaging to retard the corrosion of stored items, (iii) they easily vaporize
and their vapour moves quickly to cover the metallic surface and empty volume available
for them until the saturation is established i.e. VCIs start their work once they are exposed
to the environment, (iv) generally they fill all the surfaces including crevices, pores and
cracks where ordinary inhibitors cannot penetrate, (v) VCIs form very thin inhibitive film
that can be easily removed without affecting the properties of metallic surfaces and (vi)
they can be used as corrosion protectors during the transport of metals and components.
The VCI molecules can be used in several sectors such as in the military, nuclear and
petrochemical plants, automotive industries, cultural heritage conservators, surgical
equipments, electronic components manufacturers and producers of high precision
electronic materials because of their high tendency to adsorb on the metallic surface.
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However, at the same time there are a few limitations of the VClIs such as sometime they
increase the corrosion rate of non-ferrous metals and alloys.

1.5.6. Methods of testing VPlIs

1.5.6.1. Vapor pressure determination. At some temperatures and pressures, a solid or
liquid is in equilibrium with its vapor. This equilibrium pressure is called the vapor
pressure of the solid or liquid. Standard Knudsen methods were used to determine the
vapor pressure of various vapor phase corrosion inhibitors (VPClIs). The volatilization rate
of VPI’s is in the similar functional dependence upon temperature, so that more inhibitive
material is evaporated at higher temperatures. Criterion for the selection of a compound to
be used as a VPI is that it should not have very low or very high vapor pressure as to give
lasting protection [57—-59].

T At M (8)

1
w {anTT
Where, P = vapor pressure of the VPCI (mmHg), A4 = area of the orifice (m?), ¢ = time of
exposure (sec.), W = weight loss of substance (kg), T = temperature (K), M = molecular

mass of the inhibitor (kg) and R = gas constant (8.314 JK 'mol ).

1.5.6.2. Weight loss test. All testing specimen were mechanically polished successively
with the help of emery papers grading 100, 200, 300, 400 and 600 p and then thoroughly
cleaned with plenty of triple distilled water, ethanol and acetone. Specimen were dried with
hot air blower and stored in desiccators over silica gel. After recording initial weights of
specimen on analytical balance, they were kept in different isolated chambers of air
thermostat having fixed amount of VPCI at a constant temperature of 50°C for 24 hours of
exposure time. A uniform thin film of VPCI was adsorbed onto the metal coupons after 24
hours of exposure. Then these coupons were transferred to a digitally controlled humidity
chamber maintained at 85% humidity at a constant temperature of 50°C for 10 days [60].
The gravimetric evaluation cell is presented in Figure 3.

Rubber Cork

Glass Rod with Hooks

Metal Specimens

l 1 Litre Bottle

\_/i Electrolyte Solution

Figure 3. Gravimetric evaluation cell.
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1.5.6.3. Esckhe test. Eschke test was carried out on the pre weighed mechanically polished
specimens. Kraft papers of suitable size were dipped in the VPCI for 30 seconds and then
dried to adsorb uniform layer of the inhibitor on the Kraft papers. Then metal coupons
were wrapped in VPCI impregnated Kraft papers and then taken in the humidity chamber
maintained at 85% relative humidity maintained at a constant temperature of 50°C for first
12 hours and 50°C for next 12 hours, alternately for 10 days. This temperature cycle was
maintained in two sets because of formation and condensation of the vapours of VPCI on
mild steel surface regularly. After exposing the coupons for 10 days, the coupons were
treated in same manner as treated in weight loss test to remove corrosion products and then
corrosion rate (CR) and inhibition efficiency (IE) was calculated [61].

1.5.6.4. Salt Spray Method. After exposing the pre weighed mild steel coupons to VPCI in
air thermostat for 24 hours, they were transferred to salt spray chamber having 3.0%
sodium chloride solution maintained at constant temperature of 50°C for duration of 10
days along with blank specimens. After exposing the coupons for 10 days in NaCl spray,
coupons were treated in same manner as treated in weight loss test to remove corrosion
products and corrosion rate CR and inhibition efficiency (IE) was evaluated.

1.5.6.5. Sulfur Dioxide Test. SO, test was carried out on the mild steel coupons of same
dimension as in weight loss test. SO, gas was prepared by dissolving 0.04 g of sodium
thiosulphate in 30 mL aqueous solution of 1.0% NH,CI and 1.0% Na,SO, solution and
0.5 mL of 1.0 N H,SO, was added to the flask. Initially pre weighed and mechanically
polished mild steel coupons were placed in air thermostat maintained at a constant
temperature of 50°C for duration of 10 days. Definite weight of VPCIs in a petri dish and
the flask, which is the source of SO,, were placed in the isolated chambers of air
thermostat containing mild steel coupons. The specimens exposed for 10 days were then
treated in same manner as treated in weight loss test to remove corrosion products and
there Cy and IE was calculated [57].

1.5.6.6. Metallurgical Research Microscopy Technique. To investigate the corrosion
inhibition efficiency of VPCIs, micrographs of the corroded coupons treated with
investigated VPCI were subjected to porosity study and morphology of surface. Percentage
porosity (PP) and total objects (TO) shows the roughness of surface. On the other hand
maximum perimeter and maximum area object ratio (A/O) provide the information about
the size and depth of the pores on the surface of mild steel. A/O ratio is not very high as
compared to that of salt spray test.

1.5.6.7. Potentiodynamic polarization measurements. The polarization measurements were
determined by thin layer technique for different metals using the atmospheric corrosion
monitor cell. The potential vary from cathodic to anodic direction from the corrosion
potential and then the polarization measurements were carried out. The plot of E vs.
log I... was made from which corrosion potential (E..), corrosion current density (Z.or),
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anodic and cathodic Tafel slopes (B, & B.) values are calculated. The inhibition efficiency
for these systems is calculated using the following equation
0 i
IE% :_Icorr] L/ )

corr

where, I and [  are the corrosion current density with and without inhibitor.

1.5.6.8. Electrochemical Impedance Spectroscopy. The method of impedance spectroscopy
1s a powerful tool for investigation of electrical properties of materials and interfaces of
conducting electrodes. Relevant fields of application are the kinetics of charges in bulk or
interfacial regions, the charge transfer of ionic or mixed ionic—ionic conductors,
semiconducting electrodes, the corrosion inhibition of electrode processes, investigation of
coatings on metals, characterization of materials and solid electrolyte as well as solid-state
devices [62, 63].The VCI’s doesn’t amend the mechanism of dissolution of metal. Hence,
it’s purely depends on the charge transfer process. All experimental plots approximately
have a semi-circular shape. The impedance measurement shows that the inhibition of the
VCls is characterized by increasing diameter of the arc which is acting the resistance.

The studies reveal that with the increase in inhibitor concentration there is an increase
in charge transfer resistance (R) value is ascertained to the formation of protective film on
the metal/solution interface. The charge transfer process mainly controls the corrosion
process. On the contrary, value of double layer capacitance (Cy) decreases with increases
in the inhibitor concentration. The Cy is an electrical capacitor between the charged metal
surface and the solution. This decrease in local dielectric constant and/or an increase in the
thickness of the double layer causes decrease in Cy, hence it is suggested that inhibitor
molecules inhibit the iron corrosion by adsorption at the metal/acid interface

1
Co=—
da 2 Tl:f max Rct

where Cy — double layer capacitance, R, — charge transfer resistance, f.x — frequency.

0 pi
IE%:_RchORm (11)

(10)

2. VClIs as corrosion inhibitors: literature survey

2.1. VCI as corrosion inhibitors for ferrous materials

Steel in the form of carbon and mild steel being used is a main construction material in
different industries because of its high mechanical strength and cost effective
characteristics. The temporary corrosion protection of these materials is essential when
they are transported from one place to other and during their storage. The role of VCls to
protect metals from atmospheric corrosion are among the most efficient and cost-effective
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method. The physicochemical aspects of VCI protective action are covered in a number of
reviews [64]

Literature study suggests that several methods of protection have been developed and
being incorporated for temporary protection of mild steel and carbon steel among them use
of VClIs is the most effective, profitable and popular method. The selection of VCls as
corrosion inhibitors is primarily determined by their vapour pressure and nature of metallic
surface to be protected. Zhang et al. [65, 66] demonstrated the inhibition effect of two
VCIs namely, mono-piperidiniummethyl-urea (MPMU) and bis-piperidiniummethyl-urea
(BPMU) for mild steel and carbon steel corrosion. Weight loss method was employed to
measure the volatility of BPMU and MPMU. Electrochemical techniques were also
employed to study the inhibition characteristic of these tested VCIs. Adsorption of both
VCls, BPMU and MPMU on mild steel surface was supported by X-ray photoelectron
spectroscopy (XPS) method. Results showed that BPMU forms coordinate bonds with Fe
atoms using its two nitrogen atoms, while MPMU coordinates with Fe atoms using its one
nitrogen atom. The electrochemical results were supported by semi-empirical DFT
approach which showed that energy band gap (AFE) is minimum in the case of BPMU
which results in its high inhibition efficiency as compared to the MPMU. Two tertiary
amines namely, 1,3-bis-diethylamino-propan-2-ol (DEAP) and 1,3-di-morpholin-4-
ylpropan-2-ol (DMP) were synthesized, characterized and evaluated as VClIs for carbon
steel employing chemical and electrochemical methods [67]. Results showed that DEAP
showed best inhibition efficiency of 95% at 2.5x107> M concentration. The adsorption of
both the VClIs followed Langmuir adsorption isotherm. Adsorption of DMP and DEAP
molecules on carbon steel surface is supported by FT-IR method. Inhibition performance
of both the VCIs enhanced on enhancing their concentrations as observed by
potentiodynamic polarization study. The corrosion inhibition of mild steel by a few
amines, azoles and carboxylates alone and their mixtures in acidic and basic media have
been studied by electrochemical (OCP and EIS) methods [68]. Results showed that all
studied compounds and their mixtures inhibit mild steel corrosion by passivating the
metallic surface and the extent of passivation mainly depends upon nature of pH. Kannan
and coworkers [69] demonstrated inhibition property of several VCIs namely,
octylsteramide (OTS), octylpalmamide (OTP), octylbenzamide (OTB) octylcaprylamide
(OTC) and Dicyclohexylaminebenzotriazole (DCHAB) on mild steel corrosion in H,S
medium. Inhibition efficiency of the tested VCI molecules have been evaluated using
weight, electrochemical and surface measurement methods. Results showed that adsorption
of the VCI molecules obeyed the Langmuir adsorption isotherm. The adsorption of VCls
on metallic surface and surface morphologies of the inhibited and uninhibited metallic
specimens were studied by SEM-EDX methods. The inhibition effect of these inhibitors
has also been tested on mild steel in Cl, gas environment using chemical, electrochemical
and surface study methods and it was observed that OTS showed the best inhibition
efficiency out of tested VClIs [70]. Thyme Extract of Thymus vulgar L. has also been tested
as effective VCI for mild steel in sodium chloride solution using weight and polarization
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methods [71]. Inhibition of the extract increases with concentration and its adsorption on
mild steel surface obeyed the Temkin adsorption isotherm. Results showed the volatile
plant extract showed maximum efficiency of 84.9% at 1000 ppm concentration. Estevao
and Nascimento demonstrated the influence of zeolite and diatomaceous earths (DE) on the
volatility rate and inhibition performance of the dicyclohexylammonium nitrobenzoate
(DICHANB) and phosphate (DICHAP) for 1006 carbon steel corrosion [72]. Results
showed that inhibition properties of both DICHANB and DICHAP did not enhanced by
diatomaceous earths (DE), however presence of the zeolite significantly enhances the
inhibition performance of tested VCIs. By considering the high inhibition efficiency of the
sodium nitrite, the inhibition property of the dicyclohexylammonium nitrite for packaged
steel materials was studied [73]. A variety of the experiments have been carried out and it
was observed that dicyclohexylammonium nitrite undergoes vaporization and condensation
on the metallic surface and therefore acts as efficient inhibitor.

The trend and technology has allowed new methods for a range of VCI applications to
be reliably extended into new areas of applications. The corrosion protection in oil & gas,
military, automotive, electronic, electrical, and other industrial sectors see existing and new
technologies which increase efficiency and service life and decrease the total cost [74—-76].

2.2. VCI as corrosion inhibitors for non-ferrous materials

Use of vapor-phase corrosion inhibitors is one of the most effective methods for preventing
atmospheric corrosion during transport and storage. In an attempt to develop multimetal
vapor-phase corrosion inhibitors, five amino-benzothiazole derivatives were synthesized to
investigate their inhibiting action on corrosion of mild steel, copper, and brass at 100%
relative humidity by weight loss and potentiodynamic polarization methods. 6-Methoxy-
aminobenzothiazole cinnamate exhibited the best performance among all the studied
compounds by giving >90% inhibition efficiency for all the metals investigated. All the
inhibitors shifted corrosion potential of all metals significantly to the noble direction,
indicating that they are predominantly anodic inhibitors [77]. Some common VCIs that
have been tested as corrosion inhibitors for ferrous and non-ferrous metals and alloys are
presented in Table 1.

3. Conclusions

Present review paper describes the collection of the works that have been published on the
corrosion inhibition performance of volatile corrosion inhibitors for ferrous and non-
ferrous metals and alloys. Obviously, the salts of weak and volatile acids and bases those
have vapour pressure in between 10> to 10”7 mmHg act as effective VCIs for metals and
alloys. Various VCI molecules have been tested as effective inhibitors for ferrous and non-
ferrous metals and alloys. The VCI molecules inhibit metallic corrosion either by forming
a surface protective film on the metal surface or neutralizing the corrosive surrounding
reagents H,O, SO,, H,S and CO, efc. The mechanism of corrosion inhibition by VCI
molecules has also been described. Because of the high volatility, VClIs easily vaporize and
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their vapors condense on the metallic surface as well as the volume available in the
crevices, pores and cracks thereby gives complete protection where they used. They can
also be used in coatings, foams, adhesives, powders, sprays and plastics. The VCI
molecules can act as inhibitors either as such or their hydrolyzed products can also be act
as VCI molecules. The inhibition ability as well as quantity of the adsorbed VCIs on
metallic surfaces can be determined by several commonly employed techniques such as
contact angle, radiotracer, polarographic and electro-capillarity methods.
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