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A B S T R A C T

Corrosion of metals has been a widespread issue in industries for centuries. The use of corrosion inhibitors in rust
preventative fluids are commonly employed to provide the temporary corrosion protection to metals. The aim of
this review is to summarize the rust inhibition properties, inhibition mechanism, chemistry and development of
corrosion inhibitors for rust preventative fluids. Some suggestions for further research on corrosion inhibitors
have also been discussed.

1. Introduction

Corrosion is the degradation of a material’s properties by chemical
and/or electrochemical reaction with the environment, and in most
cases it means the electrochemical oxidation of metal. The study of
National Association of Corrosion Engineers (NACE) estimated that the
global cost of corrosion to be $ 2.5 trillion annually, equivalent to about
3.4% of the global Gross Domestic Product (GDP) [1]. It also found that
implementing corrosion prevention best practices can save 15–35% of
the cost of damage, that is $ 375–875 billion. Among the various
methods available to prevent corrosion of metals, rust preventative
fluids are extensively used to provide temporary corrosion protection
during manufacturing processes, storage and shipment.

Rust preventative fluids are prepared by mixing corrosion in-
hibitors, film-forming agents and other additives into a base fluid, and
it can be classified as solvent-based, oil-based and water-based rust
preventatives according to the types of base fluid [2]. It is definite that
corrosion inhibitors are critical for them to achieving high performance.
Inorganic and organic inhibitors are the two main types of corrosion
inhibitors. Inorganic inhibitors, such as nitrite, nitrate, chromate, di-
chromate, phosphate, are widely used in different base fluids and for
various metals [3]. On the other hand, organic inhibitors are the
compounds containing one or more polar groups (with O, N, P, S atoms,
and π electrons), which are effective to prevent corrosion via adsorption
on the metal surface [4–6]. Since the polar groups are usually regarded
as the reaction centers for the adsorption process, the strength of ad-
sorption is strongly dependent on the electron density and polariz-
ability of the polar groups [7]. Accordingly, organic inhibitors include
sulfonates, alcohols, ethers, amines, amides, amine salts, carboxylates,
heterocyclic nitrogen compounds, phosphates, polymers, natural pro-
ducts, and others in consideration of polar groups nature. The present

article reviews the mechanism and development of corrosion inhibitors
for rust preventative fluids.

2. Mechanism

Generally, corrosion is the oxidation of metal through an electro-
chemical process. In the meanwhile, a reduction occurs at the cathode
which can produce either H2 in acidic system or OH– in neutral/alkaline
system, as shown in Scheme 1. It is clear that corrosion inhibitors can
work efficiently by preventing either the oxidation of metal or the re-
duction. According to the mechanism of corrosion inhibition, corrosion
inhibitors can be classified as anodic inhibitors, cathodic inhibitors and
mixed inhibitors [8].

As the name suggests, anodic inhibitors can retard the anodic re-
action by forming a protective oxide film on the metal surface (Fig. 1),
which require a critical concentration for metal protection since they
can accelerate corrosion when the concentration is low [8]. There are
two action modes: one is the oxidizing inhibitors that can passivate the
metal in the absence of oxygen, such as chromates and nitrites. Hex-
avalent chromium (Cr (VI)) and nitrites are reduced during the process.
The other is nonoxidizing anions that require the presence of oxygen to
passivate the metal, such as phosphates and silicates. These inhibitors
will promote the rapid formation of a protective oxide film on the
anodic areas [9].

Cathodic inhibitors act by either slowing down the cathodic reac-
tion or selectively precipitating on cathodic regions to interrupt the
flow of electrons from the anode to the cathode (Fig. 1) [10]. Unlike the
anodic inhibitors, the cathodic inhibitors are not corrosive even at low
concentrations. Typical examples are As2O3, zinc sulfate, nickel sulfate.

Mixed inhibitors are organic compounds that adsorb on the metal
surface with film formation and prevent both the anodic and cathodic
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reactions. As shown in Fig. 2, it is generally accepted that the adsorp-
tion (physisorption and/or chemisorption) of organic corrosion in-
hibitors onto the metal surface through the polar head, while the non-
polar tail is oriented and closely packed in a direction vertical to the
metal surface, which form a tight film and provide a protective barrier
to avoid the attack on the base metal [11]. Meanwhile, the physisorp-
tion of hydrocarbon molecules from the basestock by the non-polar tail
of the adsorbed inhibitor molecules can increase both the thickness and
effectiveness of the hydrophobic barrier to corrosion [4,12]. Thus, the
matched chain lengths of inhibitors and base oils are required for su-
perior rust prevention [13].

3. Corrosion inhibitor chemistry

3.1. Nitrites and chromates

Since the first use of sodium nitrite (NaNO2) by Wachter to prevent
internal corrosion in pipe lines [14,15], it has been widely used as an
effective corrosion inhibitor for aqueous systems, such as metalworking
fluids [16]. It is supposed that sodium nitrite can assist the cathodic
process and provide the protection with the formation of protective
oxide film [17]. Nitrite functions as an oxidizing agent to oxidize iron
(II) into iron (III), resulting in the formation of a stable passive film of
maghemite (γ-Fe2O3) on the metal surface, as shown in Scheme 2
[18–21].

However, sodium nitrite can react with the amines under conditions
that commonly used as additives in metalworking lubricants and result
in the formation of nitrosamines (Scheme 3), which has been classified
as “probably carcinogenic to humans” by International Agency for
Research on Cancer (IARC) [22]. Thus, the use of nitrite has been
prohibited in cutting fluid containing an ethanol amine salt of a car-
boxylic acid by the USA Environmental Protection Agency [23].

Chromates, such as potassium dichromate, is another corrosion in-
hibitor that were used in rust preventatives and lubricants previously.

Similarly, the hexavalent chromium (Cr (VI)) has been recognized as a
human carcinogen, and the use of chromates was also banned in 1990.
From viewpoints of safety and environmental protection, nitrites- and/
or chromates-containing metalworking fluids are restricted, and there is
a great need for environmental friendly water soluble corrosion in-
hibitors as alternatives, which can provide comparable rust pre-
ventative performance to that of solvent-based and oil-based rust pre-
ventatives.

3.2. Sulfonates

The petroleum sulfonates began to be used as oil additives in the
1930s, and widely used for rust inhibition during World War II to
protect military goods during shipment [24,25]. Currently, metal sul-
fonates are one of the most extensively used corrosion inhibitors in rust
preventative formulations [26–31]. According to the feedstock, they
can be divided into petroleum or synthetic sulfonates; while con-
sidering the metal cations, they can be classified as Ba, Mg, Ca, or Na
salts. Early studies indicated that the adsorption of various sulfonates
from anhydrous oil solution was determined by the choice of cations,
and the cation size would determine the charge separation and the
dipole strength of sulfonate groups [32]. In general, it has been ob-
served that the corrosion inhibition performance of cations increased in
the order: Na<Mg<Ca<Ba [24,32]. Among them, barium and
calcium sulfonates are widely employed in industrial formulations due

Anode:
Fe Fe2+ + 2e-

Cathode:

(acidic)2H+ + 2e- H2

O2 + 2H2O + 4e- 4OH- (neutral or alkaline)

Scheme 1. Corrosion reactions on the metal surface.

Fig. 1. Schematic mechanism of anodic and cathodic inhibitors [8].

Fig. 2. Schematic mechanism of mixed inhibitors.

2Fe2+ + 2OH- 2NO2
- 2NO -Fe2O3 H2O+ + +

Scheme 2. Maghemite formation with nitrite.

R2NH + NaNO2 R2N-N=O (nitrosamine)

Scheme 3. Nitrosamine formation.
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to their outstanding rust prevention and water displacement properties,
while sodium sulfonates are more applied for making water emulsifi-
able rust preventives [33]. Since there are some environmental con-
cerns for barium, recently the rust preventive formulations have been
more focused on the development of calcium sulfonates-containing
compositions to provide equal or even better performance than barium-
based products [34]. Not only the neutral salts, but also the overbased
calcium sulfonates act as efficient rust preventives in dual roles, where
the sulfonates can form the protective film, and the calcium carbonate
can neutralize the acidic components which may cause rusting. Nose
et al. found that sodium sulfonates would cause brown stain on steel

which was identified as Fe3O4 and iron sulfonate [35], and another
study suggested the stain was caused by water soluble sulfonates and
inorganic salts in the sulfonates [36]. The industry has made great ef-
forts to prepare the sulfonates with narrow molecular weight distribu-
tion for providing excellent oil stain prevention and rust prevention
performance. Although a variety of sulfonates are well developed as
very useful corrosion inhibitors, it is still challenging for the sulfonates
based complex compositions to achieve extreme salt spray performance
while maintain almost invisible film thickness.

3.3. Alcohols and ethers

Although metal sulfonates can provide sufficient rust protection with
high concentration, the trend towards low-ash or ashless corrosion in-
hibitors has attracted wide attention to meet the sulfated ash restrictions.
Kimura et al. reported a series of rust inhibitors comprising of glycerol
alkyl phenylether (1–3, Fig. 3), and the rust preventative composition may
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C6H12N4
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Scheme 4. Decomposition of HMT and sodium nitrite.
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be obtained by adding the rust inhibitor to a mineral oil [37–39]. Rhodes
disclosed the use of ethylene oxide or propylene oxide derivatives (4–7) as
a supplemental rust inhibitor additive combined with overbased detergent
additive in a lubricating oil composition for internal combustion engines,
showing superior rust and corrosion inhibition [40]. Emert et al. also
disclosed the compositions with the improved rust inhibition properties
which comprise the ashless rust inhibitor having the similar structure of
polyoxyalkylene polyol or ester (8) [41].

3.4. Amines

The amines, such as the alkanolamines including monoethanolamine
(MEA), diethanolamine (DEA) and triethanolamine (TEA), are well known
as corrosion inhibitors in various metalworking fluids and lubricants ap-
plications. However, these organic amine type rust inhibitors are still in-
sufficient in rust prevention, and the development of the amine-based
compounds with a remarkable rust preventive effect is highly desired [42].
A rust preventive composition comprising an aryl phosphate, a polyo-
lester, a calcium petroleum sulfonate and N-methylethanol amine (9,
Fig. 4) is effective in protecting metal surfaces by direct or vapor phase
contact [43]. Due to their high volatility, the composite vapor phase

corrosion inhibitor for aluminum was prepared by the mixture of hex-
amethylenetetramine (HMT, 10) and sodium nitrite, and it showed a good
rust-inhibiting property when the molar ratio of HMT to sodium nitrite
was 1:4. The rust-inhibiting mechanism can be explained as follows: on the
one hand, both HMT and sodium nitrite are hygroscopic, and they can
prevent corrosion by decreasing the moisture; on the other hand, they will
decompose with the water absorbed, as shown in Scheme 4. The decom-
position products formaldehyde and nitrous acid can function as re-
ductants to prevent corrosion of aluminum, and ammonia can neutralize
the acidic substances in the sealed environment [44].

The reaction product (11) of orthoboric acid and alkanolether-
amine, which is water soluble, can be used in aqueous solutions to
provide excellent corrosion inhibition action without foaming [45]. It
has been found that a saturated aliphatic triamine of 9 carbon atoms
having at each terminal position a primary amino group and being
branched in the 4-position of the main chain, such as 1,3,6-triamino-
methylhexane (12) and 1,2,3-triaminoethylpropane (13), is an effective
anti-corrosive agent showing a remarkable rust preventive effect to
metals even when used in a small amount [42,46]. Not only the aqu-
eous system, the combination of corrosion inhibitors comprising an oil
soluble basic nitrogen compound (14–16) and an alkyl or alkenyl
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succinic acid are developed for lubricating oils for internal combustion
engines [47], and 2-propanol derivatives (17) are proposed to possess
excellent activity as corrosion inhibitors for lubricants in contact with
ferrous metals [48].

A Schiff base, namely N-(2-hydroxybenzylidene) thiosemicarbazide
(HBTC, 18) was investigated as an inhibitor for carbon steel [49,50].
The results indicated that HBTC functioned as a corrosion inhibitor by
suppressing both the cathodic and anodic processes via adsorption on
the metal surface which obeyed the Langmuir’s adsorption isotherm. A
water soluble rust preventive additive comprising a polyethylene
polyamine derivative (19) was provided with excellent rust prevention
properties, low foaming properties while with little adverse effect on
the environment [51]. Since some amines (such as diphenylamine) are
commonly used as antioxidants in lubricants, it is absolutely reasonable
to assume that the efficient multifunctional additives with anti-oxida-
tion and rust inhibiting properties based on the amine compounds can
be well designed and further investigated.

3.5. Amides

For the amides in rust preventative fluids, the high electron density
of an amide group will promote adhesion to the electropositive metal
surface, while the long hydrocarbon chains will repel against water,
resulting in the corrosion inhibition [52,53]. A great many ashless
amides have been proposed for rust prevention with more stringent
environmental regulations. N-oleoyl sarcosine (20, Fig. 5) is one of the
oldest amide-based oil soluble rust inhibitors that can be applied in
gasoline, mineral oil and silicone lubricants [54]. The following studies

indicated a synergistic effect of the mixture of sodium nitrite and N-acyl
sarcosines (21) as corrosion inhibitors in lubricating greases, and a
synergistic rust inhibiting composition consisting of N-acyl sarcosines
(21) and an amine salt of a dicarboxylic acid [55,56]. For practical
applications, the solubility of corrosion inhibitors in both oil and water
is desirable. It is reported that an acyl amino acid derivative (22)
combined with a triazole derivative can provide corrosion inhibition
either in organic hydrocarbon or water based system [57].

For water-based cutting fluids, anti-bacterial property is also es-
sential for application. N-alkyl carboxylic acid amide (23) was prepared
from the reaction of cyclic acid anhydride and fatty amine, showing
both good anti-rust and antimicrobial activity [58]. The combination of
metallic and ashless rust inhibitors in lubricants yielded improved rust
protection and demulsibility, where the metal rust inhibitor is a metal
sulfonate and the ashless rust inhibitor is a alkenyl succinimide (24)
[59]. As the inhibition efficiency is reported to follow the sequence
O<N<S [60,61], the sulfur-containing amide furosemide (25) can be
used as an environmental-friendly corrosion inhibitor for zinc metal in
acid medium [62]. Moreover, US4743388A disclosed the fatty acid
substituted diamide derivatives (26, 27) showing excellent lubrication
and rust inhibition properties for metalworking fluids [63], and the
triamide of 2-oxabutane-1,3,4-tricarboxylic acid (28) can be used as
anti-corrosion agents in lubricants [64].

Not only amides, amide derivatives bis-(cyclohexylaminomethyl)-
urea (BCMU, 29) has been found to be good vapor phase corrosion
inhibitors for mild steel [65]. The results suggested that BCMU interacts
with the ferric ions via N and O atoms in its molecule, and BCMU can
stabilize the oxide layer and decrease the surface roughness. With the
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key functional groups synergistically united in the common structure,
the product (30, 31) prepared by the reaction of an arylamine with a
hydrocarbyl acid anhydride and a thioester can be used as effective
multifunctional anti-oxidation, anti-wear, rust inhibiting additive for
lubricants and fuel [66].

3.6. Amine salts

Amine salts, especially amine salts of carboxylates, have been used
to prevent metal corrosion for many years. They are convenient for use
since they are formed in situ by the reaction of amine and carboxylic
acid. Not only corrosion inhibition, but also the lubricity, emulsification
and detergency are provided by the neutralized amine carboxylates in
metalworking fluids. It has been understood that there is an effect of the
number of carbon atoms on performance, and the carboxylic acids
ranging from C18 to C22 are the most qualified candidates, such as tall
oil fatty acid (TOFA) neutralized with TEA [67,68]. Moreover, the alkyl
ammonium carboxylate salt-ethoxylated alkyl phenol esters of a trimer
or dimer acid (32, 33, Fig. 6) are efficient corrosion inhibitors that can
be used in hydrocarbon fuel or oil composition [69–71]. To improve the
water solubility, alkenylsuccinic acid half-amides (34, 35) can also be

used as anti-corrosion agents with low foaming tendency in aqueous
solutions [72]. US 4589992A and US 4740331A claimed the new amine
salts of carboxylates (36) provided excellent corrosion inhibition ac-
tivity combined with good solubility in non-aqueous function fluids
[73,74]. It is interesting that the synergistic effect is observed between
barium-free metal sulfonates and the amine salt of N-oleoyl sarcosine
with octadecylamine (37) [75].

Apart from carboxylic acid, the alkylated amine salt of alkylpho-
sphoric acid (38), dialkyldithiophosphoric acid (39) or hydrocarbyl
aryl sulphnoic acid (40) are reported to be used combined with anti-
oxidants in lubricating oil compositions [76]. Noor et al. investigated
the corrosion and inhibitor adsorption process in mild steel/1-methyl-
4[4′(-X)-styryl] pyridinium iodides (41)/hydrochloric acid systems
[77]. It was found that compounds 41 exhibited a very good perfor-
mance as corrosion inhibitors for mild steel, and the adsorption of in-
hibitors on mild steel obeyed the Langmuir adsorption isotherm at all
studied temperatures. It also showed that the performance of inhibitors
was dependent on the electron donating properties of the substituent,
and the inhibition efficiency increased in the order: -H<CH3<OCH3.
With both water and oil solubility, it has been discovered that the
composition containing quaternary ammonium carbonate or
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bicarbonate (42, 43) can be used as corrosion inhibitors with additional
cleaning capability and antimicrobial protection [78]. To meet the anti-
corrosion and extreme pressure anti-wear properties requirements of
functional fluids, US 5531911A disclosed the metal free hydraulic fluid
with the amine salt of an alkyl-substituted naphthalenesulfonic acid
(44) possessing good anti-rust and anti-wear performance [79].

3.7. Carboxylates

Carboxylates can provide the corrosion protection with the forma-
tion of hydrophobic film by the adsorption of carboxylate group (Lewis
base) on the metal surface (Lewis acid) [80–82]. The long-chain fatty
acids, such as oleic acid, soya fatty acid, TOFA, and polymerized fatty
acids, such as dimer acids, have been well recognized as corrosion in-
hibitors in various applications, whereas the short-chain fatty acid may
promote the corrosion. The use of dicarboxylic acid (45, Fig. 7) and
dicarboxylic ester-acids (46) derivatives as effective additives for pre-
venting corrosion of metals in compositions have been studied [83–86].
A combination of tetra propenyl succinic acid derivate (47) and suc-
cinic anhydride amine derivatives (48) is synergistically effective in

reducing rust formation in lubricating oils [87]. However, it should be
noted that the dicarboxylic acids have the tendency to precipitate in the
presence of Ca2+ or Mg2+ ions, which would result in a lack of rust
prevention property [88]. Kawato et al. investigated a number of de-
rivatives of thiocarboxylic acid prepared from the reaction of 3-mer-
captopropionic acid and alkyl halides, and it showed that octylthio-
propionic acid (49) and hexylthioacetic acid (50) possessed excellent
anti-corrosion properties for water soluble metalworking fluids and
were usable in hard water without precipitation [89]. Besides rust in-
hibition, multifunctionality is another demand for corrosion inhibitor
development. With the introduction of phenol group to long-chain fatty
acid, Gisser et al. prepared a series of hydroxyarylstearic acids, and
9,12-bis(4-hydroxyphenyl)stearic acid (51) exhibited the most effective
combination of antioxidant and rust inhibitor [90,91].

During the last few decades, it has been proposed that the deriva-
tives of carboxylates, including the photo-adducts of dimethylmaleic
anhydride and olefins (52–54) [92], toluylalanine (55) [93], poly-
hydric ester (56) [94], tri-partial esters from pentaerythritol (57) [95],
polyglycerin fatty acid esters (58) [96], amine carboxylate (59) [97]
and polypropylene oxide dialkylsarcosinates (60) [98], are useful
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corrosion inhibitors with strong rust preventive properties in lubricants
and fuels. It is supposed that two or more polar groups in one molecule
would be beneficial to rust inhibiting performance [99,100]. With the
hydroxy and carboxylate groups in molecule, L-Ascorbic acid (61)-Vi-
tamin C is desirable and proved to be a reasonable corrosion inhibitor
for mild steel, and the corrosion process is inhibited by the adsorption
of the L-dehydroascorbic acid (an oxidation product of L-ascorbic acid)
onto the mild steel surface [7].

Followed the study of hydroxycarboxylic acids and esters, car-
boxylic acid salts have attracted attention. Sodium benzoate
(C6H5COONa), that is the sodium salt of benzoic acid, is a typical ex-
ample, which has been shown to be an effective inhibitor for various
metals including steel, zin, copper, copper alloys and aluminum alloys
[101,102]. It is found that a salt of hydroxycarboxylic acid having a
cyclohexane ring (62, Fig. 8) provides the excellent rust preventive
effect on various metals with the practical advantages of low toxicity,
safety and low foaming [103]. Not only for widespread anti-microbial

use, the derivatives of sorbic acid, such as potassium sorbate (63), can
be used as a preventative for rust, corrosion and scale on metal surfaces
[104]. US 4466902A disclosed that the carboxylate-based rust in-
hibitors (64–66) have an excellent rust preventing effect for a wide
variety of metals, and good chemical stability and anti-oxidation sta-
bility due to the basic skeleton of aromatic or alicyclic ring [105]. Then,
it is discovered that the reaction products of substituted succinic acid or
anhydride with metal hydroxides or amines (67–73) [106] and the
sulfated dicarboxylic acids derivatives (74) [107] can be used as highly
effective anti-rust agents for lubricating oils or metalworking fluids,
respectively. It is desirable that the organic salts of glyceride-cyclic
carboxylic acid anhydride adducts (75) derived from renewable re-
sources, such as animal or vegetable oils, can be used as corrosion in-
hibiting compositions [108]. However, it appears that many esters and
carboxylic acid salts will cause the emulsions which is disadvantageous
to separating water displaced from metal surface in practical applica-
tions.
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3.8. Heterocyclic nitrogen compounds

Many heterocyclic nitrogen compounds, such as imidazolines,
thiazoles, triazoles, benzotriazoles and pyrazoles, have been proved to
be effective ashless corrosion inhibitors for many metals [109,110].
They can adsorb on the metal surface, block the active sites on the
surface by the bond formed between the N electron pair and/or the π
electron cloud and the metal, and thereby reduce the corrosion [111].
The rust inhibiting and demulsibility performance of a lubricating oil
can be synergistically enhanced by a rust inhibitor containing at least
one carboxylic acid and a particular class of pyridine derivatives (76,
Fig. 9) [112]. Different with pyridine, imidazoline-based inhibitors
consist of a five-atom ring with two nitrogen atoms in the structure,
which will somehow affect the inhibition performance combined with
the long hydrocarbon chain attached. The imidazoline derivatives
(77–82) are reported to be excellent corrosion inhibitors for many
metals, and the inhibition efficiency and mechanism have been in-
vestigated [113–119]. In addition to the well-known extreme pressure
and anti-wear properties provided by mercapto- and dimercapto-thia-
diazoles, Gemmill and Wei et al. investigated the anti-corrosion beha-
vior of some derivatives of 2,5-dimercapto-1,3,4-thiadiaxole (83–90),
respectively, and it appears that the comprehensive performance is
dependent on both the type and the structure of the chains attached to
the carbon atoms in the 2 and 5 positions of the thiadiazole ring
[120,121]. Similarly, Wang et al. studied the tribological, anti-corro-
sion and anti-rust properties of 2,5-dimercapto-1,3,4-thiadiazole

derivatives (91–94), and it showed that they can be used as multi-
functional additives in the water-glycol hydraulic fluid or lubricant
grease additives [122,123].

With the thiazole ring attached to a benzene ring, the presence of
heteroatoms (such as N, S, O) and π electrons on the heterocyclic
scaffold of benzothiazole derivatives plays the vital role in the corrosion
inhibition properties. US 4568753A disclosed that the benzothiazole-
substituted carboxylic acids and their salts (95, Fig. 10) exhibited rust
preventive capability much greater than that of conventional carboxylic
acids, and were stably effective with iron, copper and their alloys [124].
Based on the design of N-containing heterocyclic species and imidazo-
line group combined in an additive molecule, two kinds of compounds
(96–97) were synthesized and they showed good anti-corrosion, ex-
treme pressure and anti-wear properties [125]. A stable adsorption film
can be formed on the metal surface by the coordination bonds between
the large π bonds in the molecules with the empty d-orbital in metal
atoms, and resulting in the good anti-rust and anti-corrosion properties
in water-glycol. Although the exact mechanism remains unconfirmed, it
is surprisingly discovered that a synergistic corrosion inhibiting effect
was provided by the combination of one amido acid or salt and an
arytriazole derivative (98) in the aqueous metalworking fluid compo-
sitions [126]. Furthermore, a triazole adduct of amine phosphates (99)
and a alkylamine substituted benzotriazole (100) can be used as a
multifunctional additives for industrial lubricants with improved oxi-
dation stability and rust preventative performance [127,128].

As a low boiling amine, morpholine has been used as a vapor phase
corrosion inhibitor, and the investigation on morpholine derivatives
(101–103) had proved that they are also efficient corrosion inhibitors
in fluids for protecting metal surface [129–131]. El-Rehim et al. re-
ported that 4-aminoantipyrine (104) behaves as an anodic inhibitor for
mild steel, and the polar functional groups in the molecule, such as
amine, methylamine, carbonyl and π electron bonds, would effectively
contribute to the inhibition of mild steel corrosion [132]. Öztürk et al.
synthesized a series of five membered heterocyclic compounds
(105–107), and the results showed that they were all excellent corro-
sion inhibitors in mineral oil medium [133]. The aromatic rings in the
structures of 105 and 106 can increase adsorption and consequently
enhance inhibition efficiency with their π electrons. Obot et al. and
Musa et al. reported that quinoxaline derivative (108) and 4,4-di-
methyloxazolidine-2-thione (109) are effective corrosion inhibitors for
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mild steel, respectively [134,135]. Quantum chemical calculations
show that both 108 and 109 molecules can adsorb as molecular species
using nitrogen, sulfur, oxygen and the π electrons of the aromatic ring
as its active centers. Tebbji et al. studied the inhibition effect of a bi-
pyrazole derivative (110) on the corrosion of steel [111]. The high
inhibition efficiency of 110 are probably due to the presence of ni-
trogen atoms, π electrons of pyrazole and phenyl rings and methyl. The
nitrogen atoms are the major adsorption centers with the metal surface,
as shown in Scheme 5. On the one hand, ferrous ion is surrounded by
two pyrazolyl nitrogen atoms at Fe-N (1) and Fe-N (5); on the other
hand, bonding may also occur from Fe to amine N (3). Some other
heterocyclic nitrogen compounds (111–115) have also been in-
vestigated as corrosion inhibitors in fuel and lubricating oil composi-
tions [47,136–138]. Due to the high degree of structural diversity they
offered, the design, synthesis, property and application of heterocyclic
nitrogen compounds as advanced corrosion inhibitors will still be one of
the most fascinating research topics in the field.

3.9. Phosphates

Phosphate coating is usually applied to carbon steel, low-alloy steel
and cast iron as a pretreatment converting the metal surface to the

protective layer of insoluble crystalline iron phosphate for lubricity and
corrosion protection [139,140]. Thus, it is reasonable to assume that
phosphate is probably a potential corrosion inhibitors in rust pre-
ventative compositions. The rust preventive compositions containing an
aryl phosphate ester (116, Fig. 11), an oil soluble calcium sulfonate and
a liquid polyolester are provided to protect both ferrous and non-fer-
rous metals [141]. Likewise, mixtures of alkylaromatic secondary
phosphate (117) and tertiary phosphate (118) esters can be used as rust
inhibiting additives with solubility in hydrocarbon fluids [142]. Hegazy
et al. reported that phosphate-based nonionic surfactants (119) are
effective corrosion inhibitors for carbon steel, and their adsorption on
the metal surface obeys a Langmuir isotherm and represents a mixed
physical and chemical adsorption [143]. To solve the insufficient so-
lubility of film-forming agents (such as wax, a lanolin fatty acid deri-
vative) in hydrocarbon solvents, an organic phosphoric ester calcium
salt (120) is used together with a specific amount of water, which can
be applied in the rust preventatives with a high solubility in an organic
medium, and achieved excellent film formation and rustproof perfor-
mance [144]. Oil soluble phosphorus- and nitrogen-containing com-
pound (121) can be used as multifunctional additives in lubricating oils
with improvement of limited slip properties, anti-wear/extreme pres-
sure properties, and corrosion inhibiting properties [145,146].
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Although phosphate-based corrosion inhibitors have been extensively
used, there are growing concerns about their long term toxicity and
negative environmental impact.

3.10. Polymers

Some studies indicated that organic polymers having multiple ad-
sorptive polar groups may also act as effective corrosion inhibitors. It is
reported that the oil soluble sulfonated aliphatic hydrocarbon poly-
olefin polymers neutralized with a metal compound, ammonia, am-
monium salt or amine, are capable to improve the viscosity, dis-
persancy, varnish inhibition, detergency and anti-rust properties
[147,148]. Polyaniline (122, Fig. 12) was first used for metal corrosion
prevention since 1985 [149]. Recently, Zhang et al. reported that the
rust preventive oil containing an oil soluble polyaniline together with
lanolin or lanolin soap provided good rust prevention effect, especially
outstanding salt spray resistance [150]. Besides, both polymers 123 and
124 can be used as rust inhibitors in formulated industrial lubricants
[151,152].

3.11. Natural products

Although there are large numbers of synthetic compounds that can
be used with excellent corrosion inhibition activity, most of these
compounds are not only expensive but also toxic to both human beings
and environment. Thus, there has been considerable interest in the
development of novel corrosion inhibitors from natural products which
are environmental friendly, non-toxic, biodegradable and readily
available [153,154].

Tannins, which is a class of non-toxic, environmental friendly and
biodegradable polyphenolic compounds extracted from plants, have
been used for corrosion protection since 1936 [155] and can be applied
as green corrosion inhibitors for steel and alloys in aqueous solutions,
especially in acidic electrolytes [156–163]. The adsorptive behavior of
tannins at pH<3 is probably due to the chemisorption of tannin mo-
lecules on the metal surface; while at pH≥3, the inhibition is probably
due to the physisorption of ferric tannate that formed on the metal
surface [156,157,160]. A synergistic inhibition behavior is observed by
the blends of tannin and calcium gluconate in the near neutral media
[164]. The addition of calcium gluconate in tannin solutions increases
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the pH of solutions and ensures the formation of low soluble protective
iron tannate and metal gluconate on the metal surface.

Guar gum (125, Fig. 13), a polysaccharide compound extracted
from guar beans, can act as a corrosion inhibitor for carbon steel due to
the horizontal adsorption on steel surface [165]. Berberine (126), an
alkaloid that can be abstracted from natural coptis chinensis, can act as
an effective green corrosion inhibitor for mild steel [166]. The density
distribution of highest occupied molecular orbital (HOMO)/lowest
unoccupied molecular orbital (LUMO) indicated that there are several
adsorbed sites in one molecular, resulting in strong adsorption and high
inhibition efficiency. Brucine (127), the major alkaloidal constituent
isolated from Strychnos nux-vomica, can act as a good inhibitor for steel,
and the coordination of the hetero atom with metal surface is revealed
by IR analysis [167]. Many studies indicated that Solanum tuberosum
[168], Citrus aurantiifolia leaves extract [169,170] and nanosilicate
extraction from rice husk ash [171] can be used as green corrosion
inhibitors for steel.

3.12. Others

In addition to the above mentioned corrosion inhibitor chemistry,
there are still some other types of corrosion inhibitors, as shown in
Fig. 14. During the past few decades, much effort has been devoted to
developing borates as lubricant additives since they possess anti-wear,
friction-reducing and anti-oxidation characteristics [172–175], while
the research on rust inhibition performance of borates is limited. 4-
Carboxyphenylboronic acid (128) has been found to be an efficient
carbon dioxide corrosion inhibitor for steel in aqueous medium [176].
A synergistic inhibition effect has been found when they are combined
with amines, that is the borated amines. The aqueous cutting fluid
containing a reaction product of boric acid with TEA provides superior
protection of ferrous metals against corrosion, which is currently being
widely used in aqueous rust preventive compositions [177]. Dermawan
et al. found that the use of boron-containing additives (129) prepared
by reacting boric acid with MEA can improve the rust prevention per-
formance of the bio-based lubricating oils [178].

Fluorine-containing compounds, including fluorosilicone, poly-
fluorochloroethylene, polyfluoroalkyl polyether (PFPE), having ex-
cellent thermal and oxidative stabilities, have been extensively applied
in lubricants that are used under high vacuum and high temperature
conditions, such as space lubricating oils [179,180]. The aromatic- and
fluorine-containing compounds (130–134) can effectively prevent
corrosion of various metals [181,182]. Dekura developed the corrosion
inhibited synthetic lubricants comprised of fluorine- and heterocyclic-
containing compounds (135–138) with enhanced adsorption on metals,
resulting in outstanding anti-corrosion properties [183]. Ionic liquids
based on fluorine-containing anions (139 and 140) can be used in a
lubricant composition and exhibit excellent rust prevention properties,
which can be applied under a high vacuum or under high temperatures
[184].

Moreover, oil soluble tetra-functional hydrolysable silane com-
pounds (141) are used to a lubricating oil composition for internal
combustion engine to improve copper corrosion performance [185].
Although nanoparticles and nanocomposites have been introduced in
coatings for corrosion prevention and water repellency, there are only
few studies available on the role of nanotechnology in rust preventative
fluids [186–188]. The composition including an effective amount of
charged cellulose nanocrystals in stabilized aqueous suspension can be
used for inhibiting corrosion of metals, such as steel [189,190].

4. Conclusions and prospects

Rust preventative fluids are widely used in industry to provide the
temporary corrosion protection to metals during manufacturing pro-
cesses, storage and shipment, and the corrosion inhibitors used in rust
preventative fluids are critical to regulating their rust inhibition

performance. The inhibition mechanism, chemistry and development of
corrosion inhibitors for rust preventative fluids are summarized. Since
many conventional corrosion inhibitors are toxic and environmental
harmful, the key driving force for corrosion inhibitors development is
the non-toxic and environmental friendly corrosion inhibitors. The
following directions deserve more attention in future research:

(1) Water is an attractive base fluid since it is inexpensive and has no
VOC content, however, the performance for water-based rust pre-
ventatives is limited and only effective for short-term indoor pro-
tection. Accordingly, there is a significant demand for developing
novel water soluble corrosion inhibitors with superior rust pre-
ventive performance.

(2) The screening of heterocyclic nitrogen compounds with polar
groups and/or π electrons as advanced corrosion inhibitors should
be continued.

(3) The development of high efficient multifunctional additives with
anti-oxidation, anti-wear, extreme pressure and rust inhibiting
properties is the general trend, and the combined mechanisms of
action should be investigated.

(4) In consideration of increasing safety and environmental issues, the
development of effective, non-toxic and environmental friendly
corrosion inhibitors from natural products and bio-based resources
is necessary.

(5) Few nanoparticles are introduced in coatings for water repellency
and better inhibition, the role of nanotechnology in rust pre-
ventative fluids need to be further explored.

References

[1] NACE, International measures of prevention, application and economics of cor-
rosion technology, NACE International, 2016.

[2] N. McGuire, Fundamentals of rust preventives used for temporary corrosion pro-
tection, Tribol. Lubric. Technol. 72 (9) (2016) 28–34.

[3] M.G. Fontana, Corrosion Engineering, third ed., McGraw-Hill, Singapore, 1986.
[4] O.L. Riggs Jr., Corrosion Inhibitors, second ed., NACE, Houston, 1973.
[5] O. Olivares-Xometl, N.V. Likhanova, M.A. Domínguez-Aguilar, E. Arce,

H. Dorantes, P. Arellanes-Lozada, Synthesis and corrosion inhibition of α-amino
acids alkylamides for mild steel in acidic environment, Mater. Chem. Phys. 110 (2)
(2008) 344–351.

[6] G. Quartarone, M. Battilana, L. Bonaldo, T. Tortato, Investigation of the inhibition
effect of indole-3-carboxylic acid on the copper corrosion in 0.5M H2SO4, Corros.
Sci. 50 (12) (2008) 3467–3474.

[7] E.S. Ferreira, C. Giacomelli, F.C. Giacomelli, A. Spinelli, Evaluation of the inhibitor
effect of L-ascorbic acid on the corrosion of mild steel, Mater. Chem. Phys. 83 (1)
(2004) 129–134.

[8] L.R. Rudnick, Lubricant Additives: Chemistry and Applications, second ed., CRC
Press, 2009.

[9] I.L. Rozenfeld, Corrosion Inhibitors, McGraw-Hill, New York, 1981.
[10] O.S.I. Fayomi, P.A.L. Anawe, A. Daniyan, The impact of drugs as corrosion in-

hibitors on aluminum alloy in coastal-acidified medium, in Corrosion inhibitors,
principles and recent applications, Mahmood Aliofkhazraei (2018).

[11] C.K. Nmai, Multi-functional organic corrosion inhibitor, Cem. Concr. Compos. 26
(3) (2004) 199–207.

[12] A. Mertwoy, H. Gisser, J. Messina, Rust inhibition in petroleum and synthetic
lubricants, Corrosion, 1974, 74, Paper No. 69.

[13] H.E. Ries, J. Gabor, Chain-length compatibility in rust prevention, Chem. Ind.
(London) 37 (1967) 1561.

[14] A. Wachter, Internal corrosion prevention in conduits, US 2297666A, 1942.
[15] A. Wachter, Sodium nitrite as corrosion inhibitor for water, Ind. Eng. Chem. 37 (8)

(1945) 749–751.
[16] T.P. Hoar, Nitrite inhibition of corrosion: some practical cases, Corrosion 14 (2)

(1958) 63–64.
[17] R.A. Legault, M.S. Walker, Sodium nitrite as a corrosion inhibitor for mild steel,

Corrosion 20 (9) (1964) 282t–288t.
[18] J.M. Gaidis, Chemistry of corrosion inhibitors, Cem. Concr. Compos. 26 (3) (2004)

181–189.
[19] M. Reffass, R. Sabot, M. Jeannin, C. Berziou, P. Refait, Effects of NO2

− ions on
localised corrosion of steel in NaHCO3+NaCl electrolytes, Electrochim. Acta 52
(27) (2007) 7599–7606.

[20] D.Y. Lee, W.C. Kim, J.G. Kim, Effect of nitrite concentration on the corrosion
behaviour of carbon steel pipelines in synthetic tap water, Corros. Sci. 64 (2012)
105–114.

[21] H. Khani, R. Arefinia, Inhibition mechanism of nitrite on the corrosion of carbon
steel in simulated cooling water systems, Mater. Corros. 69 (3) (2018) 337–347.

[22] M.C. Archer, J.S. Wishnok, Nitrosamine formation in corrosion-inhibiting

Z. Tang Current Opinion in Solid State & Materials Science xxx (xxxx) xxx–xxx

13

http://refhub.elsevier.com/S1359-0286(19)30077-4/h0010
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0010
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0015
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0020
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0025
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0025
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0025
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0025
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0030
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0030
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0030
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0035
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0035
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0035
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0040
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0040
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0045
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0050
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0050
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0050
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0055
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0055
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0065
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0065
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0075
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0075
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0080
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0080
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0085
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0085
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0090
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0090
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0095
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0095
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0095
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0100
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0100
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0100
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0105
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0105
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0110


compositions containing nitrite salts of secondary amines, J. Environ. Sci. Health.
Part A Environ. Sci. Eng 11 (8–9) (1976) 583–590.

[23] E.O. Bennett, D.L. Bennett, Metalworking fluids and nitrosamines, Tribol. Int. 17
(6) (1984) 341–346.

[24] H.R. Baker, C.R. Singleterry, E.T. Solomon, Neutral and basic sulfonates corrosion-
inhibiting and acid-deactivating properties, Ind. Eng. Chem. 46 (5) (1954)
1035–1042.

[25] J. Clark, B. Minch, E. Rodeheaver, G. Moran, C. Znosko, in Advances in ashless rust
preventive technology, NACE International Corrosion Conference Proceedings,
Vancouver, British Columbia, Canada, 2016/6/14/; NACE International:
Vancouver, British Columbia, Canada, 2016; p 9.

[26] H. Haugen, Rust inhibiting additive compositions for oils, US 4224170A, 1980.
[27] H. Yasui, Rust preventive oil for a low frictional torque tapered roller bearing, US

4464275A, 1984.
[28] S.J. Ciuba, M.J. Bartelme III, Method and composition for the prevention or in-

hibition of corrosion, US 4495225A, 1985.
[29] H. Dressler, S.N. Holter, N. Znidarsic, Rust preventives, US 4592783A, 1986.
[30] J.M.A. Bailleux, G.E.E. Hostier, Lubricating and anti-corrosion compositions, US

4770798A, 1988.
[31] E. Shiraishi, H. Ito, M. Yamamoto, M. Naka, A. Suzuki, S. Maehara, Rust pre-

ventive lubricating oil, US 5656582A, 1997.
[32] W.D. Bascom, C.R. Singleterry, The adsorption of oil-soluble sulfonates at the

metal/oil interface, J. Phys. Chem. 65 (10) (1961) 1683–1689.
[33] O.N. Ananhd, V.P. Malik, K.D. Neemla, V. Kumar, Sulphonates as rust inhibitors,

Anti-Corros. Methods Mater. 33 (7) (1986) 12–18.
[34] B.A. Minch, B. Faber, G. Moran, F. Kroto, in Calcium sulfonate based thin film rust

preventatives: performance and mechanism, Corrosion 2012, Salt Lake City, Utah,
2012/1/1/; NACE International: Salt Lake City, Utah, 2012; p 10.

[35] Y. Nose, A. Masuko, Staining of steel by rust inhibitors, J. Jpn. Pet. Inst. 17 (2)
(2009) 143–149.

[36] H.C. Muffley, V. Hong, D. Bootzin, The effect of purification of commercial sul-
fonates on their corrosion-stain property, Corrosion 12 (8) (1956) 57–60.

[37] S. Kimura, N. Ishida, Rust inhibitors and compositions of same, US 4247414A,
1981.

[38] S. Kimura, N. Ishida, Rust inhibitors and compositions of same, US 4247415A,
1981.

[39] S. Kimura, N. Ishida, Rust inhibitors and compositions of same, US 4273673A,
1981.

[40] R.B. Rhodes, Lubricating oil composition with supplemental rust inhibitor, US
4493776A, 1985.

[41] J. Emert, M. Waddoups, Novel oleaginous composition additives for improved rust
inhibition, US 5013467A, 1991.

[42] T. Doi, H. Komoto, M. Chono, A. Inoue, K. Saito, I. Shinozuka, Anti-corrosive agent
for metals, US 4028055A, 1977.

[43] J.F. Anzenberger Sr., Vapor phase and surface contact rust preventive composi-
tion, US 4604227A, 1986.

[44] B.S. Lee, M. Seno, T. Asahara, Effects of composite rust-inhibitors of hexamethy-
lenetetramine for aluminum, Corros. Eng. 23 (10) (1974) 493–499.

[45] F.-J. Hadamik, W. Kappa, G.F. Urban, Reaction products of boric acid and alka-
noletheramines and their use as corrosion inhibitors, US 5055231A, 1991.

[46] T. Doi, H. Komoto, M. Chono, A. Inoue, K. Saito, I. Shinozuka, Anti-corrosive agent
for metals, US 4073618A, 1978.

[47] B.T. Davis, N.W. Moat, Lubricant corrosion inhibitor, US 4165292A, 1979.
[48] R.M. O'neil, J.D. Payne, 2-Propanol derivatives as corrosion inhibitors, US

4892671A, 1990.
[49] A. Samide, E. Turcanu, I. Bibicu, Surface analysis of inhibitor films formed by N-

(2-hydroxybenzilidene) thiosemicarbazide on carbon steel in acidic media, Chem.
Eng. Commun. 196 (9) (2009) 1008–1017.

[50] A. Samide, B. Tutunaru, Adsorption and inhibitive properties of a Schiff base for
the corrosion control of carbon steel in saline water, J. Environ. Sci. Health. Part A
Environ. Sci. Eng 46 (14) (2011) 1713–1720.

[51] S. Megumi, T. Kunihiro, A water-soluble antirust additive agent and a water-so-
luble metalworking fluid agent, JP 2017149842A, 2017.

[52] J.D. Spivack, K. Harry, Rust preventive compositions containing amidodi-
carboxylic acids, US 2790778A, 1957.

[53] S. Kasshanna, P. Rostron, Novel synthesis and characterization of vegetable oil
derived corrosion inhibitors, J. Mater. Environ. Sci. 8 (12) (2017) 4292–4300.

[54] R.M. Pines, J.D. Spivack, A laboratory study of N-oleoyl sarcosine as a rust in-
hibitor in some petroleum products, Corrosion 13 (10) (1957) 92–96.

[55] F.T. Crookshank, Corrosion-inhibited grease compositions, US 4052322A, 1977.
[56] T.J. Karol, S.G. Donnelly, B.W. Stunkel, Synergistic rust inhibitors and lubricating

compositions, US 5599779A, 1997.
[57] A.A. Brady, B.G. Clubley, Corrosion inhibiting formulations, US 6984340B1, 2006.
[58] S. Watanabe, H. Kawahara, T. Kuramochi, Adducts of cyclic acid anhydrides and

fatty amines as anti-rust additives in water-based cutting fluids, J. Am. Oil Chem.
Soc. 68 (2) (1991) 92–94.

[59] W.A. Givens JR., A.S. Galiano-Roth, Synergistic combination of metallic and
ashless rust inhibitors to yield improved rust protection and demulsibility in dis-
persant-containing lubricants, US 20030027726A1, 2003.

[60] M. Karakuş, M. Şahin, S. Bilgiç, An investigation on the inhibition effects of some
new dithiophosphonic acid monoesthers on the corrosion of the steel in 1M HCl
medium, Mater. Chem. Phys. 92 (2) (2005) 565–571.

[61] L. Guo, I.B. Obot, X. Zheng, X. Shen, Y. Qiang, S. Kaya, C. Kaya, Theoretical insight
into an empirical rule about organic corrosion inhibitors containing nitrogen,
oxygen, and sulfur atoms, Appl. Surf. Sci. 406 (2017) 301–306.

[62] E. Yousif, Y.F. Win, A. Alhamdani, A. Al-Amiery, A. Kadhum, A.B. Mohamad,

Furosemide as an environmental-friendly inhibitor of corrosion of zinc metal in
acid medium: experimental and theoretical studies, Int. J. Electrochem. Sci. 10
(2015) 1708–1715.

[63] C.S. Lege, Complex amide carboxylate lubricant rust inhibitor additive for metal
working fluids, US 4743388A, 1988.

[64] V. Lamberti, Amide compounds, US 3959373A, 1976.
[65] D.-Q. Zhang, L.-X. Gao, G.-D. Zhou, Self-assembled urea-amine compound as vapor

phase corrosion inhibitor for mild steel, Surf. Coat. Technol. 204 (9) (2010)
1646–1650.

[66] S.-Y. Hsu, A.G. Horodysky, D.E. Johnson, D.A. Blain, Arylamine/hindered phenol,
acid anhydride and thioester-derived multifunctional antioxidant, antiwear and
rust inhibiting additives, US 5200101A, 1993.

[67] J.A. Quitmeyer, Amine carboxylates: additives in metalworking fluids, Lubr. Eng.
52 (11) (1996) 835–839.

[68] G.H. Kyle, Corrosion inhibitor and process CA 2299857A1, 2000.
[69] R.R. Kuhn, W.H. Machleder, Alkyl ammonium carboxylite salt-ethoxylated alkyl

phenol esters, US 3998862A, 1976.
[70] J.M. Bollinger, R.H. Hanauer, W.H. Machleder, Thermally labile rust inhibitors, US

4010007A, 1977.
[71] J.M. Bollinger, R.H. Hanauer, W.H. Machleder, Thermally labile rust inhibitors, US

4154958A, 1979.
[72] W. Ritschel, H. Lorke, Use of alkenylsuccinic acid half-amides as anticorrosion

agents, US 4609531A, 1986.
[73] E. Phillips, D. Wilson, New salts useful as corrosion inhibitors, US 4589992A,

1986.
[74] E. Phillips, D. Wilson, Salts useful as corrosion inhibitors, US 4740331A, 1988.
[75] Z. Tang, Environmentally-friendly antirust oil with synergistic effects, CN

108517246A, 2018.
[76] B.J. Butke, Additive composition for industrial fluid, US 6645920B1, 2003.
[77] E.A. Noor, A.H. Al-Moubaraki, Thermodynamic study of metal corrosion and in-

hibitor adsorption processes in mild steel/1-methyl-4[4′(-X)-styryl pyridinium
iodides/hydrochloric acid systems, Mater. Chem. Phys. 110 (1) (2008) 145–154.

[78] L.K. Hall, J.W. Scheblein, M.Y.-c. Chiang, J. Kimler, Method of inhibiting corrosion
using a composition of quaternary ammonium salts containing non-halogen an-
ions, US 20150315711A1, 2015.

[79] P.E. Adams, T.G. Hach, J.N. Vinci, Metal free hydraulic fluid with amine salt, US
5531911A, 1996.

[80] E. McCafferty, J.P. Wightman, Determination of the surface isoelectric point of
oxide films on metals by contact angle titration, J. Colloid Interface Sci. 194 (2)
(1997) 344–355.

[81] C.J. Weng, C.W. Peng, C.H. Chang, Y.H. Chang, J.M. Yeh, Corrosion resistance
conferred by superhydrophobic fluorinated polyacrylate-silica composite coatings
on cold-rolled steel, J. Appl. Polym. Sci. 126 (S2) (2012) E48–E55.

[82] P. Hersch, J.B. Hare, A. Robertson, S.M. Sutherland, An experimental survey of
rust preventives in water II. The screening of organic inhibitors, J. Appl. Chem. 11
(7) (1961) 251–265.

[83] B.F. Ward, W.G. Vardell, Corrosion inhibiting compositions and process for in-
hibiting corrosion of metals, US 3981682A, 1976.

[84] H.J. Andress Jr., Rust inhibitor and compositions thereof, US 4148605A, 1979.
[85] F.E. Woodward, A.P. Hudson, Low foaming rust inhibiting composition, US

4956106A, 1990.
[86] F.E. Woodward, A.P. Hudson, Low foaming rust inhibiting composition, US

5008039A, 1991.
[87] L.Z. Pillon, L.E. Reid, A.E. Asselin, Lubricating oil for inhibiting rust formation, US

5397487A, 1995.
[88] J. Mezger, M. Hansch, M. Walter, M. Peretolchin, Use of corrosion inhibitors for

fuels and lubricants, US 20180251692A1, 2018.
[89] Y. Kawato, T. Kamiusuki, S. Watanabe, Water-soluble metalworking fluid ad-

ditives derived from the derivatives of 3-mercaptopropionic acid, J. Surf. Deterg. 9
(4) (2006) 391–394.

[90] H. Gisser, J. Messina, J. Snead, Hydroxyarylstearic acids as oxidation and rust
inhibitors in lubricants, Ind. Eng. Chem. 48 (11) (1956) 2001–2004.

[91] J.L. Snead, J. Messina, H. Gisser, Structural effects of arylstearic acids as combi-
nation oxidation and rust inhibitors, I&EC Prod. Res. Develop. 5 (3) (1966)
222–225.

[92] E.K. Fields, R.L. Anderson, Novel class of rust inhibitors for fuels and oils, US
4427565A, 1984.

[93] K. Saurbier, V. Mendorf, J.W. Schultze, J. Geke, J. Penninger, H. Roβmaier,
Toluylalanine as an inhibitor of atmospheric corrosion, Corros. Sci. 33 (9) (1992)
1351–1359.

[94] D.G. Weetman, J.W. Wisner Jr., D.M. Stehouwer, Rust inhibitors and lubricant
compositions containing same, US 3996144A, 1976.

[95] T. Sakurai, S. Shimada, Y. Kamimura, Rust-proof lubricant compositions, US
4113635A, 1978.

[96] T. Yatomi, T. Iwasaki, K. Yokoyama, M. Noda, Electric discharge machining fluid
with a fatty acid amide additive for rust inhibition, US 5081333A, 1992.

[97] T.A. Knell, R. Walde, Corrosion resistant coatings for metal surfaces, US
20180340080A1, 2018.

[98] J.M. Russo, T.F. Derosa, R.L. Sung, B.J. Kaufman, Polypropylene oxide dia-
lkylsarcosinates for use as rust and haze inhibiting lubricating oil additive, US
5227083A, 1993.

[99] H. Kohashi, N. Shizuka, Y. Kadoma, Aqueous rust inhibitor composition, US
4888132A, 1989.

[100] H.R. Baker, W.A. Zisman, Polar-type rust inhibitors, Ind. Eng. Chem. 40 (12)
(1948) 2338–2347.

[101] F. Wormwell, A.D. Mercer, Sodium benzoate and other metal benzoates as

Z. Tang Current Opinion in Solid State & Materials Science xxx (xxxx) xxx–xxx

14

http://refhub.elsevier.com/S1359-0286(19)30077-4/h0110
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0110
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0115
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0115
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0120
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0120
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0120
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0160
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0160
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0165
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0165
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0175
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0175
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0180
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0180
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0220
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0220
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0245
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0245
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0245
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0250
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0250
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0250
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0265
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0265
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0270
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0270
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0290
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0290
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0290
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0300
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0300
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0300
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0305
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0305
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0305
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0310
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0310
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0310
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0310
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0325
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0325
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0325
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0335
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0335
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0385
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0385
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0385
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0400
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0400
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0400
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0405
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0405
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0405
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0410
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0410
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0410
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0445
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0445
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0445
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0450
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0450
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0455
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0455
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0455
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0465
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0465
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0465
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0500
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0500
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0505


corrosion-inhibitors in water and in aqueous solutions, J. Appl. Chem. 2 (3) (1952)
150–160.

[102] T.N. Guma, P.B. Madakson, D.S. Yawas, S.Y. Aku, Sodium benzoate and bitumen
coatings as inhibitors of corrosion deterioration of mechanical properties of low
carbon steel, J. Chem., Mech. Eng. Pract. 2 (3) (2012) 34–44.

[103] H. Suzuki, Y. Gama, S. Miyazaki, Rust preventive agent of hydroxypolybasic acid
salt type, US 4517110A, 1985.

[104] B. Bendiner, Sorbic acid and/or its derivatives, such as potassium sorbate, as a
preventative for rust, corrosion and scale on metal surfaces, US 20010000619A1,
2001.

[105] S. Kumagae, T. Manabe, Rust inhibitor, US 4466902A, 1984.
[106] R.A. Butcosk, Anti-rust additives and compositions thereof, US 4388198A, 1983.
[107] P.W. Hurd, M.C. Bruner, A. Netzel, Sulfated dicarboxylic acids for lubrication,

emulsification, and corrosion inhibition, US 20030232728A1, 2003.
[108] M.J. Mcguiness, Organic salts of glyceride-cyclic carboxylic acid anhydride ad-

ducts as corrosion inhibitors, US 20160311755A1, 2016.
[109] G. Schmitt, Application of inhibitors for acid media: report prepared for the

European federation of corrosion working party on inhibitors, Br. Corros. J. 19 (4)
(1984) 165–176.

[110] I.B. Obot, N.O. Obi-Egbedi, Inhibitory effect and adsorption characteristics of 2,3-
diaminonaphthalene at aluminum/hydrochloric acid interface: experimental and
theoretical study, Surf. Rev. Lett. 15 (06) (2008) 903–910.

[111] K. Tebbji, I. Bouabdellah, A. Aouniti, B. Hammouti, H. Oudda, M. Benkaddour,
A. Ramdani, N-benzyl-N, N-bis[(3,5-dimethyl-1H-pyrazol-1-yl)methyl] amine as
corrosion inhibitor of steel in 1 M HCl, Mater. Lett. 61 (3) (2007) 799–804.

[112] L.Z. Pillon, A.E. Asselin, Lubricating oil having improved rust inhibition and de-
mulsibility, US 5227082A, 1993.

[113] M.E. Davis, K.L. Dille, Anti-rust fuel composition, US 4263014A, 1981.
[114] R.L. Sung, P. Dorn, Aminoalkylimidazoline derivatives of a sarcosine compound

and a fuel composition containing same, US 4305731A, 1981.
[115] N. Sawa, T. Saeki, Imidazole 4(5)-dithiocarboxylic acids or salts, US 4394511A,

1983.
[116] N. Sawa, T. Saeki, Process of preparing imidazole 4(5) dithiocarboxylic acid, US

4431818A, 1984.
[117] N. Sawa, T. Saeki, Method for preventing rusting in silver by using novel imida-

zole-4(5)-dithiocarboxylic acids in organic solvent, US 4469622A, 1984.
[118] J.R. Burton, D.J. Kushner, Corrosion inhibiting metal working fluid, US

4631139A, 1986.
[119] P.E. Godici, Corrosion inhibiting additive combination for turbine oils, US

6043199A, 2000.
[120] R.M. Gemmill Jr., Corrosion inhibited lubricant composition, US 4193882A, 1980.
[121] D.P. Wei, L. Cao, L.L. Wang, An investigation into the antiwear, antioxidation, and

anticorrosion behaviour of some derivatives of 2,5-dimercapto-1,3,4-thiadiaxole,
Lubr. Sci. 7 (4) (1995) 365–377.

[122] J. Wang, J. Wang, C. Li, G. Zhao, X. Wang, A study of 2,5-dimercapto-1,3,4-
thiadiazole derivatives as multifunctional additives in water-based hydraulic fluid,
Industr. Lubric. Tribol. 66 (3) (2014) 402–410.

[123] X.Y. Wei, J.Q. Hu, Z.M. Zong, Study on tribological and corrosion inhibiting
properties of thiadiazole derivative as lubricant grease additive, Industr. Lubric.
Tribol. 58 (6) (2006) 320–323.

[124] S. Akashi, K. Koge, Rust-preventive agent, US 4568753A, 1986.
[125] L. Xiong, Z. He, S. Han, J. Tang, Y. Wu, X. Zeng, Tribological properties study of N-

containing heterocyclic imidazoline derivatives as lubricant additives in water-
glycol, Tribol. Int. 104 (2016) 98–108.

[126] D.J. Kalota, Y. Chou, D.C. Silverman, Corrosion inhibiting compositions, US
6238621B1, 2001.

[127] J. Shim, Multifunctional additives, US 4511481A, 1985.
[128] J.W. Frankenfeld, K.U. Ingold, Alkylamine substituted benzotriazole containing

lubricants having improved oxidation stability and rust inhibition (PNE-530), US
5076946A, 1991.

[129] H. Kanamori, Rust and corrosion preventive compositions, US 5223164A, 1993.
[130] L.V. Minevski, E.J. Bockowski, Water soluble cyclic amine-dicarboxylic acid-al-

kanol amine salt corrosion inhibitor, US 5531937A, 1996.
[131] A. Kramer, A. Braig, Complexes of morpholine derivatives with keto-acids as

corrosion inhibitors, US 5519074A, 1996.
[132] S.S.A. El-Rehim, M.A.M. Ibrahim, K.F. Khaled, 4-Aminoantipyrine as an inhibitor

of mild steel corrosion in HCl solution, J. Appl. Electrochem. 29 (5) (1999)
593–599.

[133] S. Öztürk, A. Yıldırım, M. Çetin, Some higher N-substituted 1,3-thiazolidine-2,4-
diones and 5,5-diphenylhydantoins, their synthesis and corrosion preventive
properties in mineral oil medium, Appl. Surf. Sci. 265 (2013) 895–903.

[134] I.B. Obot, N.O. Obi-Egbedi, Indeno-1-one [2,3-b]quinoxaline as an effective in-
hibitor for the corrosion of mild steel in 0.5 M H2SO4 solution, Mater. Chem. Phys.
122 (2) (2010) 325–328.

[135] A.Y. Musa, A.A.H. Kadhum, A.B. Mohamad, A.A.B. Rahoma, H. Mesmari,
Electrochemical and quantum chemical calculations on 4,4-dimethyloxazolidine-
2-thione as inhibitor for mild steel corrosion in hydrochloric acid, J. Mol. Struct.
969 (1) (2010) 233–237.

[136] R.W. Jahnke, T.O. Johnson, P.E. Adams, J.W. Forsberg, Corrosion-inhibiting
compositions and functional fluids containing same, US 5178786A, 1993.

[137] R.L. Sung, J.J. Bialy, P. Dorn, W.P. Cullen, J.W. Nebzydoski, Rust inhibitor and oil
composition containing same, US 4263015A, 1981.

[138] J.M. Russo, B.J. Kaufman, T.F. Derosa, R.-D.L. Sung, Rust and haze inhibiting
lubricating oil additive-reaction product of N-alkyl-maliimide and 5-amino-tria-
zole, US 5219482A, 1993.

[139] T.K. Rout, N. Bandyopadhyay, T. Venugopalan, Polyphosphate coated steel sheet

for superior corrosion resistance, Surf. Coat. Technol. 201 (3) (2006) 1022–1030.
[140] R.E. Foscante, Coating compositions with anticorrosion properties, US

20120091397A1, 2012.
[141] J.F. Anzenberger, Rust-preventive compositions, US 4263062A, 1981.
[142] K.J.L. Paciorek, S.R. Masuda, Rust inhibiting phosphate ester formulations, US

5779774A, 1998.
[143] M.A. Hegazy, A.S. El-Tabei, A.H. Bedair, M.A. Sadeq, An investigation of three

novel nonionic surfactants as corrosion inhibitor for carbon steel in 0.5M H2SO4,
Corros. Sci. 54 (2012) 219–230.

[144] Y. Matsuzaki, Y. Iwamura, Y. Natsume, Rust preventive composition, US
5958850A, 1999.

[145] J. Hughes, R.J. Hartley, V. Balasubramaniam, Oil-soluble phosphorus- and ni-
trogen-containing additives, US 5500140A, 1996.

[146] J. Hughes, R.J. Hartley, V. Balasubramaniam, Oil-soluble phosphorus- and ni-
trogen-containing additives, US 5573696A, 1996.

[147] H.N. Miller, Oil-soluble metal containing sulfonated polymers useful as oil ad-
ditives, US 4372862A, 1983.

[148] H.N. Miller, Oil-soluble nitrogen containing sulfonated polymers useful as oil
additives, US 4382005A, 1983.

[149] D.W. DeBerry, Modification of the electrochemical and corrosion behavior of
stainless steels with an electroactive coating, J. Electrochem. Soc. 132 (5) (1985)
1022–1026.

[150] D. Zhang, Y. Lian, D. Wang, Y. Liu, H. Wang, Rust preventive oil containing oil
soluble aniline polymer CN 101875877A, 2010.

[151] R.A. Abramshe, W.J. Blank, E.T. Hessell, Ashless rust inhibitor lubricant compo-
sitions, US 6165952A, 2000.

[152] A.L. Cholli, M. Tonga, Macromolecular corrosion (McIn) inhibitors: structures,
methods of making and using the same, US 20180251695A1, 2018.

[153] I. Sekine, Y. Nakahata, H. Tanabe, The corrosion inhibition of mild steel by as-
corbic and folic acids, Corros. Sci. 28 (10) (1988) 987–1001.

[154] P.B. Raja, M.G. Sethuraman, Natural products as corrosion inhibitor for metals in
corrosive media-a review, Mater. Lett. 62 (1) (2008) 113–116.

[155] Composition for and method of reducing or preventing corrosion and/or in-
crustation of interior surfaces in water containing systems, GB 450547A, 1936.

[156] S. Martinez, I. Stern, Inhibitory mechanism of low-carbon steel corrosion by mi-
mosa tannin in sulphuric acid solutions, J. Appl. Electrochem. 31 (2001) 973–978.

[157] S. Martinez, I. Stern, Thermodynamic characterization of metal dissolution and
inhibitor adsorption processes in the low carbon steel/mimosa tannin/sulfuric
acid system, Appl. Surf. Sci. 199 (2002) 83–89.

[158] A.A. Rahim, E. Rocca, J. Steinmetz, M.J. Kassim, R. Adnan, M.S. Ibrahim,
Mangrove tannins and their flavanoid monomers as alternative steel corrosion
inhibitors in acidic medium, Corros. Sci. 49 (2007) 402–417.

[159] M. Oki, E. Charles, C. Alaka, T.K. Oki, Corrosion inhibition of mild steel in hy-
drochloric acid by tannins from Rhizophora racemosa, Mater. Sci. Appl. 2 (2011)
592–595.

[160] R.S. Peres, E. Cassel, D.S. Azambuja, Black wattle tannin as steel corrosion in-
hibitor, ISRN Corrosion, 2012, 2012, Article ID 937920.

[161] O. Benali, H. Benmehdi, O. Hasnaoui, C. Selles, R. Salghi, Green corrosion in-
hibitor: inhibitive action of tannin extract of Chamaerops humilis plant for the
corrosion of mild steel in 0.5 M H2SO4, J. Mater. Environ. Sci. 4 (1) (2013)
127–138.

[162] B. Qian, B. Hou, M. Zheng, The inhibition effect of tannic acid on mild steel
corrosion in seawater wet/dry cyclic conditions, Corros. Sci. 72 (2013) 1–9.

[163] E. Kusmierek, E. Chrzescijanska, Tannic acid as corrosion inhibitor for metal and
alloys, Mater. Corros. 66 (2) (2015) 169–174.

[164] O. Lahodny-Šarc, F. Kapor, Corrosion inhibition of carbon steel in the near neutral
media by blends of tannin and calcium gluconate, Mater. Corros. 53 (2002)
264–268.

[165] M. Abdallah, Guar gum as corrosion inhibitor for carbon steel in sulfuric acid
solutions, Portugaliae Electrochim. Acta 22 (2004) 161–175.

[166] Y. Li, P. Zhao, Q. Liang, B. Hou, Berberine as a natural source inhibitor for mild
steel in 1 M H2SO4, Appl. Surf. Sci. 252 (5) (2005) 1245–1253.

[167] P. Bothi Raja, M.G. Sethuraman, Strychnos nux-vomica an eco-friendly corrosion
inhibitor for mild steel in 1 M sulfuric acid medium, Mater. Corros. 60 (1) (2009)
22–28.

[168] B.R. Pandian, M.G. Sethuraman, Solanum tuberosum as an inhibitor of mild steel
corrosion in acid media, Iran. J. Chem. Chem. Eng. 28 (1) (2009) 77–84.

[169] R. Saratha, S.V. Priya, P. Thilagavathy, Investigation of citrus aurantiifolia leaves
extract as corrosion inhibitor for mild steel in 1 M HCl, E-J. Chem. 6 (3) (2009)
785–795.

[170] M.A. Alkhaldi, K. Al-qahtani, Method for inhibiting corrosion of steel with leaf
extracts, US 20180305825A1, 2018.

[171] D.A. Awizar, N.K. Othman, A. Jalar, A.R. Daud, I.A. Rahman, N.H. Al-hardan,
Nanosilicate extraction from rice husk ash as green corrosion inhibitor, Int. J.
Electrochem. Sci. 8 (2013) 1759–1769.

[172] K.L. Kreuz, R.S. Fein, M. Dundy, EP films from borate lubricants, ASLE Trans. 10
(1) (1967) 67–76.

[173] T.H. Adams, Borate-a new generation EP gear lubricant, Lubr. Eng. 33 (5) (1977)
241–246.

[174] F.U. Shah, S. Glavatskih, O.N. Antzutkin, Novel alkylborate-dithiocarbamate lu-
bricant additives: synthesis and tribophysical characterization, Tribol. Lett. 45 (1)
(2012) 67–78.

[175] Y. Wang, J. Li, T. Ren, Tribological study of a novel borate ester containing S, P
with high hydrolytic stability as a multifunctional lubricating additive, Tribol.
Trans. 51 (2) (2008) 160–165.

[176] N.D. Nam, Q.V. Bui, M. Mathesh, M.Y.J. Tan, M. Forsyth, A study of 4-

Z. Tang Current Opinion in Solid State & Materials Science xxx (xxxx) xxx–xxx

15

http://refhub.elsevier.com/S1359-0286(19)30077-4/h0505
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0505
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0510
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0510
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0510
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0545
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0545
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0545
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0550
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0550
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0550
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0555
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0555
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0555
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0605
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0605
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0605
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0610
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0610
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0610
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0615
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0615
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0615
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0625
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0625
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0625
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0660
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0660
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0660
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0665
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0665
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0665
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0670
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0670
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0670
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0675
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0675
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0675
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0675
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0695
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0695
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0715
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0715
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0715
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0745
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0745
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0745
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0765
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0765
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0770
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0770
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0780
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0780
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0785
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0785
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0785
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0790
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0790
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0790
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0795
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0795
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0795
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0805
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0805
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0805
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0805
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0810
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0810
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0815
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0815
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0820
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0820
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0820
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0825
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0825
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0830
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0830
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0835
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0835
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0835
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0840
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0840
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0845
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0845
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0845
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0855
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0855
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0855
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0860
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0860
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0865
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0865
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0870
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0870
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0870
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0875
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0875
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0875
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0880


carboxyphenylboronic acid as a corrosion inhibitor for steel in carbon dioxide
containing environments, Corros. Sci. 76 (2013) 257–266.

[177] J.E. King, Aqueous cutting fluid which protects ferrous metals against corrosion,
US 3719598A, 1973.

[178] D. Dermawan, D.S. Pertiwi, in Bio-lubricants development: the potential use of
boron-containing additives, International Conference on Chemical and Material
Engineering, September 12-13; 2012.

[179] T. Okaniwa, M. Hayama, in The applications of ionic liquids into space lubricants,
European Space Mechanisms and Tribology Symposium. 15th European Space
Mechanism and Tribology Symposium, 2013.

[180] J.L. Howell, M.A. Hofman, Phosphorus compounds and their use as corrosion
inhibitors for perfluoropolyethers, US 6184187B1, 2001.

[181] S. Otomo, Rust inhibitor, US 5487846A, 1996.
[182] S. Otomo, Rust inhibitor, US 5573708A, 1996.
[183] T. Dekura, Corrosion inhibited synthetic lubricants, US 4898682A, 1990.
[184] M. Hayama, S. Sasaki, Lubricant composition using ionic liquid as base oil and

having excellent rust prevention properties, US 20130137615A1, 2013.
[185] K.D. Nelson, E.S. Yamaguchi, K.-S. Ng, P.S. Rogers, Method for improving copper

corrosion performance, US 20110239971A1, 2011.
[186] H. Choi, Y.K. Song, K.Y. Kim, J.M. Park, Encapsulation of triethanolamine as or-

ganic corrosion inhibitor into nanoparticles and its active corrosion protection for
steel sheets, Surf. Coat. Technol. 206 (8) (2012) 2354–2362.

[187] M. Sababi, J. Pan, P.-E. Augustsson, P.-E. Sundell, P.M. Claesson, Influence of
polyaniline and ceria nanoparticle additives on corrosion protection of a UV-cure
coating on carbon steel, Corros. Sci. 84 (2014) 189–197.

[188] A. Kausar, Corrosion prevention prospects of polymeric nanocomposites: a review,
J. Plast. Film Sheet. 35 (2) (2019) 181–202.

[189] A. Garner, Corrosion inhibitor comprising cellulose nanocrystals and cellulose
nanocrystals in combination with a corrosion inhibitor, US 20150008371A1,
2015.

[190] A. Garner, Use of charged cellulose nanocrystals for corrosion inhibition and a
corrosion inhibiting composition comprising the same, US 20160362560A1, 2016.

Z. Tang Current Opinion in Solid State & Materials Science xxx (xxxx) xxx–xxx

16

http://refhub.elsevier.com/S1359-0286(19)30077-4/h0880
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0880
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0930
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0930
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0930
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0935
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0935
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0935
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0940
http://refhub.elsevier.com/S1359-0286(19)30077-4/h0940

	A review of corrosion inhibitors for rust preventative fluids
	Introduction
	Mechanism
	Corrosion inhibitor chemistry
	Nitrites and chromates
	Sulfonates
	Alcohols and ethers
	Amines
	Amides
	Amine salts
	Carboxylates
	Heterocyclic nitrogen compounds
	Phosphates
	Polymers
	Natural products
	Others

	Conclusions and prospects
	References




