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Abstract

Phenylenediamine (CeHa(NH-)2) exists in three isomeric forms i.e. ortho-isomer (PoPD), meta-
isomer (PmPD) and para-isomer (PpPD). The o-phenylenediamine, m-phenylenediamine and
p-phenylenediamine polymerized to give poly(o-phenylenediamine) (PoPD), poly(m-
phenylenediamine) (PmPD) and poly(p-phenylenediamine) (PpPD), respectively. Literature
investigation suggests that poly(phenylenediamines), specially poly(o-phenylenediamine) are
widely employed as anticorrosive materials for different metals and alloys, especially in the
sodium chloride and hydrochloric acid solutions. Because of their polymeric nature, PoPD,
PmPD and PpPD provide excellent surface protection and exhibit excellent anticorrosive
activity. They are extensively used as anticorrosive materials for different metals and alloys
such as mild steel, carbon steel, aluminum, copper zinc etc. in different common electrolytes
including sulfuric acid and hydrochloric acid. PoPD, PmPD and PpPD can interact with metal
surface using their non-bonding electrons of nitrogen atoms and n-electrons of aromatic rings.
Due to the presence of various electron rich adsorption sites, PoPD, PmPD and PpPD and their
derivatives are expected to form a compact anticorrosive film on the metal surface. Their
adsorption on metallic surface mostly follows the Langmuir adsorption isotherm model. Present
review describes the assortment of present and past advancements on anticorrosive effect of
PoPD, PmPD and PpPD. This article also aims to describe the corrosion inhibition mechanism
of metals and alloys using PoPD, PmPD and PpPD.
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1. Introduction

1.1. Advantages of polymers over traditional corrosion inhibitors

Varying upon the nature of environment and metal, numerous corrosion monitoring practices
have been adopted [1-3]. Among them, use of organic corrosion inhibitors is still one of the
best corrosion monitoring strategies [4—7]. Obviously, they adsorb and form an inherent and
compact anticorrosive film. Presence of multiple bonds and polar substituents play a
significant role in the adsorption process [8—11]. These electron rich sites donate their
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electrons into d-orbital of the metal through coordination bonds. Nevertheless, anticorrosive
application of the traditional organic compounds is limited because of the insufficient surface
protection. Due to their molecular nature, traditional organic corrosion inhibitors don’t
provide sufficient magnitude of surface coverage. More so, they contain comparatively
lesser number of adsorption sites. Therefore, application of polymers of the traditional
corrosion inhibitors having larger molecular size and greater number of adsorption sites is
acquiring meticulous interest [8, 12—15]. Replacement of traditional organic corrosion
inhibitors acquires following advantages:

a. Larger molecular size: Polymers are formed by the polymerization of simple organic
molecules (called as monomers) where thousands of molecules combine together.
Polymers acquire larger molecular size and therefore provide excellent surface coverage.

b. Greater number of adsorption sites: Because of the repetition of monomer units in
polymers, number of adsorption sites gets magnified.

c. Greater surface coverage and protection: As compared to the traditional corrosion
inhibitors, polymer based anticorrosive materials provide greater surface coverage and
protection,

d. Ease of synthesis: Obviously, synthesis of polymers would be relatively eased, cost-
effective and eco-friendly because of the one step polymerization reaction unlike to multi
step synthesis of traditional organic corrosion inhibitors.

e. Natural availability: There are a large number of natural polymers such as chitosan,
cellulose, natural gums, chitin and latex etc. that can be used at the place of traditional
toxic and non-environmental friendly organic corrosion inhibitors. Because of their
natural origin, most of the natural polymers are biotolerable and biodegradable.

f. Useful at high temperature: Some of the polymers can be used as anticorrosive materials
at high temperature. Generally, application of traditional corrosion inhibitors is limited
because of their degradation at high temperature.

g. Useful in highly aggressive electrolyte: Some of the polymers can be used as anticorrosive
materials in highly aggressive electrolytes including 5-28% of acidic solutions.
Generally, application of traditional corrosion inhibitors is limited because of their
degradation, rearrangement or fragmentation at high electrolyte concentration.

1.2. Poly(o-phenylenediamine): Basics and anticorrosive applications

Phenylenediamine (PPD) is an organic species with molecular formula of C¢H4(NH>),. This
can be treated as an amino (—NH.) substituted derivative of aniline. Phenylenediamine exists
in three isomeric forms depending upon the relative position of two amino groups in the
aromatic ring. Obviously, their polymerization gives three types of phenylenediamine
polymers, namely, poly(o-phenylenediamine) (PoPD), poly(m-phenylenediamine) (PmPD)
and poly(p-phenylenediamine) (PpPD). Chemical structures of o-phenylenediamine, m-
phenylenediamine and p-phenylenediamine and their respective polymers are presented in
Table 1. Literature investigation shows that poly(o-phenylenediamine) (PoPD), poly(m-
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phenylenediamine) (PmPD) and poly(p-phenylenediamine) (PpPD) are evaluated as
corrosion inhibitors in aqueous as well as coating phases [16—19].

Table 1. Chemical structures of o-Phenylenediamine, m-Phenylenediamine and p-Phenylenediamine and
their respective polymers.

Name and structure
of phenylenediamine
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p-Phenylenediamine Poly(p-phenylenediamine) (PpPD)

2. Literature survey: Poly(phenylenediamines) as corrosion inhibitors

2.1. Poly(phenylenediamines) as aqueous phase corrosion inhibitors

Although poly(phenylenediamine) is insoluble in water because of its polymeric behavior,
in acidic solutions its nitrogen can undergo protonation and make poly(phenylenediamine)
soluble in polar aqueous electrolytes. After getting dissolved, poly(phenylenediamine) may
interact with a metallic surface using the unshared electron pairs of nitrogen atoms and -
electrons of various double bonds. Therefore, in aqueous electrolytes, poly(phenylene-
diamine) forms a protective film through its adsorption at the interface of metal and
electrolyte. Literature study suggests that poly(p-phenylenediamine) (PoPD) and poly(o-
phenylenediamine) (PoPD) are tested for their anticorrosive properties in a few reports [20—
22]. These compounds show reasonable good anticorrosive potential at relatively low
concentration. Mostly, these compounds become effective by adsorbing at the interface of
metal and electrolyte following through Langmuir adsorption isotherm. Using
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potentiodynamic polarization study it was derived that compounds act as mixed-type
corrosion inhibitors with some anodic predominance in report.

Using PDP method, Rehim et al. [3] showed that the presence of poly(o-phenylene-
diamine) (PoPD) in the corrosive medium adversely affects mild steel corrosion in 1 M HCI
solution. Moreover, this decrease in corrosion rate was consistent with poly(o-
phenylenediamine) (PoPD) concentration. PoPD exhibits the highest inhibition effectiveness
of 95% at as low as 15 ppm concentration. These authors also observed that an increase in
temperature results in a subsequent increase in the corrosion rate. A summary of reports on
poly(phenylenediamines) as aqueous phase corrosion inhibitors is given in Table 2.

Table 2. Summary of reports on poly(phenylenediamine) as aqueous phase corrosion inhibitors.

# Name_an_d Electrolyte Metal/alloy Salient features Ref.
abbreviation

PpPD shows highest effectiveness of

Poly(p- 92.7% at 500 ppm concentration.
1 phenylenediamine) 1 M HCI Ironalloy  PoPD acts as a mixed-type inhibitor  [20]
(PoPD) and its adsorption followed Langmuir

adsorption isotherm.

PpPD shows highest efficiency of
52% at 15 ppm concentration. It acts

Poly(p- . . .
2 phenylenediamine) 1 M HCI Mild steel . 2 _malnly ar_10d|c type_corrosmn [21]
(PpPD) inhibitors and its adsorption followed
P the Langmuir adsorption isotherm
model.
PoPD shows excellent corrosion
Poly(o- protection of 95% at 15 ppm
3 phenylenediamine) 1 M HCI Mild steel concentration. It t_)ehgv_es as m'.XEd' [22]
(POPD) type corrosion inhibitor and its

adsorption obeyed the Langmuir
adsorption isotherm.

2.2. Poly(phenylenediamines) as coating phase corrosion inhibitors

Because of its polymeric nature, poly(phenylenediamine) has strong ability to provide
sufficient metallic surface coverage. Poly(phenylenediamines) possess numerous non-
bonding electrons of nitrogen atoms and m-electron of double bonds (>C=C< & >C=N-)
through which they easily get adsorbed on a metal surface and provide excellent corrosion
protection. Literature study suggests that poly(phenylenediamine) and its composites are
used as efficient anticorrosive coating materials for different metal/electrolyte combinations.
Muthirulan et al. [23] reported the synthesis, characterization and corrosion inhibition
potential evaluation of poly(o-phenylenediamine) nanofibers (PoPD) for 316L SS in 3.5%
NaCl solution. The PoPD was synthesized using chemical oxidation polymerization method
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and it was characterized using FT-IR, TEM, SEM, and UV-vis spectroscopic methods. The
corrosion inhibition potential of PoPD was tested using electrochemical impedance
spectroscope (EIS) and potentiodynamic polarization methods. EIS analysis suggests that
PoPD based anticorrosive coating exhibits 93%. Corrosion inhibition potential of poly-o-
phenylenediamine (PoPD) based anticorrosive coatings have also been described elsewhere
and summary of these reports are given in Table 3 [24-26].

Recently, application of poly(phenylenediamine) and carbon allotrope based
composites as anticorrosive coating materials is gaining attention [27,28]. Cui and
coworkers [27], synthesized a poly(o-phenylenediamine) modified graphene (G-PoPD) and
evaluated its inhibition performance of epoxy resin (EP) based anticorrosive coating for
Q235 carbon steel in 3.5% NaCl solution. It was derived that presence of poly(o-
phenylenediamine) modified graphene (G-PoPD) enhances the protection efficiency of EP
because of combined anticorrosive barrier potential of G nanosheets and metallic surface
passivation by PoPD nanoparticles. The PoPD nanoparticles were dispersed with graphene
nanosheets after 30 minutes sonication in THF (tetrahydrofuran). Authors proposed that
anticorrosive properties of composite based coatings are directly related with barrier
property of coatings and the dispersion ability of nanofillers inside the polymer matrixes.
Using electrochemical methods it is derived that presence of graphene nanosheets greatly
improved the anticorrosive property of EP based coating. Similarly, in another report [28],
corrosion inhibition potential of poly(o-phenylenediamine)@multi-walled carbon nanotubes
(POPDA@MWCNTS) coating was evaluated for 316L stainless steel in 3.5% NaCl solution.
The relative corrosion inhibition potential of different formulations followed the order:
PoPDA (0.562 pA-cm?) < POPDA@FMWCNTSs (0.28 pA cm?) < POPDA@MWCNTS
(0.12 pA-cm™). Careful inspection of literature also suggests that poly(o-phenylene-
diamine)/ZnO composites are also evaluated as anticorrosive coating formulations for steel
alloys in 3.5% NaCl solution [29—-31]. More so, amine-containing poly(o-phenylenediamine)
(PoPD) [32] and poly(aniline-co-o-phenylenediamine) (Ani-co-oPD) [33] have also been
tested as anticorrosive formulations of steel alloys in NaCl based electrolytes. A summary of
reports on poly(phenylenediamine) as coating phase corrosion inhibitors is presented in
Table 3.

Table 3. Summary of reports on poly(phenylenediamine) as coating corrosion phase inhibitors.

# Name_an_d Electrolyte Metal/alloy Salient features Ref.
abbreviation

Characterization of PoPD was

Poly(o- carried out using TEM, SEM, UV-
1 phenylenediamine) 3.5% NaCl  316L SS vis and FT-IR. PoPD coating [23]
nanofibers (PoPD) exhibits 93% protection efficiency

as compared to the non-coated one.
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Name_an_d Electrolyte Metal/alloy Salient features Ref.
abbreviation
Electropolymerized
poly-o- H C?I/Arol\f M Sta?;?fess PoPD based coating provide [24]
phenylenediamine Naél Steel excellent anticorrosive activity.
(PoPD)
PoPD was characterized using
Poly(o- SEM, FT-IR, AFM and UV-Vis
phenylenediamine) 0.5MHCI  Mild steel spectroscopy. The PoPD based [25]
(PoPD) coating exhibits 87.6% inhibition
efficiency.
PoPD was developed in various
Poly(o- acidic media and it was observed
phenylenediamine) 3.5% NaCl  Mild steel tha}ijl_:’oPD d(.jer;vltid frodmhdlffe(;en.t [26]
(PoPD) acidic media followed the order:
PoPD—HNO3 > PoPD—H3PO4 >
PoPD-HCI.
It was observed that POPD
Poly(o- 0235 nanoparticles adsorb on steel
phenylenediamine) 0 surface via n—m interactions. POPD
modified graphene 3.5% NaCl C:ltret;c;n coatings containing 0.5-1.0% G [27]
(PoPD) exhibit excellent anticorrosive
activity.
Decrease in corrosion current
Poly(o densities of different coating
A formulations followed the sequence:
phenylenediamine) @ 316L SS ; PIDA 0 56\2/ A 72qu<
multi-walled carbon 3.5% NaCl  (Stainless 0 (0.562 LA cm ) [28]
' POPDA@FMWCNTSs
nanotubes steel) (0.0.28 pA-cm ) <
(POPDA @ MWCNTS) POPDA@MWCNTSs
(0.0.12 pA-cm).
Corrosion inhibition potential of
WPU, PoPD and PoPD-ZnO were
Poly(o- determined and their inhibition
7 phenylenediamine)-znO  3.5% NaCl Stainless efficiency followed the order: [29]

steel PoPD-Zn0O (97.7%) > PoPD
(94.4%) > WPU (86.2%). ZnO
improves anticorrosive potential by
blocking the surface pores.

(PoPD-ZnQ) composite
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Name and

# abbreviation Electrolyte Metal/alloy Salient features Ref.
PoPD and PoPD/ZnO were
Poly(o- 304 electrodeposited on SS surface and
phenylenediamine)/ZnO 0 Austenitic examined for their anticorrosive
8 (PoPD/Zn0O) 3.5% NaCl stainless activity. PoPD/ZnO based coating [30]
nanocomposites steel (SS) exhibits high protection
effectiveness than that of the PoPD.
It was derived that PoPD-WPU
Poly(o- Carbon coating (PWC) and PoPD-ZnO-
9 phenylenediamine)-ZnO 3.5% NaCl WPU effectively improve the [31]
: steel . . .
composites anticorrosive potential of WPU
based coatings.
0.5 wt%, 1.0 wt% and 2.0 wt% of
PoPD was used in epoxy based
anticorrosive coatings. It was
Amine-containing derived that presence of PoPD
10 poly(o- 0 significantly enhances the
phenylenediamine) 3.5% NaCl Q235 steel anticorrosive effectiveness of the [32]
(PoPD) coating. Presence of 0.5 wt% of
PoPD (0.5-PDEP) causes highest
improvement in the protection
power.
- Ani-co-0PD behaves as a strong
Poly(aniline-co-o- anticorrosive material and exhibits
11 phenylenediamine) 1% NaCl  Steel alloy [33]

highest protection efficiency of

(Ani-co-oPD) 2806,

WPU: Waterborne polyurethane.

3. Summary and outlook

Present review article describes the collection on corrosion inhibition potential of poly(o-
phenylenediamine)  (PoPD), poly(m-phenylenediamine) (PmPD) and poly(p-
phenylenediamine) (PpPD). Through the ongoing discussion it is clear that these polymers
and their composites provide excellent surface protection because of the presence of
numerous non-bonding electron pairs of nitrogen and n-electrons of double bonds (>C=C<
& >C=N-). Through, these electron rich sites, poly(phenylenediamine) and its composites
form coordination bonding with metallic atoms and adsorb effectively that results into the
formation of anticorrosive protective film. Literature investigation suggests that
poly(phenylenediamine) is also tested as aqueous phase corrosion inhibitor, especially for
the steel alloys. Therefore, use of this polymer as a aqueous phase corrosion inhibitor for
other metals and alloys such as aluminum, copper, zinc and their alloys should be evaluated.
The poly(phenylenediamine) is used as a corrosion inhibitor only in hydrochloric acid
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solution therefore poly(phenylenediamine) and its composites should also be tested as
corrosion inhibitor in other electrolytes including nitric acid, sulfuric acid and phosphoric
acid. It can also be seen that poly(phenylenediamine) is tested as corrosion inhibitors in 1 M
HCI solution therefore implementation of poly(phenylenediamine) and its composites should
also be explored for industrially useful electrolytes of higher concentrations. Literature
investigation suggests that in coating phase, poly(phenylenediamine) and its composites are
mostly used in sodium chloride based solution. Their implementation should also be
explored in other electrolytes.
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