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In pursuit of sustainable and environmentally benign coating technologies, we report the synthesis and
evaluation of isocyanate-free/non-isocyanate poly (urethane amic acid) (NIPUAA) coatings developed
from a renewable source, castor oil. NIPUAA was prepared using a step-growth polymerization strategy
using functionalized castor oil (carbonated castor oil, CCO), isophorone diamine and pyromellitic
dianhydride, eliminating the need for toxic isocyanates. The chemical structure of the synthesized
NIPUAA was confirmed by FTIR and NMR spectroscopy, indicating the successful formation of urethane
and amic acid linkages. The thermal transitions and stability were analyzed using DSC and TGA. The
results showed a moderate level of thermal endurance, suitable for coating applications. The NIPUAA
coatings were coated on mild steel substrates and subjected to a thorough performance evaluation,
including Tafel polarisation, electrochemical impedance spectroscopy (EIS), and salt spray testing for
corrosion resistance. Pencil hardness, abrasion resistance, adhesion test, and cone mandrel flexibility

tests were used to assess mechanical durability. The coatings demonstrated competitive performance in
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Accepted 21st January 2026 comparison to conventional systems, with satisfactory corrosion inhibition and mechanical integrity.

These findings demonstrate the potential of NIPUAA derived from castor oil as a promising candidate for

DOI: 10.1039/d55u00835b isocyanate-free protective coatings, providing a more environmentally friendly option for multipurpose

rsc.li/rscsus metal surface protection.

Sustainability spotlight

This work advances sustainable coating technology by developing an isocyanate-free poly (urethane amic acid) (NIPUAA) derived from renewable castor oil,
thereby eliminating the use of toxic isocyanates and reducing petrochemical dependency. The synthesis employs a greener, step-growth polymerization
approach using bio-based reactants and solvent-free processing. The resulting coatings exhibit strong corrosion resistance and mechanical performance,
validating their suitability as eco-friendly alternatives to conventional polyurethane coatings. This research directly supports the United Nations Sustainable
Development Goals (SDGs), particularly SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate Action), by promoting sustainable material
innovation, safer chemical processes, and the utilization of renewable resources for a cleaner, more sustainable industrial future.

marine," automotive,> aerospace,’ and construction,* to prevent
corrosion and to achieve mechanical durability and surface

1. Introduction

Significant innovation in the development of more environ-
mentally friendly and sustainable polymer systems has gained
momentum in recent decades due to the increased focus on
sustainability, environmental safety, and occupational health.
Traditionally valued for their excellent adhesion, flexibility,
abrasion resistance, and chemical durability, polyurethane
coatings are used extensively in a variety of industries, including
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aesthetics. However, diisocyanates, a class of extremely toxic and
reactive substances derived from phosgene chemistry, are used in
the synthesis of conventional polyurethanes.® Diisocyanates, like
methylene diphenyl diisocyanate (MDI) and toluene diisocyanate
(TDI), present serious risks to human health and the environ-
ment, including the potential risk for cancer, dermal toxicity, and
respiratory sensitisation.*” This makes handling and processing
them more difficult and raises questions about their long-term
ecological impact and compliance with international regula-
tions. Consequently, the development of non-isocyanate poly-
urethane (NIPU) analogues has emerged as a key research
direction in the quest for greener and more sustainable coating
technologies.*™ In this context, non-isocyanate poly (urethane
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amic acids) (NIPUAAs) have emerged as a promising class of
polymers. Although there have been a few reports on poly
(urethane amic acids) (PUAA), literature related to the synthesis
of non-isocyanate poly (urethane amic acids) (NIPUAAs) has been
quite rare.""*> Although these materials share structural similar-
ities with conventional polyurethanes, they are prepared without
the use of isocyanates by reacting hydroxyl-functionalized polyols
with diamines and dianhydrides. While the urethane linkage
ensures flexibility and thermal stability, the amic acid moiety
offers numerous hydrogen-bonding sites, enhancing cohesive
strength and adhesion potential. Despite these advantages, there
are still very few reports on PUAA-based coatings, particularly
regarding formulations made from renewable feedstocks.™
Furthermore, high-performance coatings that incorporate
bio-based polyols align well with the circular materials economy
and green chemistry principles. Among the available natural
polyols, castor oil stands out because of its distinct molecular
structure. About 90% of it is ricinoleic acid, which provides
a mixture of unsaturated, carboxylic, and hydroxyl groups
suitable for direct functionalisation. It is a very desirable raw
material for polymer synthesis due to its availability, cost-
effectiveness, chemical stability, and biodegradability. Castor
oil can function as an effective building block for non-
isocyanate poly (urethane amic acid) (NIPUAA) systems when
chemically modified to add reactive hydroxyl groups suitably.
Recent studies have explored the synthesis of castor oil-based
NIPUs, with promising results for both mechanical perfor-
mance and corrosion prevention. Castor oil-based coatings, for
example, have demonstrated positive outcomes in terms of
adhesion, hardness, and resistance to corrosive environ-
ments.'*"* Nevertheless, there have been few thorough analyses
that take into account mechanical, thermal, and electro-
chemical characteristics, which calls for more studies in this
area. Building on this bio-based vision, it becomes equally
crucial to address the performance challenges posed by
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conventional materials in real-world environments. Despite
being one of the most popular structural materials because of
its exceptional strength-to-cost ratio, mild steel is highly prone
to corrosion, especially in harsh industrial, acidic, and marine
environments.'® Corrosion not only undermines structural
integrity but also imposes heavy economic burdens, accounting
for more than 3% of the global GDP annually.” The conven-
tional solution has been to apply protective coatings, especially
polyurethanes, which serve as chemical and physical barriers
against corrosive ions, oxygen, and moisture. However, these
systems often employ hazardous isocyanate-based chemicals,
which raises significant concerns regarding their environ-
mental and human health safety. This has prompted an urgent
shift toward greener, safer alternatives. Thus, integrating bio-
derived castor oil with NIPUAA chemistry holds the potential
not only to meet but to redefine performance expectations for
protective coatings, blending sustainability with superior
protection. However, achieving both corrosion resistance and
mechanical durability using a green, non-toxic, and bio-based
polymeric system remains an important yet challenging objec-
tive. Herein, we report the synthesis of a bio-based non-
isocyanate poly(urethane amic acid) (NIPUAA) coating system
using carbonated castor oil (CCO) derived from epoxidized
castor oil and CO, Ring opening of the 5-membered cyclic
carbonate ring with isophorone diamine (IPDA) and chain
extension with pyromellitic dianhydride (PMDA) yielded the
desired NIPUAA. Variations with respect to the CCO:IPDA:
PMDA mole ratioof 1:2:1,1:3:2 and 1:4: 3 were carried out
to attain the optimum performance of the resulting coatings.

2. Experimental section
2.1 Materials

Castor oil (CO) [hydroxy number (OH) = 170 mg KOH g~ '; acid
value = 1.27 mg KOH g '] was purchased from Alfa Aesar.

@

(b)

(69)

Fig.1 Appearance of: (a) castor oil (CO), (b) epoxidised castor oil (ECO), (c) carbonated castor oil (CCO), (d) NIPUAA and the plates coated with

(e) NIPUAA-121, (f) NIPUAA-132, and (g) NIPUAA-143.
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Hydrogen peroxide (H,O,, 30% v/v) and stannous octoate
(KOSMOS) were purchased from SD Fine Chemicals Limited,
India. Anhydrous glacial acetic acid, sodium carbonate
(Na,CO3), sodium bicarbonate (NaHCOj3), and sodium chloride
(NaCl) were obtained from Finar Chemicals. Seralite SRC-120
was obtained from Sisco Research Laboratories, India. Tetra-
butylammonium bromide (TBAB), triethylamine (Et;N), diethyl
ether, magnesium sulfate anhydrous (MgSO,), and di-
methylformamide (DMF) were obtained from AVRA chemicals.
Pyromellitic dianhydride (PMDA) and isophorone diamine
(IPDA) were purchased from Sigma-Aldrich. All the above
chemicals were used as received.

2.2 Methods

2.2.1 Synthesis of epoxidized castor oil (ECO) and
carbonated castor oil (CCO). ECO [Fig. 1(b)] and CCO [Fig. 1(c)]
were prepared as per previously reported procedures *** from
castor oil (CO) [Fig. 1(a)] as shown in Scheme 1. The physico-
chemical properties of CO [Table S1], ECO [Table S2], and CCO
[Table S3] have been provided in Section S1 of SI.

2.2.2 Synthesis of non-isocyanate poly (urethane amic
acid) (NIPUAA). A clean, dry, 500 ml, 2-neck, round-bottom flask
equipped with a mechanical stirrer was charged with CCO (40 g,
0.035 mol) and IPDA (12.1 g, 0.071 mol). 2-3 drops of diluted
KOSMOS (1% in toluene) catalyst were added to the flask, and
the reaction mixture was stirred for 8 h at 80 °C. After 8 h, DMF
was added to the reaction mixture while maintaining the
temperature at 80 °C. The reaction mixture was then allowed to
cool gradually to room temperature, and finally, PMDA (7.7 g,
0.035 mol) was added to the cooled mixture. The resulting
solution was stirred thoroughly and allowed to react overnight
under ambient conditions to give the final NIPUAA polymer,
a dark brown viscous oil [Fig. 1(d)], as shown in Scheme 1.

2.2.3 Preparation of coated plates. The NIPUAA reaction
mixture was applied to mild steel and galvanized iron (GI) (6 cm
x 4 cm) sheets using a brush and was allowed to cure at room
temperature for 24 h to obtain a uniform coating of 100 microns
thickness.

2.3 Analytical characterization

2.3.1 Proton nuclear magnetic resonance (lH-NMR) spec-
troscopy. The 'H-NMR spectra were recorded in a Bruker
Avance-400 MHz spectrometer instrument using deuterated
chloroform (CDCl;) as the solvent at room temperature. The
chemical shifts are shown relative to tetramethylsilane (TMS) as
the reference standard and expressed in parts per million
(ppm).

2.3.2 Fourier transform-infrared (FT-IR) spectroscopy. FT-
IR spectra of CO, ECO, CCO and cured NIPUAA free-standing
films were measured using a PerkinElmer spectrophotometer
(Spectrum 100) within the frequency range of 4000-400 cm .
The transmittance graphs were observed using KBr pellets.

2.3.3 Thermogravimetric analysis (TGA). TGA analysis was
performed using a TA Q500 thermogravimetric analyzer (TA
Instruments, New Castle, DE, USA) under a nitrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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atmosphere. A sample weighing 5-10 mg was heated from room
temperature to 600 °C at 10 °C min~".

2.3.4 Differential scanning calorimetry (DSC). DSC curves
of the NIPUAA films were recorded in a DSC-Q-100 model of the
TA instrument. The samples (approximately 8-10 mg each) were
heated at a rate of 10 °C min~* under nitrogen from —70 °C to
220 °C to determine the glass transition temperature. Each run
was performed by first heating the sample from room temper-
ature to 150 °C, cooling it to —70 °C and then reheating it to
220 °C.

2.3.5 Adhesion strength. In accordance with ASTM D-4541,
the adhesion strength of NIPUAA coatings on mild steel was
assessed using an automatic adhesion pull-off tester (PosiTest
AT-A, Automatic adhesion tester) for a thickness range of 100
microns.

2.3.6 Abrasion resistance. CS-10 wheels were utilised for
1000 cycles, and abrasion resistance was measured in terms of
weight loss (mg) using the Taber abrasion tester (USA) in
accordance with ASTM-D4060 standards.

2.3.7 Pencil hardness. Using Mitsubishi pencils with
hardness levels ranging from 6B to 6H, the pencil hardness
tester (SIIN 501, Samriddhi International Private Limited, India)
was used to assess the hardness of the cured NIPUAA coatings
on mild steel in accordance with ASTM D3363 standards.

2.3.8 Cone mandrel. The cone mandrel flexibility test of the
NIPUAA coating applied to mild steel was evaluated using
a flexibility tester (SbS Testing Studio) according to ASTM D522
standards.

2.3.9 Electrochemical studies. Tafel potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS)
were conducted using a Metrohm Autolab electrochemical
workstation (Potentiostat/Galvanostat, Model 302N) operated
with NOVA 1.11 software (Metrohm B.-V., Netherlands). Tafel
polarization curves were obtained within a potential window of
+200 mV relative to the open circuit potential (OCP), at a scan
rate of 5 mV s~ '. For EIS measurements, a sinusoidal voltage
perturbation of 10 mV was applied across a frequency range
from 10° to 10> Hz.

2.3.10 Salt spray test. The corrosion resistance of the
coated mild steel (MS) panels was evaluated using the ASTM B-
117 salt spray fog test (Komal Scientific Pvt. Ltd, Mumbai,
India). Before testing, cross-cuts were introduced on the coated
surface to assess the protective efficacy of the coating. The
panels were then placed in a salt spray chamber and exposed to
a 5% (w/v) NaCl solution for 120 hours under controlled
conditions.

3. Results and discussion

Bio-based NIPUAA coatings were strategically designed to assess
their applicability as sustainable, isocyanate-free protective
films. Their molecular architecture integrates both flexibility
and rigidity, enabling a balanced profile in terms of structure-
property, adhesion, abrasion resistance, surface hardness, and
mechanical flexibility, which are the key parameters relevant to
corrosion-resistant coating systems.
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Scheme 1 Synthetic route for the preparation of the NIPUAA polymer from castor oil (CO), a renewable source.

3.1 Structural confirmation

3.1.1 'H-NMR spectroscopy. As shown in Fig. 2, proton
nuclear magnetic resonance (‘H-NMR) spectroscopy was

RSC Sustainability

employed to monitor and confirm the progressive chemical
transformation from castor oil (CO) to epoxidized castor oil
(ECO), followed by carbonated castor oil (CCO), and ultimately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to the formation of the non-isocyanate poly (urethane amic
acid) (NIPUAA) polymer. In the "H-NMR spectrum of ECO
[Fig. 2(I1)], the successful epoxidation of carbon-carbon double
bonds in ricinoleate chains was evidenced by the appearance of
characteristic proton signals of the oxirane (epoxy) ring near
0 3.2 ppm and the disappearance of doublet peaks around 5.5-
6.0 ppm corresponding to the double bonds, as shown in
Fig. 2(I). The 3.2 ppm signal corresponds to the methine and
methylene protons adjacent to the epoxide ring, confirming the
conversion of olefinic double bonds into epoxide functional-
ities.”® The epoxy proton signal completely vanishes at about
3.2 ppm in the CCO spectrum [Fig. 2(III)] after the carbonation
of ECO via CO,, signifying that the cycloaddition reaction
between CO, and the epoxide rings was successful in producing
the required amount of carbonated castor oil (CCO). It is
replaced by new multiplet signals in the ¢ 4.3-4.9 ppm range
[Fig. 2(II)], which are caused by methine and methylene
protons on the five-membered cyclic carbonate rings.* Notice-
able spectral changes are observed in the 'H-NMR spectrum
after the final polycondensation between CCO, IPDA and PMDA,
leading to the formation of NIPUAA [Fig. 2(IV)]. The polymeri-
zation step is marked by the presence of broad signals in the
region around 8.5-9.0 ppm, corresponding to the urethane
bond in the polymer backbone. In addition, the successful
incorporation of PMDA is evidenced by the appearance of
a distinct multiplet corresponding to aromatic proton in the
0 7.14-7.17 ppm range, thereby confirming the incorporation of
pyromellitic units in the polymer backbone.

3.1.2 FTIR spectroscopy. The successful conversion of the
C=C bonds in castor oil (CO) to epoxy groups in epoxidized
castor oil (ECO) was confirmed by FT-IR spectroscopy, as illus-
trated in Fig. 3. In the FTIR spectrum of CO [Fig. 3(I)], a char-
acteristic absorption band near 3000 cm ™ corresponds to the
stretching vibration of unsaturated =C-H bonds. This peak
completely disappears in the ECO spectrum [Fig. 3(II)], indi-
cating the consumption of double bonds during the epoxida-
tion process. Furthermore, the olefinic C=C stretching band
observed at approximately 1648 cm ™" in CO also vanishes in
ECO, providing additional evidence for the successful epoxi-
dation reaction. Most importantly, the formation of the epoxy
functional group is confirmed by the appearance of two distinct
absorption bands (a doublet) in the range of 830-850 cm *,
which are assigned to the asymmetric and symmetric ring
deformation vibrations of the oxirane (epoxy) ring.*® Following
this, the epoxy groups were further transformed into five-
membered cyclic carbonate structures via carbonation with
CO,, and this transformation is evident from the disappearance
of the epoxy ring peaks (around 830-850 cm ') in the CCO
spectrum [Fig. 3(III)]. Simultaneously, new absorption bands
emerge in the region of 1790-1805 cm™*, which are attributed to
the C=O0 stretching of cyclic carbonate groups [Fig. 3(III)].
These observations confirm the efficient ring-opening carbon-
ation of epoxide groups into cyclic carbonates.” Subsequently,
the ring-opening polyaddition of the cyclic carbonate with IPDA,
followed by the incorporation of PMDA, leads to the formation
of non-isocyanate poly (urethane amic acid) (NIPUAA). FTIR
analysis of the final NIPUAA polymer [Fig. 3(IV)] provides clear

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evidence of the successful structural transformation. The
disappearance of the characteristic cyclic carbonate C=O
stretching band around 1790 cm™' indicates the complete
consumption of cyclic carbonate groups during the aminolysis
reaction. New absorption bands emerge in the region of 3320~
3360 cm ™, assigned to N-H stretching vibrations, and 1680
1720 em™ !, corresponding to the C=O stretching of the
urethane bond, confirming the formation of urethane linkages
in the polymer backbone.”® Additionally, the characteristic
symmetric and asymmetric stretching vibrations of the di-
anhydride moiety, typically observed around 1850 cm ' and
1780 cm ™', are absent in the final FTIR spectrum of NIPUAA.
This disappearance confirms the complete ring opening of the
dianhydride units and their successful incorporation as amic
acid linkages (C=O stretching band at 1630 cm™') in the
polymer network.>* Together, these spectral features validate
the efficient isocyanate-free synthesis route and the covalent
integration of both carbonate and dianhydride components
into the final NIPUAA structure. The FTIR spectra of NIPUAA-
132 and NIPUAA-143 are provided in Fig. S1 and S2, which
depict peaks similar to those of NIPUAA-121.

3.2 Thermal properties

3.2.1 Thermogravimetric analysis (TGA). The thermal
stability and degradation behaviour of the synthesized non-
isocyanate poly (urethane amic acid) (NIPUAA) coatings were
evaluated by thermogravimetric analysis (TGA) over a tempera-
ture range of 30-800 °C under a nitrogen atmosphere at
a constant heating rate of 10 °C min~". The TGA thermograms
[shown in Fig. 4(a) and (b)] demonstrated a three-step degra-
dation profile, showing the influence of the segmented NIPUAA
chemical structure and molecular composition on the thermal
decomposition mechanism. The breakdown of urethane link-
ages and potential partial dissociation of amic acid moieties
introduced during the step-growth polyaddition between IPDA
and PMDA are responsible for the first weight loss (1st Tg),>
which occurs roughly in the temperature range of 170-240 °C.
At all stages of thermal deterioration, NIPUs continuously
release CO,, but the emission noticeably decreases at higher
temperatures. NIPUs show a more noticeable CO, evolution
than traditional polyurethanes because of their increased
density of urethane links. The primary degradation products of
these urethane groups are ammonia and carbon dioxide,
making early-stage gas evolution a useful indicator of initial
thermal stability. Interestingly, the degradation pathways of
both PU and NIPUAA follow a similar trajectory initiated by
urethane bond cleavage that yields CO, and polyols.>® From
Table 1, it is seen that the NIPUAA-121 composition had the
highest first degradation temperature (Tq,) of the three
compositions, around 230 °C. This suggests that the composi-
tion was slightly more thermally stable during its initial
degradation phase, most likely because it contained fewer rigid
hard segments. As the amount of IPDA and PMDA increased,
however, NIPUAA-132 and NIPUAA-143 showed Tq, values of
182 °C and 177 °C, respectively. This trend can be attributed to

the increasing concentration of wurethane groups with
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Fig. 2 H-NMR spectra of (1) CO, (Il) ECO, (Ill) CCO and (IV) the NIPUAA coating.

increasing IPDA and PMDA content since urethane groups are
very labile. The breakdown of long aliphatic chains derived
from the soft segment part of NIPUAA, which corresponds to the
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carbonated castor oil (CCO) (soft segment), is responsible for
the second weight loss (Tg,), which was observed in the
temperature range of 400-440 °C. This mass loss corresponds to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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B-scission of fatty acid esters, ester pyrolysis, and oxidative
fragmentation of the hydrocarbon matrix, which are charac-
teristic of triglyceride-based polyols derived from vegetable oils.
The narrow range of degradation temperatures across all
formulations indicates uniform integration of the soft segment
backbone, confirming consistent structuring of CCO-derived
oligomers within the NIPUAA polymer matrices.”*** The
cleavage of C-C and C-O bonds within the aromatic and
urethane-rich hard segment backbones is linked to the final
degradation stage, which was observed in the temperature
range of 450-500 °C. This is reflected in the thermal degrada-
tion pattern of NIPUAA-143, where the third degradation step
begins around 499 °C, due to thermally resilient amic acid units
backed up by a higher concentration of aromatic groups in
PMDA.** NIPUAA-121 and NIPUAA-132 exhibited lower Tq,
values of 452 °C and 494 °C, respectively, due to the relatively
fewer aromatic and amic acid moieties.

3.2.2 Differential scanning calorimetry (DSC) analysis. The
DSC thermograms, [as shown in Fig. 4(c) and (d)], were recorded
in a nitrogen atmosphere at temperatures ranging from —50 °C
to 300 °C. The DSC curves of all three NIPUAA formulations
showed a single, distinct T, corresponding to the hard segment
of the polymer since all the formulations contain castor oil as
the soft segment, which typically shows a Ty around —55 °C.** In
NIPUAA-121, a T, of 17.14 °C and a T, of 184.28 °C were
observed. Increasing the proportion of IPDA and PMDA in
NIPUAA-132 led to a slightly reduced T, (14.70 °C) but an
elevated T, (205.40 °C), suggesting the formation of more
crystalline hard segment microdomains leading to phase
separation, which in turn leads to a decrease in the soft segment
Ty and an increase in the hard segment T, and/or melting point.
Further, NIPUAA-143, which had the highest concentration of
hard segments, showed a notable rise in T, to 36.04 °C, indi-
cating the influence of the increased H-bonding density and
rigid aromatic content of the polymer network contributed by
the incorporation of pyromellitic dianhydride (PMDA).
Aromatic hard segments are known to significantly increase T,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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due to their rigidity and strong m— interactions, which reduce
chain mobility and enhance thermal dimensional stability.
These effects are widely attributed to the presence of stiff
aromatic rings, which form tightly packed domains capable of
-1 stacking and extensive hydrogen bonding. As the hard-
segment content increases, the resulting rigidity and cohesive
energy density significantly hinder chain mobility, thereby
raising T,.*® Such thermal performance is particularly desirable
for protective coatings on metal substrates, where exposure to
elevated temperatures, UV radiation, and corrosive environ-
ments can severely impact the integrity of coatings. The
production of defective crystalline areas or higher steric
hindrance from excess hard segments may be the cause of the
modest decrease in Ty, (180.17 °C) when compared to NIPUAA-
132. The observed trends show that the segmental dynamics
and thermal stability of NIPUAA coatings are altered when the
hard-segment content (IPDA and PMDA) is increased. While T,
represents the growth of crystalline domains influenced by
chain regularity and packing efficiency, T, increases with
hydrogen-bonding density and aromatic rigidity. Thus, the
balance between flexible aliphatic polyols and rigid aromatic
structures governs both T, and thermal degradation thresholds.
The absence of cold crystallization exotherms and the presence
of distinct melting transitions further support the semi-
crystalline or phase-locked amorphous nature of the systems,
stabilized by intermolecular interactions among urethane, urea,
and amic acid functionalities.?”

3.3 Coating properties on mild steel substrates

3.3.1 Adhesion strength. The adhesion performance of the
synthesized non-isocyanate poly (urethane amic acid) (NIPUAA)
coatings on mild steel substrates was evaluated and found to be
around 0.53 MPa, 0.65 MPa, and 0.68 MPa for NIPUAA-121,
NIPUAA-132, and NIPUAA-143 formulations, respectively
[Table 2]. These values demonstrate a consistent improvement
in adhesion with increasing hard segment content, reflecting
enhanced interfacial bonding properties. The moderate yet
promising adhesion strength may be attributed to multiple
molecular-level interactions occurring at the coating-substrate
interface. Specifically, the urethane and amic acid functional-
ities within the polymer network are capable of forming
hydrogen bonds and coordinate interactions with the hydrox-
ylated and oxide-rich surface of mild steel. The amic acid groups
present in the backbone may also contribute to secondary
hydrogen bonding at the interface, subtly improving the cohe-
sive strength of the coating film.”®* In addition, the polar
groups introduced through the pyromellitic dianhydride
(PMDA) moiety enhance the surface energy of the NIPUAA
matrix, improving its wettability and mechanical anchoring on
the metallic substrate. The gradual increase in adhesion
strength from NIPUAA-121 to NIPUAA-143 may also be related
to the higher density of reactive polar groups and the increased
rigidity of the matrix, which collectively promote closer contact
and reduced interfacial voids.** Moreover, the isocyanate-free
approach to synthesis removes a common source of undesir-
able side reactions with surface moisture, which can adversely

RSC Sustainability
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Fig.4 (a) Weight loss (%) curves; (b) derivative weight (%/°C) curves; (c) DSC curves; (d) zoomed T4 curves of the DSC analysis of the NIPUAA-121,

NIPUAA-132 and NIPUAA-143 films.

Table 1 Thermal properties of NIPUAA coatings

Degradation temperature (Tq__) (TGA)

Thermal transitions (DSC)

Residual mass

Sample code Ty, (°C) Ty, (°C) T4, (°C) at 790 °C (%) (TGA) T, (°C) Ty, (°C)
NIPUAA-121 233.3 406.2 452.5 1.72 17.14 184.28
NIPUAA-132 182.4 410.5 494.5 2.11 14.70 205.40
NIPUAA-143 177.1 408.4 499.6 1.40 36.04 180.17

affect the coating adhesion. In conventional isocyanate-based
systems, any water present can react with free -NCO groups,
producing CO, gas and urea byproducts, resulting in blisters,
pinholes, and delamination that compromise adhesion and
coating integrity.**

RSC Sustainability

3.3.2 Abrasion resistance. A crucial metric for coating
endurance is the wear and tear index, which is measured in
milligrams of mass loss per 1000 cycles per kilogram. All
formulations showed a noticeably low wear rate, as shown in
Table 2. Specifically, NIPUAA-143 exhibited the lowest mass loss

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Coating properties of NIPUAA
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Test/sample NIPUAA-121 NIPUAA-132 NIPUAA-143
Adhesion pull off 0.53 MPa 0.65 MPa 0.68 MPa
Abrasion resistance 0.092 mg 0.119 mg 0.076 mg
Pencil hardness H 2H 2H

Cone mandrel test No cracking/peeling in the cone

mandrel test

Salt spray analysis 120 h 120 h

of 76 mg per 1000 cycles, indicating superior wear resistance
among the three compositions. NIPUAA-121 and NIPUAA-132
recorded 92 mg and 119 mg, respectively, suggesting
moderate resistance to surface abrasion. Harder films resulting
from higher amic acid content may be the reason for the
superior performance of NIPUAA-143, which offers resistance to
material loss under frictional stress. When compared with a few
commercially available polymer systems® and some reported
PU systems,* these NIPUAA coatings demonstrate equal or
slightly superior abrasion resistance. These comparisons high-
light that the castor oil-based NIPUAAs presented here, despite
their simplified formulation and absence of reinforcing fillers
or post-synthetic cross-linking, already meet or exceed the
abrasion tolerance of related systems. This level of performance
can be attributed to the balanced molecular architecture of the
NIPUAA networks. The urethane and amic acid linkages formed
through the reaction of carbonated castor oil, isophorone
diamine (IPDA), and pyromellitic dianhydride (PMDA) create
a segmented structure, in which rigid aromatic domains are
interspersed within flexible aliphatic chains. The incorporation
of pyromellitic-based hard segments introduces aromatic
rigidity, which enhances surface hardness and resistance to
mechanical deformation, while the flexible aliphatic backbone
of carbonated castor oil ensures toughness and resilience under
cyclic wear. Furthermore, the presence of multiple hydrogen-
bonding motifs arising from urethane, urea, and amic acid
functionalities likely contributes to cohesive energy density at
the molecular level, helping maintain the structural integrity of
the coating under dynamic stress as discussed earlier in the
TGA analysis. The absence of isocyanates in the synthesis
process plays an additional role in enhancing long-term
mechanical performance. Conventional isocyanate-based poly-
urethanes are prone to side reactions with ambient moisture
during application and curing, leading to microvoids or local
network defects that reduce adhesion and wear resistance. In
contrast, the non-isocyanate route adopted here avoids such
complications, resulting in a more uniform and defect-free film
morphology that supports both adhesion and abrasion
resistance.

3.3.3 Pencil hardness. This test is a qualitative measure of
a coating's resistance to surface deformation and scratching. The
NIPUAA coatings exhibited a pencil hardness rating of 2H, indi-
cating that they can withstand penetration and scratching from
a pencil with moderate hardness. This level of hardness reflects
the structural characteristics of the coating matrix, particularly
the balance between flexible aliphatic segments derived from

© 2026 The Author(s). Published by the Royal Society of Chemistry

No cracking/peeling in the cone
mandrel] test

No cracking/peeling in the cone
mandre] test
120 h

CCO and the rigid, hydrogen-bonded hard segments introduced
by PMDA and IPDA. The 2H hardness suggests that while the
coating offers an appreciable level of surface durability suitable
for general protective applications, it may be susceptible to
damage under high mechanical stress or in environments
requiring superior scratch resistance.* The moderate hardness
can be correlated with the semi-crystalline to amorphous nature
of the polymer films, as indicated by DSC results, which point to
glass transition temperatures in the range of 14-36 °C and
melting transitions above 180 °C. These thermal properties align
with a coating system that is not overly brittle but still maintains
sufficient cohesion to resist mild mechanical damage. The
urethane and amic acid functionalities are known to form
extensive H-bonding networks that contribute to cohesive energy
density and surface integrity. However, the relatively high content
of soft segments from castor oil derivatives imparts flexibility,
which can somewhat compromise surface hardness while
benefiting toughness and film-forming properties.

According to Lai et al., a 2H hardness was attained by adding
a more self-crosslinking ketone-hydrazide structure, which also
greatly increased the tensile strength of the film and decreased
its water absorption.*® As a result, the 2H pencil hardness found
in our bio-based, isocyanate-free NIPUAA coatings is especially
promising because it offers increased sustainability and envi-
ronmental advantages along with comparable mechanical
robustness.

3.3.4 Cone mandrel test. This test provides a practical
measure of the ability of coatings to withstand mechanical
deformation, particularly bending and elongation, without
failure. The NIPUAA-coated mild steel panels were subjected to
progressive bending to 180° over a conical mandrel and
remarkably, all tested NIPUAA-121, NIPUAA-132, and NIPUAA-
143 coatings exhibited outstanding flexibility, with no visible
signs of cracking, delamination, or surface rupture throughout
the test. The soft segment (CCO) contributes significantly to
chain mobility and ductility. The aliphatic, triglyceride-derived
backbones from castor oil provide long, flexible chains that can
accommodate strain without leading to structural failure.®®
Meanwhile, the hard segments derived from PMDA and IPDA
serve to maintain film integrity through strong intermolecular
interactions, such as H-bonding, between urethane and amic
acid groups as discussed earlier. The absence of microcracking
even under severe bending conditions indicates a well-balanced
phase-separated morphology, where soft domains facilitate
flexibility while hard domains provide mechanical strength and
adhesion. Conventional polyurethane coatings synthesized via
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isocyanate routes often suffer from molecular embrittlement
when exposed to ambient moisture that triggers side reactions,
such as the formation of urea, biuret, and allophanate linkages,
leading to increased cross-link density and reduced flexibility in
the cured film.*” However, the isocyanate-free pathway used
here ensures a more stable polymer backbone. This synthetic
advantage is further manifested in the flexibility observed,
making NIPUAA coatings particularly attractive for dynamic
applications where coatings must endure repeated mechanical
deformation.

3.4 Anticorrosion studies

3.4.1 Tafel polarization studies. The Tafel polarization
characterization evaluates the performance of coatings against
the corrosion of mild steel in a 3.5% NacCl solution (Fig. 5). This
data, compiled in Table 3, is an analysis of NIPUAA coating
performance, which includes the initial day of the mild steel
panel and after three days of immersion in 3.5% NaCl. From the
Tafel analysis, the key findings are corrosion potential (Eco,),
corrosion current density (i.orr), corrosion rate, and polarization
resistance (Rp), which are crucial parameters to measure the
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efficacy of these coatings. The E..y, which represents the equi-
librium potential at which anodic and cathodic reactions
balance, should be positive for well-performing or negative for
low-efficiency coatings. The data from Table 3 shows that MS
exhibits the most negative E ., at —616 mV, indicating its high
corrosion tendency. In contrast, before exposure to NaCl, the
NIPUAA coatings demonstrated lower or less negative E.op
indicating superior
However, after 3 days of exposure of these coated MS panels to
3.5% NaCl, all coatings exhibit a significant negative shift in
Ecorr, highlighting an increase in corrosion. Another important
parameter from this study is corrosion current density (icor),

values, initial corrosion resistance.

which is directly proportional to the corrosion rate. Before NaCl
exposure, NIPUAA-132 shows the lowest 7o (0.256 x 107> nA),
suggesting superior corrosion resistance, whereas mild steel
exhibits a significantly higher i, (6.04 nA), confirming its
susceptibility to corrosion. After immersion for three days, ior
increases for all samples, demonstrating an increasing corro-
sion rate and current density.****

With the lowest corrosion rate (2.97 x 10~® mm per year),
NIPUAA-132 highlights its exceptional corrosion resistance. The
corrosion rates of all samples, however, increase after three days

- Before dipping in 3.5 % NaCl__,__nroa oo
—a—NIPUAA-121
—a— NIPUAA-132
4 —o— NIPUAA-143|
N
£ 6.
<
=
tg
S
-10 4
-12 T T r r r
-0.8 -0.6 0.4 -0.2 0.0 0.2 0.4
Potential applied (V vs SCE)

(@)

Fig. 5

After dipping in 3.5 %NaCl for 3 days—a— Mild steel

—@— NIPUAA-121
—&— NIPUAA-132
—&— NIPUAA-143

icorr (nA.cmz)

9 T

—0I.4 —OI.Z O.IO
Potential applied (V vs SCE)

(b)

-0.6 0.2

(a)Tafel plots for the mild steel, NIPUAA-121, NIPUAA-132 and NIPUAA-143 before dipping in 3.5% NaCl solution. (b) Tafel plots for the

mild steel, NIPUAA-121, NIPUAA-132, and NIPUAA-143 after dipping in a 3.5% NaCl solution.

Table 3 Tafel polarization data of NIPUAA coatings

Corrosion rate Polarization resistance

System Ecorr (MV) lcorr (NA) (mm per year) MQ)

Mild steel —616 6.04 7.02 x 1072 2.94 x 1073
Before dipping in 3.5% NaCl

NIPUAA-121 134.64 1.85 2.15 x 10°° 22
NIPUAA-132 29.17 0.256 x 103 2.97 x 10°° 148.64
NIPUAA-143 —95.22 1.78 2.07 x 10°° 14.35

After dipping in 3.5% NaCl for 3 days

NIPUAA-121 —202.01 372.2 432 x 103 4533 x 103
NIPUAA-132 —338.37 112.62 1.3 x 107 250.5 x 1073
NIPUAA-143 —286.51 514.05 5.97 x 10° 35.76 x 10 °
RSC Sustainability © 2026 The Author(s). Published by the Royal Society of Chemistry
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in NaCl; in contrast, NIPUAA-143 has the highest corrosion rate
(5.97 x 1072 mm per year), indicating that it performs worse in
extended saline conditions. The greatest R, (148.64 MQ) is di-
splayed by NIPUAA-132, confirming its superior anti-corrosion
capabilities. All samples, however, show a decrease in R,
following three days in NaCl. Despite this, NIPUAA-132
continues to exhibit the greatest post-exposure R, (250.5 X
10~% MQ), indicating that it performs better over the long term
than the other NIPUAA coatings. In conclusion, because of its
lowest corrosion rate, lowest i ., values, and maximum polar-
ization resistance, NIPUAA-132 is the most effective. To improve
long-term durability in harsh conditions, more material opti-
mization is necessary, as prolonged exposure to 3.5% NaCl
reduces protective performance. By replacing conventional
isocyanate coatings with non-isocyanate PU coatings, this
investigation offers important insights into protective coatings,
with fewer adverse effects on the environment or human
health.** A comparative table [Table S5] has been prepared to
compare the anticorrosion data with previously reported

Table 4 EIS characterization data of NIPUAA coatings

NIPUAA system EIS (R, MQ) Bode modulus (Q cm™*) Bode phase (f)

View Article Online
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literature, where we could see that NIPUAA coatings offer
promising results towards sustainable, isocyanate-free anticor-
rosive coatings.

3.4.2 Electrochemical impedance spectroscopy (EIS). The
electrochemical impedance of the coatings was studied using
steady-state open circuit potential (OCP) measurements in
a 3.5% NaCl solution (Table 4). The Nyquist plots exhibited
semi-circular patterns that were effectively fitted using a Ran-
dles circuit, comprising Rs (solution resistance), R, (charge
transfer resistance), and a constant phase element (CPE) with
its modulus represented by Y,. Higher R. values indicate
enhanced resistance to charge transfer at the interface between
the steel panel and corrosion environment.** All coated samples
underwent EIS testing, followed by immersion in the saline
medium for 48 hours for NIPUAA-121 and NIPUAA-132, and 72
hours for NIPUAA-143, as shown in Fig. 6. NIPUAA-132 di-
splayed excellent charge transfer resistance among the formu-
lated specimens (NIPUAA-121 and 143), as shown in the Nyquist
plot [Fig. 6(a)] with a significantly higher R, value of 82.2 MQ. In
conclusion, both Nyquist and Bode analyses [Fig. 6(b) and (c)]
confirmed the superior protective capabilities of the NIPUAA-
132 coating on mild steel.

3.4.3 Salt spray analysis. The salt spray fog test was con-
ducted to assess the extent of damage propagation, including
delamination and mechanical failure of the coating. Images of
the coated panels were captured after up to 120 hours of expo-
sure to a 5% (w/v) sodium chloride (NaCl) solution, as shown in
Table S4. Fig. 7 depicts the salt spray exposure of the coated and

Mild steel 131 x 107°  20.62 2.07
NIPUAA-121 9.68 9.7 x 1073 84.8
NIPUAA-132 82.2 9.4 x 10 86.41
NIPUAA-143 8.4 8.6 x 10 66.43
5x10° T T T T
i | —Q@— Mild steel 8.0x107 ORI
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(a) Nyquist plots of NIPUAA-121, NIPUAA-132 and NIPUAA-143, (b) Bode plots of NIPUAA-121, NIPUAA-132 and NIPUAA-143, and (c) Bode

phase angle of NIPUAA coatings on steel panels. Data were obtained after 2—3 days of immersion in a 3.5% salt solution.

Fig. 7 Salt spray analysis of (a) bare uncoated mild steel panel, (b) NIPUAA-121, (c) NIPUAA-132 and (d) NIPUAA-143 after 120 h of exposure.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bare uncoated mild steel panel after 120 hours. The results
revealed that the coating without NIPUAA, as shown in Fig. 7(a),
exhibited early signs of delamination, indicating reduced
adhesion and compromised protective performance.** In
contrast, the NIPUAA-coated panels demonstrated superior
adhesion strength and significantly enhanced corrosion resis-
tance, highlighting the effectiveness of NIPUAA in improving
the durability and protective properties of the coating under
corrosive conditions.

4. Conclusion

The current study shows that castor oil, a commercially available
non-edible oil, can be converted into high-performance poly
(urethane amic acid) coatings suitable for shielding mild steel
and galvanised iron sheets through an isocyanate-free process.
FTIR, '"H NMR, and elemental analysis verified the structures of
the NIPUAA networks produced by step-wise epoxidation,
carbonation, and subsequent polycondensation with isophorone
diamine and pyromellitic dianhydride. TGA showed three-stage
degradation with final onset temperatures near 500 °C, high-
lighting good thermal stability at service temperatures well above
ambient. Thermal characterization showed single T, values
between 15 and 36 °C and melting transitions above 180 °C,
indicating a balanced semi-crystalline morphology. Mechanical
testing revealed that the films combine surface durability and
flexibility: pencil hardness reached 2H, Taber abrasion losses
averaged 92 mg/1000 cycles, and cone-mandrel bending resulted
in neither cracking nor delamination. Strong interfacial
hydrogen bonding between the urethane/amic functionalities
and the oxide-rich steel surface is demonstrated by adhesion
strengths of 0.53-0.68 MPa, which were obtained without
primers. The formulation that consistently outperformed the
others was NIPUAA-132, which was balanced at a CCO :IPDA:
PMDA molar ratio of 1:3:2. It had the lowest initial corrosion
current density (0.256 x 107> nA), the smallest corrosion rate
(2.97 x 107° mm per year), the highest polarisation resistance
(148.6 MQ initial, 250 kQ after 72 h), and the largest charge-
transfer resistance (82.2 MQ) in EIS. In sharp contrast, salt-
spray photos taken 120 hours later showed very little blistering
or under-film corrosion. All of these results support a sustain-
able, isocyanate-free route to coatings that meet or surpass
a number of traditional polyurethane standards while elimi-
nating hazardous precursors and lowering carbon emissions.
Future improvements in abrasion and long-term weathering
resistance, such as post-cure imidization, nanofiller reinforce-
ment, or fine-tuning the hard-segment content, should enable
bio-derived NIPUAAs to replace petrochemical polyurethanes in
demanding anti-corrosion applications.
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