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Abstract This study explored the chemical recycling of polyurethane (PU) elastomers via acidolysis using itaconic acid and dimethylformamide
(DMF) as the solvent without the use of glycol. The depolymerization process was optimized by varying the reaction parameters, and the result-
ing oligomers were analyzed using end-group analysis. PU coatings were formulated using recovered oligomers and isocyanates derived from
isophorone diisocyanate (IPDI), hexamethylene diisocyanate (HDI), and toluene diisocyanate (TDI). Analytical techniques including differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), electrochemical impedance spec-
troscopy (EIS), and gel permeation chromatography (GPC) were used for characterization. TDI based coatings exhibited superior optical, mechan-
ical, chemical, thermal, and anticorrosive performance over the HDI and IPDIbased coatings. This study successfully showcased a facile method
for recycling of PU waste along with PU coating formulations from 100% recycled oligomers, showcasing the use of recycled polyols in high per-

formance applications.
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INTRODUCTION

As humanity has advanced and achieved higher living stan-
dards, the production and consumption of polymers has signifi-
cantly increased. Polyurethane (PU) is one of the most versatile
polymers and is used in many applications such as insulation
materials, cushions and shoes for advanced applications in
medical devices and aerospace components. Polyurethane is
distinguished by the presence of multiple urethane linkages
(—NH—C(=0)—0—) within its backbone regardless of the
specific structural characteristics of the remaining polymer
chain. PU synthesis primarily proceeds via condensation reac-
tions between isocyanates and various polyols and may incor-
porate other functional groups, such as allophanates, esters, bi-
urets, amides and ethers.'~3

Global PU production reached approximately 18 million
metric tons in 2016, positioning it as the sixth most widely
manufactured polymer, with a market valuation expected to
surpass USD 81.7 billion by 2028.141 However, the thermoset
nature of most PU materials, combined with a diversity of for-
mulations and additives, renders them inherently resistant to
biodegradation and recycling, which necessitates proper
management and disposal strategies.l’) As a result, a signifi-
cant fraction of PU waste accumulates in landfills or is inciner-
ated, releasing toxic gases such as hydrogen cyanide and ni-
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trogen oxides.!

Although mechanical recycling has been deployed at a
small scale, it often results in poor quality recyclates owing to
the cross-linked architecture of thermoset PU’s.”.81 Thermo-
chemical recycling approaches such as pyrolysis, gasification,
and combustion convert polyurethane waste into energy,
syngas or low-molecular-weight hydrocarbons through high-
temperature processes.”'% These methods are particularly
attractive for handling highly crosslinked or contaminated PU
materials that are otherwise non-recyclable. While these recy-
cling methods are sometimes considered the last resort in
waste management hierarchies, they contradict the princi-
ples of the circular economy by converting polymeric materi-
als into non-recoverable forms. In contrast, chemical recy-
cling offers the advantages of functional group retention,
lower carbon emissions and the possibility of reintegrating
depolymerized products into high-value material streams,
such as coatings, foams, and elastomers. As a result, chemical
recycling has gained prominence as a sustainable strategy for
PU waste valorization. Techniques, such as glycolysis, hydrol-
ysis, aminolysis, and phosphorolysis, enable the breakdown
of PU chains into reusable polyols or monomers. However,
each approach presents specific drawbacks, such as high-en-
ergy input toxic byproducts (aromatic amines) and complex
purification challenges.['1-16]

Acidolysis, a method involving the cleavage of urethane
bonds using organic or inorganic acids, is increasingly being
recognized as a promising chemical depolymerization route.
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First introduced in the 1980s, acidolysis has re-emerged as a
viable alternative because of its ability to yield polyols with-
out generating carcinogenic aromatic amines such as toluene
diamine (TDA) or methylene diamine (MDA)!'”:'8] making it
particularly attractive as an environmentally responsible recy-
cling method.

Notably, a research group at the University of Aveiro (Por-
tugal) made significant contributions to this area, identifying
succinic acid as the most effective reagent for the acidolysis
process.['?] At the laboratory scale, this research group suc-
cessfully produced rigid polyurethane foams using up to 30%
recycled polyol.2% Gama et al. proposed a depolymerization
scheme for acidolysis using succinic acid and phthalic acid as
cleavage agents in a petroleum-based polyol medium. They
identified the most likely chemical species present in the aci-
dolysis product using NMR analysis.[2'l Grdadolnik et al. inves-
tigated the microwave-assisted acidolysis of PU using adipic
acid as the cleavage agent and a conventional polyol as the
medium. The resulting product was pretreated with ethyl ac-
etate to isolate monomeric compounds, which were then uti-
lized in the production of flexible foam applications.22 Om-
rani et al. utilized ricinoleic acid derivatives for the depolymer-
ization of PU foams and were able to replace 30% of virgin
polyol with the recycled ones in flexible foam applications.[3]
Epps et al. reported a mild, phosgene-free method to depoly-
merize PUs into isocyanates using an organoboron Lewis acid
at about 80 °C to depolymerize both thermoset and thermo-
plastic PUs into reusable isocyanates to synthesize new PUs.
This approach promotes circularity and adds value to end-of-
life PU products.l?Yl Baoyuan et al. reported a rapid, solvent
free acidolysis process using maleic acid to depolymerize flex-
ible PU foams, yielding 95% recycled polyol with properties
comparable to virgin polyol in under 10 min. This method
worked efficiently even with real mattress waste, demonstrat-
ing the practicality of this closed-loop recycling route. They
also introduced a vapor-phase acidolysis approach using di-
carboxylic acid at a temperature less than 150 °C, avoiding
any byproduct formation and simplifying product purifica-
tion. The process adhered to green chemistry principles and
was successfully applied to post-consumer waste, making it
practical, sustainable and energy-efficient.[2>:26]

Itaconic acid offers several advantages over dicarboxylic
acids explored to date. It has a higher dissociation constant
(pK,,=3.84, pK,,=5.5), which can enhance the rate of ure-
thane bond cleavage, whereas its shorter chain length pro-
motes depolymerization efficiency?”? compared to other lin-
ear dicarboxylic acids, such as adipic acid (pK, =4.41,
pK,,=5.41) and succinic acid (pK,,=4.21, pK,,=5.64), exhibit-
ing weaker acidity, and longer chain lengths reduce the reac-
tivity and selectivity of the acidolysis reaction. Importantly,
itaconic acid is derived from the fermentation of sugars by
Aspergillus terreus, which aligns it with circular economy
goalsl?8l and is also an inexpensive alternative to the dicar-
boxylic acids reported to date. Its high reactivity and environ-
mental compatibility make it a compelling candidate for se-
lective PU depolymerization. The use of itaconic acid with a
polar aprotic solvent can eliminate the use of glycol(20-22.26-34]
which tends to increase side reactions such as esterification,
complexing the product composition, limiting the recyclate

quality, and reducing the reaction temperature and time.

Recent studies have demonstrated the use of itaconic acid
for the depolymerization of polyurethane flexible foam waste
without using a catalyst or solvent, thus enabling the genera-
tion of functionalized products for 3D printing
applications.35 This approach primarily focuses on upcycling
into a photocurable system and involves additional formula-
tion steps. A comparison with previously reported acidolysis
systems is shown in Table 1. This highlights that although
several dicarboxylic acids have been explored, most systems
require polyol media, catalysts, or additional purification
steps.

This study explored the chemical recycling of PU elas-
tomeric waste using itaconic acid as a cleavage agent in an
aprotic solvent system (dimethylformamide, DMF) without
using glycols or catalysts, enabling controlled depolymeriza-
tion and direct utilization of the resulting oligomers for PU
coating applications without any separation, purification, or
blending with virgin polyols, demonstrating both simplicity
and product utility.

MATERIALS AND METHODS

Materials

Pre-consumer PU elastomer waste was obtained from Jay Elas-
tomers Pvt. Ltd. (Mumbai, India). Itaconic acid, xylene, dimethyl-
formamide (DMF) and methyl ethyl ketone (MEK) were pur-
chased from Oxford Lab Chemicals LLP (Mumbai, India).
Desmodur-L75 (NCO content: 13.3%+0.4%, Non-Volatile Matter
(NVM): 75£1), Desmodur-N75(NCO content: 16.5%+0.3%, NVM:
75%1) and Desmodur | (NCO content: 2 37.5%, NVM: 99.5+0.5)
were provided by Covestro (India) Pvt. Ltd.

Depolymerization of PU Waste

The PU elastomer waste was manually cut into small pieces, ap-
proximately 5 mm x 5 mm in size, to facilitate uniform mixing
and efficient depolymerization. The shredded material was
charged into a four-necked round-bottom flask fitted with an
overhead mechanical stirrer, reflux condenser, thermocouple
and nitrogen inlet to maintain an inert atmosphere throughout
the reaction. Depolymerization was carried out via acidolysis us-
ing itaconic acid as the depolymerizing agent, without the addi-
tion of any catalyst. PU waste and itaconic acid were weighed,
while N,N-dimethylformamide (DMF) was used as a polar aprot-
ic solvent in a 2:1 weight ratio (PU:DMF) to ensure good solubili-
ty of the acid, effective stirring, improved mass transfer be-
tween the solid PU and acid and uniform heat transfer. To eval-
uate the influence of key process variables, the PU waste-to-acid
ratio (4:1, 5:1, 6:1), reaction time (120, 180, 240 min) and reac-
tion temperature (145, 155, 165 °C) were varied. In each experi-
ment, a single parameter was varied, while maintaining the oth-
er two constants. The oligomeric product obtained was a vis-
cous, dark brown liquid that was used directly for coating for-
mulations without any purification or separation of the solvent
as a base in the formulation of polyurethane coatings. However,
for chemical and instrumental characterization of the oligomer-
ic product, DMF was removed by distillation to ensure accurate
results.

Characterization of PU Waste
A comprehensive quantitative evaluation of the PU waste was
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Table 1 Comparison of different acidolysis process using various carboxylic acids.

- Hydroxyl value  Acid value
Cleavage agent Medium Temp()oecr)ature ;L',Tne) (myg of K%)H/g of (mgof KOH/g Purification Remarks Ref.
sample) of sample)
Succinicacid ~ Polyol medium  about 195 300 51.3 37 No Requires polyol [21]
medium; 20%
replacement in rigid
foams
Adipic acid Polyol + about 30 55-60 3-7 Yes Requires purification;  [22]
microwave 210-230 100% recycled polyol
used
Ricinoleic acid Polyol free about 200 840 45-55 1-3 Not reported  50% replacement in [23]
derivatives flexible foams
Maleic acid Polyol free about 175 about 15 min 54.1 6.1 Yes Fast reaction; tested on  [26]
model substrates & end
of life foam
Succinicacid  Polyol medium 195-205 60-300 150-230 5-12 No 30% replacement in [33]
rigid foams
Maleic acid + Polyether polyol+  190-220 360-720 60-90 Not reported Not reported 20% replacement in [34]
Phthalic acid H,0, flexible foams
Succinicacid  Polyether polyol 205 180 35-50 1-6 Not reported  28% replacement in [30]
adhesives; Reaction
conditions were
optimized
Succinicacid  Polyether polyol 200 180 38-50 0-1 Not reported  40% replacement in [31]
+ ZnAc catalyst flexible foams; Catalyst
assisted system
Itaconic acid Polyol free about 180 about 60 Reactive Reactive ~ Not reported For 3D printing [35]
hydrogen is hydrogen is applications
mentioned, value mentioned,
is not reported  value is not
reported
Itaconic acid Polar aprotic about 165 about 180 140-150 25-30 No Direct use, no This
solvent (glycol- purification, 100% work
free) utilization of recycled
product
performed using both proximate and ultimate analyses. In ac- ing sample.

cordance with ASTM D3172, proximate analysis involves mea-
suring the moisture content, volatile matter, ash content and
fixed carbon content. The fixed carbon content was calculated
using Eq. (1).

Fixed carbon content (%) = 100 — (moisture content +

ash content + volatile matter percentage)

Moisture content was determined according to the ASTM
D3173 standard. A predetermined amount of the sample was
subjected to drying in an oven at 105 °C for one hour. After
drying, the samples were allowed to cool in a desiccator be-
fore being weighed again. This procedure was repeated until
a constant sample weight was achieved. The moisture per-
centage was then calculated from the weight loss using Eq. (2).
Wi - Wy

Wi
where W; is initial weight of sample and Wy is sample weight af-
ter drying.

The volatile matter content of the waste was determined
according to ASTM D3175. A pre weighted dried sample was
placed in a lidded crucible and heated in a muffle furnace at
950 °C for seven minutes. After heating, the crucible was
cooled in a desiccator and weighed. The percentage of
volatile matter was calculated based on weight loss using
Eq. (3).

Moisture content (%) = [ ] x 100 ()

Wy =W,
Volatile matter (%) = [%] x 100 (3)
d

where Wy is weight of dried sample and W, is weight of remain-

The ash content of the waste was analyzed according to

ASTM D3174. The crucible containing the residue from the
volatile matter test was heated in a muffle furnace at 700 °C.
After cooling in a desiccator, the crucible was weighed and
this process was repeated until a constant weight was ob-
tained. The ash content was calculated based on the weight
of the residue, using Eq. (4).
W, (4)
where W is weight of crucible and remaining ash after burning
the sample at 700 °C, W_ is weight of crucible and W, is sample
weight after drying.

For the elemental composition analysis of the waste,
UNICUBE Elementar Organic Elemental Analysis (Germany)
was used. A precisely weighed sample was placed inside a tin
capsule and subjected to combustion in a high-temperature
furnace in a pure oxygen environment. The resulting combus-
tion gases, including carbon dioxide, water vapor, nitrogen
oxides and sulfur dioxide, were separated using a gas chro-
matography column and subsequently detected using a ther-
mal conductivity detector. The software of the instrument
was used to determine the weight percentages of carbon, hy-
drogen, nitrogen, sulfur and oxygen in the sample.

We — W,
Ash content (%) = [¥] x 100

Characterization of Depolymerized Products

The acid value of the depolymerized product was evaluated ac-
cording to the ASTM D1639 standard. Approximately 1 g of the
sample was dissolved in a neutral methyl ethyl ketone-toluene
solvent mixture, followed by titration with a 0.1N alcoholic KOH
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solution, using phenolphthalein as an indicator. Due to the dark
color of the product, the color change was difficult to observe;
hence, wherever the color change was not visible, the pH of the
mixture was analyzed to confirm the endpoint of the titration.
The acid value was determined using Eq. (5).

mgKOH)_ 56.1 x N xR
g ' w

where N is normality of KOH, R is burette reading of sample and
W is weight of sample.

The hydroxyl content was quantified according to the
ASTM D1957 standard. Precisely weighed samples were sub-
jected to reflux with an acetylation mixture (pyridine: acetic
anhydride, 3/1, V/V) for 2.5 h, followed by addition of water.
Water was introduced to hydrolyze any unreacted acetic an-
hydride followed by addition of 10 mL of n-butanol and the
reaction mixture was titrated with 1N alcoholic KOH, using
phenolphthalein as an indicator. The pH was evaluated in a
manner similar to the acid value, where the color change was
not visible. The hydroxyl value was calculated using Eq. (6).
mgKOH, 56.1xNx (B—S)

gm )~ w
where N is normality of KOH (N), B is volume of KOH solution
(mL) required for blank, S is volume of KOH solution (mL) re-
quired for sample and W is sample weight (g).

The ester content was determined according to the ASTM
D1617 standard. 1 g of sample was saponified by refluxing
with 0.5N alcoholic KOH. Following saponification, the unre-
acted alkali was titrated with 0.5N aqueous HCI. The ester val-
ue was calculated using Eq. (7).

mg KOH 56.1 x NX (B-S5)
g )= w

where N is normality of HCl, B is volume of HCl solution (mL) re-

quired for blank, S is volume of HCl solution (mL) required for

sample and W is sample weight (g).

Fourier transform infrared spectroscopy (FTIR) analysis was
performed using a BRUKER ALPHA spectrophotometer with a
spectral range of 4000-500 cm~! and a resolution of 4 cm-'.
Gel permeation chromatography (GPC) was performed using
a Perkin Elmer Turbo Matrix-40 analyzer connected to a re-
fractive index detector to determine the number-average
molecular weight and weight-average molecular weight of
the depolymerized oligomeric product. The samples were dis-
solved in HPLC-grade tetrahydrofuran (THF) and injected into
a column for analysis. Differential scanning calorimetry (DSC)
was conducted on the waste and depolymerized oligomeric
products in a nitrogen environment using a DSC Q-100 (TA in-
struments, USA) calibrated with n-octane and indium. The
samples were analyzed in the temperature range of from —20
°Cto 160 °C at a heating rate of 10 °C/min.

(5)

Acid value (

+ acid value (6)

Hydroxyl value (

Ester value ( —acid value (7)

Coating Applications

The depolymerized oligomer was utilized as a base resin to for-
mulate polyurethane coatings. Mild steel substrates (125 mm x
75 mm X 0.8 mm) were thoroughly cleaned by immersion in a
degreasing solution for 15 min, followed by rinsing with water
and wiping with cotton. Subsequently, the substrates were
treated with acetone to remove any residual contaminants. The
cleaned mild steel substrates were then dried in a hot air oven
at 120 °C for 20 min and were further polished manually using

an 80 grit emery paper.

PU coatings were formulated by reacting the oligomers ob-
tained from batch E2 without further purification with three
different isocyanates: Desmodur L-75 (toluene diisocyanate
TDI-based), Desmodur N-75 (hexamethylene diisocyanate
HDI-based) and Desmodur | (isophorone diisocyanate IPDI-
based). The NCO index was maintained at a value of 1. A sol-
vent mixture of N,N-dimethylformamide (DMF), xylene and
methyl ethyl ketone (MEK) in a ratio of 5:3:2 (W:W:W) was
used keeping the non-volatile matter (NVM) content at 40%.
The amount of isocyanate required was calculated based on
the hydroxyl equivalents of the depolymerized product, using
Eq. (8).

Amount of isocyanate =

weight of recycled oligomer x equivalent weight of isocyanate

equivalent weight of recycled product

(8)

The formulated coatings were applied to prepared mild
steel substrates using the flow method. After application, the
coatings were allowed to flash off for 15 min, followed by cur-
ing at 120 °C for 20 min.

Because the oligomeric product was derived from waste
with an undefined and variable structure, no standard formu-
lation was used for direct one-to-one comparison with a con-
ventional virgin polyol system. It is well established that the
properties of PU coatings are highly dependent on the chem-
ical structures of both the polyol and isocyanate, hydroxyl val-
ue, NCO index, molecular weight and curing conditions.
Therefore, direct benchmarking against virgin polyol systems
may not yield meaningful comparisons. Although literature
reports provide a range of properties for PU coatings, these
systems are often tailored for specific applications and com-
positions, making direct comparisons challenging. Instead,
the present study focused on demonstrating the functional
applicability of recycled oligomers across multiple perfor-
mance parameters, including thermal stability, mechanical
properties, chemical properties and corrosion resistance,
thereby establishing their suitability for coating applications.

Characterization of Coatings

The mechanical, physical, chemical, optical and anticorrosive
properties of the coatings were evaluated using standardized
tests. The dry film thickness (DFT) was measured following IS
104 by calibrating the probe on an uncoated surface and aver-
aging the readings from the different coated areas. Gloss at a
60° angle was determined according to ASTM D523 using a
Rhopoint-Novagloss glossometer, with measurements taken
from at least five locations on the coated steel panels for unifor-
mity. The pencil hardness was assessed using ASTM D3363, em-
ploying a series of pencils from 6B to 6H, with the hardest pen-
cil that did not scratch or cut the film being reported. Impact re-
sistance was tested on coated mild steel panels following ASTM
D2794 by dropping a 1.36 kg weight from 60 cm onto the coat-
ed surface to determine crack resistance. The direct impact on
the coated surface was termed the “intrusion, and the indirect
impact was referred to as “extrusion”. Adhesion testing was
conducted according to ASTM D3359 using a cross-cut test with
commercially available adhesive tape to assess coating adher-
ence based on a standard classification scale. Flexibility was
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evaluated using a conical mandrel according to ASTM D522 by
observing the coated aluminum panels for crack formation af-
ter bending. Coatings with no cracks are represented as zero “0”
mm.

Chemical resistance was tested by immersing the coated
panels in 1.25 mol/L aqueous sodium hydroxide and 1.37
mol/L aqueous hydrochloric acid for 24 h at ambient temper-
ature, following ASTM D1308-2, with observations of blister-
ing, discoloration and changes in gloss. The solvent resis-
tance was tested using ASTM D4752-10, applying double rubs
with xylene and methyl ethyl ketone up to a maximum of 200
rubs. Water absorption was measured according to ASTM
D570-98 by immersing the pre-weighed coating samples in
water for 24 h and calculating the weight difference. The wa-
ter absorption was calculated using Eq. (9).

Wi =Wo 100 9)

Wo
where W, and W; are the weights of the samples before and af-
ter immersion in water, respectively.

The hydrolytic stability of the films was assessed according
to ASTM B1308 by immersing the films in boiling water for 4 h
and evaluating the subsequent damage.

The extent of curing was determined by a solubility test us-
ing tetrahydrofuran (THF). The samples were then immersed
in THF for 24 h, dried and weighed. The percentage of undis-
solved film was calculated to determine the extent of curing
using Eq. (10).

Water absorption =

w
Extent of curing (%) = W1 % 100 (10)
o

where W, and W; are the weights of the cured films before and
after immersion in THF, respectively.

The anticorrosion performance was assessed according to
ASTM B117 by exposing the coated mild steel panels marked
with crosswise scratches to a 5% NaCl salt spray at 35 °C for
500 h. Throughout this period, the coatings were monitored
for signs of blistering, discoloration or loss of adhesion.

Electrochemical corrosion resistance was further assessed
using a VersaSTAT-3 electrochemical workstation (AMETEK,
Princeton Applied Research, USA) in a 3.5% NaCl solution at
ambient temperature. A conventional three-electrode setup
comprised a saturated calomel electrode (SCE) as the refer-
ence electrode, a platinum wire as the counter electrode and
a coated mild steel panel as the working electrode. All the
electrochemical measurements were conducted in triplicate,
maintaining an exposed coating area of 21 cm? to ensure da-
ta reproducibility and consistency.

k X leope X EW:
Corrosion rate(%) = ;;+AS a7

where k is corrosion rate constant (3.27x1073 mm-g/(uA-cm-
year)), o is corrosion current (A), EWs is equivalent weight of
mild steel (28.25), ps is density of mild steel (7.85 g/cm?) and A is
exposed surface area (1 cm?).

For thermal analysis, differential scanning calorimetry
(DSC) was performed on the cured coatings, as mentioned in
the earlier section. Thermogravimetric analysis (TGA) of the
cured films was performed on an SDT Q600 (TA Instruments)
to study the thermal degradation properties. The analysis was
carried out at a heating rate of 10 °C/min under nitrogen gas

flow of 50 mL/min at temperatures ranging from room tem-
perature to 650 °C.

RESULTS AND DISCUSSION

Proximate and Ultimate Analysis of Waste
Proximate analysis of the PU elastomer waste was performed to
determine its basic compositional characteristics. The elastomer
exhibited a high volatile matter content of 96.98%, with a rela-
tively low fixed carbon content of 1.1%, indicating the organic
and decomposable nature of the waste. A minimal amount of
inorganic residue and absorbed water in the waste was con-
firmed by 1.33% of moisture content and 1.28% of ash content.
Ultimate analysis provided further insight into the elemen-
tal composition of the elastomer. The carbon content was the
highest at 54.27%, whereas hydrogen, nitrogen and oxygen
were 6.94%, 3.96% and 34.83%, respectively. Sulfur was not
detected in the waste. These values confirm the organic poly-
meric nature of PU waste and its suitability for chemical de-
polymerization, as the high carbon and oxygen contents sup-
port the potential for cleavage and functional group forma-
tion during acidolysis with itaconic acid.

Depolymerization of PU Waste

The depolymerization of polyurethane (PU) elastomeric waste
was systematically investigated, focusing on the effects of the
ratios of different PU waste-to-acid ratios, time and tempera-
ture on the resulting acid, hydroxyl and ester values (Table 2).
Among these parameters, the acid value is a critical indicator of
the reaction progress, with a reduction in the acid value reflect-
ing the cleavage of PU chains and the formation of hydroxyl-
functional oligomers, as depicted in Fig. 1.

The depolymerization mechanism illustrated in Fig. 1 in-
volves the acidolytic cleavage of urethane, urea, allophanate
and biuret linkages through nucleophilic attack of the car-
boxylic acid group on the electrophilic carbonyl carbon of
these linkages. In the case of urethane groups, protonation of
the carbonyl oxygen by the acid enhances the electrophilici-
ty of the carbonyl carbon, facilitating cleavage to give hydrox-
yl functional oligomers along with substituted amides or car-
bamate intermediates, accompanied by CO, evolution. Simi-
larly, urea and biuret linkages undergo cleavage to generate
amine and amide functionalities, which may further react
with dicarboxylic acid to form secondary amide linkages.

Allophanate linkages can decompose to yield urethane and
amide functionalities, or may directly produce amide-contain-
ing functionalities along with hydroxyl functional species and
CO,. In addition to primary depolymerization reactions, com-
peting side reactions may also occur, depending on the reac-
tion conditions. The hydroxyl groups generated during ure-
thane cleavage can react with the carboxylic acid groups of
itaconic acid to form ester linkages. Furthermore, amine
groups formed from urea or biuret cleavage may react with
dicarboxylic acids to form amide linkages.

In addition to these parameters, the role of the reaction
medium was examined to understand its influence on de-
polymerization efficiency and reaction behavior. As a polar
aprotic solvent, DMF facilitated the dissolution of itaconic
acid and improved the mass transfer between the solid PU
matrix and acid. In the absence of DMF, the reaction mixture
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Table2 Acidolysis of PU waste.
- ] Acid value Hydroxyl value Ester value
Batch No. P(l\JN‘ZiaSIﬁ L‘;;g;d (Tr;m Tem’(’fcr)at”'e (mg of KOH/g (mg of KOH/g (mg of KOH/g
9 of sample) of sample) of sample)

Varying PU waste to acid ratio

E1 4:1 180 165 85 49 524

E2 5:1 180 165 34 156 440

E3 6:1 180 165 30 110 506

Varying reaction time

E4 5:1 120 165 48 89 433

E5 5:1 180 165 27 120 489

E6 5:1 240 165 24 126 491
Varying reaction temperature

E7 5:1 180 145 28 51 1674

E8 5:1 180 165 25 154 461

E9 5:1 180 185 20 99 548

Repeatability
E10 5:1 180 165 28 149 476
E11 5:1 180 165 24 151 494
. .OC. . 0 0 . @9 . : .
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(1) Reaction of urethane group with dicarboxylic acid
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(4) Reaction of biuret group with dicarboxylic acid

Fig. 1 Possible acidolysis reactions.

became highly viscous, leading to poor heat transfer and lim-
ited diffusion of acid species into the PU matrix, thereby slow-
ing the depolymerization process. Thus, DMF enables more
uniform reaction conditions and enhances reaction efficiency.
Importantly, DMF did not participate in the acidolysis reac-
tion and primarily acted as a physical medium. Compared to

systems employing polyol as the reaction medium, the use of
DMF avoids competing glycolysis reactions and minimizes es-
terification side reactions.

From a sustainability perspective, although DMF is a polar
aprotic solvent with known toxicity concerns, its use in the
present system offers certain practical advantages. The sol-
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vent can be recovered via distillation during product charac-
terization and in the present study it is directly utilized in sub-
sequent coating formulations thereby eliminating the need
for solvent removal as an additional step. This reduces the
unit operation involved in decreasing process complexity.

The overall depolymerization efficiency was evaluated in
terms of the product recovery. The reaction resulted in a high
recovery of oligomeric product, with an overall yield of
87%-92%. Because the process did not involve any purifica-
tion or separation steps, the entire depolymerized product
was directly used in the coating formulations. Minor losses
observed during the process can be attributed to the materi-
al adherence to the reactor surfaces, handling losses during
charging, partial evaporation of DMF at elevated tempera-
tures and the evolution of CO, (about 1.5%-2%) during aci-
dolysis. The heterogeneous nature of PU waste and the ab-
sence of purification steps make precise mass-balance calcu-
lations challenging. However, the high overall recovery and
direct utilization of the product indicate that the process is ef-
ficient and has potential for scalable applications.

Effect of the Ratio of PU Waste to Acid

A distinct trend emerged, as illustrated in Fig. 2, with respect to
the ratio of PU waste to acid. As the ratio increased (i.e., less acid
was used relative to the PU waste), there was a significant de-
crease in the acid value from 85 mg KOH/g to 30 mg KOH/g (E1
to E3). This indicated that higher acid concentrations resulted in
more residual acids in the mixture. Correspondingly, the hy-
droxyl value initially increased from 49 mg KOH/g to 156 mg
KOH/g, suggesting an optimal ratio of 5:1 (PU waste: acid), after
which it dropped to 110 mg KOH/g in E3. This could be due to
the esterification reaction between the excess acid and hydrox-
yl groups. This trend was further confirmed by the ester values
of 524 mg KOH/g (E1) to 440 mg KOH/g (E2). The ester value fol-
lowed a nonlinear trend, with E2 exhibiting the lowest value
(440 mg KOH/qg), indicating a potentially better depolymerized
intermediate for use as a polyol. This trend emphasizes the need
for careful optimization of the acid concentration to balance the
generation of hydroxyl groups and the formation of ester link-
ages, particularly if the goal is to maximize the polyol yield for
further application.

= Acid value Hydroxyl value 1 Ester value

S % 600
% 160 524 % 506
X 140 1500 .
2 440 2
o % 110] | 1400 5
=} X
g 100 85 g
T 80 1300 5
S =]
©
2 60 49 45 1200 2
3 7 z
3 0 30 100 =
3 ,
5 20
é 0 7 %, 2 0

4:1 5:1 6:1
PU waste:acid weight ratio

Fig. 2 Trend of acid, hydroxyl and ester values for different PU
waste to acid ratios.

Effect of Reaction Time

With the 5:1 PU waste-to-acid ratio identified as optimal, the ef-
fect of the reaction time on this specific PU waste-to-acid ratio
was subsequently examined as seen in Fig.3. In batch E4 (120
min), a relatively high acid value of 48 mg KOH/g was observed,
which was undesirable because the residual acid in the product
could negatively influence the final application of the depoly-
merized product. Extending the reaction time to 180 min (E5)
significantly reduced the acid value to 27 mg KOH/g while
maintaining a favorable hydroxyl value (120 mg KOH/g) and
moderate ester content (489 mg KOH/g). However, carrying out
the reaction for 240 min (E6) did not yield any substantial im-
provement, as the acid, hydroxyl and ester values remained
nearly unchanged. This indicates that beyond 180 min, the reac-
tion reaches a plateau and extending the reaction time offers no
additional benefit while potentially consuming more energy
and time.

1 Acid value zz1 Hydroxyl value = Ester value

o
g 120@ 126491 500
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: =N s
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T
g % 21,

120 180 240
Time (min)

Fig.3 Trend of acid, hydroxyl and ester values at different reaction
time.

Effect of Reaction Temperature

Temperature was also observed to strongly influence the prod-
uct characteristics as illustrated in Fig. 4. At 145 °C (E7), the hy-
droxyl value dropped drastically to 51 mg KOH/g and ester val-
ue increased to 1674 mg KOH/g, indicating extensive side reac-
tions leading to ester formation. At 165 °C (E8), an optimal hy-

1 Acid value Hydroxyl value [ Ester value

G} ]
2 1674 154 1800
e % 11600
z —~
£ 11400 2
3 99 11200 £
2 7 11000 E
2 T
8 1800 3
©
> 51 548 1600 <
35 % 461 2
f_?: 28 25 20 1400 w
>
i< 1200
2 2 7 Al

145 165 185

Temperature (°C)

Fig. 4 Trend of acid, hydroxyl and ester values at different
temperatures.
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droxyl value of 154 mg KOH/g and moderate ester value of 461
mg KOH/g were obtained, making it as the most effective reac-
tion condition, a further increase to 185 °C (E9) led to decline in
hydroxyl value to 99 mg KOH/g, likely due to thermal degrada-
tion or secondary reactions causing reduction in the availability
of reactive hydroxyl groups.

Repeatability tests were conducted for the optimized reac-
tion parameters (E10 and E11) and the results are listed in
Table 3.

oPU waste-acid ratio = 5:1

eReaction time =3 h (180 min)

eReaction temperature = 165 °C

Table 3 Repeatability of the batches under optimized conditions.

Batch E10 Batch E11
Acid value (mg KOH/g) 28 24
Hydroxyl value (mg KOH/qg) 149 151
Ester value (mg KOH/g) 476 494

Consistent results for the acid, hydroxyl and ester values for
the optimized reaction parameters confirmed the reliability
and reproducibility of the depolymerization process.

Kinetic Study: Effect of Temperature and Time on
Functional End Groups
Initial experiments were conducted using waste-to-acid ratios of
4:1, 5:1 and 6:1, with measurements taken after 180 min. The 5:1
(PU waste: acid) ratio yielded the most favorable results, charac-
terized by a low acid value, reduced ester formation and a satis-
factory hydroxyl value. Based on these results, this ratio was
chosen for a more detailed analysis to investigate the variations
in acid, hydroxyl and ester values over time at different temper-
atures. The corresponding trends are illustrated in Figs. 5-7,
highlighting the dynamic changes in these parameters
throughout the reaction period. The study was conducted us-
ing the following variants:

eTime: 15, 30, 45, 60, 120, 180 min

eTemperature: 145, 155, 165 °C

90
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60 -
50
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Time (min)

Fig.5 Effect of temperature and time on acid value.

Effect of temperature and time on acid value

As illustrated in Fig. 5, the acid value consistently decreased
with increasing reaction time across all three temperatures, indi-
cating the reaction of free acid groups with urethane linkages to

generate hydroxyl functionalities or due to the formation of es-
ter linkages by the reaction of hydroxyl moieties with excess di-
carboxylic acid.

At 145 °C the acid value dropped from 70 mg KOH/g at 15
min to 25 mg KOH/g at 180 min which is a 64% decrease. Sim-
ilarly, a steady decline of 50% was observed at 155 °C (from
64 mg KOH/g to 32 mg KOH/g) and 66% at 165 °C suggested
enhanced reaction kinetics at higher temperatures, facilitat-
ing more efficient acidolysis within shorter durations.

Effect of temperature and time on hydroxyl and ester value
The hydroxyl and ester values exhibit a more complex relation-
ship with time and temperature, as illustrated in Figs. 6 and 7. At
165 °C the hydroxyl value initially decreases from 24 mg KOH/g
(15 min) to 20 mg KOH/g (30 min), followed by a sharp increase
to 113 mg KOH/g at 180 min. This initial trend, accompanied by
an increase in ester value from 305 mg KOH/g to 376 mg KOH/g,
may be due to early stage esterification of newly formed hy-
droxyl groups with excess carboxylic acid or ester linkages al-
ready present in the polymer backbone. However, as the reac-
tion progressed, both hydroxyl and ester values increased
sharply, indicating urethane cleavage and the reversal of ester
linkages, regenerating hydroxyl and acid groups.

At 155 °C a similar pattern emerged. The hydroxyl value in-
creased steadily from 64 mg KOH/g (15 min) to 149 mg (180
min), while the ester values also gradually increased from 383
mg KOH/g to 463 mg KOH/g. This simultaneous increase sup-
ports the hypothesis that urethane bond cleavage predomi-
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Fig.6 Effect of temperature and time on hydroxyl value.
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Fig.7 Effect of temperature and time on ester value.
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nates over esterification and that partial hydrolysis of ester
bonds may have occurred over prolonged durations.

At 145 °C, the hydroxyl value fluctuated and eventually de-
clined at 180 min (40 mg KOH/g), while ester values re-
mained exceptionally high throughout, peaking at 2715 mg
KOH/g at 30 min and remaining above 1400 mg KOH/g at the
end of the reaction. This high ester value can be attributed to
the inherent ester functionalities present in the original PU
backbone. At lower temperatures, incomplete depolymeriza-
tion limited the cleavage of these ester segments, resulting in
the continued presence of ester in the oligomeric product.

End group analysis revealed a clear relationship between
the hydroxyl and ester values governed by depolymerization
and side reactions. The initial decrease in hydroxyl values at
the early stages is likely due to ester formation, while a subse-
guent increase may arise from both continued depolymeriza-
tion and partial reversal of ester bonds. Among the three con-
ditions, 165 °C for 180 min was optimal, achieving the high-
est hydroxyl value (113 mg KOH/g) with a moderate acid val-
ue (28 mg KOH/g) and considerable ester value (454 mg
KOH/g), making it the most optimal condition for producing
hydroxyl functional oligomers suitable for coating applica-
tions.

Spectroscopic Analysis

The PU elastomeric waste and oligomeric product (Batch E2)
were analyzed using FTIR spectroscopy, as shown in Fig. 8. The
broad transmission band at 3345 cm™ in the elastomer waste
was attributed to N—H stretching vibrations, indicative of ure-
thane linkages. The band at 2952 cm™' corresponds to aliphatic
— CH, stretching vibrations, which are present in both samples
with varying intensities. A marked decrease in the intensity of
the band near 1534 cm™ (N—H bending) in the recycled prod-
uct further confirms the degradation of the urethane linkages.
The C=0 stretching at 1723 cm™' corresponding to the ester
linkages in the PU backbone shows an increase in intensity due

Polym. Sci. 2026, 44, 3340-3354

to the formation of ester linkages, which is a result of side reac-
tions between the acid and hydroxyl groups. Concurrently, a
prominent peak at 1622 cm, corresponding to the C=0O
stretching of amide |, indicates the formation of amide bonds.
Additionally, the appearance of a stronger band at 1379 cm
(O—H bending) in the recycled product reflects the generation
of hydroxyl-terminated oligomers. The increased intensity of the
C—O stretching band at 1135 cm™ in the recycled product indi-
cates the presence of ether linkages or oligomers formed dur-
ing acidolysis.

DSC Analysis of PU Elastomer and Depolymerized
Product

The thermal behavior of the PU elastomer waste and recycled
product (Batch E2) was investigated using differential scanning
calorimetry (DSCQ), as illustrated in Fig. 9. The thermogram of
elastomer waste, represented by a green curve, exhibited a dis-
tinct glass transition temperature (T) at -18.6 °C possibly due to
the soft segments in the flexible polyurethane system. In con-
trast, the recycled product (red curve) did not exhibit a clear T
within the scanned temperature range, indicating a significant
alteration in its segmental structure. The absence of T, suggests
extensive chain scission during the depolymerization process,
resulting in fragments with lower molecular weights. However,
the recycled product curve displayed a broader and more pro-
nounced deviation in the heat flow baseline beyond 50 °C, pos-
sibly because of the presence of lower molecular weight
oligomers and unreacted acidic species.

Molecular Weight Analysis

The depolymerization of the PU waste was further confirmed by
GPC analysis, as shown in Fig. 10. The number average molecu-
lar weight, weight average molecular weight and polydispersity
index are tabulated in Table 4. M,, and M,, were observed to de-
crease with a reduction in the amount of the cleavage agent. In
the case of E1, the excess dicarboxylic acid present in the sys-
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Fig.8 FTIR spectra of PU waste and depolymerized product.
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Fig. 10 GPC chromatograms of recycled oligomers.

Table4 GPC chromatograms of recycled oligomers.

No. Sample name M, M, PDI
1 E1 696 1690 242
2 E2 385 451 117
3 E3 309 375 1.21

tem, as shown in Table 2, led to the formation of ester linkages,
increasing the PDI as well as the molecular weight of the
oligomers. In E2 and E3, there were very subtle differences in
the polydispersity and molar mass ratio. This is likely because
the lower amount of cleavage agent minimized secondary reac-
tions, thereby restricting chain extension and yielding oligomers
with comparatively shorter chain lengths.

General Coating Properties

Optical and mechanical properties

The optical and mechanical properties of the polyurethane
coatings were evaluated through various tests and are summa-
rized in Table 5. The high glossiness observed in the
polyurethane coatings can be attributed to the inherent charac-

teristics of the polyurethane backbone and crystallinity of the
raw materials in the polymer matrix. Among the polyurethane
coatings, the coatings prepared with toluene diisocyanate (TD],
Desmodur L-75) displayed a higher gloss than hexamethylene
diisocyanate (HDI, Desmodur N-75) and isophorone diiso-
cyanate (Desmodur ). This is likely due to the aromatic ring
present in the TDI adduct, which facilitates ring flipping and the
higher refractive index resulting from the significant molar re-
fraction of aromatic groups owing to their large polarizability
and high electron density. The IPDI-based coatings also exhibit-
ed good gloss, which could be attributed to the cycloaliphatic
nature of the hardener. The cycloaliphatic configuration en-
hances the packaging efficiency, allowing more light to be re-
fracted rather than diffused.

Adhesion properties were evaluated using a cross-cut ad-
hesion test. All formulated coatings exhibited excellent adhe-
sion to the metallic substrate, achieving a rating of 5B. This
strong adhesion is likely due to the presence of polar link-
ages, such as urethane, which facilitates secondary bonding
with the mild steel substrate.

Pencil and scratch hardness tests were conducted to mea-
sure the hardness of the coatings. The extent of curing and in-
herent structure of the polymeric backbone are the two ma-
jor factors that contribute to hardness. The E2-TDI systems
when compared to E2-HDI and E2-IPDI exhibited superior
scratch hardness and comparable pencil hardness most likely
due to the aromatic nature of the crosslinker which con-
tributes to a denser, more rigid network. In contrast, the E2-
HDI systems showed the lowest value, which could be at-
tributed to the long flexible chains present in its backbone.

The impact resistance of any coating system depends on
the ability of the coating to dissipate energy or the force of
impact evenly throughout the film. All PU systems exhibited
an excellent impact resistance of 70.86 lbs-in. These results
can be attributed to the flexible, long chains present in the
oligomeric depolymerized product, which confer significant
free volume, allowing the coatings to absorb and distribute
the impact energy effectively. Additionally, all coating sys-
tems demonstrated outstanding flexibility with no visible
cracks after testing. The high flexibility is likely due to the
strong adhesion between the substrate and the coated film,
coupled with the presence of long flexible chains in the
oligomeric product, irrespective of the hardener used.

Chemical properties

The chemical resistance of the coatings was evaluated by im-
mersion tests in acidic (5% W/W HCl) and alkaline (5% W/W
NaOH) solutions for 24 h, as shown in Table 6. All coatings
demonstrated good resistance to both acids and alkalis; howev-
er, the coatings cured with hexamethylene diisocyanate (HDI)
exhibited significant blistering, likely because of the high con-
centration of polar moieties, making them more susceptible to

Table5 Optical & mechanical properties of PU coatings.

DFT (um)  Gloss (GU) @60°  Adhesion  Pencil hardness

Flexibility (mm)

Impact resistance (Ibs.in)
Scratch hardness (gm)

Intrusion Extrusion
E2-TDI  90-100 99 5B 4H 0 2000 70.86 70.86
E2-HDI  90-100 30 5B 3H 0 1600 70.86 70.86
E2-IPDI  90-100 63 5B 4H 0 1650 70.86 70.86
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Table6 Chemical properties of PU coatings.

Acid resistance Alkali resistance

Solvent resistance

Hydrolytic stability

MEK Xylene
E2-TDI No change No change Whitish brown precipitation >200 >200
E2-HDI Black spots No change Rust spotting 186 >200
E2-IPDI No change Loss of adhesion Rust spotting 195 >200

moisture and chemical ingress.

Rust spotting was evident on all PU coatings subjected to
the hydrolytic stability test. This phenomenon can be at-
tributed to the presence of polar linkages, which enable hy-
drogen bonding and facilitate moisture uptake. However, the
absence of blistering suggests that the high extent of
crosslinking and strong intermolecular hydrogen bonding
among adjacent molecules helped prevent water penetra-
tion. The E2-TDI system displayed a whitish-brown precipi-
tate, which may be attributed to hydrogen bonding between
free hydroxyl groups and water or the reaction of residual iso-
cyanate with water to form urea linkages.

The solvent resistance of the coatings was assessed using
the double rubbing method with methyl ethyl ketone (MEK)
as the polar solvent and xylene as the non polar solvent. All
coatings exhibited excellent resistance to xylene with 200
double rubs, which can be attributed to the high extent of
curing and the presence of polar moieties that resists non po-
lar solvent attack. The TDI-based coatings demonstrated
good MEK resistance despite the presence of polar groups,
which is likely due to the tightly packed polymer network
formed by ring stacking, resulting in less free volume, which
inhibits the ingress of the solvent. However, the E2-HDI and
E2-IPDI systems exhibited slight adhesion loss after 186 and
195 rubs respectively possibly because of the polar nature of
MEK which facilitated the dissolution of polar moieties in the
coatings.

Free film properties

The gel content of the cured films was measured to evaluate the
extent of curing of the coating formulations. The cured films
with known initial weights were immersed in tetrahydrofuran
(THF) for 24 h, after which the weight loss of the dried films was
recorded. The resulting extent of curing, which indicates the de-
gree of network formation in the cured films, was observed to
be in the range of 90% and 97%, as presented in Table 7.

Table 7 Free film properties of PU coatings.
Gel content (%)

Water absorption (%)

E2-TDI 92 25
E2-HDI 97 13
E2-IPDI 90 1.0

Water absorption tests were conducted on the cured sam-
ples to assess the impact of the network structure on water
uptake. Samples of known weights were immersed in water
at room temperature for 24 h. Subsequently, excess water
was removed by gently drying the samples with cotton and
their weights were measured again. The water absorption
was calculated based on the weight difference between the
films before and after immersion. Among the formulations,
E2-TDI coating exhibited higher water absorption than E2-

HDI and E2-IPDI. This behavior can be attributed to differ-
ences in the network structure compared to the gel content
alone. Owing to its trifunctional nature, the HDI-based sys-
tem (Desmodur N-75) forms a more homogenous and dense-
ly packed network, thereby restricting water diffusion and re-
sulting in lower water uptake. In contrast, the TDI-based sys-
tem (Desmodur L-75), despite being trifunctional, contains
aromatic isomers with differential reactivity, leading to a less
uniform network structure with increased free volume and
greater accessibility to polar urethane groups, which facili-
tates higher water absorption. The IPDI-based system, de-
rived from a difunctional monomer, formed a comparatively
less crosslinked network. However, its compact network
structure limits the accessibility of polar groups, resulting in
lower water uptake than that of TDI-based systems. It is im-
portant to note that the gel content reflects the extent of cur-
ing and the insoluble fraction of the network and does not di-
rectly represent the crosslink density. However, it provides a
useful comparative indication of network formation across
formulations.

Thermal Properties
Differential scanning calorimetry (DSC) thermograms of cured
polyurethane coatings prepared from recycled polyol and dif-
ferent diisocyanates (TDI, HDI and IPDI) are shown in Fig. 11. The
Glass transition temperatures (Ty) observed were 67.38 °C for E2-
TDI, 59.69 °C for E2-IPDI and 53.09 °C for E2-HDI. The presence of
a single Ty in each case indicated a reasonably homogeneous
polymer network with no distinct microphase separation be-
tween the soft and hard segments. Among the three, the TDI-
based coating exhibited the highest Ty, which may be attribut-
ed to the higher rigidity of its aromatic structure and relatively
greater degree of phase restriction. In contrast, the aliphatic
HDI-based coating exhibited the lowest T, suggesting more
flexible chain segments and increased phase mixing.

No melting endotherms were observed in the DSC profiles
of any sample. The absence of melting peaks confirms the
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Fig. 11 DSC thermograms of PU coatings.
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amorphous nature of the cured polyurethane networks and
the highly crosslinked structure of the coatings. In such sys-
tems, the molecular mobility required for crystallization is sig-
nificantly restricted and the material lacks sufficient regulari-
ty to form crystalline domains. Therefore, only glass transi-
tions were evident and no sharp melting transitions were de-
tected.

Thermogravimetric Analysis

The thermal stabilities of the polyurethane coatings derived
from recycled polyols were evaluated by thermogravimetric
analysis (TGA) and the results for the TDI, HDI and IPDI-based
systems are presented in Fig. 12 and Table 8. All coatings exhib-
ited a two-step degradation behavior, typical of polyurethanes,
corresponding to urethane bond cleavage followed by degra-
dation of the polyol backbone. Interestingly, the trend ob-
served here deviates from the classical thermal stability order of
the isocyanate systems (Aromatic > Cycloaliphatic > Aliphatic).
The IPDI-based coating exhibited the highest degradation tem-
perature, T;q = 282.7 °C and T5, = 366.6 °C but decomposed al-
most completely, leaving only about 4% char at 600 °C. In con-
trast, the HDI-based system showed the lowest 10% degrada-
tion temperature (T;,=243.3 °C) but retained the greatest char
fraction (about 18%), while the TDI-based coating displayed in-
termediate stability with a char yield of about 11%.
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Fig. 12 TGA thermograms of PU coatings.

Table8 TGA data of PU coatings.

Sample T10(°Q) Tso (°C) Tgo (°C) Char yield (%)
E2-TDI 259.5 340.2 4419 11.29
E2-HDI 2433 339.7 528.8 18.56
E2-IPDI 282.7 366.6 459.2 3.94

Such deviations from theoretical expectations are consis-
tent with literature reports that emphasize that the thermal
degradation of polyurethane is controlled not only by the
aromaticity of the isocyanate, but also by the crosslink densi-
ty, functionality and polymer network.35371 In the present
case, the gel content values align with the observed char
yields (HDI 97% > TDI 92% > IPDI 90%), supporting the con-
clusion that high crosslink density promotes condensed
phase stabilization during pyrolysis, thereby enhancing char
formation. The superior performance of HDI-based coatings
can be attributed to the use of Desmodur N-75, a trifunction-
al adduct that forms a highly homogenous and densely
packed crosslinked network. The TDI-based system (Desmod-

ur L-75) is also a trifunctional trimethylolpropane adduct, but
its rigid aromatic segments and differential reactivity reduce
the network uniformity, leading to a slightly lower char yield.
In contrast, the IPDI coating (Desmodur 1) is derived from a di-
functional, sterically hindered monomer, which limits the
crosslinking efficiency and explains its poor char yield de-
spite the delayed onset of degradation. These findings are in
agreement with earlier studies on the polyurethane degrada-
tion behavior, further validating the observed performance of
the present coatings.

Tafel Analysis

Tafel polarization studies were conducted to evaluate the corro-
sion rate of polyurethane coatings derived from recycled prod-
ucts cured with TDI, HDI and IPDI-based isocyanates, as shown
in Fig. 13. Key electrochemical parameters, such as the corro-
sion current density /.,,, and corrosion potential E_,,,, were de-
rived from Tafel plots and the corresponding corrosion rates
were calculated using Eq. (11) and are tabulated in Table 9.
Among the three systems, the E2-TDI coating exhibited the low-
est o value of 1.01x108A and the most negative E,, at
-0.705V, indicating superior corrosion resistance amongst the
series. This is further supported by the lowest corrosion rate of
1.18x10~* mm/year. In comparison the E2-HDI and E2-IPDI coat-
ings showed slightly higher I, values of 1.22x108A and
1.10x1078 A, respectively, with marginally increased corrosion
rates. The enhanced performance of the TDI-based coating can
be attributed to its aromatic structure, which promotes better
barrier properties and tighter network packing owing to ring
stacking, which limits the ingress of corrosive ions.*¥! This is fur-
ther explained in the next section of the frequency response
analysis, which provides insights into the diffusion behavior and
barrier properties of TDI-based systems.

Frequency Response Analysis

The Bode plot presented in Fig. 14 illustrates the impedance be-
havior of polyurethane coatings prepared from recycled
oligomers cured with TDI, HDI and IPDI-based diisocyanates

Table9 Corrosion rates of various coatings.
ICOI’T (A) ECOI'I’ (V)

Corrosion rate (mm/year)

E2-TDI  1.01x10®  —0.705 1.18x107*
E2-HDI  1.22x10®  -0.690 1.43x107*
E2-IPDI  1.10x10®  -0.666 1.29x107*
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Fig. 13 Tafel analysis of polyurethane coating system.
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Fig. 14 Bode plots of polyurethane coating system.

over a frequency range and provides insights into the barrier
properties and diffusion-controlled processes governing corro-
sion protection. The E2-TDI coating exhibited the highest
impedance at the lowest frequency, indicating its superior barri-
er properties and resistance to electrolyte penetration through
the coating matrix. This was followed by the E2-IPDI and E2-HDI
systems, which displayed relatively low impedance values. The
higher impedance observed for the TDI-based coating suggests
the formation of a more tightly packed polymer network, likely
due to the aromatic 77-7 stacking of TDI, which reduces the free
volume, thereby preventing electrolyte ingress. In contrast, the
E-2 HDI coating derived from aliphatic diisocyanate showed the
lowest impedance, indicating a relatively lower resistance
against corrosive species, potentially because of a more flexible
network structure with greater segmental motion and higher
free volume. The E2-IPDI coating displayed intermediate perfor-
mance benefitting from its cycloaliphatic structure, which pro-
vided a balance between rigidity and flexibility, contributing to
moderate crosslinking efficiency and barrier protection. These
findings are in line with the Tafel polarization results and rein-
force the fact that TDI-based coatings offer superior electro-
chemical protection in saline environments.

Anticorrosive Properties

The anticorrosive properties of the coatings were evaluated us-
ing a salt spray test according to ASTM B117. The coated panels
were then exposed to 5 wt% of NaCl solution at 35 °C for a peri-
od of 500 h. Fig. 15 presents a visual comparison of the coatings
at the start and after 500 h of exposure to saline environments.
Among the tested formulations, those based on TDI (L-75), that
is, aromatic isocyanate, demonstrated excellent resistance to
corrosion. This may be due to the increase in crystallinity and
close packing of the polymer chains by stacking, which pre-
vents the diffusion of salts. Additionally, the high concentration
of polar functional groups may have enhanced the adhesion to
the metal substrate, further contributing to the protective na-
ture of the coatings.

CONCLUSIONS

This research successfully demonstrated a sustainable and scal-
able approach to the depolymerization of polyurethane (PU)
elastomeric waste using itaconic acid without the need for gly-
col. The process was optimized by evaluating the effects of PU

=

Fig. 15 Corrosion resistance of PU coatings above (0 h) and below
(500 h).

waste to acid ratios, reaction time and temperature 5:1 ratio at
165 °C for 180 min was identified as optimal conditions yielding
high hydroxyl and acceptable acid and ester values. Compre-
hensive characterization confirmed the breakdown of the ure-
thane linkage and formation of functional oligomers. They were
effectively incorporated into the coatings and exhibited excel-
lent gloss, hardness, flexibility and chemical resistance. TDI-
based coatings showed superior anticorrosive performance, as
evidenced by salt spray, Tafel polarization and impedance stud-
ies. Overall, the findings highlight the potential of this acidolysis
route for converting PU elastomer waste streams into high-val-
ue polyols, supporting circular economy goals and offering
promising applications in protective coatings.
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